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Abstract:
In the project WAVE.O.R the potential of acoustic waves to enhance oil recovery was 
reviewed. The project focused on laboratory experiments of the oil displacement in 
sandstone cores under acoustic stimulation. Additionally, the Seismic Prediction 
While Drilling (SPWD) borehole device prototype was set up for a feasibility field test. 
The laboratory experiments showed that, depending on the stimulation frequency, 
acoustic stimulation allows for an enhanced oil recovery. For single frequency stimu
lation a mean increase of 3 % pore volumes was observed at distinguished frequen
cies. A cyclic stimulation, where two of these frequencies were combined, an in
crease of 5% pore volume was observed.
The SPWD borehole device was tested and adjusted during feasibility tests in the 
GFZ underground laboratory in the research and education mine “Reiche Zeche” of 
the TU Bergakademie Freiberg and in the GFZ KTB-Deep Laboratory in W indisch- 
eschenbach. The first successful test of the device under realistic conditions was 
performed at the test site „Piana di Toppo“ of the OGS Trieste, Italy.
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Kurzfassung:
Im Projekt WAVE.O.R wurde das Potential der akustischen Wellenstimulation als 
Methode der verbesserten Erdölförderung untersucht. Im Projekt wurden hierfür 
Laborexperimente zum Einfluss akustischer Wellen auf den Wasser-Öl 
Verdrängungsprozess durchgeführt. Parallel wurde die neu entwickelte SPWD 
Sonde für einen Feldtest vorbereitet und angepasst.
Die Laborexperimente zeigen, dass abhängig von der Anregungsfrequenz die 
Erdölproduktion verbessert werden kann. Bei Einzelfrequenzstimulation konnte für 
ausgewählte Frequenzen eine durchschnittliche Erhöhung des Entölungsgrades um 
3 % des Porenvolumens beobachtet werden. Bei zyklischer Anwendung zweier 
dieser Frequenzen konnte eine gesteigerte Produktion von 5 % des Porenvolumens 
beobachtet werden.
Die SPWD-Bohrlochsonde wurde in mehreren Schritten getestet und auf die 
Bedingungen in einem realen Erdölfeld vorbereitet. Hierfür standen das GFZ- 
Untertage-Labor im Forschungs- und Lehrbergwerk der TU Bergakademie Freiberg 
„Reiche Zeche“ und das KTB GFZ-Tiefenlabor in Windischeschenbach zur 
Verfügung. Die Einsatzfähigkeit der Sonde unter Realbedingungen wurde 
abschließend auf der Testsite „Piana di Toppo“ der OGS Triest, Italien 
nachgewiesen.
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Summary
DGMK Project 751 “WAVE.O.R.” aimed to investigate the potential of acoustic waves for 
enhanced oil recovery. The project comprised laboratory experiments on core samples as well as 
reservoir-scale borehole experiments with the newly developed SPWD (Seismic Prediction While 
drilling) wireline prototype.
Two flooding cells were constructed and manufactured to conduct the laboratory experiments with 
confining pressures up to 100 bar. To generate and measure the sound waves for the stimulation 
of the core sample two powerful magnetostrictive vibrators and piezo accelerometers can be 
mounted on both end pieces of the flooding cells. For the laboratory experiments two dead crude 
oils from German reservoirs (Oil 1 and 2) as well as a synthetic oil (Oil 3), each with a distinct 
viscous, thixotropic and viscoelastic properties, were used. A 5 % (wt.) brine with 83 % NaCI and 
17 % CaCb was used. The petrophysical properties (porosity and absolute permeability) of the 
core samples (Bentheimer sandstone) were determined using the flow apparatus. The accessible 
porosity of the core samples is in the range of 20 % to 23 %. The experimental displacement 
procedure was established for each sample as follows.
1. The core sample was placed in the core holder with a rubber sleeve around it. A confining 

pressure was applied. The core sample was evacuated using a vacuum pump and was 
saturated with a 5 % (wt.) brine. The pore volume was measured and porosity was calculated. 
The core permeability was calculated at constant injection flow rate by recording the pressure 
drop between the inlet and outlet sides using Darcy’s equation.

2. The core samples were flooded with crude oil and displaced with brine at constant flow rate 
until the residual oil saturation was reached. Continuous recording of the pressure drop to 
determine the relative permeability was performed. This group of experiments represents 
water flooding without applying sound waves as and acts as reference for the acoustic wave 
stimulation experiments.

3. Wave stimulation while water flooding was realised with a sound wave generator with special 
design at the residual oil saturation to mobilize additional oil.

4. Other dynamic displacement tests on core samples were conducted at the original oil in place 
(OOIP) to investigate an acoustic wave stimulation effect under initial reservoir saturations and 
to evaluate the relative oil/water permeabilities. The results of were compared with those from 
step 3.

5. Core flooding was performed horizontally and vertically.
6. Elastic waves were generated at different frequencies.
In total 18 experiments with three oil types were conducted to generate a sufficient data base for 
comparison with the following flooding experiments with acoustic stimulation. At similar initial oil 
saturation values, the water breakthrough point (WBTP) was first reached with Oil 2, followed by 
Oil 1 and last Oil 3. The highest oil recovery was achieved with Oil 2 after prolonged flooding with 
brine.
In total 39 flooding experiments with acoustic stimulation were carried out. 18 stimulation 
experiments started at ROIP (Residual Oil in Place), further 18 started at OOIP (Original Oil in 
Place) and three after the water breakthrough point (WBTP) was reached. Experiments with 
stimulation at ROIP indicate an instant mobilization of additional oil, whereas experiments 
stimulated at OOIP show an influence of the stimulation on the relative permeabilities of the fluids. 
Thus, the latter conditions represent the situation of younger reservoirs under stimulation.
The first stimulation experiments were carried out with broad band signals over the whole 
frequency range. The observed small amount of up to 1 % pore volume (PV) of additionally 
mobilised oil could not be connected to explicit frequencies. Afterwards, the probe oscillation was 
measured by attached sensors and single frequency stimulation was analysed. Peak oscillations 
were observed at about 100 Hz, 200 Hz and 1850 Hz. These frequencies were applied during 
later stimulation experiments. In this way, the oil recovery of Oil 1 could be enhanced by up to
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3 % ROIP. Further long term stimulation experiments with stepwise increasing amplitudes and 
with a frequency of 1850 Hz revealed a maximum increase of the oil recovery of 1 % PV at a 
moderate oscillation amplitude of 4 to 8 * 10-4 m/s2 (40 to 80 pg). Further stimulation experiments 
with different alignments of the flooding cell showed only a small influence on the permeability for 
water and oil. In contrast, stimulation tests with alternating frequencies of 100 Hz and 1850 Hz 
significantly increased the relative water permeability.
In order to reduce the variance of the single experiments concerning the WBTP and the oil 
recovery a Monte Carlo-based correction of these production parameters was developed which 
reduced the variances significantly. The analysis of the data showed, that stimulation at 100 Hz 
improved the oil recovery and stimulation at 1850 Hz in addition the WBTP. The highest combined 
oil recovery of all experiments, increasing the oil recovery by 5 % PV, was observed when starting 
the stimulation at 1850 Hz right before the WBTP and later switching to 100 Hz.
In addition to the flooding tests, imbibition experiments were conducted to study the spontaneous 
imbibition of Oil 3 from a saturated sample to a surrounding brine phase. The imbibition effect is 
caused by two forces: (i) a drag force caused by the density differences between brine and oil as 
well as (ii) a capillary force within the sample pores. A set of five samples were prepared and put 
into an imbibition vessel. An increase in the oil recovery of 5 % PV at 1850 Hz, 4 % PV at 200 Hz 
and 3.5 % at 100 Hz was reached during the imbibition experiments. The intermixture of a 
surfactant (Triton 100) increased the oil production by another 3 to 5 % PV. Additional acoustic 
stimulation afterwards further increased the oil recovery by about 3 % PV. This indicates positive 
feedback mechanisms between surfactant flooding and acoustic stimulation.
Alongside the laboratory measurements, experiments with the SPWD-wireline prototype were 
carried out in the boreholes of the GFZ-Underground-Lab in the Research and Education Mine 
“Reiche Zeche” of the Technical University of Freiberg as well as in GFZ Deep Crustal Lab KTB 
(Kontinentale TiefBohrung) in Windischeschenbach. The SPWD-wireline prototype was 
developed for the acoustic exploration of the borehole surroundings up to a depth of 2000 m. Its 
seismic source consists of four individually controlled magnetostrictive actuators. In this way, the 
acoustic waves can be amplified in predefined directions by constructive interference.
The aims of the KTB test measurements were to proof (i) the pressure-tightness and (ii) the 
functionality of the hydraulic system components for coupling up to a depth of 2000 m. For online 
monitoring the prototype was equipped with four cameras close to the coupling stamps of the 
sources and moisture sensors were distributed in all tool sections. Overall the SPWD-wireline 
prototype operated about 90 hours in the KTB main hole. During this period the SPWD-wireline 
prototype coupling stamps were successfully moved 150 times in the borehole in up to 2000 m 
depth. No penetration of fluids into the prototype was observed at all.
The acoustic surveys with the SPWD-wireline prototype conducted in the vertical borehole of the 
GFZ-Underground-Lab aimed to validate improvements in the signal generation and registration, 
particularly regarding the capability to enhance the acoustic wave energy in predefined directions. 
In total, three surveys were conducted. The first survey was focused on the functionality of the 
electronic unit to generate and record the acoustic waves as well as aimed to transmit data to the 
surface station. Several linear sweeps with frequencies of 300 Hz to 3000 Hz and sweep lengths 
of 3 s, 6 s and 12 s were excited during the first survey. The second survey aimed to proof the 
software to control the signals of the vibrator sources. Three different amplification directions were 
tested during this measurement: (i) along the vertical borehole axis, (ii) orientated in up- and 
downward direction as well as (iii) perpendicular to the borehole axis. The measurement resulted 
in a sufficient quality of the signal phases of all vibrators but insufficient quality of the signal 
amplitudes. The reason was a wrong pilot signal. The third measurement therefore aimed for a 
check of the control software regarding its capability to ensure equal amplitudes of all vibrator 
signals for all frequencies applied. Beside this check the temperature profile within the electronic 
unit was measured by two implemented sensors. This aims to estimate the temperature 
development during long term stimulation. A maximum value of 41 °C was observed after three
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consecutive measurement days.
A program was developed to analyse the emitted wave field radiation patterns for compressional 
and shear waves which includes spatial variant velocities and attenuation values. The analyses 
of data measured with the SPWD-laboratory in a horizontal well revealed only minor changes 
between the radiation patterns calculated with a spatial variant model and a model with constant 
average values for the acoustic attenuation and velocity. Further analysis showed an increasing 
influence of the attenuation for higher signal frequencies and therefore on the radiation pattern. 
All test measurements showed a dominant radiation of shear waves by the SPWD-wireline 
prototype of up to 90 % of the total energy.
Afield stimulation experiment with the SPWD-wireline prototype, as originally planned, was not 
carried out due to technical reasons. Nevertheless, to validate the applicability of the SPWD- 
wireline prototype within a sedimentary environment, in particular regarding the frequency- 
dependent transmission range, amplitude test measurements were conducted in three boreholes 
of the test site “Piana di Toppo” (PITOP) operated by the OGS Trieste. An orientation module was 
developed in cooperation with TU Braunschweig in order to measure the tool azimuth. The 
module consists of a fibre-optical gyrocompass and two inclinometers. For the first time this 
module was applied during the measurements in PITOP for online observation of the azimuth 
angle of the SWPD-wireline prototype. Almost no tool rotation was measured in the dry part of 
the borehole up to a depth of 90 m. After arrival at the water table at 95 m depth the SPWD- 
wireline prototype immediately started to rotate rapidly.
The acoustic wave transmission tests were conducted with mono-frequency sweep signals 
between 120 Hz and 1920 Hz. All signal frequencies were successfully transmitted over a minimal 
distance of 50 m within the fluid-filled conglomerates of the test location. The recorded 
acceleration amplitudes range between a minimum value of 29 * 10'5 m/s2 (29 pg) for 120 Hz 
sweeps and a maximum value of 12180 * 10'5 m/s2 (12180 pg) for 1420 Hz sweeps. The signal 
transmission quality of the SPWD-wireline prototype was significantly reduced for excitations in 
the dry part of the well at a distance to the receiver of 155 m. Only the lowest signal frequencies 
of 120 Hz and 220 Hz were transmitted to the receiver with amplitudes of 14.4 10'5 m/s2 (14.4 pg) 
and 77.9 10'5 m/s2 (77.9 pg), respectively. Hence, the signal amplitudes generated by the SPWD- 
wireline prototype during the field test at PITOP definitely lie in the same range as necessary in 
order to enhance the oil recovery by acoustic stimulation observed in the laboratory.
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Zusammenfassung
Im Projekt WAVE.O.R. sollte das Potential von Schallwellen als zusätzliche EOR-Maßnahme in 
Laborexperimenten an Bohrkernmaterial und in einem Feldexperiment unter Einsatz des neu 
entwickelten akustischen SPWD-Bohrlochmesssystems (SPWD- Seismic Prediction While 
Drilling) auf der Reservoirskala untersucht werden.
Zur Durchführung der Labormessungen wurden zwei Flutzellen konstruiert und gebaut, mit denen 
Experimente bis zu Drücken von 100 bar realisiert werden können. Zur Erzeugung der 
akustischen Schwingungen für die Stimulation der Proben wurden an beiden Endstücken der 
Flutzelle leistungsstarke magnetostriktive Vibratoren angebracht. Die Laborexperimente wurden 
mit zwei Rohölen aus deutschen Lagerstatten (öl 1 und 2) sowie einem synthetischen ö l (Öl 3) 
durchgeführt, die sich hinsichtlich ihrer Viskosität, Thixotropie und Viskoelastizität unterscheiden. 
Als Salzlösung wurde eine 5 % (m/m) Lösung mit 83 % NaCI und 17 % CaCh verwendet. Die 
Versuche wurden mit Bentheimer Sandstein mit effektiven Porositäten von 20 % bis 23 % 
durchgeführt. Ein Zusammenhang zwischen Porosität und Permeabilität konnte bei den 
Gesteinsproben nicht nachgewiesen werden.
Die Durchströmungsversuche mit der Salzlösung wurden zunächst an mit ö l und Haftwasser 
gesättigten Gesteinsproben ohne zusätzliche Stimulation durchgeführt. Dabei wurde ein Teil des 
Öls durch die Salzlösung ersetzt. Zur Messung dieses Teils wurde der Volumenstrom konstant 
gehalten und die dazu notwendige Druckdifferenz an der Probe gemessen. Um eine 
ausreichende Datenbasis für die nachfolgenden akustischen Stimulationsversuche zu ermitteln, 
wurden insgesamt 18 Experimente mit den drei Ölen durchgeführt. Bei fast gleicher 
Anfangssättigung wurde der Wasserdurchbruchspunkt zuerst bei Öl 2, gefolgt von ö l 1 und 
zuletzt bei dem synthetischen Öl 3 beobachtet. Die höchste Öl-Rückgewinnungsrate wurde bei 
ö l 2 nach einer längeren Injektionszeit mit der Salzlösung erzielt.
Mit akustischer Stimulation wurden insgesamt 39 Durchströmungsversuche durchgeführt. 18 
davon wurden bei Restöl-Gehalt (ROIP -  Residual Oil in Place) gestartet und 18 bei ursprünglich 
vorhandenem ö l (OOIP -  Original Oil in Place) sowie drei nach Erreichen des Wasser
Durchbruchpunktes (WBTP- Water Breakthrough Point). Die Experimente bei Restöl-Gehalt 
ermöglichen direkt Aussagen zum zusätzlich durch die Stimulation mobilisierten Öl-Anteil 
entsprechend der Situation bei erschöpften Reservoiren, wohingegen die Experimente bei 
ursprünglich vorhandenem ö l Rückschlüsse auf den Einfluss der Stimulation auf die relative 
Permeabilität der Porenfluide erlaubt. Letzteres entspricht der Situation bei neuerschlossenen 
Reservoiren.
Die ersten Stimulationsversuche mit breitbandigen Signalen überden gesamten Frequenzbereich 
mobilisierten nur einen geringen Anteil des Öls (bis zu 1 % PV des injizierten Volumens). 
Anschließend wurde das Schwingungsverhalten der Proben mittels angekoppelter Sensoren für 
einzelne Anregungsfrequenzen analysiert. Dabei wurden verstärkte Schwingungssignale bei 100 
Hz, 200 Hz und 1850 Hz beobachtet. Mit diesen Frequenzen wurden die weiteren 
Stimulationsversuche durchgeführt. Für das ö l 1 konnte dabei eine Erhöhung bis zu 3 % PV 
gegenüber dem Restöl-Gehalt (ROIP) erzielt werden. Weitere Langzeitstimulationsversuche mit 
stufenweiser ansteigender Schwingungsamplitude bei einer Frequenz von 1850 Hz zeigten eine 
maximale Erhöhung der Restölförderung von bis zu 1 % PV bei einem mittleren 
Amplitudenniveau von 4 bis 8 * 10^ m/s2 ( 40 bis 80 pg). Strömungstests mit unterschiedlicher 
Neigung der Flutzelle hatten nur einen geringen Einfluss auf die relative Permeabilität des Öls 
und damit die Erhöhung des Entölungsgrades. Der Einsatz eines frequenzalternierenden Signals 
zwischen 100 Hz und 1850 Hz führte zu einer deutlichen Erhöhung der relativen Permeabilität 
des Porenwassers.
Um die große Varianz der Resultate der Experimente hinsichtlich des Entölungsgrades und des 
Wasserdurchbruchpunktes zu reduzieren, wurde eine Monte Carlo-basierte Korrektur der 
Produktionsparameter eingesetzt, die zu einer deutlichen Verringerung der Streuung der 
Ergebnisse führte. Die Analyse der Daten zeigte, dass eine Stimulation mit einer Frequenz von
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100 Hz den Entölungsgrad erhöht und eine Stimulation mit 1850 Hz zusätzlich auch den 
Wasserdurchbruchpunkt verbessert. Die größte Steigerung der Entölung mittels akustischer 
Stimulation von 5 % PV konnte beginnend mit Schwingungen von 1850 Hz kurz vor dem 
Wasserdurchbruchspunkt und einer nachfolgenden Stimulation mit 100 Hz erreicht werden.
Zusätzlich zu den Durchströmungstests wurden Imbibitionstests durchgeführt, die das Imbibieren 
des Öls einer saturierten Probe durch die umgebende Salzlösung zum Ziel hatten. Verursacht 
wird das Imbibieren des Öls durch die Dichtedifferenz zwischen der Salzlösung und der 
gesättigten Gesteinsprobe und den Kapillarkraften. Fünf Proben wurden jeweils für die Tests in 
einem Glaskolbengefäß präpariert. Mit einer Anregungsfrequenz von 1850 Hz konnte dabei die 
Entölung um 5 % PV, bei 200 Hz um 4 % PV und bei 100 Hz um 3,5 % PV gesteigert werden. Mit 
der Zugabe eines Tensides (Triton 100) konnte die Entölung um weitere 3 bis 5 % PV erhöht 
werden. Eine nochmalige Stimulation mit akustischen Wellen führte zu einer weiteren Erhöhung 
des Entölungsgrades um etwa 3 % PV. Letzteres deutet auf einen positiven Ri ikkopplungseffekt 
zwischen akustischer Stimulation und der Anwendung von Tensiden hin.
Zeitgleich zu den Laborversuchen wurden Tests mit dem SPWD-Feldprototyp in Bohrungen des 
GFZ-Untertage-Labors im Forschungs- und Lehrbergwerk „Reiche Zeche“ der TU Bergakademie 
Freiberg sowie des GFZ KTB-Tiefenlaboratoriums (Kontinentale TiefBohrung) in 
Windischeschenbach durchgeführt. Der SPWD-Feldprototyp wurde für die seismische 
Erkundung des Umfeldes von Bohrungen entwickelt. Er besitzt als seismische Quellen vier 
magnetostriktive Aktuatoren deren Signale individuell gesteuert werden können. Auf diese Weise 
können die erzeugten akustischen Wellen durch konstruktive Interferenz in vordefinierte 
Raumrichtungen verstärkt werden.
Die Messungen in der KTB-Hauptbohrung hatten die Überprüfung der Druckdichtigkeit der Sonde 
und der Funktionstüchtigkeit des hydraulischen Systems zur Ankopplung bis zu einer Tiefe von 
2000 m zum Ziel. Zur Online-Beobachtung der Ankopplung wurden in die Sonde nahe den 
akustischen Quellen vier Kameras eingebaut. Im Ergebnis dieser Tests konnte bei einer 
Gesamtbetriebszeit von 90 Stunden die Sonde die entsprechenden Stempel 150 Mal erfolgreich 
im Bohrloch ein- und ausgefahren werden. Ein Eindringen von Fluiden in die Sonde wurde nicht 
beobachtet.
Die Messungen mit dem SPWD-Feldprototyp in der vertikalen Bohrung des GFZ-Untertage- 
Labors dienten der Überprüfung und Verbesserung der Funktionalität der akustischen 
Signalerzeugung und Signalregistrierung, insbesondere im Hinblick auf die Verstärkung der 
akustischen Wellenenergie in vorbestimmte Raumrichtungen. Insgesamt wurden drei Messungen 
durchgeführt, bei denen zunächst die Überprüfung der Sondenelektronik zur Wellenerzeugung, - 
registrierung und der Datentelemetrie zur Oberfläche im Vordergrund stand. Dabei wurden 
lineare, sinusförmige Signale (Sweeps) mit Frequenzen von 300 Hz bis 3000 Hz und Zeitlängen 
von 3 s, 6 s und 12 s angeregt. Die nachfolgende Messung hatte die Überprüfung der Software 
zur Regelung der Signale der Vibrationsquellen zum Ziel. Drei Vorzugsrichtungen wurden dabei 
verstärkt: zwei parallel zur Bohrlochachse, in und entgegen der Bohrungsvortriebsrichtung sowie 
eine in radialer Richtung zur Bohrlochachse. Die Signalphase aller vier Vibratoren konnte im 
Frequenzbereich von 500 Hz bis 3300 Hz gut eingestellt werden. Für die Signalamplituden galt 
dies auf Grund eines fehlerhalten Pilotsignals zur Steuerung nicht. Die dritte Testmessung hatte 
daher die Überprüfung der Gleichheit der Signalamplituden zum Ziel. Daneben wurde der 
Temperaturverlauf innerhalb der Sondenelektronik mit zwei Sensoren aufgezeichnet, um eine 
Abschätzung der Temperaturentwicklung bei einer Langzeitanwendung zur Stimulation zu 
erhalten. Ein Maximalwert von 41 °C wurde dabei nach drei aufeinanderfolgenden Messtagen 
beobachtet.
Für die Auswertung der abgestrahlten akustischen Wellenergie für Kompressions- und 
Scherwellen wurde ein Programm entwickelt, das räumlich variierende Wellengeschwindigkeiten 
und Dämpfungen berücksichtigt. Die Analyse von Messdaten des bauähnlichen SPWD- 
Laborprotyps aus einer horizontalen Bohrung des GFZ-Untertage-Labors zeigten aber nur
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geringe Änderungen der Abstrahlcharakteristiken für das räumlich variable Modell gegenüber der 
Verwendung von Durchschnittswerten für die Dampfung und die akustischen Geschwindigkeit. 
Der Einfluss der betrachteten Frequenz bzw. der akustischen Wellenlänge auf die abgestrahlte 
Energie ist hingegen deutlich ausgeprägt. Generell zeigen alle Analysen, dass die SPWD-Sonden 
deutlich mehr Scherwellen- (bis zu 90 %) als Kompressionswellen-Energie abstrahlen.
Aus technischen Gründen war die Durchführung eines Stimulations-Feldversuches mit dem 
SPWD-Feldprototyp nicht möglich. Um dennoch Aussagen über die Einsatzfähigkeit der Sonde 
in einem sedimentären Umfeld, insbesondere hinsichtlich der frequenzabhangigen Reichweite 
und Amplitude der Signale, zu erhalten, wurde eine Testmessung in drei Bohrungen der Lokation 
„Piana di Toppo“ (PITOP) der OGS Trieste in Italien durchgeführt. Für die Messung des 
Drehwinkels des SPWD-Feldprototyps wurde dabei erstmalig ein in Zusammenarbeit mit der TU 
Braunschweig entwickeltes Modul, bestehend aus einem faseroptischen Gyroskop und zwei 
Inklinometern, eingesetzt, das eine kontinuierliche übertägige Beobachtung des Drehwinkels 
ermöglichte. Die Messung des Drehwinkels ergab nur eine geringe Rotation der Sonde im 
trockenen Teil der Bohrung bis zu einer Tiefe von 90 m. Mit Erreichen des Wasserspiegels bei ca. 
95 m nahm die Drehgeschwindigkeit der Sonde sehr schnell zu.
Für die Transmissionstests wurden monofrequente Sinusschwingungen im Frequenzbereich von 
120 Hz bis 1920 Hz ausgesendet. In den fluidgefüllten Konglomeraten der Testlokation konnten 
alle Frequenzen erfolgreich über eine Mindestdestanz von 50 m übertragen werden. Die 
aufgezeichneten Beschleunigungsamplituden schwanken dabei frequenzabhängig von 
29 * 10-5m/s2 (29 pg) für 120 Hz und 12180 * 10 5 m/s2 (12180 pg) für 1420 Hz. Die 
Übertragungsqualität verschlechterte sich deutlich bei Anregung der Frequenzen im trockenen 
Teil der Bohrung bei einer Distanz zum Empfänger von 155 m. Hier wurden nur die tieffrequenten 
Signale von 120 Hz und 220 Hz mit Beschleunigungsamplituden von 14,4 10'5m/s2(14,4 pg) bzw. 
77,9 10'5 m/s2 (77,9 pg) übertragen. Die beim Feldversuch mit dem SPWD-Feldprototyp 
erzeugten Beschleunigungsamplituden liegen damit im Bereich der bei den Laborversuchen 
gemessen notwendigen Schwingungsamplituden zur Erzeugung einer erhöhten Öl-Gewinnung.
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1 Introduction

