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Abstract

We present a comparative experimental study of unsteady laminar flows of a yield stress shear thinning fluid
(CarbopoP - 980) in two distinct configurations: a parallel plate rheometric flow and a pressure driven pipe flow.
Consistently with the observations in the case of the rheometric flow, the in-situ characterization of the unsteady
pipe flow reveals three distinct flow regimesolid (plug-like) solid-fluid andfluid. In both configurations and as
the flow forcing is gradually increased, the yielding emerges via an irreversible transition. The irreversibility of the
deformation states is coupled to the wall slip phenomenon. Particularly, the presence of wall slip nearly suppresses the
scaling of the deformation power deficit associated to the rheological hysteresis with the rate at which the material is
forced. An universal scaling of the slip velocity with the wall velocity gradients and a slip length which is independent
on the degree of the flow steadiness is observed in the pipe flow.
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1. Introduction

Yield stress fluids represent a broad class of materials made of high molar mass microscopic constituents which
display a solid-like behaviour as long as the stress applied onto them does not exceed a critical value called the yield
stressfy, and a fluid behaviour beyond this threshold.

The constantly increasing level of interest of both theoreticians and experimentalists in yield stress fluids has, in
our opinion, a two-fold motivation. From a practical perspective, such materials have found an increasing number
of practical applications for several major industries (which include foods, cosmetics, oil field, etc.) and they are
encountered in the daily life in various forms such as food pastes, hair gels and emulsions, cement, mud, etc..

Understanding the unsteady flows of yield stress fluids is important in practical settings including industrially
relevant flows of waxy crude oilsp, 3], transport of ice slurries3f], coating flows employed in food industry and
geophysical flows.
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From a fundamental perspective and even in the case of mitixatropic effects, yield stress materials con-
tinue triggering intensive debates and posing difficultlieimges to both theoreticians and experimentalists. From a
historical perspective, the best known discussion isedltt the very existence of the yield stre$sZ]. It was thus
suggested that the yield stress isrjineeringeality rather than a physical one or, in other words, theaggqt yield
stress behaviour observed during rheological tests isektl®d a very large Newtonian viscosity rather than to the
onset of flow (yielding).

In context of the recent developments of the rheometricmgant (now able to resolve torques as small as
0.InNmand rates of shear as small as 1& 1), this debate seems to have reached an end. Indeed, recent an
systematic rheological tests performed on various yigkkstmaterials proved unequivocally the existence of a true
yielding behaviour,21, 6, 12].

Whereas there exist numerous compelling investigatiotiseoéxistence of yield stress, much less work has been
done on the dynamics of the yielding transition. Thus, thEd interesting for both theoreticians and experimental-
ists, particularly in the case of realistic flows which artenfunsteady and take place in the presence of wall slip. In
practical flow situations involving pasty materials thelgieg transition is often associated with the wall slip phe-
nomenon which complicates even further the theoreticatrig®on. As in the case of pasty materials the wall slip
manifests in a range of small shearing forces one can natgfohauch materials, the wall slip and the yielding tran-
sition are coupled. This fact brings an additional expentakand theoretical difficulty in exploring the solid-fluid
transition and modelling realistic flows of such materialénidustrially relevant settings.

CarbopoP gels have been frequently used in many rheological and llytiamic experimental studies of the
yielding behaviour of viscoplastic fluids. They are synih@iolymers of acrylic acid initially introduced over six
decades ago (B.F. Goodrich Co.). They are cross-linked weittous chemical compounds such as divinyl -glycol,
allyl-sucrose, polyalkenyl polyether etc.. Addition of autralising agent (e.g. sodium hydroxidgOH) leads to a
decrease in the number of the positive hydrogen ldnsresulted from the dissociation of the polyacrylic acid in a
polar solvent such as the water. The un-compensated sodinsN&a" lead to an increase of the osmotic pressure and
the individual polymer particles swell dramatically. Cegsently, for polymer concentrations exceeding a threshol
valuec* (overlap concentration), the swollen polymer particles f@rming a micro-gel system which can locally
sustain finite deformations (behaving like an elastic 3qdiibr to damage. When the locally applied stresses exceed
a threshold value the micro gel system breaks apart and therialastarts to flow. This is the commonly accepted
microscopic scale origin of the macroscopic yielding of al@@ol® gel.

