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3.2.2     Water Displacing Oil 

 

Food  dye  was  added  to  water  for  this  experiment to  provide  visual  access when the  latter 

was injected  through an oil saturated medium.   In an oil-wet medium when water was injected, a 

large amount of oil remained capillary trapped between the fingers. The water seemed to be in 

contact with the solid walls while the  oil remained  as a blob in the  center  which generated further 

instabilities like Food dye was added  to water  for this  experiment to provide visual  access when 

the  latter was injected  through  an oil saturated medium. In an oil-wet medium when water was 

injected, a large amount of oil remained capillary trapped between the fingers. The water seemed 

to be in contact with the solid walls while the oil remained as a blob in the center which generated 

further instabilities like. 

 

           U1                  U6 

       (a)  t=24.9s        (b) t=178.9s  

      (c) t=68.1s        (d)  t=248.3s  

        (e) t=211.9s     (f ) t=427.1s 

 

 

Figure 3.3: Water displacing oil at the flowrates U1 and U6 
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   (a)  U1                                             (b) U 6  

 
Figure 3.4: S Curve for water displacing oil at flowrate U1 and U6 

 

3.2.3    Oil Based Ferrofluid in Air Saturated Medium 

 

Oil based Ferrofluid Injection without magnetic field 

 

These experiments involved injection of ferrofluid into the porous media.  The ferrofluid used was 

EFH1 and the specifications for which have been mentioned in the table above.  Injection of this 

working fluid was done at ultralow speed 126 µ liters/min, 23.4 µ litres/min, 16.10 µ litres/min and 

1.59 µ litres/min speeds.  After  saturating the  media  with air, ferrofluids were injected  to form an  

initial  irregular  shaped  circle It  was observed  that the  nanoparticles  of the  ferrofluids were 

randomly  oriented  in the  carrier  liquid,  and  the  flow was restricted because  of the  viscosity  

variations.  The  viscosity  of the  ferrofluid (6cp) is higher than  air (0.00018cp) which shows strong  

resistance  to flow and dissipates  large amount of internal  energy due to the friction  in shear  

layers. (Franklin et al, 2003).   Images for U1 were captured after an interval of 6 seconds. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



[33] 
 

 
 
U1                            U6 

 

(a)  t=168.6s                 (b) t=94.55s 

(c) t=263.42s                 (d) t=315.2s 

(e) t=342.2s                 (f) t=567.35s 

Figure 3.5:  Oil based ferrofluid displacing air without a magnetic field at the flowrates U1 and U6 

 

 

(a)  U1                                                            (b) U6  

 
Figure 3.6: S Curve for Oil based ferrofluid displacing air without a magnetic field at U1 and U6 

 

Oil Base Ferrofluid Injection into an Air Saturated Porous Media with Magnetic Field in Vicinity 

 

The placement of a Neodymium magnet was done at stage three of the experiment.  The  magnet  

was placed  parallel  to the  porous  media  on the  setup tray  and the Porous  media on the PDMS 

was compressed at 2.5psi.  Ferrofluid was injected through the 2mm thick tube to the PDMS.  

Ultralow  flow rate of 126microlitres/min, 23.4microlitres/min, 16.10microlitres/min and  
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1.59microlitres/min speeds,  positioned  at  1, 2, 6 and  10 were used  to  validate  the results  of 

ferrofluid  injection  with  and  without magnetic  field in vicinity.   It was observed  that after  few 

minutes  of running  the  experiment, the  magnetic field generated had aligned the nanoparticles 

which magnetized  the ferrofluid, because  of which the  motion  towards  the  magnet  was 

observed.   As the fluid approached the magnet the fluid motion became accelerated, because of 

greater magnetic strength near the magnet.   After  the  fluid reached  the  closer to the edge of the  

magnet,  it took the  symmetric  shape  of the  magnet.   In this case the motion of ferrofluids wasn’t 

affected by the viscosity difference.  The motion of the fluid was completely magnetically controlled 

and it had out pulled the gravitational forces acting on the fluid. This takes us back to our objective 

that the motion of ferrofluids in the vicinity of a magnetic field is irrespective of the heterogeneities 

and the initial flow pathway. The predictive shape of the ferrofluids can find potential applications 

in many restoration activities that requires precise displacement of liquids. 