1.1 Background of EOR methods
After primary and secondary recovery processes, often more than 50 % of the original oil in place 
remains in the subsurface reservoir. Reasons for this low recovery factor are physical and 
geological effects. The main physical reasons are the existence of interfacial tension forces 
between solids and liquids, liquid and liquid and the difference between rheological properties of 
oil and water that result in the entrapment of immobile residual oil in the formation. The main 
geological factors are the wettability and the heterogeneity of the reservoir which lead to a faster 
sweep of oil from highly permeable zones, leaving behind oil in low permeability zones. Excessive 
production of water as a result of heterogeneities or fractures often causes channeling of water 
coning.
A significant part of the residual oil can be recovered with technically proved enhanced oil 
recovery (EOR) techniques. The successful application of any EOR method depends mainly on 
the reservoir parameters as well as on fluid properties. There is no universal method, which can 
be applied to every reservoir. Therefore, screening criteria have to be considered prior to the 
application of any EOR method. The main purpose of EOR methods are one or more of the 
following achievements:

- Reduction of capillary pressure by lowering the interfacial tension between oil and water
- Decrease of the mobility ratio between oil and water by decreasing oil viscosity or 

increasing water viscosity
- Injection of chemical solvents

There are many factors that may prevent the conventional EOR technique from being successful, 
such as salinity, temperature, reservoir depth, type, size and shape of minerals in the rock (such 
as clay minerals, which partly have the tendency to adsorb injected chemicals or bulge in lower 
salinity brine). Therefore, the application of conventional EOR methods is not always economical. 
New methods are required to improve the recovery of existing oil fields and to recover oil, which 
would otherwise remain in the pores. Advanced EOR methods may become more important to 
extract oil from known resources rather than exploration for new oil accumulations.
Efforts are made to develop new techniques with lower application risk. One of these alternatives 
is the application of acoustic wave stimulation. This technique is a promising stimulation 
technology to enhance oil recovery and/or to remove formation damage around the wellbore and 
thus reduce the skin factor.

1.2 Overview about acoustic stimulation techniques
International interest in the development of elastic wave stimulation as an effective enhanced oil 
recovery technology is growing. In Russia, China, Canada, USA and Norway laboratory 
investigations focused on elastic-wave vibration, pressure pulsing and vibro-seismic technology 
as new EOR techniques. The interaction of the generated waves with the pore fluids may change 
relative permeability of oil and water, and thus may improve the rate of oil production and reduce 
the water cut.
Production data from field experiments showed that low-amplitude acoustic waves with 
frequencies in the range of 10 to 500 Hz can enhance oil mobility and also increase the total 
recovery in mature reservoirs (Roberts et al., 2003). However, the effect on the production rate 
strongly varies between different reservoirs. In some reservoirs, where acoustic stimulation was 
applied, the production rate was increased by more than 20 %. In others the recovery factor 
remained unchanged or was even decreased (Roberts et al., 2003). For the use of acoustic EOR 
methods it is therefore important to understand the physical mechanisms behind the acoustic 
stimulation. Initial research results confirm that acoustic waves have a profound effect on the 
behavior of porous fluid flow (e.g. Naderi and Babadagli, 2010). Beresnev et al. (1994) give a

7



comprehensive review of more than 100 Russian and American articles and patents on the effects 
of seismic and acoustic stimulation on fluid flow in porous media. The documented work covers 
a wide range of stimulation wave types and energy coupling modes with frequencies from 1 Hz 
up to 5 MHz. Three main areas of research have been in focus:

1.2.1 Seismic field monitoring of downhole stimulation tests
The acoustic methods can be classified in three groups of different signal types (Savchenko, 
2006). These are (i) vibration-pulsed, (ii) vibrating and (iii) harmonics. The acoustic methods using 
vibration-pulsed signals can provide frequencies from 250 Hz to 10 kHz and are generated by 
e.g. electrostrictive or piezoceramic emitters. Vibrating signals generated by an electromagnetic 
vibration source cover the same frequency range. The harmonic signals only reach a spectrum 
up to 160 Hz. All acoustic methods apply their signals directly to the solid.
Seismic stimulation techniques are applied to increase the productivity or to increase the oil 
recovery from watered-out, low-productive beds (Kouznetsov et al. 2002). The use of these 
techniques in the former Soviet Union resulted in more than 12.2 million tons additional oil 
production. To increase the oil production of high water-cut and low oil-productive reservoirs 
cycling low-frequency (5-90 Hz) elastic oscillations within the frequency range corresponding to 
the reservoir resonance were applied (Kouznetsov et al. 1999). Long-term treatment of an oil field 
by seismic stimulation intensifies the recovery effects. Based on the decrease in the by-product 
water a gain in oil production can be observed up to several kilometres away from the source 
(Serdyukov et al. 2007). In this oil reservoir, the Tamyanovskaya field, the production rate 
increased by more than 60 % with ground-based low-frequency seismics and downhole pulsed 
vibration signal emitters. The effect of seismic stimulation continued over 6 to 18 months.

1.2.2 Core flow experiments in the laboratory
Different kinds of laboratory experiments with several rock types were performed to monitor the 
effects of seismic waves to the probes, oil and other fluid phases. An early review was published 
by Beresnev and Johnson (1994) focusing on phenomenology. Later authors summarised 
mechanisms (Jackson et al., 2001, Hamida et al., 2005), which are supposed to explain the 
changes in fluid flow in the rocks resulting from seismic stimulation:

a) Changes in the wettability: An increasing amount of water can increase the oil recovery 
rate in conjunction with acoustic stimulation in an oil saturated core.

b) Coalescence and/or dispersion of oil drops.
c) Reduced viscosity: Acoustic waves can decrease the viscosity of oil.
d) Surface tension: There are suggestions that one reason for the increasing permeability is 

a reduction of the surface tension caused by different sonic velocities between rock matrix 
and pore fluid.

e) Increased permeability: Seismic waves may disrupt immobile fluid boundary layers on the 
pore walls. This mechanism may increase the effective cross section of the pores.

Previous research in core flow experiments identified the effective parameters in the 
enhancement of oil recovery under ultrasonic waves for both capillary and viscous dominated 
displacements (Hamida et al., 2005).
Westermark (2003) hypothesised that a relationship between vibrational frequencies and 
intensities with changes in fluid flow within the reservoir should exist. In accordance with 
Kouznetsov et al. (1999), a resonance frequency was identified for the acoustic stimulation of a 
particular reservoir. The resonance frequency was a function of rock type and properties, reservoir 
thickness and fluid saturation. Westermark (2003) additionally performed seismic field 
experiments with a self-designed downhole vibration tool, however, with a dissatisfactory result.
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1.2.3 Theoretical modelling of the coupled stress/flow phenomenon
Many approaches aimed to understand the mobilization process of oil inside a reservoir. Modelling 
tends to describe the processes, which promote the mobilization of the oil phase. Beresnev et al. 
(2010) used a two-phase core-annular flow model in order to describe viscosity effects of oil 
entrapped in a pore channel. These effects are important at the post stage of mobilization, 
because the resistance of capillary forces is overcome and viscosity becomes the only force 
resisting an oil ganglion's motion. Computational fluid dynamics (CFD) allow for the calculation 
of geophysical parameters for acoustic stimulation such as frequency and amplitude. According 
to Beresnev et al. (2010), the theoretical mobilizing acceleration in seismic waves is accurate to 
within 30 % or better checked against CFD. Additionally, quantitative dynamics allow for a 
solution, which provides a quantitative tool for estimating the parameters of vibratory fields 
needed to liberate entrapped, non-wetting fluids (Beresnev, 2006). For typical pore sizes in 
reservoir rocks, wall accelerations must exceed at least several m/s2 and even much higher levels 
to mobilize the droplets of oil. For narrow pore radii (10^ m and 10'5 m) accelerations of at least 
30 m/s2 were computed. The computed mobilization acceleration decreases with increasing pore 
space. For example, for pore radii in the order of 10'3 m to 10-4 m the calculated mobilization 
acceleration is between 4-5 m/s2. However, in natural porous media many droplets may reside 
very near their mobilization thresholds and may thus be mobilised by considerably lower 
accelerations as well. Also, for a given acceleration, decreasing seismic frequencies are more 
efficient.
Serdyukov et al. (2007) described the mechanism of oil production stimulation by a low-intensity 
seismic field, which explains all effects observed in deeply buried oil pools subjected to seismic 
actions at an advanced stage of exploitation by the constant pool pressure method. The central 
element is the release of free gas from under-saturated oil. The gas bubbles saturate and increase 
the compressibility of the plugging films and colloidal structures, which leads to their fatigue 
disintegration. Some of the explained effects are an increase in production, change in composition 
of oil or an increase in the fluid production level in the wells. The proposed mechanism additionally 
allows for the prediction of the technological efficiency of external actions on oil fields and provides 
essential information on the combination of acoustic stimulation with other EOR methods.
Pride et al. (2008) examined pore-scale effects of seismic stimulation on two-phase flow by 
numerical modelling. Poro-elasticity theory defines the effective force that a seismic wave adds 
to the background fluid-pressure gradient. Using defined analytical criteria, there is a significant 
range of reservoir conditions over which seismic stimulation can be expected to enhance oil 
production.