Due to their low thixotropy, excellent micro-structuradsiiity, optical transparency and highly reproducible and
stable rheological properties, the Carbdpalels been considered for over a decadeael yield stress fluig$10,

27].

It has only recently been shown that in a range of low appltegsses and depending on the manner they are
force these materials may actually depart from an ideabyiksstic picture and that around the yield point thixotoopi
effects and irreversible deformation states may be obde[¥8g, 14, 32].

In contrast to the large number of studies of the yielding@ft®poP gels in rheometric flows, the body of litera-
ture concerning experimental studies of the solid-fluidsiion of Carbopd® gels in industrially relevant flows is, to
our best knowledge, more limited. An experimental studyheftielding and flow properties of aZ% Carbopd® in
a capillary tube has been performed by Gonzalez and hisrkeng P9]. By combining classical rotational rheometry
technigues with Digital Particle Image VelocimetRI V) measurements of steady flows driven at various pressure
drops the authors present a detailed experimental chasztien of the yielding process and the flow patterns. As
the driving pressure drop is gradually increased, theymkse smooth solid-fluid transition rather than a sharp one
and correctly identify this as one of the factors that leadrtoertainties in the determination of the yield stress. To
overcome the difficulty of accurately measuring the yieldst triggered by the smoothness of the solid-fluid tran-
sition, the authors of the study propose an alternative atktti measuring this parameter based on the analysis of
the measured velocity profile29]. As the flows studied in Ref.2P] were stationary, this work did not capture the
dynamic coupling (in unsteady flow conditions) betweendjiigy and wall slip which, in part, motivates the present
study.

Ma and his coworkers reported an experimental investigatfgipe flows of a petroleum-coke sludge slurry in
the presence of wall slip,LP]. They assess the wall slip behaviour using the Mooney nteéimal correlate the slip
behaviour with both the rheological properties of the sasrand the driving pressures.

The body of existing literature on unsteady pipe flows of @adi® gels is, to our best knowledge, quite limited
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which inherently limits the extent of this bibliography rew.

A theoretical study of the dispersion of a solute in the pilesg@ipe flow of a yield stress fluid was recently
presented by Nagarani and Sebastiag].[ Using the Casson model, they demonstrate that the perftmii of the
fluid contributes significantly to the total dispersion pees compensating for the effect of the yield stress.

The development of the laminar unsteady pipe flow of a thogtr fluid was studied by Corvisier and his cowork-
ers, B]. By measuring the flow fields via the Particle Image Velodiméechnique, they have found a clear coupling
between the kinetics of the micro-structural changes aa@volution of the flow.

Park and his coworkers have studied oscillatory flows ofG¥8% Carbopd® solution in a acrylic made U-
shaped tube with a circular cross sectia2g][ A compelling experimental evidence of the significanerplayed
by the elasticity on the measured unsteady velocity profpesticularly near the centreline of the flow channel) is
provided. Due to the elastic effects associated to the poesef un-yielded bands in the flow, strongly nonlinear time
histories of the strain are recorded. To model their expential findings, Park and his coworkers propose an elasto-
viscoplastic model which fits their data better than the lagged Bingham model. Some discrepancies between
theory and experiment still exist and may be due to the fattttieir model does not account for the velocity slip near
the wall.

The aim of the present study is to present a detailed compasdperimental characterisation of laminar unsteady
flows of a CarbopdP gel in two distinct flow configurations: a rheometric flow betm parallel disks and a pressure
driven pipe flow.

The paper is organised as follows. The experimental s¢tepneasuring technique and the physical and rheolog-
ical properties of the solutions are detailed in S&cThe experimental results are presented in Se@ systematic
description of the solid-fluid transition observed in a nmetric flow with a particular emphasis on the role of wall
slip and its coupling to the irreversibility of the defornuat states is presented in S&1 A detailed characterization
of inertia-free unsteady pipe flows of a CarbdBaolution is presented in Se8.2. The paper closes with a discus-
sion of our main findings, of their impact on the current uistimding of flows of yield stress fluids, Sek.Several
directions worth being pursued by future studies will alsaliscussed.