 

 

 

3.2.4     Water Based Ferrofluid in an Air Saturated Medium 

 

 

Water Base Ferrofluid Injection without a Magnetic Field 

 

 

This experiment involved injection of water based ferrofluid(EMG308) into an air saturated porous 

medium.    The images shown below are for injection flowrates 126microlitres/min and 23.4 

microlitres/min. The observations were concluded to be the same as the oil based ferrofluid 

injection into an air medium.  The nanoparticles of the ferrofluids were observed to have randomly 

oriented themselves to form an irregular shaped circle.   The  viscosity  of the ferrofluid(5 CP) is 

higher than  air(0.00018 CP) which reflects strong resistance to  flow and  dissipates  large  

amount of internal  energy  due  to  the  friction  in shear layers. 
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U1                            U6 

 

(a)  t=28.72s                  (b) t =76.2s 

(c) t=172.72s                 (d) t=567.7s 

(e) t=546.72s               (f) t=1550.75s 

Figure 3.7:  Water based ferrofluid displacing air without a magnetic field at the flowrates U1 and 

U6 

 

 

(a)  U1                                                            (b) U6  

 

Figure 3.8:  S Curve for Water based ferrofluid displacing air without a magnetic field at flowrates 

U1 and U6 
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Water Base Ferrofluid Injection with a Magnetic Field in vicinity 

 

The neodymium magnet was placed parallel to a porous media on the setup. Ferrofluid was then 

injected through a 2mm thick tube.  It was observed after a few minutes  of running  the  

experiment, the  magnetic  field generated had aligned  the  nanoparticles,  which magnetize  the  

ferrofluid,  hence the  accelerated  motion  of ferrofluid close to the magnet  was seen.  After the 

fluid reached closer to the edge of magnet, it took the symmetric shape of the magnet, thus 

inferring the viscosity variations and the surface tension didn’t affect the motion of water based 

ferrofluid towards the magnet.  The accelerated motion was solely because of the force of 

magnetic field on the fluid.  This in turn proves the hypothesis that the potential application of the 

magnetic field can be used for controlling the interface of fluid interaction and the motion is 

irrespective of the heterogeneities. 

U1                            U6 

 

(a)  t=42.62s                 (b) t=85.7s       

(c) t=86.44s                 (d) t =370.25s   

(e) t=174.06s                (f) t=678.65s 

Figure 3.9: Water based ferrofluid displacing air with a magnetic field in vicinity at the flowrates U1 

and U6 
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(a)  U1                                               (b) U6  

 
Figure 3.10: S Curve for Water based ferrofluid displacing air with a magnetic field in vicinity at 

flowrates U1 and U6 

 

 

3.2.5     Oil Base Ferrofluid in an Oil Saturated Medium 

 

Oil Base Injection without a Magnetic Field 

 

This experiment was conducted by using Motor Oil, Sw 30. Prior  to performing the  experiment 

with the  ferrofluid, the  porous media was immersed  in oil under  pressure  from a Plexiglas  until  

all the  pores were soaked in oil.  Ferrofluids were then injected from a 2mm tube into the PDMS 

tray containing the media immersed in oil.  The  post  processing of these  images showed drainage 

instabilities due  to  the  viscosity  variations, oil being  more  viscous than  ferrofluids.  This is 

observed due to the resistance provided by oil in pores due to its high viscosity.   The  fluid flowing 

near  the  wall of pores  moved  slower than  the  fluid in the  center  (oil being  the  one in the  

center).   This resulted into the formation of capillary fingers, since low flow rates were used, 

namely, 126 microlitres/min, 23.4 microlitres/min, 16.10 microlitres/min and 1.59 microlitres/min 

respectively. 
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U6 

 
 

(a)  t=181.2s 

 

 

 

 

(b) t=226.5s 

 

