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Ein grosses Dankeschön möchte ich ausserdem an unser Sekretariat mit
Silvia Christoffel, Patrizia Horn, Silke Stubbe und Alexandra Waltl für die
unkomplizierte Erledigung administrativer Aufgaben richten. Man hat sich
bei euch stets wohl und willkommen gefühlt. Auch der Dank an den so
oft von uns beanspruchten und mit seinen IT-Kenntnissen unentbehrlichen
Sascha Jovanovic darf hier natürlich nicht fehlen.
Doch nicht nur bei der Arbeit, sondern auch im privaten Rahmen durfte
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Abstract
Spallation rock drilling is an alternative drilling technology which may be
economically advantageous over conventional rotary drilling technologies,
especially for the drilling of deep wells in hard rock formations for geothermal energy production. In spallation drilling, the rock’s surface is usually
impinged by a highly energetic flame jet to impose thermal stresses in the
upper rock layer and to finally cause rock disintegration. The ejected rock
cuttings can be flushed away and transported upwards by the exhaust gas
stream of the flame jet when drilling shallow holes at ambient conditions.
However, to transfer this promising technology into geothermal boreholes
of several kilometers depth (2–10 km), the method has to work reliably
in a high-density, water-based drilling fluid. It is only by liquid drilling
fluids that borehole stability and transport of cuttings can be guaranteed
during drilling operations at such depths. Spallation rock drilling in these
aqueous and dense environments is referred to as “hydrothermal spallation
drilling”. A promising approach in hydrothermal spallation drilling is the
use of hot, supercritical water jets impinging on the rock and transferring
the high amount of thermal energy. Supercritical water jets are of particular interest, since hydrostatic pressures in water-filled boreholes of more
than about 2.2 km depths exceed the critical pressure of water (220.6 bar).
This work presents some important fundamentals concerning heat transfer
phenomena of near-critical and supercritical water jets used for hydrothermal spallation drilling and hence contributes to the development of this
novel drilling technology. The experimental work presented here is divided
into three parts: (a) an entrainment study, (b) an impingement study and
(c) a preliminary spallation test with a rock sample. The work not only
contains the presentation of experimental results, but also describes the development and validation of new experimental methods required to perform
the desired measurements in the high-pressure, high-temperature, aqueous
environment of supercritical water.
One major challenge in the realization of hydrothermal spallation drilling
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is the entrainment of comparatively cool, aqueous drilling fluid by the hot
water jet. This can lead to significant heat losses in the jet, before the hot
jet’s energy can be transferred to the rock. Part (a) quantifies such entrainment effects by determining penetration lengths and liquid-side heat
transfer coefficients of supercritical water jets injected into a cool, subcritical environment using a specially adapted optical schlieren method. The
main result was surprising at first glance: Penetration lengths of supercritical jets were found to be equal to the injector’s nozzle diameter and
virtually independent of the jet’s temperature and mass flow at the nozzle
exit. The increase in the jet’s energy flux at the nozzle orifice when going
to higher temperatures and mass flows was completely balanced out by the
enhanced entrainment of the cool, surrounding water. A semi-empirical
model adapted from steam jet studies confirmed these findings.
Part (b) for the first time provides systematic heat transfer data of impinging, turbulent, near- and supercritical water jets confined by a cylindrical
wall. Knowledge about the heat transfer between supercritical water jets
and the rock’s surface is absolutely crucial for the development of the hydrothermal spallation drilling technology. The most striking result of this
study is the strong dependence of heat transfer coefficients on the surface
temperature of the impingement plate: Experiments at supercritical jet
temperatures performed with two different calorimetric heat flux sensors
showed remarkable differences between heat transfer coefficients obtained
with low surface temperatures (at high heat fluxes) and high surface temperatures (at low heat fluxes). At low surface temperatures, high heat
transfer coefficients could be maintained even at temperatures far beyond
the pseudo-critical point. The experimental data of both calorimeters could
be incorporated in a single empirical correlation by accounting for the surface temperature of the impingement plate.
The impingement of a granitic rock sample in part (c) showed the creation
of at least one spall at a moderate water jet temperature of 568 ◦ C. Even
though continuous spallation operation could not be achieved, this first test
showed that spallation with supercritical water jets can already be reached
at comparatively low temperatures. A simplified numerical model of the
rock experiment showed the usefulness of the correlation developed in part
(b) for the prediction of time-dependent rock surface temperatures during
spallation drilling.

Zusammenfassung
Das sogenannte Spallationsbohren ist eine alternative Bohrmethode, welche die Bohrkosten für geothermische Tiefenbohrungen in harten Granitschichten im Vergleich zu klassischen Verfahren drastisch senken könnte. Der herkömmliche Bohrkopf wird beim Spallationsbohren durch einen
Flammenbohrer ersetzt, welcher gegen das zu perforierende Gestein gerichtet wird. Thermische Spannungen in der oberen, schockartig erhitzten
Gesteinsschicht führen schliesslich zum Materialversagen. Das entstehende
Bohrklein kann bei oberflächennahen Bohrlöchern durch den Abgasstrom
des Flammenbohrers kontinuierlich aus dem Bohrloch an die Oberfläche
befördert werden. Um diese Technologie auch bei geothermischen Tiefenbohrungen (2–10 km Tiefe) einsetzen zu können, muss der Flammbohrer
allerdings auch in einer hochkomprimierten, wässrigen Bohrspülung betrieben werden können. Diese Bohrspülungen sind in der Tiefbohrtechnik
unverzichtbar, da sie unter anderem die Bohrlochstabilität und den Abtransport des Bohrkleins gewährleisten. Spallationsbohren in dieser wässrigen Hochdruckumgebung wird als “hydrothermales Spallationsbohren” bezeichnet. Die benötigte thermische Energie wird dabei vorzugsweise mittels
eines heissen, überkritischen Wasserstrahls an das Gestein übertragen. Ein
überkritischer Wasserstrahl ist für den Prozess besonders geeignet, da der
hydrostatische Druck der Flüssigkeitssäule (Bohrspülung) in Bohrlöchern
von über ca. 2.2 km Tiefe den thermodynamisch kritischen Wasserdruck
übersteigt (220.6 bar). Die vorliegende Arbeit beschäftigt sich mit charakteristischen, für die Entwicklung eines hydrothermalen Spallationsbohrers wichtigen Wärmeübergangsphänomenen eines Wasserstrahls nahe dem
thermodynamisch kritischen Punkt und darüber. Das Herzstück der Arbeit
besteht aus drei experimentellen Untersuchungen: (a) Strahl-Abkühlung
durch Strömungsmitriss, (b) Wärmeübergang am überkritischen Prallstrahl
und (c) Spallationsversuch mit Granitgestein. Die experimentellen Bedingungen (hohe Temperaturen und Drücke sowie wässrige Umgebung) erforderte die Entwicklung neuer Messmethoden. Daher beschränkt sich die
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vorliegende Abhandlung nicht nur auf die Ausführung und Diskussion der
experimentellen Resultate, sondern beinhaltet auch detaillierte Beschreibungen zur Entwicklung und Validierung der eingesetzten, experimentellen
Methoden.
Eine der grössten Herausforderungen beim hydrothermalen Spallationsprozess ist der Mitriss von kühler, wässriger Bohrspülung durch den heissen
Wasserstrahl. Dies führt zu einem Temperaturabfall im heissen Wasserstrahl, welcher die an das Gestein übertragene Wärmemenge stark mindern
kann. Teil (a) quantifiziert diesen unerwünschten Effekt durch die optische Bestimmung der räumlichen Ausdehnung eines heissen, überkritischen
Wasserstrahls, der in ein unterkritisches, kaltes Wasserbad injiziert wird.
Für die optischen Messungen kam ein speziell adaptiertes Schlierenverfahren zur Anwendung. Die Messungen zeigten ein überraschendes Resultat:
Die Länge des überkritischen Wasserstrahls in Injektionsrichtung (bis zur
Abkühlung auf die kritische Temperatur) ist ungefähr gleich dem Düsendurchmesser und weitgehend unabhängig von Massenstrom und Injektionstemperatur des Wasserstrahls. Der erhöhte Energieeintrag bei höheren
Injektionstemperaturen und Massenströmen wird durch den damit verbundenen, verbesserten Wärmetausch zwischen Wasserstrahl und umgebendem
Kühlwasser kompensiert (verstärkter Strömungsmitriss). Diese These wird
durch ein semi-empirisches Modell gestützt.
Teil (b) stellt umfangreiche Messreihen zum konvektiven Wärmeübergang
zwischen einem radial eingeengten, turbulenten Prallstrahl und einer flachen Platte vor. Unterkritisches und überkritisches Wasser wurde als Fluid
für den Strahl eingesetzt. Der experimentelle Aufbau orientierte sich stark
am Prozess des hydrothermalen Spallationsbohrens, mit dem Ziel, die dort
auftretenden Wärmeübergänge zwischen Wasserstrahl und Gestein möglichst realitätsnah zu simulieren. Der stationäre Wärmestrom am Staupunkt zwischen Wasserstrahl und Platte wurde im Experiment mittels kalorimetrischer Sensoren bestimmt. Eine der wichtigsten, aus den Experimenten gewonnenen Erkenntnisse ist die folgende: Der Wärmeübergangskoeffizient zwischen Strahl und Platte hängt für überkritische Injektionstemperaturen stark von der Plattenoberflächentemperatur ab, selbst wenn
die restlichen Randbedingungen unverändert bleiben. Dies bedeutet, dass
sich der Wärmeübergangskoeffizient während des (instationären) Aufhzeizvorgangs beim hydrothermalen Spallationsbohren als Funktion der Ober-
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flächentemperatur des Gesteins ändert. Eine empirische Korrelation fasst
die Erkenntnisse dieser Untersuchung zusammen und erlaubt die Vorhersage von Wärmeübergangskoeffizienten unter definierten, experimentellen
Rahmenbedingungen.
Das Spallations-Experiment in Teil (c) sollte erste Hinweise liefern, ob bereits ein überkritischer Wasserstrahl mit einer moderaten Injektionstemperatur (568 ◦ C im Versuch) ausreicht, den Spallationsprozess auf der Oberfläche einer Granitprobe auszulösen. Obwohl ein kontinuierlicher Bohrvorgang im Experiment nicht erreicht werden konnte, so war es dennoch
möglich, zumindest ein paar Gesteinsfragmente durch Spallation aus der
Oberfläche herauszubrechen. Dies zeigt, dass thermisches Bohren mit komprimiertem, überkritischem Wasser (hydrothermales Spallationsbohren) im
Vergleich zum Flammenbohren bei Umgebungsbedingungen dank des guten Wärmeübergangs schon bei wesentlich geringeren Fluidttemperaturen
realisiert werden kann. Teil (c) beinhaltet ausserdem ein stark vereinfachtes, numerisches Modell, welches den Wärmetransport in der Gesteinsprobe
simuliert und sich dabei der aus Teil (b) hervorgegangenen Korrelation zur
Beschreibung des konvektiven Wärmeübergangs an der angeströmten Gesteinsoberfläche bedient. Mit Hilfe dieses Modells konnte die zeitliche Entwicklung der Oberflächentemperatur des Gesteins im Spallations-Versuch
abgeschätzt werden.
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1 Introduction
1.1 Motivation
Research and development on enhanced geothermal systems (EGS) try to
make geothermal electricity production more independent of local geological characteristics by extending the use of geothermal power plants to areas
where suitable geothermal reservoirs are only available in great depths. The
access of these reservoirs often requires holes of 2–10 km depth drilled in
hard, polycrystalline rock formations. The drilling of these geothermal
wells with conventional, rotary drilling rigs is associated with high drilling
costs increasing approximately exponentially with well depth. An alternative drilling technology called spallation rock drilling has the potential of
significantly lowering the drilling costs for geothermal power plants. Spallation drilling is based on the characteristic of certain rock types to fracture
into small fragments due to thermal stresses when exposed to high thermal
loads. The high heat fluxes required to disintegrate rock can be provided
by high-velocity flame jets directed toward the rock’s surface. A lot of industrial and scientific investigations on rock spallation drilling with flame
jets were being done from the sixties to the early nineties. However, all
these studies were dedicated to flame jets working in an environment of
ambient air and drilling shallow holes up to a maximum depth of 330 m.
Efforts are now being made to transfer the spallation technology to the
drilling of deep boreholes for geothermal energy production. One promising approach, which is currently under investigation in our laboratory, is
called “hydrothermal spallation drilling”. However, the hot fluid jet in hydrothermal spallation drilling has to work in a high-density, water-based
drilling fluid at downhole hydrostatic pressures exceeding the critical pressure of water (220.6 bar) at depths greater than about 2.2 km. At such
depths, water-based drilling fluids are needed to ensure borehole stability
and transport of cuttings. The most promising approach in hydrothermal
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spallation drilling is the use of hot, supercritical water jets impinging on
the rock’s surface to generate the high heat fluxes required for spallation.
Prior to leaving the nozzle, the water for the impinging jet can be heated
up to high temperatures in a combustion chamber by so-called hydrothermal flames burning in supercritical water. The present work addresses heat
transfer phenomena of near- and supercritical water jets and provides fundamental scientific data contributing to the development of the hydrothermal spallation drilling technology. Extended experimental studies have
been performed on the two major heat transfer problems encountered in
hydrothermal spallation drilling: The entrainment of cool, subcritical water (representing the drilling fluid) by a hot, supercritical water jet and the
convective heat transfer between impinging, supercritical water jets and a
flat surface.

1.2 Outline of Thesis
The following Chapter 2 provides the background for this thesis by giving a
broad overview of geothermal energy and thermal spallation rock drilling.
The final Section 2.3 then concludes with the goals of the present work.
Whereas Chapter 2 gives the thematic and scientific background for the
whole thesis, more specific literature reviews concerning the experimental
work can be found in the corresponding experimental Chapters 4 and 5.
The high pressure facility used in all experiments of this thesis is introduced in Chapter 3. Again, more detailed information about the setup of
each experiment are given in the corresponding experimental Chapters 4, 5
and 6. These three chapters represent the core part of the thesis reporting the experimental work and discussing the results. The experimental
part comprises an entrainment study on submerged supercritical water jets
(Chapter 4), a heat transfer study of impinging near- and supercritical water jets (Chapter 5) and finally a preliminary spallation experiment with
a rock sample (Chapter 6). The concluding part of this work consists of
Chapter 7 (summary of the results and conclusions) and Chapter 8 (outlook
and suggestions for future research projects).

2 Background
2.1 Geothermal Energy
Over 99% of the Earth’s mass is at temperatures higher than 1000 ◦ C.
This thermal energy stored inside the Earth and originating from radioactive decay and the original formation of the planet is termed “geothermal
energy”. There is archeological evidence that the use of natural geothermal resources can be traced back to very early times: About 10’000 years
ago, Paleo-Indians settled around hot springs in North America and used
them for cooking and bathing. Later, the Romans took advantage of their
natural geothermal resources not only by taking remedial baths, but also
by heating their houses. It was not until the begin of the 20th century that
the first successful attempt of generating electricity from geothermal heat
sources was made: In the year 1904, Prince Piero Ginori Conti built the
first test facility that produced electricity from geothermal power. He made
use of the hot dry steam in the geothermal fields of Larderello (Tuscany,
Italy) to finally light four light bulbs. In 1911 the first commercial geothermal power plant went into operation at the same place. The geothermal
power plant of Lardello today still produces nearly 800 MW of electrical
power. However, the direct use of geothermal energy sources for heating
purposes still dominates over the electrical energy production on a global
scale.
Fig. 2.1 shows the different approaches of using geothermal energy to generate heat and electricity: In Switzerland geothermal heat pumps are the
most popular way of making use of geothermal energy sources. Wells are
generally drilled down to depths between 50 m and 300 m to extract the
thermal energy stored in the rock. The heat from the rock is usually extracted by pumping brine through a downhole heat exchanger (geothermal
probe) and is subsequently made available by a heat pump. The standard
geothermal heat pump systems as well as deep geothermal heat pump sys-
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Figure 2.1: Different systems of using geothermal resources (adapted from
http:\\www.geothermie.stadt.sg.ch).

2.1 Geothermal Energy

5

tems (see Fig. 2.1) are mostly used for space heating or cooling and only
generate thermal energy. The hydrothermal and petrothermal systems, on
the other hand, reach down deep into the rock formation where temperatures are high enough (beyond 100 ◦ C) to run a steam turbine for electricity
production. The remaining thermal energy after the expansion of the steam
in the turbine is often used for district heating. Today, hydrothermal systems are still the most widely spread method to generate electrical power.
These systems, however, require natural hydrothermal resources mainly
consisting of hot water (aquifer in Fig. 2.1). Two wells are drilled to access
the desired hydrothermal reservoir: An injection and a production well.
The hot, geothermal fluid is brought to the surface by the production well
and piped into the power plant. After having extracted the thermal energy
in the power plant, the fluid is re-injected into the formation through the
injection well. Since electricity generation based on hydrothermal systems
always requires natural convective hydrothermal resources, another technology for geothermal electricity production has recently come more into
focus: the petrothermal system. Petrothermal systems allow the use of
geothermal energy in hot, dry and mostly impermeable rock without natural hydrothermal resources. To extract heat from hot, dry rock (HDR),
however, the permeability of the formation has to be enhanced artificially
by hydraulic stimulation. By pumping cold water down the injection well at
high pressures up to 1000 bar the fluid pressure in the naturally fractured
rock is increased and shear events lead to the creation of new fractures in
the formation. Later, the process water can be circulated from the injection to the production well through these fractures, which form a kind of
natural heat exchanger. These petrothermal systems are sometimes also referred to as enhanced (or engineered) geothermal systems (EGS). The U.S.
department of energy has defined EGS as engineered reservoirs with the
purpose of extracting economical amounts of energy from rock formations
with low permeability and/or porosity [1]. EGS concepts are of particular
interest because of their ability to generate electricity relatively independent of the location and its geological characteristics. Currently, a lot of
EGS projects are being developed all over the world. Even though there are
still a lot of technical difficulties to overcome, EGS are believed to be the
future of geothermal electricity generation. Fig. 2.2 shows an overview of
the worldwide geothermal electricity production in the year 2010. The total
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Figure 2.2: Worldwide geothermal electricity production in 2010 [2].

electrical power of 10.9 GWel approximately corresponds to ten times the
power generated by the nuclear power plant Gösgen in Switzerland. Over
one fourth of the geothermal electricity is produced in the United States.
In Switzerland, there has been no electricity generation from geothermal
resources up to date.
The global situation for the direct utilization of geothermal energy for heat
generation is illustrated in Fig. 2.3 for the year 2010: The total power
installed worldwide is 50.6 GWth . The geothermal heat generation in
Switzerland accounts for 2% of the total power. This is mainly due to
the high concentration of geothermal heat pumps (GHP). With an average
of about one GHP installed on every square km, Switzerland has the highest concentration of GHP in the world [3]. Switzerland’s recent decision of a
slow nuclear phase-out until 2034, however, will require a strong expansion
of the utilization of renewable energy sources in the near future. According
to the Swiss Federal Council this also includes the generation of electricity
from geothermal resources, which has not been realized so far in Switzerland. A comprehensive study on geothermal resources in Switzerland was
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Figure 2.3: Worldwide geothermal heat generation in 2010 [3].

conducted recently by Signorelli and Kohl [4] and Baujard et al. [5]. Two
different geographical regions, the region of Northern Switzerland reaching from the Lake of Constance to Basel [4] and the region of Western
Switzerland reaching from Fribourg to Geneva [5] were within the scope
of these studies. The methodology for the evaluation of the geothermal
potential is based on temperature data and hydrogeological measurements
collected over many years. The data were included in 3D geological and
thermal models. The aquifers relevant to geothermal electricity production
(temperatures higher than 100 ◦ C) are: Upper malm (Oberer Malm), upper shell limestone (Oberer Muschelkalk) and the wheathered crystalline
zone. Based on the 3D models, the theoretically accessible energy and
the exploitable geothermal potential was calculated for each aquifer. The
geothermal potential for all aquifers in all regions considered in the studies
was evaluated to be around 7290 TWh of energy. If an extraction period
of 30 years and a power conversion efficiency of ηth = 0.12 are assumed,
a total electric power of 29 TW/a is obtained. This corresponds to about
half of the total Swiss electricity consumption in the year 2009. Table 2.1
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North of
Switzerland
(1015 J)

West of
Switzerland
(1015 J)

Total

Total

(1015 J)

(TWh)

Upper Malm

45

500

545

151

Upper Shell
Limestone

1600

2400

4000

1111

Crystalline
Zone

11000

10700

21700

6028

Total

12645

13600

26245

7290

Table 2.1: Accessible geothermal energy for electricity generation in Switzerland according to [4] and [5]. Only hydrothermal systems with temperatures
above 100 ◦ C were considered.

shows the allocation of this potential to the different geographical areas and
geological zones. It is, however, important to note that only hydrothermal
systems (no EGS systems) with temperatures above 100 ◦ C were considered in a limited geographical area of Switzerland. A far simpler estimation made by the Paul Scherrer Institut (PSI, Switzerland) accounts for
the whole area of Switzerland and states that the maximum recoverable
geothermal energy for electricity generation is about 82.5 · 103 TWh [6].
For this estimation, temperature levels between 100 and 220 ◦ C and well
depths between 3 and 7 km were taken into account.
Even though estimations on the accessible geothermal energy for electricity production can be made, it is far more delicate to make predictions
about the future use of geothermal energy in Switzerland. That is the
reason why predictions made by different institutions and companies in
Switzerland vary significantly among each other. Some predictions for the
years 2035 and 2050 are listed in Table 2.2. The most optimistic prediction of 10 TWh/a corresponds approximately to the power generated by
the nuclear power plant in Gösgen (Switzerland). The wide range of values
predicted by AXPO AG (Switzerland) is the result of different approaches
used for the estimation: Whereas the more realistic value of 0.5 TWh/a is
obtained by a bottom-up approach considering the economical and political

9

2.1 Geothermal Energy

Institution or company

Prediction
for 2035
(TWh/a)

Prediction
for 2050
(TWh/a)

1–2

–

Schweizerische Akademie der Technischen
Wissenschaften (SATW, 2006) [8]

–

2.1

Bundesamt für Energie (BFE, 2012) [9]

–

5

AXPO AG (2012) [10]

–

0.5–10

Paul Scherrer Institut (PSI, 2005) [7]

Table 2.2: Predictions of the future electrical power generation from geothermal resources in Switzerland made by different institutions and companies for
the years 2035 and 2050.

conditions in Switzerland, the high value of 10 TWh/a is based only on the
geological data presented in [4] (top-down approach). A major source of
uncertainty is also the technical development concerning EGS in hot dry
rock. A lot of research and development is still needed to get EGS to a
mature and economical technology. Once EGS are available, the use of
geothermal energy for electricity production is nearly independent of the
local geological characteristics. However, there are still a lot of problems
attributed to EGS. One major problem is the drilling costs for EGS power
plants accounting for 42% to 95% of the total costs of the plant depending on the quality of the reservoir [12]. In EGS projects, where wells can
reach down to 5000 m and more and drilling has to be completed in hard
polycristalline rock, drilling costs can increase sharply with well depth. A
major reason for these high costs is the mechanical wearing of the drill bit
in hard granitic rock that leads to long downtimes of the drilling rig during
bit replacement. Conventional drilling is based on the mechanical abrasion
of rock by rotation and vertical movement of the drill bit. A typical conventional drill rig is shown in Fig. 2.4. The top right corner of Fig. 2.4 shows a
geothermal drill bit used in hard polycrystalline rock. The two holes on the
bottom part of the bit are ports for the injection of drilling fluid: During
drilling operation a drilling fluid is constantly pumped down the drill rod
and discharged through these apertures in the drill bit. The fluid subse-
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Figure 2.4: Main picture: Conventional drilling of Erdwärme Grünwald
GmbH (EWG) at Laufzorn, Bavaria, Germany (Photo: Richard Bartz, 2009).
In the top right corner: A typical geothermal drill bit (Photo: Robin Müller,
2010).

quently impinges on the rock surface to change its flow direction by 180◦
and flows again up to the surface in the annular space between drill rod
and borehole. Drilling fluids have to be adapted to the respective drilling
operation and fulfill many important functions: They carry the cuttings
out of the borehole, they cool and lubricate the drill bit and they also provide the hydrostatic pressure to prevent formation fluids from entering the
borehole. The hydrothermal pressure of the drilling fluid also prevents the
deep boreholes from collapsing. Drilling fluids are hence absolutely indispensable when it comes to drilling deep boreholes like in EGS applications.
For geothermal applications, water-based drilling fluids (also called waterbased muds) are usually chosen. This is a homogenous, brownish mixture
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Figure 2.5: Completed well costs in year 2003 US$ as a function of depth [11].
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of water and some functional additives. Bentonite is often used as an agent
to get the desired fluid behavior, when drilling operation and fluid flow is
stopped: The drilling mud turns from a free-flowing, low-viscosity fluid to
a kind of gel that “freezes” the flow and all cuttings suspended in it. This
flow behavior prevents dissolved rock particles from sinking and plugging
the borehole.
Nowadays, all deep wells are still drilled with conventional rotary drilling
methods. The drilling cost development of such conventional drilling systems is shown in Fig. 2.5 as a function of well depth according to [11]. The
plot gives a comparison of the well completion costs between geothermal
and oil/gas wells. A drilling cost index taking into consideration both well
depth and the year of drilling was applied to display each cost of a completed well in terms of 2003 US$. The data of average costs for drilling oil
and gas wells in the United States were taken from the joint association
survey (JAS) on drilling costs (1976–2003). The data illustrate the nonlinear development of drilling costs with depth (note that the cost axis in
Fig. 2.5 is logarithmic). The average completion costs of oil and gas wells
show an exponential rise with well depth. Fig. 2.5 also clearly shows that
cost of completing a geothermal well is about 2–5 times higher than the
cost of a comparable oil or gas well. This makes drilling wells for EGS even
more expensive than it is in the oil and gas industry. One reason for this
is the hard granitic rock that is often met, when doublet systems for EGS
are drilled. The cost data of geothermal wells in Fig. 2.5 are divided into
the following groups:
• Hot Dry Rock (HDR) Actual: Actual costs of geothermal wells
in hot dry rock in New Mexico (USA), Cornwall (UK), Soultz-sousForêts (France) and Copper Basin (Australia).
• HDR Predicted: Predicted costs for drilling in hot dry rock based
on various investigations (see [11]).
• Geysers Actual: Actual costs of geothermal wells drilled in the
steam field reservoirs of The Geysers (California, USA).
• Hydrothermal Predicted: Predicted costs of hydrothermal wells
determined by the computer-based program IMGEO originally developed for the U.S. Department of Energy (DOE).

2.2 Thermal Spallation Rock Drilling
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• Other Hydrothermal Actual: Actual costs of hydrothermal wells
according to [13].
• Geothermal Actual: Actual costs of geothermal wells mainly from
Sandia National Laboratories (USA).
Besides the constant efforts that are being made to improve the conventional, rotary drilling techniques (e. g. intelligent drilling systems, new materials for drill bits), also entirely new approaches are currently under investigation to reduce drilling costs. One of these promising innovative drilling
technology is called thermal spallation rock drilling, which is thoroughly
explained in the next section. One feature of this technology is the lack of
contact between drill bit and rock surface making the bit far less vulnerable to abrasion. The resulting, drastically shorter downtimes of the rig as
well as the high general drilling velocities in hard rocks let spallation rock
drilling be referred to as a so-called “linear drilling technology”. Drilling
costs of linear drilling technologies are expected to increase only linearly
with depth. Estimations based on field tests in spallation rock drilling also
show a linear cost development of this drilling method below depths of
about 4 km [14,15]. Even though this cost estimation has not been verified
in field experiments so far, spallation rock drilling has a great potential
of substantially lowering drilling costs of geothermal wells and hence of
bringing forward EGS technology. The present work is therefore aimed at
carefully investigating some crucial, fundamental aspects in thermal spallation rock drilling when applied in great depths.

2.2 Thermal Spallation Rock Drilling
2.2.1 Mechanics of Thermal Spallation
In thermal spallation drilling, the rock is not mechanically ground, but
loaded with thermal stress. Typically, the rock is impinged by a highvelocity flame jet to transfer high amounts of thermal energy to the solid
material as illustrated in Fig. 2.6 (on the right). Steep temperature gradients evolve in the upper rock layer because of the high heat influxes and
the low thermal conductivity of the rock material. Consequent thermal
expansion of the solid builds up high stresses in a thin surface layer which
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finally cause failure and fragmentation of the brittle rock material [16].
Rock fragments, so-called spalls, are ejected violently from the rock surface and have usually a disk-like shape. The dimension of a typical spall is
about 0.1 mm to 2 mm in thickness and about 10–20 times its thickness in
diameter [17]. Not all types of rock spall, when the rock’s surface is rapidly
heated [18, 19]. Generally, softer rocks are less spallable than harder rocks.
Limestones, shales, basalts and soft sandstone, for instance, are considered
to be hardly spallable. Hard rock formations such as granites, taconites,
quartzites and also hard sand stone, on the other hand, show a very good
spallability. This clearly indicates that thermal spallation drilling can be
very successfully applied in EGS, where hard, dry rock formations have
to be penetrated. The spallation drilling technology though seems to be
less promising in petroleum drilling and mining operations due to the soft,
sedimentary rock formations often encountered there.
One of the first attempts at qualitatively and quantitatively describing the
physical mechanisms of spallation was made by Norton [21]. He heated
up rectangular fire brick samples and cooled them quickly to induce spallation of the material. He identified the following physical properties of
brick as being significant for estimating spallation performance: the thermal diffusivity, the coefficient of expansion and the flexibility in shear.
Norton’s theory of spalling is primarily based on shearing mechanisms between isothermal layers in the brick. However, shearing between different
layers is not the mechanism to induce spallation as other researchers stated
later: Preston [20] provided a qualitative description of the mechanisms
causing spallation that is still accepted today. He realized that it was not
shearing of the material that cause the violent ejection of spalls in brittle
materials and suggested the mechanism illustrated in Fig. 2.6 (left side):
Spallation can only occur in the presence of an existing flaw or weakness in
the material (1). As heat is transferred across the surface of the material,
the upper hot layer of the material expands and causes the flaws to extend
and combine (2). As stresses grow, the upper surface layer starts arching
upwards (3). Even though the material is primarily compressively stressed
due to the expansion of the upper skin, the material does not fail in compression. It is the tensile stress at the back side of the arch (3) that causes
material failure and leads to a violent ejection of the disk-like spall (4).
Compressive stresses can nevertheless be calculated to determine the on-
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Figure 2.6: Working principle of spallation rock drilling according to [20].

set of spallation. Preston’s experiments consisted of clay spheres suddenly
introduced into a pre-heated furnace at temperatures between 480 ◦ C and
980 ◦ C. He measured the time interval between immersion of the sphere
into the furnace and the first audible popping sound indicating the onset
of spallation. The thickness of the spalls was determined by a micrometer.
The experiments showed that the hotter the furnace, the shorter the time
interval and the thinner the spall. This implies that the thermal diffusivity
is a controlling factor of the process: The higher the heat flux to the probe
and the lower its thermal conductivity, the thinner the rock surface layer
affected by the heating process and hence the resulting spalls. In Preston’s
spallation experiments, however, the probes were somehow “confined” due
to their spherical shape. This enhanced spallation performance, since mechanical stresses in the surface layer cannot be relaxed by simple extension

16

2. Background

of the material as in a rectangular, unconfined sample. Preston therefore
introduced two important criteria to induce spallation in unconfined samples (e.g. rectangular blocks). These criteria are summarized in [22]:
• If an unconfined specimen is to be spalled, the heated area must
not exceed a certain portion (about 10%) of the total surface area.
Hence, the heated spot on the surface must be surrounded by a farfield not undergoing displacement and therefore acting as a sort of
confinement.
• The heat flux to the surface must be high enough to yield high enough
surface temperatures, before an appreciable fraction of the specimen
(about 10%) is affected by the heating process.
Even though high heat fluxes and surface temperatures are generally needed
to induce spallation, it is important to note that the rock’s surface temperature must not exceed its fusion temperature Tf usion (see Fig. 2.6, on the
right) at any time. This would lead to undesired rock fusion impeding the
spallation process. Hence, to successfully and continuously spall rock, the
rock’s surface temperature has to lie always in between a lower limit (to
induce spallation) and an upper limit (to avoid rock fusion).

2.2.2 Quantitative Modeling of Thermal Spallation
Apart from the qualitative models for spallation described above, also some
quantitative theories of thermal spallation have been developed over the
years. A rather simplistic approach was chosen by Gray [23]: He modeled the rock sample to be spalled (see Fig. 2.6) as a semi-infinite (in xdirection), elastic body, which is confined against movement in the two
directions parallel to the heated surface. The rock spalling temperature
change ∆Tspall was defined as the temperature difference between the initial rock temperature Ti and the rock’s surface temperature Ts at the onset
of spallation. Gray suggested that spallation initiates, when the plane
compressive stress in the sample reaches the compressive strength of the
material (σc ). Thus, the rock spalling temperature rise is defined as:
∆Tspall =

(1 − νr ) σc
β r Er

(2.1)
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in which Er denotes the Young’s Modulus, νr Poisson’s ratio and βr the linear thermal expansion coefficient of the rock. This model, however, fails in
describing the underlying physics correctly. As explained in Section 2.2.1,
failure criteria for a rock sample must also incorporate the strong influence of pre-existing flaws. Rauenzahn and Tester [24] extended the simple
global failure model of Griffith [25] by developing a rock failure model for
thermal spallation accounting for flaws existing in the rock. Whereas Griffith [25] predicts material failure when reaching a critical compressive stress
σc , Rauenzahn and Tester [24] argued that, rather than a single value, experimental tests yield a distribution of failure strengths. Therefore, they
applied Weibull’s statistical failure theory [26] to thermal spallation, since it
better reflects the fact that pre-existing cracks are statistically distributed
in the rock specimen. Weibull stated that a sample of brittle material
can never achieve its true potential strength, because each material sample contains a distribution of flaws. The strength of a material probe also
depends on its size: The chances of encountering a larger flaw are less in a
smaller sample than in a larger one. The Weibull probability distribution
of size-dependent strengths for brittle material can be written as [27]:
#
"Z  
m
V
σ
dV = 1 − exp (−J)
(2.2)
P (σ) = 1.0 − exp
σ0
0
P is the cumulative failure probability and V is the volume of the sample.
The integral J has a value of 0.693 for median spalling conditions (failure
probability of P = 0.5). The parameters of the Weibull distribution, m and
σ0 , are obtained from laboratory experiments. For m → ∞ the material is
perfectly homogeneous and failure occurs, if the compressive strength σ =
σ0 . The stress distribution is closely related to the temperature distribution
in the material during spallation drilling operation (see Fig. 2.6).
In reality, spallation drilling is a process that periodically removes mass
and energy from a rock sample. Thus, a strict approach would include
a complex iterative calculation of stresses and thermal fields in the rock.
However, if the assumption is made that the discrete jump in temperature
at the point of chip ejection can be neglected, a quasi-steady-state analysis
can be conducted: If it is assumed that the rock disappears in the direction
z (see Fig. 2.6) at a constant velocity ur , a 1D, steady-state energy equation
in z-direction can be established as follows:
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Figure 2.7: Quantitative model of thermal spallation according to [24].

λr

∂T
∂2T
= −ur
(ρr cp,r )
∂z 2
∂z

(2.3)

T being the temperature of the rock at the position z, and λr (thermal
conductivity), ρr (density) and cp,r (specific heat capacity) the physical
properties of the rock. To obtain spallation, a certain temperature rise
∆Tspall (see also Eq. 2.1) at the rock surface (temperature Ts ) with respect to the initial rock temperature Ti is necessary. The solution of the
differential Eq. 2.3 above for the boundary conditions T (z = 0) = Ts and
T (z → ∞) = Ti is:
T = (Ts − Ti ) exp (−ur z/kr ) + Ti

(2.4)
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where kr is the thermal diffusivity of the rock. The characteristic heat
penetration distance can be defined as kr /ur and is in the order of 1 mm
for typical spallation rock penetration rates of about 6.12 m/h. The integral
of Eq. 2.2 must be calculated over the whole volume of rock that has the
potential of removing a certain point on the rock’s surface. The situation
is schematically illustrated in Fig. 2.7: The created spalls are assumed to
have cylindrical shape and an average aspect ratio (diameter divided by
thickness) of CL . When calculating the integral of Eq. 2.2 by moving along
the z-axis, the potential spall at each position z has a thickness of z and
a radius of rspall = (CL z)/2. The flaw being responsible for the creation
of this spall can potentially be found in the differential, cylindrical volume
dV = π(CL z/2)2 dz depicted in Fig. 2.7. As integration proceeds along the
z-axis, the integration volume takes the form of a cone with its apex at the
surface. Rauenzahn and Tester [24] suggest to evaluate the integral J in
Eq. 2.2 at median spalling conditions P (σ) = 0.5:


 m
Z
mur
πCL2 ∞ 2
σc
z exp −
z dz
(2.5)
0.693 =
σ0
4
kr
0
To obtain this equation, Eqs. 2.1 and 2.4 (with (Ts − Ti ) = ∆Tspall ) were
combined to yield the compressive stress σ at the position z in the rock:


βr Er (T (z) − Ti )
−ur z
= σc · exp
(2.6)
σ (z) =
1 − νr
kr
Furthermore, the heat flux q̇ ′′ to the rock’s surface can be obtained from
the temperature profile given by Eq. 2.4:
 
dT
q̇ ′′ = −λr
= ρr cp,r ur ∆Tspall
(2.7)
dz z=0

Combining Eqs. 2.1, 2.5 and 2.7, an expression relating the heat flux q̇ ′′ to
the drilling velocity ur can be found:
q̇ ′′ = ρr cp,r



1 − νr
β r Er



σ0



2 · 0.693
CL2 π

1/m 

mur
kr

3/m

ur

(2.8)

Using Eq. 2.7, the spallation temperature rise ∆Tspall can be expressed by
the heat flux q̇ ′′ :
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∆Tspall =

"

q̇ ′′
ρr cp,r

3 

(1 − νr )σ0
β r Er

m 

2 · 0.693
CL2 π



m
kr

1
3 # m+3

(2.9)

Apart from all the material properties in Eq. 2.9, also a value for the aspect ratio CL of the spalls has to be estimated. Spallation experiments
performed by Geller [28] showed aspect ratios between 8 and 15. CL can
also be estimated by applying buckling theory (see [20]) yielding a value
of approximately 10. When using this value for CL and typical values for
the rock properties and the applied heat flux q̇ ′′ (between 1 MW/m2 and
10 MW/m2 ), the surface temperature rise ∆Tspall calculated by Eq. 2.9 is
in the range of 400– 550 ◦ C [24]. In their analysis, Rauenzahn and Tester
further showed that the size distribution of spalls expected during drilling
operation can be predicted as a function of drilling rate, rock properties and
Weibull parameters. Instead of the drilling rate, of course, also the heat flux
to the rock q̇ ′′ or the temperature rise ∆Tspall can be chosen to calculate
the particle size distribution of the produced spalls (see Eqs. 2.8 and 2.9).
However, since in a spallation experiment neither the drilling velocity ur ,
nor the heat flux q̇ ′′ and the surface temperature rise ∆Tspall are known
beforehand, Eqs. 2.8 and 2.9 can only be closed, if additional information
about the fluid-side heat transfer (e.g. flame jet) is given. This clearly indicates the necessity of not only investigating the underlying rock mechanics
as done here, but also the impinging heat transfer of the hot fluid jets (e.g.
flame jets) used in spallation drilling operations. This is the reason, why
Rauenzahn and Tester [29,30] as well as Wilkinson and Tester [31] also initiated a modeling effort to characterize the gas-phase transport phenomena
during thermal spallation drilling. In their work, they modeled turbulent
heat, mass and momentum transport of supersonic flame jets used in practical spallation drilling systems. The coupling of the model for the fluid
dynamics with the model for the rock mechanics described above showed
satisfactory agreement with experimental data. Recently, an effort was
done to develop a numerical model for the rock mechanics during spallation drilling: Walsh and co-workers [32] tried to mimic spall production at
the grain scale of rock by assigning separate mechanical properties to each
grain according to the mineral type. Their model also allows for incorporating realistic borehole conditions by applying hydrostatic and lithostatic
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pressures. They point out that such a model is more suited to predict
system response at great depths relevant for geothermal energy production
than the Weibull-type model described above. Since Weibull models always
require experimental calibration to obtain all necessary parameters, they
are less applicable outside their experimental scope.