2. Experimental setup and methods

2.1. Preparation and characterisation of the CarboPaolutions

A 0.08% (by weight) solution of CarbopBl980 has been used as a working fluid. The procedure for thaprep
ration of the solution is described as follows. First, thghtiamount of anhydrous CarbofoB80 has been gently
dissolved in water while continuing stirring the mixturetivia commercial magnetic stirring device. The stirring
process was carried on until the entire amount of polymerhleamsogeneously dissolved. A particular attention has
been paid to the homogeneity of the final mixture, which hantessessed visually by monitoring the refractive
index contrast of the mixed solution. Next, thel of the mixture (initially around 2, due to the dissociation of the
polyacrylic acid in water) has been brought to a neutral &dly addition of about 140 parts per milliopgn) of
sodium hydroxidellaOH). The final value of thgoH has been carefully monitored using a digidd- meter (from
Grosseron).

2.2. Rheological measurement protocol

The rheological properties of the solutions were investidaising a Marsll (from Thermofischer) rheometer
equipped with a Peltier system able to control the tempegatith an accuracy better thanl@C and a nano-torque
module which allows one to accurately explore very smadéisaif deformationy ~ 107> s1.

To quantitatively assess the role of the wall slip on the eaxdy yielding process, two alternative geometries have
been used: a smooth parallel plate system and a serrated beeadius of each geometry wRs= 35 mmand the
gap between the parallel plates whs- 1 mm Measurements of flow curves performed with the rough pelrplate
system for various gaps indicated that the plate’s roughdiessuffice to prevent the wall slip (data not shown here).
A detail description of the method/procedure can be fouriléh [39].

To prevent the artefacts related to the evaporation of thgpkaduring long runs, a solvent trap has been placed
around the free fluid meniscus. The sealing of the solveptdrathe base plate of the rheometer has been insured
by a thin layer of vacuum grease. After each experimentalitrbias been carefully checked (by visual inspection)
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Figure 1: Schematic view of the experimental apparaffis:- fish tank,|, - water inlet,O, - water outlet,FC - flow channel,l - working fluid
inlet, O; - working fluid outlet,L - solid state laseiCO - cylindrical optics block]- S - laser shee{CCD - digital cameraPC - personal computer.

that no significant changes in the shape of the meniscus ectufdditionally, we have checked at the end of each
run that one can reproduce the viscosity measured duringréhehear step which indicated us that the evaporation
effects were either minimal or absent.

2.3. Experimental apparatus and methods

The experimental setup is schematically illustrated in Eidt consists of a flow channé€lIC of lengthL = 115cm
with a circular cross-section of inner radiBs= 1.9 mm

The flow channel is housed by a acrylic made fish tamkilled with water circulating at a constant temperature,
T = 23°C. Besides its role in maintaining a constant operating teatpee, the water circulation around the flow
channel also provides a good matching of the refractivexing@ch minimises the optical distortions induced by the
curved surface of the flow channel.

A green laser beam\(= 514 nm) with a power of 500mW emitted by the solid state laskr(from Changchun
Industries, Model LD-WL206) is deflected by a mirror throwmhylindrical optics blockCO which reshapes it into
a horizontal laser sheet, Fig. The cylindrical optics block is composed of a glass rod witbhort focal distance
f1 =~ 2 mmand a cylindrical lens with a larger focal distande,~ 5 cm The two optical elements are mounted
orthogonally to each other and in a telescopic arrangenusfit that the primary horizontal laser sheet generated by
the glass rod in thér — z) plane (see Figl) is focused in a direction orthogonal to this plane in thedtédf the flow
channel by the second lens minimising thus its thicknedsamteasurement region.

