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Figure 1-1. Drillhole locations at the Olkiluoto site. The location of OL-KR39 is 
marked with the red circle. 
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2 PRINCIPLES OF OPERATION, PFL DIFF 
 
The target fractures for the pressure measurement were chosen on basis of the earlier 
Posiva Flow Log, Difference Flow method (PFL DIFF), Appendix KR39.1.1and 
Appendix KR39.1.2 . The method is shortly described here. 
 
Unlike conventional drillhole flowmeters which measure the total cumulative flow rate 
along a drillhole, the PFL DIFF probe measures the flow rate into or out of defined 
drillhole sections. The advantage that follows from measuring the flow rate in isolated 
sections is improved detection of incremental changes of flow along the drillhole. As 
these are generally very small, they can easily be missed when using conventional 
flowmeters.  
 
Rubber sealing disks located at the top and bottom of the probe are used to isolate the 
flow of water in the test section from the flow in the rest of the drillhole, see Figure 2-1. 
Flow inside the test section is directed through the flow sensor. Flow along the drillhole 
is directed around the test section by means of a bypass pipe and is discharged at either 
the upper or lower end of the probe. The entire structure is called the flow guide. 
 
Generally two separate measurements with two different section lengths (e.g. 2 m and 
0.5 m) are used. The 2 m setup is usually used first to obtain a general picture of the 
flow anomalies. It is also good for measuring larger (less than 2 m in length) fractured 
zones. The 0.5 m section setup can separate anomalies which are close to each other. 
Different section lengths are also used to confirm that a flow anomaly is real and not 
caused for instance by a leak at the rubber disks. Flow rates into or out of the test 
section are monitored using thermistors, which track both the dilution (cooling) of a 
thermal pulse and its transfer by the moving water. The thermal dilution method is used 
in measuring flow rates because it is faster than the thermal pulse method, and the latter 
is used only to determine flow direction within a given time frame. Both methods are 
used simultaneously at each measurement location. 
 
In addition to incremental changes in flow, the PFL DIFF probe can also be used to 
measure: 
 
� The electrical conductivity (EC) of both drillhole water and fracture-specific water. 

The electrode used in EC measurements is located at the top of the flow sensor, see 
Figure 2-1. 

� The single point resistance (SPR) of the drillhole wall (grounding resistance). The 
electrode used for SPR measurements is located between the uppermost rubber 
sealing disks, see Figure 2-1, and is used for the high-resolution depth determination 
of fractures and geological structures. 

� The prevailing water pressure profile in the drillhole. Located inside the watertight 
electronics assembly, the pressure sensor transducer is connected to the drillhole 
water through a tube, see Figure 2-2. 

� The temperature of the water in the drillhole. The temperature sensor is part of the 
flow sensor, see Figure 2-1. 
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Figure 2-1. Schematic of the probe used in the PFL DIFF. 
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Figure 2-2. The absolute pressure sensor is located inside the electronics assembly and 
connected to the drillhole water through a tube.  
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The principles behind PFL DIFF flow measurements are shown in Figure 2-3. The flow 
sensor consists of three thermistors (Figure 2-3 a). The central thermistor, A, is used 
both as a heating element and to register temperature changes (Figures 2-3 b and c). The 
side thermistors, B1 and B2, serve as detectors of the moving thermal pulse caused by 
the heating of A. 
 
Flow rate is measured by monitoring heat transients after constant power heating in 
thermistor A. The measurement begins by constant power (P1) heating. After the power 
is cut off the flow rate is measured by monitoring transient thermal dilution 
(Figure 2-3 c). If the measured flow rate exceeds a certain limit, another constant power 
heating (P2) period is started after which the flow rate is re-measured from the following 
heat transient. 
 
Flows are measured when the probe is at rest. After transferring the probe to a new 
position, a waiting period (which can be adjusted according to the prevailing 
circumstances) is allowed to elapse before the heat pulse (Figure 2-3 b) is applied. The 
measurement period after the constant-power thermal pulse (normally 100 s each time 
the probe has moved a distance equal to the test section length and 10 s in every other 
location) can also be adjusted. The longer (100 s) measurement time is used to allow the 
direction of even the smallest measurable flows to be visible. 
 