2.2.3 Experiments and Applications in Spallation Drilling
The characterization of thermal spallation in literature also included a number of laboratory scale experiments. The experimental work performed
at the Massachusetts Institute of Technology (MIT) by Rauenzahn [22],
Rauenzahn and Tester [24], Wilkinson [33], and Wilkinson and Tester [18]
all aimed at validating the spallation theory described in Section 2.2.2
above. Rauenzahn and Tester [24] performed spallation experiments on
granites from Westerly (Rhode Island) and Barre (Vermont) due to the
availability of their physical rock properties in literature. One of their experiments included the estimation of the rock sample’s surface temperature
Ts at the initiation of spallation during flame impingement of the rock sample by a propane welding torch. It was by high-speed videotaping that the
researches could determine the time t elapsed from a starting condition of
ambient temperature to the creation of the first spall. When solving the
1D, transient heat conduction equation for a semi-infinite body and a constant heat flux q̇ ′′ imposed on the surface, the time t required to obtain
spallation can be related to the surface temperature rise ∆Tspall [34]:
∆Tspall = 2

q̇ ′′
λr



kr t
π

1/2

(2.10)

However, to determine the heat flux q̇ ′′ to the rock in Eq. 2.10 above,
knowledge about the heat transfer of the propane flame jet to the rock is
required. To gather the necessary heat transfer information, Rauenzahn
and Tester [24] calibrated the propane torch heat flux by impinging the
flat surface of copper block for each of the experimental conditions used
during the granite spallation experiments. A total of 12 thermocouples were
positioned in the copper block to record the time-dependent temperature
field inside the material. The parameters of a numerical heat conduction
model (including a heat flux distribution at the surface of the copper block)
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were modified, until a good match with the experimental temperature field
was obtained. Even though surface temperatures and time responses of
the granitic rocks and the copper block varied drastically, Rauenzahn and
Tester argued that the heat fluxes obtained with the copper block can
nevertheless be used for the spallation experiments: The high adiabatic
flame temperatures (over 2700 ◦ C) makes the effect of surface temperature
on heat flux to the solid object virtually negligible.

Figure 2.8: Experimentally determined surface temperature rise at the initiation of the spallation process versus applied heat fluxes taken from [24].
The hatched region represents the predictions from the Weibull model (see
Section 2.2.2) for values of the parameter m ranging from 15 to 25.

Fig. 2.8 shows the experimental data obtained by Rauenzahn and Tester [24]
when using the propane welding torch impinging on Westerly and Barre
granite samples: Heat flux and surface temperature rise estimated in the
experiment are compared to the Weibull predictions using realistic values of
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the parameter m (15–25) and temperature-averaged rock properties. The
range of the surface temperature rise ∆Tspall predicted by the Weibull theory are in good agreement with the experimental values. The plot also
shows values of ∆Tspall calculated from the simple thermoelastic model of
Gray (see Eq. 2.1 above): Whereas the agreement between experiments and
predictions is remarkable when assuming temperature-averaged rock properties (not shown in Fig. 2.8), the effect of variation in physical parameters
is considerable, as displayed in Fig. 2.8 by computing the maximum (high)
and minimum (low) possible values with Eq. 2.1. Another, more precise
attempt at determining surface temperature at spallation was made later
by Wilkinson and Tester [18], who used a calibrated infrared camera for
this purpose. Wilkinson and Tester distinguish between the global onset
surface temperature and the continuous surface temperature. The global
onset temperature is defined as the temperature of the rock’s surface at
the moment, when the first spall is removed. This temperature is generally
lower than the continuous surface temperature during drilling operation,
since it represents a thermal load needed to merely remove the “weakest”
point of the surface.
A recent experimental work on spallation drilling was published in 2006 in
Brazil [35]. The spallation rates in granitic rock samples obtained by the researchers, however, were lying significantly (about one order of magnitude)
below the ones obtained in the experiments performed at MIT and mentioned above. This was most probably due to the burner and nozzle system
that was not yet optimized for the spallation drilling operation. However,
an interesting result also found by previous studies was the saturation of
the drilling velocity after a certain firing time: Drilling velocities gradually decreased with firing time and leveled off at a value 4–5 times lower
than the initial value after about 50 s of drilling operation. This decrease
of drilling speed is closely related to the heat diffusion into the rock that
can reduce thermal gradients within the material and hence the “thermal
shock” after a certain firing time. To avoid this phenomenon and enhance
thermal gradients in the rock, alternately heating and cooling (quenching)
of the rock’s surface is a promising approach (see e.g. [19]).
Besides spallation experiments on a laboratory scale, spallation drilling systems have also been developed for industrial use. In the United States,
mainly two companies were involved in developing flame jet tools (so-
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called jet-piercing tools) for commercial use: Browning Engineering Inc.
(Hanover, New Hampshire) and the Linde Division of Union Carbide Corporation (Tonawanda, New York). Their activity lasted nearly six centuries
from the late 1930’s to the early 1980’s. Browning Engineering was a private
company owned by J. A. Browning. As reported in [37], Browning Engineering sold more than 400 flame jet channeling tools by the year 1984. In
the 1970’s the company developed a jet-piercing tool mounted on a truck
and being capable of drilling deep holes in granitic formations. Browning’s
deep well program included the drilling of a hole 330 m in depth, which
was drilled in hard granite at an average drilling speed of 15.8 m/s with
maximum rates exceeding 30 m/s. These drilling speeds are up to 10 times
larger than the rates achieved at the HDR (hot dry rock) geothermal site
in Fenton Hill (New Mexico) using conventional rotary drilling [38, 39].
This shows the enormous potential of thermal spallation drilling in hard,
granitic rock. The primary developer of the jet-piercing equipment for
thermal spallation in the U.S., however, was Linde. Its field operations
started in the late 1930’s and specialized in the design of flame jet tools to
drill blast holes for mining taconite ore [37]. Linde used a water cooled,
rocket type combustion chamber. The hot combustion gases were expelled
through a nozzle and directed toward the rock’s surface at temperatures
of approximately 2570 ◦ C. The multi-nozzle burner designed by Linde rotated at about 20 to 25 rpm during drilling operation. Jet-piercing systems
developed by both Browning and Linde used the exhaust gases to blow the
spalls to the surface. Both companies, however, stopped their activities in
the field of thermal spallation drilling. Linde’s spallation activities started
to decline already in the 1970’s and ended in 1983. It was primarily because of the increasing costs of both oxygen and fuel and improvements
in conventional drilling equipment (roller-cone drilling bits) which made it
hard for thermal spallation systems to compete in those days [38].
A more recent report of Poirier et al. [40] presents some applications of
thermal spallation drilling in Russia and the Ukraine: The technology is
used there for ore extraction in surface mining. Enlargement of conventionally drilled pilot holes by thermal fragmentation offers the opportunity
of easily and entirely extracting the ore. The extraction of the ore is realized by aspiration of the fragments after spallation operation. However,
this technology does not include the drilling of deep holes. Another recent
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project funded by the U.S. Department of Energy [36] aimed at developing
a prototype drilling and cavity formation system for the rapid development
and commercialization of deep, natural gas storage cavities in hard rock.
The concept of their coiled-tubing-deployed spallation drilling system is illustrated in Fig. 2.9: A coiled tubing on a reel conveys and supports the
thermal spallation drilling head in the cavity. The reel consists of swivels
enabling the injection of three separate fluids into the tubing systems: fuel,
air and cooling water. Separate internal conduits for the three fluids have
to be provided within the coiled tubes. The burner assembly downhole consists of a premixing section to achieve uniform mixture between fuel and
propane before combustion initiates. Some spallation pretests performed
on a rhyolite sample, however, only showed rather slow penetration rates
of about 0.9 to 1.2 m/h.

2.2.4 Hydrothermal Spallation Drilling
Considering the abundant theoretical and experimental work done on thermal spallation drilling, the question arises of how this knowledge can be
transferred to the drilling of deep geothermal wells needed in EGS. The
entire experimental data on thermal spallation drilling collected up to date
were obtained exclusively in shallow, open-air holes penetrating the rock
with low-density jets at ambient pressures. The deepest borehole drilled
with the spallation technique and reported in [39] had a depth of 330 m. For
the exploitation of EGS reservoirs, however, much deeper wells of depths
between 2 and 10 km are required. Thus, despite the very encouraging experimental results on thermal spallation drilling reported in literature, some
entirely new challenges have to be faced, if this technology is to be adapted
for the drilling of deep wells. One of the big challenges is the presence of
drilling fluids: As pointed out already in Section 2.1, deep boreholes are
constantly flushed with high-density drilling fluids. One reason for doing so
is the fact that rock cuttings cannot be conveyed from a deep borehole to
the surface by compressed air as done in all shallow spallation drilling tests.
Drilling fluids, however, are not simply required for the vertical transport of
rock fragments, but fulfill numerous other important tasks during drilling:
The hydrostatic pressure of the drilling fluid, for instance, also ensures borehole stability and prevents the well from collapsing. Furthermore, drilling
fluids cool and lubricate the drilling bit in conventional drilling operations
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and impede the influx of formation fluids into the borehole. To make a long
story short: Drilling fluids are absolutely indispensable for deep drilling operations. For the drilling of geothermal wells in hard, polycrystalline rock,
usually, a water-based drilling fluid would be chosen. These drilling fluids
consist of water and some functional additives, such as bentonite.
Combus!on chamber
Injec!on of drilling ﬂuid
Dense aqueous environment
Flame jet

Transport of cu#ngs

Heat transfer to rock
Rock
Figure 2.10: Situation in a hydrothermal spallation drilling operation in a
high-density, aqueous environment.

The major problem of transferring spallation drilling to deep boreholes filled
with a water-based drilling fluid becomes readily obvious when looking at
Fig. 2.10, which schematically captures the situation downhole: The flame
jet for spalling the rock has to be ignited and operated in the hostile aqueous
environment of the drilling fluid being injected at some part of the drilling
head. The same concern was also expressed in a report on advanced drilling
systems published in 1996 by Pierce and co-workers [38]: The authors of
this report doubted, whether a flame jet for thermal spallation can be operated in this dense, aqueous environment and stated that the system “must
(probably) operate in air”. This problem of developing an underwater flame
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jet system, however, can nowadays be solved by so-called “hydrothermal
flames”. The term “hydrothermal combustion” was used by Franck and coworkers for the first time and describes an oxidation process taking place
in a dense aqueous environment at supercritical conditions [41, 42]. The
vapor-liquid critical point of water is found at a temperature of 373.9 ◦ C
and a pressure of 220.6 bar. Above this critical point distinct liquid and gas
phases do not exist anymore. Thus, if the temperature and pressure of a
fluid are higher than the critical values, a fluid is called “supercritical” and
is characterized by its homogeneity lacking any interfacial phase boundaries. Apart from the drastic changes in the thermophysical properties of
water near the critical point (see next section), water also undergoes a significant change in its polarity: In its supercritical state, water is much less
polar than in its liquid state [43, 44] and hence becomes a good solvent for
non-polar compounds such as oxygen, nitrogen or carbon dioxide [45–47].
This absence of mass transfer limiting phase boundaries allows for combustion reactions between organic fuels (e.g. methane) and oxidizing agents
(e.g. oxygen, air) in supercritical water. Thus, whereas liquid water is
known to be a rather hostile environment for combustions reactions, supercritical water is very suited to sustain a flame. These hydrothermal flames
burning in supercritical water have now been investigated for about two
decades in our laboratory at ETH Zurich. The capability of hydrothermal
flames of safely destructing toxic, hazardous or non-biodegradable aqueous
organic waste in so-called SCWO (supercritical water oxidation) processes
was the primary motivation for the experimental and theoretical work done
in our laboratory [47–50]. Fig. 2.11 (a) shows a typical burner setup that
was used in SCWO studies [49] and situated in a high-pressure vessel operated at supercritical pressures: Oxygen and a water-methanol mixture
(only 5–25 wt % methanol) were preheated separately in electric heating
units and brought together in the mixing and reaction zone inside a glass
tube. After auto-ignition of the mixture, the heating power and hence
the pre-heating temperatures could be considerably lowered without extinguishing the hydrothermal flame. A stream of cold, subcritical water was
delivered to the annular space at the outside of the glass tube to ensure
sufficient cooling of the pressure vessel. Fig. 2.11 (b) shows a photo of such
a continously operated, hydrothermal flame.
But how can these flames now be used for deep spallation drilling opera-
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Figure 2.11: Sketch of a typical co-axial burner setup for hydrothermal
flames used in our laboratory at ETH Zurich [49] (a) and a picture of a
hydrothermal flame (b).

tions as depicted in Fig. 2.10? Here, the natural conditions prevailing in a
deep borehole come into play: When a borehole is filled with a drilling fluid
(pure water or water-based) during drilling operation, the hydrostatic pressures in the well can already exceed the critical pressure of water (221 bar)
at a depth of about 2200 m (the exact hydrostatic pressure depends on the
density of the drilling fluid). Beyond this depth, hydrothermal flames can
be ignited and operated to provide the required heat for spallation drilling
due to the high-pressure conditions downhole. There are different ways of
how to use hydrothermal flames to create the highly energetic fluid jets
required to obtain spallation in deep boreholes. One of the most promising approaches though is not to operate the hydrothermal flame outside
the drilling head as implied by Fig. 2.10, but to use such flames inside
a combustion chamber for the direct contact heating of a water stream.
The hot water is then discharged through a nozzle to impinge onto the
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Figure 2.12: Schematical sketch of a possible realization of a hydrothermal
spallation downhole assembly taken and adapted from [51].

rock’s surface as a high-velocity jet. This drilling technique is referred
to as “hydrothermal spallation drilling”, since it basically uses a jet of
hot (=thermal), supercritical water (=hydro) to transfer the heat to the
rock [15,52]. However, up to date no such configuration has been tested yet
in deep boreholes. Fig. 2.12 illustrates a possible realization of a downhole
assembly for hydrothermal spallation drilling offering alternating heating
and cooling of the rock. The schematic drawing is taken and adapted from
a pending patent written in our research group [51]. A small burner device
at the top of the burning chamber provides a small pilot flame, which is
sustained by small oxidant (e.g. oxygen, air) and fuel streams. During a
rock heating cycle, the combustion chamber is fed by comparatively high,
additional mass flows of oxidant and fuel. At the beginning of each heating cycle, this mixture is ignited by the pilot flame, which is continuously
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burning throughout the whole process. A part of the cooling water (drilling
fluid) brought downhole is injected into the quenching zone of the combustion chamber and heated up rapidly above supercritical temperatures. By
this cool water injection, the temperature as well as the mass flux of the
high-velocity jet leaving the nozzle can be controlled. The impinging jet
mainly consists of hot supercritical water (originating from combustion and
the cool water injection) and much smaller portions of other combustion
products such as carbon dioxide. The larger portion of the cooling water is
not injected into the combustion chamber, but directly in the annulus between drilling head and borehole. This portion of the water acts as drilling
fluid and ensures the transport of the cuttings. To increase drilling speed
and avoid the saturation of the rock penetration rate caused by long heating periods (see Section 2.2.3), each heating cycle is followed by a cooling
cycle. During the cooling phase, actuated valves make sure that most of
the cooling water is injected into the combustion chamber instead of being
injected directly into the borehole. At the same time, the main oxygen
and fuel flows to the combustion chamber are stopped. Thus, the whole
combustion chamber is now flushed with cold water and only the small, hydrothermal pilot flame can still be supported in the aqueous environment of
the combustion chamber. This leads to a cold, subcritical water jet leaving
the nozzle and cooling the rock beneath. Apart from this beneficial cooling
effect, there is another advantage attributed to this process step: The cool
jet of liquid water is also capable of removing any potentially remaining
chips that could not be removed by the low-density jet during the heating
phase. This is, of course, just one possible approach of how to design and
operate a downhole assembly for hydrothermal spallation drilling.
Bearing in mind the possibilities and limitations of the thermal spallation
drilling technology discussed so far, it becomes obvious that hydrothermal
spallation drilling is particularly suited for drilling deep geothermal wells
in the hot, dry rocks found in EGS applications. The following facts make
hydrothermal spallation drilling one of the most promising technologies for
the future exploitation of geothermal reservoirs in EGS:
• Drilling costs: The beneficial influence of the spallation technology on drilling costs becomes particularly dominant for the large well
depths needed EGS projects (2–10 km). Thus, hydrothermal spallation drilling is considered to significantly reduce drilling costs when
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applied beyond certain depths.
• Hard, granitic rock formations: Unlike in the oil and gas industry, wells for EGS systems have to be drilled in hard, granitic rock formations. It is especially in these types of rock, where conventional rotary drilling technologies reach their limits, whereas spallation drilling
achieves the highest penetration rates in such rock formations.
• Hydrostatic borehole pressures: Downhole pressures must exceed the critical pressure of water (221 bar) to apply hydrothermal
flames for spallation drilling. Since the downhole hydrostatic pressure
in a borehole filled with a drilling fluid (e.g. water) naturally exceeds
the water’s critical pressure at depths of about 2.2 km, hydrothermal flames can be used as the heat source in hydrothermal spallation
drilling beyond these depths.

2.2.5 Supercritical Water
The focus of this thesis is on near- and supercritical water jets used for
hydrothermal spallation drilling. This section therefore addresses some
important terminology in the field of supercritical fluids that is going to
be used throughout the whole document. Moreover, an introduction into
the behavior of the water’s physical properties around its critical point is
given.
In this document, the term “critical point” always refers to the vapor-liquid
critical point of a fluid. The thermodynamic state of a fluid characterized
by the temperature Tc and the pressure pc is referred to as the critical point
of the fluid. When a fluid approaches its critical point, the physical properties of the fluid’s liquid and gaseous state converge. Beyond the critical
point, no distinction between liquid and gas exists anymore and only one,
homogeneous phase is present. This is the supercritical state of a fluid.
However, a fluid is only called supercritical if both its temperature and
its pressure exceed the critical values Tc and pc , respectively. As already
mentioned in the preceding section, the critical point of water is found at
Tc = 373.9 ◦ C and pc = 220.6 bar. At the critical point, the water’s specific
heat capacity cp (hereinafter termed “specific heat”) reaches its maximum
value. This peak can be observed in Fig. 2.13 (a), where the water’s specific
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Figure 2.13: (a) Specific heat of water versus temperature and pressure
visualizing the pseudo-critical line (adapted from [53]), (b) Development of
the water’s specific heat with temperature at three different, supercritical
pressure levels.

heat is visualized in function of temperature and pressure. It is also seen
that at each pressure, a local maximum of the water’s specific heat can be
found. For pressures below pc , all these maxima of cp are located on the
saturation line. For pressures above pc , the line connecting the locations
of the maximum values of the specific heat is called pseudo-critical line.
Thus, in the supercritical state, a specific (supercritical) temperature can
be assigned to each (supercritical) pressure, where the water’s specific heat
reaches its local maximum. This temperature is called the pseudo-critical
temperature Tpc . It becomes obvious from Fig. 2.13 (a) that these local
maxima in cp are shifted toward higher pseudo-critical temperatures and
the absolute values of the local cp -peaks decrease for increasing pressures.
This is even better illustrated in Fig. 2.13 (b), where the development of
the water’s specific heat cp with temperature is shown for three different,
supercritical pressure levels (225, 250 and 275 bar): The peaks for cp become broader, but smaller in absolute values for increasing temperatures,
whereas pseudo-critical temperatures increase.
A typical characteristic of near-critical fluids (= fluids being in a state
close to their critical point) is the strong variation of physical properties:
When increasing the water’s temperature at a constant, supercritical pressure (p > pc ) for instance, the water’s thermophysical properties undergo
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Figure 2.14: Development of the relevant thermophysical properties of water
in function of temperature at a constant, supercritical pressure of 250 bar
according to [54]: Density ρ, dynamic viscosity µ, specific heat cp and thermal
conductivity λ.

sharp changes when crossing the pseudo-critical temperature. This behavior is illustrated for the specific heat cp in Fig. 2.13 above. Fig. 2.14
shows the development of all relevant thermophysical properties of water
in function of temperature for a supercritical pressure of 250 bar according to [54]. These quantities are: The density ρ, the dynamic viscosity µ,
the specific heat cp and the thermal conductivity λ. The pseudo-critical
temperature Tpc at 250 bar is 384.9 ◦ C. Whereas cp shows a sharp peak
at Tpc , the properties ρ, µ and λ exhibit a drastic decrease around Tpc .
However, the higher the applied supercritical pressure, the more moderate
these changes. This behavior is only demonstrated for the quantity cp in
Fig. 2.13, but similarly applies to the other thermophysical properties. The
pseudo-critical temperature Tpc is more relevant to the fluid and thermodynamics of the investigated water jets than the critical temperature Tc , since
the strong variations of the thermophysical fluid properties appear around
Tpc . Therefore, the term “supercritical” in this work always refers to a
thermodynamic state with T ≥ Tpc (and p > pc ). The term “subcritical”,
on the other hand, is always used for fluids with T < Tpc (while p > pc ).

2.3 Goals of the Thesis

35

2.3 Goals of the Thesis
The development of the hydrothermal spallation drilling technology described in Section 2.2.4 is still in its infancy. Some fundamental scientific
work is still needed, before this novel technology can be tested in the field
and applied to EGS systems. This thesis is therefore dedicated to the investigation of some fundamental heat transfer phenomena related to the
supercritical water jets used in hydrothermal spallation drilling. As seen in
Fig. 2.12 above, a hot, supercritical, impinging water jet is the fundamental
part of any potential downhole assembly for deep spallation drilling operations. Instead of using one jet only, also the use of multiple nozzle systems
providing a number of jets is suggested in literature (e.g. [15, 51]). For the
sake of simplicity and generality, though, all studies performed within the
framework of this thesis were limited to single water jets. A hydrothermal spallation drilling system would generally use hydrothermal flames to
heat up the water to the required temperatures. However, combustion
processes were excluded in this work and the water for the supercritical
jets was heated up by electric heaters. As visualized in Fig. 2.15, the focus of this work is on two important heat transfer phenomena governing
the hydrothermal spallation drilling process downhole: The entrainment of
drilling fluid into the hot jet region (1) and the heat transfer of impinging,
hot water jets to the rock (2):
1. Entrainment: The entrainment phenomena is a big challenge in
any hydrothermal spallation drilling operation: The impinging, hot
water jet is surrounded by comparatively cold drilling fluid that is
sucked into the hot jet region by entrainment. The drilling fluid can
absorb large amounts of the jet’s thermal energy, before the energy
can be transferred to the rock. This effect can considerably reduce the
efficiency of the spallation process or even impede the fragmentation
of rock.
2. Impinging heat transfer: Knowledge about the heat transfer from
the impinging hot water jet to the rock is absolutely crucial to the
development of the hydrothermal spallation drilling technology. Rock
spallation can only be induced, if certain characteristic values of heat
fluxes and rock surface temperatures are exceeded. Furthermore, also
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drilling velocity and chip size strongly depend on heat transfer (see
Section 2.2.2).

1

2

Figure 2.15: Two of the most crucial issues in hydrothermal spallation
drilling investigated in this thesis: The entrainment of cold drilling fluid into
the hot jet region (1) and the heat transfer from the impinging hot water jet
to the rock (2).

The main goal of this thesis was the fundamental and scientific characterization of the above mentioned phenomena. For this purpose, systematic
and comprehensive experimental studies were performed in a high-pressure
vessel simulating the conditions downhole. However, prior to performing
experiments, appropriate measurement equipment and procedures had to
be developed, since no commercial and ready-to-use measurement systems
were available for the harsh experimental conditions prevailing in the highpressure vessel (aqueous environment with pressures up to 275 bar and
temperatures up to 600 ◦ C). Hence, the design and development of experimental methods was part of this work, too. Chapter 4 addresses the
experimental characterization of entrainment phenomena, whereas Chapter 5 focuses on the heat transfer of impinging supercritical water jets.
In Chapter 6, a preliminary spallation experiment with a rock sample is
presented and discussed.

3 Experimental Equipment
Some components of the experimental setup remained unchanged for all
experimental work of the present thesis. These experimental components
comprise the high-pressure vessel, the pumps and piping system, the electric heaters and the controlling and data acquisition system. For the sake
of clarity, all of these experimental “base” elements are presented in this
chapter. The specific details about each single experimental configuration
are then addressed separately in the respective Chapters 4, 5 and 6.

3.1 High-Pressure Vessel
The high-pressure vessel depicted in Fig. 3.1 was the core element of all experiments. The vessel had already been used and described in the work of
Prı́kopský [47] and been referred to as “WCHB-3” (Wall-cooled hydrothermal burner). Its most important features are nevertheless briefly addressed
here, also because some important modifications with respect to the original setup reported in [47] were made. Fig. 3.1 shows two 3D views of the
vessel from two opposite sides. The material used for the manufacturing of
the pressure vessel was the high-strength nickel alloy A286. The maximum
operating pressure was about 300 bar and the maximum operating temperature around 600 ◦ C. The vessel basically consisted of a central body,
a removable vessel head on the top and four massive, removable supports
for glass windows on each side. This configuration allowed for having optical access to the vessel’s interior on all four sides by using about 20 mm
thick glass windows. However, the two larger windows of the vessel were
plugged with A286-plates instead of glasses for security reasons. This is
illustrated by the cross-sectional cut of Fig. 3.2. No optical access to the
central vessel part was thus provided along the y-direction. Along the
x-axis, however, two sapphire glass windows on either side of the vessel
ensured the visibility of the central vessel part through a narrow channel
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Figure 3.1: Two 3D views of the high-pressure vessel used in the experiments
with indication of the main vessel parts and process flows. The photo-realistic
images were taken from two opposite sides.

of 10 mm width. The optical access was given for almost the whole vessel
height in z-direction. The total dimensions of the central body of the vessel
were 160 mm×160 mm×210 mm. The broad channel of 35 mm width along
the y-direction and the removable A286 plates on both ends of the channel
offered the opportunity of installing some measurement equipment inside
the vessel. The sapphire glass windows as well as the A286 plates were
all sealed with custom-made metal C-seals manufactured by Angst+Pfister
(Switzerland) as seen in Fig. 3.2. A metal C-ring was also applied for sealing the connection between central body and vessel head. Whereas the
high-pressure vessel had been used for the characterization of hydrothermal flames in the work of Prı́kopský [47], it was used here to investigate
heat transfer phenomena of supercritical water jets used for hydrothermal
spallation drilling.
Fig. 3.1 above not only shows the main component of the high-pressure
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Figure 3.2: A cross-sectional cut of the high-pressure vessel through the
x-y-plane showing the main dimensions of the vessel and the duct for the
thermocouple TC3.
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vessel, but also the most important process flows brought to the vessel. The
hot water (HW) for the supercritical jet was fed to the vessel at the very top.
The cooling water streams CW1, CW2a, CW2b and CW3, on the other
hand, were provided laterally at different heights of the vessel. Two fittings
were screwed to the top of the central body to provide two symmetrical
outlets at the top of the vessel. The effluent water flow consisted of a
mixture of all inlet streams and left the vessel at these two top outlets (TO).
A total of five identical, elongated holes of diameter 2 mm had been drilled
into one side of the central body to bring thermocouples with a diameter of
1.5 mm to the vessel’s interior. These thermocouples are denoted TC1–TC5
and were used for monitoring the maximum water temperatures inside the
vessel. The duct for the thermocouple TC3 is shown in the cross-section of
Fig. 3.2. The connection denoted OXI in Fig. 3.1 was originally provided to
feed oxygen to the system, when hydrothermal flames were ignited inside
the vessel (see [47]). However, it was not used in all studies of this thesis.
The 3D image of Fig. 3.3 offers a view to the inside of the high-pressure
vessel. The fittings for the top outlets (TO) were omitted for the sake of
clarity. A second outlet BO could be optionally provided at the bottom
side of the vessel. However, for nearly all experiments, the outlet BO was
plugged and not in use. The hot water stream (HW) for the jet was fed
to an injector inside the vessel by a T-fitting. The injector consisted of
two concentric parts featuring an annular, insulating air gap to minimize
heat losses of the hot water stream. Details are given in Section 4.3 of
the next chapter. Fig. 3.3 also indicates, at what position the cooling water streams CW1–CW3 entered the vessel’s interior. An additional cooling
water stream CW4 could be fed to the system through a steel tube at the
bottom side of the vessel. This steel tube at the same time supported
the sensor probe MDB, which was introduced from the bottom side of the
vessel and could be moved along the z-axis. Depending on the study performed, different measurement probes were used at the position denoted
MDB. The example of Fig. 3.3 shows a calorimetric heat flux sensor used
in the studies of Chapter 5. Another measurement probe was introduced
from the vessel’s top and denoted MDT. The measurement probe MDT
was usually a thin sheath thermocouple of 0.5 mm diameter, that was conducted through the T-fitting and the injector to measure temperatures in
the hot water flow. Similar to the measurement probe MDB, also the
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One from the top (MDT) and one from the bottom (MDB). Both could be
axially displaced and positioned along the z-axis.
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probe MDT (thermocouple) could be axially positioned along the z-axis.
Specially designed, high-pressure proof displacement units were screwed to
the top (DUT) and the bottom (DUB) of the vessel to allow for the axial
movement of the measurement probes MDT and MDB. Fig. 3.4 shows the
axial displacement unit DUT for the movement of the thermocouple probe
MDT. A similar unit was also attached to the bottom side of the vessel to
move the probe MDB.
(a)

Connec!on
to motor

(b)

Linear actuator
Top end of
thermocouple

100 mm

Moveable
upper part of
displacement unit
Fixed lower
part of
displacement unit

Connec!on to
high-pressure
vessel
Figure 3.4: The high-pressure, axial displacement unit DUT was screwed to
the top of the pressure vessel and enabled the movement of the thermocouple
probe MDT along the z-axis: (a) Displacement unit at the very top position,
(b) Displacement unit at the very bottom position.

Both displacement units were manufactured by Sitec (Switzerland). They
basically consisted of a fixed lower part screwed to the vessel and a movable
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upper part. Special slide seal rings inside the unit (not visible in Fig. 3.4)
allowed for the relative movement between these two parts and also provided the sealing against the high water pressures in the vessel. The top end
of the thermocouple wire was fixed to the top, movable part of the unit by
hard-soldering. The axial movement of a linear actuator (Schneider Electric SA, France) was transferred to the movable part of the displacement
unit and hence to the thermocouple attached to it. The movement of the
linear actuator was provided by a motor at the top, whose motion could be
controlled via an RS485 interface. The displacement unit DUT allowed for
a maximum axial travel distance of 100 mm. The maximum displacement
distance for the unit DUB (not shown in Fig. 3.4) was 44 mm. The power of
the linear actuators required to realize the movement of the probes as well
as the design and dimensions of the displacement units had to be adapted
to the high pressures prevailing inside the vessel.

3.2 Pumps and Piping
The Piping and Instrumentation Diagram (P&ID) of Fig. 3.5 illustrates the
general piping of the whole high-pressure facility. The whole equipment of
the experimental setup was spread over three floors: Pumps and control
units (valves, controllers, computer interface) were situated on the first
floor. For security reasons, these control units were separated from the
high pressure vessel that was placed on a floor above together with the
electric heaters H1–H3. Thus, high water temperatures only existed on the
second floor, where no operator was present during experiments. A chiller
was located on the third floor.
Pure, deionized water was used for all water streams. The water for the
streams HW (hot water) and CW4 (cooling water) were directly fed to the
pumps P2 and P3 by the water network of the laboratory. The water for
the pump P1 (CW1, CW2 (including CW2a and CW2b) and CW3), however, was provided by a reservoir tank. The water for the CW-stream in
this tank could be cooled down by the copper heat exchanger HX1. The
cooling medium used in the heat exchangers HX1 and HX2 was also deionized water that circulated between the chiller (Peter Huber Kältemaschinenbau GmbH, Germany) and both heat exchangers and could be cooled
down to a minimum temperature of 0 ◦ C. In most experiments, the heat
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Figure 3.5: P&ID of the high-pressure facility used in the experiments.
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exchanger HX1 was used to obtain a constant temperature of 20 ◦ C for
the cooling water streams CW1–CW3 after the pump P1. The heat exchanger HX2 served the purpose of cooling down the water stream CW4,
before it entered the vessel. This setup was used in the impinging jet
studies of Chapter 5 to control the coolant’s temperature of a calorimetric sensor device. Since the mass flows of CW4 for the calorimeter were
relatively small, a helically wound, high-pressure capillary tube (Ø0.5 mm,
Sitec, Switzerland) was brought into a cylindrical steel tube (Ø55 mm) to
form the tube-in-tube, counter-current heat exchanger HX2. Whereas the
high-pressure water stream CW4 was fed through the spiral capillary, the
encasing steel tube was flushed with the low-pressure coolant water from
the chiller. The outlet temperature of the coolant leaving the chiller as well
as the valves V8 and V9 were used to control the cooling rates of the heat
exchangers HX1 and HX2.
Following supply units were used:
• Pump P1 (CW1–CW3): Triplex plunger pump from Speck (Germany) with a maximum flow rate of 408 l/h at a maximum pressure
of 400 bar.
• Pump P2 (HW): Metering pump (plunger pump) from BONO
(Italy) with a maximum flow rate of 50 l/h at a maximum pressure
of 600 bar.
• Pump P3 (CW4): Metering pump (plunger pump) from BONO
(Italy) with a maximum flow rate of 7 l/h at a maximum pressure of
400 bar.
The high-pressure piping system of Sitec (Switzerland) was chosen for all
water lines. For most of the piping, high-pressure, stainless steel tubes with
an inner diameter of 2.4 mm and an outer diameter of 6.5 mm were used.
All tubes, fittings, valves and security elements (burst disks and pressure
relief valves) were manufactured by Sitec (Switzerland). In each water line,
a high-pressure pulsation dampener of Flowguard Ltd. (United Kingdom)
was mounted directly after the supplying pump to reduce pressure pulsations and ensure a stable flow.
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3.3 Electric Heaters
Three consecutive electric heaters (H1–H3) were placed in the HW-line as
illustrated by Fig. 3.5. The heaters were manufactured in our laboratory
and are described in [49]. The design of all heaters was identical: A spiral
high-pressure, high-temperature tube for the water flow HW and six heating elements with a heating power of 900 W each were cast in a cylindrical
bronze block. Thus, the total heating power of each heating block was
5.4 kW. Due to the used material (bronze) the water for the HW stream
could be heated up to temperatures of 600 ◦ C. However, owing to heat
losses in the piping and the high-pressure vessel, only a maximum water
temperature of about 500 ◦ C could be reached when using all three heaters.

3.4 Controlling and Data Acquisition
All temperature measurements indicated in Fig. 3.5 were executed using
sheath thermocouples of different wire diameters. Generally, type K thermocouples of the tolerance class 1 were used. For temperatures measurements with comparatively low demands in terms of accuracy (security temperatures T1–T5 inside pressure vessel for instance), also less accurate type
K thermocouples of class 2 were used. The temperatures at the outlet of
each heater (H1–H3) were monitored and adjusted with PID controllers
from Allcontrol AG (Switzerland). The same controller was also applied
to actuate the needle valve V1 (Flowserve Corp., USA) in the effluent line
to regulate the pressure inside the vessel. The pressure in the vessel was
measured by a pressure transducer from Keller AG (Switzerland).
The mass flows of all water supply lines (CW1–CW4 and HW) were measured with high-pressure and high-precision Coriolis mass flow meters (Rheonik, Germany). The mass flows of the streams CW1–CW3 were controlled
via the manually operated, high-precision metering valves V5–V7 (Sitec,
Switzerland), whereas the streams HW and CW4 could be directly regulated via the stroke length of the plunger pumps P2 and P3. The electrically
operated by-pass valve V2 allowed for the control of the total mass flow
CW (CW1+CW2+CW3) by regulating the flow going back to the reservoir
tank (via V4) and to the effluent (via V3), respectively. The water level of
the water tank was monitored by a water level indicator that triggered an
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alarm, when the water volume in the tank fell below a certain level.
The acquisition of all measured data was realized with the software Labview
(National Instruments, USA). Temperature, pressure and mass flow data
were sampled by a computer at a rate of 500 Hz. An average value of
each single data stream was taken every second and recorded in a text
file by Labview. Apart from the sampling, recording and displaying of all
measurement data, also the controlling of both displacement units DUT and
DUB (see Section 3.1 above) was realized with Labview via a USB/RS485
interface. Hence, the positioning of both measurement probes MDT and
MDB could be executed on the graphical user interface that displayed the
sampled measurement data at the same time.

4 Supercritical Water Jets –
Entrainment
4.1 Scientific Problem
This chapter addresses one of the major challenges met in hydrothermal
spallation drilling and illustrated in Fig. 4.1 (a): The hot flame jet (mainly
consisting of water) has to be injected into the dense environment of an
aqueous drilling fluid. The fluid dynamics of the high-velocity jet force the
surrounding cold fluid to be drawn radially inwards toward the jet. This
typical behavior of turbulent jets of sucking in the surrounding fluid is
termed “entrainment”. When using thermal rock spallation for the drilling
of shallow holes, the borehole is flushed with air. The flame jet downhole
is hence surrounded by air, which is sucked into the jet region toward the
jet’s axis. The entrainment of air, however, does not severely affect spallation drilling operations, since the comparatively low values of the air’s
density and specific heat capacity do not lead to a significant cooling down
of the flame jet. The situation drastically changes when transferring this
technology to deep boreholes using hydrothermal spallation drilling (see
Section 2.2.4): Here, the surrounding fluid is an aqueous drilling fluid (pure
water or water-based) with a comparatively high density and specific heat
and its entrainment can lead to considerable heat losses. This is demonstrated by Fig. 4.1 (b) showing a hydrothermal flame which is injected in
an environment of cold water at a pressure of 250 bar: The entrainment
of cold water into the hot flame zone causes the central jet to cool down
rapidly. The short flame is an indication for the intense heat transfer between flame jet and cooling water. The picture of Fig. 4.1 (b) was taken in
a preliminary experiment prior to the entrainment studies presented here.
Oxygen and a water-ethanol mixture (12 wt % ethanol) were mixed and
ignited in a combustion chamber to be subsequently discharged into the
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water-filled high-pressure vessel (at 250 bar) through a nozzle with a diameter of 8 mm. The flame jet was surrounded by an annular, co-flowing
cooling water stream. The short flame length being in the range of the
orifice diameter (8 mm) gives evidence of the drastic heat losses occuring
due to the entrainment of water. In hydrothermal spallation drilling, such
heat losses can significantly reduce the efficiency of the drilling process and
even impede the thermal spallation process.

(c)

(a)

h

L

Submerged
hydrothermal
ﬂame
(b)
Figure 4.1: (a) Definition of the scientific problem: Cold drilling fluid is
entrained into the hot jet region leading to significant heat losses during spallation operation. (b) Picture of a hydrothermal flame (ethanol and oxygen)
submerged in cool water at 250 bar. The cool, subcritical water surrounding the flame jet causes the flame to shrink in size. (c) Basic experimental
setup for the entrainment studies of this work: A hot jet of supercritical water is injected in a laminar stream of co-flowing cooling water to characterize
entrainment phenomena.

The basic experimental setup used for the entrainment studies is shown
in Fig. 4.1 (c): Hot, supercritical water at temperatures up to 500 ◦ C was
injected into a slow, laminar, co-flowing stream of cool, subcritical water.
This configuration represents the “worst case” in hydrothermal spallation
drilling, when the hot water jet for thermal rock spallation is injected directly into the cool, dense environment of the aqueous drilling fluid without
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taking measures to reduce entrainment effects. To make the scientific problem more generic, a free jet configuration without any confining element
(such as walls) was chosen. For both the hot jet and the annular cooling
water stream, pure deionized water was used. Instead of heating up the
jet’s water by a hydrothermal flame, electric heaters were used to reach the
desired, supercritical temperatures. The main reasons for doing so:
• Fluid jets for hydrothermal spallation drilling mainly consist of water and only contain small amounts of combustion products such as
carbon dioxide (see Section 2.2.4).
• The electric heating of pure water allows for a much easier regulation
of the jet’s temperature than a direct-contact, combustion heating
(very important close to the pseudo-critical point).
• The experimental results are more generic and can be compared to
literature data. They can also be used as a basis for the validation of
numerical flow simulations (see Chapter 8).
The main quantities that were investigated within the framework of this
entrainment study are indicated in Fig. 4.1 (c): The penetration length L
of the supercritical water plume (bounded by water being at the pseudocritical temperature Tpc ) and the liquid-side heat transfer coefficient h between the supercritical jet and the cooling water around it. However, prior
to investigating entrainment phenomena in supercritical water jets, appropriate experimental techniques and procedures had to be developed to
measure the desired quantities L and h. A non-intrusive, optical schlieren
technique was finally adopted to match the special requirements of this
study. An effort was also made to validate the developed optical method
in two different ways.
The following Section 4.2 gives a literature review of the scientific fields
relevant to this entrainment study. Section 4.3 then describes the experimental setup of the study in more detail. An experimental evaluation of
optical methods in terms of applicability for measuring the quantities L
and h is presented in Section 4.4. The following Section 4.5 is dedicated to
the validation and error estimation of the optical method that was chosen
for the experiments. All important results of the entrainment study are
presented and discussed in Section 4.6.
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4.2 State of the Art
4.2.1 Turbulent Jets and Entrainment
Turbulent jets can be observed in nature and industrial applications, when
a certain fluid is discharged through a comparatively narrow orifice into a
relatively large volume of another fluid having some different characteristics
in terms of temperature, composition or speed [55]. An example that is
often found in environmental sciences is the plumes exiting from chimneys.
A typical basic configuration of a turbulent jet is given in Fig. 4.2: A
circular jet emerges at a uniform velocity u0 from a nozzle of diameter d
into a large mass of the same fluid being at rest [56]. This kind of jet is also
known as submerged jet. The shear occurring between the entering and the
ambient fluid creates turbulence and mixing at the boundary between the
two fluids. This boundary layer is assumed to be of zero thickness in the
initial section of the jet at the nozzle orifice [57]. The thickness of this
boundary layer increases with increasing distance z from the nozzle. The
boundary layer is defined as the zone comprising all fluid particles affected
by the turbulence generated by the shear: All particles of the ambient fluid
being carried along with the jet and all particles of the jet itself being slowed
down by the quiescent fluid in turn. The gradual thickening of the boundary
layer leads to a growth of the jet’s cross section with z as seen in Fig. 4.2.
On the other hand, the nonviscous core of the jet being still at the initial
velocity u0 is gradually “eaten up” by the extension of the boundary layer.
This part of the jet of potential flow and undiminished velocity u0 has the
shape of a cone and is called potential core. The initial jet zone containing
the potential core is also referred to as flow development region. The region
away from the end of the potential core is called the transition region
followed by the region of fully developed flow. An important property of
such jets is the fact that the static pressure remains constant throughout
the flow.
The gradual broadening of the jet’s cross section with increasing distance
z from the orifice is at the expense of the ambient fluid, which is entrained
in, i.e. drawn in, the jet zone. This leads to a mass flow rate ṁ of the jet
gradually increasing with the axial distance z [58, 59]. The mass flow ṁ of
an axisymmetric jet at an axial position z is defined as
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Figure 4.2: Definition sketch of a circular turbulent jet (adapted from [56]).

