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 a b s t r a c t
 We present the results of an experimental study of isodense displacement of a yield stress viscoplastic
 fluid by a miscible Newtonian one in a horizontal pipe. A central type displacement flow develops for the
 configuration given. Three distinct flow types belonging to this central displacement are identified namely
 corrugated, wavy and smooth depending on the level of the residual layer variation along the pipe. The
 transition between these flow regimes is found to be a function of the Reynolds number defined as the
 ratio of the inertial stress to the characteristic viscous stress of the viscoplastic fluid.
 © 2016 Elsevier B.V. All rights reserved.
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 . Introduction
 One of the main issues in deepwater production in the oil in-
 ustry is the blockage of production lines, caused by the growth
 f paraffin crystals that occur when temperature drops below the
 ax Appearance Temperature (WAT). In general, the produced oil
 resents some amount of wax that turns into paraffin crystals,
 esulting in a gel-like structure with rheological properties com-
 letely different from that of the crude oil [1] . The appearance of
 yield stress upon gelation significantly affects the conditions of
 he restart flow required after a shutdown. In essence, there exist
 wo stages in a flow pipeline restart, as described by Frigaard et al.
 2] . The first stage is to apply a large enough pressure drop in or-
 er to mobilize the gel in the pipe. This is related to the pipeline
 ength and to the fluid yield stress and bulk compressibility [3–7] .
 he second stage consists of the injection of either miscible fresh
 il or any other low viscosity fluid (preferably Newtonian, e.g. sea
 ater, diesel) at the pipe inlet, to flush the gelled oil out of the
 ipe, i.e. a process of fluid displacement . During this second stage
 ostly laminar flows occur, due to the relatively high yield stress
 f the gelled fluid and/or other process constraints.
 ∗ Corresponding author. Fax: +552135271165.
 E-mail addresses: [email protected] (G.V.L. Moisés),
 [email protected] (M.F. Naccache), [email protected] (K. Alba), [email protected]
 I.A. Frigaard).
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 r
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 p
 c
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 ttp://dx.doi.org/10.1016/j.jnnfm.2016.08.002
 377-0257/© 2016 Elsevier B.V. All rights reserved.
 The displacement flow of yield-stress fluids in general is a com-
 lex topic, due to the large number of flow parameters involved.
 arious flow regimes can be observed depending on the respec-
 ive balances of inertial, viscous and buoyant stresses [8,9] . Al-
 ouche et al. [10] have shown that in a plane channel geometry
 nd depending on the range of flow and rheological parameters, a
 ully static layer of the displaced yield stress fluid may be left be-
 ind after pumping the displacing fluid. Similar static layers were
 etected analytically in a pipe geometry [2] . Gabard and Hulin
 11] experimentally studied the isodense displacement flow of vis-
 oplastic fluids by a Newtonian water-glycerol solution in a vertical
 ipe confirming the existence of static residual layers. The residual
 lm thickness in their experiments was found to be approximately
 5% of the radius.
 The effects of fluids density difference on viscoplastic (Car-
 opol solution) displacement flows have been explored in detail in
 ur previous studies for unstable configuration (heavy Newtonian
 uid displacing light viscoplastic fluid downward) [8,9,12] . Two
 ain flow regimes have been identified, for both nearly-horizontal
 8] and inclined [9,12] geometries: namely central and slump dis-
 lacements. A residual thickness film thickness of ≈ 0.26 radius
 f the pipe is found in the central regime which is close to that
 eported in [11] for isodense displacements. The central flows ob-
 erved in [8,9,12] are very similar to those found in core removal
 hase of water-toothpaste displacement [13,14] . In the context of
 entral flows, Wielage and Frigaard [15] studied the effect of in-
 rtia and flow pulsation on static residual wall layer thickness
 http://dx.doi.org/10.1016/j.jnnfm.2016.08.002
 http://www.ScienceDirect.com
 http://www.elsevier.com/locate/jnnfm
 http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnnfm.2016.08.002&domain=pdf
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 through 2D computations. Thinner layers were found at higher
 Reynolds numbers due to the increased energy production locally
 around the finger. Both small and large amplitudes were consid-
 ered to study the effect of the flow rate pulsation. The slump
 regimes found in [8,9,12] emerge at larger fluid density differences
 and can be entirely different than the central regimes. Depend-
 ing on the magnitude of the destabilizing buoyant stress, these
 flows can develop into exotic ripped and corkscrew modes [9] . The
 slump flows have also been investigated analytically through thin-
 film type models for both channel [16] and pipe [17] geometries.
 Note that most of the studies on density-stable viscoplastic dis-
 placement flows (light fluid displacing heavy gel) in the literature
 have been carried out in the immiscible -fluids limit; see for in-
 stance [18–23] . The subject of miscible density-stable viscoplastic
 displacement flows is an active area of research that we are cur-
 rently working on.
 In this work, we experimentally study the displacement flow
 of yield stress fluids in the isodense limit, which is of critical im-
 portance in designing the second stage of pipeline restart flows. In
 particular, we are interested to investigate the displacement flow
 of a yield stress fluid by a less viscous Newtonian fluid in a hori-
 zontal tube. Moreover, the focus of our study is on miscible fluids.
 The immiscible displacement flows are governed by different dy-
 namics [18,19,21–26] .
 The novelties of our study include the following. First, most of
 the studies available in the literature on viscoplastic displacement
 flows consider the limit of immiscible fluids [18,19,21–26] and/or
 buoyant flows [8,9,12,16,17] . Despite its importance, there are only
 very few studies available in the literature focusing on miscible
 non-buoyant (isodense) flows. The existing works only consider
 a limited range of flow and rheological parameters such as the
 (Newtonian) Reynolds number, Re N , and Bingham number, B N , (see
 Section 2.3 for definition). For instance, 0 � Re N � 200 and 0 �B N � 10 0 0 in the 2D computations of Wielage and Frigaard [15] ,
 and 0 � Re N � 10 0 0 and 0 � B N � 70 0 0 in the experiments
 of Gabard and Hulin [11] . The current experimental study covers
 a much broader range of parameters ( Re N ∈ [87 − 3764] and B N ∈[360 − 48200] ). Secondly, surface modulations (roughness) and in-
 stabilities present in the viscoplastic displacement flows have not
 been captured in previous simulations such as [15] . Although these
 modulations have been identified in the experimental work of
 Gabard and Hulin [11] , they have not been characterized based
 on the governing flow parameters. Only bulk flow characteristics
 of these flows such as average residual film thickness have been
 quantified in the literature (and only partly). It has recently been
 found that the surface roughness can significantly affect the flow
 dynamics and overall displacement/cleaning efficiency [14] . For the
 first time, we have investigated the problem of isodense displace-
 ment of viscoplastic fluids in depth providing a comprehensive pic-
 ture of various regimes that are likely to appear, in terms of the
 important governing dimensionless parameters of the flow.
