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Abstract: The present study investigates drag forces anidgjpumped through a duct coated with a magnetic
liquid of kinematic viscosity of 1.69cSt. Due tosaitable arrangement of a set of permanent magtiets
magnetic liquid formed a fluid layer on the bottofra square duct through which a silicone oil vatkinematic
viscosity of 50cst was pumped. Applied magnetix ffiensities ranged from less than 0.01T to abdliTat
the surface of the magnets. The influences of titemgth and gradient of the magnetic field, antheffluid flow
rate, on the shape of the magnetic fluid have beesstigated. It was found that it is not practitalform a
uniform magnetic fluid layer under our experimentainditions, and consequently the drag was inctkase
compared to the uncoated case because the flole cilicone fluid over the magnetic fluid layer olehed this
layer dramatically. For a viscosity ratio betwettie main flow and the ferrofluid less than about B0s
therefore not feasible to use a magnetic fluid lagereduce the drag in a duct. However, it issfie that the
generally high thermal conductivity of magneticuiids, its convection, and interface deformationghmibe
exploited for heat transfer enhancement.
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1. INTRODUCTION

Theoretical analysis indicates that drag on a Kigidcous fluid transported in a duct can be redumg using a
layer of a low-viscosity magnetic liquid, or ‘fefhaid’, on the inner walls of the duct when the agsity of the
main fluid is at least four times that of the fdlwa@l[1,2,3]. Such a layer can also be used fort hemnsfer
enhancement as has been shown in earlier studipsReformation of the fluid interface has also mee
studied[5]. Nevertheless, convincing experimergalits on drag reduction have not been seen. Hseprstudy
investigates drag forces on liquids pumped throaglferrofluid-coated duct. Attention is focused dret
dependence of interface shape and drag on thaeytrand gradient of the magnetic field, and thafflow rate.

2. EXPERIMENTAL DEVICES

To observe the shape of the magnetic fluid layeatifierent flow rates and in different magneticldig a flow

system as illustrated in Figure 1 was built. Areinal gear pump supplying up to 30 | Miat 1420 rpm, driven
by an electric motor, 1.5 kW, 380/415 Volts, 3 phes0 Hz, was used to pump a silicone fluid throtighpipe

system. An inbuilt inverter/controller was adopfed varying the motor speed to adjust the flow ratehe

measuring section. A bypass pipe added an additineans for adjusting the flow rate and ensuredritegrity

of the piping system. The flow rate was measured Bgpw-measuring-unit that used a timer-controketenoid

to divert the flow to a graduated cylinder. Thewnk of fluid collected was divided by the time gptthe timer
to get the flow rate. The test section was a 1000omg duct made of Perspex with a 10mm square sest$on,

the top of which could be opened for adding magn#tiid. A differential pressure manometer was used
measure the pressure drop in the test sectionodasets of permanent magnets were installed uhéetest
section to generate a variety of magnetic fieldwe $hapes of the interfaces were recorded by araame

Preliminary experiments with flexible magnets cdmiteg rubber with a strength at the surface of ldsmn

6.3x10°°T failed to hold the magnetic fluid onto the bottofithe duct even at the smallest measurable faie r
of about 0.2 mI'g (Results not shown). In a second series of exaris, a set of magnets was used, with each
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magnet 6 mm thick with pole faces 25 mm long ananb® wide and a maximum magnetic flux density ofl@.1
at the surface. Six combinations of the magnatshawn in Figure 2 (a) to (f), were used to chahgestrength
and spatial gradient of the magnetic fields. HFjnal set of magnetic bars, 25 mm thick with paeds 152 mm
long by 25 mm, with a magnetic flux density of OI'l&t the surface, was used to produce the magfielis
shown in Figure 2 (g), (h) and (i). Altogethemaikinds of| magnetic fields were used.
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Figure 1 Experimental rig

A water-based ferrofluid (Ferrotec EMG805), kineimaiscosity 1.69cSt, density 1180 kgirwas employed to
form a magnetic fluid layer on the bottom of thectduA silicone oil with a kinematic viscosity oD8&St and
density 960 kg M was used for the main flow, resulting in a visgosatio of 29.4. The interfacial tension
between the two fluids was 3.7 mN'irand the ambient temperature was abof€20

3.1 Influence of flow rate on shapes of interfaces

Figure 3 shows a set of sample pictures of the etagfiuid layer at different flow rates in a magndield using
the dense same-pole arrangement of magnets shokigure 2(a). The observations for the other ayeaments
showed qualitatively similar results. The narrowawy black areas in the pictures are areas occupjethe
magnetic fluid. The magnetic fluid layer was faidgiform at zero flow rate but even at very smif rates, it
was strongly deformed into a bulge towards theebuthd substantially reducing the cross-sectiotiladbla for
the main flow.