ṁ = 2π

Z

∞

ρurdr

(4.1)

0

ρ being the fluid density, u the fluid velocity in the axial direction z and r
the radial distance. The over bar denotes time-mean quantities. The rate
of entrainment dṁ/dz is defined as the rate of growth of the jet’s mass flow
ṁ along the jet axis z. Applying the integral momentum equation with
the assumption of a constant pressure throughout the jet flow yields the
equation [56]
d
dz

Z

∞

2πρu2 rdr = 0
0

(4.2)
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stating that the momentum flux in the axial direction is conserved. If M
stands for the excess momentum flux of the jet, its initial value M0 at the
orifice is preserved along z:
1 2
(4.3)
πd ρ0 u0 2
4
where ρ0 denotes the density of the jet’s fluid at the initial cross section of
the orifice and d the orifice diameter. By employing dimensional analysis,
it can be shown that the jet’s mass flux ṁ is proportional to the distance
z, if the fluid density is uniform, the Reynolds number is high and the
distance z is much larger than d [58]:
M = M0 =

ṁ
zM 0.5 ρ0.5
∞

= K1

(4.4)

ρ∞ stands for the density of the ambient fluid and K1 is a numerical constant. By using Eqs. 4.3 and 4.4 and the corresponding equation for the
jet’s injected mass flow
ṁ0 =

1 2
πd ρ0 u0
4

(4.5)

Ricou and Spalding [58] derived the following expression to determine the
constant K1 experimentally:
r

0.5
z ρ∞
ṁ
4
=
K1
(4.6)
ṁ0
π
d ρ0
Their experimental apparatus consisted of a so-called entrainment chamber
being basically a porous cylinder encasing the turbulent jet, which emerged
into the cylinder from a small orifice at the center of the bottom side. By
measuring the pressure drop across the porous wall of the cylinder (between
the inside and the outside of the cylinder), Ricou and Spalding were able to
determine the mass flow ṁ1 of the ambient fluid sucked in by the turbulent
jet from the outside of the cylinder to its inside. By using three different
entrainment chambers of different heights and orifice diameters between
1.6 mm and 31.8 mm, mass flows ṁ1 for a wide range of dimensionless
axial distances (z/d) between 2.4 and 418 could be measured. The mass
flow ṁ1 through the porous wall between the axial positions 0 and z is
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related to the injected mass flow ṁ0 and the total mass flow of the jet ṁ
at position z in the following way:
ṁ = ṁ0 + ṁ1

(4.7)

The authors of [58] performed three different experimental series with the
ambient, entrained fluid always being air. The injected fluids for the turbulent circular jet were air (same density), carbon dioxide and propane
(higher density than air), and hydrogen (lower density than air) yielding
a density ratio range of 0.66 < ρ∞ /ρ0 < 14.5. The injected gas was always at the same temperature as the air supplied through the porous wall
(isothermal case). They found that all their data obey the relation
ṁ
z
= 0.32
ṁ0
d



ρ∞
ρ0

0.5

(4.8)

Comparison of Eq. 4.8 to the previous Eq. 4.6 yields a value of 0.282 for the
constant K1 . This result was obtained for non-buoyant, turbulent, circular
jets with comparatively high Reynolds numbers. Morton [60] presents some
considerations on the entrainment of strongly buoyant plumes and jets with
large density variations (e.g. flame jets). Morton’s entrainment function E
is defined as the ratio between the radial velocity v toward the jet’s axis at
the jet’s boundary to the mean axial velocity u of the jet (see Fig. 4.2). For
jets with varying density ρ being injected into a fluid of constant density ρ∞ ,
E is a local quantity varying with z. If the length scale a(z) (corresponding
to the jet’s radius in Fig. 4.2) is introduced, the entrained mass influx dṁ1
into the jet region for an infinitesimal jet section dz can be written in the
following form:
dṁ1 = (−2πrρv · dz)r=∞ = 2πa(z)ρ∞ E · u · dz

(4.9)

Following the same arguments as Ricou and Spalding [58], the entrainment
function E can be related to an entrainment constant E0 by

E = E0



ρ
ρ∞

 21

(4.10)
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If the jet’s density ρ is constant (= ρ0 ), combining Eqs. 4.6, 4.9 and 4.10 by
a simple mass balance relates the entrainment constant E0 to the constant
K1 :
r
1
(4.11)
E0 = K 1
4π
Hence, the constant value of 0.282 for K1 found by Ricou and Spalding corresponds to an entrainment constant E0 of 0.08. Ricou and Spalding [58]
also reported entrainment constants E0 of earlier work taking values between 0.06 and 0.12. The values reported by Ricou and Spalding, however,
were all obtained for comparatively large axial distances z, where E0 can
be treated as a constant. In the initial region (developing region) of a
axisymmetric turbulent jet, the entrainment rate was shown to vary with
the axial coordinate z to finally reach the fully developed values found by
Ricou and Spalding at sufficiently large axial distances [59, 61]. Hill [59],
for instance, conducted entrainment experiments in the developing region
of turbulent air jets and showed that the entrainment rate increases with
z, until it levels off at the fully developed value at an axial distance of
about thirteen nozzle diameters. Thus, entrainment rates are lower in the
near-field regions of a turbulent, axisymmetric jet than in its far-field.
For the entrainment study reported here, the jet configuration of Fig. 4.3
is of particular interest: The central jet is not surrounded by a fluid at
rest, but rather entrains mass of a co-flowing secondary stream inside a
cylindrical confinement (annular wall) of diameter dc . According to [62],
two general cases of such an enclosed jet have to be considered:
1. If there is sufficient supply of secondary fluid to satisfy the “entrainment appetite” of the central jet, the flow of the jet is uninhibited,
until it expands to the walls of the duct.
2. If the mass flow of the secondary fluid is less than the central jet can
entrain, a recirculation zone is set up (see Fig. 4.3).
In this second case, mass of the co-flowing stream is entrained upstream
of point N. The whole recirculation eddy extends from point N to point
P. Point C between these two points defines the position, where the integrated negative velocities (=rate of reverse flow [62]) along the duct’s cross
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section reaches the maximum value. This rate of reverse flow, of course,
disappears at the points N and P. Thring and Newby [63] now made the
assumption that the rate of entrainment is unaffected by the confinement.
As a consequence, Eq. 4.8 found by Ricou and Spalding still holds. This
has been used by Field et al. [64] to compute the axial position of the point
N, where the recirculating flow initiates:
dc
2
with the Thring-Newby parameter defined as
zN = 6.25 · θT N ·

θT N

ṁ∞ + ṁ0 d
=
ṁ0
dc



ρ0
ρ∞

(4.12)

 21

(4.13)

ṁ0 and ρ0 being the the mass flow and the density of the central jet and
ṁ∞ , ρ∞ the corresponding properties for the co-flowing stream. d is the
nozzle diameter. In spite of the generalizations made in this approach, the
estimation of Eq. 4.12 above shows good agreement with experiments, if
d < (1/10) · dc [62].
Annular wall

N

C

P

Co-flowing
stream

dc /2
z

Nozzle

Jet boundary

Figure 4.3: Entrainment phenomena of an axisymmetric jet in a co-flowing
fluid stream bounded by a cylindrical confinement (adapted from [65]).

4.2.2 Submerged Steam Jets and Supercritical Jets
A research field that is of major relevance for the supercritical submerged
free jets investigated in this chapter (see Fig. 4.1) is that of submerged vapor
jets in subcooled liquids. The investigation of direct contact condensation
(DCC) of vapor jets injected in an environment of subcooled water is of
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particular interest for a number of industrial operations: DCC of pure
steam or steam containing non-condensable gases can for instance appear
in safety valves in boiling water reactors [66, 67]. Condensing steam jets
especially occur in nuclear power plants in the blowdown of primary nuclear
boiler systems into a water bath [68]. A good general review of submerged
gas jets is given by Gulawani et al. [68], whereas the work of Song et al. [69]
summarizes the studies done on steam jets in terms of practical engineering
issues. The basic configuration of the condensing steam jet experiments
reported in literature is illustrated in Fig. 4.4 (a): Superheated steam at a
temperature T0 and a mass flow ṁ0 is injected into a comparatively large
pool of subcooled, quiescent liquid water being at temperature T∞ at the
moment of injection. The vapor emerges from a nozzle aperture of diameter
d and penetrates the liquid bath up to the axial position z = L. The
quantity L is called penetration length. The steam plume is bounded by the
steam-water interface being at saturation temperature Tsat . During steam
injection, the latent heat of condensation is transferred to the liquid phase
through the interfacial area Aint of the plume. The rate of condensation and
therefore also the length and the shape of the vapor plume strongly depend
on the liquid-side heat and mass transfer. Determining the penetration
length and the shape of the vapor cavity inside the subcooled water pool is
hence a key to understanding heat transfer phenomena between the steam
jet and the liquid water. Most researchers applied high-speed photography
of the vapor jets to characterize condensing steam jets. A picture acquired
by a high-speed camera during DCC in [70] is shown in Fig. 4.4 (b). Based
on such images, experimental studies on DCC mostly try to specify one or
more of the following important jet characteristics:
• The penetration length L and the shape of the plume
• The liquid-side heat transfer coefficient h of direct contact condensation between vapor and liquid phase
• The flow regimes of condensing vapor jets
As addressed in the last point above, various flow pattern of condensing
vapor jets were detected by varying the steam mass flux and pool temperature in DCC experiments. Steam jets can be classified according to their
flow regime by so-called flow regime maps as done in [71,72]. At low steam
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injection rates, a phenomenon called “steam chugging” can be observed,
in which the pool water periodically enters the injection pipe. At slightly
elevated vapor mass fluxes, the steam chugging mode gives way to a flow
pattern, where oscillatory bubbles appear at the nozzle exit. It is only
at comparatively large steam mass fluxes, when the condensing vapor jets
become stable. The picture of Fig. 4.4 (b) was acquired in the stable flow
regime of the jet. For the (stable) supercritical water jets investigated here,
only vapor jets in the stable regime are relevant.

8

Liquid, sub-cooled water bath
T
Steam
ﬂow

.
m0 T0
~ d
u0 h0

Steam-water interface
A int ,Tsat

Steam plume
z

Nozzle

(a)

L

(b)

Figure 4.4: (a) Basic configuration of steam jet condensation experiments
reported in literature, (b) Typical picture of a condensing steam jet taken by
a high-speed camera (from [70]).

Experimental studies on DCC comprise vapor jets at supersonic (e.g. [73,
74]), sonic (e.g. [75, 76]) and subsonic flow conditions (e.g. [77, 78]). The
length L of the steam plume is mostly obtained by analyzing images obtained by high-speed photography. Much effort has been made to establish
correlations relating the operation conditions of a vapor jet to its penetration length L. The most widely used semi-empirical models for correlating
penetration lengths are those developed by Kerney et al. [79] and Weimer
et al. [80]. Whereas Kerney applies a mass balance within the steam plume
for his model, Weimer’s model is somewhat more sophisticated in making an attempt at describing the occurring heat and mass transfer by entrainment laws. Both models are described in detail later in this section.
However, the models are slightly adapted to match the need of the supercritical water jets investigated here. Another, more sophisticated model for
describing condensing vapor jets and estimating their penetration length
was developed by Kudo [81]: He applied two different sets of conservation
equations for the initial (developing) and main (developed) region of a con-
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densing jet (see Fig. 4.2) to connect them by matching the jet width at
the boundary. According to the author’s model, the penetration length L
of the vapor jet is controlled by the heat transfer of the liquid-side and
the heat released by the condensation is transferred to the subcooled water by turbulent diffusion. This approach of defining the liquid-side heat
and mass transfer as the limiting step in condensing steam jets is generally
accepted among researches. Kudo also addresses a general problem when
trying to evaluate jet lengths in experiments: The strict determination of
the steam jet’s length based on photography is very difficult in many cases,
since the downstream end of vapor jet cannot always be clearly identified.
Penetration lengths of condensing steam jets easily reach values of several
times the nozzle diameter d. Kerney et al. [79] for example reported nondimensional penetration lengths L/d in the range of approximately 5–35.
A recent study performed by de With [66] tried to combine the penetration
lengths measured by various researchers, since most correlations for L/d
available in literature are only capable of accurately predicting the values
for a limited range of experimental conditions. De With presents a new
two-dimensional steam plume length diagram, which is able of predicting
penetration lengths accurately for a wide range of conditions.
As mentioned above and also pointed out by Sonin et al. [82], the condensation of steam jets is primarily controlled on the liquid side of the jet by the
rate at which the latent heat of condensation is transferred from the jet’s
surface to the liquid’s bulk. This is the reason, why most researches were
interested in the experimental estimation of the liquid-side heat transfer
coefficient defined as
h=

′′
ṁ0 · h̃f g
q̇int
=
Aint · ∆Tliq
Aint · (Tsat − T∞ )

(4.14)

A glance at Fig. 4.4 (a) clarifies the meaning of the main quantities in the
′′
above definition 4.14: q̇int
denotes the heat flux across the phase boundary, Aint the interfacial surface area of the steam jet and ∆Tliq the driving
temperature difference for the heat flux on the liquid side (difference between saturation temperature Tsat and liquid bath temperature T∞ ). The
′′
heat flux q̇int
across the boundary can be evaluated by multiplying the jet’s
mass flow ṁ0 by the specific latent heat h̃f g . The symbol h̃ is used for the
specific enthalpy to avoid confusion with the symbol h used for the heat
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Figure 4.5: Liquid side heat transfer coefficients h calculated by Gulawani
et al. [83] based on the experimental data of Kerney et al. [79] for flat and
conical injection heads.

The most delicate issue in evaluating heat transfer coefficients is the determination of the interfacial area of the steam plume. Fluid motions at
the interface are essentially unsteady and so complicated that an accurate
estimation of the interfacial area between the two phases is almost impossible [84]. A smooth surface configuration at the steam-water interface was
therefore assumed by several researchers [70,75,83–85] to estimate the surface area Aint . Young et al. [85], for instance, calculated the surface area
Aint by simply assuming a conical plume shape with the cone having a
base diameter d and a height L. A similar approach adopted by [83] assumes an ellipsoidal plume shape. It is obvious that all these assumptions
generally underestimate the true interfacial surface area Aint by neglect-
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ing the exact curvature of the surface. However, the simplified estimation
of heat transfer coefficients is rather convenient from an engineering point
of view and allows for the comparison between different studies and configurations [84]. Gulawani et al. [83] used computational fluid dynamics
(CFD) to simulate condensing water jets based on the experimental data
provided by Kerney et al. [79]. The liquid-side heat transfer coefficients h
predicted from the CFD simulations for different nozzle diameters d and
nozzle shapes (flat and conical) are shown in Fig. 4.5 plotted against the
dimensionless plume length L/d. High values for h within a range of approximately 0.5–4 MW/m2 K were found. Chun et al. [75] reported similar
values for h lying between 1 and 3.5 MW/m2 K. It is also seen from Fig. 4.5
that smaller diameters generally yield higher heat transfer coefficients h for
the same value L/d. This is obvious, since steam jets of smaller nozzle diameters d have a smaller surface area Aint for the same value of L/d. It is
more interesting, however, to establish a relationship between h and some
experimental parameters that are, unlike L/d, readily available. Thus,
most researcher tried to correlate heat transfer coefficients to some easily
available experimental parameters. Their correlations were mainly based
on the semi-empirical model developed by Kerney et al. [79] explained below. Some researchers [86, 87] also tried to develop more sophisticated
models to predict heat transfer coefficients h. Kim et al. [86] for example
determined h with three different models: An interfacial transport model
based on turbulent intensity, a surface renewal model and a shear stress
model. The turbulent intensity model revealed that the size of eddies being formed on the liquid side of the thermal boundary at the interface is
important in determining the heat transfer coefficient. The surface renewal
model as well as the shear stress model, however, suffer from the drawback
that the shape of the vapor plume has to be known to calculate h. The
plume shape is incorporated into these models by using a shape factor.
In what follows, the submerged vapor jet models developed by Kerney et
al. [79] and Weimer et al. [80] are sligthly adapted to apply them to the
submerged supercritical water jets examined here. A detailed sketch of
the problem is provided in Fig. 4.6, where the main quantities required for
developing the models are given: A hot supercritical water jet having a
temperature of T0 , density ρ0 and a specific enthalpy of h̃0 emerges from a
nozzle with diameter d into a subcritical, aqueous environment at an axial
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Figure 4.6: Basic configuration and main quantities of the submerged supercritical water jets investigated here. The sketch is used for the derivation
of Kerney’s [79] and Weimer’s [80] models.

velocity of u0 and a mass flow of ṁ0 . The subcritical water surrounding
the supercritical jet is not at rest, but provides an annular ring being at a
slow, laminar, axial velocity of u∞ . The mass flow ṁ∞ of the subcritical
water ring is large compared to ṁ0 yielding an approximately constant
“liquid pool temperature” T∞ . The corresponding values for the enthalpy
and density of the water at T∞ are denoted h̃∞ and ρ∞ , respectively. From
a physical point of view it is more meaningful to define the supercritical
jet’s boundary at the pseudo-critical temperature Tpc than at the critical
temperature of water at Tc = 373.9 ◦ C, since the steepest gradients of the
physical properties ρ, µ and λ occur at Tpc as pointed out in Section 2.2.5.
Furthermore, the peak of the water’s specific heat cp is found at Tpc and
not at Tc for supercritical pressures above pc . The interfacial surface area
between the supercritical jet and the subcritical environment is denoted
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Aint , whereas h̃pc stands for the water enthalpy at this interface being at
temperature Tpc .
Following Kerney’s model [79], a “phase change rate” Gint (see Fig. 4.6)
can be defined at the jet’s boundary for an infinitesimal cylindric element
of height dz. Gint defines the mass transferred from super- to subcritical at
the boundary per unit time and area. Making the simplifying assumption
that the entire supercritical jet is at T0 and that the transition from superto subcritical only takes place at the jet’s boundary, an energy balance at
the jet’s boundary for the infinitesimal element yields


′′
(4.15)
q̇int
· dAint = dṁ · h̃0 − h̃pc
Applying the definition of the liquid-side heat transfer coefficient h according to Eq. 4.14 to the case of the supercritical water jet, the interfacial heat
′′
above can be rewritten in terms of a local heat transfer coefficient
flux q̇int
hloc to give


(4.16)
hloc · (Tpc − T∞ ) · dAint = dṁ · h̃0 − h̃pc
to finally find an expression for the “phase change rate” Gint :
Gint =

dṁ
hloc · (Tpc − T∞ )
=
dAint
h̃0 − h̃pc

(4.17)

Mass conservation in the element dz, on the other hand, requires that the
mass flow reduction dṁ within the supercritical jet across dz corresponds
the the “lost” of supercritical water mass through the interface:
dṁ
= −2πrGint
dz

(4.18)

It is convenient to define a dimensionless transport modulus S being analogous to the familiar Stanton number of convective heat transfer
S=

hloc
cp,∞ · G

(4.19)

with cp,∞ being the average liquid-side specific heat between Tpc and T∞
and G the local, axial mass flux per unit area at the coordinate z. G can be
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expressed in terms of the supercritical jet’s radius R at the axial position
z (see Fig. 4.6):
ṁ
(4.20)
πR2
Another important definition in vapor steam jets is that of the driving
potential B, which has to be slightly adapted to our case of supercritical
water jets:
G=

B=

cp,∞ · (Tpc − T∞ )
h̃pc − h̃∞
=
h̃0 − h̃pc
h̃0 − h̃pc

(4.21)

ṁ0
2
π d4

(4.24)

B here specifies the driving potential for the transition from supercritical to
subcritical state. Combining Eqs. 4.17 to 4.21, the mass balance of Eq. 4.18
can be expressed in terms of B, G and S by eliminating the jet’s radius R:
√ 
ṁ
d
√
= − πG · B · S
(4.22)
dz
Above equation is now to be integrated from z = 0 (with ṁ = m0 ) to
z = L (with ṁ = 0). When appropriate mean values Gm and Sm for the
quantities G and S are used within the supercritical plume, the integration
of 4.22 yields the following relation for the dimensionless penetration length
L/d:
r
G0
L
1
−1
= ·
· (Sm · B)
(4.23)
d
2
Gm
where G0 denotes the mass flux at the nozzle exit
G0 =

A further simplification is made here by assuming that the mean mass flux
Gm in the plume is proportionally related to the initial mass flux G0 , hence
Gm ∝ G0 . Under this assumption, the following expression for the average
liquid-side heat transfer coefficient h can be derived from 4.23 and 4.19:
h = k · cp,∞ · G0 · B −1 ·

 −1
L
d

(4.25)
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with the average liquid-side heat transfer coefficient h for the supercritical
jet being defined as


ṁ0 · h̃0 − h̃pc
′′
q̇int
h=
=
(4.26)
Aint · ∆Tliq
Aint · (Tpc − T∞ )
This average liquid-side heat transfer coefficient originating from the local
quantity hloc emerges when integrating Eq. 4.22. The numerical constant
k in the expression of Eq. 4.25 can be obtained by correlating experimental
data and can be thought of as a kind of “plume shape factor” containing
the relation between the geometrical factors d, L and Aint of the supercritical jet. The drawback of Kerney’s model [79], however, is the lack
of modeling the turbulent heat transfer between supercritical plume and
liquid water. Expression 4.25 was only derived by applying simple mass
and energy balances without modeling turbulent heat and mass transfer.
This is also, why expression 4.25 only allows the calculation of h, when the
penetration length L is known. However, the supercritical jet length L is
primarily unknown, if it is not optically determined in experiments. This
shortcoming of Kerney’s model is resolved by the more sophisticated model
developed later by Weimer et al. [80]. This model includes an approach to
model turbulent heat and mass transfer by some simple entrainment laws
introduced in Section 4.2.1. In Weimer’s model, too, some minor modifications were necessary for its application to the supercritical jet depicted
in Fig. 4.6. The starting point for Weimer’s model are the conservation
equations for mass, momentum and energy, which are integrated over the
jet’s cross section:
d
dz

Z

∞

rρu dr = − (rρv)r=∞
Z ∞
d
rρu2 dr = 0
dz 0
Z ∞


d
rρu h̃ − h̃∞ dr = 0
dz 0

(4.27)

0

(4.28)
(4.29)

u being the axial and v the radial velocity component. All turbulent fluctuation terms as well as the mean radial velocity component have been taken
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to zero to arrive at the equations above. Eq. 4.28 reflects the fact that
the total momentum is conserved along the jet axis. This characteristic
of turbulent jets was already pointed out in Section 4.2.1. The constant
(rρv)r=∞ on the right-hand side of Eq. 4.27 represents the surrounding,
subcritical water being entrained by the jet. For the mean flow quantities
in Eqs. 4.27– 4.29, top hat profiles were assumed:

 u(z) 0 ≤ r ≤ a(z)
u(z, r) =

u∞ r > a(z)
ρ(z, r) =

h̃(z, r) =


 ρ(z)


ρ∞



h̃∞

0 ≤ r ≤ ξa(z)

(4.30)

r > ξa(z)


 h̃(z)

0 ≤ r ≤ ξ ′ a(z)
r > ξ ′ a(z)

a(z) is a local radial length scale for the velocity distribution (see Fig. 4.2).
It is important to note, however, that a(z) is not equal to the supercritical
jet’s radius R(z) in Fig. 4.6, since a(z) characterizes the velocity distribution of the axial component and R(z) indicates the fluid locations being
at temperature Tpc . The factors ξ and ξ ′ representing the different radial
length scales characterizing the density and enthalpy profiles are assumed
to be constant scalars as done in other turbulent jet studies. Studies on
single phase liquid jets [88] and measurements performed by Kerney [89] in
condensing steam jets both suggest that the radial thermal diffusion is generally more rapid than the radial diffusion of momentum (velocity). Based
on this evidence, Weimer et al. [80] assumed the values of both constants
ξ and ξ ′ to be greater than unity, since they are both pertinent to the
spread of thermal energy. The right-hand side of Eq. 4.27 was related to
the entrainment constant E0 defined in Eqs. 4.9 and 4.10 of Section 4.2.1:
− (rρv)r=∞ = ρ∞ E0 a(z)u
introducing the scale factor



ρ
ρ∞

 12

= ρ∞ E0 b(z)u

(4.31)
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b(z) = a(z)



ρ
ρ∞

 12

(4.32)

For the supercritical jets under investigation here, another assumption was
necessary. The laminar velocity u∞ of the co-flowing, subcritical water is
negligibly small compared to the high supercritical jet velocities u0 . As
a consequence, u∞ in Eq. 4.30 was set to zero. This choice is strongly
confirmed by the experiments presented in Section 4.6, where the velocity
ratio between co-flowing liquid water and supercritical jet was found to have
virtually no influence on the jet’s heat transfer characteristics within the
investigated experimental range. If Eqs. 4.30 to 4.32 are combined with the
conservation Eqs. 4.27 to 4.29 and integration over r is performed, following
equations can be obtained after some simplifications:

d
ub2 = 2E0 ub
dz

d
u 2 b2 = 0
dz
i
d h 2
ub h̃ − h̃∞ = 0
dz

(4.33)
(4.34)
(4.35)

The boundary conditions for z = 0 in above equations are
ρ = ρ0 ,

u = u0 ,

h̃ = h̃0 ,

d
a= ,
2

b=



ρ0
ρ∞

1/2

d
2

(4.36)

By integrating Eqs. 4.33 to 4.35, which are subject to the above boundary
conditions at z = 0, the solutions for the quantities h̃(z), u(z) and a(z) can
be found:
2a
u0
h̃0 − h̃∞
=
= 1 + 4E0
=
u
d
h̃ − h̃∞



ρ∞
ρ0

 21

z
d

(4.37)

It is, however, important to note that the quantities h̃ and u have to be
considered as mean flow quantities averaged over the jet’s cross section at
each position z. This is implied by the assumption of top hat profiles in
Eq. 4.30. As a result, the supercritical jet’s penetration length L cannot be
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simply obtained by setting h̃ = h̃pc in Eq. 4.37, since the mean enthalpy h̃
reaches the pseudo-critical enthalpy h̃pc already at smaller axial distances
z than the enthalpy on the jet’s centerline. This approach, hence, would
lead to an underprediction of the supercritical jet length L. In the selfpreserving region of a single-phase jet, the ratio between the average to
the maximum value (on the jet’s axis) of a normalized quantity remains
constant along the jet axis z. Thus, a relation between mean and maximum
enthalpy can be found:
(h̃ − h̃∞ )/(h̃ − h̃∞ )max = β

(4.38)

Murgai and Emmons [90] found β = 0.5 for Gaussian shaped profiles. The
penetration length L can now be obtained by combining Eqs. 4.37 and 4.38
and setting (h̃ − h̃∞ )max = (h̃pc − h̃∞ ) for z = L:
L
= [1 + (1 − β) · B] ·
d



ρ0
ρ∞

 21

·

1
4B · β · E0

(4.39)

where B denotes the driving potential for the transition from super- to
subcritical as defined in Eq. 4.21. Unlike correlation 4.25 emerging from
Kerney’s model, above expression 4.39 relates the supercritical penetration length L to known experimental parameters only. Two important
differences of Eq. 4.39 for supercritical jets compared to Weimer’s original
correlation for steam jets have to be emphasized: First, correlation 4.39
above shows no dependence of L on the jet’s mass flow ṁ0 like Weimer’s
correlation. This is, because Weimer et al. [80] based their model on choked
injector flows, where the steam jet expanded to the liquid’s bath pressure
after nozzle exit. Since this phenomenon does not accompany the subsonic,
supercritical jets of this study, the jet’s mass flow is expected to have no
influence on the penetration length L as predicted by 4.39. Secondly, the
values of the driving potential B for the supercritical jets studied in this
work lie considerably above the values found in steam jet studies, because
of the latent heat dominating heat transfer in condensing steam jets. For
this reason, further simplifications of expression 4.39 as applied in [80] could
not be made here.
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4.2.3 Optical Schlieren and Shadowgraph Techniques
Several optical methods were evaluated in terms of their applicability to the
supercritical water jets investigated here. The aim of this evaluation process
(Section 4.4) was to find an appropriate optical technique that is capable
of accurately determining the supercritical jet’s length L and interfacial
surface area Aint . Optical methods based on the schlieren and shadowgraph
technique [91] were evaluated. Both methods are mainly used for flow
visualization, more precisely, to reveal non-uniformities in a transparent
media, such as water or air. Temperature differences in a medium like air,
for instance, can generally not be directly seen. However, a non-uniform
temperature field in a fluid also leads to a non-uniformity in the refractive
index field, which leads to a deflection of light rays. These deflection of
light rays traveling through a transparent media of a non-uniform refractive
index field are made visible by shadowgraph and schlieren techniques. The
refractive index n indicates the slowing down of light when interacting with
matter:
n=

c0
c

(4.40)

where c0 is the universal speed of light in a vacuum (3 · 108 m/s) and c
the light speed in the medium. For air and some other gases, a linear
relationship between the refractive index n and the density ρ of the gas can
be found [91]:
n − 1 = k·ρ

(4.41)

The Gladstone-Dale coefficient k generally depends on the wavelength of
the light penetrating the medium. Relationships between ρ and n also exist
for liquids and solids, but they are more complex. In water, for example,
which is of particular interest to the present study, the so-called refractivity
(n − 1) in Eq. 4.41 above is about three orders of magnitude larger than
in air. The refractive index of ordinary water is given as a function of
wavelength, temperature and density in [92]. The strong variations of the
water’s density ρ at the pseudo-critical temperature Tpc (see Fig. 2.14 in
Section 2.2.5) also lead to sudden changes in the refractive index n, when
water crosses the pseudo-critical point. This fact can be exploited to optically detect the boundary of the supercritical water jets of this study as
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illustrated in Fig. 4.7: The right part of the figure shows a cross section
of the jet at an arbitrary axial position z1 . The two-dimensional refractive
index field n(x, y, z1 ) of this section is schematically represented by isolines of constant values n. At the supercritical jet’s boundary (T = Tpc )
the iso-lines of n lie close together indicating a steep gradient of n. The
fundamental idea of using shadowgraph and schlieren techniques with supercritical water jets is the detection of the pseudo-critical boundary due
to the high gradients in n. This might allow for the determination of the
penetration length L and the interfacial surface area Aint .
Cross secon A-A’
x

T=Tpc

n(x,y,z1)
A

A’
z1

L

T=Tpc

z

y

A int
x
y

n=const.
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Figure 4.7: Iso-lines of the refractive index n for a cross-sectional cut of a
supercritical water jet examined in this study.

Shadowgraph and schlieren techniques are also recommended in literature
for the examination of similar problems: Research on liquid rocket engines
include the investigation of liquid propellants injected in a transcritical
or supercritical environment at high pressures [93–95]. These subcritical,
liquid jet flows include mixing, vaporization and combustion processes and
are often characterized by means of shadowgraphy and schlieren techniques.
Especially shadowgraph techniques, however, are often used for qualitative
flow visualizations and are not always suited to obtain quantitative information. This is mainly because of the “integrative” nature of classic
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shadowgraphy that is shown in Fig. 4.8 (a): A shadowgraph can be obtained by producing parallel light rays (by a collimating lens for example)
that are captured on a detection plane after being deflected in the schliere
of the test area at a distance s from the detection plane. The intensity
of each point on the detection plane, however, only contains information
about the total intensity of all light beams arriving there and no information about the origins of the light beams. Therefore, shadowgraphy has to
be thought of being more a tool for qualitative flow visualization than an
actual measurement method. Shadowgraphs are often used in ballistics as
shown in Fig. 4.8 (b): The image shows a bullet traveling through air at
supersonic velocity. The V-shaped shockwaves as well as the turbulence
created at the back side of the bullet are clearly visible.
Parallel
light

detecon
plane

Test
area

ε(y)

y
y

(b)

∆y f

z
n(r)
y0
(a)

Rs

f0
s

Figure 4.8: (a) A shadowgraph is captured on the detection plane by using parallel light rays traveling through an axisymmetric refractive index
field n(r). (b) A typical shadowgraph in ballistics showing a bullet traveling through air at a velocity 1.5 times the speed of sound. The V-shaped
“bow shockwave” at the tip of the bullet as well as the turbulence created
behind the bullet are clearly visible. The image was taken from NASA at
http://www.nasa.gov (courtesy of Andrew Davidhazy/Rochester Institute of
Technology).

Some researchers though also succeeded in applying shadowgraphs to obtain quantitative information about the test area. Marcuse [96], for instance, used the method to determine the axisymmetric refractive index
distribution of a fiber by observing the power distribution of a focused
shadowgraph. Lewis and co-workers [97], on the other hand, even reported
temperature measurements performed in a gas by quantitative shadowgra-
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phy. They applied the laws of geometrical optics and energy conservation
to describe the situation given in Fig. 4.8 (a). The energy in the beam
between the positions y0 and y before
p interacting with the axisymmetric
refractive index field n(r) (with r = y 2 + z 2 ) of radial extent Rs must be
equal to the energy between f0 and f on the image plane:
Z

y

P0 (y ′ )dy ′ =
y0

Z

f

P (f ′ )df ′

(4.42)

f0

P0 being the incident irradiance captured on the detection plane without
index disturbance and P (f ) the irradiance with the index disturbance n(r).
The equation above assumes that the incident ray at y0 is not deflected
and that the image plane is sufficiently close to the index field so that
the single light rays do not cross. For the assumption of paraxial rays
traveling approximately parallel to the z-axis (small deflection angles ǫ),
the following expression for the deflection angle ǫ holds:


∆y
f (y) − y
=
(4.43)
ǫ(y) =
s
s

With the light intensity distributions P0 and P extracted from the shadowgraph, Eqs. 4.42 and 4.43 yield the deflection angles ǫ. The laws of
geometrical optics are now needed to obtain n(r) from the deflection angles ǫ. A light ray traveling through the axisymmetric field n(r) is deflected
in proportion to the gradients of the refractive index and its trajectory can
be approximately described according to the paraxial ray equation [96]:
d2 y
1 ∂n
=
dz 2
n ∂y

(4.44)

or when integrated along the extent of the index field in z-direction
√ 2 2
Rs −y
Z
dy
1 ∂n
ǫ ≈ tan ǫ =
=
dz
(4.45)
dz
n
√ 2 2 ∂y
−

Rs −y

The analysis of [97] shows that Eq. 4.45 provides a solution for the refractive index field n(r), once ray deflection angles ǫ(y) are known from
the shadowgraph. In Section 4.4 below, a similar shadowgraph technique
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was sought to be applied to the supercritical water jets of the entrainment
study.
Schlieren techniques are more adequate to obtain quantitative information
from the schlieren object than shadowgraphy, since it is more sensitive in
general: Whereas the illuminance level in schlieren methods responds to
the first spatial derivative ∂n/∂x of the refractive index (corresponding to
the deflection angle ǫ), shadowgraphy only responds to the second spatial
derivative ∂ 2 n/∂x2 [91]. Classical schlieren techniques are thoroughly described in [98] and generally require the use of a knife-edge or some other
cutoff of the refracted light. Their implementation generally requires more
effort in terms of optical equipment than classical shadowgraphy. A quite
novel schlieren technique is referred to as background-oriented schlieren
(BOS) and was presented by Richard et al. [99,100]. BOS allows for the visualization of density changes in a transparent medium without the need of
complex optical equipment like in classical schlieren methods. The experimental setup for BOS measurements only requires a single camera focused
on a background as shown in Fig. 4.9. The background in focus can consist
of a pattern with randomly distributed dots on a simple paper print-out.
The refractive field n(x, y) of Fig. 4.9 is assumed to be two-dimensional
with variations only in x- and y-direction. The camera only captures light
rays parallel to the optical axis (z-axis). Under the paraxial assumptions of
very small ray deviations, the general ray equation for geometrical optics
(see Section 4.2.4) can be reduced to [101]
1 ∂n
d2 x
≈
2
dz
n ∂x
d2 y
1 ∂n
≈
dz 2
n ∂y

(4.46)

Integration of this set of equations along the optical axis yields the deflection angles ǫx and ǫy :
Z
1 ∂n
dx
=
dz
dz
n ∂x
Z
1 ∂n
dy
=
dz
tan ǫy =
dz
n ∂y

tan ǫx =

(4.47)
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Figure 4.9: Experimental setup of BOS (background-oriented schlieren)
measurements according to [101]: The light rays traveling through a 2D refractive index field n(x, y) are deflected by an angle ǫx in x-direction and an
angle ǫy in y-direction (not shown). The indicated point of the camera image
during measurements is displaced by the distance ∆x in x-direction and by
the distance ∆y in y-direction (not shown) when compared to the undistorted
reference image without schliere.

Following the analysis of [101], the displacements ∆x and ∆y can be obtained by summing up the single contributions between the positions denoted 1, 2, 3 and 4 in Fig. 4.9. The offsets ∆x1,2 and ∆y1,2 between
positions 1 and 2 can be set to zero, since light beams propagate parallel
to the z-axis through the medium of constant refractive index n∞ . For the
displacements between positions 2 and 3, we obtain

∆x2,3 =
∆y2,3 =

Z

Z

3
2
3
2

Z

Z

3
2
3
2


1 ∂n
1
1 ∂n
dz dz = zw 2
n ∂x
2
n∞ ∂x

1 ∂n
1
1 ∂n
dz dz = zw 2
n ∂y
2
n∞ ∂y

(4.48)

The displacements of the ray between positions 3 and 4, finally, only depend
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on the deflection angles ǫx and ǫy , respectively. Using Eqs. 4.47 above, we
can write

∆x3,4 = zb tan ǫx = zb
∆y3,4 = zb tan ǫy = zb

Z

Z

3

1 ∂n
1 ∂n
dz = zb · zw
n ∂x
n∞ ∂x

3

1 ∂n
1 ∂n
dz = zb · zw
n ∂y
n∞ ∂y

2

2

(4.49)

Summing up all contributions yields the total displacements
1
1 ∂n
zw (zw + 2zb )
2
n∞ ∂x
1
1 ∂n
= zw (zw + 2zb )
2
n∞ ∂y

∆x = ∆x1,2 + ∆x2,3 + ∆x3,4 =
∆y = ∆y1,2 + ∆y2,3 + ∆y3,4

(4.50)

For numerical processing, a (scalar) Poisson-type equation is more suited
than the set of Eqs. 4.50 to obtain the (scalar) refractive index field n(x, y).
Therefore, the Laplacian of n is built and the derivation of Eqs. 4.50 is taken
to get


∂
∂
∂2n ∂2n
+ 2 = k·
∆x(x, y) +
∆y(x, y) = f (x, y)
∆n =
∂x2
∂y
∂x
∂y

(4.51)

with k = 2n∞ /[zw (zw +2zb )]. The post-processing of the BOS images taken
in the experiments usually includes the following steps: The displacements
∆x(x, y) and ∆y(x, y) appearing in Eq. 4.51 above can be obtained from the
BOS images by applying well-known cross-correlation algorithms from PIV
(particle image velocimetry) [102]. With these values from the experiment,
Eq. 4.51 can be solved numerically by applying a discretization scheme and
Neumann boundary conditions to obtain n(x, y). The refractive index field
can then also be transformed in a density field ρ(x, y) or a temperature
field T (x, y) using a Gladstone-Dale-type equation (see Eq. 4.41).
The analysis here assumed a 2D refractive index field n(x, y) and paraxial
light rays. In some particular cases, there can be even found an analytical
expression for the refractive index field n. An interesting case for a number
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of practical applications is that of an axisymmetric refractive index field
n(r), which is irradiated by light rays perpendicular to the axis of symmetry. The situation is analogous to the shadowgraph measurements depicted
in Fig. 4.8 (a) above. If a BOS-setup instead of shadowgraphy is chosen,
the deflection angles ǫ(y) can be obtained easily from the displacements
∆y of the BOS images as described above. Instead of solving the Poisson
equation (Eq. 4.51), following analytical expression for the axisymmetric
refractive index field n(r) in function of ǫ(y) can be found by applying the
Abel inversion [103]:
n∞
n (r) = n∞ −
π

Z

Rs
r

ǫ (y)
p

y 2 − r2

dy

(4.52)

Rs being the radial extent of the refractive index field and n∞ the refractive index of the ambient medium. In the most general case of a three
dimensional refractive index field n(x, y, z), however, the test field has to be
interrogated from many different directions with several cameras. The BOS
images obtained then represent two-dimensional projections of the threedimensional field and must be simultaneously deconvoluted [104]. Optical
tomography techniques allow for a reconstruction of the 3D refractive index
field by stacking up the 2D information [105].
The BOS method, too, was evaluated for its applicability to the entrainment studies of supercritical water jets (see Section 4.4 below). It is basically due the its simplicity and its sensitivity to the first spatial derivative
of n, why BOS was chosen. To obtain the desired quantities L (length)
and Aint (interfacial surface area) from the supercritical free water jets,
only the contour of the jet has to be extracted from BOS images. This
can be done by identifying the positions of the steepest gradients of the
refractive index field n(x, y, z), which are found at the supercritical jets
boundary as shown in Fig. 4.7 above. To be more precise, at each position z, the maximum of |∇n(x, y, z)| has to be found. This can be done
by defining an arbitrary direction perpendicular to the jet’s symmetry axis
(z-axis) as the optical axis of the BOS system. Due to the symmetry of
the jet’s mean
p flow field, the refractive index field can be written as n(r, z)
with r = x2 + y 2 . The positions of the jet’s boundary at either side of
the z-axis can be extracted from BOS images by tracking the local maxima of |∇n(r, z)| for each position z along the jet. Since the gradient field
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∇n is directly related to the pattern displacements in the BOS images (see
Eq. 4.50 above), the supercritical jet’s contour can be directly obtained
by analyzing the acquired images without the numerical post-processing
needed to obtain the refractive index field n(r, z) itself. First, however,
the question of the general applicability of BOS and shadowgraphy in the
extreme experimental conditions met in the entrainment studies has to be
answered. This problem is addressed in Section 4.4.