1.3 Objectives of project WAVE.O.R.
WAVE.O.R. aimed to investigate the potential of acoustic waves to enhance oil recovery as 
alternative method to other EOR methods. In laboratory experiments core samples were surveyed 
under reservoir conditions to investigate the applicability of sound waves as an effective method 
to transport energy through the reservoir in order to achieve enhanced oil mobilization. In addition, 
the key mechanisms causing enhanced recovery should be identified. The laboratory experiments 
were focused on the following issues:

- Dependency of mobilised oil as a function of frequency and signal amplitude.
- Effect of wave stimulation on different rock types.
- Tests of different signals and sweeps in determined ranges (linear, nonlinear).
- Application of different ranges of signal frequencies in one cycle (low frequency to high 

frequency, up sweep, down sweep).
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- Penetration depth of the acoustic waves into the rock: Field tests at the GFZ-Underground- 
Lab in the research and education mine “Reiche Zeche” at the TUBAF and at the Italian 
test site ’’Piana di Toppo”).

- Oil saturation in the rocks for the optimised application of acoustic stimulation.
- Length/period of the signals and the rate of iteration.
- Improvement of the effects of chemical enhanced oil recovery by using the wave 

stimulation
Furthermore, the relative oil-water-permeability was determined on core material with and without 
acoustic stimulation. Different oscillating signals were generated in a frequency range between 
0.5 and 50 kHz using a phase and amplitude high-performance magnetostrictive actuator. It was 
designed for a preliminary assessment for the field pilot test with the newly developed Seismic 
Prediction While Drilling (SPWD)-wireline prototype.

1.4 Project partners
• Technical University Bergakademie Freiberg (TUBAF) -  Institute for Drilling Technology and 

Fluid Mining
(Prof. Dr.-lng. Mohd Amro, Dr. Carsten Freese, Dipl.-Geophys. Sven Reichmann)

• Helmholtz Centre Potsdam - GFZ Research Centre of Geosciences -  Scientific Drilling
(Dr. Rüdiger Giese, Dr. Katrin Jaksch, M. Sc. Felix Krauß, M. Sc. Martin Neuhaus, Dipl.-lng. 
(FH) Kay Krüger, Dipl.-lng. (FH) Andreas Jurczyk, Dipl.-lng. (FH) Stefan Mikulla)

1.5 Working plan
The research project was planned with a duration of three years corresponding to the schedules 
on Figures 1.1 and 1.2. Prior to the laboratory experiments a literature study on the principles of 
wave stimulation was conducted. During this phase, both partners (TUBAF and GFZ) worked on 
the design and checked the availability of necessary accessories for the flooding equipment 
(project phase A.1).
At the same time, the design and modification of available flooding equipment was performed 
(project phase A.2). Afterwards, flooding experiments were performed without wave stimulation 
as reference experiments for the acoustic stimulation experiments (project phase A.3). Calibration 
tests on core samples were conducted to ensure the functionality of the system and to check for 
necessary modifications of the flooding equipment (project phase A.4).
In project phase A.5 flooding experiments were conducted to investigate the effect of wave 
stimulation on the oil recovery. The majority of the objectives were identified in this phase. The 
aim of project phase A.6 was the identification of optimal wavelength under consideration of 
penetration depth. Investigation of the influence of acoustic waves on the solidness of the rock 
material was conducted during project phase A.7. Project phase A.8 aimed to identify the optimal 
kind of signal as a function of rock material and fluids.
The experiments with the SPWD-wireline prototype in the GFZ-Underground-Lab aimed for the 
investigation of the penetration depth of the seismic waves (A.9), the optimization of the energy 
density (A. 10) and the identification of suitable parameters for the final field test (A. 11).
Computer simulations were conducted based on the results from the laboratory experiments 
(project phase B.1) integrating physical parameters from reservoir engineering (for example oil 
recovery, viscosity, capillary forces, relative permeability, porosity) and technical parameters of 
the wave stimulation equipment (signal form, length, amplitude and frequency) to create a 
computer model, which reflects the results from laboratory and field tests.
Computer modelling aimed for a better understanding of the mechanisms between rock matrix, 
fluid and energy input in form of sonic waves (B.2). The main idea was to create a simulation and 
to optimize the technology for field studies (B.4).
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Based on the laboratory experiments in part A, the SPWD-wireline prototype was modified and 
set up for the field test, planned in project phase C.1. In project phase D a repetition of the field 
test with optimised sensors and parameters for acoustic wave generation was intended.

Figure 1.1: Schedule for working package A “Laboratory Work”, tasks with contribution from GFZ 
are shaded.
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Figure 1.2: Schedule for working packages B “Optimization of the laboratory data with simulation”, 
C “Field experiments” and D “Analyze laboratory data for optimization of the field experiments”, 
tasks with contribution from GFZ are shaded.
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2 Laboratory Work

2.1 Design and modification of the flooding equipment

2.1.1 Construction and manufacturing of the flooding cell

I Q  f i l l

Two flooding cells were constructed and manufactured at the GFZ in Potsdam. Figure 2.1 shows 
the final engineering drawing of the flooding cell. It essentially consists of a pressure housing 
terminated by two end pieces. The radially sealed end pieces are put in place by tie rods in the 
pressure housing. The drill core is positioned with its end faces in between the end pieces. One 
of them is divisible and fixed with a boot. After pushing this arrangement with the inner part of the 
end piece through the pressure housing, the outer part would be mounted on the opposite side 
and fixed. A defined pressure force can be applied on the core by adjusting the tie rods. A mantle 
pressure of up to 100 bar can be applied to the core through the holes in the pressure housing to 
simulate reservoir conditions. Through holes in the end pieces the fluid is directed to flowthrough 
the drill core. Optionally at one or both end pieces magnetostrictive actuators and piezo 
accelerometers can be mounted to generate and to measure sound waves. Due to the radial 
sealing of the end pieces, the pressure housing is largely decoupled from the vibrations acting in 
axial direction. The manufactured flooding cell is shown in Figure 2.2.

.5________ i________ *________i ________J_

ntr-m rcrr-

Flutzelle asymmetrisch
t o A v f  O R  f - u t m  t

Figure 2.1: Engineering drawing of the flooding cell.

As shown in Figure 2.3 the saturated sandstone core is stimulated with defined sound waves by 
the magnetostrictive actuator CU 18A. The user interface to generate and control the designated 
signals like mono frequencies, sinus bursts or frequency sweeps is realised with LabVIEW. The 
signal regulates the actuator via the modular I/O real-time system Nl cDAQ-9174 and the amplifier 
Omnitronic E-900. Feedback is realised by two piezo accelerometers PCB M355B12 to control 
the waveforms in the probe.
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Figure 2.2: Left: Components of two flooding cells manufactured at the GFZ, right: Assembled 
flooding cell

Figure 2.3: Measurement system for the flooding cell test stand.

The user interface of the LabVIEW program is shown in Figure 2.4. Adjustable signal parameters 
are the number of samples per seconds, signal length, amplitude, frequency, phase and taper 
length. To run long term measurements, an automated signal repetition function is integrated, 
which enables the measurement of 100 working cycles. Each cycle comprises a signal generation 
phase and a break of up to 60 sec length each. The output signal and the received data of each 
generation cycle are automatically saved in ASCII and NI-TDMS (National Instruments-Technical 
Data Management Streaming) format. A final test at the laboratory test stand in Freiberg
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demonstrated the operational reliability of the flooding cells as well as the control and registration 
units of the electronic system.

Figure 2.4: Screen shot of the LabVIEW program interface for acoustic signal generation and 
registration.

2.2 Laboratory examination of the influence of acoustic waves on oil recovery

2.2.1 Preliminary measurements of the used fluids and rock
To understand the flooding and imbibition experiments it is necessary to investigate the properties 
of the used fluids and the rock. All experiments were performed at temperatures between 20 °C 
and 25 °C.
During the flooding experiments brine and three different oils were used. The brine was a 5 % 
(wt.) brine with 83% NaCI and 17% CaCh. The brine had a typical viscosity of 0.95 mPa*s and a 
density of ca. 1.03 kg/m3. The three oil types were two dead crude oils from German reservoirs 
and a synthetic oil with only naphthenic and paraffinic components. The rheological properties of 
the three oil types differ in viscosity, thixotropy and viscoelasticity.
Oil 1, a crude oil from a German reservoir, shows a thixotropy with viscosities starting at 47 mPa*s 
and converging to 38 mPa*s at 25 C and a constant shear rate of 10 s'1. Oil 2 from another 
German reservoir shows a thixotropy ranging from 79 mPa*s to 76 mPa*s under the same 
conditions as applied to Oil 1. Oil 3, the synthetic oil WIOLTAN SSH 70, shows no thixotropy 
(Figure 2.5).
Initial measurements of the crude oils differed from the presented values, because the samples 
from the first measurements still contained dissolved gas, which reduced the measured viscosity. 
In the experiments only oil without any dissolved gaseous components was used (“dead oil”)
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Figure 2.5: Thixotropy measurements of the three oils used duhng the project, a) The crude Oil 1 
shows thixotropic behavior: the viscosity reduces by 6 % from 47 mPa*s to 44 mPa*s in 30 
seconds at a shear rate of 10 s'1, b) The crude Oil 2 shows a thixotropy with a decrease of the 
viscosity of 3 % from under79 mPa*sto 76 mPa*s in 20 sa t a shear rate o f 10s'1. c) Thesynthetic 
Oil 3 shows no thixotropy at a shear rate of 10 s'1.

The three oils exhibit different viscoelastic behavior. Oil 2 (after 5 minutes shearing at 10 s'1) and 
Oil 3 show Newtonian behavior and a constant viscosity of 76 mPa*s and 144 mPa*s. After the 
destruction of complex structures in Oil 1 at 10 s_1 and a converging viscosity of 38 mPa*s, the oil 
shows a strong shear thinning with increasing shear rates (Figure 2.6).

Shear rate [s'1]

Figure 2.6: Hysteresis curve of Oil 1 with initially increasing shear rates and then decreasing shear 
rates. The sample was sheared before with 10 s 1 until a constant viscosity was measured. The 
decreasing viscosity with increasing shear rate for shear rates of lower than 10 s'1 proves shear 
thinning viscoelastic properties o f the oil. The decreased viscosity of the downward (shear rate 
decreasing) path compared to the upward (shear rate increasing) is a thixotropy likely caused by 
molecular structures which could only be destroyed at shear rates exceeding 10 s'1.
Additionally, Oil 1 shows a hysteresis curve, when the shear rate is decreased afterwards. This
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leads to the conclusion, that the thixotropy is shear rate dependent. That is probably caused by 
additional structures that cannot be destroyed at low shear rates.
All oil types exhibit a similar interfacial tension to brine of approximately 65 mN/m2 at 25°C. 
Bentheim sandstone was used for the experiments as a reference rock. It exhibits a permeability 
range between approximately 1 10'12 m2 and 2.5 1012 m2. The accessible porosity ranges from 
approximately 20 % to 23 %. The porosity and permeability shows no correlation (Figure 2.7), 
however, the porosity range is rather small.

Figure 2.7: Comparison of the accessible porosity with the permeability for water. There is no 
correlation between both properties. Additionally, there were no linear or quadratic correlations 
between these and other rock and fluid properties and production parameters like oil recovery, 
water breakthrough point and water/oil fraction.

The sandstone samples have a typical pore size of 25 pm to 50 pm (Figure 2.8). The large pore 
size and the very homogeneous distribution of the pores result in high initial oil saturations and 
high recovery factors. Furthermore, two experiments were performed using unconsolidated sand 
with a dominating grain size of 0.1 mm -  0.63 mm.
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Figure 2.8: Pore size distribution of the Bentheimer sandstone. The samples were retrieved from 
two different blocks of a volume of about 0.15 m3 each. The samples show two clusters with a 
peak pore size distribution of 32 pm and 35 pm. There was no significant difference in the recovery 
parameters between both samples.

2.2.2 Flooding experiments without stimulation
To survey the influence of acoustic waves on oil recovery it was necessary to convey reference 
flooding experiments. A sandstone sample was saturated with oil and connate water and 
afterwards flooded with brine. The brine displaces part of the oil, thus, oil becomes mobilised. To 
analyse the displacement behavior the effluent was collected and analysed regarding its oil 
content. Fluid flow through porous media like a sandstone requires a pressure gradient to realize 
a volume flow. Pressure and volume flow are described by Darcy’s law:

With: V - volume flow; dp -  pressure difference between inlet and outlet (P1-P2 on the sketch); K 
-  penneability; A -  flow area; I -  flow length; q -  dynamic viscosity

The permeability of single fluid flow can be calculated with the given formula for defined pressure 
difference and volume flow. When multiple fluids are present in the sample friction and interface 
tension effects cause an additional force on the flowing fluids opposite to the flow direction and 
thus require an increased pressure difference to maintain a constant volume flow. All conducted
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flooding experiments were performed with a volume flow of 2*1 O'6 m3/min. Without any interaction 
between the fluids the effective viscosity in Darcy’s law would be the viscosity of the fluids 
multiplied by their fractional flows.
To investigate the flow of oil and water through porous media an experimental setup was 
developed consisting of the flooding cell, developed in cooperation with the GFZ, and additional 
equipment (Figures 2.9 and 2.10).

Figure 2.9: Sketch of the experimental setup of the flooding experiments. A -  Flooding cell (see 
Figure 2.1 and 2.2). B -  Piston accumulator filled with oil or brine for injection into the flooding 
cell. C -  Sample collector, which collects effluents. D -  HPLC pump used to control the piston 
accumulators. E -  IT infrastructure for controlling and measuring. F -  Magnetostrictive actuators 
coupled to the flooding cell as sources for acoustic waves.
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Figure 2.10: Laboratory setup for the flooding experiments with same labelling as in Figure 2.9. 
The flooding cell is adjustable in different alignments.

In total, 18 comparable experiments without stimulation were carried out. The working procedure 
is illustrated in Figure 2.11. The results of the experiments are summarised in Table 2.1. The initial 
oil saturations of oil types 1 to 3 exhibit low scattering with Oil 3 reaching the highest and Oil 2 
the lowest saturation. The water breakthrough point is earliest in Oil 2, followed by Oil 1 and Oil 
3. The late WBTP of Oil 3 is probably caused by the absence of thixotropy and the very 
homogenous composition of the synthetic oil. The highest oil recovery was achieved with Oil 2, 
however, only after prolonged injection with brine, thus the water/oil fraction is higher than with 
Oil 1. With Oil 3 a recovery factor was achieved as with Oil 1 but it took 66 % additional volume 
of brine.

Evacuation in a ] Saturation with J 1 ]
1

Saturation withi J  1
Flooding cell _ brine j j j g g oil (OOIP)

Figure 2.11: Flowchart of the procedure of flooding experiment without stimulation. The time 
between each step is necessary to let the sample reach equilibrium wettability depending on the 
fluid composition.
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Table 2.1: Summary of the flooding experiment results without stimulation

Oil 1 Oil 2 Oil 3
Numberof experiments 10 5 3
Mean pore volume[ml] 75.5 75.2 75.2
Initial oil saturation [%] 75 73.5 78.2
Original oil in place(OOIP) [ml] 56 55 59
Water breakthrough point [ml] 22.1 24.7 21.0
Residual oil in place(ROIP) [% OOIP] 45.6 35.4 46.0
Injected Volume [PV] 3.0 4.2 5.0

During the Flooding experiments the relative permeabilities (Johnson et al., 1959) of water and 
oil were calculated using pressure gauges attached to the flooding cell. The relative permeabilities 
for the different oil types are comparable and increase for vertical alignment compared to a 
horizontal alignment due to gravity drive. The water relative permeabilities increase for the least 
viscous Oil 1 and are reduced in combination with the most viscous Oil 3.