 The paper is organized as follows. In Section 2 , after describing
 the experimental set-up and procedure, the preparation of the flu-
 ids and their rheological characterization are presented. A typical
 displacement experiment, taking into account all the flow data ac-
 quired, is described in Section 3 . In Section 4 , various flow regimes,
 namely corrugated, wavy and smooth , are characterized and classi-
 fied in terms of the dimensionless groups governing the system.
 Concluding remarks are given in Section 5.
 2. Methodology and scope of the study
 2.1. Experimental description
 Displacement flow experiments are performed in a 4-m long
 horizontal transparent acrylic pipe, with internal diameter ( D )
 qual to 19.05 mm, as shown in Fig. 1 . The apparatus used in
 he current study is the same as the one adopted in [8,9,12] for
 tudying the displacement flows in inclined pipe, except that the
 luminum frame set-up has been tilted to horizontal position, us-
 ng a ball-screw jack ( β = 90 ◦). Moreover, a pressure gage has been
 dded to the system to complement the measurements. The pair of
 uids used in each test have the same densities, but different vis-
 osities. The displacing fluid 1 is Newtonian (glycerol or NaCl solu-
 ion), whereas the displaced fluid 2 is a Carbopol solution, coloured
 ith a small amount of ink.
 A pneumatically operated gate valve placed 80 cm from one
 nd of the pipe initially segregates the two fluids. Initially, the sec-
 ion of the pipe downstream of the gate valve is filled with fluid 2
 nd the upstream part with fluid 1. The fluids are driven into the
 ow loop using pressurized acrylic tanks ( ≈ 70 kPa) to achieve a
 teady flow rate and avoid disturbances that could be induced by
 pump. The imposed flow rate is controlled by a choke valve lo-
 ated downstream. Before discharging the fluids, the flow rate is
 ecorded using a magnetic flow meter (model FMG200 Omega). In
 ddition, the fluid discharge mass ( m ) during each experiment is
 easured with a scale (Sartorium 1 g readability), located after the
 ow meter. Fluids densities, ˆ ρ, are measured with a density me-
 er (DMA 15N, Anton Paar), with resolution of 0.0 0 01 g/cm
 3 . Both
 ass and fluids densities are used in the flow meter calibration
 rocedure.
 Video recordings of the displacement are realized simultane-
 usly to provide quantitative image analysis and extract informa-
 ion regarding the large-scale features of the flow such as the
 elocity of the displacing front. The same image acquisition and
 rocessing system has been successfully implemented previously
 n [9,12,27] . The imaging system consists of 2 high-speed digital
 ameras with 4096 gray-scale levels (Basler Scout scA1600 and
 cA1400), with images recorded at a frequency of 3 Hz. Strips of
 ight Emitting Diodes (LEDs) have been used along with light dif-
 users in order to provide homogeneous lighting. To reduce light
 efraction errors and further enhance the quality of the images,
 wo fish tanks have been placed around the main pipe. The ink
 oncentration of fluid 2 was defined using standard light calibra-
 ion techniques [28] . As a result, the pixel light intensity is con-
 erted to a normalized concentration value varying from 0 (pure
 isplaced fluid 1) to 1 (pure displacing fluid 2). Images obtained at
 egular time intervals during the experiment are post processed to
 ive calibrated snapshots of the concentration and spatiotemporal
 iagrams of the averaged concentration profiles along the pipe.
 Supplementary velocity field measurement is accomplished us-
 ng an Ultrasonic Doppler Velocimeter (UDV) probe that is placed
 etween the two fish tanks ( x = 1560 mm). The UDV used is the
 OP20 0 0 (model 2125, Signal Processing SA) with 8 MHz, 5 mm
 TR0805LS) transducers at a duration of 0.5 μs. Polyamid seeding
 articles with a mean particle diameter of 50 μm and a volumetric
 oncentration equal to 0.2 g/L are added to both fluids to obtain
 obust UDV echo. The pressure before the gate valve is monitored
 y a pressure gauge transducer with 0–5 V DC output (PX329-
 15G5V, from Omega, maximum gage pressure of 1034 kPa). The
 ressure gage is installed upstream, in the Newtonian fluid region.
 he pressure output signal is connected to a National Instrument
 oard PCI/PXI-6221 (68-Pin), with the calibration curve provided
 y the manufacturer.
 .2. Fluid preparation and rheology
 The displacing fluid 1 is a Newtonian salt or glycerol-water so-
 ution. Salt or glycerol is added to water until the density of fluid
 matches that of fluid 2 ( ρ1 = ˆ ρ2 = ˆ ρ). Due to the low concentra-
 ion of glycerol and NaCl added (less than 0.1% wt), the viscosity
 f fluid 1 remains close to that of water ( μ ≈ 0 . 001 Pa.s) in our
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 Fig. 1. Schematic view of the experimental set-up. The shape of the interface is illustrative only.
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 Fig. 2. Flow curves and their respective Herschel–Bulkley models (solid line) for
 Carbopol solutions used in different experiments. Different markers represent ex-
 perimental sets A( �), B( �
 ), C( ◦), D( � ), E( � ), F( � ), G( �), H( � ) and I( � ), as given in
 Table 1 .
 b
 w
 B
 c
 2
 e
 ˆ K
 ˙ γ n c
 xperimental analysis. All properties are evaluated at the experi-
 ent room temperature, equal to 20 °C. Fluid 2 is a Carbopol (EZ-
 , Noveon Inc.) solution in the range of 0.07–0.12 in weight (% wt ).
 part from its similar rheological properties to waxy crude oil, Car-
 opol solutions are water-based, and have the advantage of be-
 ng transparent, non-toxic, and environmentally-friendly. Carbopol
 s a polymer with high molecular weight cross-linked acrylic acid
 hains, widely used industrially as thickener, e.g. in pharmaceutical
 roducts and cleaners.