4.2.4 Ray Tracing
Ray tracing is a technique that is used in computer graphics to obtain
photorealistic images. This numerical method basically simulates the color
of each pixel on the image plane of a camera by tracing light rays on
their way from the light source to the camera. Depending on the scene
to be imaged, light rays may encounter some virtual objects on their way
to the image plane. The interaction of light rays with these objects are
simulated by attributing some optical properties to the object’s surface
and simulate optical effects such as reflection, refraction, scattering and
dispersion. A good introduction to ray tracing is given in [106]. A typical
situation in ray tracing is illustrated in Fig. 4.10: The scene to be imaged on
the camera plane consists of a solid sphere. Forward ray tracing algorithm
trace light rays emerging from the light source through the space of the
scene to the image plane of the camera. Forward ray tracing, however, is
computationally expensive, since the overwhelming majority of light rays
leaving the light source never arrive at the image plane of the camera
and therefore are useless for building the photorealistic picture. This is the
reason, why the problem is usually reversed by applying so-called backward
ray tracing: By following the path of photons from the image back to the
scene, every simulated ray automatically contributes to the image and no
photons are “lost”. Rays can be categorized and divided into “shadow rays”
and “view rays”, depending on whether they fall in a shadow region or in
an illuminated zone of the scene (see Fig. 4.10). The higher the number
of simulated light rays, the more accurate the color values of each pixel on
the image plane are.
Ray tracing was used in the present entrainment study to validate the optical method used to determine the supercritical jet’s length L and surface
area Aint (see Section 4.5). For this purpose, light rays coming from a
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Figure 4.10: Ray tracing builds a photo-realistic image by simulating the
path of light rays in a scene and the interaction of the light rays with objects
located within the scene (picture taken from www.wikipedia.com).

light source were tracked along their way through the refractive index field
n(x, y, z) of the jet flow. Backward ray tracing was applied to simulate the
path of a great number of light beams having their starting point at the
image plane of the camera. Thus, rather than interactions of light rays with
solids as described above, the interaction of rays with an inhomogeneous
medium (water) is of interest for this study.
In geometrical optics, the path of a light ray through a medium with a
non-constant refractive index field n(x, y, z) is generally given by the ray
equation [107]


dr
d
n (r)
= ∇n (r)
(4.53)
ds
ds
where r is the position vector of a point on the ray and ds is an element
of the arc length along the ray. Eq. 4.53 is the general form of the ray
equations already introduced above (Eqs. 4.46). It should be noted that
the symbols introduced here are not listed in the nomenclature of this
thesis, since they are only pertinent to this section about ray tracing. The
numerical ray tracing algorithm that was implemented in this study is the
one presented by Sharma et al. [107]. Sharma and co-workers defined a
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new variable t as follows:
t=

Z

ds
;
n

dt =

ds
n

(4.54)

With the help of this new variable, the general ray equation (Eq. 4.53)
above can be rewritten as
d2 r
d2 r
1
=
n∇n
or
= ∇n2
dt2
dt2
2
Further, they define an optical ray vector T as

(4.55)

dr
dr
≡n
(4.56)
dt
ds
For the calculation of the path of a light ray, Eq. 4.55 has an appropriate
form be numerically integrated. To do so, the following three-element 1D
arrays are used in the computational scheme:






x
dx/ds
Tx
R ≡  y ;
T ≡  Ty  ≡ n  dy/ds 
(4.57)
Tz
z
dz/ds
T≡

and




∂n2 /∂x
∂n/∂x
1
D ≡ n  ∂n/∂y  ≡  ∂n2 /∂y 
2
∂n2 /∂z
∂n/∂z


(4.58)

with these definitions Eq. 4.55 can be written as a matrix equation:
d2 R
= D (R)
(4.59)
dt2
This equation is now to be numerically integrated with the initial conditions
R = R0 (x0 , y0 , z0 ) and T = T0 at the starting point of a ray. The starting
point of each ray (R0 , at the camera’s image plane) as well as its initial
direction scaled with the refractive index (T0 ) are both known. The initial
direction in our case was identical to the direction given by the optical axis,
since only rays parallel to this axis were captured by the camera. Starting
from the known point (R0 , T0 ), the ray can be traced through the water
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by successively generating the points (R1 , T1 ), (R2 , T2 ), and so on. This is
done by using a Runge-Kutta algorithm which can be written as


1
Rn+1 = Rn + ∆t Tn + (A + 2B)
6
1
Tn+1 = Tn + (A + 4B + C)
6



(4.60)

where the matrices A, B and C are defined as
A = ∆t · D (Rn )


1
∆t
Tn + ∆t · A
B = ∆t · D Rn +
2
8


1
C = ∆t · D Rn + ∆t · Tn + ∆t · B
2

(4.61)

with ∆t being an incremental value of t that is used for the extrapolation of
the ray’s trajectory. The value of ∆t has to be chosen based on the desired
accuracy: Whereas smaller values for ∆t obviously increase the accuracy
of the ray tracing, they also require greater computational effort. Since
the ray tracing problem treated here is at a comparatively low complexity
level, very small values of ∆t still led to reasonable computational times.
For the calculation of the matrices T and D defined in Eqs. 4.57 and 4.58,
the value of the refractive index n, as well as its spatial partial derivatives
are required at each position R of the ray. To obtain the values for n and
∇n at all points R of a ray found during integration, the interpolation
schemes presented by Andersen and Kak [108] were applied.
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4.3 Experimental Setup
The general experimental situation for the entrainment studies is that of
a hot, turbulent, supercritical water jet injected in a laminar, co-flowing
stream of cool, subcritical water as illustrated in Fig. 4.6 above. Fig. 4.6
also introduces the main parameters of the study with the indices “0”
referring to the supercritical jet’s properties at the nozzle exit and “∞”
referring to the co-flowing water stream. The experiments of this study
were performed with the high-pressure plant described in Chapter 3. However, some modifications to the basic setup presented in Chapter 3 were
made to meet the requirements of the present study. The modified setup
is shown in Fig. 4.11 without the details on piping and instrumentation:
Only one cooling water stream CW for the co-flowing water was fed to the
high-pressure vessel at the position denoted CW1 in Fig. 3.3 of Chapter 3.
The stream HW for the supercritical jet was heated up by three consecutive electric heaters as described in Section 3.3. A temperature probe was
inserted from the bottom side of the pressure vessel to measure jet temperatures Tjet along the z-axis. For this purpose, the probe could be vertically
moved by a linear actuator as described in Section 3.1. Two possibilities
for the outflow were provided: One outlet at the bottom of the reactor
(BO) and two symmetrical reverse flow outlets at the top (TO). The rod
support for the temperature probe needed to be removed, when the bottom
outlet of the reactor was used. The pressure in all experiments was kept at
223 bar, slightly above the critical pressure of water at 220.64 bar.
The top part of the vessel, where the supercritical water jet and the coflowing subcritical water were injected into the vessel, is shown in Fig. 4.12
in more detail: The injector for the hot water consisted of two concentric
parts welded together at the very top and bottom enclosing an annular,
insulating air gap to minimize heat losses of the hot water stream. Injectors
with nozzle orifice diameters between 1 mm and 4 mm were used in the
experiments. The cooling water stream CW entered the injector system
of Fig. 4.12 laterally and was homogenized by two consecutive perforated
plates with small inclined holes (first plate) and small straight holes (second
plate). The resulting axisymmetric annular water flow was bounded by
an outer diameter of 22 mm and an inner diameter of 6.2 mm prior to
entering the vessel. Downstream the nozzle orifice, a free, steady-state,
supercritical water jet formed, immersed in the cold, annular ring of co-

83

4.3 Experimental Setup

Electric heaters
Pressure
control
PIC

.

HW

m0

CW

m

Te

TO

TO

TCW

Eﬄuent

.

8

Injector
Annular stream
Supercrical jet
Tjet

A
z

A’

Moveable
temperature probe

50 mm

Reactor body
0

BO
Figure 4.11: Sectional drawing of the high-pressure vessel illustrating the
experimental setup used in the entrainment studies. The supercritical jet
emerging from the injector is surrounded by an annular, co-flowing stream
of cool, subcritical water. The probe on the central jet axis can be moved
vertically to measure temperatures Tjet at different positions along the jet
axis.
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Figure 4.12: Detailed drawing of the injection system, where the subcritical, co-flowing water and the supercritical water jet are injected into the
vessel. The lower part of the sketch shows the design of the temperature
probe consisting of a fine wire thermocouple, a ceramic rod and a metallic
rod support.
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flowing water. Since the mass flow ṁ∞ of the co-flowing water was large
compared to the mass flow ṁ0 of the supercritical jet, the temperature
T∞ of the co-flowing water could be assumed to be constant around the
supercritical water jet. However, the temperature T∞ was not exactly
identical to the temperature Tcw measured outside the pressure vessel (see
Fig. 4.11), because the cooling water was slightly heated up on its way
through the pressure vessel. To compute the temperature T∞ , following
energy balance was applied assuming that heat losses from the vessel to
the environment were negligible:
h̃∞ = h̃ (T∞ ) =

(ṁ0 + ṁ∞ ) · h̃ (Te ) − ṁ0 · h̃ (T0 )
ṁ∞

(4.62)

h̃(T ) denoting the water’s enthalpy at the temperature T and Te the effluent
temperature measured at the outlet of the vessel as shown in Fig. 4.11. The
temperature T∞ was found from the calculated value of h̃∞ by using the
thermodynamic property formulations of [54]. The jet’s temperature T0 at
the nozzle exit was measured with the temperature probe (see Section 4.3.1
below).
Two different categories of experimental methods were applied to determine
the supercritical jet’s penetration length L and its interfacial surface area
Aint : Thermocouple measurements on the jet axis and optical measurements based on shadowgraphy and schlieren techniques. The experimental
setups for both are briefly described in what follows.

4.3.1 Setup for Thermocouple Measurements
Fig. 4.12 above shows the design of the temperature probe used to record
temperatures Tjet on the jet axis. The temperature measurements were
realized by a very fine type K thermocouple of class 1 having a wire diameter of 0.25 mm (Thermocoax, France) to reduce measurement errors due
to heat conduction from the tip of the thermocouple. The thermocouple
was supported by a ceramic rod of 0.8 mm outer diameter and protruded
3 mm to measure jet temperatures. The ceramic rod itself was fixed to a
cylindrical rod support by centering screws. To measure temperatures Tjet
at different positions along the jet axis during experiments, the metallic
rod support was moved vertically by a high precision linear actuator as
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described in Section 3.1. In all experiments, the nozzle exit temperature
T0 of the supercritical jet was measured by bringing the thermocouple in
a position flush to the jet orifice of the nozzle. Supercritical jet lengths L
were determined by recording temperature profiles along the jet axis with
an interval size of ∆z = 0.1 mm. The temperature value for each position
of the profile was obtained by averaging the values for Tjet over a data sampling time of 35 s. Linear interpolation between two neighboring points of
the profile was applied to find the exact axial position z, at which the jet
has cooled down to the pseudo-critical temperature Tpc . This temperature
corresponds to the boundary of the supercritical jet and defines its length
L. At the operating pressure of 223 bar, the pseudo-critical temperature
Tpc of water is equal to 374.83 ◦ C. The contour of the supercritical jet
and hence its surface area Aint , of course, could not be determined by the
temperature probe. Optical methods were required to obtain this quantity.

4.3.2 Setup for Optical Measurements
The scope of evaluating optical techniques was to find an appropriate, simple, non-intrusive method to determine the jet’s quantities L and Aint .
Since water at 223 bar exhibits strong variations in its density ρ and refractive index n when crossing the pseudo-critical temperature Tpc , optical
methods based on schlieren and shadowgraph techniques were considered
for the detection of the supercritical water jet’s contour. Both optical methods were introduced and thoroughly described in Section 4.2.3 above. The
basic experimental setup that was used for all optical measurements is illustrated in Fig. 4.13 showing the cross-sectional cut A–A’ of the pressure
vessel indicated in Fig. 4.11 above: A light source illuminated the refractive
index field n(x, y, z) of the supercritical jet through the sapphire window
and the narrow duct of the pressure vessel (width: 10 mm). A camera
was positioned at the opposite side of the light source to capture images
during experiments. A CCD camera (PCO, Germany) taking images at a
maximum frame rate of 8 Hz was chosen. In the subsequent Section 4.4,
more detailed information is given on the differences between the various
optical setups used in the evaluation of the optical methods.
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Figure 4.13: Basic experimental setup used for the optical measurements of
the entrainment study. The image shows the central vessel part in the crosssectional cut A–A’ of Fig. 4.11. A light source illuminated the refractive index
field n(x, y, z) of the jet region, whereas a camera on the opposite side of the
pressure vessel acquired images.

4.4 Evaluation of Optical Methods
A great advantage of all optical measurements is their non-intrusive nature: Unlike the temperature measurements with the probe described in
Section 4.3.1, optical techniques do not interfere with the flow. Moreover,
optical methods are appropriate to find the supercritical jet’s contour and
hence its surface area Aint . In spite of the great number of optical techniques available, only a few of them appeared suited to be applied in our
case. The limited space available in the laboratory as well as the extreme
temperature gradients in the flow made it particularly difficult to find an
appropriate optical method. The direct shadowgraph and backgroundoriented schlieren techniques have finally proven to be best suited to be
adapted to our needs, especially because of their comparatively simple
optical setups. Both optical techniques were described in detail in Section 4.2.3. The following Sections 4.4.1 and 4.4.2 contain the results of a
preliminary study with the aim of evaluating these techniques in terms of
their applicability to the supercritical water jets. A novel method based on
schlieren techniques is then introduced in Section 4.4.3.

4.4.1 Direct Shadowgraphy
The test setup for the shadowgraphs is shown in Fig. 4.14. A xenon flash
lamp (PerkinElmer, USA) was used as the light source to produce bursts
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of intense light, each one having a duration of about 10 µs. A collimator
lens was directly attached to the front side of the flash lamp to send approximately parallel light rays to the refractive index field n(x, y, z) of the
supercritical jet. The CCD camera on the opposite side of the lamp captured images at a frame rate of 8 Hz with shutter times of 0.3–1 µs falling
within the time interval of the arc flash. The flash lamp and the camera
were synchronized by a synchronizer (ILA, Germany) for PIV systems.
Deviated light ray

Arc lamp with
collima"ng lens

n(x,y,z)

Camera

y

Sapphire window

Index ﬁeld
(jet region)

Sapphire window

x

z

Figure 4.14: Experimental test setup for the evaluation of the direct shadowgraph technique. A flash lamp with a collimator lens attached to it was
used to obtain intense and parallel beams of light.

Fig. 4.15 shows a typical shadowgraph of the supercritical water jet. A
total of 256 single shots were averaged to obtain the image of Fig. 4.15.
The dotted lines visualize the approximate position of the injector and the
supercritical water jet. The jet’s mass flow ṁ0 and temperature T0 were
4 g/s and 440 ◦ C, respectively. The respective values for the co-flowing
cooling water were ṁ∞ = 76 g/s and T∞ ≈ 22 ◦ C. The pressure was set
to 223 bar as in all experiments here.
The problems of the shadowgraph method are obvious at first sight: The
image of Fig. 4.15 is black in most parts. The injector can almost not be
distinguished from the jet, because the pixel’s gray levels representing the
injector and those representing the supercritical jet are nearly the same.
This means that the supercritical jet, just like the solid injector, is nearly
opaque for the parallel light rays of the arc lamp like. The reason for this
is the scattering of parallel light rays traveling through the refractive index
field n(x, y, z) in the vicinity of the supercritical jet. Fig. 4.14 schematically
shows the trajectory of an originally parallel light ray traveling along the
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Figure 4.15: A typical shadowgraph (average of 256 images) of a supercritical water jet at 223 bar being discharged from a nozzle of diameter d = 4 mm.

x-axis of the system: The steep gradients in the refractive index field,
especially at the boundary of the supercritical jet, lead to a strong deviation
of the light ray. However, the rays are not only deviated in y-direction as
shown in Fig. 4.14, but also in the direction of the jet axis (z-axis). The
deflection of most light rays encountering the supercritical jet region is so
strong, that they do not make it to the camera at the opposite side (see ray
illustrated in Fig. 4.14). This “loss” of light rays is reinforced by the narrow
duct (width of 10 mm) in the vessel, that only allows light rays proceeding
approximately parallel to the x-axis to arrive at the camera lens. The
fact that only a minor part of the emitted light rays are captured in the
shadowgraph makes it impossible to apply the quantitative shadowgraph
methods introduced in Section 4.2.3. These methods are all based on an
energy balance between the emitted source light and the light captured
on the image plane of the shadowgraph and hence require that all of the
emitted light rays are captured by the shadowgraph. This and the fact that
the interesting part of the shadowgraphs were only represented by a very
small band of gray levels made it impossible to extract the supercritical
jet’s contour from shadowgraph images.
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4.4.2 Background-Oriented Schlieren (BOS)
The working principle of the BOS technique was already pointed out earlier
in Section 4.2.3: In general, the local maxima of |∇n(x, y, z)| representing
the supercritical jet’s boundary can be localized by a BOS setup without
even applying a lot of post-processing to the acquired images. This is,
because the displacements of the background dot pattern are sensitive to
the first spatial derivative of the refractive index n. The BOS setup applied
in the present study is illustrated in Fig. 4.16: The same flash lamp and
collimator lens used for the shadowgraph was also chosen for the evaluation
of BOS. This time, however, the whole duration of an arc flash (about
10 µs) was required to get enough light on the camera chip. A slow shutter
speed was thus chosen to guarantee the exposure of the camera’s CCD chip
for the entire flash duration (shutter opening time: about 30 µs). Regular
and irregular dot patterns with various dot sizes and average dot spacings
were used as the BOS target. A high-resolution printer brought the dot
patterns on a transparent foil, which was attached to a square piece of
frosted glass (Schott, Germany) with a thickness of 3 mm. The frosted
glass plate was then fixed inside the pressure vessel with the BOS target
facing the supercritical jet flow as shown in Fig. 4.16.
BOS target
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Figure 4.16: Experimental test setup for the evaluation of the BOS technique. A flash lamp with a collimator lens was used to obtain parallel beams
of light to illuminate the BOS target. The target consisted of an irregular
dot pattern printed on a transparent foil and attached to the one side of a
frosted glass facing the supercritical jet flow to investigate.

Fig. 4.17 shows two typical images acquired with the BOS setup. Both
images show a part of the injector with an outer diameter of 6 mm. The
nozzle orifice discharging the jet had a diameter of 4 mm. Image (a) of
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Figure 4.17: (a) BOS reference image of a regular dot pattern at a pressure
of 223 bar without jet. (b) Single-shot image of the same dot pattern with
a subcritical water jet at a temperature of 50 ◦ C and a mass flow of 5 g/s
surrounded by cooling water.

Fig. 4.17 is the reference image of a regular dot pattern taken at an operating pressure of 223 bar with no jet flow present. Image (b) was then
taken at a jet mass flow of ṁ0 = 5 g/s and a moderate, subcritical jet
temperature of T0 = 50 ◦ C. The cooling water mass flow was set to 50 g/s
at a temperature of about 30 ◦ C. Distortions of the originally regular dot
pattern can be observed in all jet regions with enhanced temperature gradients. Especially the initial jet region shows large distortions in the narrow
annular zone, where the cooling water comes in touch with the hot water
from the jet.
An adaptive cross-correlation was then applied to the reference image and
a total of 1024 single-shot images to determine the displacement vectors of
the dot pattern for the mean index field of the flow. Fig. 4.18 (a) shows the
displacement vectors obtained with the commercial PIV software DynamicStudio (Dantec, Denmark). Due to the axisymmetry of the mean flow
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Figure 4.18: (a) Mean displacements of the dot pattern visualized by a
vector field. The vector plot was obtained by averaging 1024 single-shot
images of the jet flow described above (see Fig. 4.17). (b) Contour plot of the
displacement vectors’ lengths given in arbitrary units.
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(a)

(b)

Figure 4.19: BOS-images of the water jet taken at jet temperatures of 100 ◦ C
(subcritical) (a) and 390 ◦ C (supercritical) (b) with the other experimental
conditions being unchanged with respect to Fig. 4.17 (b).

field, the refractive index field can be written as n(r, z). Thus, an inverse
Abel transformation (see Section 4.2.3) applied at each axial distance z
on the r-component of the displacement vector would yield the distribution n(r) at each position z. However, the rather low resolution of the
displacement vectors as well as the small extent of the BOS-images in rdirection (inaccurate boundary condition) would lead to high uncertainties
in
√ n. Fig. 4.18 (b) is a contour plot of the displacement vectors’ length
∆z 2 + ∆r2 using arbitrary units and gives an idea of the jet’s contour.
The plot visualizes the total deflection angles exhibited by the light rays
when progressing through the jet’s index field. The red-colored parts, for
instance, mark the positions of maximum ray deflections close to the nozzle,
where temperature gradient are highest.
It is important to recall, however, that the jet temperature in the postprocessed images of Fig. 4.18 was only 50 ◦ C. The study of supercritical
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jets though requires BOS-images taken at jet temperatures of above 374 ◦ C.
BOS-images acquired at elevated jet temperatures with the same target as
done above are shown in Fig. 4.19: Already at a jet temperature of 100 ◦ C
(image (a)), the original dot pattern was not recognizable in most part of
the pictures and could not be cross-correlated with the reference image any
more. At an even higher jet temperature of 390 ◦ C (image (b)), slightly
above the critical temperature, the dot pattern disappeared completely
due to the strong scattering of light in the jet region. Thus, like direct
shadowgraphy, also BOS proved incapable of being applied to supercritical
water jets. However, the image of Fig. 4.19 (b) showed some interesting
characteristics owing to the presence of the frosted glass to which the target
was attached: Unlike the dark pictures obtained with direct shadowgraphy,
the supercritical jet zone of this image shows a far broader distribution of
gray levels and seems to reveal the contour of the supercritical jet. This
observations led to the development of a new approach for the optical
measurements, which is discussed in the next section.

4.4.3 Frosted Glass Oriented Schlieren (FGOS)
The previous Sections 4.4.1 and 4.4.2 clearly showed that both shadowgraphy and BOS are far too sensitive to be applied to the supercritical water
jets investigated here. The strong spatial variations in the refractive index
field of the jet region required an optical method with following characteristics:
1. The method must allow a certain portion of light rays to arrive at
the camera’s CCD chip in order to get analyzable images. Due to
the optical setup and the geometrical conditions, this can only be
achieved, if a high enough number of light beams progress parallel to
the x-axis after deflection in the jet region of the vessel.
2. The light rays arriving at the camera chip must carry some (analyzable) information about the deflection they experienced whilst
traveling through the jet’s refractive index field.
The idea for a new and more successful approach arose from a closer
inspection of the BOS images taken with supercritical jet temperatures
(Fig. 4.19 (b)): The frosted glass of the BOS setup apparently enabled far
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Figure 4.20: The optical setup for the FGOS (frosted glass oriented
schlieren) method. For the supercritical jet experiments, the frosted glass
was placed at position 1.

more light bundles to be recorded by the camera then the optical setup
of the shadowgraph. Moreover, the light rays also seemed to carry with
them some information about their deviation building up a picture that
revealed the jet’s contour. Based on these observations, a new optical
method was developed that primarily uses the characteristic scattering of
light at a frosted glass to obtain information about the deviation of light
rays. For this reason, the method is hereinafter referred to as “frosted glass
oriented schlieren” (FGOS). The experimental setup and working principle of FGOS is illustrated in Fig. 4.20: Near-parallel light bundles from
an intense light source (Osram, Germany) entered the vessel through the
sapphire window and were scattered at the frosted glass placed at “position
1” inside the reactor. The scattered light beams originating from the glass
are then deviated in the refractive index field n(x, y, z) of the jet region.
The CCD camera on the other side captured images at a frame rate of 8
Hz. However, only rays leaving the jet region approximately parallel to the
x-axis were detected by the camera, which was equipped with an object
lens at a very small aperture (also telecentric lenses could be used for this
purpose). Fig. 4.20 shows a typical path of a light ray being captured by
the camera: A beam of light leaves the source parallel to the x-axis and
is scattered at the frosted glass. One specific scattered light ray leaves the
frosted glass under an angle of ǫ with a reduced intensity compared to the
original ray. The ray is subsequently bent back in the jet region to progress
in positive x-direction, which makes the ray visible for the camera. The
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concept of FGOS is the following: Depending on the angle ǫ under which
the frosted glass is left, a specific intensity value I can be attributed to each
light ray because of the angular light intensity distribution caused by the
scattering at the frosted glass. The frosted glass in use was the glass “Opalika” (Schott, Germany) characterized by an almost ideal light scattering
behavior for wavelengths in the visible range:
I = I0 · cos (ǫ)

(4.63)

where I is the intensity of a light ray with a scattering angle of ǫ and
I0 the intensity of the light ray with an angle of ǫ = 0◦ (perpendicular
to the glass). Thus, each light ray reaching the CCD chip is “tagged”
by some intensity information based on the deviation angle ǫ experienced:
Dark pixels with low gray values on the images can be assigned to light
rays subject to high diffraction angles ǫ, whereas bright pixels indicate that
the corresponding light ray has only undergone small deviation. However,
it is important to note that the gray value of an image pixel only bears
information about the total deviation angle ǫ of the ray. This information
cannot be further decomposed into deflection components in the y- and
z-direction. This is clearly a drawback compared to the BOS method,
where the displacements of the dot pattern yield 2D information about the
refractive index field. The contour of the supercritical water jet and hence
its length can nevertheless be extracted from the FGOS pictures as shown
by Fig. 4.21. This typical image of a supercritical water jet submerged in
the co-flowing cooling water at 223 bar shows an average over 1536 singleshots. The picture visualizes the axisymmetry of the jet’s contour, which is
due to the axisymmetric refractive index field n(r, z) of the mean flow. The
contour of the supercritical jet can now be extracted by detecting pixels
with local minima in gray value as shown in Fig. 4.21: All positions of these
local minima can be connected to an enveloping line, which corresponds to
the iso-line of the pseudo-critical temperature Tpc . The dark pixels on this
envelope originate from light rays having encountered regions of pseudocritical temperatures and therefore having undergone strong diffraction.
The high values of |∇n(r, z)| at the positions (r, z) with T (r, z) = Tpc were
due to the strong variations of the water’s density around Tpc at nearcritical pressures (see Section 2.2.5).
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Figure 4.21: Typical jet image acquired during experiments (average of 1536
single shots) with the FGOS method. The loci of gray value minima can
be connected to an envelope representing the iso-line of the pseudo-critical
temperature.

An interesting effect was observed, when the frosted glass was placed at
position 2 instead of position 1 (see Fig. 4.20). In this case, the light
underwent scattering before entering the narrow duct of the pressure vessel.
The resulting distribution of deflection angles ǫ arriving at the refractive
index field n(x, y, z) of the jet was much smaller compared to the case,
where the frosted glass was at position 2 close to the jet: Due to the long
distance between frosted glass and jet zone, only rays with comparatively
small deflection angles ǫ hit the jet region. Thus, much darker images
than the one of Fig. 4.21 resulted, because most of the light rays never
made it to the camera. This clearly shows the necessity of bringing light
rays with large scattering angles to the jet zone, when analyzable images
are to be obtained. The frosted glass was therefore placed at position 1
inside the vessel for all experiments of this entrainment study. The images
of the jet were obtained with long exposure times of 10–100 ms. 1536
images were taken at each test condition to get the average penetration
length L and the interfacial surface area Aint of the supercritical water jet.
The post-processing of the FGOS pictures was performed with MATLAB
(MathWorks, USA) yielding the quantities L and Aint .
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4.5 Validation of FGOS Method
Before applying the FGOS method to the extended measurement series of
the entrainment study, the concept of this optical method had to be validated. The validation of FGOS was performed in two completely different
ways based on experiments and numerical calculations. The experimental
validation is presented in the next Section 4.5.1 and includes the comparison of supercritical jet lengths L obtained by FGOS to the values obtained
with thermocouple measurements. In contrast to this, the numerical validation discussed in Section 4.5.2 used computational fluid dynamics (CFD)
and numerical ray tracing to simulate the image captured by the CCD camera. This image is then compared to the image obtained experimentally
by FGOS. The numerical calculations proved also useful in estimating the
measurement uncertainties of the FGOS method.

4.5.1 Experimental Validation
The setup for the experimental validation of the FGOS method is given
in Section 4.3.1 above: The temperature probe of Fig. 4.12 was moved
along the jet’s axis recording temperature profiles for the evaluation of the
supercritical jet length L. Fig. 4.22 shows an example of such a temperature
profile obtained for a supercritical jet discharged from an injector nozzle
with d = 2 mm at a temperature of 386.3 ◦ C and a mass flow of 4 g/s. The
respective values for the cooling water stream were 26.4 ◦ C and 65 g/s,
respectively. The plot visualizes the jet’s potential core (region of constant
temperatures on jet axis) and the supercritical jet length L.
After recording a temperature profile at a certain experimental condition,
the temperature probe was moved to its very bottom position far away from
the jet. FGOS images were now captured at the same experimental condition to compare the values of L obtained with both methods. Fig. 4.23 (a)
compares the results of optical and probe measurements for a constant cooling water flow of 65 g/s and a constant jet flow of 4 g/s, but varying nozzle
exit temperatures T0 . The orifice diameter was 2 mm and the cooling water
had a temperature Tcw of 20 ◦ C before entering the vessel (see Fig. 4.11).
Fig. 4.23 (b) shows the experimental results for the same orifice diameter
and cooling water temperature, when the momentum flux ratio M0 /M∞
between the central hot water stream and the co-flowing water stream is
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Figure 4.22: Example of a temperature profile recorded along the jet’s axis.
The supercritical jet length L is found at the corresponding value of the
pseudo-critical temperature Tpc at a pressure of 223 bar.

varied and the temperature at the nozzle is fixed at 410 ◦ C. Assuming
uniform velocities at the nozzle exit (u0 ) and at the injection point of the
subcritical cooling water (u∞ ), the momentum fluxes for the two streams
can be defined as follows
ṁ20
ρ0 · A0
ṁ2∞
= A∞ · ρ∞ · u2∞ =
ρ∞ · A∞

M0 = A0 · ρ0 · u20 =
M∞

(4.64)

A0 and A∞ being the cross sectional areas of the hot water nozzle exit and
the annular cooling water exit, respectively. The error bars in Fig. 4.23 were
omitted for better readability. For the FGOS method, an average measurement uncertainty of 3.71% (maximum error: 9.46%) was estimated for the
quantity L when including all measurements of the present study (see Section 4.5.2). The error of the temperature measurements was found to be
1.06% on average (maximum error: 5.09%) when accounting for the uncertainty of the type K thermocouple, the linear interpolation between two
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Figure 4.23: Comparison between thermocouple measurements and optical
FGOS measurements in terms of the supercritical jet length L. The experimental conditions are given in the plots.
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adjacent points in the temperature profile and the statistical uncertainty
of the measurement.
Fig. 4.23 generally shows good agreement between the two measurement
methods. There is a trend toward better consistency at higher jet temperatures T0 and momentum flux ratios M0 /M∞ . This is, because the
supercritical jet’s tip changes from a pointed to a more flattened shape
when moving to higher values of T0 and M0 /M∞ . A more flattened jet
tip allows for small off-axis position of the thermocouple probe without
measured jet lengths deviating too much from the actual length. However,
when the jet’s shape becomes very pointed, as observed for low values of T0
and M0 /M∞ , the penetration length can be significantly underestimated by
thermocouple measurements. This major error source emerging from small,
but unavoidable off-axis thermocouple positions can hardly be quantified
and is thus not included in the above error estimation. The same also holds
for errors attributed to the probe’s impact on the local flow field. However,
the fact that Fig. 4.23 shows good agreement between thermocouple and
FGOS measurements over a wide range of momentum flux ratios and jet
temperatures led to the conclusion that FGOS is an appropriate tool for
determining supercritical jet lengths.

4.5.2 Numerical Validation
The scope of the numerical validation was to trace single light rays originating from the frosted glass (see Fig. 4.20), as they travel through the
refractive-index field in the vessel to finally hit the CCD chip of the camera.
The ray tracing algorithms introduced in Section 4.2.4 were used to numerically obtain a simulated grayscale image of the supercritical jet acquired
by the CCD camera in the FGOS setup. Simulated images could then be
compared to camera pictures taken during experiments at the same conditions to appraise the validity of the FGOS technique. The simulation of a
grayscale image for a given experimental condition required the following
steps:
1. Defining the experimental conditions (pressure, mass flows, temperatures).
2. Simulating the supercritical jet flow with a commercial CFD tool to
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get the velocity and temperature profiles of the mean flow by taking
the experimental conditions as boundary conditions.
3. Calculating the (axisymmetric) refractive index field n(r, z) based on
the temperature field T (r, z) and the pressure p.
4. Running ray tracing algorithms to mimic the total deviation angles
ǫ of light rays passing through the computed refractive index field
n(r, z).
5. Determining the gray values of each pixel on the CCD chip by attributing an intensity value I to each deviation angle ǫ according to
the scattering behavior of the frosted glass.
These steps are now going to be described in more detail: The flow simulations were realized with the commercial CFD (computational fluid dynamics) package Fluent 13.0 (Ansys Inc., USA). The axisymmetric simulation
domain that was used for the numerical flow calculation is shown in the
contour plot of Fig. 4.24: The dimensions of the whole computational domain were 123.5 mm in axial direction and 18.2 mm in radial direction.
Even though the interior of the pressure vessel was not axisymmetric in all
parts (see Chapter 3), the flow in the vicinity of the jet could be assumed
to be perfectly axisymmetric. This assumption could be made because of
the nozzle diameters (1–4 mm) being much smaller in size compared to
the dimensions of the whole pressure vessel. The inlet of the cooling water (CW) and hot water (HW) streams are located at the axial position
z = 0 mm of the computational domain. The flow in the injector (see Section 4.3) was also part of the simulation to cover entrance effects. Both
injector parts (HW and CW) were modeled as solid bodies by assigning
constant material properties of stainless steel (1.4435) to the corresponding zones of the domain. The insulating air gap of the HW injector was
also treated as a solid with the properties of air. Whereas the conservation
equations for mass, momentum and energy were solved in the fluid parts
(CW and HW), only the energy equation (heat conduction) was applied
to the solid parts. The inlet temperatures of the CW and HW streams at
z = 0 mm had to be iteratively adapted, until the desired temperatures T0
(HW) and T∞ (CW) were reached at the end of the injector. The outlet
for the HW and CW streams was positioned at z = 123.5 mm, although
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the outlet in the experiments was located at the top of the vessel. This
simplification of not modeling the reverse flow in the vessel was justified,
because the type of outlet did not have any effect on the (highly turbulent) flow in the jet region. Temperature-dependent material properties
for water at 223 bar according to [54] were implemented by user-defined
functions to model the strong variations of the thermodynamic properties
around the pseudo-critical point. The so-called realizable k-ǫ-turbulence
model [109] for round jets was chosen for the simulation of the supercritical jet flow. The whole domain was divided into 1’800’000 computational
cells by a structured mesh. The mesh was considerably refined toward the
axis of symmetry to get a better mesh resolution in the vicinity of the supercritical jet, where the material properties of water undergo strong local
variations.
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Figure 4.24: A contour plot of a typical flow simulation showing the temperature field of the flow and the dimensions of the computational domain.

Apart from the computational domain, the contour plot of Fig. 4.24 also
shows the temperature field of a simulation with the boundary conditions
T0 = 460 ◦ C, T∞ = 20 ◦ C, ṁ0 = 3 g/s, ṁ∞ = 65 g/s and a nozzle diameter
of d = 3 mm. More details and comprehensive discussions on the flow
simulations of supercritical water jets can be found in [110].
A small fraction of the whole temperature field located around the supercritical jet was extracted from the CFD simulation for the subsequent ray
tracing. This section is indicated in Figs. 4.24 and 4.25 and denoted “simulation domain for ray tracing”. The extracted temperature field T (r, z)
was transformed into the refractive index field n(r, z) according to [54] for
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an average wavelength of white light (λ=589 nm). The coordinates r and
z refer to the cylindrical coordinate system 1 given in Fig. 4.25, which
illustrates the geometrical situation for the numerical ray tracing.

Bundle of
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Injector
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z
T(r,z)
n(r,z)
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Image plane

Light ray
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Figure 4.25: Implementation of the numerical ray tracing algorithm: A high
number of rays are traced back from the image plane through the jet’s index
field n(r, z) to determine the total deviation angles ǫ, under which the rays
originally left the frosted glass.

For the tracking of single light rays, the refractive index field n(r, z) based
on the coordinate system 1 was transformed into the index field n(x, y, z)
referring to the Cartesian coordinate system 2 of Fig. 4.25. Since rays seen
by the camera were approximately parallel to the x-axis, the direction of
ray tracing was inverted with respect to the real progression of light in the
reactor (backward ray tracing): Each simulated light ray departed from
the virtual image plane in positive x-direction and was traced backwards
through the simulation domain to calculate the total deviation angle ǫ
composed of the deflection components ∆y and ∆z. The deviation angle ǫ
equals the angle which is formed by the normal of the frosted glass plane
and the light ray. Since the direction of light beams can be inverted, ǫ
in reality corresponds to the angle under which the ray originally left the
frosted glass, whereas the starting point of the ray in Fig. 4.25 represents
the position on the image, where the ray ends.
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Single rays were traced through the graded index field n(x, y, z) by using
the modified form of the general ray equation given by Eq. 4.53. All details
about the numerical implementation of the ray tracing are provided in
Section 4.2.4. To improve the numerical accuracy, the integration step
length ∆t in the Runge-Kutta-scheme of Eqs. 4.60 and 4.61 was decreased,
until no change in the simulation results was observed anymore. The same
also holds for the number of simulated rays: The amount of tracked rays was
increased, until a smooth grayscale image was obtained. After completion
of the numerical simulation, an angle ǫ and hence an intensity value I could
be assigned to each point on the image plane by accounting for the angular
intensity distribution of the frosted glass according to Eq. 4.63.
Fig. 4.26 shows a comparison between a numerically ray-traced image
and an averaged camera picture acquired during experiments with FGOS.
Both images were obtained for the same conditions, which are provided
in Fig. 4.26. The gray values (GV) for each “pixel” of the contour plot
(b) were obtained from the calculated intensities I on the image plane by
assuming that I ∝ GV . Even though the numerical calculation is based on
a lot of simplifications and assumptions such as the model for turbulence
flow, restriction to geometrical optics or the consideration of parallel rays
arriving on the camera chip only, the two images of Fig. 4.26 generally show
good agreement: The contour of the supercritical water jet is recognized
in both images by tracking the enveloping line of local minima in light
intensity around the jet. This line corresponds to the loci of maximum
deviation angles ǫ and hence to the positions, where the pseudo-critical
temperature is expected and density gradients are steepest. Yet another
effect is predicted correctly by the numerical simulation: The pixels on the
enveloping jet contour line become brighter when moving toward the tip of
the jet and the local minima in gray value are less pronounced. This can be
explained with the radial temperature profile which is smoothed out with
increasing z-values due to turbulent mixing, thus producing smoother density gradients and smaller diffraction angles ǫ in the vicinity of the contour
line. Thus, the comparison between camera pictures and ray-traced images
can be considered as a confirmation of the working principle of the FGOS
method for its application to supercritical water jets.
Apart from the appraisal of the FGOS method, numerical ray tracing also
helped estimating the error attributed to FGOS. The nature of the error
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Figure 4.26: Comparison between an averaged camera picture of 1536 single
shots taken during experiments (a) and a numerically ray-traced image (b)
for identical flow conditions.
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associated with FGOS is illustrated in Fig. 4.27: Characteristic light rays
of maximum deflection angles ǫ in a jet’s cross section experience small
deviations due to the temperature field, also after having encountered the
zone of maximum deflection at the supercritical jet’s boundary. This leads
to a small difference between the apparent position of the jet’s contour
line as seen by the camera (distance Rapp ) and the real position of the
jet’s boundary (Rreal ). For the simulation shown in Fig. 4.26 the relative
difference between apparent optical jet length (extracted from ray-traced
image) and actual jet length (extracted from the simulated temperature
field T (r, z)) accounts for 1.38%. Further simulations for different nozzle
diameters and nozzle exit temperatures indicated that the error in the
determination of the optical penetration length L due to this optical effect
is always around 1%. When determining the radial positions of the jet’s
contour, however, the errors due to this additional deflection effects were
higher. To minimize the subsequent errors in the quantity Aint , the initial
jet diameter obtained by FGOS at the nozzle exit was scaled to the (known)
diameter d of the nozzle orifice. Hence, for the computation of Aint , only
the shape and the length L of the jet were extracted from FGOS images,
while the radial scaling was given by the orifice diameter of the nozzle.
Addional
deﬂecon a"er
main deﬂecon

ε
Light ray

z

Rapp

R real

Pseudo-crical
temperature iso-line

Temperature
ﬁeld

r
Figure 4.27: Difference between detected (distance Rapp ) and actual (distance Rreal ) contour line due to deflection effects in a jet’s cross section.