2.2.3 Flooding experiments with acoustic stimulation
A total of 39 flooding experiments were conducted. 18 of them were experiments where 
stimulation started at ROIP, 18 where stimulation started at OOIP and 3 experiments where 
stimulation started after the water breakthrough point (WBTP). Experiments with stimulation from 
ROIP enable the measurement of the total additional oil mobilization. Experiments with stimulation 
starting at OOIP show the influence of the stimulation on the relative permeabilities of the fluids. 
An evaluation of these experiments with respect to ultimate oil recovery is difficult, due to the 
large scatter of measured oil recoveries. The advantage of stimulating from OOIP is that before 
WBTP the displacement has a more piston-like behaviour. After WTBP the fractional flow of oil 
decreases rapidly. Stimulation from OOIP reflects the application of the method to non- or little 
exploited reservoirs and ROIP experiments the influence on mature reservoirs.
The measurement of the different gauges, the controlling of the actuators and the processing of 
the acquired data required the development and the application of a complex IT structure (Figure 
2 .12).
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Figure 2.12: IT structure developed for laboratory experiments and data processing.

Firstly the samples were stimulated with a large frequency range to get an impression of how the 
experimental setup as a whole reacts to the acoustic waves. The multi-frequent stimulation 
mobilised small amounts of additional oil (up to 1 % PV) and the pressure gauges showed small 
variations in the pressure difference needed to maintain a constant volume flow.
Because the flooding process is protracted by the inertia of the fluid flow, the small mobilised 
volumes of additionally produced oil could not be ascribed to explicit frequencies. For different 
samples, a whole set of stimulating frequencies where induced to the flooding cell-sandstone- 
fluid system, to understand the oscillating behaviour of the system. Concurrently, the frequency 
response was recorded with small piezo elements, which were attached to the flooding cell. These 
datasets of frequency responses were processed with a Fast Fourier Transformation (FFT), put 
together and arranged in ascending order of the stimulation frequency. This complex dataset was 
visualised and the oscillation pattern was scanned for abnormal behaviour corresponding to 
certain stimulation frequencies (Figure 2.13). This procedure was executed at OOIP as well as at 
ROIP and the differences in the oscillation behaviour on the main diagonal of the frequency matrix 
were analysed (Figure 2.14).
This workflow enabled the identification of possible mobilizing frequencies, from which one at a 
time was checked for the ability to mobilize additional oil. This way three frequencies with 
consistently abnormal behaviour were identified: around 100 Hz, 200 Hz and 1850 Hz with small 
variations between single experiments. The latter frequencies where used during the following of 
the experiments, the frequency response of each sample was recorded and reassured that the 
current frequency shows an abnormal behaviour. It could not be determined whether the 
observed abnormalities originate in eigenfrequencies of the sample, the flooding cell or the fluid(s) 
within the core.
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Figure 2.13: Frequency analysis o f a core sample. The major features o f the spectra are the trace 
(going from 0, 0, 0 to 5000, 5000, 0) and a constant signal at 1850 Hz. In addition several 
harmonics, aliasing effects and low level noise can be observed.

Figure 2.14: Difference of the oscillation behaviour on a trace of the frequency matrix. Stars and 
circles are the two piezo elements on inlet and outlet. The most significant features are the peak 
at 1850 Hz and at frequencies below 150 Hz. The colour scheme is related to changes in the 
oscillation amplitude. The dark colours (red, blue) in these frequency ranges support the 
assumption that these peaks are related to the fluid in the sample.
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During the first experiments with stimulation after ROIP with the identified single frequencies the 
oil recovery could be improved by up to 3 % PV (Figure 2.15). The accuracy from root mean 
square (rms) calculations showed a larger range than the differences between the chosen 
frequencies. This means that the measured differences between the different used frequencies 
were lower than the inaccuracy for one experiment. Experiments with a few other frequencies 
(e.g. 300 Hz) on the other hand showed that those do not improve oil recovery. It can be assumed 
that the used procedure is a legible method to identify frequencies, which may enhance oil 
recovery.
In order to investigate the influence of different stimulation amplitudes on the improved oil 
recovery, two long term stimulation experiments were performed with slowly, stepwise increasing 
amplitudes. The stimulation was performed at 1850 Hz and with 7 logarithmic amplitude steps. 
Each amplitude was applied until 2 PV brine were injected (approx. 80 minutes). The lowest 
amplitude (ca. 2*1 O'5 m/s2 at the core) did not mobilize any significant amount of oil. The next two 
amplitudes (ca. 4*1 O'5 m/s2 and 8*10‘5 m/s2) each mobilised ca 1 % PV additional oil. Higher 
amplitudes did not result in additional oil production. In summary, small amplitudes were sufficient 
to mobilize additional oil during the laboratory experiments. Higher amplitudes did not result in 
significantly increased oil recovery.

Figure 2.15: Two sample experiments with Oil 1. These experiments were conducted with a 
horizontal alignment and temperatures between 22 °C and 23 °C. Experiment H208 started with 
brine flooding without stimulation. Stimulation at 1850 Hz was initiated after 2.1 PV when ROIP 
was already achieved after injection of 1.5 PV brine (red marked data point). The stimulation in 
this experiment mobilised additional 1.6% PV oil. In experiment 0209 the stimulation at 1850 Hz 
was initiated from the beginning of the brine flooding. The oil production curve is nearly identical 
up to 1.5 PV, when H208 reached ROIP and did not produce any more oil. 0209 continuously 
produced additional oil until ROIP was reached after injection o f 3 PV brine.

A unique feature of this particular experimental setup is the ability to adjust the alignment of the 
flooding cell to 5 different positions. Figure 2.16 shows the relative permeabilities for 3 different 
alignments under stimulation at 200 Hz calculated after Johnson et al. (1959). Additionally, a curve 
illustrating the averaged relative permeabilities without stimulation and a horizontal alignment (0°) 
is shown. The alignment has moderate influence on the relative permeability for water and even 
less for Oil 1. The relative permeability curves can be generated at constant conditions whether 
stimulated or not. In the presented data the stimulation started at OOIP.
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Figure 2.16: Relative permeabilities for water and Oil 1 and different alignments (0° - horizontal; 
90° -vertical) under stimulation at 200 Hz, without stimulation and horizontal alignment. The 
permeabilities for a 45° slope are highest while the relative permeability for water in vertical 
alignment is decreased. The relative permeabilities are calculated after Johnson et at. (1959) and 
the relative permeability for water was normalised to 1. The stimulation did not significantly 
influence the relative permeability for oil and slightly decreased the relative permeability for Oil 1.

Comparing the relative permeabilities of Oil 1 and Oil 2 (Figure 2.17), they show no consistent 
difference. The relative permeabilities for water on the other hand much more linearly increase 
when displacing Oil 1 than Oil 2. This is probably due to the higher contrast in viscosity between 
water and Oil 2. An alternating stimulation with 1850 Hz and 100 Hz significantly increases the 
relative water permeability and shifts it to a more linear behaviour as s indicated by a decreased 
pressure difference at constant volume flow, thus increasing injectivity.
Oil 3 on the other hand shows a similar relative permeability for water like Oil 2 despite the higher 
viscosity contrast. This may be explained by the absence of thixotropy and the strongly 
homogenous composition of the synthetic Oil 3.
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Figure 2.17: Relative permeabilities for Oil 1 and Oil 2 without stimulation and Oil 2 with multi
frequency stimulation. The relative permeability for oil in these three experiments considerable 
differs. The biggest impact is the different water breakthrough point with a significant change in 
the trend of relative permeabilities for the experiments using Oil 2 compared to the more robust 
curve for the experiment using Oil 1. This is presumably due to the higher contrast of the relative 
viscosities o f Oil 2 and water compared to Oil 1 and water.

The variance of the single experiments concerning WBTP and oil recovery is high. To enhance 
the quality of the data and reduce the influence of permeability, porosity oil type and other 
experimental variations a Monte Carlo based correction of these production parameters was 
developed, which reduced the variance of the parameters to at least 40 % of the initial values. 
After the correction with a set of correlations, the production data of experiments with stimulation 
from OOIP can be compared with experiments without stimulation.
The analysis of the data reveals that stimulation at 100 Hz improved oil recovery and stimulation 
at 1850 Hz improved oil recovery and delay water breakthrough point (WBTP). The increase of 
produced oil at 1850 Hz is due to the delay in WBTP. Therefore we conclude that stimulation at 
1850 Hz cannot mobilize additional oil prior to the WBTP. To check this hypothesis, two 
experiments were carried out, where stimulation at 1850 Hz started right before the WBTP and 
was later switched to 100 Hz. These experiments show the highest combined oil recovery of all 
experiments, raising the total oil recovery to 46 % PV, which is 5 % PV more oil compared to 
experiments without stimulation, supporting the hypothesis.
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Figure 2.18: Summary of experiments with stimulation from OOIP. The figure shows the main 
production data characteristics, WBTP and oil recovery, of experiments with stimulation from 
OOIP compared to experiments without stimulation. The oval field in the centre of the plot 
represents the mean production of 18 experiments including the standard deviation. Apparently, 
stimulation at 200 Hz significantly enhances the water breakthrough point but not the oil recovery. 
Experiments with stimulation at 100 Hz show an increased oil recovery but no influence on the 
WBTP. The best results regarding both oil recovery and WBTP are experiments with stimulation 
at around 1850 Hz. The data points of the experiments with 100 Hz (3 experiments), 200 Hz (3 
experiments) and 1850 Hz (6 experiments) are mean values o f the corresponding experiments 
with the stimulation starting at OOIP.

2.2.4 Imbibition experiments
In addition to the flooding experiments, a series of imbibition experiments were performed. These 
experiments quantify the spontaneous imbibition of oil from a saturated sample to a surrounding 
brine phase. The imbibition is caused by two forces, partially working with and partially working 
against each other until equilibrium is reached. Due to the density difference of brine and oil the 
gravity pull causes a drag force on the oil upwards out of the sample. Capillary forces prevent the 
oil to flow out and hold it within the sample. The capillary forces depend on the oil/water ratio, 
because capillary forces are 2D area forces.
During an experiment, interfacial tensions are constant and the contact angle is time dependent. 
In the first part of an experiment, the capillary forces on the brine are larger than on oil, which 
causes an intrusion of the brine into the sample. In the second phase, the capillary forces on the
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oil become larger than the ones on the brine. From this point the capillary forces act against the 
gravity pull, so that oil remains within the sample. The process continues until both forces reach 
equilibrium and no more oil is produced. The change of the prefix of the capillary force is mainly 
driven by the wettability of the sample.
The samples for the imbibition experiments were prepared like the samples of the flooding 
experiments (Figure 2.11) without flooding with brine after oil saturation. A set of five samples 
were prepared in one flooding cell at a time and were took out for imbibition (Figure 2.19). The 
samples were put into an imbibition vessel after preparation. An actuator can be attached to the 
vessel with a clamp to introduce acoustic energy to the vessel to mobilize oil (Figure 2.20). One 
of the five samples was not stimulated to gain a reference dataset. In addition to the sole acoustic 
stimulation, possible feedback functions between acoustic stimulation and surfactants were 
surveyed.

Prepared i 
Sample

Figure 2.19: Work procedure after the samples were taken out of the flooding cell and into the 
imbibition vessel. The sample had seven days for spontaneous imbibition before acoustic waves 
were applied to the sample.

After the spontaneous imbibition and the mobilization of oil droplets clinging to the surface of the 
sample (Figure 2.20) acoustic waves were applied for 30 minutes to all samples but one.

Clamp

Figure 2.20: Left: Sketch of an imbibition vessel with an attached actuator. Right: Imbibition 
vessels after spontaneous imbibition. On the left sample light brown oil droplets are attached to 
the surface of the sandstone. The droplets were already detached from the other cores.
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The imbibition experiments show results comparable to the flooding experiments. The acoustic 
waves mobilize considerable amounts of oil over a short period of time (Figure 2.21). Out of 15 
samples three had to be dismissed due to abnormal imbibition behaviour prior to the stimulation. 
Three other samples were not stimulated to act as reference samples. Three Samples were 
stimulated at 1850 Hz, three samples at 200 Hz and three samples at 100 Hz. In this phase the 
stimulation showed similar mobilizing effects for all frequencies with 5 % PV additional oil for 1850 
Hz, 4 % PV for 200 Hz and 3.5 % PV for 100 Hz. Due to the small oil volumes and uncertainties 
a distinct frequency dependency could not be established.
After the first stimulation a surfactant (Triton 100) was introduced to the vessels and increased 
the oil production by further 3-5 % PV. This process took another day to ensure that the surfactant 
could diffuse into the core. The concentration of Triton was approximately 1000 ppm. After a 
second acoustic stimulation additional oil could be mobilised. The mobilization in this case 
showed no frequency dependency and ranged between 2 % PV and 5 % PV averaging at 3.4 %. 
The mobilised oil after the second acoustic stimulation indicates positive feedback mechanisms 
between surfactant flooding and acoustic stimulation.
Because of the open construction of the vessels, the experiments were only possible with Oil 3. 
This is due to safety reasons mainly caused by carcinogenic components of the crude oils.

Figure 2.21: Full set of the first imbibition experiments. The outlier sample with significantly higher 
spontaneous imbibition was ignored. The two samples which were stimulated with 1850 Hz show 
similar behaviour as well as the 200 Hz stimulated sample. The last sample was stimulated neither 
with acoustic waves nor surfactants and showed nearly no additional produced oil.

2.2.5 Possible recovery enhancing mechanisms
Enhanced oil recovery methods base upon either (i) a reduction of the interfacial tension or (ii) a 
reduction of the mobility ratio between water and oil. The effectiveness of acoustic wave 
stimulation, however, is rather vague.
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During the flooding experiments changes in the pressure difference at constant volume flow were 
observed when the stimulation started (Figure 2.22). The drop was around 10 % and occurred 
exclusively at 1850 Hz stimulation. This phenomenon was only visible at ROIP, because at this 
point the pressure was on a constant level. The pressure difference at this point is a combination 
of capillary forces and the relative permeabilities. Thus, the mechanism behind the pressure drop 
is not clear. The influence of acoustic waves to the relative permeability curve indicates an 
enhanced mobility ratio due to viscosity changes.

Figure 2.22: Pressure curve from a sandstone sample at ROIP and constant injection of brine 
with 2*1 O'6 m3/min. At 0.45 PV the sample was stimulated with 1850 Hz. Shortly after the start of 
the stimulation the pressure dropped by approx. 10%, enhancing the injectivity. The injectivity 
increase can be caused by the presence of two phases (Oil 1 and brine). The effective viscosity 
of the flowing fluids can be decreased or the friction and capillary forces on the phase boundaries 
can be decreased. This behaviour can be observed at 1850 Hz for all oil types, however, the 
effect was significantly reduced for Oil 3.

Another phenomenon during flooding and imbibition experiments was the production of unstable 
emulsions after the start of stimulation at 100 Hz, 200 Hz, and 1850 Hz (Figure 2.23). Emulsions 
occur, if the interface tension between the immiscible phases of oil and brine becomes lower than 
the dynamic force on the interface. Due to the impedance contrast between oil and brine the 
acoustic wave is a dynamic force that affects the fluids unequally and thus appears on the 
interface. The resultant force on the interface can be negative, causing an effectively negative 
interface tension and inducing emulsification to minimize the energy of the system due to the 
increase of the specific surface. The occurrence of oil in water emulsion at ROIP is apparently an 
enhanced oil recovery and the reduction of the effective interface tension is probably a recovery 
mechanism for acoustic stimulation. A direct quantitative measurement of the effective interface 
tension turned out to be not feasible with methods like pedant drop, because emulsification 
prohibited a sufficiently detailed observation and the formation of droplets was heavily defected.
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Figure 2.23: Emulsification after stimulation of samples of mixed oil and brine. Left: effluent of a 
flooding experiment. The effluent consisted of an instable emulsion which demulsificated after 
max. 5 minutes. Right: Instable emulsion occurred in the oil phase and brine phase in imbibition 
experiments when the vessel was stimulated. The emulsion demulsificated after max. 8 minutes 
for pure brine and 30 minutes with a surfactant added.

It was not possible to further investigate the influence of the acoustic waves on the viscosity of oil 
and brine by a direct measurement with rotation viscometers. The attachment of the acoustic 
source was inadequate for the viscometer's set up. Instead, a relative measurement with a Darcy 
flow in a porous media was performed. This measurement is directly derived from slit viscometers. 
In this experiment, the sample was filled completely with oil or brine and the pressure difference 
between inlet and outlet was measured. At constant flow rates and the absence of a second 
phase in the pores the only variable is the viscosity of the fluid, because the permeability is 
constant for one fluid. When the fluid was stimulated with acoustic waves, the pressure 
decreased, depending on the fluid type in the pores (Figure 2.24). Brine and Oil 3 (synthetic oil) 
did not respond measurably to the acoustic stimulation. For Oil 2 the pressure dropped and thus 
the viscosity decreased by ca. 6 % and for Oil 3 by ca 15 %. These numbers correlate to the 
thixotropy and viscoelastic behaviour of the fluids. In conclusion, the viscosity of oil can be 
decreased if the oil is thixotropic or shows viscoelastic behaviour and the effective surface tension 
can be reduced to the point of emulsification by acoustic stimulation.
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Figure 2.24: Normalised pressure curves for sandstone completely filled with the oils and constant 
volume flow. Stimulation at 1850 Hz started at 1 PV. The injectivity increased by ca. 15% for Oil 
1, ca. 6% for Oil 2 and is unchanged for Oil 3. The injectivity increase must be caused by a 
decreased viscosity, because no other flowing phases are present.