 

 
 
 
(c)t=485.75s 

 

 

 

Figure 3.11: Oil based ferrofluid displacing oil without a magnetic field at the flowrates U1 and U6 

 

 

             (a)  U6 

 

Figure 3.12: S Curve for Oil based ferrofluid displacing oil without a magnetic field at flowrates U1 

and U6 
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3.2.6     Oil Based Injection into a Ferrofluid with Magnetic Field in Vicinity 

 

When a magnet was placed near the setup it was observed that the ferrofluids aligned their 

domains towards the magnetic field. The processed images infer that the  ferrofluids  started 

behaving  as a homogenous  single phase,  with  all the  domains  aligned  towards  one side 

under  magnetic  effect.  This enables the ferrofluids to flow in a predictable fashion overcoming 

all the other governing forces like of gravitational and viscous.  The motion of ferrofluid under a 

magnetic field is primarily due to the exerted magnetic field. (Borglin et al., 2000) This  takes  us 

to  our  objective  that the  lower viscosity  fluid (ferrofluid)  can displace the high viscosity fluid 

under  a magnetic  fluid had pushed the oil into the  PDMS  tray  and  started to  accommodate 

themselves  through the  pores while displacing  the  oil.  The accelerated movement of the 

ferrofluid towards the magnet was observed near the edges. 

 

The accelerated motion observed in Figure 4.6 is due to the increase in magnetic strength around 

the magnet.   Experiment was ran at varying ultralow speeds of 126microlitres/min, 

23.4microlitres/min, 16.10microlitres/min and 1.59microlitres/min speeds, positioned at 1, 2, 6 and 

10.   Regardless  of the ultralow  speed,  the  end configuration  of the  fluid pushing  oil from the  

pores and accumulating around  the magnet  was observed  in every case.  The images below 

demonstrate the motion of the working fluid at 16.10microlitres/min speed.  After letting the porous 

media sit for an hour around the magnet the pattern was observed to be the same.  Although it 

was hard to see the oil being displaced through eyes because of the light color of oil and the 

opacity of the ferrofluid.  The fact that ferrofluid moved towards the magnet through an oil saturated 

medium shows the displacement of oil by ferrofluids in the vicinity of a magnetic field. 

 

The placement of a Neodymium magnet was done at stage three of the experiment.  The  magnet  

was axially  placed  on the  setup  tray  and  the  Porous media  on the  PDMS  kept  under  2.5 

psi.  Ferrofluid was injected through the 2mm thick tube to the PDMS.  Ultralow flow rate of 1, 2, 6 

and 10 were used to validate the results of ferrofluid injection with and without magnetic field in 

vicinity.   It was observed  that after  40 minutes  of running  the  experiment, ferrofluid started 

accommodating itself through  the pores towards  the magnet and eventually  took the shape of 

the magnet  which was rectangular. Although the ferrofluid seemed to have flowed through the 

entire  width  of the darkened band,  but  the  flow of ferrofluid  near  the  vicinity  of magnet  was 

observed  to have been greatly  accelerated.  The importance of using ferrofluids and magnets to 

achieve consistent and predictable shapes (like of a magnet) is crucial because many 

environmental restoration activities require precise displacement of liquids [11]. 
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U1      U6   

 

 
                                         

(a)  t=77.1s      (b) t=75.65s  

          (c) t=136.5s       (d) t=277.4s 

          (e) t=375.2s     (f) t=453.95s 

 

Figure 3.13: Oil based ferrofluid displacing oil with a magnetic field in vicinity at the flowrates U1 

and U6 

 

 
 

 

                                                

 

 

 

 

 

(a)  U1       (b) U6 

 

Figure 3.14:  S Curve for Oil based ferrofluid displacing oil with a magnetic field in vicinity 

 

3.2.7 Water Based Ferrofluid Injection in an Oil Saturated Medium 

 

Water Based Ferrofluid Injection with No Magnetic Field 

 

The processed images of these experiments ran at low flow rates showed similar drainage 

instabilities as observed with the oil based ferrofluid.  The edge detection algorithm used to detect 
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the circumference of the displacement regime of ferrofluid in oil, depicted finger protruding. Due to 

viscosity difference, the shear resistance reduced the flow of ferrofluids in the medium. 