The thickness of the generated laser sheet is roughly the beam waist region which was carefully positioned
at the centre line of the flow channel. The working fluid wasisgewith an amount of 200 parts per milliopgm) of
polyamide particles with a diameter of $0n (from Dantec Dynamics). A time series of flow images is aceplirnith
a 12 bit quantisation digital came@CD (Thorlabs, modeDCU224C) through a 1X zoom lens (from La Vision).
The resolution of the acquired images is 1X8024 pixels which insures a spatial resolution &6um per pixel.

A slow controlled pressure flow has been generated by cdintyahe hydrostatic pressure difference between the
inlet and the outlet of the flow channel as schematicalliflated in Fig.2. The working fluid is held in a container
| FC with a large free surface rigidly mounted on a vertical tfatisnal stagel' S. The translational stage is vertically
driven by a step motavl via a gear boXGB.

The position and the speed of the stepping motor are coatrbly a micro-step controller (model IT 116 Flash
from Isel Gmbh) connected to a personal comp®€rvia a RS232 serial interface. To control the motion of the
stepping motor, a graphical user interface (GUI) has beeeldped under Matld®. The vertical position of the inlet
fluid containel FC is controlled with an accuracy dfhg = 37 um. After passing through the flow channel, the fluid
is collected in a outlet fluid contain@FC placed on a digital balandg. The balance provides real time readings
of the mass of the fluid discharged through the channel amdast the pressure drop in the connecting tubing. The
pressure driving the pipe flow jgt) = pgh(t) — pr wherep = 1050kg nT 2 is the density of the Carbog8lsolution,
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Figure 2: (a) Schematic view of the flow control systemsS - vertical translational stag®/ - stepping motorGB - gear box,GB - micro step
controller, PC - personal computeifC - inlet fluid containerOFC - outlet fluid containerFC - flow channel,FC - flow channel,l; - working
fluid inlet, Oy - working fluid outlet,B - digital balance.(b) Schematical representation of the hydrostatic pressunp.r is the characteristic
forcing time (the averaging time per stress point) &hé the total number of steps. The symbols marking the higtéid regions denote the
deformation regimes and are explained in the téR}:- solid, (S+F) - solid- fluid coexistence(F) - fluid.

g the acceleration of gravity ang; the pressure drop in the connecting tubes. The resolutigherhydrostatic
pressure corresponding to the micrometric step of the messApy = pghy ~ 0.37Pa. The imposed hydrostatic
pressure closely mimics the flow ramps employed in R&J] {o investigate the yielding phenomenon and consisted
of linear hydrostatic pressure ramps for both increasirdydecreasing values of the height differef¢g), Fig. 2

(b). As illustrated in Fig.2 (b), it consists oN individual steps each lasting a tintewhich will further be referred

to as thecharacteristic forcing timeTime series of the velocity fields were obtained by a iteeatnulti-grid Digital
Particle Image VelocimetryPIV) algorithm implemented in the house under Ma®af87, 34]. For this purpose,
simultaneously with the hydrostatic pressure ramp ilatsidl in Fig.2(b) a sequence of flow images has been acquired
at a frequency of 10 frames per second (fps). Correspondilogtvalues of the driving pressure, several flow images
have been skipped in order to increase the inter-frame aintairathe average displacement of the tracer particles in
the optimal range of 5 to 15 pixels34, 37]. Together with this, the smallest interrogation windove feen adapted

to the mean flow velocity corresponding to each step of thesume ramp. The spatial resolution of the measured
flow fields was 9% um.

3. Experimental results

3.1. Unsteady yielding in a rheometric flow: the role of wiilhs

Prior to characterising the unsteady pipe flow of a CarbBppél we focus on the solid-fluid transition which ob-
served in an unsteady rheometric flow between parallelglétes known that Carbop®l gels exhibit slip while flow-
ing past smooth surfaceg]]. This motivated us to perform a comparative rheologicaéstigation of a Carbop8l
gel in two separate geometries with and without wall slip.