The measurement of the penetration length L was subject to the following
main error sources:
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• Error due to the deflection effects explained above.
• Limited camera resolution in the jet region.
• Uncertainty in the detection of the injector edge at the nozzle outlet.
• Use of two different post-processing algorithms yielding slightly different values for L
The estimated errors from each single source mentioned above sum up to a
total measurement uncertainty of the quantity L of about 3.71% when
averaging over all measurements performed for this entrainment study.
The maximum error of L in the FGOS measurements was estimated to be
around 9.46%. An error estimation for the measured surface area Aint is difficult and does not make much sense, because the main error in Aint results
from the assumption of a smooth interfacial surface for the heat transfer
between supercritical jet and subcritical water. Even though all researchers
working on the field of steam jet condensation assumed smooth jet surfaces
(see Section 4.2.2), this assumption can lead to significant overestimations
of the heat transfer coefficient h. However, making the assumption of a
smooth surface here allows for comparison of our experimental results with
those of steam jet studies.

4.6 Results and Discussion
The following results of the entrainment study were all obtained with the
optical FGOS method discussed in the previous sections. Since an estimation of the measurement uncertainties has been presented in the previous
Section 4.5.2, error bars are omitted in the plots of this section for the sake
of clarity. The ranges of experimental conditions used in this study is given
in Table 4.1. All experiments were performed at an operating pressure of
223 bar, which is close to the critical pressure of water at 220.6 bar. Thus,
density and refractive index variations across the temperature Tpc were
very pronounced, which improved the applicability and accuracy of FGOS
because of its sensitivity to refractive index gradients at the supercritical
jet’s boundary.
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For the characterization of the supercritical water jets investigated here,
the dimensionless Reynolds and Froude number are of particular interest.
The jet’s Reynolds number is defined as
Re0 =

u0 · d · ρ0
µ0

(4.65)

and gives a measure of the ratio of inertial forces to viscous forces using
the jet velocity u0 , its density ρ0 and dynamic viscosity µ0 and the nozzle
diameter d. With Reynolds numbers reaching from 23’400 to 234’900 (see
Table 4.1), the supercritical jets of this study can be defined as highly
turbulent.
The Froude number Fr giving the ratio of inertial to buoyant forces, on
the other hand, is a good measure to estimate whether buoyancy plays a
significant role in this jet study. In the review of Chen and Rodi [111], the
jet Froude number is defined as
Fr0 =

u20
0
g · d · ρ∞ρ−ρ
0

(4.66)

in contrast to most other studies, where Fr0 is defined as the square root of
Eq. 4.66 above. Chen and Rodi used this adopted definition to allow Fr0 to
change sign according to the sign of (ρ∞ − ρ0 ). The quantity g in Eq. 4.66
is the gravitational acceleration and ρ∞ is the density of the ambient fluid
(co-flowing water in our case). The larger the Froude number, the longer
the non-buoyant region of a jet. The large Froude number found in these
experiments (6–41’015) already indicate that gravity plays a minor role in
the present study. More specific relations for jet flows based on the Froude
number were presented by Chen and Rodi [111], who found that following
expression holds for the non-buoyant region of a jet
−1
Fr0 2



ρ0
ρ∞

− 14

z
< 0.5
d

(4.67)

where z is the coordinate in direction of the jet’s axis. The axial position
z, where the buoyant region starts, can be estimated by
− 12

Fr0



ρ0
ρ∞

− 14

z
>5
d

(4.68)
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Parameter

Symbol

Experimental range

Unit

Jet nozzle diameter
Pressure
Jet temperature at nozzle exit
Temperature of co-flowing water
Mass flow of hot water jet
Mass flow of co flowing water
Momentum flux ratio
Density ratio
Driving potential for heat flux
Jet Reynolds number
Jet Froude number
Onset of recirculation [62]
End of non-buoyant region [111]
Start of buoyant region [111]

d
p
T0
T∞
ṁ0
ṁ∞
M0 /M∞
ρ0 /ρ∞
B
Re0
Fr0
zN /d
znb /d
zb /d

1.0, 2.0, 3.0, 4.0
223
375–500
16–40
1–6
10–90
0.1–40
0.08–0.21
1.8–8
23’400–234’900
6.36–41’015
6.9–48.6
0.73–58.5
7.3–585

mm
bar
◦
C
◦
C
g/s
g/s
–
–
–
–
–
–
–
–

Table 4.1: Ranges of experimental parameters in the entrainment study on
supercritical water jets.

The region lying in between these two above defined regimes is referred
to as intermediate regime, where both buoyant and inertial forces play a
role. The end of the strictly non-buoyant region for this study has been
estimated with Eq. 4.67 above. The non-dimensional axial positions z/d,
where this region ends, were found to lie between 1 and 59 for almost
all experimental conditions. Since the dimensionless penetration lengths
L/d of the supercritical jets were around 1 (see next Section 4.6.1), the
investigated part of the jet can be associated with the non-buoyant jet
region in nearly all experiments. Only for some experiments with a nozzle
diameter d of 4 mm and very small mass flows ṁ0 , the supercritical jet
did not fall entirely in the strictly non-buoyant region any more. However,
since the buoyant region according to Eq. 4.68 was still far away from the
supercritical jet’s tip (see Table 4.1), the supercritical jets of this study
were all assumed to be non-buoyant.
Apart from the buoyancy, also the effect of the return flow inside the pressure vessel (outlet at top, see Chapter 3) was addressed in a preliminary
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experiment. For this purpose, two experimental series were performed by
using different outlets for the water stream and leaving the rest of the experimental parameters unchanged. For the first data series, supercritical
penetration lengths L were determined using the two symmetrical outlets
at the top of the vessel. In the second experiment, the outlet was changed
to the bottom position avoiding return flow inside the vessel (see Chapter 3). The measured penetration lengths L and the conditions of both
experiments are shown in Fig. 4.28: The change of the outlet position had
no observable impact on the supercritical jet length. Hence, the highly turbulent flow in the vicinity of the nozzle exit was assumed not to be affected
by the position of the outlet. An interesting effect was found in the small
fluctuations that can be observed for the data series of the top outlet position: Due to the occurrence of reverse flow when using the outlet at the top,
also upward-flowing effluent water is seen through the sapphire windows of
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Figure 4.28: Comparison of evaluated supercritical jet lengths L using two
different outlet positions at the top and bottom of the pressure vessel. Experimental conditions are given in the plot.
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the vessel. Since this water has slightly elevated temperatures compared
to the cooling water (due to the mixing), it induces some additional gradients in the refractive index field inside the vessel. This can affect the
measurements using FGOS and lead to the small fluctuations observed in
Fig. 4.28. Whereas this effect is not present when using the bottom outlet position (no reverse flow seen through the windows), the fluctuations
could be successfully smoothed out, when the number of single-shots and
the exposure time were increased (1536 images at exposure times between
10–100 ms). The outlet position at the top of the vessel was therefore used
for all experiments to have the possibility of recording temperature profiles
with a measurement probe introduced from the bottom port of the vessel
(see Section 4.3.1).
The jet configuration of this study (see Fig. 4.6) is basically that of a
central jet immersed in a co-flowing, confined (pressure vessel), annular
stream. The confinement of the pressure vessel (see Chapter 3) can be
approximated as a pipe with an inner diameter of 35 mm. This situation
is identical to the one depicted in Fig. 4.3 in Section 4.2.1 above. There,
an estimation on the axial position of the point N, where all co-flowing
fluid is entrained into the jet, is given. For the present study, the axial
positions zN /d were found to be far downstream lying between 6.9 and
48.6. Thus, the supercritical jets were not affected by the confinement and
can be treated as free jets.
To summarize the above characterization of the investigated jets, it can be
said that a circular, turbulent, non-buoyant, free, supercritical water jet
was injected into a co-flowing stream of cooling water.

4.6.1 Supercritical Penetration Lengths
All measured penetration lengths L were normalized by the nozzle diameter
d. This non-dimensional supercritical jet length L/d is plotted versus the
nozzle exit temperature T0 in Fig. 4.29 (a) for jet experiments with nozzle diameters between 1 mm and 4 mm, and a subcritical water flow and
temperature of 65 g/s and 20 ◦ C, respectively. The temperature of 20 ◦ C
of the cooling water refers to the temperature Tcw , which was measured,
before the water entered the vessel (see Fig. 4.11 above).
The data of Fig. 4.29 (a) show very good agreement between all nozzle
diameters investigated: A sharp decrease of L/d in the region close to the
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Figure 4.29: (a) Supercritical penetration length measurements by FGOS
for four different orifice diameters and varying jet temperatures T0 at the
nozzle exit. (b) Penetration length measurements for varying momentum
flux ratios M0 /M∞ (logarithmic scale).

114

4. Supercritical Water Jets – Entrainment

pseudo-critical temperature of water and a leveling-off at a value of about
1 at higher temperatures T0 is observed for all nozzle diameters. This is,
at first sight, a surprising result, since intuition would rather lead to the
assumption that the length of the supercritical water jets can be increased
by increasing the jet’s temperature. At lower jet temperatures not far
beyond the critical temperature of water, however, jet lengths unexpectedly
drop with growing temperatures. This behavior can be explained by the
development of the two quantities B (see Eq. 4.21) and (ρ0 /ρ∞ ) governing
the dimensionless penetration length according to Eq. 4.39. With increasing
temperatures T0 , the driving potential B drops, since more energy has to be
dissipated from the jet with the liquid-side enthalpy difference (h̃pc − h̃∞ )
being approximately constant. This generally leads to an increase in the
jet length L. However, at the same time also the density ratio (ρ0 /ρ∞ )
drops. This term originates from the entrainment law and its decrease
with T0 indicates enhanced entrainment of ambient water and thus a faster
cooling of the supercritical jet. Apparently, this increase of entrainment
with increasing T0 overcompensates for the effect of growing jet energies and
leads to a decrease in the jet’s length. At higher jet temperatures though,
the impact of the parameters B and (ρ0 /ρ∞ ) almost balance one another
and the dimensionless supercritical jet lengths L/d are nearly insensitive
to variations in T0 . In this region, L/d assumes a value of about 1 for all
nozzle diameters d.
Fig. 4.29 (b) illustrates the behavior of non-dimensional penetration lengths
for a wide range of momentum flux ratios M0 /M∞ obtained by varying the
mass flows of both sub- and supercritical water. The nozzle exit temperature of the jet was kept constant at 410 ◦ C and the cooling water temperature Tcw at 20 ◦ C. Results for the different nozzle diameters correlate well
with each other and illustrate that supercritical jet lengths virtually do not
change with the momentum flux ratio. Again, this result goes against intuition, that makes us expect longer jets at higher mass fluxes ṁ0 . However,
the result of Fig. 4.29 (b) is in excellent agreement with expression 4.39:
In contrast to Weimer’s work [80], where choked injector flows were investigated, no term linked with the jet’s mass flux appears in the modified
expression of Eq. 4.39 for supercritical jets. The integration of an entrainment law in the derivation of Eq. 4.39 leads to the elimination of every
quantity based on the jet’s mass flux. This means, that with an increase of
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the jet’s mass flux ṁ0 , the enhancement of the cooling water entrainment
fully compensates for the jet’s higher energy flux at the nozzle exit.
In summarizing, it can be stated that dimensionless supercritical jet lengths
are virtually independent of experimental conditions within the investigated range and were found to reach a value of about 1, except for temperatures very close to the critical temperature of water. In contrast to steam
jet studies (see Section 4.2.2), where penetration lengths easily reach a
multiple of the nozzle diameter, supercritical jet lengths are comparatively
short and cannot be elongated by increasing the jet’s nozzle exit temperature or mass flow, because the jet’s surplus energy flux at the nozzle exit
is lost straightaway due to enhanced entrainment. The main reason for
this difference between supercritical water and steam jets can be found
in the high latent heat involved in steam jet experiments causing a high
heat transfer resistance during condensation. In contrast to this, supercritical water at 223 bar, though exhibiting a peak in specific heat capacity,
only has to overcome a comparatively small enthalpy difference across the
critical point. This becomes evident when taking a look at the values for
B: Whereas Kerney et al. [79] and Weimer et al. [80] found values for B
reaching from 0.0025–0.15, the corresponding values in the present study
on supercritical jets were 1–3 orders of magnitude higher (see Table 4.1).
All experimental data obtained at nozzle exit temperatures greater than
400 ◦ C were used to fit Eq. 4.39. Experiments with jet temperatures below
400 ◦ C were not considered for the correlation due to the deviations between thermocouple measurements and optical measurement in this region
(see Section 4.5.1). The value of β in Eq. 4.39 was assumed to be 0.5 as
suggested by [90], whereas the entrainment constant E0 was left as an empirical constant. Least square fitting yielded the following expression for
the supercritical penetration length L:
L = 7.323 · d ·



ρ0
ρ∞

 12

·



2+B
4B



(4.69)

The average relative deviation of the experimental penetration lengths from
the values given by Eq. 4.69 is 7.45%, while the maximum relative deviation
is 20.31%. By comparison of Eqs. 4.69 and 4.39, the entrainment constant
E0 was found to be 0.137, which is very close to the values found by Ricou
and Spalding [58] lying between 0.06 and 0.12. This suggests that transport
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of heat and matter of supercritical water jets in subcritical environment is
not substantially different to transport mechanisms in conventional single
phase jets despite the pronounced changes in material properties across the
critical point at 223 bar. Moreover, influences of M0 /M∞ (no influence)
and d (linear dependence) on penetration lengths are predicted correctly
by Eq. 4.69. Correlation 4.69 also satisfactorily predicts that the jet temperature T0 has almost no influence on the penetration length. However,
the correlation suggests a very small increase of jet lengths with increasing temperatures T0 which contradicts the experimental results. This is
probably due to the assumption of a constant value of 0.5 for β, which is
strictly valid only for the developed region of jet flows, where the radial
temperature distribution is approximately Gaussian. When values smaller
than 0.5 are assigned to β, the experimental trend of smoothly decreasing
jet lengths with increasing temperature is confirmed by Eq. 4.69. However,
for all physically meaningful values of β between 0 and 1, there is a certain
supercritical jet temperature, beyond which gently increasing penetration
lengths are predicted for increasing temperatures T0 . This can be explained
as follows: At high supercritical water temperatures, the change of density
with temperature approaches the behavior of an ideal gas (ρ ∝ 1/T ), while
the water’s enthalpy still exhibits an approximately linear increase with
temperature. Hence, at some point, the jet’s energy increase starts dominating entrainment effects and it seems likely, that there is a certain jet
nozzle temperature higher than those investigated in this study, beyond
which supercritical jet lengths smoothly increase again.

4.6.2 Heat Transfer Coefficients
The liquid-side average heat transfer coefficients h are calculated by extracting the interfacial surface area Aint from FGOS pictures and applying
the definition given by Eq. 4.26 above. In many steam jet studies (see
Section 4.2.2) the difficulty of extracting the exact contour of the jet was
resolved by assuming a simple geometrical shape. Often, a conical or ellipsoidal jet shape was assumed and Aint was calculated by simple geometric
formulae requiring only the nozzle diameter d and the jet length L. For
conical, parabolic and ellipsoidal jet shapes, the following geometrical formulae can be used for the jet’s surface area Aint :
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Acone =
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Figure 4.30: Interfacial surface areas Aint of supercritical jets with a nozzle
diameter of 2 mm calculated by Eqs. 4.70– 4.72 (open symbols) and extracted
directly from FGOS images (black dots). The surface area Aint is plotted
versus the jet’s penetration length L.

The last expression is strictly valid only for L > d. The plot of Fig. 4.30
compares the surface areas Aint of supercritical water jets determined by
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Figure 4.31: Liquid-side heat transfer coefficients h of supercritical water
jets determined by FGOS and plotted versus the non-dimensional jet length
L/d (a) and versus the absolute length (b). Plot (b) uses a logarithmic scale
for h.
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FGOS contour tracking (see Section 4.4.3) with the surface areas of the
same jets obtained by using the geometrical expressions given above. The
plot exemplarily shows the results for a nozzle diameter of d = 2 mm, but is
equally valid for the other nozzle diameters investigated: The assumption
of a conical jet shape that was applied in a number of steam jet studies completely fails in predicting the true values of Aint for supercritical water jets.
The values of Acone show a maximum deviation of 40.5% from the values
Aint obtained directly by FGOS (average error: 33.5%). An ellipsoid (more
precisely: a spheroid with the semimajor axis serving as rotational axis)
seems to be best to approximate the shape of the supercritical water jet,
especially for the slightly elongated and pointed jets found at temperatures
close to Tpc . For the spheroidal shape, a maximum deviation of 21.2% was
found with an average error of only 8.8%. The data points for the parabolic
shape lying in between showed a maximum error of 21.6% (average error:
14.2%). However, all geometrical jet shapes represented by Eqs. 4.70– 4.72
underestimate the values for Aint , since the supercritical water jets were
observed to slightly widen immediately after the nozzle exit, before shrinking in diameter toward their tip (cf. jet in Fig. 4.6). This jet broadening in
the vicinity of the nozzle exit was more pronounced at higher temperatures
T0 , where the jets became shorter and the entrainment around the orifice
increased. There, the enhanced influx of cooling water, which is partially
heated up to supercritical temperatures, led to increased jet diameters at
short distances downstream the orifice.
Fig. 4.31 plots the experimental liquid-side heat transfer coefficients h computed with Eq. 4.26 versus the dimensionless penetration length L/d (plot
(a)) and the absolute penetration length L (plot (b)). Plot (a) is in a form
to be compared to Fig. 4.5 reporting values of heat transfer coefficients
obtained in steam condensation studies. The overall values for h in both
studies reach from about 0.1 to about 5 MW/m2 K. It is worth mentioning
that the numeric range of the heat transfer coefficients for comparable nozzle diameters are similar in both studies, even though penetration lengths
L/d are considerably longer for the steam jets. This might be an indication
that transfer mechanisms at the liquid-side of the jet are similar for DCC
and submerged supercritical water jets.
As discussed above, the length L/d of the supercritical water jets is almost insensitive to changes in the experimental conditions for elevated jet
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temperatures T0 . This has a direct impact on h, which might be interesting for other applications, where the heat release of such jets has to be
maximized: Within a wide experimental range yielding constant L/d, the
heat transfer coefficient h can be enhanced just by increasing the jet’s mass
flow or temperature, because the interfacial surface area remains approximately constant. This phenomenon can be observed in Fig. 4.31 (a) when
following the curve for d = 1 mm, where h exhibits a sharp increase at
around L/d = 1. Another way of enhancing h is the reduction of the orifice
diameter d.
Fig. 4.31 (b) presents the same data of plot (a) in a different way: The
absolute penetration length L was used together with a logarithmic scale
for the heat transfer coefficient h. This data representation indicates an approximative exponential relationship between the length L of a supercritical
water jet and its liquid-side heat transfer coefficient h. For the correlation
of the experimental data, however, Kerney’s model (see Section 4.2.2) was
used by changing Eq. 4.25 to
h = k · cp,∞ · G0 · B x ·

 y
L
d

(4.73)

and using the parameters k, x and y to fit the experimental data to
above equation. Data points very close to the pseudocritical temperature
((T0 − Tpc ) < 1 K) were not considered for the correlation because of the
measurement uncertainties attributed to those points. A least square fit
yielded the expression
h = 0.101 · cp,∞ · G0 · B

−1.018

 −0.941
L
·
d

(4.74)

with the parameters x and y very close to (−1) as suggested by Kerney [79].
Values for h predicted by Eq. 4.74 are compared to the experimental values
in Fig. 4.32 (a). The average deviation of the predicted values from the
measured ones was found to be only 3.27% (maximum deviation: 14.8%).
However, the very good agreement between predicted and measured liquidside heat transfer coefficients does not surprise, since the relation of Eq. 4.25
based on Kerney’s theory [79] intrinsically contains the definition of the
liquid-side heat transfer (Eq. 4.26) that was used for the computation of
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Figure 4.32: Comparison of experimental values (FGOS) to predicted values
of h by using the correlation of Eq. 4.74 only (a) and by additionally applying
Eq. 4.69 for the estimation of L/d (b).
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h. A comparison between Eq. 4.25 and Eq. 4.26 yields following expression
for the parameter k:
k=

π d·L
4 Aint

(4.75)

The fitting parameter k in Eq. 4.74 above can hence be looked at as a
shape factor for the supercritical jet and was found to equal 0.101 for the
jets of the present study. However, as already discussed in Section 4.2.2, the
length L of supercritical jets is primarily unknown, which strongly limits
the applicability of the above correlation 4.74 in practical cases. However,
Weimer’s model [80] has been used in the previous Section 4.6.1 to predict
penetration lengths L/d considering a simple entrainment law. Using the
value L/d computed by Eq. 4.69 (Weimer’s model) for the prediction of
h with Eq. 4.74 (Kerney’s model) allows for an estimation of the heat
transfer coefficient using only known experimental parameters of the jet
flow. The quality of this prediction is illustrated in Fig. 4.32 (b): The plot
shows quite good agreement between predicted and measured values of h
with an average deviation of 10.0% (maximum deviation: 36.9%). The
diagram of Fig. 4.32 (b) depicts all experimental values obtained in this
study, except for data points very close to the pseudo-critical temperature
((T0 − Tpc ) < 1 K).

5 Supercritical Water Jets –
Impingement
5.1 Scientific Problem
After having discussed entrainment phenomena of supercritical water jets
in the previous chapter, this chapter addresses another crucial issue in
the development of the hydrothermal spallation drilling technique: The
impinging heat transfer of near critical and supercritical water jets. In hydrothermal spallation drilling, a hot flame jet (mainly consisting of water)
is directed toward the rock’s surface to transfer high amounts of thermal
energy (see Fig. 5.1 (a)). It is primarily the heat flux from the hot jet to the
rock and the rock’s surface temperature that govern the spallation drilling
process. The size of the cuttings and the drilling velocity, for instance, are
both strongly affected by these quantities (see Section 2.2). Furthermore,
certain minimum values for the heat flux and the rock’s surface temperature are required to initiate the spallation process at all. However, too high
rock surface temperatures can also lead to undesired rock fusion impeding
the spallation process.
The basic experimental setup for the impinging heat transfer studies of
this chapter is illustrated in Fig. 5.1 (b): Generally, this setup reflected
the actual situation downhole better than the generic setup used for the
entrainment studies of the previous chapter. The flat impingement plate at
the bottom and the cylindrical confinement housing the jet were supposed
to mimic the shape of the borehole. The hot water of the jet impinged on
the flat surface to subsequently change its flow direction by a total angle
of 180◦ . The spent, hot fluid was then collected in the small annular space
between injection nozzle and confining wall to mix with the cooling water
further downstream. Based on the results of the entrainment studies, the
cooling water injection was spatially separated from the hot water injection.
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By doing so, the entrainment of cooling water into the hot jet region could
be avoided. Instead, a toroidal recirculation zone formed around the hot
water jet, where the “entrainment appetite” was fed by the hot, spent fluid
of the jet itself.

(a)

(b)

.

q” h

Tf
Ts

Figure 5.1: (a) Definition of the scientific problem: A high-velocity flame jet
is directed toward the rock’s surface creating high heat transfer rates between
jet and rock. (b) Basic experimental setup for the impinging heat transfer
studies of this work: A hot jet of near-critical or supercritical water is directed
toward a flat plate housing a heat flux sensor.

Heat transfer of impinging jets is best characterized by the heat transfer
coefficient h, which is often given in its non-dimensional form as Nusselt
number Nu. The impinging heat transfer study of this chapter aimed at determining Nusselt numbers for stagnation heat transfer of impinging nearcritical and supercritical water jets. Fig. 5.1 (b) indicates the quantities
that are generally required for the computation of Nusselt numbers: the
heat flux q̇ ′′ to the impingement plate, the surface temperature Ts of the impingement plate and a reference fluid temperature Tf in the hot water jet.
Unfortunately, no heat flux sensors working under the harsh experimental
conditions (temperatures up to 500 ◦ C, pressures up to 275 bar and aque-
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ous environment) were commercially available. Hence, appropriate sensors
and experimental methods for determining heat transfer coefficients and
Nusselt numbers had to be developed first.
The following Section 5.2 reviews the relevant scientific literature on impinging and supercritical heat transfer and also includes a subsection on the
possibilities of measuring heat fluxes. The general experimental setup of the
study and the design of the manufactured heat flux sensors are described
in Section 5.3. The developed experimental methods for the determination
of Nusselt numbers were subjected to an error estimation, which is introduced in Section 5.4. In Section 5.5, finally, the results of the impinging
heat transfer studies are presented and discussed.

5.2 State of the Art
5.2.1 Heat Transfer of Impinging Jets
This section gives the fundamental concepts and introduces the terminology and main quantities used in impinging jet flows for future reference.
Detailed discussions about the fluid dynamics and thermodynamics of impinging jets, however, can be found in textbooks such as [57]. Numerous
impinging jet studies in literature are dedicated to axisymmetric free jets as
the one illustrated in Fig. 5.2(a). Unlike the jet configurations depicted in
Fig. 5.2 (b) and (c), free impinging jets have no additional flow confinement
apart from the impingement plate located underneath the nozzle.
Impinging Air Jets
In most cases, the investigated impinging jets were isothermal and turbulent with the surrounding and the jet fluid being both air at about the
same temperature. In this isothermal configurations, the jet’s temperature
field is not affected by the entrainment of the surrounding fluid. A good
review on isothermal gas jets is given in [112]. Fig. 5.3 introduces the main
geometrical parameters of a circular impinging free jet: The target surface
and the nozzle are separated by the stand-off distance H with the nozzle
orifice having a diameter of d. The discharged fluid of the jet has a nearly
uniform velocity u0 at the nozzle exit. The jet’s Reynolds number is defined
as
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Figure 5.2: Three different configurations of impinging circular jets discussed
in literature: (a) free jet, (b) axially confined jet and (c) jet with cylindrical
confinement and reverse flow.

Re0 =

u0 · d · ρ0
µ0

(5.1)

with ρ0 and µ0 being the jet’s density and dynamic viscosity, respectively.
Jets with Reynolds numbers above 3000 are considered to be fully turbulent. The impinging jet of Fig. 5.3 can be subdivided in three distinct flow
regions [112]: the free jet region, the impingement (stagnation) flow region
and the wall jet region. In the free jet region, the impinging jet behaves
like a common turbulent free jet (see Section 4.2.1). The potential core
defined as the region of undiminished axial velocity u0 is attributed to the
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free jet region and found to extend about 6–7 nozzle diameters for circular
jets [113]. The stagnation region is characterized by a decreasing axial and
an increasing radial velocity component caused by the turning of the jet.
The spent jet fluid then flows radially outwards in the jet’s wall region.
d

u0
Potenal core

H

Free jet region

Stagnaon region

z
Tf

Heater/
Sensor

Ts

r

ds
Wall jet region

Stagnaon region

Wall jet region

Figure 5.3: Definition of flow regions and main parameters of an axisymmetric impinging free jet flow (adapted from [112]).

A heat flux between jet flow and solid impingement plate can be imposed
by either heating or cooling the target. For heating jet configurations,
researchers commonly use a small electrical resistance heater, which is embedded in the impingement plate (see Fig. 5.3). This setup was often
implemented to characterize approximately isothermal air jets at comparatively small temperature differences between the jet’s fluid temperature Tf
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and the heater’s surface temperature Ts (i.e. [114,115]). Heat flux measurements of hot air or flame jets, on the other hand, were often conducted by
means of a cooled sensor device (i.e. [116] for hot air jets and [117, 118] for
flame jets). A selection of different types of heat flux sensors is presented
in Section 5.2.3.
However, to derive heat transfer coefficients and Nusselt numbers, not only
the heat flux q̇ ′′ , but also the surface temperature Ts of the target plate
has to be known. In heat transfer studies on isothermal air jets, the surface
temperature of the electrical heater is often measured by an infrared camera
as described in [114, 115]. The heat transferred from the resistance heater
to the impinging air jet can be obtained by determining the dissipated
energy, when the electrical voltage and current fed to the heating device
are measured. If the radial distribution of the dissipated heat and the
surface temperature is known, heat transfer coefficients can be obtained
for various radial positions. In many studies, however, only a stagnation
heat transfer coefficient h averaged over the heater (or sensor) diameter ds
is determined by using the definition
h=

q̇ ′′
Ts − Tf

(5.2)

where q̇ ′′ and Ts are both average values of the heater and Tf is the reference
temperature of the impinging fluid. For cooled sensors (Tf > Ts ), the sign
on the right-hand side of expression 5.2 has to be changed to still obtain a
positive value for h. For Tf , often the so-called adiabatic wall temperature
Taw is used. It is the temperature the target assumes, when there is no
heat flux between the impingement surface and the jet, i.e. when both are
in thermal equilibrium. In [119], the authors explain the linear regression
method to simultaneously obtain the heat transfer coefficient h and the
adiabatic wall temperature Taw : For each experimental flow condition, the
quantities q̇ ′′ and Ts are measured for at least five different heat fluxes.
The obtained data pairs (q̇ ′′ , Ts ) are then subjected to a linear regression
using Eq. 5.2 above. This yields the value of the heat transfer coefficient h
and the fluid temperature Tf . The fluid temperature Tf obtained by this
approach is equal to the adiabatic wall temperature Taw , since the linear
regression provides the temperature Tf that is found at q̇ ′′ = 0, when the
target and the fluid jet are in thermal equilibrium. This method, however,
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assumes that the heat transfer coefficient h remains constant for all applied
heat fluxes, as long as the flow conditions on the jet side are not changed.
This assumption only holds, if the heat fluxes and the surface temperatures
of the target are only moderately changed for one specified experimental
condition on the fluid-side. However, heat fluxes lying too close together
can in turn lead to large uncertainties in h when using the linear regression
method. Hence, a trade-off has to be found here.
The heat transfer coefficient h is often given in the dimensionless form of
a Nusselt number
Nu =

h·d
λ

(5.3)

d being the nozzle diameter of the jet and λ the heat conductivity of the
fluid, which is usually evaluated at the fluid’s reference temperature Tf .
Non-Isothermal Impinging Air Jets
There are some experimental and analytical studies also investigating nonisothermal air jets at elevated injection temperatures and hereby addressing the problem of entrainment of cool ambient air into the hot jet region.
Vlachopoulos and Tomich [120], for instance, used hot air jets up to an
injection temperature of 620 ◦ C. Entrainment effects of impinging jets issuing into an environment of different temperature were also addressed by
Striegl and Diller [121, 122]. Hollworth and Gero [123] as well as Goldstein
et al. [124] showed that local Nusselt numbers of non-isothermal impinging
air jets are independent of the temperature difference between jet at the
nozzle exit (T0 ) and the ambient air (T∞ ), if the adiabatic wall temperature Taw (see above) is used as the reference fluid temperature. Whereas
Goldstein et al. [124] applied temperature differences (T0 −T∞ ) up to 30 ◦ C
to experimentally prove this concept, Hollworth and Gero [123] went up to
a temperature difference of 60 ◦ C. Fénot et al. [125] later used jet temperatures up to 140 ◦ C (ambient air: 20 ◦ C) to demonstrate that Nusselt
numbers computed with Taw as the fluid reference temperature are unaffected by (T0 − T∞ ).
A lot of impinging jet studies give empirical correlations for the calculation
of Nusselt numbers of the basic form
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Nu = k · Rex · Pry

with

Pr =

cp · µ
λ

(5.4)

The fluid properties for the calculation of the Reynolds number Re and
Prandtl number Pr (specific heat cp , dynamic viscosity µ, kinematic viscosity ν and thermal conductivity λ) are usually evaluated at the reference
fluid temperature Tf . The exponents x and y for the Reynolds and Prandtl
numbers as well as the factor k have to be experimentally determined by
fitting the expression of Eq. 5.4 to the experimental data. In most studies
on impinging turbulent jets, the exponent y for Pr was found to assume a
numerical value between 1/3 and 0.4. The literature values for x are somewhat more varying between different studies, but generally lie between 0.5
and 0.9.
Impinging Liquid Jets
A considerable amount of investigations is also devoted to liquid impinging
jets. For the jet fluid, most researchers use either water or the compound
FC-77, which is primarily used for the cooling of electronic devices [126].
Depending on whether the surrounding fluid (see Fig 5.2 (a)) consists of
the same liquid as the jet or of a gas like air, the liquid jet is referred
to as “submerged jet” or “free-surface jet”, respectively. Womac and coworkers [127], for instance, experimentally examined both free-surface and
submerged isothermal jets using water and FC-77. They experimentally
determined average stagnation Nusselt numbers of impinging liquid jets
with a heater module forming a 12.7 mm-square. Nozzle discharge diameters between 0.978 mm and 6.55 mm were used. Because of the size of the
heating source, the determined Nusselt numbers included the heat transfer in both the stagnation (impinging) region and the wall jet region (see
Fig. 5.3). The impingement region was assumed to extend up to the radial
position r = 1.9d. The correlation developed in [127] was an area-averaged
combination of the heat transfer in the stagnation and the wall jet region.
The heat transfer of the stagnation region being particularly interesting for
the impingement study of this thesis was given by
Nu = 0.785 · Re0.5 · Pr0.4

(5.5)
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For establishing above correlation, experimental data obtained with isothermal submerged impinging water (Pr ≈ 7) and FC-77 jets (Pr ≈ 25) were
used. The influence of the nozzle separation distance H/d being between
1.76 and 4.53 in the experiments was not included in above correlation.
Since Eq. 5.5 only gives the average Nusselt number for the jet’s stagnation region (reaching from r = 0 to r = 1.9d), it does not include any
correction term for the sensor-to-nozzle ratio (ds /d) either (with ds being
a diameter corresponding to a circular heater having the same surface area
as the used square heater). The impact of (ds /d) is illustrated in Fig. 5.4,
where Nusselt numbers averaged over the whole heater surface (stagnation
and wall jet region) are plotted versus Re for various nozzle diameters d
(at constant ds ) and separation distances H/d. The depicted data were obtained for the free-surface jet configuration, but the main conclusions are
equally valid for submerged jets: The experimental data for the different
nozzle diameters cannot be collapsed by using the Nusselt number without taking into account the heater-to-nozzle ratio (ds /d). An increase in d
for a fixed Reynolds number always leads to a reduction in the impinging
jet’s velocity u0 at the nozzle exit and hence to a reduction of the heat
transfer coefficient h. Obviously, the use of the nozzle diameter d as the
characteristic length in the Nusselt number definition of Eq. 5.3 more than
compensates for this decay in the heat transfer coefficient h and leads to
increasing values of Nu with increasing nozzle diameters.
Some researches such as Metzger et al. [128] directly included the heaterto-nozzle ratio ds /d in their correlations for impinging liquid jets. Additionally, Metzger also found an influence of the viscosity ratio (µs /µaw )
for experiments with impinging oil jets. For these jets, small temperature
differences of 3.3, 8.9 and 17.8 ◦ C between the adiabatic jet temperature
Taw and the temperature on the heated test surface Ts already showed
non-negligible differences in heat transfer due to viscosity variations across
the jet’s boundary layer above the surface. Metzger’s correlation based on
experimental data with free-surface water and oil jets reads
Nu = 2.74 · Re

0.348

· Pr

0.487

·



ds
d

−0.774 
−0.37
µs
·
µaw

(5.6)

The investigated sensor-to-nozzle ratios (ds /d) were between 1.75 and 13.2.
However, the exponents x and y in Metzger’s correlation considerably devi-
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Figure 5.4: Variations of the heater-averaged Nusselt number with the jet
Reynolds number Re for various nozzle diameters d and stand-off distances
H/d under free-surface jet conditions (adapted from [127]).

ate from comparable correlations developed for impinging liquid jet flows.
In general, the values obtained by Eq. 5.6 underpredict the Nusselt numbers found in other impinging water jet studies [127]. Sitharamayya and
Raju [129] found the Nusselt number to be approximately proportional to
(ds /d)−2 for a value of (ds /d) around 8. In their study, submerged impinging water jets with large heater-to-nozzle ratios in the range of 8–58
were investigated. Generally, it can be said that enhanced heat transfer
was observed with submerged liquid jet configurations when compared to
liquid free-surface jets [127].
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Confined Impinging Jets
A number of investigators also examined the influence of various forms of
spatial confinement on impinging jet heat transfer. Impinging jets can be
axially confined by radially extending the nozzle plate as depicted in Fig. 5.2
(b). Axially confined liquid jets have been addressed in the experimental
work of [130, 131]. Garimella and Nenaydykh [132] presented the following
empirical equation for area-averaged Nusselt numbers of axially confined
liquid jets
Nu = 0.169 · Re0.689 · Pr0.4 ·



H
d

−0.07  −0.12
l
·
d

(5.7)

This correlation also includes the impact of the geometry by adding the parameters H (stand-off distance) and l (thickness of nozzle plate) as shown
in Fig 5.2 (b). Values for (H/d) in the range of 1–5 and for (l/d) in the
range of 0.25–12 are reported in [132]. In the experiments, a square heat
source with 10 mm on each side was used. Calculating an effective heater
diameter ds based on the same surface area as the square heater results in
heater-to-nozzle ratios ds /d between 1.78 and 7.1 that were used for obtaining Eq. 5.7. Unlike the other correlations presented above, Eq. 5.7 also
addresses the influence of the plate separation distance (H/d), which is virtually negligible for the experimental range of the study. Axial confinement
of liquid impinging jets generally causes a reduction in heat transfer. The
decay in the heat transfer was shown to be up to 50% for submerged air
jets at small stand-off distances H/d [133].
The jet confinement coming closest to the experimental setup of our entrainment study is that presented by Besserman and co-workers [134, 135]:
The liquid jet investigated in their work is schematically shown in Fig. 5.2 (c)
and is characterized by a cylindrical confinement, into which the nozzle is
introduced. Since no ambient fluid can be entrained by the jet due to the
annular wall, a toroidal recirculation forms around the jet, where spent jet
fluid is re-entrained into the jet region. The toroidal recirculation cell was
shown to strengthen with increasing Reynolds number and to enlarge with
increasing stand-off distances H/d [126]. The influence of the recirculation
zone becomes particularly evident at large separation distances H/d, where
it provides a kind of “pseudo” nozzle wall inhibiting a spreading of the jet.
Hence, the radial extent of the jet’s cross section featuring the undiminished
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axial velocity u0 remains approximately constant with increasing distance
H from the nozzle. This axial stretching of the jet’s potential core leads
to impingement flow conditions that are approximately independent of the
stand-off distance H/d. No correlation of experimental data is provided
in [134]. However, the experimental trends were similar to those observed
with the axially confined jets described above.