 We designed a Carbopol solution protocol that consists of grad-
 ally adding Carbopol powder to water in a 40 l PVC tank, us-
 ng a mixer with a helicoidal dual blade (Eurostar Power model,
 rom IKA Werke), rotating at 400 rpm. After addition of the Car-
 opol powder to the water, the solution remains in the mixer at
 00 rpm for 30 min. When a homogeneous Carbopol solution is
 btained, sodium hydroxide (NaOH) solution diluted in deionized
 ater is slowly added to the mixture by the side of the container
 o minimize the air bubble entrainment. The Carbopol-NaOH solu-
 ion is stirred for 5 min to ensure that we have achieved an even
 el solution throughout the whole container volume.
 The weight-to-weight Carbopol to NaOH ratio is 3.5, chosen to
 eutralize the mixture and form a yield stress fluid, keeping the
 H in the range of 6–8. The Carbopol solution temperature and pH
 re measured using a mini thermocouple from Omega (resolution
 f 0 . 1 ◦C), and a waterproof pH meter (pHTester 30 model with
 ccuracy of 0.01, from Eutech Inst.) respectively. The pH meter is
 alibrated using pH standard solutions. Rheological tests of the Car-
 opol solution are performed in the same day of the experiments,
 sing a rotational rheometer (Kinexus, from Malvern) with parallel
 errated plates, with 20 mm diameter and 2 mm gap. Tempera-
 ure is controlled during the test to match that in the experimental
 oom.
 For each Carbopol solution, the rheological flow curve data is
 tted to a Herschel–Bulkley equation:
 ˆ = ˆ τy +
 ˆ K
 ˙ γ n , ˆ τ ≥ ˆ τy , (1)
 ˆ ˙ = 0 , ˆ τ < ˆ τy . (2)
 ere, ˆ τy represents the fluid yield stress, ˆ K is the fluid consistency
 ndex and n is the power law index. Bifurcation tests similar to
 29] are performed to define the yield stress for the rheological
 odel fit. Subtracting the yield stress from the flow curve, we then
 t ˆ K and n as a linear fit in log-log coordinates. The power law
 ata fitting considered only data points for shear rate lower than
 0 0 1/s. For ˆ ˙ γ > 50 0 1/s, the rheological behaviour of Carbopol
 olutions diverge from the tuned Herschel Bulkley model. Fig. 2
 resents example rheological data for the Carbopol solutions used
 n our experiments and the corresponding fitted Herschel–Bulkley
 odel curves.
 Table 1 presents the Herschel–Bulkley parameters ˆ τy , n and
 ˆ K
 or each Carbopol solution considered in the experiments. It can
 e observed that the power law index varies from 0.40 to 0.54,
 here lower values are related to higher Carbopol concentrations.
 oth yield stress ˆ τy , and consistency index ˆ K increase as Carbopol
 oncentration overall increases.
 .3. Parameters range studied
 The followed dimensionless parameters are considered in the
 xperimental analysis:
 • Reynolds number
 Re =
 8 ρ ˆ V
 2 0
 ˆ τc , (3)
 where ˆ ρ is the common density of the fluids, ˆ V 0 is the mean
 velocity and ˆ τc is the characteristic stress given by:
 ˆ τc = ˆ τy +
 ˆ K
 ˙ γ n c , (4)
 with
 ˆ ˙ γc = 8 V 0 (3 n + 1) / 4 n D representing a characteristic shear
 rate. • Viscous stress ratio
 M =
 ˆ K
 ˙ γ n c
 8 μ ˆ V 0 / D
 , (5)
 where ˆ μ is the viscosity of the Newtonian fluid; • Bingham number
 B =
 ˆ τy . (6)

Page 4
                        
                        
                        

94 G.V.L. Moisés et al. / Journal of Non-Newtonian Fluid Mechanics 236 (2016) 91–103
 Table 1
 Composition and properties of fluids used in each experiment set.
 Experiment set Fluid 1 Fluid 2
 # Temperature ( °C ) Density ( kg / m
 3 ) Mixed water solution ˆ μ ( 10 −3 Pa.s ) Carbopol (% wt ) ˆ τy ( Pa ) n ˆ K ( Pa.s n )
 A 22 .5 998 .4 Glycerol 0 .898 0 .07 1 .3 0 .49 1 .31
 B 23 .5 998 .4 NaCl 0 .913 0 .07 1 .9 0 .54 1 .19
 C 24 .4 998 .4 NaCl 0 .926 0 .08 3 .0 0 .49 1 .87
 D 26 .8 997 .5 NaCl 0 .962 0 .08 4 .8 0 .49 2 .10
 E 26 .8 997 .5 NaCl 0 .962 0 .09 4 .4 0 .50 2 .60
 F 24 .9 998 .2 NaCl 0 .934 0 .09 6 .0 0 .46 3 .27
 G 24 .4 998 .5 Glycerol 0 .926 0 .10 10 .3 0 .45 3 .77
 H 22 .7 998 .6 Glycerol 0 .901 0 .11 17 .5 0 .45 5 .21
 I 24 .5 998 .1 Glycerol 0 .928 0 .12 26 .0 0 .40 9 .72
 Table 2
 Parameter ranges used in the current experimental study.