The rheological response of the Carbdpaample to an externally applied stress is probed by perfayran
unsteady stepped stress ramp performed at a constant taomeer This stress ramps closely mimics the pressure
ramp that drives the channel flow illustrated in Figb). The rationale of the choice of this rheological proioco
is to be able to correlate the rheological measurementsthéttflow measurements performed in the channel which
follow a similar forcing scheme. The protocol is schemalycilustrated in the insert of Fig3(a). During each step
of the ramp the stress applied onto the sample is maintaimestant a finite timé. After reaching a maximal value
purposely chosen to correspond to a fully yielded deforomategime, the stress is gradually decreased through the
same intermediate values in order to probe the reversibilithe deformation states.

The results of the measurements performed with both rougfephnd smooth plates are presented in ¥ia)

The choice of representing the rheological data in the doates|y| = y(1) is motivated by the fact that this
dependence is single valued on both the increasing and timeateng branch of the stress ramp and therefore allows
a more accurate identification of the various deformatigimes.
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Figure 3: (a) Flow curves measured with a polished geomefry M) and with a rough geometry-( 4). The full/lempty symbols refer to the
increasing/decreasing branch of the flow curves. The fudl is a Herschel-Bulkley fit that givay = 0.64+ 0.003(Pa), K = 0.4+ 0.002(Pas'),
n=0.544+0.001. A magnified view of the solid-fluid transition is presahin the upper insert. The controlled stress unsteadysstegsp is
schematically illustrated in the lower insert. The symbobrking the highlighted regions denote the deformatioimieg and are explained in the
text: (S) - solid, (S+F) - solid- fluid coexistence(F) - fluid. (b) Dependence of the hysteresis area on the characteristingaimety measured
with a smooth geometry{) and a rough onelf). The full line (—) is a guide for the eyeR O to’o'63 and the dash dotted line-(—) is a guide for

the eyeP Ot5 %%,

In the absence of wall slip (the rhombs in Fig(a)) and for low values of the applied stress £ 0.64Pa) the
absolute value of measured rate of deformatigris constant on both branches (increasing/decreasinggaftthss
ramp and, consequently, the straiis a linear function of the applied stresses which is theatigme of a elastic solid
deformation regime. Note that the stress ramp is lineanie @s illustrated in Fig2 and, therefore, one can conclude
that the material deforms as an elastic solid within thismegG = 7/y = ct.

Within this regime the deformation states are not revessillon increasing/decreasing applied stresses which
translates into different elastic moduld, > Gy. Here the indices denote the increasing/decreasing stagss,
respectively.

For large values of the applied stressesX 0.64Pa) a reversible fluid regime is observed. One has to emphasise
that the transition from a irreversible solid like deforiatregime to a reversible fluid one is not direct, but mediate
by an intermediate deformation regime which can not be @ssatwith neither a solid like behaviour nor a fluid one
but with a coexistence of the two phases. A similar smootishlid transition has been recently observed in a low
Reynolds number steady pipe flo29.

An interesting flow feature can be observed on the decredsarch of the pressure ramp in the form of a cusp
of the dependence ¢§| on the applied stress (the empty rhombs in Bi@)). Corresponding to this point, the shear
rate changes its sign. To better see this effect, we re-ploagnified view of the cusp region in a linear scale in the
upper insert. This effect may be understood in terms of astieleecoil manifested through a change in the direction
of rotation of the top disk.

The irreversibility of the deformation states observedimithe solid and the intermediate deformation regimes
and initially reported by Putz et al irBg] has been recently confirmed by others;,[13, 14]. A similar irreversible
rheological behaviour has been found in rheological stigerformed on various grades of Carbdpajels using
various rheometers (and various geometries) at variougdeatures,2, 38).

We note that, during each of the rheological measuremepésterl in this manuscript and in our previous studies
[32 22, 38|, the Reynolds number was smaller than unity, thereforedperimentally observed irreversibility of the
deformation states illustrated in Fig(a)should not be associated with inertial effects.