The flow rate measurement range is 30 mL/h – 300 000 mL/h. The lower limit of 
measurement for the thermal dilution method is the theoretical lowest measurable value. 
Depending on conditions in the drillhole, these limits may not always prevail. Examples 
of possible disturbances are drilling debris entrained in the drillhole water, bubbles of 
gas in the water and high flow rates (some 30 L/min, i.e., 1 800 000 mL/h or more) 
along the drillhole. If the disturbances encountered are significant, limits on practical 
measurements are calculated for each set of data. 
 
It is also possible to setup the probe so that it measures flow along the hole. This setup 
should be less sensitive to roughness of the hole wall and loose rock material. In 
addition, with this setup it is possible to measure much higher flow rates, flows 
originating from the bottom of the hole and check the results at the site when the probe 
is on the top of the hole (if the hole is pumped or if it is an open underground hole). A 
drawback is that the accuracy even in good hole conditions is about 20 % of current 
flow value. Another limitation of the method is that small flow rates above a larger flow 
may remain undetected. The method was still in test use during these measurements. 
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Figure 2-3. Flow rate measurement. 
 
The device depth reference point in the PFL DIFF is situated at the upper end of the test 
section. When assessing the location of anomalies in the measured hole there are always 
some errors. They can be caused by the following reasons: 
 

1.  If the point interval is x, an error of ± x/2 can potentially occur assuming the 
point interval is small and rounded flow anomalies (see below) can be detected. 

2.  The length of the test section is not exact. The specified section length denotes 
the distance between the nearest upper and lower rubber sealing disks. 
Effectively, the section length can be larger. At both ends of the test section 
there are four rubber sealing disks. The distance between them is 5 cm. This will 
cause rounded flow anomalies: a flow may be detected already when a fracture 
is situated between the four rubber sealing disks. These phenomena can cause an 
error of ± 0.05 m when the short step length (0.1 m) is used. A similar error can 
occur when the flow along the hole is measured. 
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3.  The cable stretches under tension. When the probe is lifted upwards at c. 1000 m 
the tension can be c. 175 kg. When it is lowered at the same depth, the tension 
can be c. 75 kg. This difference could cause a depth difference of c. 3 m between 
the measurements at depth of c. 1000 m. The tension values here are estimates 
and can vary greatly depending on the device setup and hole properties.  

The total error in the worst case can be estimated. With a 0.1 m point interval the error 
would be: 

E = 0.05 m + 0.05 m + d·0.002 

where E is the total estimated error and d is the depth of the probe shown by the cable 
counter of the winch. Note that this is only a rough estimate and it is subject to change. 
It should also be noted that this is only one way of estimating the error. Experience has 
shown that when holes with length marks have been measured the error has been 
approximately 1 m at the depth of c. 1000 m. 

Fractures nearly parallel with the hole may also be problematic. Fracture location may 
be difficult to define accurately in such cases. 
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3 PRINCIPLES OF OPERATION, DOUBLE PACKERS 
 
The two packers are connected to each other forming a measuring sector of 1.14 m 
between the packers. The assembled double packer system is shown in Figure 3-1. 
Length of a single packer is about 0.5 m. The schematic picture of the assembled double 
packer device is shown in Figure 3-2. 
 
Each packer incorporates several leadthrough tubes. One tube is used to inflate the 
packers with a high pressure pump on the ground surface. Another tube connects the 
absolute pressure sensor to the measuring sector between the packers.  
 
The leadthrough tubes are also used for the measurement of flow along the drillhole. 
They are connected in such a way that the form a free flow path from the drillhole 
below the lower packer to into the flow sensor above the upper packer. This tubing is 
not open to the measuring sector and it guides all flow along the drillhole into the flow 
sensor. The flow sensor detects the flow direction and the flow rate up or down the 
drillhole can be measured.  
 