5.2.2 Heat Transfer of Supercritical Fluids
A lot of studies in literature deal with heat transfer phenomena of nearand supercritical fluids. Good overviews of this field of research are given
in [136, 137]. Most of the studies in this area are dedicated to heat transfer
of supercritical water flowing in heated pipes [138] or other channel geometries [139]. These configurations are of particular interest for the application in nuclear power plants (increase of thermal efficiency by supercritical
Rankine cycles). For a better understanding of the heat transfer to water
or other fluids near their critical point, the variation of the thermo-physical
fluid properties discussed in Section 2.2.5 and depicted in Fig. 2.14 for water
at 250 bar should be borne in mind during the following discussion.
In-Tube Heating of Supercritical Water
The experimental setup of Yamagata et al. [138] consisted of a test section
with a steel tube of 1.5 m length and an inner diameter of 7.5 mm, which
was fed with water at supercritical pressures (above 220.6 bar). The whole
test section was heated by direct current of low voltage and the heat flux
to the water was calculated from the electric power. Before and after the
test section, the temperatures and pressures of the water were measured.
A total of 18 thermocouples were arc-welded to the outside surface of the
pipe and distributed along the whole length. To be able to quantify gravitational effects, two thermocouples were mounted at each axial measuring
point along the horizontal tube: One at the top side and one at the bottom side of the tube. With the readings of these thermocouples, the inside
surface temperatures of the pipe were estimated by applying the energy
conservation equation for heat conduction in pipes. The water temperature at a certain axial point in the test section was calculated by applying
an energy balance using the water enthalpy of the inlet (or outlet), the
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electrical heat input over the corresponding section and the water’s mass
flow.

Heat transfer coefficient h [kW/m 2 K]
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Figure 5.5: Heat transfer coefficients for near-critical water pipe flow according to Yamagata et al. [138] plotted against the inside wall temperature
Tw of the pipe for four different heat fluxes.

Fig. 5.5 shows examples of experimentally determined heat transfer coefficients h plotted against the wall temperature Tw at the inside of the
tube. Four different electrical heat fluxes between 233 and 930 kW/m2
were applied at a supercritical pressure of 245 bar and a water mass flow
of 291 kg/h. When the bulk fluid temperature of the water in the pipe
approaches the pseudo-critical temperature Tpc , the heat transfer coefficients show a fast increase. Thus, the peaks in the quantity h observed in
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Fig. 5.5 all correspond to a water bulk temperature of approximately Tpc
and are due to the peak in the water’s specific heat (see Fig. 2.14). The
sharp increase of the water’s cp leads to an increase in the Prandtl number
Pr and thus significantly enhances heat transfer around Tpc . Above the
pseudo-critical point, heat transfer coefficients drop again with increasing
temperatures following the development of the water’s specific heat. It becomes also evident from Fig. 5.5 that the wall temperatures Tw reached at
the peak values of h are shifted toward higher values for increasing heat
fluxes q̇ ′′ leading to higher temperature differences between wall and bulk
(being at Tpc ). At the same time, the peak values for h decrease when
applying higher heat fluxes. This observation is remarkable, since it means
that heat transfer coefficients around the pseudo-critical point strongly depend upon the applied heat flux. An explanation for this phenomena is
given by Licht et al. [140] for the case of high mass flows, where buoyancy
effects are negligible: At low heat fluxes, large parts of the thermal boundary layer between inner tube wall and water bulk are at the pseudo-critical
temperature Tpc , because water can absorb large amounts of energy without changing its temperature due to the high values of its specific heat.
The “integrative effect” of these high values of cp over a comparatively
large spatial extent leads to high heat transfer coefficients. At high heat
fluxes, on the other hand, the produced energy can more easily overcome
the large values of the specific heat, resulting in a thinner and more localized layer being at the pseudo-critical temperature. This leads to a reduced
integrative effect of the specific heat and lower heat transfer coefficients.
The phenomenon of decreasing heat transfer coefficients at increasing heat
fluxes around the pseudo-critical point is commonly referred to as “deteriorated heat transfer” [137]. This impairment of heat transfer in tubes can
also be buoyancy dominated at low water mass fluxes [141]. However, for
the impingement study of this thesis such effects play no significant role
and are therefore not addressed here.
In-Tube Cooling of Supercritical Carbon Dioxide
Whereas in-tube heat transfer of supercritical water under heating conditions (see above) have already been investigated for quite some decades,
supercritical heat transfer of carbon dioxide under cooling conditions has
only recently come into the focus of researches. It is mainly the growing
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awareness of the threats of global warming that led to an increased interest
in using carbon dioxide as a refrigerant [142]. In transcritical carbon dioxide
heat pump cycles, the heat rejection taking place at supercritical conditions
is of particular interest. This is, why an increasing number of experimental
(i.e. [143]) and numerical studies (i.e. [144]) dealing with in-tube cooling of
supercritical carbon dioxide are now available in literature. An interesting
study worth mentioning with respect to the impingement study of this thesis is the experimental work performed by Dang and Hihara [143]. Their
test section consisted of a 0.5 m-long horizontal tube-in-tube counter-flow
heat exchanger. The inner tube (copper) was fed with near-critical carbondioxide, while cooling water was flowing in the annular passage outside
in counter current. In contrast to the study of Yamagata et al. [138] introduced above, the near-critical fluid was cooled in Dang’s work. The
thermal energy removed from the carbon dioxide was determined by measuring the cooling water’s inlet and outlet temperatures. Similarly to [138],
the temperature at the outside of the the inner tube (filled with CO2 ) was
measured with fine thermocouples welded to the outer pipe wall at 10 axial
locations. The temperature at the inside of the tube was obtained by solving the appropriate one-dimensional equations for heat conduction. Hence,
heat transfer coefficients could be obtained in the same manner as in the
work of Yamagata [138] described above, whereas the heat flux q̇ ′′ was varied by changing the cooling condition in the annular cooling water passage
of the heat exchanger.
Fig. 5.6 shows heat transfer coefficients h obtained by Dang and Hihara [144]
for an inner tube diameter of 6 mm, a pressure of 80 bar and a carbon dioxide mass flow of 20.4 kg/h. The heat transfer coefficients are plotted against
the CO2 bulk temperature and show some interesting behavior:
• The heat transfer coefficients are significantly affected by the heat flux
q̇ ′′ around the pseudo-critical temperature Tpc and above (Tb ≥ Tpc ).
• In the subcritical region (Tb < Tpc ), the heat transfer coefficients are
relatively unaffected by variations in q̇ ′′ .
• The peak values of h around Tpc decrease for increasing heat fluxes q̇ ′′ .
However, this reduction in the maximum values of h is far less pronounced when compared to supercritical heat transfer under heating
conditions (see for example Fig. 5.5 above).
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Figure 5.6: Effect of the heat flux q̇ ′′ on the heat transfer coefficient h
for in-tube cooling of near-critical carbon dioxide according to Dang and
Hihara [143].

• The maximum values of h occur at slightly higher temperatures Tb
when going to higher heat fluxes q̇ ′′ .
• The values of h are generally higher for high heat fluxes q̇ ′′ in the
region Tb > Tpc .
The above mentioned observations are compared to the results of the supercritical impingement study of this work in Section 5.5 below. Some
investigations even considered impingement flow of supercritical carbon
dioxide jets [145, 146]. However, since these studies only include a pure
numerical analysis of the problem, they shall be mentioned here for the
sake of completeness, but not further discussed.
Variable-Property Heat Transfer
The phenomena discussed above clearly show that the strongly varying fluid
properties around the pseudo-critical temperature have a major impact on
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heat transfer in near-critical fluids. The strong variations of the relevant
physical properties (density ρ, dynamic viscosity µ, thermal conductivity
λ and specific heat cp ) make it particularly difficult to define a reference
temperature, at which the fluid properties should be evaluated, when trying
to establish empirical correlations for heat transfer of the form given in
Eq. 5.4 above. One way of coping with this problem is the definition of a
reference temperature lying somewhere in between the fluid temperature
Tf and the surface temperature of the solid Ts (inner wall temperature
in pipe flows or surface temperature of impingement surface in impinging
flows). The simplest form of such a reference temperature is the so-called
film temperature being the mean temperature between the fluid and the
solid temperature:
Tf ilm = (Tf + Ts ) /2

(5.8)

Tf ilm was often used in impinging flame jet studies [147] to evaluate fluid
properties, with Ts being the surface temperature of the plate impinged by
the flame jet and Tf the flame temperature at the edge of the stagnation
zone. More sophisticated approaches to define reference temperatures in
non-isothermal boundary-layer flow with variable fluid properties were presented by Eckert [148] and Deissler [149,150]. Another, yet more promising
approach for the investigations presented here is the introduction of property ratio factors which account for the variation of individual physical
properties. The use of such correction factors for pipe flows under supercritical conditions and high temperature drops between fluid and pipe
wall are reported in [151] and [152]. Nusselt correlations including these
correction factors can be of the following general form:
Nuf = k · Rexf · Pryf ·



µf
µs

a  b  c 
d
cp
λf
ρf
·
·
·
λs
ρs
cp,f

(5.9)

where the indices s (surface temperature) and f (reference fluid temperature) show the respective temperature at which the physical properties are
evaluated. Physical properties for the Reynolds and Prandtl numbers are
both evaluated at Tf . cp is the integrated average value of the specific heat
over the whole temperature range from Tf to Ts :
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cp =

h̃s − h̃f
Ts − Tf

(5.10)

where h̃ denotes the enthalpy at the respective temperature. This method
of using correction factors, of course, is not restricted to pipe flows, but
can also be applied to impinging jet flows as shown by Sun and Ma [153].
Yamagata et al. [138] (see above) also used the property ratio method
to correlate their heat transfer data in supercritical water pipe flow, but
restricted themselves to the use of the specific heat ratio (last term on
the right-hand side of Eq. 5.9). They found it necessary to distinguish
between three different heat transfer states and established three distinct
correlations for the corresponding regions. Their experimental data were
classified according to the value of the Eckert number
Ec =

Tpc − Tf
Ts − Tf

(5.11)

For Ec > 1 all fluid between the pipe wall (Ts ) and the bulk (Tf ) is subcritical and hence in its liquid state. For this subcritical water region, no
correction term has to be implemented and the correlation for the Nusselt
number can be used in its basic form given by Eq. 5.4 above. The most
troublesome case in terms of data correlation is faced, if 0 ≤ Ec ≤ 1, where
the fluid is in its supercritical state near the wall, but still liquid in the
core. For this case, the considerable variation in physical properties across
the boundary layer between the inner tube wall and the fluid bulk makes
it necessary to use correction terms in the form of property ratios. For experimental data with Ec < 0, where the water is supercritical in the whole
pipe, the authors of the study [138] still used the specific heat ratio to get
the data correlated accurately. The concept of using the Eckert number
was also successfully applied in our impingement study to obtain distinct
regimes of near-critical heat transfer in the investigated impinging water
jet flow.

5.2.3 Heat Flux Measurements
The heat flux q̇ ′′ is defined as the rate of thermal energy transport per
unit area and is given the SI unit W/m2 . The term “heat flux” involves
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Figure 5.7: Different types of heat flux gages according to [154]: (a) General
situation when measuring heat flux, (b) Heat flux gage measuring spatial
temperature differences, (c) Gardon type gage, (d) Slug calorimeter, where
the temperature development over time is measured.

all modes of heat transfer: convection, radiation and conduction. Whereas
radiation and/or convection are the mechanisms to transport the heat to a
surface or away from it, conduction provides the means to bring the heat
from the surface into the material’s interior as illustrated in Fig. 5.7 (a): A
simple, stationary energy balance over the indicated control volume requires
′′
′′
that the incident heat flux (q̇rad,in
+ q̇conv
) (radiation and convection) be
′′
′′
equal to the sum (q̇rad,out + q̇cond ) of the radiation heat losses from the
surface to the surroundings and the conductive heat flux penetrating the
material. In most practical applications, a sensor is embedded in the basis
′′
′′
material to measure the quantity q̇cond
and infer the desired quantities qconv
′′
and/or qrad,in from an energy balance. Measuring heat flux, however, is a
challenging task, especially because the presence of a heat flux sensor can

142

5. Supercritical Water Jets – Impingement

easily affect the system that is being measured, if no care is taken. It is
thus one of the primary goal of heat transfer measurements that it be as
non-intrusive as possible. Diller [154] gives a comprehensive and excellent
overview of the possibilities and limitations of heat flux measurements. The
most important categories of heat flux gages are discussed in what follows.
Active Heating
This is the most straightforward approach to determine heat fluxes: If an
electrical heater is used for the sensor indicated in Fig. 5.7 (a), the heat flux
from the heater to the surroundings can easily be determined by measuring
the electrical power. However, good insulation around the circumference
of the heater is needed to make sure that the dissipated energy is only
emitted through the top surface of the heater. A drawback of this method
is the generally long times required to reach steady state conditions [154].
Moreover, heat fluxes determined with this method are always from the surface to the environment. Active heating is mostly applied in well-defined
laboratory experiments, such as the air impingement studies described in
Section 5.2.1. Due to the time constraints and the power limitations attributed to this method, it is not suited for heat flux measurements in flow
configurations dominated by high heat fluxes and high temperatures.
Measurement of Spatial Temperature Differences
The heat which is conducted through the material of a gage always creates
spatial temperature differences. These temperature differences are proportional to the heat flux to or from the surface. Fig. 5.7 (b) illustrates the
methodology of sensor types that infer heat fluxes from temperature measurements in at least two different locations: If Fourier’s law is applied and
one-dimensional heat conduction is assumed, the heat flux to the sensor’s
surface is given by
q̇ ′′ =

λ
· (T1 − T2 )
δ

(5.12)

where λ is the thermal conductivity of the sensor material and δ the distance
between the two temperature measurements. The whole sensor assembly
is often cooled at its bottom side. The most common way of measuring
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temperatures in such heat flux gages involves measurements with thermocouples or resistance temperature devices. There is a huge variety of gages
using spatial temperature differences to determine heat fluxes (see [154]).
Some gages use so-called thermopiles by connecting several thermocouples
in series to produce a multiple of the Seebeck voltage that would be reached
with only one thermocouple.
The gage developed by Gardon [155] and depicted in Fig. 5.7 (c) also uses
the thermoelectric Seebeck effect to measure heat fluxes. Due to their
design, Gardon gages are often referred to as “circular foil gages”: The
heat flux enters the circular foil and is then conducted radially outwards
to the copper body, since the space below the constantan foil is generally
kept under vacuum conditions or consists of a low-conductivity material.
The copper body is often cooled to serve as a heat sink. An illustrative,
radial temperature profile over the circular foil is indicated in Fig. 5.7 (c).
The combination of the copper body and the copper wire (attached to
the foil’s center) with the constantan foil in between builds a differential
thermocouple creating an output voltage, which directly depends upon the
temperature difference between the center and the edge of the foil. This
temperature difference can be related to the heat flux transferred to the
Gardon gage. However, the calculation of heat fluxes from temperature
differences is not so straightforward as in the case of the gage depicted
in Fig. 5.7 (b), where the heat transfer in the gage is in the direction
that it enters the surface. In the case of the Gardon gage, the recorded
temperature difference is not only a function of the total heat flux entering
the disk, but also a function of the distribution of the heat flux over the
disk surface [154]. Gardon [155] originally developed the circular foil gage
for uniform radiation heat flux. The created Seebeck output voltage is
approximately proportional to the temperature difference ∆T and in case of
′′
uniform radiation heat flux also to q̇rad,in
. Gardon gages can also be used to
measure heat flux in convection dominated environments. However, great
care must be exercised, when using this device for convection measurements
as pointed out by Malone [156], Borell and Diller [157] as well as Kuo and
Kulkarni [158]. Problems mainly arise from the fact that the output signal
′′
, but also of the heat transfer coefficient h.
is not only a function of q̇conv
Moreover, a common radiation calibration of the gage can easily lead to
large errors when using the gage for convection measurements. Kuo and
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Kulkarni [158] give some suggestions of correction terms required, if the
convective heat transfer is to be obtained from a gage that was calibrated
in a pure radiation environment.
Measurement of Temperature Change over Time
The design of this heat flux sensors is rather simple: A single temperature
measurement is often sufficient to get the heat transfer to the gage [154].
However, an effort has to be made to interpret the recorded signal, which is
a temperature development over time. The simplest form of this gage type
is the slug calorimeter depicted in Fig. 5.7 (d): One temperature measurement at the back of the calorimeter (with slug mass ms and surface area A)
represents the temperature T of the whole slug having a negligible internal
thermal resistance (high heat conductivity λ). Assumption of a constant
convective heat transfer coefficient h due to a flow of temperature Tf over
the gage and application of the transient energy conservation equation for
a control volume around the slug yields
T − Tf
= e−t/τ
Ti − Tf

with

τ=

ms · c p
h·A

(5.13)

where Ti is the initial temperature of the slug and the cp its specific heat.
The recorded slope in the temperature development T (t) can be used to
obtain the time constant τ in Eq. 5.13 above and hence the heat transfer
coefficient h. The assumption of a negligible internal resistance (uniform
temperature within the slug) is only valid, when the gage’s Biot number is
smaller than about 0.1 [154]:
h · Ls
< 0.1
λ
with Ls being the characteristic length of the gage.
Bi =

(5.14)

Calorimetric Heat Flux Measurements
In calorimetric measurements, the heat transfer to a water-cooled surface
is measured by measuring the mass flow ṁcw of the cooling water stream
at the backside of the calorimeter and the temperature rise of the cooling
water absorbing the thermal energy transferred through the material of the
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surface. A possible design of such a device is shown in Fig. 5.8: Only the
heat transported across the flat sensor surface of the calorimeter (central
part) is measured. Application of a simple energy balance yields


ṁcw · h̃ (Tout , p) − h̃ (Tin , p)
(5.15)
q̇ ′′ =
A
with q̇ ′′ being the heat flux to the calorimeter having a surface area A and
h̃(T, p) the specific enthalpy of the coolant (generally water) at temperature
T and pressure p. Tin and Tout are the inlet and outlet temperatures of the
coolant, respectively. Thus, to determine the heat flux across the surface
of the calorimeter, accurate measurements of the coolant’s mass flow ṁcw
and its temperature rise (Tout − Tin ) have to be performed.
Low conduc!vity
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water out
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Figure 5.8: Possible design of a water-cooled calorimeter according to [159].

The ASTM document of reference [159] gives some important guidelines
concerning the design of water-cooled calorimeters. The most important
issues to be considered when designing a calorimetric gage are illustrated
in Fig. 5.8:
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• The material of the calorimeter is preferably highly conductive. In
most cases OFHC (oxygen free high conductivity) copper is used.
• The water cooled guard ring around the calorimeter serves the purpose of minimizing radial heat transfer from the outer guard ring to
the central calorimeter. The energy balance of Eq. 5.15 assumes that
only heat crossing the sensing surface of the calorimeter (area A) is
absorbed by the calorimeter’s cooling water. If the guard ring around
the calorimeter is not cooled, a part of the heat entering the guard
is also absorbed by the coolant of the calorimeter. This can lead to
large overpredictions of the heat flux q̇ ′′ .
• To minimize heat losses to the side of the calorimeter, an insulating
air gap between calorimeter and guard ring is suggested. This also
physically separates the calorimeter from the guard and allows for a
precise determination of the surface area A. The air gap is recommended to be no more than 0.5 mm in radius, if impinging jet flows
are investigated. A larger gap could induce flow and convective heat
transfer inside the gap distorting the heat flux measurements.
• The temperature measurements at the inlet and outlet of the coolant
should be performed as close as possible to the heated surface. However, care must also be exercised as to locate the temperature sensors
in a way that the whole heat exchange between the calorimeter and
the coolant takes place between the positions of these sensors.
• In order to derive heat transfer coefficients from calorimetric measurements, also the surface temperature of the calorimeter has to be
known. A temperature measurement of the calorimeter’s surface can
be realized by welding a thermocouple to the water-cooled side of the
calorimeter.

5.3 Experimental Setup
The core part of the experimental setup is shown in Fig. 5.9 (b) and came
close to the real situation found in hydrothermal spallation drilling illustrated in Fig. 5.9 (a). The cooling water injection was spatially separated
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Figure 5.9: (a) Downhole situation in hydrothermal spallation drilling,
(b) Core part of the experimental setup used in this study with indication of
the main geometric parameters.

from the supercritical jet’s impingement zone to avoid undesired entrainment effects as already pointed out in Section 5.1. The hot water jet was
discharged from an injection nozzle to impinge on a flat plate incorporating a heat flux sensor that was flush-mounted with the surface of the plate.
The impingement plate as well as the annular, confining wall forced the
jet to change its flow direction by a total angle of 180◦ . The spent jet
fluid was subsequently collected in the annular space between the nozzle
and the confining wall to be discharged from the impingement zone. The
jet flow in the impingement zone is characterized by a recirculation zone,
where a part of the spent jet fluid is re-entrained into the central jet region.
The experimental setup of Fig. 5.9 (b) enabled heat transfer measurements
of axisymmetric, non-isothermal, submerged, confined, near-critical, im-
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pinging water jets. The investigated jets thus represent a combination of
the various scientific problems that were treated separately in Section 5.2
above.
Fig. 5.9 (b) also introduces the main geometric parameters of the axisymmetric setup: the inner nozzle diameter d, the external nozzle diameter
dext , the inner diameter of the cylindrical confinement dc , the sensor diameter ds and the nozzle separation distance H. After an extensive evaluation
of various types of heat flux gages, a water-cooled, calorimetric sensor was
found to best match the rather special requirements of our measurements.
The following list provides the reasons for not using one of the other sensor
types introduced in Section 5.2.3:
• Active heating: Measuring heat fluxes with active heating elements
is not recommended for high-temperature and high-heat flux applications mainly due to the power limitation of the electric heater. The
heat flux measurements to be performed here, however, clearly represent such an extreme environment with high temperatures and heat
fluxes. A more important reason though for not choosing an active
heater is the direction of heat transfer: Unlike the heat transfer situation created around a heating element, in hydrothermal spallation
drilling, the heat is transferred from the hot jet to the colder surface
of the rock. An inversion of the heat flux direction, however, has
a huge influence on heat transfer characteristics around the pseudocritical point (see Section 5.2.2). Thus, a heat flux gage creating
cooling conditions was clearly favored.
• Measurement of spatial temperature differences: Generally,
this type of gage is the most promising one to be employed as an
alternative to the calorimetric sensor. A serious concern, however,
arose from the fact that the basic design of these sensor types (for
example the use of thermo-electric materials with comparatively low
thermal conductivities λ) usually generate higher surface temperatures Ts on the sensor than a cooled, pure copper element used in
a calorimetric device. Especially around the pseudo-critical point,
surface temperatures Ts would approach the jet’s fluid temperature
Tf . Small temperature differences between surface and fluid, however, negatively affect the accuracy of the measured heat transfer
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coefficients (see Eq. 5.2). Yet another problem is the calibration:
Even though calibration of such a gage can be realized by reference
measurements with a calibrated sensor (see [160] for example), it is
not possible to calibrate the sensor in the high-temperature environment of the experiments. The extrapolation of the calibration data
(sensitivity of sensor) to the actual application case is difficult and
vulnerable to errors.
• Gardon gage: The circular foil sensor (Gardon gage) also belongs
to the category of sensors inferring heat transfer data via measurements of spatial temperature differences. Because of the relatively
simple design, a special high-pressure and high-temperature version
of this gage (manufacturer: Hukseflux, The Netherlands) was tested
in some preliminary experiments of this impinging jet study. The
gage was calibrated in a convective environment using a calibration
facility featuring a high-temperature, high-velocity impinging air jet
to come as close as possible to the operational conditions met with
the supercritical water jets. The calibration procedure is thoroughly
described in [160] and took into account the characteristics of a Gardon gage pointed out in Section 5.2.3. However, the gap in terms
of experimental conditions between the calibration facility and the
actual application in the high pressure vessel proved far too large:
The calibration of the gage’s sensitivity could not be applied to the
supercritical water jets without inducing large errors. Although the
qualitative behavior of the calculated heat fluxes and heat transfer
coefficients seemed to be meaningful, the absolute values deviated
strongly from the expected values.
• Measurement of temperature change over time: The main
reason for not using this gage type is the strong variation of h with
time, when such a sensor is heated up by supercritical water jets (heat
transfer strongly depends upon Ts ). This makes it almost impossible
to infer the quantity h from Eq. 5.13.
The following description only covers the core components of the experimental, impinging-jet setup, which was located inside the high-pressure
vessel. A detailed description of the high-pressure plant itself (piping, supply units and vessel) is given in Chapter 3. Fig. 5.10 is a 3-dimensional,
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Figure 5.10: 3D photorealistic picture of the heat flux assembly situated
inside the high-pressure vessel.

photorealistic image of the situation inside the vessel and shows the heat
flux assembly incorporating the hot water jet and the impingement plate
with the calorimetric sensor. Fig. 5.11, on the other hand, represents a
cross-sectional cut of the assembly depicted in Fig. 5.10. All water streams
entering and leaving the assembly are gray shaded for emphasis. Additionally, all water in- and outlets are labeled according to the nomenclature
introduced in Chapter 3, where details about the feeding lines (pumps,
piping, supply ports in vessel) of the different streams can be found.
The water for the impinging jet (HW) was heated up by electric heaters
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Figure 5.11: Cross-sectional cut displaying the heat flux assembly and identifying the inlets and outlets (gray shaded).
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(see Chapter 3) and subsequently brought to the injection nozzle by an air
gap insulated injector (stainless steel, 1.4435) with an inner diameter of
1.6 mm. In a first step, the diameter was extended to 3 mm for a length of
18 mm to be subsequently further extended to the final nozzle diameter d.
The entrance length of 25 mm, though ensuring a flat velocity profile at the
nozzle exit, was not long enough to yield fully developed turbulent flow.
Mainly design issues did not allow for longer nozzle entrance lengths yielding perfectly developed turbulent flow (geometrical limitations in pressure
vessel and heat loss of hot water stream). The nozzle itself was made of
stainless steel (1.4435) and could be unscrewed and removed from the rest
of the injector. Nozzles with inner diameters d of 3, 4, 5, 6 and 7 mm and
external diameters dext of 8.5, 12 and 21 mm were used in the experiments.
The supporting rod of the lower block (confinement block and calorimeter
block) was connected to the displacement unit DUB (see Chapter 3) to
vertically move the assembly with respect to the fixed nozzle. In this way,
the nozzle separation distance H could be varied within a range of approximately 1–30 mm. The second displacement unit DUT (see Chapter 3) allowed for the axial positioning of a fine sheath thermocouple with diameter
0.5 mm, which was placed inside the nozzle. The thermocouple protruded
20 mm from a ceramic rod (outer diameter: 1 mm), which stabilized the
thermocouple wire within the flow. The cylindrical jet confinement used
in all experiments was a quartz glass tube with an inner diameter dc of
22 mm held in place and insulated by two high-temperature Kalrez R seal
rings.
This design had been chosen, since it offered a good insulation of the impinging jet region and the possibility of seeing and positioning the thermocouple through the vessel’s window, when the confinement block was moved
to the very bottom position. A flat seal made of high-temperature PTFE
and placed between the confinement and the calorimeter block made sure
that no water from the jet was lost to the sides before leaving the glass tube
at its very top. The cooling water CW1 was fed through an annular passage
of the injector. The other cooling water stream CW3 primarily cooled the
lower part of the vessel by flowing from the bottom to the top, where the
vessel’s outlet was placed. The water for cooling the inner calorimeter part
(water calorimeter, CW4) was delivered through the tube of the supporting
rod, whereas the water for the outer calorimeter part (water guard, CW2a)
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was brought to the calorimeter block by a flexible tube enabling the vertical movement of the block. All parts depicted in Figs. 5.10 and 5.11 were
placed inside the vessel and therefore at high pressures (225–275 bar).
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Figure 5.12: Cross-sectional cut through the calorimeter in the heat flux
assembly.

A closer look at the calorimeter itself is taken in Fig. 5.12 showing a crosssectional cut rotated by an angle of 90◦ with respect to Fig. 5.11. For
the design of the calorimeter, the guidelines given in Section 5.2.3 were
followed to the extent feasible. As suggested there, the calorimeter was
composed of two distinct parts, which could be screwed to the calorimeter
block (stainless steel, 1.4435): The inner calorimeter jacket for the heat
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flux measurement having a diameter of 6 mm and the guard ring with an
outer diameter of 32 mm. Both parts were cooled separately by the water
streams denoted “water calorimeter” and “water guard” to prevent measurement errors induced by radial heat transfer between the two elements
(see Section 5.2.3). Both coolant streams were discharged to the interior
of the pressure vessel at the respective positions denoted “calorimeter out”
and “guard out”. A low-conductivity and high-temperature PTFE insulation in between ring and jacket was used to further minimize heat transfer
between the two elements. Leaving the gap between calorimeter jacket and
guard ring without bushing material as suggested in Section 5.2.3 would
have led to a less efficient insulation during experiments, since the space
between the two elements would have been entirely filled with subcritical water having a higher thermal conductivity than the used PTFE. The
PTFE also prevented from convective water flow within the gap, which
could be induced by pressure fluctuations.
Measurement of the calorimeter jacket’s surface temperature Ts allowed for
the determination of heat transfer coefficients h along with the measurements of the heat flux q̇ ′′ and the fluid temperature Tf (see Eq. 5.2). For the
determination of Ts , a thermocouple was brazed to the calorimeter jacket
0.3 mm below the surface. The calorimeter water’s temperature rise was
measured by one thermocouple at the inlet (Ø 0.5 mm) recording Tin and
two thermocouples at the outlet (Ø 0.25 mm) recording Tout,1 and Tout,2 .
All three thermocouples were fixed at exactly the same axial position inside
the jacket. This position was chosen based on flow simulations performed
with the commercial CFD-tool Fluent (Ansys Inc., USA) and ensured that
the heat convected to the jacket was fully extracted by the water when
reaching the calorimeter outlet measuring position. The heat flux q̇ ′′ to the
central calorimeter could hence be computed by applying the energy balance of Eq. 5.15 with A being the surface area of the calorimeter’s jacket.
For the temperature Tout , the mean value of the two temperature readings
Tout,1 and Tout,2 was used.
In order to investigate the influence of the surface temperature Ts on the
heat transfer of impinging near-critical water jets, two different calorimeters had been designed for two distinct regimes in terms of surface temperature: A “copper calorimeter” yielding low surface temperatures and an “inconel calorimeter” yielding comparatively high surface temperatures. Both
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Figure 5.13: Cross-sectional cuts revealing the design and composition of
the “copper calorimeter” (a) and the “inconel calorimeter” (b).

calorimeters were identical except for the material and the thickness of the
calorimeter jacket and the guard ring. Fig. 5.13 shows two cross-sectional
cuts through the heat flux assembly revealing the design and composition of
the copper calorimeter (a) and the inconel calorimeter (b): For the copper
calorimeter both jacket and guard had a thickness of 5 mm and consisted
of the copper alloy CuCrZr. This alloy has a material strength superior
to that of pure copper while still offering a high thermal conductivity of
about 320 W/mK. The higher material strength was needed because of
the high compressive stresses induced by the pressure in the vessel. The
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inconel calorimeter, on the other hand, was based on a sandwich structure:
A 4 mm-layer of the nickel-based alloy inconel 625 was diffusion welded
between two layers of CuCrZr. The diffusion welding process performed by
PSI (Paul Scherrer Institute, Switzerland) guaranteed a perfect bonding
between the different material layers. Inconel 625 has a low thermal conductivity of about 11 W/mK resulting in surface temperatures Ts of the
inconel calorimeter being far higher than those reached with the copper
calorimeter. As seen in Fig. 5.13 (b), the tip of the thermocouple for the
measurement of Ts was brazed to the upper CuCrZr-layer of the inconel
calorimeter. This upper layer of CuCrZr was required to be capable of determining the surface temperature Ts accurately. Brazing the thermocouple
to the inconel layer without providing a top CuCrZr-layer would lead to
temperature readings that can be substantially below the actual value of
Ts . This is, because the high heat fluxes q̇ ′′ induced by the impinging jet
create high spatial temperature gradients in vertical direction inside the
inconel layer. The top layer of CuCrZr, in contrast, is characterized by
an almost uniform temperature distribution even at high heat fluxes and
hence provides optimum conditions for an accurate determination of Ts .
Fig. 5.13 (a) shows two long, lateral holes drilled in the guard ring of the
copper calorimeter. K-type thermocouples (Ø 0.5 mm) were hard-soldered
to the end of both holes to measure the temperatures Tg,1 and Tg,2 in
the guard ring close to the calorimeter’s jacket. Before each heat flux
measurement, the mass flow of the guard water was adjusted in a way that
the mean guard temperature Tg = (Tg,1 + Tg,2 )/2 matched the calorimeter
jacket’s surface temperature Ts . In this manner, measurement errors could
be reduced by diminishing temperature differences and therefore radial heat
transfer between guard and calorimeter. For the measurements with the
inconel calorimeter, however, adjustment of the guard water’s mass flow
was not necessary. Thus, no measurement of the guard temperature was
provided. Further details on this issue are given in the next Section 5.4.
All heat flux measurements followed a strict procedure: For one given experimental condition, three sets of measurements were successively recorded:
1. Heat flux measurement: Data were recorded during 60 s (sampling rate: 500 Hz) for the determination of the heat flux. Prior to
data acquisition, the thermocouple of Fig. 5.11 was moved back to a
position 60 mm behind the nozzle exit, thus not affecting the flow.
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2. Measurement of T0 : The thermocouple in the HW-stream was
then brought to a position flush with the nozzle exit to obtain the
fluid temperature T0 at the nozzle exit (measurement time of 35 s
after a waiting time of 15 s).
3. Measurement of Tf : In this last step, the thermocouple was moved
to a position 1 mm above the calorimeter’s surface (measurement time
of 35 s after a waiting time of 15 s). The temperature obtained at this
position was taken as the reference fluid temperature Tf .
Thus, direct measurement of the hot water’s temperature was used to obtain the reference fluid temperature Tf as done in many experimental studies on impinging hot air and flame jets (see e.g. [161]). In Section 5.2.1,
the linear regression method for simultaneously obtaining the heat transfer
coefficient h and the adiabatic wall temperature Taw was introduced. In a
lot of experimental studies on impinging jets at moderate jet temperatures
and small temperature differences (Tf −Ts ) between fluid and impingement
plate, Taw was used as the reference fluid temperature Tf . However, this
approach was not applied for the impinging near-critical water jets of this
study for some strong reasons:
• The linear regression method discussed in Section 5.2.1 requires linear extrapolation from the measured surface temperatures Ts to the
desired quantity Tf = Taw at q̇ ′′ = 0. As the gap between surface
temperatures Ts and the fluid temperatures Tf in this study was
huge compared to those reported in impinging air jet studies, linear
extrapolation would lead to large errors in the quantities Tf and h.
• The linear regression method is based on the assumption that, for
a given experimental flow condition, the heat transfer coefficient h
is independent of Ts for all (hypothetic) values of Ts between the
actually measured value Ts and Tf . For the near-critical water jets
of the present study, however, physical fluid properties strongly vary
with temperature. Consequently, the heat transfer coefficient h is
very sensitive to variations in the surface temperature Ts and cannot
be assumed a constant (see Section 5.2.2).
• The use of the linear regression method is favorable for hot impinging
air jets, because the (measured) jet injection temperature T0 can be
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much different from the reference fluid temperature Tf because of the
entrainment of cool, ambient air. Furthermore, the temperature of
high-velocity air jets can also change due to the compressibility of air.
In the present study, however, the impinging water jets were nearly
isothermal outside the thin boundary layer (stagnation zone) formed
above the impingement plate. This is mainly due to the water’s high
specific heat capacity cp and the cylindrical jet confinement preventing cool ambient fluid from being entrained into the central jet region.
An indication for the isothermal characteristic of the jet is the temperature difference (Tf − T0 ) being below 1 K in most experiments.
Hence, it can be assumed that the adiabatic wall temperature Taw is
approximately the same as the measured fluid temperature Tf .
• The direct measurement of Tf is also a contribution to the practical
application of hydrothermal spallation drilling, where heat transfer
coefficients h related to the (abstract) adiabatic wall temperature
Taw are of less use than heat transfer data based on the fluid injection
temperature, which can be controlled and measured.
Consequently, heat transfer coefficients were computed inserting the measured values q̇ ′′ , Tf and Ts in Eq. 5.2 considering that Tf > Ts in the case
of a cooled sensor. For the calculation of the Nusselt number Nu according
to Eq. 5.3, the fluid temperature Tf was used for the evaluation of the
thermal conductivity λ.

5.4 Error Estimation
The error estimation presented here aims at quantifying the measurement
uncertainties attributed to the quantities q̇ ′′ (heat flux) and h (heat transfer
coefficient) measured by the copper and inconel calorimeter introduced in
the previous Section 5.3. The following analysis starts from the errors in the
directly measured quantities and applies linear error propagation to arrive
at the maximum measurement uncertainties of q̇ ′′ and h. The measured
base quantities relevant to the computation of q̇ ′′ and h are:
• The surface area A of the calorimeter
• The mass flow ṁcw of the calorimeter’s coolant stream (water)
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Quantity

Measurement device

Maximum
absolute error

Maximum
relative error

A

Measuring diameter with a
micrometer caliper
Rheonik (Germany) mass
flow meter
Calibrated K-type
thermocouple
Calibrated K-type
thermocouple
K-type thermocouple of
class 1
K-type thermocouple of
class 1

–

0.1%

–

0.5%

0.2 K

–

0.2 K

–

1.5 K

–

1.5 K

–

ṁcw
Tin
Tout,1 , Tout,2
Ts
Tf

Table 5.1: Maximum errors of all measured quantities relevant to the computation of q̇ ′′ and h.

• The temperatures of the calorimeter’s coolant stream at the inlet
(Tin ) and outlet (Tout,1 , Tout,2 )
• The calorimeter’s surface temperature Ts
• The fluid temperature Tf
The maximum systematic errors of these base quantities are given in Table 5.1. Whereas a maximum error of ±1.5 K (K-type thermocouple of class
1) can be generally assigned to all temperature measurements, thermocouples used for heat flux measurements inside the calorimeter (Tin , Tout,1 ,
Tout,2 ) were calibrated in a water bath to yield a much higher accuracy
of ±0.2 K. This accuracy was reached by calibrating the thermocouples
under the same conditions as in the experiments including the whole measurement section together with the Labview data acquisition, while having
the reference junctions of the thermocouples placed in an ice bath at 0 ◦ C.
Since the statistical errors of all measured quantities were negligibly small
compared to the systematical errors of the measurement methods (see Table 5.1), error propagation was applied to the systematical errors only.
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According to the law of linear error propagation, the absolute error ∆F of
a quantity F (x, y, z, . . .) computed as a function of the directly measured
quantities x, y, z, . . . is given by
∆F =

∂F
∂F
∂F
∆x +
∆y +
∆z + . . .
∂x
∂y
∂z

(5.16)

In the expressions for the computation of q̇ ′′ and h given in Eqs. 5.15
and 5.2, respectively, the composed quantity F is of the form
F (x, y, z, . . .) = k · xα · y β · z γ . . .

(5.17)

with k, α, β and γ being positive or negative constants. In this case,
the relative error ∆F/F of F can be calculated according to the following
expression
∆F
∆x
∆y
∆z
= |α|
+ |β|
+ |γ|
+ ...
F
x
y
z

(5.18)

Keeping this in mind, the error estimation for the quantities q̇ ′′ and h
for both calorimeters (copper and inconel calorimeter) was performed by
applying the following steps:
1. The absolute errors ∆Tin and ∆Tout of the calorimeter’s inlet and
outlet temperature basically correspond to the measurement error
of the calibrated thermocouples given in Table 5.1. For the outlet
temperature, however, the standard deviation between the two temperature readings Tout,1 and Tout,2 was added to this error.
2. The enthalpy rise ∆h̃ is calculated from the measured calorimeter
temperatures Tin and Tout by applying the equations of state according to [54]. The error ∆(∆h̃) in the determined enthalpy rise was
set equal to the maximum error that could result when considering
the errors ∆Tin and ∆Tout of the temperature measurements. This
maximum error is illustrated in Fig. 5.14 (a). Since h̃(T ) is a monotonically increasing function, the maximum error in the enthalpy rise
is given by
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∆h̃max

}|
{
∆ ∆h̃ = h̃ (Tout + ∆Tout ) − h̃ (Tin − ∆Tin )


− h̃ (Tout − ∆Tout ) − h̃ (Tin + ∆Tin )
{z
}
|




z

(5.19)

∆h̃min

(a)
~
~
~
∆h max = h( Tout +∆Tout ) - h( Tin -∆Tin )
~
~
~
∆h min = h( Tout -∆Tout ) - h( Tin +∆Tin )

Tin +∆Tin

Tin -∆Tin

Tout +∆Tout

Tout -∆Tout

T
Tin
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(b)

.
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Figure 5.14: Illustration of how the maximum errors in the enthalpy rise
∆h̃ (a) and the heat flux q̇ ′′ (b) were calculated.