At low flow rates, all the magnetic fluid was reted in the duct but at higher flow rates some veased out of
the section. On increasing the flow rate fromemagdy state, magnetic fluid was removed from therlamtil a
new stable layer was formed. At a flow rate of34n7l s*, only a small amount of magnetic fluid was retéiie
the duct at the outlet of the testing section. Jtable layer configuration depended not only @nflbw rate but
also on the initial shape of the interface. Whehia uniform magnetic fluid layer was establist&dzero flow
rate, the resulting layers rapidly became very,thimd were removed completely at relatively lownfloates.
When the amount of magnetic fluid was less thameshold value in each magnetic field, a continunagnetic
fluid layer could not be obtained because of tlieces of interfacial tension.
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Za) Same pole arrangement with no gap betweelneidjauagnets
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(i) Sides of magnets towards the bottom of the ,caltérnating poles
Figure 2 Arrangements of magnets
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3. INTERFACE SHAPES
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Figure 3 Sample pictures of¢the medfestion @tifiaye magnet arrangement as in Figure 2 (a)

3.2 Influence of magnetic field strength

To observe the influence of the strength of the meéig field, we used the combination of magnetsashn

Figure 2(d) with both, single and double layersnafgnets . Figure 4(a) gives a sample pictureethape of the
magnetic fluid layer when one layer of magnets apgslied, and Figure 4(b) is for the case when ay@is of
magnets were used. It can be seen that even thbadtow rate over the stronger field was slightigher, the
length of the magnetic fluid layer was still longbean that over the weaker field. This indicateat tstronger
magnets were better at holding the magnetic flajet. It is well known, however, that too stronfiedd would

result in a surface instability, known as normaldi instability[6], leading to the formation of gds or even
sharp spikes at the interface which would resullaige energy losses. Our set-up did not suffes tiype of
instability.

(é) Q= 4.66ml 3, one layer of magnets (b) Q= 5.26mltwo layers
Figure 4 Influence of the strength of magnetic fial, magnet arrangement as in Figure 2 (d)
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3.3 Influence of magnetic field gradient

The gradient of the magnetic field can be changddle keeping the maximum field strength constdyt,
adjusting the gaps between two adjacent magnegsrd-b gives two examples at similar flow rates nshihe

gradient of the magnetic field in Figure 5(a) wamber than that in Figure 5(b). The arrangeméii® magnets
for Figure 5(a) was that of Figure 2(e) where thmeggnets with alternating polarities sat closelyetber in a
group. In Figure 5(b), the three magnets were raggad by a small gap (3 mm), resulting in the agesnent
indicated in Figure 2(f). It can be seen thatdimall gap between two adjacent magnets made thddiiger and
thinner at similar flow rates. The gaps increadeel magnetic field gradient in the vertical and honial

directions and reduced the strength of magnetid fie some areas. This indicates that a greatemstagfield

gradient in the vertical direction gave a more amif magnetic fluid layer. It is obvious that theogashould not
be increased too much, as the strength of the ntiadiedd between two adjacent magnets may becaoevieak
to hold the magnetic fluid.

Sl S =
& fs
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(@) Q=6.50 ml = (b) Q= 6.80 ml
Figure 5 Influence of magnetic field gradient, magat arrangements as in Figure 2 (e) and (f), respecely.

3.4 Influence of magnetic field alignment

Figure 6 shows three sample interface shapesrangements (g), (h) and (i) at the same flow Natiile
arrangement (g) is similar to the previous arrargggmin that the poles face the fluid layer, thgmeds in the
other arrangements were aligned in the cross-chaineetion. As a result, the field lines were appmately
parallel to the interface rather than perpendictdat. Not only was more magnetic fluid left iramgement (g)
than in the other two arrangements, but the headalg® much thicker. Arrangements (h) and (i) vedale to
produce smoother interfaces than other arrangerrisesdsing the experiment to run for more than fimeirs
showed that the layer in arrangement (i) was gildeeoded while the layer in arrangement (h) appeédo be
stable. Arrangement (h) would thus appear to bedhéiguration most suitable for further investigat
———— | ee— B

Figure 6 Sample pictures of the interface shape ofiagnet arrangement as in Figure 2 (g), (h) and (i),
respectively, at Q= 3.50 ml'$