 

   U1                                      U6 

(a)  t=151.96s             (b) t=428.7s 

 (c) t=218.26s                  (d) t=968.9s 

 (e) t=581.9s                          (f) t=1681.6s 

 

Figure 3.15: Water based ferrofluid displacing oil without a magnetic field at the flowrates U1 and 

U6 

 

 

 

 
 

         

 

 

 

 

 

 

 (a)U1                                                         (b) U 6  

 

Figure 3.16: S Curve for Water based ferrofluid displacing oil without a magnetic field in vicinity at 

flowrates U1 and U6 
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Water Based Ferrofluid Injection with Magnetic Field in Vicinity 

 

When  a magnet  was placed near the setup,  the force due to an external  magnetic  field produced  

very strong forces on the  ferrofluids  that resulted  in accelerated  motion  near  the  magnet.   It 

was observed that with increasing distance between magnetic field and the ferrofluid, the forces 

had weakened which caused decrease in flow velocity of ferrofluid.  When the ferrofluid 

approached the magnet, due to strong magnetic field the velocity increased.  Regardless of initial 

configuration of ferrofluid, the final configuration is similar as to the oil based ferrofluid.   Larger  

surface  area  requires  more  energy  to  stabilize,  thus to minimize  energy,  fluids tend  to take  

the  shape  with  smallest  surface  area, hence the  water  based  ferrofluids formed small drops  

during  their  motion  to- wards the magnetic  field. The final configuration was a pool near the 

magnet and there were limited retention effects observed at the advancing front. 

 

 

      U1                               U6 

(a)t=67.16s                 (b) t=111. 3s  

(c) t=100.74                   (d) t=370.5s 

 (e) t=159.5s                  (f) t=956.8s 

 

Figure 3.17: Water based ferrofluid displacing oil with a magnetic field at the flowrates U1 and U6 
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(a)  U1                                                (b) U 6  

 
Figure 3.18: S Curve for Water based ferrofluid displacing oil with a magnetic field in vicinity at 

flowrates U1 and U6 
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Chapter 4 

 

 

Summary and Conclusion 

 

 

4.1     Summary 

 

 

Different displacement experiments were conducted using different fluids, Ferrofluids namely, 

EMG 308 and EFH1, water, and oil. The porous media used was initially saturated with air and 

then oil.  The working fluids were then injected through both the mediums at different times with 

different flow rates. The objectives of the experiments presented in this study were to demonstrate 

the suppression of drainage instabilities when at least one of the fluid is a ferrofluid working in the 

vicinity of a properly placed magnetic field. The initial experiments conducted with water as a 

working fluid being injected into an oil saturated medium, lead to capillary fingering at slow flow 

rates.  When the same working fluid was injected through an oil saturated medium, multiple fingers 

which are characteristics of drainage instabilities were observed at the same flow rates used for 

water injection into air.  Ferrofluids were further introduced to observe the displacement of a higher 

viscous fluid (oil) by a lower viscosity fluid such as ferrofluids.  The random alignment of ferrofluids 

in an oil and air saturated medium was observed, which resulted in an irregular shape of ferrofluids 

in the medium.   As mentioned in chapter 2, the viscosity of oil based ferrofluid is 6cp and water 

based ferrofluid is ¡ 5cp, for oil is 8.8cp and for air is 0.00018cp.  Viscosity played a major role in 

the displacement of fluid through oil and air saturated mediums.   The experiment was running at 

ultralow flowrates due to which there was ow resistance in the shear layers of the porous media 

that resulted in dissipation of internal energy.  Hence, to overcome these internal resistances, a 

magnetic field would provide amenable motion to the ferrofluid.  It was observed that the force 

generated by the magnetic field, rivaled the internal resistance due to viscosity and capillary 

variation between the fluids.  Further, after the ferrofluids got mobilized by the magnetic field, they 