A single packer incorporates a rigid connecting rod running through the packer body. 
The connecting rods enable linking of separate packers, interconnection with the PFL 
DIFF probe and adding weights at the lower end. The weights assist in lowering the 
equipment into the drillhole. Connecting rods are linked together by shackles forming a 
hinged connection which helps handling the equipment. 
 
The packers are manufactured to withstand filling pressures up to 6 MPa. High pressure 
packers isolate the section from the rest of the drillhole and enable reliable pressure 
monitoring within the section. 
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Figure 3-1. Double packers linked together, being prepared on the field. 

 
 
 
 
 
 

 
Figure 3-2. A schematic drawing of the double packer device. 
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4  INTERPRETATION 
 
4.1 Hydraulic head 
 
The absolute pressure sensor measures the sum of air pressure and the hydrostatic 
pressure in the drillhole. Air pressure is also registered separately. The hydraulic head 
along the drillhole under natural and pumped conditions can be determined from the 
measured data. The air pressure recorded at the site is first subtracted from the absolute 
pressure measured by the pressure sensor and the hydraulic head can then be calculated. 
 
The hydraulic head (h) at a certain elevation z is calculated using the following 
expression: 
 

h = (pabs - pb)/(� g) + z               4-1 
 

where  

h is the hydraulic head (masl) 

pabs  is absolute pressure (Pa) 

pb is barometric (air) pressure (Pa) 

� is unit density 1000 kg/m3 

g is standard gravity 9.80665 m/s2 and  

z is the elevation at the measurement location (masl)   

An offset is subtracted from all absolute pressure results. 
 
Exact z-coordinates are important in hydraulic head calculation as a 10 cm error in the  
z-coordinate leads to a 10 cm error in the calculated head.  
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4.2 Fresh water head 
 
An important variable in hydrogeological characterization is the fresh water head. 
Traditionally, this is measured in drillholes using a tube filled with fresh water and open 
at both ends. It is important to note that the density of the water in the tube is not 
exactly 1000 kg/m3 as the precise value is also dependent on temperature and 
compressibility - thermal expansion reduces the pressure measured with the absolute 
pressure sensor while compressibility increases it (Pöllänen 2002). A density correction 
was applied to the results obtained with the absolute pressure sensor to render them 
comparable with measurements made with a tube full of fresh water, and the effect of 
the two factors mentioned was eliminated by calculation. In this study all head values 
presented or used in calculations are fresh water heads. 
 
The fresh water head (hfw) at a certain elevation z is calculated using the following 
expression: 
 

hfw = h + CorrTemp - CorrCompr     4-2 
 

where  

hfw is the fresh water head (masl) 

h is the hydraulic head (masl) 

CorrTemp = Corrections for thermal expansion   

CorrCompr = Corrections for compressibility   
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5 EQUIPMENT SPECIFICATIONS  
 
Flow rate up or down along the drillhole can be measured with a flow sensor above the 
packers. Flow is measured using the thermal pulse and thermal dilution methods as 
described in Chapter 2. Pressure between the packers is measured with an absolute 
pressure sensor. Single point resistance electrode is used for accurate positioning of the 
probe on the target fractures. Temperature and electrical conductivity of drillhole water 
are also measured. The pressure between the packers is measured with a downhole 
absolute pressure sensor. The measured values are transmitted in digital form to a 
computer on the ground surface. The equipment descriptions, measuring range and 
accuracy are presented in Table 5-1 and Table 5-2. 
 
 
 
Table 5-1. Equipment and features. 

Part/Feature Description 

Flowmeter PFL DIFF probe 

Measurable drillhole diameter 76 mm  

Packers Geosigma manufactured packers, up to 65 bars of 
packer pressure

Length of test section The flow guide length can be varied 

Method of flow measurement Thermal pulse (direction) and thermal dilution (rate). 

Additional measurements Temperature, Single-point resistance, Electrical 
conductivity of water, Water pressure 

Winch Mount Sopris Wna 10, 0.55 kW, Steel wire cable 
1500 m, four conductors, Gerhard -Owen cable head. 