2.3 Tests with the SPWD-wireline prototype at the KTB deep crustal lab and the GFZ- 
Underground-Lab

2.3.1 Preparation of the SPWD-wireline prototype for the test measurements
The SPWD-wireline prototype was equipped with monitoring technology for the test at the KTB 
Deep Crustal Lab facilities in Windischeschenbach (Bavaria) to prove the pressure-tightness of 
its housing and the functionality of the hydraulic system in 2000 m depth. The monitoring system 
arranged for this test consisted of four cameras and several moisture sensors (Figure 2.25), a 
power supply, a digital l/O-module, a video server and a telemetry unit. Part of the preparation 
was also a telemetry test.

Figure 2.25: Left: Engineering drawing of the source unit with the position of the cameras and 
moisture sensors. Right: Online observation pictures of the retracted (upper picture) and extended 
hydraulic cylinder (lower picture) at a depth of 1000 m.
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Right from the start of the tool development an emergency shutdown function was intended and 
later implemented to automatically retract the coupling stamps of the source, receiver and 
clamping units in case of a sudden loss of the power supply. The first tests at the KTB revealed 
that this function works quite well for the stamps of the source and receiver units but not for the 
stamp of the clamping units. The restoring torque of the spring was too low to draw back the 
pressure cylinder of the clamping unit. A measurement of the notch shape for the o-rings revealed 
a difference to the technical drawing. The notches were reworked in accordance to this drawing 
to enable a better fitting of the o-rings and thus an easier movement of the stamps.
In preparation of the acoustic measurements in the GFZ-Underground-Lab seismic sources and 
receivers as well as the assembled parts of the electronic unit like power supply, amplifiers, data 
logger and relay board were pretested in the GFZ-Underground-Lab (Figure 2.26) before 
installation into the SPWD-wireline prototype.

Figure 2.26: Left: Preparation o f the electronic components of the SPWD-wireline prototype and 
during a test in combination with the SPWD-laboratory prototype in the GFZ-Underground-Lab. 
Right: Preparation of the electronic unit and the SPWD-laboratory prototype, which is already 
mounted in the horizontal borehole.

A test to check its functionality under operational conditions was carried out with the SPWD- 
laboratory prototype in the research and education mine “Reiche Zeche” in Freiberg (Saxony) in 
March 2013. The control of the four vibrators comprising the seismic source of SPWD-laboratory 
prototype was successfully approved. Problems were observed while receiving the signals of the 
source implemented piezo-electrical sensors. Subsequently, the signal conditioners of the 
sensors were exchanged which solved the problem.

2.3.2 Test measurements at the KTB
To prove the pressure-tightness and the functionality of the hydraulic system components of the 
borehole device two test measurements, from 27th to 31st of May and from the 26th to 29th of 
August 2013, were conducted with the SPWD-wireline prototype at the KTB Deep Crustal Lab 
facilities in Windischeschenbach, Bavaria. The first day of each KTB test was used for the 
transportation of the SPWD-tool and preparation works e.g. dismounting of the wellhead. To 
operate the SPWD-wireline prototype the cable and winch from the logging truck of the ICDP 
Operational Support Group was used (Figure 2.27).
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Figure 2.27: KTB rig and logging truck during the test of the SPWD-wireline prototype

The second day started with the assembly of the three sections comprising the SPWD-wireline 
prototype above the wellhead of the KTB main hole (Figure 2.28). The upper section contains the 
electronic unit. The middle section includes the upper receiver, the upper clamping unit as well as 
the source unit and the lower clamping unit. The lower section consists of the lower receiver unit 
and the hydraulic unit. After the completion of the assembly a test was carried out to prove the 
operational reliability of the telemetry system and the hydraulic cycle to move the stamps of the 
source and receiver units as well as the clamping unit (Figure 2.29).
At the depth of 200 m the hydraulic unit was activated again and the stamps of the source, receiver 
and clamping units were successfully extended and retracted 20 times. The operation was 
observed online via the installed cameras (see Chapter 2.3.1). This procedure was repeated 
during both test measurements at 500 and 1000 m depth without any problems. During the first 
test in May the stamps were extended immediately after activating the hydraulic unit at a depth 
of 1500 m. The trials to retract the stamps failed. The tool was moved back to the surface. After 
a depth of about 400 m was reached the stamps moved again. At surface it was possible to extend 
and retract the stamps without any problems. This failure could be verified while running the tool 
again at 1500 m depth.
While dismounting the tool at the GFZ no signs of fluids or moisture were observed. The scheme 
of the hydraulic tool revealed an unsuitable valve for the high pressure application as the reason 
for the mechanical malfunction of the stamps movement. This valve was substituted by an 
appropriate valve before the KTB test was repeated with the same setup in August 2013. This 
time the stamps were moved successfully 20 times at 1500 m. Afterwards the SPWD-wireline 
prototype was moved to 2000 m depth. Also at this depth the stamps were successfully extended 
and retracted 20 times. The test sequence was successfully completed at a depth of 2100 m. 
Overall the SPWD-wireline had operated about 90 hours in the KTB main hole. During this period 
the hydraulic unit successfully extended and retracted all stamps 150 times.
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Figure 2.28: Left: SPWD-wireline prototype, technical sketch and assembled above the KTB main 
hole. Right: The SPWD-wireline prototype is divided into three parts. The assembly starts with 
the lower section, which comprises the hydraulic unit and the lower receiver unit (lowermost 
picture). Next part is the middle section consisting of the source unit, the lower and upper 
clamping unit as well as the upper receiver unit (middle picture). The electronic unit is the upper 
section (topmost picture).

Figure 2.29: The stamps of receiver and source units are retracted (left) and extended (right)
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2.3.3 Test measurements at the GFZ-Underground-Lab
The GFZ-Underground-Lab (Figure 2.30) is situated 150 m below surface on the first floor in the 
research and education mine “Reiche Zeche” of the Technical University of Freiberg. Surrounded 
by three galleries the measuring site comprises a block of homogeneous high grade gneiss of 
almost 50 m width and 100 m length and ensures constant environmental conditions. Along the 
galleries over thirty 3-component one and two meter long geophone anchors are installed with a 
distance of 4-9 m from each other. Two horizontal 8 Vi' boreholes of 20 and 30 meters were 
drilled into the measuring site towards the gallery “Richtstrecke”. In 2011 the GFZ-Underground- 
Lab was extended by a chamber 10 m above the galleries. From up there a 70 m 8 Vi' vertical 
borehole had been drilled through the gneiss block. All boreholes are open and completely cored.

Figure 2.30: Perspective view of the GFZ-Underground-Lab in Freiberg. The horizontal boreholes 
B 1 and B2 are 30 m and 20 m long. To drill a 70 m deep vertical borehole a 40 degree incline 
(Ramp) and a chamber (BC) 10 m above the measurement plane were excavated by drilling and 
blasting. Blue lines mark the rays between a borehole source point at 10 m depth and the thirty 
3-component geophones.

Figure 2.31: SPWD-laboratory prototype, technical sketch.
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In preparation of the working packages A.9 and A. 10, data measured with the SPWD-laboratory 
prototype (Figure 2.31) in the GFZ-Underground-Lab was analysed with respect to the energy 
radiation pattern for compressional and shear waves to different directions. The source unit of the 
SPWD-laboratory prototype is comparable to the source unit of the SPWD-wireline prototype and 
is also able to apply the faced array technique.
The SPWD-laboratory prototype was situated in BH1 and the emitted wave field was recorded by 
the receiver array mounted along the galleries (Figure 2.30). The data were corrected for different 
receiver offsets (spherical divergence) and for attenuation, assuming a constant quality factor 
(Q-value). Three different amplification directions were applied. The wave field recorded is clearly 
dominated by shear waves (about 90% of the total wave energy) in all considered frequency 
ranges. Figure 2.32 shows a radiation pattern example for different amplification directions of the 
direct S-waves in the frequency range between 500 and 2000 Hz.

Figure 2.32: S-wave radiation pattern for different amplification directions of the phased array 
borehole source. The green pattem (90°) marks the data values for amplification in perpendicular 
direction to the borehole axis, the red (0°) and the blue (180°) patterns analogous in forward and 
backward direction.

To improve the quality of the radiation pattern calculation, space variant Q-values have to be 
considered and applied to the recorded seismic amplitudes. Unfortunately, there is no possibility 
to extract Q-values directly from the SPWD-laboratory prototype data sets within the GFZ- 
Underground-Lab, due to geometrical issues of the used approach for Q-calculation. Therefore, 
data from the latest seismic transmission survey was used for the calculation of spatial Q-models 
of P-waves and S-waves, respectively. As a prerequisite, the corresponding velocity models for 
P- and S-wave also had to be calculated. All models were calculated with the local-earthquake- 
tomography algorithm SIMULPS14 (amongst others Thurber, 1983; Urn and Thurber, 1987; 
Rietbrock, 1996). The P-wave models for velocity and Q-value were calculated within a master 
thesis at the TU Bergakademie Freiberg and supervised by GFZ (Krauß, 2013). The results were 
later published at the International Journal of Rock Mechanics and Mining Sciences (Krauß et al., 
2014). Figure 2.33 shows the velocity models for S-wave (left) and P-wave (right). The basis for 
both tomographies was a seismic survey with source points along the galleries, creating a 
transmission geometry (Krauß et al., 2014). The S-wave model reveals velocities of about
3.3 km/s at the central part of the GFZ-Underground-Lab with decreasing velocities towards the 
galleries, indicating their excavation damaged zones. The dashed lines within the area indicate
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the projection of the excavated ramp and chamber into the measurement plane. South of the 
ramp a low velocity zone appears with velocities down to 2.9 km/s. This is interpreted as a fracture 
zone, which was mapped at the side wall of the gallery “Richtstrecke” (dashed line with number 
34 in Figure 2.33), additionally weakened by the latest excavations. The P-wave velocity model 
reveals a similar picture of velocity distribution. The central part has high velocities of about 6 km/s 
that decrease in direction of the galleries down to about 5.2 km/s. However, the southern part of 
the P-wave velocity model (south of B1) shows different structures than the S-wave model. The 
previously indicated fracture zone 34 combines with a fractured zone that can be followed through 
the entire velocity model. It runs from mapped fracture number 24 on the West side to the fractures 
109 and 112 on the East side. At the galleries, this fracture zone is spread close to the galleries 
and is thinner at the central part. Even though this fracture zone cannot be seen as continuously 
as at the vs-model, velocity decreases close to the galleries at the same fracture zones (24, 109 
and 112).
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Figure 2.33: Different velocity models of the GFZ-Underground-Lab calculated on a 5 m x 5 m 
grid. Left: Shear wave model. Right: Compressional wave model. Beside the infrastructure and 
measurement geometry, the largest fracture zones are displayed (numbered bold dashed lines) 
(WS.S. = Wilhelm Stehender Süd).

Based on the velocity models, the Q-value models were calculated (Figure 2.34). The Q-value 
enables the description of frequency dependent wave attenuation with a scalar value. High Q- 
values mean low attenuation and low Q-values mean high attenuation. The Q-values were 
calculated for each source-receiver pair using the logarithmic-spectral-ratio method (Toksöz et 
al., 1979). These Q-values do not differ between different types of attenuation, such as scattering 
and intrinsic attenuation. This is sufficient, because the general amplitude decrease of the seismic 
wave additional to spherical divergence is desired. Both models for Qs and QP reveal a more or 
less spherical character with higher Q-values in the central part and lower Q-values close to the
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galleries. The Q-values for S-waves are higher than the Q-values for P-waves. The strong 
decrease close to the galleries indicates again the excavation damaged zone. This zone is 
characterized by a velocity gradient, decreasing towards the gallery, and a loosening of rocks in 
the close surrounding, causing high scattering.
Synthetic Q-values were calculated along the horizontal boreholes, B1 and B2, with 0.5 m source 
spacing and at the penetration point of the vertical borehole B3 with the measurement plane 
(cross in Figures 2.33 and 2.34). For application on the seismic data and to develop a subroutine 
for an automatic radiation pattern analysis, the effects of the different terms of the applied 
amplitude correction function (1) were analyzed.
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Figure 2.34: Q-model for shear waves (left) and for compressional waves (right) of the GFZ- 
Underground-Lab calculated on a 5 m x 5 m grid. Beside the infrastructure and measurement 
geometry, the largest fracture zones are displayed (numbered bold dashed lines).

This function is defined as

Anew=A0 - r 2 - e x p [ ^ f ]  (1)

It consists of the initial amplitude Ao, the spherical divergence term r2 and an exponential term to 
describe the amplitude decrease due to attenuation effects. The attenuation effects depend on 
the travel path length r, Q-value, seismic velocity v and frequency f. Based on equation (1), the 
radiation pattern of the SPWD-laboratory prototype can be calculated at one shot point within the 
30 m horizontal borehole of the GFZ-Underground-Lab. Five different calculations were 
performed for S-waves to quantify the effects of spatial differences in velocity and Q-value 
distribution (see Figure 2.35):
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1) S-wave velocity and Qs-value were assumed as constant with vs= 3215 m/s and Qs = 
45.5.

2) Qs-value is constant like 1) and S-wave velocities are calculated from the existing velocity 
model for each shot-receiver combination.

3) S-wave velocity is constant like 1) and Qs-values are calculated from the existing 
Qs-model.

4) Both, vs and Qs are calculated for each shot-receiver combination from the vs- and 
Qs-model, respectively.

5) Radiation pattern without attenuation correction, only spherical divergence is considered. 
Figure 2.35 demonstrates that the application of Qs- and Vs-model based values on the amplitudes 
has only a minor effect compared to the application of average constant values. Further analysis 
has shown a strong dependence of the attenuation term on the signal frequency f, the seismic 
wavelength A respectively. The influence of the attenuation value is greater for higher frequencies. 
This has to be taken into account for the used sweep signals with frequencies between 300 Hz 
and 3 kHz. Therefore, the application of a frequency depending correction function instead of 
constant frequency value to correct the seismic amplitude is necessary for applications using 
different frequencies.

Figure 2.35 Left: Considered source point from a survey with the SPWD-laboratory prototype 
within the 30 m horizontal borehole with source-receiver combinations marked by blue lines. 
Right: The backward radiation pattem on the shown source point is calculated by equation (1) 
and the source-receiver combinations.

Figure 2.36 shows the existing workflow for calculation and application of the amplitude correction 
values. The seismic data and the geometry of source and receiver points are imported in the ISIS
software. Afterwards, the user interactively defines the time windows for surgical data mute of 
direct P- and S-waves. The muted P- and S-data are transformed in the frequency domain and 
the spectral amplitude values are vector summed in the chosen frequency range. These spectral 
values of all three components, the offset values and the calculated incidence angles of the direct 
waves for the source and receiver pairs are exported from the ISIS-software to an ASCII-file. A 
shell script uses this file to correct the amplitude values. Further input parameters of this script 
are a constant frequency value, the seismic velocity and a Q-value. Equation (1) is used to 
calculate the corrected amplitudes. Finally, the source and receiver geometry as well as the 
incidence angles are used to rotate and project the corrected amplitudes into a two dimensional
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Figure 2.36: Existing workflow of radiation pattern analysis. The left part shows calculation steps 
which are already done with the ISIS-software. The amplitude values are exported to be 
processed with C-shell scripts (right part) to apply the correction function (1) and to display the 
data.

map where the direction of the borehole axis equals the y-axis (see Figure 2.36 right). The 
workflow for the calculation of the amplitude correction is the basis for an ISIS-software interface 
that will include all process into ISIS with the possibilities mentioned above.