4. PRESSURE DROP

Figure 7 shows the pressure drop in the test seatjainst flow rate in the different magnetic feeldhe vertical
axis is the pressure drop over the test sectiorsuned as the difference in column height of thegile oil in the
static head tubes, while the horizontal axis is tbime flow rate of the silicone oil through thectl The
measurements are given for the steady state whashr@ached when no more magnetic fluid flowed mmfthe
magnetic fluid layer following an increase of thaaf rate. Curves labelled ‘(a) to (i) arrangemegty'respond to
the different arrangements of the magnets listdeignre 2, and ‘uncoated’ refers to the pressuop avhen there
was no magnetic fluid coating in the duct. It candeen that all the coated ducts had larger pessbaps than
the uncoated duct. Drag forces on the viscoud fivére actually enhanced not reduced. Magnetiddi¢h) and
(), which are characterised by the largest verfiedd gradient, gave the smallest increase irsquee drop while
arrangement (g) gave the largest increase. Agedtin section 3.3, a larger vertical field gradiessulted in a
flatter layer and thus a smaller obstacle to tbevflConsistent with this, the arrangements reguitmthe most

Version accepted for publication 5



J. Mai and W.-G. Friih. Experimental study on draduction in pipelines

uniform (and thereby flattest) layers resultedhie $mallest pressure drop increase. Though amsarge (h) and
(i) led to nearly the same increment in the pressinop, only arrangement (h) is suitable for furtiheestigation
because arrangement (i) led to interfacial instésl at the ends of the magnets, which eventualbke up the
magnetic fluid layer into small sections.
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(a) 25 mmx 19 mmx 6 mm magnets (b) 152 mri25 mmx 25 mm magnets

Figure 7 Pressure drops in testing section; (a) @) refer to the arrangements of magnets shown iRigure
2, while ‘uncoated’ refers to the situation when nderrofluid was present in the duct.

The magnetic fluid layer had three effects on ttesgure drop. One was the reduction of shearsstitgs to the
presence of a low-viscosity fluid at the solid bdarnes. The second was that a ferrofluid layeupies some of
the cross-section of the duct, thereby reducingthes-section available for the main flow. Thiedtleffect was
that the non-uniform magnetic fluid layer and tihessure drop along the duct due to the flow ofsitieone fluid

deformed the interface, with a substantial obsimacand subsequent expansion of the available @®ction at
the downstream end of the ferrofluid layer. Anyidl expansion results in energy losses or an iser@a the
pressure drop. While the first effect would redtloe energy losses, the latter two effects woutddgase them.
When the first effect is stronger than the sumhef second and third effects, drag on the main ftaw be
reduced. Otherwise, the drag is increased. Inargabie viscosity ratio, reducing the thicknesstaf magnetic
fluid layer, and smoothing the magnetic fluid laymuld result in a net real drag reduction. In aegring

applications, however, there are limits on the adfty ratio and the minimum layer thickness for atigular

fluid, and it is possible that the drag reducinigef may never outweigh the sum of the drag inéngassffects.

5. CONCLUSIONS

An experimental study was carried out to investight effects coating a duct with a magnetic lidajer and its
effect on the friction losses in fluid flow througjtne duct. It was observed that it was possiblaamntain a stable
magnetic fluid layer for a range of flow rates b&tmain fluid through the duct. The shape andmelwf the

stable magnetic fluid layer, however, dependedhenflow rate through the duct. A strong field wihhigh

gradient was better suited than a weak and unifoxgnetic field to hold the magnetic fluid as a tage a

surface. Due to the competing effects of dragctdn, by reducing the wall shear stress, and afdncrease,
by narrowing the duct, it was observed that no alveirag reduction could be achieved in the expenits for a
viscosity ratio less than about 30. Considerirgrésults, it is anticipated that few engineerippli@ations exist
in which an actual drag reduction could be fourtialone be cost-effective.

The presence of a magnetic fluid layer on a surfacavever, may prove a valuable device to enhame h
transfer. Even a simple visual inspection revealdildw of the magnetic fluid at the interface fréhe tail of the
magnetic fluid layer to the head. From consideratib mass continuity, it is easy to visualise taderrofluid
circulation had been set up in the magnetic flaiget. This flow field, together with the generdiyge thermal

Version accepted for publication 6



Journal of Chemical Technology and Biotechnol@§y2003), 352—-357

conductivity of the ferrofluid, might be an effaaiway of enhancing heat transfer between the #aidlthe duct
walls. This will be the subject of a future study.
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