Depth determination Based on a digital distance counter. 

Logging computer PC (Windows XP) 

Software Based on MS Visual Basic 

Total power consumption 1.5 - 2.5 kW depending on the type of pump employed
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The range and accuracy of the sensors used measurements is shown in Table 5-2. 
 
 
Table 5-2. Range and accuracy of sensors. 

Sensor Range Accuracy 

Flow 30 – 300 000 mL/h ± 10 % curr.value 

Temperature (central thermistor) 0 – 50 �C 0.1 �C 

Temperature difference (between outer thermistors) -2  –  (+2) �C 0.0001 �C 

Electrical conductivity of water (EC) 0.02 – 11 S/m ± 5 % curr.value 

Single point resistance 5 – 500 000 � ± 10 % curr.value 

Groundwater level sensor 0 – 0.1 MPa ± 1 % full-scale 

Air pressure sensor 800 – 1060 hPa � 5 hPa 

Absolute pressure sensor 0 – 20 MPa ± 0.01 % full-scale 
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6 EXECUTION OF MEASUREMENTS 
 
The fracture-specific pressure measurements in the drillhole OL-KR39 were carried out 
between April 2011 and May 2011. The measurements were performed in natural 
conditions (i.e. without pumping). Groundwater level in the drillhole was monitored 
using a water level sensor. 
 
A high-resolution absolute pressure sensor located in the PFL DIFF probe was used to 
measure the pressure in the selected fractures and the results obtained were used in 
calculating the hydraulic head. Additionally, the measurements of flow along the 
drillhole and the electrical conductivity of the drillhole water were carried out 
simultaneously with the pressure measurement. 
 
The scheduled measurement program for OL-KR39 is shown in Table 6-1. Six fractures 
were chosen for pressure measurements. The PFL measurements referred in Table 6-1 
resulted larger flow rates (negative, from the drillhole into the bedrock) without 
pumping the drillhole than during pumping the drillhole, see Appendix KR39.1 
(Pöllänen et al. 2010). This indicated low head values in the fractures compared with the 
drawdown caused by pumping, especially in the cases when the flow rate didn’t change. 
The calculated head and transmissivity values are uncertain in such a case. 
 
The target fractures were measured individually, except fractures 377.2 m and 377.8 m 
that are close to each other. The measurements performed are listed in chronological 
order in Table 6-2. 
 
 
Table 6-1. Scheduled measurement program. 

Order of 
measurements 

Measured 
fracture 

Head (m.a.s.l) 
(estimate based 

on PFL) 

T (m2/s) 
(estimate based 

on PFL) 
1 404.5 -77.7 6.48E-10 
2 398.3 -18.8 1.00E-09 
3 377.2 and 377.8 -13.43 8.76E-09 
4 400.7 -9.65 3.64E-09 
5 382.4 -7.08 4.43E-09 

 
Table 6-2. Activity schedule. 
 
Started Finished Drillhole Activity 

14.4.2011 15.4.2011 OL-KR39 Fracture specific pressure measurement, fracture 404.5 m.  

19.4.2011 20.4.2011 OL-KR39 Fracture specific pressure measurement, fracture 400.7 m. 

20.4.2011 27.4.2011 OL-KR39 Fracture specific pressure measurement, fracture 398.3 m. 

27.4.2011 28.4.2011 OL-KR39 Fracture specific pressure measurement, fracture 382.4 m. 

29.4.2011 9.5.2011 OL-KR39 Fracture specific pressure measurement, fractures 377.2 and 377.8 m. 
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7 RESULTS 
 
Locating the device on the chosen fractures was based on the single point resistance 
measurement. The green SPR curve was synchronized with the older SPR curves, see 
Appendix KR39.1.1. The packer position based on SPR curves is also plotted in the 
Appendix KR39.1.1.  
 
Flow direction along the drillhole was downwards, see Appendix KR39.2.  Flow rate is 
decreasing with increasing depth being at the detection limit at fracture 404.5 m. The 
target fracture itself is excluded from the flow system because the packers isolate it.  
 