took a steady and a predictable configuration around the magnet. 
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The water base ferrofluid was observed to have a pulsating flow around the magnetic field. It can 

be explained as the ferrofluid got closer to the magnet, the pulling magnetic force acting over the 

water base ferrofluid is stronger as shown in Chapter 2.  Once the fluid reached closer to the 

magnet, it starts experiencing two opposite pulling forces (surface tension and viscous forces) 

parallel to the magnet.  These two forces further result in an even string pulling force over the 

ferrofluid which resulted in a two cluster formation of ferrofluid. As the injection continued, the two 

clusters form again only to break when it gets closer to the magnetic field as the magnetic pull 

generated is greater than the parallel forces acting on ferrofluid.  This later resulted in a pulsating 

flow.  The final configuration was a pool of ferrofluid near the magnet with limited retention effects 

observed at the advancing front.  The results observed in chapter 3 are in coherence with the 

objective stated which was to control the fluid/fluid interface and to stabilize the instabilities 

(fingers) observed during the displacement of a higher viscosity fluid by a low viscosity in the 

vicinity of a magnetic field.  The motion in ferrofluid is mainly due to the alignment of nanoparticles 

with the field and the magnetization of ferrofluids caused by the field. Thus on exertion of magnetic 

force, the fluid acts like a single phase liquid ignoring the viscous and the gravitational forces. 

(Borglin et al., 2000). The fact that the viscosity of oil which is higher than ferrofluids didn’t affect 

the motion of the ferrofluids towards the magnet.  Instead the oil was displaced from the pores and 

was accumulated towards the magnet. 

 

 

These observations have ramifications in engineering applications such as guiding to a target 

zone, displacement of viscous barriers like oil.  These implications have an immediate application 

in enhancing oil recovery, imaging traces, locating cracks and fractures by injecting ferrofluid and 

detecting through surveys where the leakage takes place. 

 

 

The limitation in this issue is the light color of the oil and opacity of ferrofluid which makes tracing 

the motion of oil in the petridish difficult.  Estimation of the volume of oil during displacement could 

be the future study with respect to this research. 
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4.2     Conclusion 

 

 

The observations from this laboratory scale experiments have ramifications in various fields.  The 

characteristic property of ferrofluids to get magnetized when a magnetic field is exerted can be 

utilized to trace the targeted zones in the subsurface.  They can be used for displacement of more 

viscous fluids in a system without being in direct contact to it.  The predictable final configuration 

of the ferrofluids around the magnet makes it a viable application in the field of engineering.  The 

experiments laid out in this thesis were designed to control the displacement of ferrofluid in a 

porous medium.   The observations can be summarized: 

 

• Ferrofluids solely move through the porous media in a predictable final configuration because of 

the magnetic field, and the experimental observations state the heterogeneities do not affect the 

flow path of ferrofluids. 

 

• Ferrofluids can displace a more viscous fluid under the effect of magnetic field. 

 

• Flow of ferrofluid due to magnetic field in turn is unstable. 

 

• The experimental and post processed image analysis demonstrate that the finger formation gets 

suppressed with ferrofluid, because the magnetic field out pulls the viscosity forces and the surface 

tension acting on the fluid. 

 

The graphs shown in the image is for ferrofluid injection in an air and oil saturated medium at flow 

rates of 1 and 6, which relates to 126microlitres/min and 23.4microlitres/min respectively.   The 

blue line represents the length covered without a magnetic field and the red represents the length 

covered when a magnetic field was in place.  The perimeter vs time curve for ferrofluid injection 

into an air and oil saturated medium shows, the effect of magnetic field and no magnetic field on 

the displacement of Oil and air when ferrofluid is the working fluid.  The length covered by ferrofluid 

when injected in an oil saturated medium is more when a magnetic force was implied.  The 

perimeter of ferrofluid when a magnetic field is in the vicinity is about 1cm at 102 secs and with no 

magnetic force is less than 0.5 cm.  The accelerated motion supports the objective, that the fluid 

motion can be controlled. 
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