 Parameter Range
 β( °) 90 ˆ V 0 (mm/s ) 5 – 185 ˆ ˙ γc 2 – 100
 ˆ τy (Pa ) 1.3 – 26.0
 Re 0.02 −8 . 20
 B 0.16 – 1.51
 M 256 – 4350
 Re N 87 – 3764
 B N 360 – 48 ,200
 At 0
 Fr ∞
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 Note that the Atwood number, defined as At = ( ρ1 − ˆ ρ2 ) / ( ρ1 +ˆ ρ2 ) , is zero in our study ( At = 0 ) since ˆ ρ1 = ˆ ρ2 = ˆ ρ . It is worth
 mentioning that at times it is convenient to consider a Newtonian
 Reynolds number, given by
 Re N =
 ˆ ρ ˆ V 0 D
 ˆ μ= M(1 + B ) Re, (7)
 and also a modified Bingham number, using a Newtonian viscous
 stress:
 B N =
 ˆ τy D
 8 μ ˆ V 0
 = MB. (8)
 Taghavi et al. [8] and Alba et al. [9] identified two regimes of
 non-isodense yield stress displacements: central and slump. The
 central regime is characterized by the central flow of the heavy
 displacing fluid flowing within the light displaced layer, while in
 the slump regime the displacing layer moves closer to the lower
 region of the tube, underneath the displaced fluid. The transition
 between these two types of displacement is governed by the ratio
 of Re N / Fr
 Re N F r
 =
 ˆ ρ1
 ([ ρ1 − ˆ ρ2 ] g D
 3 )1 / 2
 [ ρ1 + ˆ ρ2 ] 1 / 2
 ˆ μ, (9)
 where ˆ g is the gravitational acceleration, and Fr represents the
 densimetric Froude number F r =
 ˆ V 0 / (At g D
 )1 / 2 . According to [8,9] ,
 the transition between the central and slump flows occurs in the
 range 600 < Re N / Fr < 800. In our experiments, since no density
 different is applied ( At = 0 ), Re N / Fr tends to zero as Fr goes to in-
 finity. Therefore, all our isodense experiments can be classified in
 the central regime.
 The parameter range covered in our experiments is given in
 Table 2 . The characteristic shear rate range for all experiments is
 2–100 1/ s , so the fitted Herschel Bulkley model quite well repre-
 sents the rheological Carbopol behaviour during the fluid displace-
 ment experiments. Besides, the complexities of low shear rate rhe-
 ology are largely avoided. Every experiment can be represented by
 set of dimensionless parameters ( Re, B, M ) or by dimensional ex-
 erimental numbers ( Table 1 ), and the mean velocity ( V 0 ).
 . Experimental results
 .1. Typical experimental analysis
 In this section we present in detail the analysis of a typical
 isplacement experiment (taken from set A, for ˆ V 0 = 38 . 4 mm/s,
 .e. Re = 1 . 66 , B = 0 . 22 and M = 400 ). After setting the tank pres-
 ure and/or the choke position at the end of the flow loop, the gate
 alve is opened; see Fig. 3 a for snapshots of the flow. The signals
 f the upstream pressure and flow rate over time are presented in
 ig. 4 . In this case, the tank pressure is initially set to 70.3 kPa. Af-
 er opening the gate valve at ˆ t = 0 s, the upstream pressure drops
 o a stable value of 48.3 kPa. Note that as flow develops over time,
 he pressure and flow rate approach a mean value indicated by the
 ashed lines in the figure. Once the experiment is over and the
 hoke or gate valve is closed ( t ≈ 66 s ) the flow rate and pressure
 aturally converge to their values prior to the experiment.
 Fig. 3 .a presents the post processed images of the same exper-
 ment as in Fig. 4 . The concentration contour for different time
 tamps shows a finger of the brighter displacing fluid moving
 hrough the dark displaced fluid from the left to the right. After
 he front passes, it is possible to identify dark regions with lower
 oncentrations at the top and bottom of the pipe and intermediate
 right regions in the middle, suggesting the presence of a uniform
 esidual layer on the walls. Since the concentration appears to re-
 ain constant after the front passage, it seems that the front it-
 elf plays an important role in the formation of the residual layer.
 n Fig. 3 a it is also possible to identify detached Carbopol pieces
 oving inside fluid 1 that are represented by the squiggly line in
 ig. 3 b.
 If the mean concentration ( C ) in a particular section of the
 ow is constant, it is possible to estimate the residual thickness
 ˆ r = ( D − ˆ d C ) / 2 , where ˆ D is the tube diameter and
 ˆ d C =
 √
 C D is
 he displacing fluid diameter obtained using a mass balance. As
 escribed in [27,30] , the position of the displacing front in a spa-
 iotemporal plot ( Fig. 3 b) is defined by the boundary between the
 ark and light regions, with its slope being inversely proportional
 o the front velocity. It is possible, using a mass balance, to calcu-
 ate another equivalent diameter of the front by ˆ d f = √
 ˆ V 0 / V f ˆ D , where
 ˆ 0 and
 ˆ V f are the mean and the front velocities, respectively. The
 onstruction of ˆ d C can be considered as localized in space: depen-
 ent on which C is used, whereas the construction of ˆ d f may be
 onsidered to depend on the front velocity at a particular time.
 If the displacement proceeds relatively steadily in time and
 pace, we may justifiably compare ˆ d f and
 ˆ d C . As an example,
 he spatiotemporal plot in Fig. 3 b provides the front velocity
 V f = 56 . 7 mm/s ) and the mean concentration ( C = 0 . 54 ) after the
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 Fig. 3. Displacement flow experiment carried for set A for ˆ V 0 = 38 . 4 mm/s ( Re = 1 . 66 , B = 0 . 22 and M = 400 ): a) Snapshots of the flow at ˆ t = 53 . 0 , 55 . 7 , 58 . 3 , 61 . 0 , 63 . 7 ,
 and 66.3 s after opening the gate valve. The flow is from left to right as indicated by the arrow. The field of view is 600 mm by 19 mm, taken 2400 mm after the gate
 valve. The bottom image is a colourbar of the concentration C . b) Spatiotemporal diagram of the same displacement showing the change in depth-averaged concentration C y values with streamwise distance, ˆ x , and time, t .
 Fig. 4. Variation of the signals of the upstream pressure (top curve) close to the
 gate valve ( x = 0 ) and the mean flow velocity (bottom curve) over time, for a typical
 experiment carried using the experimental set A for ˆ V 0 = 38 . 4 mm/s . The broken
 lines show the mean values of the developed flow. The experiment starts at t = 0 s
 and finishes at t ≈ 66 s.