Air pressure, water level in the drillhole, packer pressure, temperature of the drillhole 
water, electrical conductivity of drillhole water, fresh water head and flow rate along the 
drillhole are presented on the time scale, see Appendices KR39.3.1 – KR39.3.5. Fresh 
water head is calculated on the basis of the measured data as described in Chapter 4. 
The EC values presented have been temperature corrected to 25 �C to make them more 
comparable with EC measurements in other studies (Heikkonen et al. 2002). The 
direction of all plotted flows is downwards along the drillhole. 
  
The results are summarized in Table 7-1. The fractures apparently belong to two 
different groups if they are classified by their head values. Fractures 377.2 & 377.8 m 
and 382.4 m have hydraulic head of about -40 masl and fractures 398.3 m, 400.7 m 
404.5 m even lower head, about -140 masl.  
 
The flow rate along the drillhole was below the limit of measurement at fracture 404.5 
m. This is in accordance with the earlier flow measurements carried out in OL-KR39. 
The flow rate at 382.4 m was 98 mL/h downwards. This should be the sum of flows into 
the fractures 398.3 m 400.7 m and 404.5 m. This is much less than the sum of flows into 
the same fractures without pumping the drillhole measured in the year 2010 (434 mL/h), 
see Appendix KR39.1.1.  
 
The explanation to the large change of the flowrate is not fully clear. Flowrate may 
change because of solid material in drillhole water that could seal the hydraulically low 
conductive fractures when they soak up water from the drillhole. 
 
The flow rates in the same fractures have been different in the history of OL-KR39. The 
same fractures were found in the year 2005 but flow direction was changed when the 
drillhole was pumped, see Appendix KR39.1.2 (Pöllänen J. 2002). Flow direction 
during pumping was from the bedrock into the drillhole in the year 2005 but opposite in 
the year 2010. Groundwater level in the un-pumped drillhole had gone down about 
three meters (in the year 2005 GW level was about 6 masl but about 3 masl in 2010). 
The apparent reason to this is that the ONKALO tunnel near the drillhole had proceeded 
and cut the hydraulic system in question. 
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Table 7-1. Results. 

Olkiluoto, drillhole OL-KR39 
Table of measured values and head of fractures 
Drillhole Diameter (mm): 76 
Inclination: 65.4 
ZGround: 7.45 (masl) 
Description of reference depth: Ground level
Date of measurement without pumping (Flow0): 14.04.2011 - 09.05.2011 
 
Description of columns: 
Depth (m) = Depth from reference depth to the fracture (m)
Water level (masl) = Water level in the drillhole without pumping (meters 
above sea level) 
Flow0 (mL/h) = Flow from the above of the upper packer to the bottom of 
the lower packer, downwards along the drillhole
Temp = Temperature of drillhole water
EC = Electrical conductivity of drillhole water
FW Head of fracture (masl) = Fresh water head in the fracture
 
 

Depth (m) 
Water 
level 

(masl) 
Flow0 
(mL/h)

Temp
(°C) 

EC 
(S/m)

FW Head of 
fracture 
(masl) 

 

377.2 & 377.8 4.30 97 9.5 0.16 -41.2  
382.4 4.37 98 9.6 0.16 -39.9  
398.3 4.38 88 9.8 0.16 -145.6  
400.7 4.45 77 9.8 0.16 -143.8  
404.5 4.44 12 9.9 0.16 -141.7  
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8 SUMMARY 
 
Fracture-specific pressure measurements were performed using the PFL DIFF probe 
combined with a double packer device in the drillhole OL-KR39 at Olkiluoto between 
April 2011 and May 2011. The results were obtained using the absolute pressure sensor 
fitted to the PFL DIFF probe. The target fractures could be found with the single point 
resistance measurement. 
 
The pressure results were converted to fresh water head values to correspond fresh 
water head values used in the other investigations. The measured fractures apparently 
belong to two different groups if they are classified by their head values. Both groups 
have very low fresh water head, about -40 masl and -140 masl. Fractures are apparently 
hydraulically connected to the tunnel. 
 