During the project six measurement campaigns had been carried out (Table 2.2). The scopes 
were tool testing and the completion of WP A.9, A. 10 and A.11. That is, the investigation of 
penetration depth of the acoustic waves, the optimization of the energy density of the SPWD- 
wireline prototype and the identification of the parameters for the field test.
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Table 2.2: Test measurements with the SPWD-wireline prototype in the GFZ-Underground-Lab

Date Purpose Well & Shot Point (SP) 
location

Number of 
recorded shots

December 
2 - 6  and 
9 - 1 3  
2013

- Initial tests to proof the seismic tool 
components

borehole BH3

SP at 2.3 m, 2.4 m, 2.8 m
depth

23

February
1 7 - 2 1
2014

- Functionality tests for the electronic unit 
for acoustic wave generation, data 
recording and transmission to the 
surface,

- Test of different signal parameters

borehole BH3

SP at 0.25 m, 6.5 m depth

29

March
2 4 - 2 8
2014

- Test of signal amplitude and signal 
phase control to focus acoustic waves

- Check of signal amplitude control 
system

borehole BH3

SP in the dry part of the well

216

May
1 9 - 2 3
2014

- Check of signal amplitude control 
system

- Acoustic borehole survey in the dry part 
of the well

- Temperature measurements in the 
electronic unit

borehole BH3 

SP-downlog:
0.5 -  6.5 m with interval of 
0.5 m, 3 s long sweep

SP-uplog:
6.5 to 0.5 m with interval: 
0.25 m, 6 s long sweep

259

June 30 to 
July 4 
2014

- Acoustic borehole survey in the fluid- 
filled part of the well,

- Temperature measurements in the 
electronic unit

borehole BH3

SP-downlog: 6.5 to 26 m with 
interval: 0.5 m

240

December
2 - 4
2014

- Azimuthal measurements
- Oil droplet stimulation test

borehole BH3

SP fixed at 3.68 m depth, 
360° rotation with 45° steps

193

Used receivers for all measurements: SPWD-geophones and 30 3C-receiver rods along the galleries

Three test measurements in the GFZ-Underground-Lab were carried out to validate 
improvements in the signal generation and application of the SPWD-wireline prototype. The first 
measurement campaign took place between the 17th and 21th of February 2014. The main aim of 
this test was to prove the functionality of the electronic unit (Figure 2.37) for seismic wave 
generation, data acquisition and data transmission to the surface stations. Several sweep signals 
with different recording parameters have been used to test the electronic. The tested sweep 
signals were 3 s, 6 s and 12 s long. Signal frequencies in the range of 300 to 3000 Hz with 
sampling intervals of 1/32 ms, 1/16 ms, 1/8 ms and 1/4 ms were tested for recording. A data 
example of one shot with a length of 12 s is depicted in Figure 2.38. For each shot the data of the 
two three-component geophones, the pilot signal and the four piezoelectrical sensors were saved 
in a file in SEG-2 format and transmitted to the surface control station. The measurements with 
SPWD-wireline prototype were performed in two different borehole depths: close to borehole 
mouth and in 6.65 m depth with two different azimuth angles. The emitted seismic waves were 
also recorded by 30 three-component receivers installed in the surrounding galleries. This data 
was to be merged with the borehole data for correlation and investigation of the radiation pattern.
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Figure 2.37: Tests at the electronic unit of the SPWD-wireline prototype at the GFZ-Underground- 
Lab.

S H O T  :2  2 0 1 4 —0 2 —spwd—logger N O R M  Z O O M  F lL T
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Figure 2.38: Shot file recorded by the SPWD-wireline prototype at a borehole depth of 6.5 m 
(upper borehole geophone). The recording length is 12 s with a sampling rate of 0.25 ms. The 
source signal is a sweep with a linear frequency slope characteristic between 300 Hz and 
1875 Hz. The lower three seismic traces (red) show the three-component data of the lower 
geophone. Traces four to six are the recordings of the three-component upper borehole 
geophone. Trace seven shows the pilot signal for steering the borehole vibrator sources. The 
seismograms eight to eleven are the vibrator source signals recorded by the piezoelectrical 
sensors integrated in the coupling stamps of the sources. The piezoelectrical sensor in vibrator 
three (trace no. 10) was not working during the test.
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The main aim of the second measurement during the 24th and the 28th of March 2014 was to test 
the signal amplitude and signal phase steering software to modify the radiation pattern of the 
SPWD-wireline prototype. Figure 2.39 shows the measured signal phase values for the four 
source vibrators for the three amplification directions. Three different amplification directions were 
tested during this measurement: along the vertical borehole axis in downward and upward 
direction as well as perpendicular (resp. horizontal) to the borehole axis. The recording 
parameters were kept constant during the test to 1/16 ms sampling interval and a sweep length 
of 3 seconds. A linear sweep with frequencies of 300 to 3300 Hz was used as source signal. The 
measurement points were equally spaced with a depth interval of 0.5 m.

Figure 2.39: Phase difference graphs for the four vibrator signals plotted against the frequency 
range of 500 to 3300 Hz. The red line marks the phase signal of the lowermost source vibrator, 
followed by the green line for the second vibrator, the blue line for the third vibrator and the yellow 
line for the uppermost vibrator. Graph A shows the actuator signals with a desired phase 
difference value of zero (amplification in radial direction to the borehole axis). A linearly increasing 
phase difference is shown in graphs B and C. B leads to an amplification of the acoustic waves 
along the borehole axis in downward direction and C along the borehole axis in upward direction.
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During the measurement the SPWD-wireline prototype was lowered in the vertical borehole up to 
maximum depth of 6.5 m. In this depth the whole tool was situated above the water table, which 
lays constant at 10.8 m. The azimuth rotation angle of the tool was determined by visual 
inspection of a marker on top of the SPWD-wireline prototype. The shots of all amplification 
directions were repeated five times at each measurement point to check the repeatability of 
source signals and to improve the signal-to-noise ratio by vertical stacking. In total, 216 shots 
were recorded. The result of the test was a verification of the steering software for the signal 
phases but not for the signal amplitudes. In addition, the detailed data evaluation at the GFZ 
showed that a wrong pilot source signal was written into the seismogram files of the SPWD- 
wireline prototype if the amplitude steering function was used.
The third test measurement was carried out from the 19th to 23th of May 2014. The aims were to 
check the software for the signal amplitude steering and the measurement of the temperature 
range within the electronic unit of the SPWD-wireline prototype. The measurement geometry and 
recording parameters of the SPWD-wireline prototype were the same as before except the higher 
start sweep frequency of 500 Hz instead of 300 Hz. After finishing the down log measurement, an 
up log measurement was conducted with a depth interval of 0.25 m spacing. The sweep signal 
length was increased to 6 seconds for this measurement. Overall 274 shots were recorded during 
this campaign. The following data evaluation has revealed the storage of the correct pilot signal 
trace within the shot recordings of the SPWD-wireline prototype. Moreover, the steering of the 
signal amplitudes of the vibrators was performed successfully (Figure 2.40).
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Figure 2.40: Amplitude values of the four vibrator sources measured during the field tests in March 
(left) and May (right) in the vertical borehole at 6 m depth. The amplitude steering function of the 
SPWD-tool software equals the amplitudes of all vibrators along the whole frequency range resp. 
sweep time length and reduces amplitudes at resonance frequencies e.g. at about 750 Hz.
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To monitor the temperature range within SPWD-electronic unit, two stand-alone temperature 
sensors were installed in the lower and upper part of the unit (Figure 2.41). Figure 2.42 shows 
the temperature curves measured during the experiment. The temperature values of both sensors 
increased during the test periods between 8 a.m. and 2 p.m. and lowered after finishing the 
measurements down to the ambient temperature value of about 11 °C. The higher temperature 
values were measured, as expected, by the sensors in the upper part of the electronic unit. For 
the evaluation of the result regarding to an application for fluid stimulation, some remarks are 
necessary. For this test, the electronic unit got an aluminium housing, which has a better heat 
conductivity than the steel housing used for deeper boreholes. On the other hand, the tool was 
situated in air, in which heat is worse transported than in borehole fluids.

Figure 2.41: The picture shows the uppermost part of the SPWD-electronic unit. The installed 
temperature sensor (type: Volte raft DL-101T) is marked by the white arrow.

Time [h]

Figure 2.42: Temperature range measured by two sensors installed in the SPWD-electronic unit. 
The temperature values were recorded during the 13th to 1&h of May 2014 in the GFZ- 
Underground-Lab in Freiberg. The blue line marks the temperature values measured in the upper 
part o f the electronic unit and the red curve shows the temperature values measured in the lower 
part o f the electronic unit. A maximum value of 41 °C was reached at the end of the third 
measurement day in the upper part of the electronic unit. The step in the temperature curves at 
17.3 °C is possibly a recording failure of the sensors.
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The measurement that took place between the 30th of June and the 4th of July 2014 was targeted 
to validate improvements in the signal generation and application of the SPWD-wireline prototype. 
For the first time the prototype was applied in the fluid filled part of the vertical borehole below the 
water table at 10.8 m. The coupling stamps of the magnetostrictive actuators which showed 
corrosive pittings after the KTB-tests were replaced by newly produced stamps.
Figure 2.43 shows a data example measured in the vertical borehole from 6 m to 26 m depth. 
Three different amplification directions were tested during this measurement: along the vertical 
borehole axis in downward and upward direction as well as perpendicular to the borehole axis. 
The shots of all amplification directions were repeated two times at each measurement point to 
check the repeatability of source signals and to improve the signal-to-noise ratio by vertical 
stacking. The recording parameters were kept constant during the test to a 1/16 ms sampling 
interval and a sweep length of 6 seconds. A linear sweep with frequencies of 300 Hz to 3300 Hz 
was used as source signal. The measurement points were equally spaced at depth intervals of 
0.5 m.
The seismic traces of the downward amplified wave field in Figure 2.43 are dominated by 
reflections dipping towards the deeper part of the borehole whereas the upward amplified wave 
field shows reflections dipping towards the upper part of the borehole. Arrows mark two major 
reflections which can be followed on all shot traces. The one dipping towards the upper part of 
the borehole can be caused by the 40° inclined ramp connecting the galleries and the drilling 
chamber.

Figure 2.43: Correlated and stacked data of the lower radial receiver component measured in 
vertical borehole of the GFZ-Underground-Lab. Amplification of the radiated wave field borehole 
perpendicular (left), borehole parallel downward (middle) and borehole parallel upward direction 
(right). Median value filtering was applied to remove the direct waves. Major reflections are 
marked by arrows.

3 Field experiment at the test site “Piana di Toppo” (PITOP)

3.1 Development and Integration of a module for tool orientation measurement
A necessary precondition for the application of stimulation and imaging techniques in boreholes 
is the exact information on the tool position and tool azimuth. In the GFZ-Underground-Lab the 
tool azimuth angle of the SPWD-wireline prototype was determined above the water table by
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visual inspection of a marker on the cable head and by data analyses of the geophone array for 
the fluid filled part of the vertical borehole. To measure the tool position and orientation a module 
consisting of a fiber-optical gyrocompass and two 90° rotated inclinometers has been designed 
for integration into the electronic unit of the SPWD-wireline prototype.
The orientation system is an inertial system designed for the continuous determination of the 
SPWD-wireline prototypes azimuth and inclination inside a bore hole. It consists of three parts: 
An underground sensor unit for gathering the tools movement data, a surface processing unit to 
calculate the current position and data handling, and a so called “northing unit” for initial 
identification of the tools face inside the geographic reference frame. It is capable to operate 
within a range of +/-14.50 deviation towards the gravitational vector and detects rotational rates 
of up to 200 7s, with an acquisition frequency of 25 Hz. The intended accuracy for tool orientation 
measurement was +/- 1° after 6 hours operating time. The System was developed within the 
framework of the GFZ with assistance and laboratory help of the Institute for Geophysics and 
Extraterrestrial Physics, TU Braunschweig. Table 3.1 shows the most important design 
parameters.

Table 3.1: Characteristics and maximum ratings after correction

Input voltage 5 V
Power consumption 4/10 (underground/surface) W
Tilt 14.5 0

Rotational rate about Z ±490 7s
Acquisition frequency 25 Hz
Uncertainty azimuth 0.0071 °Ns

The sensor unit divides into two subunits: A sensor package (Figure 3.1) consisting of a fiber optic 
gyro, two inclinometers embedded and a temperature sensor in a rugged aluminium housing in 
order to maintain the sensor’s relative position and a control unit to gather and convert the data 
of each sensor into a uniform data format. Both units are mounted above and close to each other 
in the electronic section of the SPWD-wireline prototype. Additional sensors for temperature 
monitoring are attached to the control board and the housing.

Figure 3.1: Orientation systems underground sensor unit composed of control unit (left) and 
sensor package (right).

The assembly of the fiber optic gyro and the two inclinometers into the sensor package is shown 
in Figure 3.2. In order to determine the rotational rate about the tool Z-axis a KVH DSP-1750, 
digital, magnetic shielded fiber optic gyro (Figure 3.3, right) is incorporated into the sensor 
package. Fiber optic gyros, which are based upon the physical background of the Sagnac -  Effect 
do not require moving parts. Therefore, they are characterized with a high shock resistance and 
bias stability and low drift rates in comparison to mechanical gyros. The inclination (with respect 
to the vertical or Z-axis) is measured by two level development LSRP-14.5 inclinometers (Figure
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3.3, left). They are mounted inside the sensor housing below the gyro in order to measure the tilt 
vector of the SPWD probe about its X- and Y-axis. The inclinometers are based upon the looped 
servo principle, rendering them shock resistant compared to other solutions and aiding with a high 
resolution of 0.3 m.

f Y r o c o m p j i i

board

fiber optical 

ly ro c o m p a u

in cltnom e la rt 

90* rotated

Figure 3.2: Sensor package consisting of two 90° rotated LSR-14.5 single axis inclinometers and 
a KVH DSP-1750 single axis, magnetically shielded fiberoptic gyro, technical sketch.

Figure 3.3: Level developments LSRP-14.5 inclinometer (left), KVH DSP-1750 fiber optic gyro 
(right).

Since most electronic parts of the subsurface module are sensitive to temperatures higher than 
75 °C, especially the gyro’s laser diode is prone to temperature induced destruction, three LM75 
digital temperature Sensors have been installed in the subsurface module: One in the sensor 
package, near the fiber optic gyro’s electronics, one on the control unit board and one attached 
to the upper part of the electronic section apart from heat sources. The control unit’s tasks are to 
provide the power supply for the sensor unit, to collect the sensor data, to convert them into a 
uniform data format and to transfer the data via the LAN interface to the surface processing unit. 
The processing is executed by an NXP LPC1768 ARM Cortex-M3 microcontroller, mounted on 
the correspondent mbed evaluation board and is part of the control unit (Figure 3.4).
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Figure 3.4: Schematic diagram control unit for acquisition of inclinometer and fiberoptic gyro data.

Figure 3.5: Raspberry surface processing unit. The display shows the start screen.

The surface processing unit consists of Raspberry Pi 2 Modell B with a 2.8” touch-display 
(Figure 3.5). The northing unit to obtain the initial tool azimuth is made up of a sighting telescope, 
a collar to attach the scope to the SPWD-wireline prototype and a target plate (Figure 3.6).
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Figure 3.6: Telescope attached to SPWD-wireline prototype and the target plate (right)

The surface processing unit is controlled by a python-written software, which automatically runs 
with the startup of the Raspberry Pi and is sensitive to input from the touch panel (Figure 3.7). 
Before any measurement a northing procedure is necessary to quantify the azimuth of the line 
between the borehole and the target plate, which can be placed arbitrarily in a line of direct sight 
in a distance of at least 50 m. The line’s azimuth is then entered into the software.

H e a d . : 12.131 H e a d . : 12 .129 H e a d . : 12.131
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Figure 3.7: Program screen dun'ng northing from left to right in the decoupled mode and the 
coupled mode. Head shows tool azimuth, X-lncl and Y-lncl the inclination about the respective 
axis, T1 the fiber optic gyro temperature, T2 the electronic section temperature, T3 the control 
unit temperature, L the lost packages, T the measurement time and f  the measurement frequency.

The beginning of each downhole log starts with identification of the tool's face (azimuth) by 
aligning it with the entered azimuth. With activation of the start button, the software starts to 
identify the radial variation of the tool. As soon as this variation undercuts a programmable limit 
value (e.g. fixed tool during northing), the software switches into the continuous measurement 
mode starting with the initially determined azimuth. The orientation of the tool is calculated by an 
algorithm that accounts for the actual inclinometer values in each step, while the rotational rate is 
considered iteratively. The software automatically corrects for the earth’s rotation and effects 
induced by temperature and other.
In the continuous measurement mode, the software offers to switch into the so called “coupled” 
mode in which the software assumes that the SPWD tool is coupled to the well’s wall and saves 
the value current at the point of switching the mode. The program then assumes that the tool is 
not experiencing any motion and uses the sensor data unit to correct for additional drifts. When
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leaving this coupled mode, the tool resets the heading and inclination values to the ones saved 
when entering the coupled mode.
Additionally, in the coupled mode, the software senses rapid changes in the tool’s motion and 
automatically releases the coupled mode assuming that the SPWD tool accidently decouples from 
the wall, e.g. through slipping processes. This can be used to decide whether to reattach the tool 
to the holes wall and ensures acoustic coupling quality at the measuring point.
The measurement is ended again with a northing procedure to determine the azimuth deviation. 
Similarly to the initial process the software waits for minimum tool motion and then ends the 
measurement and a following data correction of azimuthal drifts is possible. All data, raw as well 
as processed data, are stored in two files, one for raw data, and one for processed data. The files 
are named automatically with an ascending number attached. They can be found on the SD-Card 
of the processing unit. The code is of UTF-8 type.
The fiber optic gyro values as well as the inclinometer values are influenced by assembling, 
temperature dependent offset and linearity plus instrument noise, resulting in an erroneous 
estimation of the tools orientation.
The inclinometer offsets are induced by assembly uncertainties of the sensors and by errors 
influenced by the amplification circuit responsible for the inclinometer signal. The inclinometer 
offsets with respect to the sensor unit’s Z-axis were determined by the use of a rotary table with 
an inclined rotation axis (Figure 3.8). By rotating the sensor unit around an inclined axis a shifted 
sinusoidal signal is derived from the inclinometers. The offset of the inclinometers matches exactly 
the shift of the sinusoid. The fiber optic gyro offset is similarly generated by assembly uncertainties 
and by temperature effects. In order to determine the sensor package offset against the sensor 
unit’s Z-axis, the sensor package was placed in a conditioning cabinet in a way that the calibrated 
inclinometers indicate a horizontal orientation and was then exposed to a temperature range of 
10 °C to 65 °C (Figure 3.8). Because the earth rotation is well known, it can be subtracted from 
the fiber optic gyro’s signal yielding the temperature dependent offset.