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 ront passage. For this displacement, we have ˆ d f = 0 . 82 D and
 ˆ d C = . 73 D . Note that the corresponding residual layer thickness to ˆ d C is
 .27 radius of the pipe, which is close to those reported by [11] for
 sodense displacement flows in a vertical pipe. In the case of buoy-
 nt displacement flows, Alba and Frigaard [12] showed that bulk
 easurements of the two diameters ˆ d C and
 ˆ d f were relatively close
 o each other over the range of experiments.
 The dimensionless velocity contour, U =
 ˆ U / V 0 , obtained by the
 DV probe, is presented in Fig. 5 a as a function of time, ˆ t , and di-
 ensionless radial position, r = 2 r / D . It is possible to identify the
 ymmetry with respect to the tube center line. Due to the nature
 f the UDV measurements there is always some refraction errors
 lose to the lower wall of the pipe. To provide better understand-
 ng of the UDV data, the corresponding data points to the lower
 all were suppressed, and a model prediction is instead added.
 nother way to interpret the UDV data is to study the stream-
 ise velocity as a function of time at an averaged radial position,
 s shown in Fig. 5 b. The UDV probe is fixed at ˆ x = 1560 mm and,
 s a static observer, it measures the velocity contour of the fluid at
 his particular location at different time stamps. Based on the data
 n Fig. 5 , it is possible to identify 5 different stage in the local flow
 described below) as the displacement front passes from upstream
 o downstream. These stages can each be important in processes
 elated to the fluid displacement, specially in the context of the
 ipeline restart and shut-down:
 I. Transient start-up: As the gate valve opens, displaced fluid 2
 starts to move until the experiment steady state velocity ( V 0 ) is
 reached.
 II. Displaced fluid 2 steady state flow: Steady state flow of fluid 2
 in a pipe of diameter ˆ D , which shows a typical plug-type profile
 for viscoplastic fluids [12] (see also Fig. 6 ).
 II. Displacement front region: We observe a period of time when
 the measured velocity profile is influenced by the front region,
 that contains both fluids 1 and 2.
 V. Displacing fluid 1 steady state flow: Steady state flow of fluid 1
 in a pipe of effectively reduced diameter ( d C =
 ˆ D − ˆ h r ), due to
 the formation of the residual layer at the wall. For example in
 this stage, Fig. 5 a shows regions of zero velocity near the walls
 and Fig. 5 b shows an increase in the streamwise velocity, due
 to this diameter restriction.
 V. Transient shut-down: As gate valve closes at the end of the ex-
 periment, the pressure drop goes to zero and the flow ceases.
 Fig. 6 shows the average streamwise velocity profile measured
 or regions II and IV of the same experiment shown in Fig. 5 . Also
 arked on Fig. 6 are the analytical solutions for fully developed
 ow, based on the rheological parameters and the mean velocity.
 n the case of region IV, we have plotted analytical solutions for
 oth reduced diameters, ˆ d C and
 ˆ d f ; in each case the displaced fluid
 all layers are stationary. Note that there is slight skewness in
 he velocity profiles with respect to the tube center evident from
 ig. 6 which is commonly associated with the UDV measurements
 8,9,12] .
 .2. Residual layer thickness variation
 In each experimental set, we observe variations in the resid-
 al layer thickness along the tube. Fig. 7 a shows snapshots of
 he concentration field after the front passes and Fig. 7 b shows
 heir respective depth-averaged profiles. As the imposed velocity
 ecreases, the amplitude of the residual layer variation increases
 hich is better quantified in Fig. 7 b. Note that the interface mod-
 lations shown in Fig. 7 a are similar to those reported by Swain
 t al. [26] for light-heavy displacement flow of a viscoplastic fluid
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 Fig. 5. Data from Ultrasonic Doppler Velocimeter from experimental batch A for ˆ V 0 = 38 . 4 mm/s ( Re = 1 . 66 , B = 0 . 22 and M = 400 ): a) Contours of the dimensionless
 streamwise velocity profiles with scaled radial distance, r = 2 r / D , and time ˆ t . White dashed line represents the limit between the UDV data and model regression. b) Time
 evolution of the dimensionless streamwise velocity for different r: 0.0 (+), 0.1( � ), 0.2( � ), 0.3( � ), 0.4( �), 0.5( � ), 0.6( � ), 0.7( � ), 0.8( � ), 0.9 ( � ) and 1.0 ( ♦).
 Fig. 6. Average streamwise velocity profiles for regions II ( �) and IV ( �
 ) corre-
 sponding to the experiment shown in Fig. 5 . The solid line shows the fitted pro-
 file obtained from the flow solution of a Herschel–Bulkley fluid. The Newtonian
 Poiseuille profiles have also been indicated considering: (dashed line) and (dotted
 line).
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 by an immiscible Newtonian fluid in a horizontal 2D channel, ana-
 lyzed using lattice Boltzmann simulations.
 Fig. 7. a) Snapshots of the concentration field for a 385 mm long section of the pipe
 obtained for experimental set D given descending mean flow velocities: (a.1) ˆ V 0 = 47 . 4 m
 and M = 811 ); (a.3) ˆ V 0 = 14 . 3 mm/s ( Re = 0 . 16 , B = 0 . 85 and M = 982 ); (a.4) ˆ V 0 = 4 . 4 m
 concentration C . b) Depth-averaged concentration C y values with streamwise distance, x
 (dotted line), a.3 (dashed line) and a.4 (dotted-dashed line).
 The residual layer variation can also be identified from the spa-
 iotemporal plot, as presented in Fig. 8 for different velocities be-
 onging to experimental set C. The front velocity variation is very
 rominent in Fig. 8 d, indicated by the non-linear boundary be-
 ween the two (dark and light) fluid regions. The vertical traces
 n the lighter region of Figs. 8 a–d correspond to the residual lay-
 rs of viscoplastic fluid that remain static over long times after the
 assage of the front. This also confirms that there is no wall slip
 n our experiments. We note that there are considerable apparent
 ifferences in the spatial distribution and amplitude of the residual
 ayers.