3. The maximum relative measurement uncertainty of q̇ ′′ was now calculated by applying Eq. 5.18 and summing up the single relative measurement uncertainties of the quantities ṁcw , ∆h̃ and A appearing
in Eq. 5.15:
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′′
∆q̇meas
∆ṁcw
∆(∆h̃) ∆A
+
+
=
q̇ ′′
ṁcw
A
∆h̃

(5.20)

′′
4. Additional to the error ∆q̇meas
based on the inaccuracy of the underlying measurements, a further error source has to be considered: The
actual heat flux across the calorimeter’s surface can deviate from
the measured amount of heat absorbed by the water in the calorimeter due to undesired radial heat transfer between guard ring and
calorimeter. Even though measures were taken to minimize this error (PTFE insulation and cooling of guard ring as described in Section 5.3), an estimation of this error should be included in this error
analysis. To be capable of estimating the error arising from this
source, flow simulations of the calorimeter’s interior were performed
with the commercial CFD-tool Fluent 13.0 (Ansys Inc., USA). However, the different designs of the copper and inconel calorimeters required distinct operating conditions for each individual sensor device to minimize the error due to this “heat contamination”. Thus,
two individual approaches were followed in the error analysis, which
are presented in Section 5.4.1 for the copper calorimeter and in Section 5.4.2 for the inconel calorimeter. For the time being, we shall
assume that the error in q̇ ′′ based on radial heat transfer in the ca′′
lorimeter is ∆q̇gain
, if the heat is transferred from the guard to the
′′
calorimeter, and ∆q̇loss
, if heat transfer occurs in the opposite direction. The procedure to arrive at the total error of q̇ ′′ is visualized
′′
in Fig. 5.14 (b): The asymmetric nature of the errors ∆q̇gain
and
′′
′′ −
′′ +
∆q̇loss yields two different errors (∆q̇ ) and (∆q̇ ) pertaining to
the lower uncertainty bound (q̇2′′ )− and the upper uncertainty bound
(q̇2′′ )+ , respectively. The analysis is only shown for the lower uncertainty bound here. The minimum possible value (q̇1′′ )− of the heat
absorbed by the calorimeter’s coolant per unit time and area is given
by

(q̇1′′ )− = q̇ ′′ −



′′
∆q̇meas
q̇ ′′



q̇ ′′

(5.21)

The value of (q̇1′′ )− taking into account measurement uncertainties is

163

5.4 Error Estimation

′′
now subject to the additional relative error ∆q̇gain
/(q̇1′′ )− emerging
from heat transfer from the guard ring to the calorimeter. Thus, we
can write

(q̇2′′ )− = (q̇1′′ )− −



′′
∆q̇gain
′′
(q̇1 )−



(q̇1′′ )−

(5.22)

Combining above Eqs. 5.21 and 5.22 yields following expression for
the total relative error of q̇ ′′
(∆q̇ ′′ )−
q̇ ′′ − (q̇2′′ )−
=
q̇ ′′
q̇ ′′
 ′′
  ′′   ′′
  ′′ 
∆q̇gain
∆q̇gain
∆q̇meas
∆q̇meas
=
+
+
′′
′′
−
′′
q̇
(q̇1 )
q̇
(q̇1′′ )−
 ′′
  ′′ 
∆q̇gain
∆q̇meas
≈
+
′′
q̇
(q̇1′′ )−

(5.23)

neglecting the second-order error term. Similarly, the expression for
the relative error defining the upper bond can be obtained:
(∆q̇ ′′ )+
≈
q̇ ′′



′′
∆q̇meas
q̇ ′′



+



′′
∆q̇loss
′′
(q̇1 )+



(5.24)

Hence, the total relative error of q̇ ′′ is calculated by summing up
the relative errors due to measurement inaccuracies and lateral heat
transfer in the calorimeter.
5. The subsequent calculation of the uncertainty in h has to take into
account also the errors in ∆T = Tf − Ts . This error is generally composed of the maximum deviations ∆Tf and ∆Ts produced by the thermocouple measurements of the single quantities Tf and Ts . However,
an additional error source should be involved in these calculations:
The thermocouple for the measurement of Ts is positioned 0.3 mm
below the calorimeter’s surface resulting in measured values being
slightly below the actual values of Ts . This error is owing to the heat
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conduction inside the material and is therefore denoted ∆Ts,cond . It
was also estimated by the CFD simulations of Sections 5.4.1 and 5.4.2
and only needed to be added to the lower uncertainty bound of ∆T .
Hence, we can write for the absolute errors of the quantity ∆T
∆(∆T )+ = ∆Tf + ∆Ts
∆(∆T )− = ∆Tf + ∆Ts + ∆Ts,cond

(5.25)

6. In this last step, the law of linear error propagation given by Eq. 5.18
was applied to the definition of the heat transfer coefficient h (Eq. 5.2).
Considering all previous steps 1–5, following expressions can be finally
obtained for the asymmetric relative errors in the quantity h:
 ′′ 
q̇
∆(∆T )−
+ ∆ loss
+
′′
q̇
∆T
  ′′ 
 ′′
q̇gain
(∆T )+
∆q̇meas
+
∆
+
=
q̇ ′′
q̇ ′′
∆T

(∆h)+
=
h
(∆h)−
h



′′
∆q̇meas
q̇ ′′



(5.26)

5.4.1 Flow Simulations for Copper Calorimeter
′′
′′
This section discusses the errors ∆q̇gain
and ∆q̇loss
of the copper calorimeter emerging from undesirable latent heat transfer between the calorimeter
jacket and the guard ring. The quantities appear in Eq. 5.26 of the error
analysis above and strongly depend on the operating point of the calorimeter. This is illustrated by Fig. 5.15 showing measurements of the heat
transfer coefficient h when varying the mass flow of the guard’s cooling
water while leaving the experimental condition of the impinging jet unchanged. The hot water of the impinging jet was discharged from a nozzle
of diameter 3 mm at a mass flow ṁ of 3 g/s and a temperature Tf of 450 ◦ C.
The inlet temperature of the guard water was kept at 20 ◦ C.
The plot visualizes the strong dependence of the experimentally determined
heat transfer coefficients on the guard’s mass flow ṁg at small values of
ṁg and a certain leveling-off at higher values. This leads to the conclusion
that all experiments should generally be run at sufficiently high mass flows
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Figure 5.15: Variation of heat transfer coefficients measured with the copper
calorimeter in function of the guard’s water mass flow. The inlet temperature
of the guard water was fixed to 20 ◦ C.

ṁg to be capable of obtaining a certain repeatability. However, a more
precise criterion was finally found for the operating point of the calorimeter: In each experiment, the guard’s mass flow ṁg was adjusted, until the
temperature Tg of the guard ring (see Section 5.3) was equal to the surface
temperature Ts of the calorimeter jacket. This criterion not only allowed
′′
′′
for repeatable experiments, but also reduced the errors ∆q̇gain
and ∆q̇loss
due to a smoothing of radial temperature gradients in the calorimeter.
′′
′′
For the estimation of the errors ∆q̇gain
and ∆q̇loss
, flow simulations were
performed with the commercial CFD-tool Fluent 13.0 (Ansys Inc., USA).
Only the main parts of the calorimetric sensor (see Fig. 5.12) including
both cooling water streams (calorimeter and guard) and the adjacent solid
parts were subjected to the numerical simulation. The contour plot of
Fig. 5.16 shows the entire axisymmetric simulation domain with the inlets
and outlets of the two fluid streams, which are separated by an annular,
solid wall. Axial symmetry of the geometry could be assumed though not
entirely fulfilled for parts of the guard stream in reality. The whole domain
was divided into 271’545 computational cells by a structured mesh, which
was refined in the fluid zones close to the walls to enhance the accuracy of
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Figure 5.16: Contour plot of a flow simulation for the copper calorimeter.
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the simulation in wall-near regions. Whereas the conservation equations for
mass, momentum and energy were solved simultaneously in the fluid zones
(water), only conservation of energy (heat conduction) was considered for
the solid parts of the domain (jacket, insulation, guard and thermocouple).
Constant material properties from the corresponding manufacturer were
assigned to these solid parts (ρ, cp , λ). The physical properties of water
in the fluid zones were calculated using the equations of state according
to [54] and were implemented by user-defined functions. The low Reynolds
numbers of both water streams allowed for the application of the simplified conservation equations for laminar flow. Instead of simulating the flow
of the hot water jet impinging on the calorimeter’s surface (at the top of
Fig. 5.16), a boundary condition was applied along the surface of the calorimeter to obtain the heat flux into the domain. All boundary conditions
for the simulations were defined based on actual experiments. The values
of the following quantities were measured in the experiments and used as
boundary conditions in the simulations:
• Mass flow ṁcw and temperature Tin at the inlet of the calorimeter
stream
• Mass flow ṁg and temperature Tg,in at the inlet of the guard stream
• Convective heat transfer h to the calorimeter’s surface and reference
fluid temperature Tf
To calculate the convective heat transfer to the surface of the calorimeter,
a constant temperature Tf in combination with a radial distribution of the
heat transfer coefficient h(r) was specified based on the experiments. The
value of Tf was measured in the experiments, whereas h(r) was assumed
to be Gaussian as done in many impinging jet studies (e.g. [114]):
h(r) = h0 · e−κ( ds )
r

2

(5.27)

If the driving temperature difference for the heat transfer ∆T = Tf − Ts is
assumed to be invariant with respect to the radial coordinate r, the total
heating power q̇ transferred through the calorimeter’s surface (diameter ds )
is given by
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q̇ =

Z

ds /2
0

2

h0 · e−κ( dc ) · ∆T · 2πr · dr
r

(5.28)

yielding following relation between the maximum heat transfer coefficient
h0 at r = 0 and the average heat transfer h over the calorimeter surface:
h=

κ
4h0
1 − e− 4
κ

with

h=

q̇
(π/4)d2s ∆T

(5.29)

Combining Eqs. 5.27 and 5.29, we can write
h(r) =

r 2
κ
 · h · e−κ( ds )
−κ/4
4 1−e

(5.30)

where h must be equal to the value of h found in the experiment (average value over calorimeter surface). Hence, Eq. 5.30 contains the only
unknown κ. This parameter was found by applying the criterion that the
temperatures Ts and Tg measured at the positions indicated in Fig. 5.16
were equal in all experiments (see above). However, the final solution of
the simulation had to be found iteratively by changing the value of the parameter κ in Eq. 5.30 each time the solution had converged, until Tg = Ts .
′′
Once the final solution had been found, the measurement errors ∆q̇gain
and
′′
∆q̇loss were found by calculating the difference between the amount of heat
transferred across the jacket’s surface and the amount of energy absorbed
by the calorimeter’s cooling water (both extracted from the simulation).
Simultaneously, also the error ∆Ts,cond appearing in Eq. 5.25 could be obtained by comparing the temperature Ts measured at the position of the
thermocouple to the area-averaged temperature on the jacket’s surface.
CFD simulations were performed based on experiments with all investigated nozzle diameters d (3, 4, 5, 6 and 7 mm). Three experiments were
chosen for each nozzle diameter to cover a wide range of heat fluxes q̇ ′′ and
surface temperatures Ts . The contour plot of a selected simulation shown
in Fig. 5.16 clearly shows the effect of the applied criterion Ts = Tg : In the
upper calorimeter part close to the surface, temperatures in the guard material are slightly higher than in the jacket. Hence, the lateral heat transfer
in this part of the calorimeter occurred in negative r-direction. The mass
flow ṁcw of the calorimeter’s cooling water was set to about 1.6 g/s in all
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Figure 5.17: Relative errors ∆q̇gain
/q̇ ′′ extracted from flow simulations and
plotted against the heat q̇ transferred to the calorimeter per time unit (a)
and against the form parameter κ of Eq. 5.27 (b).

experiments. This value was close to the maximum capacity of the supply pump and guaranteed a sufficiently short residence time of the cooling
water inside the calorimeter to avoid substantial heat losses to the cooler
guard ring in the lower part of the calorimeter. As a consequence, the
“contaminating”, lateral, net heat transfer always occurred from the outer
′′
guard ring to the calorimeter’s jacket and only the error ∆q̇gain
had to be
′′
considered (while ∆q̇loss = 0).
′′
Fig. 5.17 presents the relative errors ∆q̇gain
/q̇ ′′ (in percent) for all 15 flow

170

5. Supercritical Water Jets – Impingement

simulations performed. Plot (a) shows the errors in function of the heat
transferred to the calorimeter per unit time, whereas plot (b) uses the form
parameter κ of Eq. 5.27 on the abscissa. Generally, the errors become
smaller for high heat fluxes and more uniform distributions h(r) (small values of κ). More uniform radial distributions of h reduce the lateral heat
transfer in the upper calorimeter part, since the temperature differences
between the edge of the calorimeter’s jacket and the guard become smaller.
′′
As expected, the largest values for κ and hence for ∆q̇gain
/q̇ ′′ were obtained for the smallest nozzle diameter of 3 mm. The three data points of
Fig. 5.17 (b) deviating somehow from the general trend were all obtained
at conditions close to the pseudo-critical point yielding high heat fluxes and
small errors (as seen in plot (a)).
′′
/q̇ ′′ of 1.45% and
The simulations yielded an average relative error ∆q̇gain
an average absolute error ∆Ts,cond of 0.18 K. The respective maximum
errors were found to be 2.02% and 0.37 K, respectively. A conservative
approach for the error estimation was chosen by including the maximum
errors of both quantities to the overall error estimation. Hence, for the
copper calorimeter the values

∆Ts,cond = 0.37 K ,



′′
∆q̇gain
q̇ ′′



= 2.02% ,



′′
∆q̇loss
q̇ ′′



=0

(5.31)

are used in Eqs. 5.25 and 5.26.

5.4.2 Flow Simulations for Inconel Calorimeter
The inconel calorimeter required the introduction of some changes concerning the operating conditions. The main difference between measurements
performed with the inconel and copper calorimeter can be readily seen
when comparing Fig. 5.18 (typical flow simulation of inconel calorimeter)
and Fig. 5.16 (typical flow simulation of copper calorimeter): The inconel
calorimeter experiences a large temperature drop in vertical direction across
the inconel layer due to its high thermal resistance. This resistance layer
leads to substantially higher surface temperatures Ts than reached with
the copper calorimeter and also to a smoothing out of radial temperature
differences. However: Whereas the temperature at the guard’s surface (Tg
in Fig. 5.16) was very sensitive to the guard’s cooling water stream for
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experiments with the copper calorimeter, the temperature of the guard in
the inconel calorimeter was virtually unaffected by changes in the guard
stream. The heat transfer in the inconel calorimeter was clearly dominated
by the low-conductivity inconel layer, making it impossible to apply the
criterion Tg = Ts as done for the copper calorimeter.
In addition to that, heat fluxes measured by the inconel calorimeter were
considerably lower due to the same reason. Thus, the temperature rise
Tout − Tin in the calorimeter was comparatively small, which led to larger
measurement errors. To obtain higher values of Tout − Tin , the calorimeter water’s mass flow was reduced with respect to the experiments with
the copper calorimeter. A reduction of ṁcw , however, also leads to longer
residence times and therefore makes the measurements more vulnerable to
errors caused by radial heat transfer between the calorimeter water and the
adjacent solid parts. To diminish this radial heat transfer in the lower part
of the calorimeter, the temperature difference between the calorimeter and
the guard water had to be kept as small as possible. This was achieved by
cooling down the water for the calorimeter (CW4) with the heat exchanger
HX2 (see flow sheet of Fig. 3.5), before it entered the calorimeter. Simulations showed that the measurement errors due to radial heat transfer
are smallest, if the calorimeter outlet temperature is matched to the guard
inlet temperature (Tout = Tg,in ). Since the cooling of the calorimeter water CW4 was not sufficient to fulfill this condition in all experiments, the
operation criterion was changed to
3
· (Tout − Tin )
(5.32)
4
which still reduced the measurement errors significantly. But rather than
Tout = Tg,in , this condition could be applied within the whole experimental range. Eq. 5.32 was fulfilled in each single heat flux measurement by
changing the cooling rate of the heat exchanger HX2 (valves V8 and V9 in
the flow sheet of Fig. 3.5) and changing the mass flow ṁcw of the calorimeter water between 0.6 and 0.8 g/s. As seen in Fig. 5.19, the mass flow of
the calorimeter’s coolant had no influence on heat transfer measurements
for a given jet flow. The mass flow ṁg of the guard water, on the other
hand, was fixed to 15 g/s and its temperature Tg,in to about 20 ◦ C in all
experiments. As indicated by flow simulations and experiments, the measurements were nearly insensitive to ṁg beyond values of approximately
Tg,in = Tin +
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Figure 5.18: Contour plot of a flow simulation for the inconel calorimeter.
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Figure 5.19: Heat transfer coefficients h for a hot, subcritical water jet with
Tf = 300 ◦ C as a function of the calorimeter’s water mass flow ṁcw .

10 g/s, as long as the condition of Eq. 5.32 was fulfilled. This is shown in
Fig. 5.20, where measured heat transfer coefficients are plotted versus ṁg
for an impinging, subcritical water jet at a temperature of 300 ◦ C.
′′
′′
For the estimation of the errors ∆q̇gain
, ∆q̇loss
and ∆Ts,cond for the inconel
calorimeter, the radial distribution of the heat transfer coefficient h(r) could
not be derived from the simulation as done for the copper calorimeter (see
Section 5.4.1), because no measurement of Tg was provided here. The value
of the form parameter κ in the Gaussian distribution of Eq. 5.27, however,
could be assumed to lie in between 0 (totally uniform distribution) and
0.478 (maximum value found in the simulations of the copper calorimeter).
Thus, only flow simulations based on these extreme cases were performed
to find the maximum errors of the inconel calorimeter. For the simulation’s
boundary conditions in terms of the fluid temperature Tf and the average
heat transfer coefficient h (= h), the expected minimum and maximum
values were used. This led to the following extreme values for all involved
quantities in the heat flux boundary condition of the CFD simulation:
• hmin = 10 kW/m2 K,
• Tf,min = 300 ◦ C,

hmax = 50 kW/m2 K

Tf,max = 500 ◦ C
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• κmin = 0 (uniform distribution),

κmax = 0.478

Furthermore, the boundary conditions for the guard flow at the inlet were
ṁg = 15 g/s and Tg,in = 20 ◦ C as in the experiments. For the calorimeter
water, an intermediate mass flow of ṁcw = 0.7 g/s was chosen. The inlet
temperature Tin of the calorimeter’s coolant was changed iteratively, until
the criterion of Eq. 5.32 was fulfilled. Using the extreme values for h,
Tf and κ defined above led to a total of 8 flow simulations yielding the
following maximum errors

∆Ts,cond = 0.21 K ,



′′
∆q̇gain
q̇ ′′



= 2.93% ,



′′
∆q̇loss
q̇ ′′



= 2.77%

(5.33)

Heat transfer coefficient h [kW/m 2 K]

The respective average errors were 0.09 K, 2.07% and 1.79%. However, the
maximum errors above were used for the error analysis.
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Figure 5.20: Heat transfer coefficients h for a hot, subcritical water jet with
Tf = 300 ◦ C as a function of the guard’s water mass flow ṁg .
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The ranges of all relevant experimental parameters in the impinging jet
study are listed in Table 5.2.
Parameter

Symbol

Experimental range

Unit

Jet nozzle diameter
Sensor diameter
External nozzle diameter
Confinement diameter
Plate separation distance
Jet mass flow
Fluid temperature
Surface temperature
Temperature difference
Heat flux
Pressure

d
ds
dext
dc
H
ṁ
Tf
Ts
Tf − Ts
q̇ ′′
p

3, 4, 5, 6, 7
6.0
8.5, 12.5, 21.0
22.0
3–30
2.0 – 8.0
300 – 489
91 – 387
24 – 269
622 – 5730
225, 250, 275

mm
mm
mm
mm
mm
g/s
◦
C
◦
C
◦
C
kW/m2
bar

Reynolds number
Prandtl number
Eckert number
Sensor-to-nozzle ratio
Viscosity ratio
Density ratio
Thermal conductivity ratio
Specific heat ratio

Ref
Prf
Ec
ds /d
µf /µs
ρf /ρs
λf /λs
cp /cp,s

7900–74’780
0.81–4.05
0.05–3.47
0.86–2.00
0.19–0.88
0.11–0.93
0.15–0.92
0.60–3.81

–
–
–
–
–
–
–
–

Table 5.2: Ranges of experimental parameters in the impingement study on
near-critical and supercritical jets.

Experiments were conducted with subcritical jets above temperatures of
300 ◦ C and with supercritical jets having temperatures up to 489 ◦ C. The
lower part of Table 5.2 shows the ranges of the most important dimensionless quantities that appeared in the empirical correlation presented later
in Section 5.5.6. Unless otherwise stated, a comparatively small dimensionless stand-off distance H/d of 1.5 was chosen for all experiments. This
ensured a rather isothermal jet behavior with negligibly small temperature
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differences (Tf −T0 ) between nozzle exit and impingement plate (below 1 K
in most experiments). Furthermore, the results obtained with H/d = 1.5
are also valid for larger separation distances, since the values of h were
found to be almost insensitive to variations of H within a certain range
(see Section 5.5.4).
Mass flow

Symbol

Experimental range

Unit

Water calorimeter (copper)
Water calorimeter (inconel)
Water guard (copper)
Water guard (inconel)
Cooling water CW1
Cooling water CW3

ṁcw
ṁcw
ṁg
ṁg
ṁcw1
ṁcw3

1.6
0.6–0.8
5–13
15
20
20

g/s
g/s
g/s
g/s
g/s
g/s

Table 5.3: Cooling water mass flows in the impingement study on nearcritical and supercritical jets.

Table 5.3 shows the settings of all cooling water streams in terms of mass
flows. The copper and the inconel calorimeter were fed with different cooling water mass flows ṁcw and ṁg due to the reasons pointed out in Sections 5.4.1 and 5.4.2. The inlet temperature of all cooling water streams
was kept at 20 ◦ C during experiments, except for the calorimeter water
stream (CW4). The inlet temperature Tin of this stream could be adapted
by means of the heat exchanger HX2 (see Chapter 3) to minimize measurement errors as explained in Section 5.4.2. The error estimation has been
presented in Section 5.4 and yielded following errors for the heat flux q̇ ′′
and the heat transfer coefficient h when averaged over all experiments:
• Average error in q̇ ′′ for copper calorimeter: -8.70% / +6.68%
• Average error in q̇ ′′ for inconel calorimeter: -10.29% / +10.13%
• Average error in h for copper calorimeter: -10.20% / +8.38%
• Average error in h for inconel calorimeter: -16.42% / +16.68%
Due to the conservative approach in the error estimation, the actual measurement errors can generally be substantially smaller than the indicated

177

5.5 Results and Discussion

ones. The higher uncertainties associated with the inconel calorimeter compared to those of the copper calorimeter can be explained as follows: The
thermal resistance of the inconel layer not only led to higher surface temperatures Ts , but also to smaller heat fluxes with respect to the copper
calorimeter. Thus, the temperature difference (Tf − Ts ) as well as the temperature rise (Tout −Tin ) of the calorimeter water were considerably smaller
and their measurements less accurate in terms of relative errors.

5.5.1 Influence of Fluid and Sensor Temperature
The fundamental difference between the two calorimeter types in use (copper and inconel calorimeter) can be well illustrated by plotting the surface
temperatures Ts of both calorimeters versus the fluid temperatures Tf .
This was done in Fig. 5.21 for fluid temperatures reaching from the subto the supercritical range: The surface temperatures of the inconel calori-

Surface temperature Ts [°C]
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Pseudo-critical temperature (375.6 °C)
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Fluid temperature Tf [°C]
Figure 5.21: Comparison of copper and inconel calorimeter in terms of surface temperatures Ts plotted versus fluid temperatures Tf for a nozzle diameter d of 3 mm, a jet mass flow ṁ of 3 g/s and a separation distance H/d of
1.5 at a pressure of 225 bar.
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Temperature difference (Tf - Ts ) [K]

meter are considerably higher (more than 100 ◦ C) than those measured by
the pure CuCrZr element. This allowed for experiments covering a wide
range of surface temperatures Ts and associated heat fluxes q̇ ′′ . However,
the surface temperature could not be raised above the pseudo-critical temperature Tpc , even at the highest fluid temperatures Tf . This applies to
all experiments of this impingement study. Thus, surface temperatures Ts
were always below Tpc .
A jump around Tf = Tpc is observed in both curves of Fig. 5.21 and can
be primarily attributed to the peak in the water’s specific heat, which
significantly enhances the heat transfer in this region. Beyond Tf = Tpc ,
surface temperatures of both calorimeters barely increase anymore with
increasing fluid temperatures. This implies that the temperature gap (Tf −
Ts ) between fluid and surface increases with growing Tf for supercritical
water jets.
This is shown in the plot of Fig. 5.22 illustrating the development of the
temperature difference (Tf − Ts ) with Tf for the experiments of Fig. 5.21.
Before and after the pseudo-critical point, the heat flux driving temperature difference increases with Tf , since the rise in Ts is slower than the
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Figure 5.22: Temperature differences (Tf − Ts ) between jet and sensor surface for the experiment of Fig. 5.21 above.
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increase of Tf in the water jet. (Tf − Ts ) exhibits the expected decrease,
when the fluid reference temperature Tf approaches Tpc . The high overall values of (Tf − Ts ) obtained with the copper element enabled a rather
accurate computation of heat transfer coefficients, even in the vicinity of
the pseudo-critical point. As pointed out above, measurement uncertainties were slightly higher for the inconel sensor due to the generally smaller
temperature differences. The large temperature differences between sensor and fluid obtained with the copper sensor also lead to extremely high
spatial temperature gradients (in vertical z-direction) within the thin fluid
boundary layer of the stagnation zone above the calorimeter’s surface. This
fact gives rise to the question of how to define a temperature between Ts
and Tf for the evaluation of the water’s thermophysical properties when
establishing an empirical correlation (see Section 5.2.2). This question is
addressed later in this section.
Fig. 5.23 illustrates the behavior of the heat flux q̇ ′′ for still the same experiments. The values measured by the copper calorimeter (2.2–5.5 MW/m2 )
are considerably higher than those normally found in impinging jet studies
(see Section 5.2.1). Similarly to the temperature difference (Tf − Ts ), also
10
Heat flux q” [MW/m 2 ]
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Inconel calorimeter
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Figure 5.23: Heat fluxes q̇ ′′ measured by both calorimeters (on a logarithmic
scale) plotted versus Tf for the experiment of Fig. 5.21 above.
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the heat flux to the sensor exhibits strong changes across the pseudo-critical
point. The increase of q̇ ′′ along with the simultaneous decrease of (Tf − Ts )
at fluid temperatures Tf close to Tpc suggest a remarkable increase of the
heat transfer coefficient h in this region.
The development of the heat transfer coefficients h with Tf is shown in
Fig. 5.24: The measured heat transfer coefficients of the same experiments
as shown in Fig. 5.21 are plotted together with the coefficients calculated
by the correlation of Garimella and Nenaydykh [132] given by Eq. 5.7. This
correlation was chosen for comparison, because its range of validity comes
closest to the case of our application along with the correlation of Womac et
al. [127] (Eq. 5.5.). Due to the almost identical development of h predicted
by these two correlations, only the correlation of Garimella and Nenaydykh
is shown in Fig. 5.24 for the sake of clarity.
The error bars indicate that measurement errors were highest around the

Heat transfer coefficient h [kW/m 2 K]
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Figure 5.24: Experimental heat transfer coefficients h for the experiments of
Fig. 5.21 above plotted versus Tf and compared to the empirical correlation
of Garimella and Nenaydykh [132].
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pseudo-critical point, where the temperature difference (Tf − Ts ) drastically drop. The measurement errors though become considerably smaller
as Tf is further increased into the supercritical regime, since the temperature differences (Tf − Ts ) gradually grow. The empirical correlation of
Garimella and Nenaydykh was originally developed for isothermal liquid
jets with approximately constant fluid properties. The dash-dotted line
in Fig. 5.24 representing this correlation was obtained by using Tf as the
reference temperature. Due to the underlying assumption of constant fluid
properties, this curve can be assigned to the “virtual” experimental case
of Ts ≈ Tf , where the whole boundary layer above the impinged surface is
at approximately the same temperature. This, of course, does not apply
to the other two curves of the plot representing the experimental values
obtained by the copper and inconel calorimeters. Whereas the copper calorimeter generally exhibits large temperature differences between fluid and
surface of 203 K on average (see Fig. 5.22 above), the inconel sensor comes
far closer to the isothermal case by exhibiting an average temperature difference of 54 K only. The following discussion of Fig. 5.24 is subdivided
into the development of h in the subcritical (Tf < Tpc ) and the supercritical
regime (Tf ≥ Tpc ).
Subcritical regime Tf < Tpc
In the subcritical region Tf < Tpc , the measured values only deviate slightly
from the empirical correlation. However, the values for the inconel calorimeter are slightly higher than those of the pure copper element and come
closer to the predicted values due to the comparatively small values for
(Tf − Ts ). The fact that larger temperature differences between fluid and
surface create slightly lower values of h seems to be primarily a result of the
fluid viscosity development in the boundary layer: For Tf < Tpc , relatively
high values for the water’s dynamic viscosity are found near the copper
calorimeter’s surface, because Ts is comparatively low. This could have a
laminarizing effect on the jet flow near the surface (in addition to the laminarizing effect of the jet’s pressure gradient) resulting in a reduced heat
transfer for the copper sensor. This hypothesis is supported by the correlation of the experimental data discussed later in Section 5.5.6. There, the
viscosity ratio (µf /µs ) was identified the most important correction factor
in the subcritical regime. It is nevertheless important to note that the de-
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viations between the values of the two calorimeters for Tf < Tpc are small,
especially when the measurement uncertainties are taken into account.
Supercritical regime Tf ≥ Tpc
The discrepancies between the h-values of the two heat flux sensors and the
correlation, however, become remarkable, when the jet’s water is heated up
to temperatures around the pseudo-critical point and above, where the water’s properties strongly vary. This large deviations are due to the different
temperature development in the stagnation zone’s boundary layer for the
three illustrated cases: The empirical correlation of Garimella and Nenaydykh, on the one hand, assumes the whole boundary layer to be at Tf
yielding heat transfer coefficients that predominantly follow the development of the water’s specific heat cp (see Fig. 2.14). The experiments in
the supercritical jet regime, on the other hand, are characterized by supercritical fluid temperatures Tf and surface temperatures Ts still being
at subcritical temperatures. The fluid property values relevant to the heat
transfer (cp , λ, ρ, µ) are consequently not those found at the exact temperature Tf , but rather values that are somehow averaged over the temperature
interval [Ts ; Tf ]. Thus, impinging heat transfer in the supercritical regime
Tf ≥ Tpc is extremely sensitive to the surface temperature Ts (and hence
also to the heat flux q̇ ′′ , which is directly coupled to the surface temperature
Ts ). There are three important observations that can be made:
• The peak value of h is shifted toward higher temperatures Tf above
Tpc for the lower surface temperatures Ts (and higher corresponding
heat fluxes) of the copper calorimeter. This is, because the effective
cp acting in the boundary layer can be seen as an integrative value of
cp being somewhat averaged over the values found in the temperature
interval [Ts ; Tf ]. The maximum of this integrative value is reached
at jet temperatures Tf above Tpc for low surface temperatures on
the sensor. In contrast, the values of h predicted by the empirical
correlation peak exactly at Tf = Tpc because of the assumption Tf ≈
Ts .
• The peak value of h becomes smaller with decreasing surface temperatures Ts (and increasing heat fluxes q̇ ′′ ). The effect, however, is
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small compared to supercritical heat transfer studies conducted under heating conditions (Ts > Tf ). It is the asymmetric behavior of
the thermal conductivity λ (see Fig. 2.14) that causes this difference
between heating and cooling conditions: If heat is transferred from
a surface to supercritical water (Ts > Tpc ) and Tf is kept at Tpc , λ
slightly falls near the surface with increasing surface temperatures Ts .
At the same time, the water’s cp close to the surface decreases with
the cp -peak moving away from the surface and becoming more localized (see Section 5.2.2). These two effects mutually reinforce each
other and lead to significantly reduced heat transfer coefficients at
high surface temperatures and heat fluxes. For Tf = Tpc at cooling
conditions (Ts < Tpc ), on the other hand, the decreasing values of cp
in the near-wall region induced by enhanced cooling are counterbalanced to a certain extent by the behavior of λ, whose values close to
the surface increase for decreasing Ts . Hence, the differences in the
peak values of h for different surface temperatures Ts are smaller.
• The higher the temperature difference (Tf − Ts ) between fluid and
sensor is, the more the corresponding curve is somehow stretched with
respect to the dash-dotted line of the empirical correlation. This leads
to heat transfer coefficients being higher for low surface temperatures
in most parts of the supercritical regime. It is again the thermal
conductivity λ in the near-wall region which is responsible for this
effect: The thermal conductivity is of particular importance to the
heat transfer in the viscous sublayer above the impingement target,
where heat is transferred predominantly by conduction. Low surface
temperatures lead to high values of λ in this zone and thus considerably enhance the overall heat transfer by lowering the heat transfer
resistance in the near-wall region. This is impressively shown by the
copper calorimeter, where the high values of h can still be maintained
at temperatures far beyond the pseudo-critical point. The moderate
changes of h with increasing Tf measured by the copper calorimeter
can be explained with the large temperature gap between fluid and
surface leading to integrative average values of the thermo-physical
fluid properties only changing very moderately with Tf . As expected,
the values of h for the inconel calorimeter lie in between those of the
copper sensor and the correlation and approach the values of the cor-
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relation for the highest jet temperatures reached in the experiment.
These observations for impinging supercritical water jets coincide with the
general trends that were discovered for supercritical pipe flows and have
been discussed in Section 5.2.2. However, experiments with as large temperature differences (Tf − Ts ) as obtained with the copper sensor have not
been found in literature. These experiments were able to show that heat
transfer coefficients h for large values of (Tf − Ts ) can be maintained at a
very high level, even at jet temperatures far beyond Tpc .
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Figure 5.25: Nusselt numbers calculated based on the fluid temperature Tf
for the experiments of Fig. 5.21.

Even though the peak of h is not reached exactly at Tf = Tpc for large temperature differences (Tf − Ts ), the evaluation of all fluid properties at the
temperature Tf nevertheless appears to be the best approach for the impinging study performed here. Using the sensor temperature Ts or the film
temperature Tf ilm given by Eq. 5.8 as the reference temperature would lead
to a behavior of the thermo-physical properties with temperature not being
reflected by the development of the heat transfer coefficients. Especially
the behavior of the fluid properties at the peak of h is best reflected by the
reference temperature Tf . Hence, also Nusselt numbers were calculated by
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employing the thermal conductivity λf evaluated at Tf . Nusselt numbers
Nuf are shown in Fig. 5.25 for still the same experiments as discussed in
the previous plots. However, when trying to interpret these Nusselt numbers, it is essential to bear in mind, that the actual value of λ acting in the
boundary layer and relevant to the heat transfer can be far lower than λf
owing to the large temperature differences (Tf − Ts ). This fact is of special
importance for supercritical jet temperatures and is taken account of in the
correlation of the data in Section 5.5.6. There, the general overprediction
of λ in the computation of Nuf is balanced by introducing the correction
factor (λf /λs ).

5.5.2 Influence of Pressure
Three different pressure levels of 225, 250 and 275 bar were applied to the
experiments of Fig. 5.26 to capture the impact of pressure on heat transfer.
The experiments were all performed with a nozzle diameter d of 5 mm,
a jet mass flow ṁ of 5 g/s and a stand-off distance H/d of 1.5. Plot (a)
represents the results obtained with the copper calorimeter and plot (b)
shows the results of the inconel calorimeter. It is apparent that the higher
the pressure, the more the peak values of h are shifted toward higher temperatures Tf for both calorimeters. At the same time, the absolute peak
values decrease with increasing jet temperatures. This behavior exactly
corresponds to the development of the water’s specific heat cp , whose peak
values are shifted to higher (pseudo-critical) temperatures and lower absolute values with increasing pressure. The development of the water’s
specific heat with temperature for the pressures 225, 250 and 275 bar was
shown earlier in Fig. 2.13 (b).

5.5.3 Influence of Reynolds Number and Nozzle Diameter
Fig. 5.27 illustrates the influence of the Reynolds number Ref and the
nozzle diameter d on heat transfer for the copper calorimeter (a) and the
inconel calorimeter (b). All data series were obtained with a constant (subcritical) fluid temperature Tf of 340 ◦ C at a dimensionless nozzle separation
distance of 1.5 and a pressure of 250 bar. Only the jet’s mass flow ṁ was
adapted to obtain a wide range of Reynolds numbers. The Prandtl number Prf , on the other hand, was approximately constant in all experiments
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Figure 5.26: Heat transfer coefficients h obtained with the copper calorimeter (a) and the inconel calorimeter (b). h is plotted versus Tf for three
different pressure levels (225, 250 and 275 bar) using a nozzle diameter d of
5 mm, a jet mass flow ṁ of 5 g/s and a stand-off distance H/d of 1.5.
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Figure 5.27: Development of Nusselt number Nuf in function of Reynolds
number Ref for different nozzle diameters d at a constant fluid Prandtl number Prf using the copper calorimeter (a) and the inconel calorimeter (b). The
fluid temperature was set to 340 ◦ C, the pressure to 250 bar and H/d to 1.5.
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of Fig. 5.27. The Nusselt numbers show the expected dependence on Ref ,
which is confirmed by numerous impinging jet studies in literature (see Section 5.2.1) and quantified by an empirical correlation later in Section 5.5.6.
The development of Nuf with different nozzle diameters, however, might at
first sight seem surprising, as in many cases the heat transfer data of different nozzle diameters can be collapsed, when the nozzle diameter is used as
the characteristic length in the definition of the Nusselt number (Eq. 5.3).
In the present case, the Nusselt numbers increase with increasing nozzle
diameters, even though the h-values show a decrease with increasing d due
to the reduction in the jet’s velocity. But the use of d as the characteristic
length in the Nusselt number more than compensates for this reduction
in h, when larger nozzle orifices are used. The same behavior was also
observed in Fig. 5.4 for the study of Womac et al. [127] on liquid jets.
Fig. 5.28 shows the same effect of d on Nuf for five different temperature
series at a pressure of 250 bar obtained with the inconel calorimeter. The
combination of the nozzle diameter d and the mass flow ṁ for each temper1000
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Figure 5.28: Five temperature series with five different nozzle diameters d
measured with the inconel calorimeter at 250 bar. The jet’s mass flow ṁ
was adjusted to d in each experiment to obtain constant values of Ref at a
specified Tf for all data series.
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Figure 5.29: Experimental Nusselt numbers Nuf in the subcritical regime
Tf < Tpc of this study compared to the predicted values of the correlation
presented by Womac et al. [127] and given in Eq. 5.5.
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Figure 5.30: Experimental Nusselt numbers Nuf in the subcritical regime
Tf < Tpc of this study compared to the predicted values of the correlation
presented by Garimella and Nenaydykh [132] and given in Eq. 5.7.
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ature series was chosen in a way to have a constant Reynolds number Ref
at a specified jet temperature Tf for all five series: ṁ = 3 g/s for d = 3 mm,
ṁ = 4 g/s for d = 4 mm, and so on. It becomes evident from Fig. 5.28 that
the Nusselt numbers Nuf based on d become larger for increasing nozzle
diameters d at constant values for Prf and Ref for the whole temperature
range investigated (sub- and supercritical). The jets with mass flows above
5 g/s could not be heated up to supercritical temperatures owing to the
power limitations of the electric heaters.
The Nusselt number, however, does not directly depend on the value of
d, but rather on the sensor-to-nozzle ratio (ds /d). Whereas this ratio lies
between 0.86 and 2.0 for our experiments, most researchers have worked
with substantially higher values for (ds /d) using comparatively large heat
flux plates (see Section 5.2.1). Thus, most data in literature cover heat
transfer phenomena related to the jet’s stagnation and wall jet region. In
contrast to this, all heat transfer data obtained here are restricted to the
jet’s stagnation region. The work of Womac et al. [127] and Garimella
and Nenaydykh [132], however, comes close to the sensor-to-nozzle ratios
of the present study (see Section 5.2.1). The ratios (ds /d) are within the
range [2.00, 14.65] in [127] and within [1.78, 7.10] in [132], offering a small
overlap with the conditions of our experiments. A comparison of all subcritical heat transfer data (Tf < Tpc ) of the present study with the empirical
correlations given by Eqs. 5.5 (Womac) and 5.7 (Garimella) is presented in
Figs. 5.29 and 5.30, respectively. Both plots show reasonable agreement between the predicted and measured values, especially when considering the
discrepancies between the experimental conditions of the compared studies.
The experimental condition for the inconel calorimeter comes closest to the
isothermal conditions of the other two studies. Moreover, the smallest nozzle diameter in our experiments (3 mm) yield values for (ds /d) approaching
or even overlapping with the those in [127] and [132]. Consequently, Nusselt numbers obtained with the smallest nozzle diameter of 3 mm using the
inconel calorimeter (filled circles in Figs. 5.29 and 5.30) generally show the
best agreement with both correlations.