The electrical conductivity (EC) and temperature of the drillhole water as well as flow 
along the drillhole were also measured during the pressure measurements.  
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    Appendix KR39.1.1  
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Flow 3 without pumping (L = 2 m, dL = 0.25 m), 2010-04-20 - 2010-04-21
Flow 4 with pumping (drawdown = 7 m, L = 2 m, dL = 0.25 m), 2010-04-22 - 2010-04-26
Flow 5 with pumping (drawdown = 7 m, L = 0.5 m, dL = 0.1 m), 2010-04-27 - 2010-04-29
Flow 6 with pumping (drawdown = 9 - 12 m, L = 0.5 m, dL = 0.1 m), 2010-05-03 - 2010-05-04
Double packer measurement, 2011-04-14 - 2011-05-09
Location (middle of section) for fracture-specific electrical conductivity measurement
Lower limit of flow rate

Location of double packer
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Olkiluoto, drillhole OL-KR39
Flow rate and single point resistance

Interpreted flows of drillhole sections:
Flow 3 (L=2 m, Flow into the hole)
Flow 3 (L=2 m, Flow into the bedrock)
Flow 4 (L=2 m, Flow into the hole)
Flow 4 (L=2 m, Flow into the bedrock)

Interpreted fracture-specific flows:
Flow 3 (Flow into the hole)
Flow 3 (Flow into the bedrock)
Flow 5 (Flow into the hole)
Flow 5 (Flow into the bedrock)
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Flow 2 with pumping (drawdown 7 m, L=0.5 m, dL=0.1 m), 2005-10-31 - 2005-11-02
Lower limit of flow rate
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Olkiluoto, drillhole OL-KR39
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Flow 2 with pumping (Flow into the hole)
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Time series of fracture-specific pressure and related 

measurements in drillhole OL-KR39

Fracture Depth: 382.4 m

Added packer pressure.

Program crash: pause in data recording.



25 
  Appendix KR39.3.3 

2011-04-20 / 0:00

2011-04-20 / 12:00

2011-04-21 / 0:00

2011-04-21 / 12:00

2011-04-22 / 0:00

2011-04-22 / 12:00

2011-04-23 / 0:00

2011-04-23 / 12:00

2011-04-24 / 0:00

2011-04-24 / 12:00

2011-04-25 / 0:00

2011-04-25 / 12:00

2011-04-26 / 0:00

2011-04-26 / 12:00

2011-04-27 / 0:00

2011-04-27 / 12:00

2011-04-28 / 0:00

Year-Month-Day / Hour:Minute

10000

1000

100

10

1

Fl
ow

 d
ow

nw
ar

ds
 a

lo
ng

 th
e 

dr
ill

ho
le

(m
L/

h)

4.0

4.5

5.0

W
at

er
 L

ev
el

 
(m

as
l)

96

98

100

102

104

A
ir 

pr
es

su
re

 
(k

Pa
)

0

200

400

600

Pr
es

su
re

 o
f 

pa
ck

er
s 

(m
 H

2O
)

9.0

9.5

10.0

Te
m

pe
ra

tu
re

(o C
)

-200.00
-150.00
-100.00

-50.00
0.00

50.00
100.00
150.00
200.00
250.00
300.00

Fr
es

h 
w

at
er

 h
ea

d
 (m

as
l)

0.14

0.16

0.18

0.20

E
le

ct
ric

al
 c

on
du

ct
iv

ity
(S

/m
) (

25
o C

)
Time series of fracture-specific pressure and related 

measurements in drillhole OL-KR39

Fracture Depth: 398.3 m

Added packer pressure.
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Time series of fracture-specific pressure and related 

measurements in drillhole OL-KR39

Fracture Depth: 400.7 m

Added packer pressure.
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Time series of fracture-specific pressure and related 

measurements in drillhole OL-KR39

Fracture Depth: 404.5 m

 