 The spatiotemporal diagram enables one to identify the posi-
 ion and speed of the front at every time step. Therefore, instead
 f showing the front velocity versus time, we can plot the front
 elocity variation against the position of the front, i.e. ˆ V f ( x ) is the
 ront velocity at the time when the front is at ˆ x . Figs. 9 a and b plot
 he variation of the dimensionless front velocity V f (x ) =
 ˆ V f ( x ) / V 0
 nd the depth-averaged concentration C y field along the tube sec-
 ion for two different experiments: low Reynolds number ( Re = . 02 , B = 1 . 51 , M = 1791 ) and high Reynolds number ( Re = 1 . 85 ,
 = 0 . 3 , M = 378 ) respectively. Fig. 9 a shows a large amplitude
 ariation of both front velocity and depth-averaged concentration
 located 2286 mm downstream of the gate valve after the passage of the front
 m/s ( Re = 1 . 20 , B = 0 . 47 and M = 532 ); (a.2) ˆ V 0 = 20 . 7 mm/s ( Re = 0 . 30 , B = 0 . 71
 m/s ( Re = 0 . 02 , B = 1 . 51 and M = 1791 ). The bottom image is a colourbar of the
 , after the front passage for the same mean velocity from a: a.1 (solid line), a.2
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 Fig. 8. Spatiotemporal diagrams of the same experiments shown in Fig. 7 .
 Fig. 9. Variation of the mean depth-averaged concentration C y ( �) and front velocity V f ( �
 ) with the streamwise distance, ˆ x , for a) Re = 0.02, B = 1.51 and M = 1791 and
 b)Re = 1.85, B = 0.3 and M = 378. Averages of V f and C y (dashed line) and the intervals of 95% confidence level (dotted lines) are also added to the figures.
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 hereas Fig. 9 b shows a comparatively lower amplitude variation
 f these variables. Note that, as suggested in these figures, the
 epth-averaged concentration is dynamically coupled to the front
 elocity, independently of Reynolds number, meaning that when
 he front velocity increases, the local depth-averaged concentration
 ecreases and vice versa.
 From mass conservation we can define a parameter Q as fol-
 ows, to measure the bulk experimental data quality
 ¯ =
 ˆ V f ˆ d 2 C
 ˆ V 0 D
 2 = V f d
 2 C = V f C , (10)
 here, d C =
 ˆ d C / D is the averaged dimensionless finger diameter of
 uid 1, defined from C , which is the mean of the depth-averaged
 oncentration C y . Also note the mean front velocity value, V f , is
 sed in defining Q in (10) . For Q ≈ 1 , mass conservation is closely
 espected. Slight deviation from this value ( Q = 1 or V f C = 1 ) may
 appen due to various reasons namely image processing errors af-
 ecting C calculation, V f approximation based on numerical deriva-
 ives and inaccuracies due to the snapshots sampling frequency.
 oreover, Q = 1 can be due to the fact that the residual layers
 ight not be perfectly static with part of it being washed away
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 Fig. 10. a) Mean quality Q and uncertainty, versus the Reynolds number Re , for the whole range of experiments; different markers represent experimental batch A( �), B( �
 ),
 C( ◦), D( � ), E( � ), F( � ), G( �), H( � ) and I( � ); overall quality average (solid line) and intervals of 95% of confidence level (dotted lines). b) Change in the quality uncertainty with
 the Reynolds number ( �). The lines in b indicate: power law curve fitted to the data as δQ/ Q = 0 . 065 Re −0 . 4 (solid line); transition between the smooth and wavy regimes at
 δQ/ Q = 0 . 067 (dotted line), transition between the wavy and corrugated regimes at δQ/ Q = 0 . 13 (dashed line).
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 from the surface throughout the experiment, which consequently
 affects mass conservation. Fig. 10 a shows the plot of quality Q ,
 versus Reynolds number Re , suggesting an average of 0.86 over the
 entire range of experiments. From (10) , we can calculate an uncer-
 tainty of Q based on the standard deviation of the depth-averaged
 concentration C y , denoted δC , and the standard deviation of the
 spatially varying front velocity V f ( x ), denoted δV f . The uncertainty
 of Q is defined as:
 δQ
 Q
 =
 √ (δC
 C
 )2
 +
 (δV f
 V f
 )2
 (11)
 where Q = V f C with C and V f representing the mean value of the
 depth-averaged concentration and front velocity respectively.
 Upon detailed analysis of the spatiotemporal diagrams of the
 experiments, we have been able to classify isodense viscoplastic
 displacement flows in three different categories, and match the ob-
 served behaviours to ranges of the uncertainty of Q .
 • Smooth : low amplitude residual layer variations characterized
 by a linear boundary between the two fluids in the spatiotem-
 poral diagram (e.g. Fig. 8 a). These experiments were found for
 δQ/ Q < 0 . 067 , as shown in Fig. 10 b. • Wavy : medium amplitude residual layer variations character-
 ized by linear boundary between the two fluids in the spa-
 tiotemporal diagram and clearly visible vertical stripes after the
 passage of the front (e.g. Figs. 8 b and c). These flows were
 found for 0 . 067 < δQ/ Q < 0 . 13 , as shown in Fig. 10 b. • Corrugated : large amplitude residual layer variation. In this cat-
 egory, apart from observing well-defined vertical stripes after
 the front has passed in the spatiotemporal diagram, there also
 exists a non-linear boundary between the two fluids, due to
 observable variations in the front velocity (e.g. Fig. 8 d). These
 flows were found to have δQ/ Q > 0 . 13 ; see Fig. 10 b.
 Fig. 10 b clearly shows that the quality uncertainty, δQ/ Q , which
 combines the variability in both local concentration and front ve-
 locity, corresponds visually to increased unevenness of the resid-
 ual layers and this measure increases progressively from smooth
 to corrugated flows.