5.5.4 Influence of Stand-off Distance
For virtually all jet experiments with H/d = 1.5, the temperature difference
(T0 − Tf ) between nozzle orifice and impingement plate was smaller than
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1 K yielding approximately isothermal conditions. As the nozzle separation
distance H is increased, however, (T0 − Tf ) gradually grows due to heat
losses through the confining, annular wall. This gives rise again to the
question of how to define the reference temperature for the computation
of the thermophysical properties. Whereas Pr is normally evaluated at a
temperature above the stagnation zone’s boundary layer (Tf ), Re is usually
taken at the nozzle outlet (T0 ). Apart from this conflict, there is also
the problem of increasing measurement uncertainties in Tf for increasing
distances H, since the thermocouple has to be moved far out of the nozzle
orifice to record temperatures Tf . Thus, the following measurements with
variable distances H have to be viewed with care.
In the experiments illustrated in Fig. 5.31, the temperature Tf (340 ◦ C)
and the pressure p (250 bar) were kept constant yielding also a constant
Prandtl number Prf . A different mass flow was applied for each nozzle
diameter to additionally obtain approximately constant Reynolds numbers
for all experimental series, thus allowing for a distinct consideration of
the (absolute) stand-off distance H and its influence on Nuf . The same
trends were observed in the data series of the copper calorimeter (a) and
the inconel calorimeter (b):
For nozzle-to-plate spacings up to about 20 mm, Nusselt numbers remain
approximately constant with a weak tendency of growing with increasing
distance H. A surprising result is the fact that the different data series
seem to collapse better, when the Nusselt numbers are plotted against the
absolute distance H instead of the non-dimensional distance H/d. This is
confirmed by Fig. 5.32, where the same data of Fig. 5.31 (b) for the inconel
calorimeter are plotted against the dimensionless stand-off distance H/d.
No satisfying correspondence between the data series can be observed there.
A reasonable explanation for this phenomenon can be found in the nature
of the radially confined jet flow examined here: As previously discussed
in Section 5.2.1, shear forces between the jet and the return flow support
the development of a toroidal recirculation zone (see Fig. 5.2 (c)). This
recirculation cell provides a kind of “pseudo wall”, which prevents the jet
from spreading in radial direction and enables a continuous enlargement
of the jet’s potential core with increasing distance H. This may lead to
heat transfer coefficients in the jet’s stagnation region being virtually insensitive to the ratio H/d, because the length of the jet’s potential core
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Figure 5.31: Dependence of Nusselt numbers on stand-off distance H using
the copper calorimeter (a) and the inconel calorimeter (b) applying approximately constant Reynolds and Prandtl numbers at a constant jet temperature
Tf of 340 ◦ C and a pressure of 250 bar.
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Figure 5.32: Dependence of Nusselt numbers on dimensionless stand-off
distance H/d for the experiments of Fig. 5.31 (b) with the inconel calorimeter.

does not directly depend on d anymore. The Nusselt numbers in the jet’s
stagnation region seem to be rather affected by the general geometry of
the confinement and the lateral heat losses through the confining wall at
larger distances H. However, due to the measurement uncertainties associated with large values of H, the conclusion here shall be restricted to the
observation that Nusselt numbers are virtually unaffected by H within a
broad range (up to about z = 20 mm) of the investigated nozzle-to-plate
distances.

5.5.5 Influence of External Nozzle Diameter
Fig. 5.33 shows the impact of the outer nozzle diameter dext on the heat
transfer coefficient h for three experimental series obtained with the copper
calorimeter and with each series using the same inner nozzle diameter d of
5 mm. The jet’s Reynolds number Ref was varied by varying the jet’s mass
flow ṁ and fixing the jet temperature Tf to 340 ◦ C. The pressure was set
to 250 bar and the dimensionless stand-off distance H/d to 1.5. Nozzle with
external diameters dext of 8.5, 12.5 and 21 mm were used. Smaller external
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nozzle diameters were not possible, because a certain wall thickness of the
nozzle was required and the criterion Tg = Ts for the copper calorimeter
(see Section 5.4) could not be fulfilled anymore with too small diameters
dext .
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Figure 5.33: Heat flux experiments with three different external nozzle diameters dext . The Reynolds number was varied by adapting the jet’s mass
flow ṁ while fixing the temperature Tf to 340 ◦ C. The pressure was 250 bar
and H/d = 1.5.

It becomes obvious from Fig. 5.33 that the external nozzle diameter has no
influence on heat transfer in the investigated range. The data points for
the three nozzles and an identical Reynolds number all lie within the measurement error. Most probably, the external nozzle diameter would affect
the stagnation heat transfer, if dext < ds and hence the recirculation zone
of the jet flow is also felt on the sensor. Unfortunately, the external nozzle
diameter could not be decreased below the sensor’s size due to the reasons
mentioned above. For dext > ds , however, the measurements showed no
dependence of dext on h.

196

5. Supercritical Water Jets – Impingement

5.5.6 Correlation of Experimental Data
The correlation of the experimental heat flux data was accomplished with
reference to the work of Yamagata et al. [138] (see Section 5.2.2) by dividing
the whole data set according to the Eckert number introduced in Eq. 5.11.
However, the Eckert number was slightly adapted to our case, where Tf >
Ts for all experiments:
Ec =

Tpc − Ts
Tf − Ts

(5.34)

All data were divided into the two regimes Ec > 1 (subcritical regime) and
0 ≤ Ec ≤ 1 (supercritical regime). The region Ec < 0 was not investigated here, because surface temperatures Ts did never exceed the pseudocritical temperature Tpc . Only experiments with a nozzle-to-plate spacing
H/d = 1.5 were used in correlating the data. However, the experiments
of Section 5.5.4 above have shown that Nusselt numbers Nuf are constant
over a wide range of stand-off distances. Furthermore, data points too close
to Ec = 1 (|Tf − Tpc | < 4 K) were not considered in the correlation due to
the high measurement uncertainties there. The exponent y for the Prandtl
number in Eq. 5.4 for impinging flow studies in literature lies between 1/3
and 0.4 (see Section 5.2.1). The experimental data of this study clearly
showed a tendency to an exponent scarcely below 1/3. Hence, the parameter y was fixed to 1/3 when correlating the data. All dimensionless numbers
(Nu, Re, Pr) appearing in the empirical correlation (see Eq. 5.4) were computed by using the water’s thermo-physical properties at the temperature
Tf . However, to account for the partly strong variation in the fluid properties between Ts and Tf , the approach introduced in Section 5.2.2 was used:
Correction factors accounting for the change in the individual fluid properties were added to the basic form of the correlation as done in Eq. 5.9.
Doing so, multiple regression of the subcritical data (Ec > 1) yielded the
correlation
1/3

Prf
Nuf = 0.890 · Re0.537
f



ds
d

−0.638 

µf
µs

0.340

(5.35)

The indices f and s refer to the evaluation of the water’s thermo-physical
properties at the temperatures Tf and Ts , respectively. The value of 0.537
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for the Reynolds number exponent lies in between the values found by
Womac et al. [127] and Garimella and Nenaydykh [132]. The geometrical
correction term (ds /d) was found to be absolutely crucial in collapsing the
experimental data of this study. Metzger’s correlation (Eq. 5.6) proposed
a similar correction with Nu ∝ (ds /d)−0.774 for impinging water and oil
jets with ratios (ds /d) between 1.75 and 13.2. The viscosity ratio term
of Eq. 5.35 was found to be the only property correction term required
to correlate the data for Ec > 1. However, the viscosity correction was
particularly important to connect the data of the copper calorimeter (low
Ts ) with those of the inconel calorimeter (high Ts ). The strong dependence
of (µf /µs ) on Nuf is illustrated in Fig. 5.34, wherein Nu′f,cal denotes the
Nusselt number calculated by Eq. 5.35 omitting the viscosity correction
term (setting µf = µs ) and Nuf,exp is the Nusselt number determined
in the experiment. Fig. 5.34 plots the ratio (Nu′f,cal /Nuf,exp ) versus the
viscosity ratio (µf /µs ). The value of 0.340 found for the exponent of the
viscosity correction factor was very close to the value 0.370 found in the
empirical correlation of Metzger et al. [128] given by Eq. 5.6.
For correlating the data in the supercritical region 0 ≤ Ec ≤ 1, Eq. 5.35
was only modified by adding two correction terms:

1/3

Nuf = 0.429 · Ref0.537 Prf



ds
d

−0.638 

µf
µs

0.340 

λf
λs

−1.141 

cp
cp,s

0.614

(5.36)
The high absolute value of the exponent for the thermal conductivity correction term was expected, because all Nusselt numbers were obtained by
multiplying the measured heat transfer coefficient h by the factor λf according to Eq. 5.3. As already pointed out above, this multiplication seems
rather arbitrary in the regime 0 ≤ Ec ≤ 1, because values for the thermal
conductivity in the boundary layer change within a wide range between λs
and λf . Thus, the rather strong correction of this property seems justified
in the supercritical regime. The correction term concerning the specific heat
contains the integrated average cp -value cp (see Eq. 5.10) and the specific
heat cp,s evaluated at Ts . cp,s was found to fit the data better than cp,f ,
since its higher sensitivity to the sensor’s surface temperature Ts helped in
collapsing the data for the two different calorimeters. cp,s was also used for
correlating the data in other cooling heat transfer studies with supercritical
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Figure 5.34: Influence of the viscosity ratio (µf /µs ) on heat transfer expressed by the Nusselt number Nuf . The ratio (Nu′f,cal /Nuf,exp ) on the
ordinate is the ratio between the Nusselt number (Nu′f,cal ) calculated by
Eq. 5.35 without using the viscosity correction term and the Nusselt number
(Nuf,exp ) obtained in the experiment.

fluids, such as in Dang and Hihara [143]. If the supercritical fluid is heated
as in the pipe flow studies of Yamagata et al. [138], cp,f is usually used
in the dominator of the correction factor. The density correction term in
Eq. 5.9 did not improve the data prediction of correlations 5.35 and 5.36
and therefore was omitted.
Fig. 5.35 shows the predicted Nusselt numbers obtained by correlations 5.35
(for Ec > 1) and 5.36 (for 0 ≤ Ec ≤ 1) plotted against the measured values
for all data with H/d = 1.5. The void circles and triangles represent the
data close to Ec = 1, that was not used for setting up the correlation. The
subcritical experimental data with Ec > 1 show an average deviation of
only 3.67% from the predicted values, whereas the average deviation for 0 ≤
Ec ≤ 1 is 7.30%. 96.2% of all experimental data (including also values close
to Ec = 1) lie within 20% of the predicted values. The extent of validity for
correlations 5.35 and 5.36 in terms of experimental conditions was already
defined in Table 5.2 above. It should be borne in mind, however, that only
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Figure 5.35: Comparison of Nusselt numbers predicted by correlations 5.35
(for Ec > 1) and 5.36 (for 0 ≤ Ec ≤ 1) with experimental Nusselt numbers
for all data of this impingement study.
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nozzle separation distances H/d of 1.5 were considered for the correlations.
The dependency of Nuf on H is discussed in Section 5.5.4 above.

6 Supercritical Water Jets –
Rock Interaction
This chapter concludes the experimental part of this work by presenting
a preliminary, hydrothermal spallation experiment on a granitic rock sample. Rather than gathering systematic data on the interaction between
supercritical water jets and rock samples, this preliminary spallation experiment aims at giving an example of how the learnings on supercritical
heat transfer of the previous chapters can be applied to a practical case
of rock drilling. The experiment also reveals the limits of the experimental impingement study of Chapter 5 and hence gives rise to some ideas for
future research projects in this area. This last issue is addressed in the outlook section of this work (Section 8). The present chapter is split into two
parts: Section 6.1 presents the rock experiment mentioned above, whereas
Section 6.2 attempts at modeling heat transfer inside the rock during the
experiment with a simplified, 1D numerical model. The numerical computation incorporates the empirical correlation developed in Chapter 5 to
model the heat transfer to the rock’s surface. The main goals of the work
presented in this chapter can be summarized as follows:
• The experiment with a granitic rock probe shall give a first indication
whether spallation can be induced with pure supercritical water jets
at moderate temperatures below 600 ◦ C.
• The development of the rock’s surface temperature Ts with time before the onset of spallation shall be estimated with a simplified numerical model. This gives some insight into the characteristics of the
hydrothermal spallation drilling process, where heat transfer is very
sensitive on Ts .
• The results of this first attempt of hydrothermal spallation drilling
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shall indicate the possibility and necessity of further research in this
area.

6.1 Experiment
The cross-sectional cut of Fig. 6.1 shows the core part of the experimental
setup, which was placed inside the high-pressure vessel (see Chapter 3): A
rock specimen with the dimensions 32 × 32 × 10 mm was clamped between
the rock support and the confinement block (both made of stainless steel
1.4435) by four screws (not visible in Fig. 6.1). A Calanca granite (Arvigo,
Switzerland) was used for this preliminary test. The test configuration was
basically identical to the experiments of Chapter 5: The jet discharging
nozzle was introduced into a cylindrical confinement by moving the whole
lower block with respect to the fixed, immobile nozzle. The diameter dc
of the confinement was chosen based on Preston’s rule that no more than
about 10% of the total surface area of a mechanically unconfined rock
sample should be heated by the jet (see Section 2.2).
The supporting tube depicted in Fig. 6.1 was connected to the displacement
unit DUB (see Chapter 3), whereas the second displacement unit DUT
was connected to a thin sheath thermocouple (Ø0.5 mm), which could be
vertically moved inside the nozzle. All cooling water streams indicated
in Fig. 6.1 (including CW4) were delivered by the Triplex plunger pump
denoted P1 in the P&ID of Fig. 3.5. An additional electric heater (10 kW,
Elmess, Germany) was added to the existing three heaters in the HW line
to reach jet temperatures close to 600 ◦ C with comparatively high water
mass flows close to 8 g/s. The spallation experiment was divided in two
steps:
1. Preparation step: About two hours were needed to heat up the jet
water (HW) to a final temperature Tf of 567.6 ◦ C. During this heating phase, the nozzle was placed outside the confinement at a distance
H of about 35 mm. At the same time, the confining hole was flushed
with the cooling water stream CW2a flowing toward the hot water
jet. This stream ensured that the rock sample was not affected by
the hot water jet and stayed at low temperatures of about 30 ◦ C. An
additional cooling water stream (CW4) provided convective cooling
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Figure 6.1: Experimental setup for the spallation experiment.

at the bottom side of the rock, whereas the stream CW1 was injected
near the nozzle to cool the upper part of the pressure vessel. The
CW3-line was closed during this initial heating step.
2. Spallation step: In order to induce spallation at the rock’s surface,
the rock support was rapidly moved toward the discharge nozzle to
stop at a small stand-off distance H of 3 mm. Simultaneously, the
cooling stream line CW2a (rock cooling) was fully closed and the line
CW3 opened instead. The initial rock temperature Ti prior to heating was assumed to be 30.3 ◦ C (temperature of cooling water stream
CW2a). The values of all experimental parameters during the spallation step (duration: approximately 5 min) are listed in Table 6.1.
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Parameter

Symbol

Value

Unit

Jet nozzle diameter
External nozzle diameter
Confinement diameter
Plate separation distance
Jet mass flow
Fluid temperature
Initial rock temperature
Pressure

d
dext
dc
H
ṁ
Tf
Ti
p

2
5
8
3
7.11
567.6
30.3
253

mm
mm
mm
mm
g/s
◦
C
◦
C
bar

Reynolds number
Prandtl number

Ref
Prf

136’000
1.02

–
–

Mass flow CW1
Mass flow CW2a
Mass flow CW3
Mass flow CW4
Temperature CW4

ṁcw1
ṁcw2a
ṁcw3
ṁcw4
Tcw4

33.1
0
20.7
25.3
20.6

g/s
g/s
g/s
g/s
◦
C

Table 6.1: Values of experimental parameters during the spallation step of
the experiment.

Fig. 6.2 shows two microscopic photos of the impinged surface of the rock
specimen after the experiment. In spite of the comparatively low jet temperature (below 600 ◦ C) when compared to flame jet experiments in literature (adiabatic flame temperatures above 2700 ◦ C, see Section 2.2), some
impact of the impinging water jet on the rock specimen could be observed:
On the left upper part of picture (a), the deepening in the rock’s surface
indicates the removal of a typical, disk-like spall. The hollow in the rock
is magnified in photo (b) below. The crack on the right part of picture (a)
went through the whole rock probe. Probably, some spalls had been lifted
there as well, before the crack was created. After the creation of such a
long crack across the whole probe, the spallation process comes to an end,
because thermal stresses can be released along this crack in a mechanically
unconfined rock sample. This is a well-known problem when spalling rock
probes of small sizes. However, larger rock specimen could not be used in
this experiments due to the geometrical restrictions of the pressure vessel.
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Figure 6.2: (a) Surface of the granitic rock specimen after the spallation
experiment: The removal of at least one spall as well as a large crack across
the entire rock probe were observed. (b) Magnification of the hollow in the
surface at the position where the spall was removed.
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6.2 Numerical Model
The scientific problem of the heated rock specimen in the spallation experiment described above is basically a time-dependent heat transfer problem
with the initial condition Ti = 30.3 ◦ C in the whole rock. At the time
t = 0, the sample is immediately brought close to the nozzle and the rock
starts being heated up by the convective heat transfer of the impinging supercritical water jet. During rock heating, the rock’s surface temperature
Ts increases, while the fluid temperature Tf remains constant. Since heat
transfer of impinging supercritical water jets is very sensitive on Ts (see
Chapter 5), the heat transfer coefficient h between jet and rock is expected
to vary strongly with time during rock heating. To estimate the development of the quantities q̇ ′′ , h and Ts with time during rock heating, the
empirical correlation developed in Chapter 5 and capturing the dependence
of h on Ts was incorporated in a very simplified, 1D heat transfer model.
Correlation 5.36, however, had to be applied slightly beyond its range of
validity in the numerical calculation.
ρ r , λ r , c p,r
Ti

Supercrical
jet

Cooling water
jet

Tf

TCW4

h(Ts )

h CW4

T
Ts
T(z,t 1 )
T s,cw

z

Figure 6.3: Unsteady, simplified 1D heat transfer model for the estimation of
the development of the quantities q̇ ′′ , h and Ts with time during the spallation
experiment.
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The simplified 1D-model is illustrated in Fig. 6.3 and was implemented
in the modeling software Comsol Multiphysics (Comsol Group, Sweden).
Since the radial heat transfer distribution is not directly captured in the
empirical correlation for supercritical water jets (Eq. 5.36), heat conduction
in the stone was assumed to occur only in one direction (z-direction). Two
convective boundary conditions at either side of the rock (10 mm apart)
were applied:
• The cooled side of the rock was impinged by a jet of the cooling water
stream CW4. The heat transfer coefficient hcw4 on this side was estimated at 11.4 kW/m2 K by applying the correlation of Womac et al.
(Eq. 5.5) and using the values for ṁcw4 and Tcw4 found in Table 6.1.
However, due to the low thermal conductivity of the granitic rock,
this boundary condition did not affect the heated side of the rock
within the time scales of interest.
• The heat transfer on the heated side of the rock was estimated by
the correlation of Eq. 5.36. It was assumed that the whole heated
surface (dc = 8 mm) was uniformly heated by replacing ds by dc
in Eq. 5.36. This is a conservative assumption which underpredicts
the actual surface temperatures Ts at the stagnation point of the
jet. Since Tf and the geometric parameters were constant during
the experiment, h can be thought of as a function of Ts only. h(Ts )
was computed for the operating conditions given in Table 6.1 and
implemented into Comsol Multiphysics via a spreadsheet.
For the rock’s density, a typical value for granite (ρr = 2600 kg/m3 ) reported by Heuze [162] was assumed. For the thermophysical properties, on
the other hand, temperature-dependent formulations for typical granitic
rocks found in [162] (λr ) and [163] (cp,r ) were implemented in the model.
The initial rock temperature Ti was set to 30.3 ◦ C across the whole thickness of the sample.
The time-dependent solution of the simulation is shown in Fig. 6.4 in terms
of the surface heat flux q̇ ′′ (a) and the heat transfer coefficient h (b). Both
quantities are plotted versus time using a logarithmic scale for the time
t. Heat fluxes at the start of the impingement heating are very high at
around 10 MW/m2 to subsequently drop after less than 1 ms. The heat
transfer coefficient h basically shows the same behavior: Between 0 ms and
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1 ms (corresponds to surface temperatures between 0 and about 200 ◦ C)
the empirical correlation 5.36 predicts an increase of h with time t and
hence with surface temperature Ts . In between t = 1 ms and t = 0.1 s
heat transfer coefficients drop, until the surface temperature Ts equals the
pseudo-critical temperature Tpc . This effect of falling values of h with increasing surface temperatures has been thoroughly discussed in Chapter 5.
For Ts > Tpc , correlation 5.36 is strictly not valid anymore. However, heat
transfer coefficient in this region stay approximately constant, since the
thermophysical properties only undergo moderate changes with temperature for T > Tpc .
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Figure 6.4: Development of the surface heat flux q̇ ′′ (a) and the heat transfer
coefficient h (b) with time (logarithmic scale) as calculated by the numerical
model.
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Figure 6.5: Development of the rock’s surface temperature Ts with time
(logarithmic scale) during the spallation experiment as calculated by the numerical model (solid line). The two additional curves for 500 bar and 1000 bar
were also obtained from the numerical model by changing the pressure while
leaving the rest of the boundary conditions unchanged.

The behavior of the heat transfer coefficient with time is also reflected in
the development of the surface temperature Ts shown in Fig. 6.5: After
a heating time of less than 0.1 s, a temperature of nearly 400 ◦ C was already reached on the rock’s surface according to the model. However, the
decrease of the heat transfer coefficient h between t = 1 ms and t = 0.1 s
causes a plateau in the Ts -t-curve of Fig. 6.5 (solid line) that delays the
moment where the surface temperature reaches Tpc = 386 ◦ C. After this
point, the surface heating rate dTs /dt increases again, since the heat transfer coefficient levels off at about 5 kW/m2 K. The plateau in the solid curve
is not observed any more for pressures sufficiently far beyond the critical
pressure. This is also shown in Fig. 6.5, where the two curves denoted
“500 bar” and “1000 bar” represent solutions of the numerical model obtained by adapting the pressure to the corresponding values while leaving
the rest of the boundary conditions unchanged. The higher value for Tpc
at those pressures along with a much smoother development of the water’s specific heat cp with temperature create a development of the surface
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temperature Ts without the plateau observed at 253 bar. Hence, the high
surface temperatures needed for spallation (∆Tspall between 400–550 ◦ C,
see Section 2.2) are reached faster at higher pressures. This is important,
since the heat has less time to diffuse into the rock’s interior and smooth
out the spatial temperature gradients. If the temperature difference Ts − Ti
is active over a too large spatial extent, spallation cannot be induced.
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Figure 6.6: Spatial distribution of temperatures in the upper rock layer
(1 mm) at different times after start of spallation experiment.

Fig. 6.6 shows the diffusion of heat into the upper rock layer (only the
upper 1 mm of the rock is covered in the plot) in terms of the spatial
temperature distribution at different times after the start of the heating.
Since the small hollow created by the ejected spall (see Fig. 6.2 (b)) is
not deeper than 1 mm, the heat is assumed not to have diffused further
than z = 1 mm at the moment of spall creation. This further leads to
the assumption that the spall was most probably created before the time
t = 100 ms (orange curve), where the heat had already penetrated the
rock to distances z > 1 mm. This means that the spall was ejected at
a moment where the surface temperature was less than 400 ◦ C. This is
a rather low temperature for the onset of spallation and obviously only
induced spallation at the weakest part of the rock. The numerical model
predicts a surface temperature Ts in steady state of 547.5 ◦ C, which was
reached toward the end of the experiment. However, the plateau in the
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curve Ts (t) of Fig. 6.5 might have created a delay in the heating process
that allowed the heat to diffuse too far into the rock’s interior, before surface
temperatures needed for a steady spallation operation were reached. These
surface temperatures for continuous spallation are higher than the global
surface temperatures needed for the onset of spallation (see Section 2.2).
One possibility of avoiding the delay in rock heating is visualized in Fig. 6.5:
At sufficiently high pressures, the plateau in the curve disappears. Other,
more straightforward ways of shortening the heat-up times are the use
of higher jet temperatures Tf or higher jet mass flows ṁ. However, this
preliminary experiment demonstrated that the test conditions were quite
close to the conditions required for spallation drilling.

7 Conclusions
This section summarizes the main findings of the three previous Chapters 4–6 and also draws some conclusions about how the knowledge gained
from the experiments can be transferred to the practical application of
hydrothermal spallation drilling. The different topics of the three experimental chapters are treated separately in what follows.

7.1 Entrainment Study
The main goal of this study was to characterize and quantify entrainment
effects of a turbulent supercritical free jet of hot water submerged in a environment of cold supercritical water. This configuration is of particular
interest in hydrothermal spallation drilling, since the entrainment of cold,
aqueous drilling fluid into the hot jet region can seriously impede the spallation process. The characterization of the entrainment in this study was
based on measurements of supercritical jet lengths L and the computation
of liquid-side heat transfer coefficients h between the supercritical jet and
the subcritical water surrounding it. Non-intrusive optical methods were
evaluated for measuring these quantities. In addition to the experiments,
a simplified theoretical model was used to describe the physics of the entrainment phenomena found in the experiments. The model was set up in
analogy to studies on condensing steam jets at ambient pressures found in
literature. The results can be summarized as follows:
Development of Experimental Methods
• Two standard optical schlieren techniques were evaluated to obtain
the supercritical jet’s contour: direct shadowgraphy and backgroundoriented schlieren (BOS). However, both methods proved far too sensitive for the high spatial gradients of the refractive index field in the
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near-critical zone of the jet, where temperatures are close to Tpc . The
resulting deviation angles of individual light rays were too large to
get analyzable images with these techniques.
• A more “robust” optical method than the traditional schlieren techniques was developed for the supercritical water jets under investigation. This technique was termed “FGOS” (frosted glass oriented
schlieren), since it is based on the characteristic scattering pattern of a
frosted glass when illuminated by parallel light from one side. FGOS
was able to track the light rays that suffered maximum deflection at
the supercritical jet’s boundary. This allowed for the extraction of
the jet’s contour from the acquired images.
• The FGOS method was successfully validated experimentally (by
thermocouple measurements) and numerically (by applying computational fluid dynamics and subsequent ray tracing). A rough error estimation for the penetration lengths of the supercritical jets obtained
by FGOS was also performed and showed small average measurement
errors of 3.71% for the quantity L.
• FGOS can easily be applied to supercritical jets with temperatures
higher than those investigated in this study (this study: 500 ◦ C).
There are, however, some limitations to using the method for higher
pressures (this study: 223 bar): As the operating pressure increases
and moves away from the critical pressure pc , the density gradients
dρ/dT for water across the pseudo-critical point are smoothed out,
which makes it more difficult to optically detect the jet’s iso-line of
the pseudo-critical temperature.
• Whereas FGOS yields the supercritical jet’s contour, the gradient index field and hence the temperature field cannot be extracted as in
BOS. This is, because each pixel of a FGOS image only contains information about the total deflection angle ǫ, which cannot be further
split into vector components.
Scientific Findings of Experiments
• Non-dimensional supercritical water jet lengths L/d were found to
have a value of about 1 for almost all experimental conditions applied.
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Only for jet nozzle exit temperatures close to the pseudo-critical point
of water, the values for L/d were higher. Thus, in contrast to condensing steam jets at ambient pressure, supercritical jets cannot be
elongated by increasing the jet’s mass flow or nozzle exit temperature,
because the jet’s surplus energy flux at the nozzle exit is lost straightaway to the subcritical environment due to the enhanced entrainment
of cool water.
• The behavior found in the experiments could be satisfactorily described by a semi-empirical entrainment model originally developed
for steam condensation. The model was used to correlate the experimental data and yielded a realistic value for the entrainment constant
E0 .
• The heat transfer of the supercritical jets investigated here seems not
to be limited by the sharp peak of the water’s heat capacity at Tpc .
Such limitations are known from steam jet studies, where the high
latent heat of condensation has to be transported away on the liquid
side leading to penetration lengths much longer than those found in
this study.
• The interfacial surface area of the supercritical jets (if assuming a
smooth surface) could be best approximated with the assumption of
an ellipsoidal shape. However, in the determination of heat transfer coefficients, the surface area was directly extracted from FGOS
images.
• The numerical values of liquid-side heat transfer coefficients h between the supercritical jet and the subcritical water ranged from 0.1
to 5 MW/m2 K. The highest values for h were reached with the smallest nozzle diameter (1 mm) and the highest temperatures and mass
flows.
Significance for Hydrothermal Spallation Drilling
• The entrainment study strongly confirmed that entrainment of cold,
aqueous drilling fluid by a hot water jet is a major challenge in hydrothermal spallation drilling, even more than previously assumed.
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The size of the supercritical jet cannot be enlarged by adapting the
operating conditions, such as the jet’s temperature and mass flow.
• In the hydrothermal spallation drilling process, the injection of the
drilling fluid should be spaced apart from the rock impingement zone
at the bottom of the hole. This, however, might cause some problems
in removing the rock cuttings from the zone where they were created.
A possible solution was shown in Fig. 2.12, where the combustion
chamber is regularly flushed with cool drilling fluid. This measure
not only helps removing the spalls, but also improves the spallation
process by providing an alternating heating and cooling of the rock.

7.2 Impingement Study
The experimental setup of the impingement study came close to the application of hydrothermal spallation drilling: Turbulent axisymmetric jets
of near- and supercritical water confined by an annular wall and impinging on a flat surface were under investigation. The cooling water injection
was spatially separated from the jet’s impingement zone and did hence not
affect the jet flow. The study was aimed at characterizing the impinging
heat transfer between the water jet and the impingement plate in terms of
stagnation point Nusselt numbers. Special attention was drawn to characteristic heat transfer phenomena of supercritical fluids. However, since
no commercial heat flux transducers were readily available for the harsh
operating conditions of the study, experimental methods to measure the
desired heat transfer quantities had to be developed first.
Development of Experimental Methods
• Water-cooled sensors based on the calorimetric measurement principle and appropriate experimental procedures were developed to measure the quantities q̇ ′′ , Ts and Tf needed for the computation of h
and Nu. Calorimetric sensors were preferred over other sensor types
due to the following reasons:
– The direction of heat transfer (from hot jet to cold impingement
plate) is the same as in hydrothermal spallation drilling.
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– No calibration and hence extrapolation of calibration data is
needed.
– A broad range of surface temperatures could be achieved by
adapting the material of the calorimeter.
• Two different sensor types based on the materials CuCrZr and inconel
625 were developed to cover a broad range of surface temperatures
Ts . This is particularly important for the supercritical water jets,
where heat transfer is strongly affected by Ts .
• An extensive error analysis of both sensors yielded an average, asymmetric uncertainty in the quantity h of [-10.20%, +8.38%] for the pure
CuCrZr element and [-16.42%, +16.68%] for the inconel element.
Scientific Findings of Experiments
Two separate empirical correlations for the subcritical (Tf > Tpc ) and the
supercritical regime (Tf ≥ Tpc with Ts < Tpc ) were developed by fitting the
experimental data obtained with both calorimeters (copper and inconel).
The main scientific findings of this impingement study can be summarized
as follows:
• Heat transfer coefficients measured in the subcritical region were in
good agreement with two selected empirical correlations from literature.
• The dependency of Prandtl and Reynolds numbers on the Nusselt
number found in all experiments are confirmed by various impinging
jet studies in literature.
• The correction terms accounting for the variation of individual thermophysical water properties had to be added to both correlations
(sub- and supercritical regime). Especially in the supercritical regime,
where properties strongly vary within the thin boundary layer above
the impingement plate, this correction is indispensable. The correlations for the Nusselt numbers were corrected by following factors:
– Subcritical regime: Only the factor (µf /µs ) was used. The variation of viscosity across the boundary clearly had the strongest
influence on heat transfer.
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– Supercritical regime: The factors (µf /µs ), (λf /λs ) and (cp /cp,s )
were added. Especially the correction factor for the thermal
conductivity λ was important, since the thermal conductivity in
the definition of the Nusselt number was evaluated at Tf .
• Experiments in both regimes showed a strong dependence on the
sensor-to-nozzle ratio (ds /d), which has also been reported in studies
on impinging liquid jets in literature.
• All experiments showed a remarkable increase of h, when temperatures Tf approached the pseudo-critical temperature Tpc . This enhancement in heat transfer is directly coupled to the peak of the
water’s specific heat at Tpc .
• The use of two different calorimeters clearly revealed the influence
of Ts (and hence of q̇ ′′ ) on heat transfer coefficients for supercritical
jet temperatures: At lower surface temperatures (and higher heat
fluxes), the peak values of h around Tpc are shifted toward higher
temperatures, whereas the absolute values decrease. Moreover, the
values for h fall more slowly with increasing Tf at low surface temperatures Ts . These trends are all qualitatively confirmed by other
researches investigating cooling heat transfer of supercritical carbon
dioxide in tubes.
• In the experiments with the copper calorimeter (low surface temperatures), very high values of h could be maintained even at temperatures
Tf far beyond Tpc , since the values of λ in the wall-near region were
still high due to the low surface temperatures.
• Nusselt numbers were nearly independent of the stand-off distance H
for small values of H.
• Nusselt numbers did not correlate with the dimensionless stand-off
distance H/d, because the extended potential core lengths of radially
confined jets do not depend directly on d as in the case of unconfined
jets.
• The external nozzle diameter dext had no influence on heat transfer,
as long as dext was larger than the sensor’s diameter ds .
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Significance for Hydrothermal Spallation Drilling
• The hydrothermal spallation drilling process can generally benefit
from high heat transfer coefficients.
• The correlation developed for the supercritical regime can be used
to estimate the stagnation point heat transfer of single supercritical
water jets in hydrothermal spallation drilling.
• Knowledge about the dependency of h on Ts is important in the
understanding of the spallation process, since surface temperatures
of the rock continuously vary with time during the spallation process
(see next section).

7.3 Rock Interaction
This final part included a preliminary hydrothermal spallation test with an
impinged rock probe and the development of a simplified numerical model
to describe the thermodynamics of the spallation experiment. The primary
goal of the spallation test was to answer the question whether spallation
can already be induced with pure water jets at moderate temperatures
below 600 ◦ C. Inspection of the rock probe after the spallation test showed
that:
• The jet temperature of 567.6 ◦ C was enough to create at least one
disk-like spall in the millimeter range and a large crack throughout
the whole probe.
• A mechanically unconfined probe as the one used in the experiment
cannot be spalled anymore, as soon as a crack along the whole specimen is created. After crack creation, thermal stresses required for
spallation cannot be built up anymore, but are released along the
crack.
• Even though no continuous spallation operation could be achieved in
the experiment, inspection of the rock probe indicated that the conditions of the experiment were very close to those needed for spallation
drilling.
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For the numerical heat transfer model, the boundary conditions of the
spallation experiment were taken to estimate the time-dependent behavior
of the quantities q̇ ′′ , h and Ts before the creation of the spall. On the
heated side of the rock, correlation 5.36 for supercritical water jets was
implemented to model the convective heat transfer. The model showed
that:
• Correlations as the one given by Eq. 5.36 have an important role in the
understanding of the time-dependent character of the hydrothermal
spallation process, because they include the dependency of h on the
surface temperature Ts .
• The estimated heat fluxes in the initial heating phase were high
(about 10 MW/m2 ) and surface temperatures Ts therefore increased
rapidly within a heating time of about 1 ms.
• For the conditions of the experiment, the correlation predicts a remarkable decrease of h with increasing Ts within the range 233 ◦ C ≤
Ts ≤ Tpc . In the experiment, this reduction in the impinging heat
transfer led to a slowing down of the heating process, until the pseudocritical temperature Tpc was finally reached. This “heating delay”
allowed the heat to diffuse further into the rock’s interior and therefore smoothed out spatial temperature gradients inside the material
impeding the spallation process.
• The heating of the rock’s surface is considerably improved at higher
pressures far beyond the critical pressure of water (220.6 bar). The
smooth development of the water’s cp with temperature at higher
pressures helps diminishing the heating delay observed at lower pressures.

8 Outlook
As pointed out in Chapter 2, the process of hydrothermal spallation drilling
includes quite a number of typical engineering disciplines such as fluid
dynamics, thermodynamics, combustion technology and rock mechanics.
Thus, in the development of this new drilling technology, research activities have to cover a variety of scientific problems. The present work focused on the characterization of the fluid and thermodynamics of pure
supercritical water jets and dealt with the problem of finding appropriate
measurement methods applicable to the harsh experimental environment.
However, other three projects are currently on-going in our laboratory to
accelerate the speed of development of the hydrothermal spallation technology. Whereas a “hydrothermal spallation pilot facility” (HSPF) for high
pressures has already been built based on the design of the high-pressure
plant introduced in Chapter 3, a further facility for rock spallation at ambient pressures (ASF, ambient spallation facility) is under construction.
The HSPF features a scale-up factor of about 10 when compared to the
high-pressure plant used in this work and was specially designed to introduce cylindrical rock probes of about 100 mm in diameter. Apart from the
experimental projects on these facilities, a third project focuses on the numerical modeling of supercritical, impinging flows. The following outlook
on suggested future research work contains some topics that have been already considered in on-going research projects. It appeared convenient to
divide this outlook section in four different research topics:
Heat Transfer of Pure Supercritical Water Jets
The suggestions on future work made here can be seen as follow-on projects
of this work and cover impingement experiments with pure supercritical
water jets:
• An impingement study in the supercritical regime with Ec < 0 (Ts ≥
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Tpc ) is still to be conducted, since rock temperatures in hydrothermal
spallation drilling are above Tpc slightly before spall creation. However, it is strongly suggested not performing these experiments with
a calorimetric device, since the thermal resistance needed to achieve
such high surface temperatures would also induce large measurement
errors (see Section 5.4). A sensor based on the thermoelectric Seebeck
effect (see Section 5.2.3) appears more appropriate for this task.
• The impact of (ds /d) and (dext /d) on Nu has been investigated in this
work. The examination of the influence of geometrical parameters,
however, should be extended to the confinement diameter dc .
• In this work, average stagnation point heat transfer coefficients have
been determined, whereas the radial distribution of the heat transfer
coefficients was only considered by the factor (ds /d). To be capable
of extending the time-dependent 1D-model of Chapter 6 to a 2Dmodel including the radial component of the rock’s temperature field
(T = f (r, z, t)), the radial distribution of the heat transfer coefficient
h(r) has to be known. A possible experimental solution yielding
h(r) is the design of a small sensor device which can be laterally
moved with respect to the nozzle and the confining wall. However,
the construction of such a small sensor device as well as the realization
of the lateral sensor movement within a high pressure vessel is a rather
challenging engineering task.
Heat Transfer of Hydrothermal Flame Jets
The water for hydrothermal spallation is heated up by hydrothermal flames
instead of electric heaters in a practical realization of the process. Using
hydrothermal flames as the heating source, however, results in the presence
of combustion products other than water (mainly CO2 ) as well as unburnt
fuel and oxygen in the supercritical impinging water jet. The higher the desired power of the impinging jet, the higher the content of these additional
species in the jet and the more the heat transfer characteristics of the impinging jet deviate from those found for pure supercritical water jets. The
pilot facility (HSPF) mentioned above offers the opportunity of quantifying the effect of additional (gas-like) components on heat transfer for high
jet temperatures (up to 1200 ◦ C and above) in the supercritical regimes
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0 ≤ Ec ≤ 1 and Ec < 0. Since the copper material of the calorimeters used
in this work cannot withstand such high temperatures, other sensor types
are currently under development in our laboratory.
Rock Experiments
Experiments with rock samples are currently being planned on both new
plants, the HSPF and ASF. Since rock experiments on the high-pressure
pilot facility (HSPF) are very time-consuming and expensive, different
granitic rock types will first be characterized on the ambient spallation facility (ASF), where drilling experiments can be performed faster and cheaper
at ambient pressures. The on-going project on the ASF involves binary
experiments with an impingement plate incorporating a heat flux transducer and rock probes in order to find the surface temperatures and heat
fluxes needed to induce spallation on different rock types. Furthermore,
also the influence of the radial heat transfer distribution on the diameter
of the drilled hole shall be examined. Once the different rock types are
characterized, the gained knowledge has to be transferred to the HSPF to
prove the feasibility of hydrothermal spallation drilling. In a next step, a
system to determine drilling velocities in the HSPF shall be engineered to
measure drilling velocities under a variety of operating conditions.
Computational Fluid Dynamics (CFD)
The task of modeling the impinging flow of supercritical jets in hydrothermal spallation drilling is a rather challenging one, because the flow involves
strong variations of thermophysical properties across the jet’s boundary
layer in the stagnation region. Some numerical studies on supercritical water jets executed in our laboratory have already shown the importance of
carefully validating the numerical calculations with experiments. Hence,
the work presented here is currently being used as a first experimental basis to validate numerical simulations performed with the commercial CFDtool Fluent (Ansys Inc., USA). The main, but still distant goal of this
on-going numerical project is the development of an engineering tool for
hydrothermal spallation drilling, where the radial distribution of the heat
transfer coefficient (h(r)) on the rock’s surface can be computed based on
the operating conditions of a spallation drilling head featuring a single or
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multi-nozzle system.
The achievement of the above mentioned objectives will still take a couple
of years of intensive scientific work. Once the feasibility of hydrothermal
spallation drilling has been shown and the substantially higher drilling velocities of this process with respect to conventional methods have been
demonstrated in granitic rocks, there are still plenty of other, more practical problems to solve. However, once the technology has been brought
to this stage of development, the subsequent field-implementation of hydrothermal spallation drilling cannot be realized anymore without the help
of an industrial company specialized on drilling operations.
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