Figure 3.8: The conditioned cabinet (left) and sensor package on the rotary table (right).

Additional to the offset, the gyro is affected by linear alteration of the rotational rate. This linear 
factor was derived by the use of a rotary table. The sensor package was mounted parallel to the 
rotation axis and rotated for a certain amount of rotations. The proportion of calculated and real 
rotations yields the linear factor.
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Independent of calibration, the noise of each sensor was calculated. This noise again was used 
in a forward simulation with the reorientation code used in the surface processing unit. From the 
statistic of several thousand runs it could be derived, that the azimuth error follows a normal 
distribution and can be calculated by:

ar(Tm) = 0.0071 * yjtm (2)

Measurements showed that sigma is independent of the whole inclination (in the range of the 
inclinometers range). This error is induced by the so called random walk. However, consideration 
of the uncertainties of the calibration broadens the range of possible azimuth values by an 
additional summand u of:

u = 0.0031 * tm (3)

The device has been tested first at PITOP test site in Northern Italy. Over the duration of 5 to 6 
hours, it has shown an overall good performance matching the azimuth measured before and 
after each downhole log by a maximum difference of 0.53° (Table 3.2), which lay in the order of 
the magnitude of the random walk and meets the intended +/-1° after 6 hours operating time.

Table 3.2: Deviation between calculated and measured final azimuth

Survey # Deviation of azimuth in [°]
1 0.28
2 0.22
3 0.53

One dataset including the error bars for the random walk and the calibration uncertainties is 
shown in Figure 3.9. Interpreting the good overlap between the error estimated by the random 
walk and the measurement results it is acceptable to assume that the calibration uncertainty had 
been estimated too high and can be reduced in future attempts.
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Figure 3.9: Detail at the end of borehole measurements: The red lines represent the calibration 
induced uncertainty and the black line the error induced by the random walk. Between the black 
lines the blue line shows the calculated tool azimuth (above). The development of the calculated 
tool azimuth is shown over the whole borehole measurements. The difference between start and 
end is only 0.5°.
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3.2 Trigger-system for combined downhole and surface measurements
The SPWD-wireline prototype is exclusively designed for downhole measurements. The 
parametrization and start of the prototype is performed on the surface, but source control and 
data acquisition is autonomously organized downhole. The communication is realized with SHDL- 
modems with LAN-interface and therefore not time-accurate enough for trigger purposes. 
Consequently the trigger signal for synchronized seismic measurements with several acquisition 
systems is available only downhole and has to be transmitted to the surface via the seven wire 
borehole cable in time. One wire and the shielding are used for communication using SHDL- 
modems. The remaining three plus three wires are available for power supply. The integration of 
a trigger system using the communication line is more complex. Due to a lack of time the work 
was concentrated on a power line solution. Essentially two concepts were evaluated, a significant 
load change and the use of powerline modems. Both concepts were tested for feasibility on a 
3500 m long borehole cable during two measurement campaigns in January and February 2015 
at KTB deep crustal lab in Windischeschenbach (Bavaria). A significant downhole load change 
usually results in sufficient surface voltage and current changes as can be seen in Figure 3.10.

Figure 3.10: 3500 m borehole cable, dry on cable drum with a 141 Q switched load (yellow input 
voltage, blue voltage at load, violet current measured with clip-on ammeter)

However, the effort to design a safe and reliable electronic detection circuit is relatively high. Aside 
from detection problems, if the load change is close to the power supply zero-crossing the system 
is not time-stable enough to ensure accurate triggering. Hence, a trigger system using the 
powerline modem MAX2990 was used. This communication system uses OFDM (Orthogonal 
Frequency-Division Multiplexing) and interrupts communication quickly enough if one powerline 
module is reset as can be seen in Figure 3.11. After 100 ps the OFDM-signal decayed. Thus, the 
downhole trigger resets the downhole powerline module and a surface trigger signal can be 
generated when OFDM-transmission stops. Unfortunately, the powerline transmission allows for 
OFDM-transmission gaps up to several milliseconds. Furthermore this trigger system is 
susceptible to noise. Therefore some electronics for proper timing and filtering had to be designed 
to avoid faulty trigger signals.
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Figure 3.11: 3500 m borehole cable dry on cable drum with two MAX2990 powerline modems at 
each end and downhole module reset (yellow reset signal downhole module, blue received OFDM 
signal at surface module)

In April 2015 this trigger system was implemented into the SPWD-wireline prototype and was 
finally tested at KTB (Figure 3.12).

Figure 3.12: Test o f implemented trigger-system with SPWD-wireline prototype at KTB in April 
2015. Left: Borehole cable drum, Right: SPWD-wireline prototype lying

3.3 Description of measurements
From the 4th to the 11th of May 2014 the field test with the SPWD-wireline prototype was 
conducted at the PITOP test site in Northern Italy. This test site is operated by the OGS Trieste 
(OGS = Instituto Nazionale di Oceanografia e di Geofisica Sperimentale). The objectives of this 
survey were the demonstration of the applicability of the SPWD-wireline prototype and its
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calibration for the application in a sedimentary rock environment as well as an estimation of its 
exploration range. Figure 3.13 depicts the PITOP test site infrastructure including the three wells 
used during this field test.
The SPWD-wireline prototype was operated in well 3. The emitted waves were recorded by six 
3-component geophone levels of the Sercel SlimWave tool string at intervals of 10 m in well 1 
and 13 3-component geophone receivers permanently installed behind casing in well 2 (Figure 
3.14).
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Figure 3.13: PITOP test site and the installed seismic systems in three observation wells. G1 to 
G8 mark the positions of 3-component surface geophones. Red lines mark power lines and blue 
lines water lines EE marks electrical power lines.

Figure 3.14: Casing plan of the PITOP wells. 3-component receivers are permanently installed 
behind casing within well 2 (Poletto et a!.).
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The levels of the geophone chain were installed in 10 m intervals in the depth range of 190 to 240 
m. In addition, eight 28 Hz 3-component geophones (G1-G8 in Figure 3.14) were mounted in 
intervals of about 5 m to record the emitted acoustic waves at the surface.
Two different types of source signals were tested during the field experiment: linear and single 
frequency sweeps. Single frequencies from 120 Hz to 1920 Hz with 100 Hz interval were tested 
at 80 and 260 m depth. The lower frequency limit was defined by the source control capability of 
the SPWD-wireline prototype. The tool has a specified bandwidth from 300 Hz to 5000 Hz for 
assured operation, nevertheless measurements worked out well down to 120 Hz at PITOP. The 
upper frequency was limited by the highest sampling rate of the Sercel SlimWave tool of 0.25 ms. 
The Nyquist frequency for this sampling rate is 2000 Hz and the anti-aliasing filter, defined by the 
acquisition software, starts already at 1875 Hz. For each frequency two wave trains with 6 s length 
were applied. A total number of 105 single frequency wave trains were recorded during the field 
experiment.
Based on the single frequency performance a linear sweep with frequencies from 120 Hz to 
2600 Hz and 7.5 s length was applied for the acoustic borehole survey in well 3. The upper 
frequency limit was chosen to allow a high-resolution structural investigation around well 3 and 
also around well 2 by the Sercel SlimWave tool string. The sampling rate for the SPWD-data was 
1/16 ms. For data correlation the pilot sweep was applied for both wells. For correlation of the 
well 2 dataset the pilot sweep had been low-pass filtered and resampled to a frequency of 2000 
Hz to avoid aliasing effects. This reduced the seismic wave energy for imaging in well 2 by about 
25 % compared to well 1.
The borehole survey started at 5 m depth. It was continued in 5 m intervals up to depth of 40 m. 
Due to time constraints the source point interval was increased to 10 m up to the final depth at 
260 m. At each source point, three different amplification directions were applied: radially, 
vertically downward and vertically upward. The dataset recorded in well 3 comprises 298 records 
and in well 2 305 records. The difference is caused by failed trigger signals of the SPWD-wireline 
prototype.
As mentioned, well 1 and well 3 were instrumented additionally to the permanent installation 
behind the casing in well 2. The mobile GFZ winch was used for the installation and run of the 
six three-component geophones of the Sercel Slimwave tool string (Figure 3.15, right) in well 1. 
The winch from type MW 600 was mounted in a VW bus (Figure 3.15, left).

Figure 3.15: Left: Mobile GFZ winch MW 600 mounted in a VW bus, Right: Sercel Slimwave tool 
sthng in preparation for well 1
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A truck crane was required to unload the GFZ winches, assembly of Sercel Slimwave tool string, 
of the GFZ gantry crane (Figure 3.16, left) and the SPWD-wireline prototype (Figure 3.16, right). 
Together with the GFZ winch, type Schlumberger OFU off shore logging unit, the gantry crane 
was used to move the SPWD-wireline prototype (Figure 3.17, left and right).

Figure 3.16: Left: Assembly of the GFZ gantry crane, Right: Preparation of the electronic unit of 
the SPWD-wireline prototype during assembly at well 3.

Figure 3.17: Left: SPWD-wireline prototype assembled and ready for operation in well 3. The 
borehole cable is directed via a pulley above the tool and a pulley above ground close to the rig 
cellar to the GFZ winch (Schlumberger OFU off shore logging unit). Right: View from winch to 
SPWD-wireline prototype.
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Figure 3.18 left shows the workplace for data recording. The SPWD-wireline prototype and the 
Sercel Slimwave tool string was operated from this place in the winch container. As mentioned 
eight 28 Hz three-component geophones were stuck according to Figure 3.13 (Figure 3.18 right).
To operate the SPWD-wireline prototype in well 3 with its 13 %" casing, extensions had to be 
installed at the clamping units to enable the tool to connect with the borehole wall (Figure 3.19). 
Finally the tool was disassembled and cleaned (Figure 3.20, right). Also some maintenance work 
was performed (Figure 3.20, left).

Figure 3.18: Workplace for data recording in the winch unit. The three laptops are used for 
communication and data recording of the SPWD-wireline prototype, of the orientation module and 
of the Sercel Slimwave geophone chain (from left to right). Right: Preparation of eight 28 Hz 3- 
component geophones G1 to G8

Figure 3.19: SPWD-wireline prototype with clamping unit extensions. Left: Before measurements 
during the test o f the hydraulic system. Right: After operation in well 3.
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Figure 3.20 Left: Service for the source coupling stamps. Right: Middle and upper section o f the 
SPWD-wireline prototype prepared for cleaning.

3.4 Results
Figure 3.21 depicts the position of the PITOP-wells and the results of the tool azimuth 
measurements of the SPWD-wireline prototype. During the first single frequency test location at 
80 m depth (TL 1) the SPWD-wireline prototype was oriented in southwest direction in between 
well 1 and well 2. The tool azimuth measured at the second location for single frequency test 
(TL 2) at 260 m depth was 107 0 (East). A more continuous observation of the tool azimuth allows 
the data of the acoustic boreholes survey: From 5 to 90 m the SPWD-wireline prototype hardly 
rotated at all and was oriented south south-west. After the probe passed the water table at 95 m 
(blue circle) it started rotating quickly with sinusoidal shape up to the final depth of 260 m. A 
possible explanation for this rotation is the buoyancy force of the water which eases rotation of 
the heavy tool housing compared to the dry part of the hole. This allows the release of energy 
stored in the twisted cable. The following sinusoidal shape of rotation can be a result of energy 
transformation between kinematic/rotational energy and potential energy stored in the twisted 
cable.
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Figure 3.21: PITOP well locations and projection of the SPWD-wireline tool azimuths marked by 
line connected dots. The dots depict the discrete azimuth values at the source locations of the 
acoustic borehole survey. Circles mark the depth at well 3 in 30 m steps. TL1 and TL2 mark the 
depth and tool azimuth angle of the SPWD-wireline prototype for the single-frequency signal tests 
at 80 and 260 m depth, respectively. The measured water table at 95 m depth is marked by the 
blue circle.

3.4.1 Single frequency transmission tests
The signal frequency seismic traces recorded by a piezo-electrical sensor of the SPWD-wireline 
prototype are depicted in Figure 3.22. This sensor is integrated in the coupling stamp of the 
uppermost vibrator. The SPWD-wireline prototype was located at point TL2 in 260 m depth (see 
Figure 3.21). In Figure 3.22 a successive increase of the acceleration amplitudes with the signal 
frequency can be observed. The measured maximum particle acceleration and velocity values 
are shown in Table 3.3. The particle velocity V was calculated by the integration of the particle 
acceleration A. For the maximum particle velocity and maximum acceleration the integration is 
simplified to a division with the angular frequency (oo= 2*n*f).

Vmax = Amax/ f l  * n * / )  (4)
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Figure 3.22: Single frequency signal recordings of the piezo-electrical sensor integrated in the 
coupling stamp of vibrator four of the SPWD-wireline prototype at 260 m depth (TL 2 in Figure 
3.21) in well 3.
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Table 3.3: Particle velocities and accelerations measured at the coupling stamp of vibrator four of 
the SPWD-wireline prototype for shot point TL2 at 260 m in well 3.

Frequency
[Hz]

Particle
velocity

[pm/s]

Particle
acceleration

[pm/s2]

Frequency
[Hz]

Particle
velocity

[pm/s]

Particle
acceleration

[pm/s2]

120 0.132 100.0 1020 13.903 89100.0

220 0.289 400.0 1120 16.768 118000.0

320 0.448 900.0 1220 14.663 112400.0

420 0.530 1400.0 1320 11.129 92300.0

520 0.888 2900.0 1420 10.643 94960.0

620 0.899 3500.0 1520 12.314 117600.0

720 2.851 12900.0 1620 15.542 158200.0

820 3.882 20000.0 1720 16.369 176900.0

920 12.162 70300.0 1820 16.388 187400.0

1920 16.005 193080.0

There was no test stand to determine the application of energy to the underground because the 
realization of such a test stand had been too complex. But the particle acceleration at each 
coupling stand was measured (see Tab 3.3) during the PITOP-campaign. The magnetostrictive 
actuator sources were driven well below their resonance frequency. Therefore the efficiency factor 
was probably low. Using the particle acceleration of 187.4 m/s2 for 1820 Hz from table 3.3 and an 
estimated moving mass of 1 kg an applied energy of 0.173 J per second can be calculated. The 
corresponding moving mass is not known exactly and can only be estimated. The deployed power 
was for this case 4.9 W resulting in 4.9 J per second. The efficiency factor is for this case 3.5 %. 
For comparison hi-fi column speakers usually appear with efficiency factors below 1 %. Thus an 
applied energy of some Joule per minute for 1820 Hz is reasonable for one magnetostrictive 
actuator.
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Figure 3.23: Single frequency signal recordings o f the horizontal borehole geophone at 230 m 
depth in well1. The SPWD-wireline prototype was installed at 260 m (TL2 in Figure 3.21, see 
Figure 3.22). The sweep length was 6 s. Arrows mark impulses caused by the shutdown process 
of the amplifiers. Data were filtered to remove 50 Hz noise.

The single frequency records from source location TL2 in 260 m depth (see Figure 3.21) 
measured at depth 230 m in well 1 are shown in Figure 3.23. The distance between source and 
receiver location was 50 m. In well 1 all single frequencies from 120 Hz up to 1920 Hz are visible 
in the raw data without correlation. The receivers installed in the Sercel Slimwave tool are Omni- 
2400-15Hz high temperature geophones with a flat frequency response in the frequency range of 
15 to 500 Hz. The conversion factor between amplitudes measured in Volt and the particle velocity 
is 0.52 V/cm/s. There is no information available for the frequency sensitivity above 500 Hz, but 
it is presumably less for higher frequencies. In the further course, the known conversion factor is 
also applied for the frequencies above 500 Hz.
The data of Figure 3.23 were filtered to pick the amplitude values. The particle velocities and 
particle accelerations for the frequencies are summarized in Table 3.4. The particle acceleration 
A was calculated by the derivation of the particle velocity V using equation 4.
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Table 3.4: Particle velocities and accelerations for shot point TL2 at 260 m in well 3 and receiver 
at 230 m in well 1. A maximum of 1.22 mm/s2 can be achieved for 1420 Hz in 50 m distance 
although the SPWD-wireline prototype is directed contrary from well 1.