 The different flow regimes cannot be identified directly from
 the UDV data, as they correspond to a spatial variability while the
 velocity measurements are obtained at a specific location (UDV
 robe). Figs. 5 and 6 earlier presented typical examples of UDV
 ata for the smooth regime, where the residual layer is uniform
 long the tube (see Fig. 5 a). In wavy and corrugated regimes, since
 he residual layer thickness fluctuates along the pipe, the UDV data
 an be affected as well. In fact, depending on the thickness of the
 iscoplastic residual layer around the pipe at the UDV probe lo-
 ation, the (displacing fluid) velocity can be shifted away from the
 ipe centre. Fig. 11 illustrates this effect for two different sets of ex-
 eriments classified as wavy . Note that there is some noise in the
 ontours shown in Fig. 11 , which can be associated with the UDV
 ignals and is particularly higher when the flow is stopped. Note
 hat we have also centralized UDV contours for wavy and corru-
 ated regimes, i.e. similar to the smooth regime shown in Fig. 5 a.
 In a few corrugated flow regime experiments, we were able to
 dentify more then one displacing fluid finger, as shown in Fig. 12 .
 his phenomenon could only be detected by the UDV system, and
 ay be associated to instabilities of the front, perhaps similar
 o the tip-splitting mechanisms of [19] , which are not within the
 cope of this study.
 .3. Flow regime maps
 We now consider how the main flow regimes defined in the
 revious section ( smooth, wavy and corrugated ), correspond to vari-
 tions in the dimensionless groups of the problem. Figs. 13 a and
 show the flow regime classification plotted against dimension-
 ess ( Re − B ) and ( Re − M) respectively. With the aid of Fig. 13 it
 s possible to identify two transitions: smooth-wavy and wavy-
 orrugated. The first transition occurs for Re ≈ 1 and the second
 or Re ≈ 0.20.
 Fig. 13 suggests that the Reynolds number controls the level of
 he residual layer variation in viscoplastic displacement flow, em-
 hasizing the importance of the inertial stress with respect to the
 haracteristic viscous stresses of the displaced fluid. When inertial
 tresses become dominant, the residual layer is uniform (smooth
 egime) and fluid 1 flows smoothly in the center of the pipe. On
 he other hand, as inertial stress weakens, the residual layer am-
 litude variation increases, and the transition to the corrugated
 egime occurs. The effects observed are generally in agreement
 ith the observations of [11] , but are also counter-intuitive as nor-
 ally we associate instability (unevenness) with increasing inertia.
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 Fig. 11. Contour of streamwise velocity obtained from UDV for experimental set G a) Re = 1 . 01 ; B = 0 . 4 and M = 747 , b) Re = 0 . 93 ; B = 0 . 4 and M = 768 and for experimental
 set H c) Re = 0 . 47 ; B = 0 . 68 and M = 1002 , d) Re = 1 . 57 ; B = 0 . 50 and M = 693 .
 Fig. 12. Example of isodense displacement with two fingers ( Re = 0 . 10 ; B = 1 . 14 and M = 1965 ): a) velocity contour, b)snapshots of the flow at ˆ t = 53 . 0 , 57 . 0 , 61 . 0 , 65 . 0 ,
 and 69.0 s after opening the gate valve. The flow is from left to right as indicated by the arrow. The field of view is 583 mm by 19 mm, taken 2004 mm after the gate
 valve. The bottom image is a colourbar of the concentration C .
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 The Reynolds number also influences the front velocity and the
 ffective diameter of fluid 1 as shown in Fig. 14 . As the Reynolds
 umber decreases, the front velocity V f increases ( Fig. 14 a) and the
 quivalent mean diameter of fluid 1, d c , decreases ( Fig. 14 b). The
 ffects observed are in qualitative agreement with the findings of
 he numerical study of [15] .
 We can use the front velocity ( V f ( x )) and/or the mean concen-
 ration ( C y (x ) ) variation to calculate the roughness of the residual
 ayer, given by:
 i =
 δd i
 d i + δd i , i = f, C (12)
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 Fig. 13. Flow regime maps: corrugated ( ◦); wavy ( �); smooth ( �
 ) plotted in dimensionless planes of a) B and Re, b) M and Re.
 Fig. 14. a) Dimensionless front velocity, V f , as a function of the Reynolds number and power law data regression V f = 1 . 6 Re −0 . 03 (dashed line). b) Fluid 1 mean diameter,
 d C =
 √
 C . Different markers represent experimental batch A( �), B( �
 ), C( ◦), D( � ), E( � ), F( � ), G( �), H( � ) and I( � ).
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 where δd i is the standard deviation of d i =
 ˆ d i / D and d i is the mean
 value of d i . If the front velocity is considered, i = f, and if C y (x ) is
 considered, then i = C. Fig. 15 a shows how the roughness calcu-
 lated from front velocity ( εf ) relates to the one calculated from the
 mean concentration ( εC ). Since we have two data sets of rough-
 ness coming from different image processing algorithms and both
 are correlated, instead of using a specific set, an average roughness
 value has been considered, defined as εeq = (εC + ε f ) / 2 . It can be
 seen from Fig. 15 a that a large number of our flows locate within
 the large roughness regime of Huang et al. [31] , (0.03 < ε < 0.33)
 governed by completely different dynamics. They showed that the
 flow in a duct with the hydraulic Reynolds number, Re h , and rela-
 tive roughness, ε, can be laminar, transitional and/or turbulent . The
 threshold Reynolds numbers were found to be
 Re L = −6340 . 3 ε + 2304 . 4 , (13)
 from laminar to transitional flow and
 Re T = −3542 ln ε − 3739 . 6 , (14)
 from transitional to turbulent flow. In order to determine which
 of the laminar, transitional and turbulent regimes the Newtonian
 fluid is flowing at, besides the equivalent roughness calculated in
 Fig. 15 a, we need to compute the hydraulic Reynolds number for
 region IV defined as
 Re h =
 ˆ ρ ˆ V f ˆ d c
 ˆ μ. (15)
 he results are presented in Fig. 15 b in the plane of Re h and εeq
 ver our full range of experiments. We can see that most of the
 xperiments fall in the laminar regime with a few locating in the
 ransitional regime. Note that similar findings were witnessed for
 on-isodense flows [12] . Also note that interestingly, the hydraulic
 eynolds number seems to be inversely proportional to the equiva-
 ent roughness ( Fig. 15 b), which is in line with our previous obser-
 ation on the decrease of the interface modulations and variations
 ith Re ( Fig. 10 b). The dotted lines corresponding to Re h = 13 /εeq ,
 e h = 26 /εeq and Re h = 48 /εeq have been added to Fig. 15 b as eye
 uide. Also note that it seems as if surface roughness values in iso-
 ense displacement flows are overall lower than the ones in buoy-
 nt flows (0 < ε < 0.25) [12] .
 In order to check the validity of the results shown in Fig. 15 b on
 redicting the flow of the displacing layer to be in laminar regime,
 e have looked into the velocity profiles for a few flow examples
 arked by black squares. The mean velocity profile in region IV
 or these flows belonging to the experimental sets G and H are
 resented in Figs. 16 (a),(b) and 16 (c),(d) respectively. The velocity
 rofiles overall suggest an approximately parabolic shape which is
 ypical of laminar flows. The corresponding curve-fitted Poiseuille
 rofiles based on an average dimensionless displacing fluid diame-
 er, (d f + d c ) / 2 , have been added to each case for comparison. Of
 ourse we do not expect the velocity in this flow to be precisely
 arabolic. There is some asymmetry evident in case (a) and (d),
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 Fig. 15. a) Correlation between the εC and ε f (solid symbols), εeq (hollow symbols), εC = ε f (solid line). b) Flow dynamics classification of fluid 1 in region IV (Laminar,
 Transitional and Turbulent) in the plane of Re h and εeq . Re L = −6340 . 3 εeq + 2304 . 4 (thin solid line), Re T = −3542 ln εeq − 3739 . 6 (thick solid line), Re h = 13 /εeq (- - -), Re h =
 26 /εeq (.-.-.-), Re h = 48 /εeq (.... ). Different markers represent experimental batch A( �), B( �
 ), C( ◦), D( � ), E( � ), F( � ), G( �), H( � ) and I( � ). The UDV profiles for the experiments
 marked by black squares are given in Fig. 16 .
 Fig. 16. Average velocity profile at region IV for a) experimental set G and Re = 1 . 01 , B = 0 . 4 , M = 747 , b) experimental set G and Re = 0 . 93 , B = 0 . 4 , M = 768 , c) experi-
 mental set H and Re = 1 . 57 , B = 0 . 50 , M = 693 and d) experimental set H and Re = 0 . 47 , B = 0 . 68 , M = 1002 . The solid lines show the corresponding Poiseuille flow profiles
 obtained from curve fitting of the data based an average dimensionless displacing fluid diameter, (d f + d c ) / 2 .
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 hich can be related to the skew in the UDV data [8] . There is
 o clear unsteadiness and/or flatness appearing in the profiles sim-
 lar to those of transitional and turbulent flows respectively. Some
 DV examples of such flows are given in [12] for buoyant flows for
 omparison.
 The force balance for the developed steady state flow in region
 V ( 1 / 4 π ˆ d 2 c ˆ p = π ˆ d c L τi ) gives the shear stress at the interface be-
 ween the two fluids [12] :
 ˆ i =
 f ˆ ρ ˆ V
 2 f
 8
 , (16)
 here f is the Darcy friction factor. Since the stress varies linearly
 ith the tube radius, we have the following expression for wall
 hear stress
 ˆ w
 = ˆ τi
 ˆ D
 ˆ d f = ˆ τi
 √
 V f , (17)
 hich is always larger than the interfacial stress, ˆ τi . The Darcy fric-
 ion factor in laminar flow of a Newtonian fluid is given as f =
 64 Re h
 or small roughness values ( εeq < 0.05). However for large rough-
 esses (0.05 < εeq < 0.3) Huang et al. [31] proposed the following
 xpression obtained experimentally
 f =
 (10210 ε2
 eq − 529 . 66 εeq + 64
 )/Re h . (18)
 he dependency of the percentage scaled wall shear stress, ˆ τw
 / τy ,
 ith the hydraulic Reynolds number, Re , has been plotted in
 h
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 Fig. 17. Dependency of the scaled wall shear stress in region IV with the hydraulic
 Reynolds number, Re h , over the whole range of experiments. Corrugated flows are
 marked with superimposed black dots. Different markers represent experimental
 batch A( ♦), B( �
 ), C( ◦), D( � ), E( � ), F( � ), G( �), H( � ) and I( � ).
 A
 B
 P
 k
 T
 a
 m
 R
 [
 [
 [
 Fig. 17 . The figure shows that the wall stress in region IV is lower
 than 5% of the yield stress of the viscoplastic fluid. Note that the
 interfacial stress would be even lower than this by 1 / √
 V f , accord-
 ing to (17) .
 This simple calculation shows that the Newtonian fluid flowing
 inside a reduced diameter geometry (region IV) does not produce
 a sufficiently large enough stress to yield the viscoplastic fluid at
 the interface or wall, which explains the reason of having a static
 residual layer after the front passage over long times. In other
 words, the residual layer formation is purely related to the front
 dynamics (region III).
 4. Final remarks
 In this work, we analyzed experimentally the isodense displace-
 ment of a viscoplastic fluid by a Newtonian one in a horizontal
 pipe. Velocity profiles and the fluids concentration field were ac-
 quired for several pair of fluids through Ultrasonic Doppler Ve-
 locimetry (UDV) and flow visualisation respectively. The displaced
 fluids used were Carbopol solutions, while the Newtonian fluids
 were salt or glycerol-water solutions. The major flow pattern is
 characterized by a central displacement, with a residual layer of
 the displaced fluid left close to the tube wall. Moreover, three dis-
 tinct flow regimes could be identified within the central flows,
 namely corrugated, wavy and smooth , depending on the level of
 the residual layer variation along the pipe. The transition between
 these flow regimes is found to be a function of the Reynolds num-
 ber defined as the ratio of the inertial stress to the characteris-
 tic stress of the viscoplastic fluid. In particular, Re = 0 . 2 and 1 for
 wavy-corrugated and smooth-wavy flow transitions respectively.
 The evaluation of the stress at the interface between the fluids
 showed that it remains below the yield stress, therefore the for-
 mation and modulation of the residual layer should be governed
 by the dynamics happening at the frontal region of the displace-
 ment.
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