Frequency
[Hz]

Particle
velocity

[|jm/s]

Particle
acceleration

[pm/s2]

Frequency
[Hz]

Particle
velocity

[pm/s]

Particle
acceleration

[pm/s2]

120 0.00385 2.903 1020 0.07115 455.990

220 0.00962 13.298 1120 0.13562 954.380

320 0.00577 11.601 1220 0.10192 781.266

420 0.12500 329.865 1320 0.04230 350.828

520 0.05385 209.777 1420 0.13654 1218.226

620 0.01923 74.911 1520 0.11154 1065.255

720 0.16154 730.789 1620 0.06731 685.132

820 0.09038 465.657 1720 0.05000 540.353

920 0.06923 400.185 1820 0.04038 461.761

1920 0.00577 69.608

A decay of amplitudes of about 20 dB for the lower frequency and about 50 dB for the higher 
frequencies can be observed between the SPWD-wireline prototype at TL2 in well 3 and the 
receiver at 230 m in well 1 (see Tab. 3.3 und Tab. 3.4).
The recordings for shot point TL1 at 80 m depth (see Figure 3.21) are characterized by a very low 
signal-to-noise ratio. Figure 3.24 shows the data recorded at 230 m depth in well 1. The distance 
between source and receiver location was 155 m. With exception of the lowermost frequencies 
of 120 Hz and 220 Hz no signals can be identified in the raw data. This is confirmed by the 
recordings of all borehole receivers in well 1.
In a next step narrowband frequency filters were applied to identify possible signals. But only the 
already in the raw data visible single-frequencies of 120 Hz and 220 Hz were identified (see 
Figure 3.24).The amplitudes for 120 Hz and 220 Hz were picked. The acceleration for 120 Hz is 
1.44 pm/s2 and for 220 Hz 7.79 pm/s2.
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Figure 3.24: Single frequency signal recordings of the horizontal borehole geophone at 230 m 
depth in well 1. The SPWD-wireline prototype was installed at 80 m (TL1 in Figure 3.21). The 
sweep length was 6 s. Data are filtered to remove 50 Hz noise.
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Figure 3.25: Single frequency signal recordings of the horizontal borehole geophone at 230 m 
depth in well 1. The SPWD-wireline prototype was installed at 80 m (TL1 in Figure 3.21). The 
sweep length was 6 s. Data are bandpass filtered 200 Hz - 250 Hz.

Even though the SPWD-wireline prototype is directed to well 1 great differences in the data quality 
of the single-frequency tests at shot location TL1 and TL2 can be seen. This has several reasons. 
First, the distance between TL1 and the six borehole receivers is much larger than from TL2 and 
the receivers. For TL1 these are 117 m to 164 m whereas for TL2 45 m to 81 m. For seismic 
waves the earth has low pass filtering characteristic which means higher signal frequencies are 
more attenuated than lower frequencies. The longer the distance between source and receiver 
point the less high frequency signals are received.
However, the key trigger for the differences observed in the recording from TL1 and TL2 is the 
water table measured at 95 m depth in well 3. TL1 is situated above the water table. It is well- 
known that dry rocks attenuate seismic waves much more than fluid filled rocks. In particular for 
the high-porosity conglomerates at PITOP can cause such an effect on the seismic waves. The 
pronounced frequency-selective character of wave attenuation monitored at PITOP indicates a 
specific dimension of voids within the PITOP conglomerates.
The last-mentioned effect seems to be the dominant effect, because the SPWD-wireline prototype 
was clearly oriented toward well 1 at TL1 and signal detection for 220 Hz and 120 Hz show that 
attenuation due to spherical divergence (geometrical amplitude decay) does not have sufficient 
impact. The borehole survey conducted in well 3 between 5 m and 260 m depth with source point 
intervals of 5 m and 10 m will allow a further analysis of the wave propagation characteristics at 
the PITOP test site.

66



3.4.2 Acoustic borehole survey
The data of the eight three-component surface geophones and six borehole geophone levels 
were correlated with the frequency-modified and resampled pilot signal (see also chapter 3.3). 
No signal has been observed at the eight surface locations. A thick layer of crushed rocks covers 
the PITOP site, which heavily damps the seismic signals in the considered frequency range. 
Afterwards the data were vertically stacked and sorted with respect to their amplification direction. 
Then the horizontal components of the borehole geophone levels were rotated in direction to the 
SPWD-source in well 3. The SPWD-shot points at the same depth level and 10 m above and 
beneath the corresponding geophone level in well 1 were used to rotate the horizontal 
components. Variations of up to +/-100 for the rotational angle were observed. These large 
variations demonstrate the demand for a tool-integrated orientation measurement system. Figure 
3.26 shows the radially amplified data of the vertical component of the borehole receiver at 210 
m depth.

Figure 3.26: Receiver gather for the vertical component of the geophone level at 210 m depth in 
well 2. The data are correlated and stacked. The blue lines marks the potential arrival time of 
P-wave with a constant velocity of 3.4 km/s. P- and S-wave first arrivals are marked by blue and 
red arrows, respectively. Note the large difference between the signal-to-noise ratios above and 
below the water table.

In total 30 locations between 5 m (-205 m vertical distance to receiver location) and 260 m depth 
(50 m) were acoustically stimulated by the SPWD-wireline prototype in well 1. Clear P-wave first 
arrivals can be observed starting at 100 m depth (trace at -110 m in Figure 3.26). Weak S-waves 
are already observed at a source location of 80 m (-130 min Figure 3.26). This corresponds to 
source-receiver distances of about 117 m for P-waves and of 136 m for S-waves taken into 
account the distance of 40 m between well 1 and well 3. This is remarkable, because at these 
depths the SPWD-wireline prototype is oriented almost in the opposite direction to the receivers 
in well 1. The more favourable tool orientation for the upper source locations from 5 to 90 m have
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no apparent impact on the data quality. The increasing source and receiver offset may not be 
sufficient to explain the abrupt vanishing wave amplitudes at about 90 m depth.

Figure 3.27: Frequency spectrums for horizontal 
(a) and (b) and vertical components of selected 
seismic traces in Figure 3.26. Spectrums of 
seismic traces generated at 90 m depth in well 3 
(-120 m in Figure 3.25) (solid lines), at 210 m 
depth in well 3 (0 m in Figure 3.25) (dotted lines) 
and at 260 m depth in well 3 (50 m in Figure 3.26) 
(dashed lines). A time window of 100 ms after first 
break arrivals was used for spectral analysis.

Frequency [Hz]
Figure 3.27 depicts the frequency spectrums for 
selected traces of Figure 3.26 at source to 
receiver distances of 40 m (dotted lines), 64 m 
(dashed lines) and 126 m (solid lines). As 
expected the spectral values decrease with 
increasing distances between sources and 
receivers. For a source to receiver distance of 
40 m the complete source signal spectrum 
between 120 Hz and 2000 Hz, the upper limit of 
the Sercel recording unit, can be observed with a 
high signal-to-noise-ratio. For a distance of 64 m 
the overall level of frequency values is reduced 
by about -30 dB with respect to the 40 m distance 
in particular for frequencies above 600 Hz. At 
260 m distance the frequency values a further 
lowered by about -20 dB in comparison to the 
64 m distance with the exception of frequencies 
lower than 500 Hz. Here, only a reduction by 5 to 
10 dB is observed.

As mentioned in section 3.4.1, a probable 
explanation for the different signal quality above 

and below 100 m is the transition from dry rocks to fluid-filled rocks at 95 m. In particular for the 
frequency range of 200 to 2000 Hz the high porosity conglomerates at PITOP show in their dry 
part high attenuation probably caused by scattering. The attenuation is reduced for the fluid-filled 
part, because of the reduction of impedance contrast between water/rock and air/rock. Since the 
different transmission characteristics are also observed for S-waves the description of the 
conglomerates and its voids in terms of an effective medium for wave propagation is more useful. 
To establish this model core analysis to determine the petrophysical parameter and porosities of 
the PITOP conglomerates would be helpful.
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To image the seismic data a three-dimensional 
model comprising the location of the boreholes as 
well as the sources and receivers was 
established using the ISIS-software (Integrated 
Seismic Imaging System). Figure 3.28 shows the 
model and borehole source-receiver pairs 
connected by rays between well 3 and well 1. The 

model dimensions are 70 m x 70 m x 400 m (x, y, z). The cell size is 2 m for each dimension. A 
preliminary imaging test was performed for shear wave reflections within a time window of 50 ms 
length following the S-wave first arrivals. Shot points above 100 m were not used for imaging.

Figure 3.28: 3D-Modell for seismic imaging. Grid 
cell size in x, y and z-direction is 2 m. Number of 
cells in x- and y-direction 35 and in z-direction 
200. Green lines connect the source points (SP) 
of the SPWD-wireline prototype in well 3 with the 
receiver points (RP) of the geophone in well 1.

Figure 3.26 is typical for all borehole recordings 
in well 1. An essential outcome of this field 
experiment is the estimation of a transmission 
range for acoustic waves emitted by SPWD in 
fluid-filled conglomeratic rocks of at least 160 m. 
This range can be considerably larger because 
the phased array sources of the SPWD-wireline 
prototype were orientated almost in the opposite 
direction to well 1 and 160 m was the maximum 
wave travel distance for the used geometry. The 
transmission range can be easily extended by 
increasing the sweep signal length and further 
adaptation of the signal frequencies to the 
transmission characteristics of the rock.
There are only small changes in the wave 
amplitudes observable with respect to the specific 
wave field directions amplified by the SPWD- 
wireline prototype. This is probably caused by the 
opposite tool orientation. This effect was also 
observed during the GFZ-Underground-Lab 
measurements with the SPWD-laboratory 
prototype. The maximum amplitude changes 
were measured on the side of the phased array 
source.

Figure 3.29 depicts the Fresnel-Volume-Migration (Liith et al., 2005) for the radially (a), for the 
downward (b) and upward (c) amplified wave field directions. A constant velocity for shear waves 
of 1700 m/s has been applied for the migration. This average velocity fits well the SPWD-survey 
as well previous seismic measurements at PITOP (Poletto, et al., 2011). The data are not scaled 
before migration to preserve the true amplitude information and relations between the different 
wave field amplification directions. The limitation of time to 50 ms leads naturally to a 
concentration of the seismic reflection energy in the vicinity of the six borehole receivers and the 
shot locations at depths between 190 and 260 m. Two zones of a higher reflectivity can be 
observed in Figure 3.29: between well 1 and 2 from 170 to 190 m and around well 3 from 220 to 
250 m depth. Both zones comprise several dipping reflectors.
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Figure 3.29: Fresnel-Volume-Migration for reflected shear waves applying a constant velocity of 
1700 m/s. a) Migration calculated for the radially, b) the downward and c) the upward amplified 
wavefield. Squared amplitude values were used for migration. Reflectors are marked by arrows.

Despite of the small trace amplitude difference, changes in the migration images can be observed. 
The upper zone between 170 and 190 m has higher reflection amplitudes for the wave field 
amplified in the upward direction (Figure 3.29 c)) whereas the lower zone between 220 and 250 
m is more pronounced in the radially and downward amplified wave fields (Figure 3.29 a), b)). 
There is also a single weak reflector at about 208 m depth at well 3 which is only visible in upward 
amplified direction of Figure 3.29 c).
The differences observed in the migration pictures can indicate larger variations in the reflected 
wave field of the different amplification directions than observable in the directed, first arrivals. 
This can be confirmed by future analysis of the recorded wave field by the SPWD-wireline 
prototype in well 3.
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4 Conclusions and Outlook
The conveyed flooding experiments with the newly developed cell showed an increased oil 
recovery depending on the stimulation parameters. The most important factor was the applied 
frequency. For stimulation at around 1850-2000 Hz a resonance frequency was found. When 
stimulating at original oil in place, the oil recovery increased by 3 %. Another stimulation maximum 
at 100 Hz showed a slightly lower level of recovery increase. Multiple frequency stimulation 
showed a very low increase of the recovery probably caused by the comparably short stimulation 
at the resonance frequencies. Since the increased oil recovery at 100 Hz was high at residual oil 
saturation a combination of stimulation at 100 Hz and 1850 Hz was performed. The combined 
frequencies showed an increase of the oil recovery by 5 %.
The observed increase in oil recovery was further investigated to understand the recovery 
increasing mechanisms. It was found that the most probable recovery mechanism is the reduction 
of the effective surface tension causing an emulsification of the oil into the brine. The emulsion 
proved to be unstable and demulsificated within few minutes. To support the emulsification, a 
surfactant was introduced and lead to a further increased oil recovery. The effectiveness of this 
positive feedback mechanism between the two enhanced oil recovery methods may be subject 
of further investigation and optimization.
The SPWD-wireline prototype was successfully tested at the PITOP test site. More than 400 
source-signals, either single-frequency or broadband sweep signals, were emitted by the SPWD- 
wireline prototype during three days. Several adaptations and new developed systems were 
integrated into SPWD-wireline prototype to ensure a safe operation during the well test. These 
are a temperature monitoring system, tool azimuth measuring system and a trigger-system for 
combined downhole and surface measurements.
A transmission range of more than 160 m for the acoustic waves emitted by the SPWD-wireline 
prototype was realized for the fluid-filled part of the conglomerates at PITOP. For the dry part of 
the conglomerates much less wave energy and only the lowest frequencies of 120 to 220 Hz were 
transmitted. At a distance of 50 m the highest particle acceleration of about 1.2 mm/s2 was 
achieved for frequencies of 1420 Hz and 1.06 mm/s2 for 1520 Hz. This is far below the 4-5 m/s2 
modelled by Beresnev (2006) to liberate entrapped fluids. However, as mentioned before, many 
natural porous environments may reside very near their mobilization thresholds and may thus be 
mobilized by much lower accelerations. Furthermore, amplitudes increase drastically in the 
borehole near field. Only a long-term field stimulation test in a depleted oil field with a pre-, during
and post-stimulation monitoring of the produced oil can reveal the chances of an acoustic wave 
stimulation technology. WAVE.O.R. demonstrated the technical feasibility with the PITOP field 
experiment.
Further analyses of the measured data from PITOP and from Freiberg are necessary to improve 
our understanding of the emitted wave fields and to optimize the acoustic wave energy for the 
fluid-stimulation application as well as for the structural investigation of the borehole surrounding 
area. At first, the data recorded by the SPWD-wireline prototype in well 3 has to be processed 
and analyzed with respect to different wave attenuation characteristics above and below the water 
table. The PITOP data are particularly suitable for these analyses because of the small receiver 
point intervals in well 3 of 2.35 m and 7.66 m, respectively. The SPWD data provide further 
information on the acceleration in the near field around the well. It is reasonable to expect much 
higher acceleration values than 1 mm/s2 in the near area around the well. The same applies to 
the structural investigation around the wells at PITOP. The model shown in Figures 3.26 and 3.27 
will be extended to include the imaging results from all wells for a joint structural interpretation of 
the data using all wave modes.
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Appendix

SPWD-wireline prototype

Temperature rating 
Pressure rating

Environment
85°C short-term, 60°C for longer periods 
up to 200 bar (2900 psi)

Length with cable head 
Max. diameter

Mechanical
7.5 m (transport and assembly in three sections)
7%“ for application in 8%“ (expandable for 95/ bu and 12%“” ) 
boreholes

Weight
Coupling

750 kg 
hydraulic

Contact surface 
Contact force 
Max. travel

Source Receiver Clamping unit 
4x 314  mm2 2 x 5625 mm2 2 x 4418 mm2 
4 x 1800 N 2 x 900 N 2 x 5500 N 
25 mm 25 mm 35 mm

Hepta cable
Logging cable
5500 m realized with adjustable isolating transformer

Supply voltage, frequency 
Power consumption

Electrical
110-250 Vac, 50 Hz
1000 VA max., 500 VA usually on duty

Power supply
Surface system
230 V, 16 A, 50 Hz
Adjustable isolating transformer, Output 0-460 Vac, depending on 
cable length

System and source control 
Data acqusition 
Hepta cable adapter 
Telemetry

LabVIEW
downhole, direct access to downhole file system 

splitting up to power supply and telemetry, downhole trigger optional 
SHDSL Modem using two conductors 
2 Mbit/s on 3500 m cable, 300 kbit/s on 5500 m cable (tested)

Source type
Seismic sources
4 magnetostrictive actuator as vibrator source, weight 1 kg each 
amplitude and phase controlled arranged as Phased-Array

Bandwidth
Interspace

200-5000 Hz 
280 mm

Geophone
Seismic acquisition
two 3-component geophone heads (-> six Geo Space GS-14-L9 28 
Hz)

Interspace 2340 mm (750 mm to next vibrator source) 
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AD-Converter 
Sample rate 
Signal length 
Datatype

24-Bit Delta Sigma
% ms 1/8 ms 1/16 ms 1/32 ms 1/64 ms 
24 s 12 s 6 s  3 s  1.5 s 

SEG-2

Sercel SlimWave™ Geophone string

Min tool diameter 
Min well diameter 
Max well diameter 
Length (level)

Mechanical
1 ” 11/16 (43 mm) without pads 
2” 1/4 (57 mm)
13” (330 mm)
1110 mm (43”5/7)

Weight (level) 
Anchoring arm

Anchoring ratio

6.5 Kg (14,3 lbs)
Standard 7” arm 
(options 5” 1/2, 9”5/8, 13”3/8) 
>10:1 (7” arm)

Temperature rating 

Pressure rating

Environmental
135°C (275°F) operating temperature 
150°C (302°F)peak 
14,500 psi (1,000 bar)

Supply voltage & Freq. 
Power output

85-264 Vac / 110-330 Vdc, 47-63 Hz 
1.2 kW

Seismic acquisition
Data rate optimization on cable Full automatic 
Bandwidth @ -3 dB, 1/4 ms 1.666 Hz max
Raw telemetry rate 
Sample rate 
Data transmission 
Sensor type

2.5 Mbit/s on 23,000 ft (7,000 m) cable 
1/4, 1/2, 1,2,4 ms 
True 24 bits
Geophone Omni 2400 15 Hz
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