To gain further insights into the role of wall slip in the uaatly yielding of the Carbop8! gel, we have performed
the same type of rheological measurements with smoothlpgpites (the squares in Fig(a). The main effect of
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the wall slip is to shift the solid-fluid coexistence regineeldwer values of the applied stresses in Ffa)). The
apparent yield stress measured in the presence of waltlpnearly an order of magnitude smaller than the yield
stress measured in the absence of gljp.The data acquired with and without wall slip overlap onlyhini the fluid
regime, corresponding to shear rajes y. (with y. ~ 0.8s~* see Fig.3(a). This critical value of the shear rate above
which the slip and no slip data overlap is comparable to titeal shear rate found by Bertola and his coworkers
below which no steady state flow could be observed by MBI, The existence of the critical shear rateis also
consistent with the measurements of the velocity profilefopmed by Salmon and his coworkers with a concentrated
emulsion sheared in a small gap Couette geomeify, [

Additionally, we note that it is solely within the viscousfdamation regime that all the data sets can be reli-
ably fitted by the Herschel-Bulkley model (the full line ingFi3(a)) which reinforces the idea that only within this
deformation range the Carbofdlel behaves like a simple or "model” yield stress fluid.

A next fundamental question that deserves being addresssaln the irreversible character of the rheological
flow curves observed within the solid-fluid coexistence megjin the form of a hysteresis loop is related to the rate
at which the deformation energy is transferred to the mealterj in other words, to the characteristic forcing titpe
It is equally important to understand if (and how) the preseof wall slip influences this dependence. To address
this points we compare measurements of the area of the bgstaf the dependenc¢g = |y(1)| observed in the
flow curves presented in Fig(a)P = frfmax (yu — |)'/d|) dAt performed for various values ¢f for both slip and no-
slip cases. Here the indices "u,d” refer to the increasiagieasing stress branches of the flow ramis the stress
corresponding to the intersection of the two branchesmpgdthe maximal applied stress. As already discussed in
Ref. [32] the areaP has the dimensions of a deformation power deficit per uniiw@ of sheared material. The
results of these comparative measurements are preserfégl iB(b). In the absence of wall slip, the deformation
power deficit scales with the characteristic forcing tim@ast, *53.

The existence of a rheological hysteresis for CarbBpgels characterised by a decrease of the power deficit with
the characteristic forcing time consistent wifl4] 32].

In the absence of slip and in the limit of very slow forcirig-& o) the hysteresis vanishes and the deformation
states are fully recoverable upon increasing/decreasirgniy. This scaling indicates that, within the solid defor
mation regimes, steady states of deformation can be reawhigafter significant times which is consistent with the
results by Moller and his coworker2]].

Whereas the emergence of the hysteresis behaviour obdartrerlabsence of the wall slip is certainly related to
and depends upon the unsteadiness of the forcing (the vatyk the scaling behaviour of the power defiét(]t,
is related to the molecular structure of the material. THoisyarious materials (various grades of Carb&palels,
bentonite gels at various concentrations, carbon blaghenssons, mayonnaise) different scaling exponentsave
been measured3g, 14].

Together with the obvious remark that the hysteresis belavus observed in the same range of the driving
stresses as the solid-fluid transition, one can concludehtsbehaviour emerges from the coupling of the unsteady
flow forcing and the local dynamics of the solid and fluid miadezlements (bands) in the transitional region which
is directly related to the structural properties of the mate

To probe the coupling between the hysteresis behaviourtendall slip, similar measurements of the hysteresis
areaP for various values ofy have been performed in the presence of wall slip (the emptbsys in Fig. 3(b)).

It is found that the wall slip affects both the magnitude of teformation power deficit and its scaling with the
characteristic forcing time by nearly suppressingpit: to’o'03 (the dash-dotted line Fig(b)).

This new scaling of the rheological hysteresis loses wightdisgree of flow steadiness provides the first quantitative
evidence that a true steady state of deformation is prdigtiogpossible to achieve in the presence of wall slip. Intlee
the low values of the scaling exponent indicates that reacaisteady state of the flow in the presence of wall slip
(the hysteresis vanishes) practically requires huge mgatimesty which are significantly larger than any time scale
associated to a rheological test.

3.2. Unsteady yielding in a laminar unsteady pipe flow in tfesence of wall

Following the comparative investigation of the yieldingao€arbopd® gel in a rheometric flow in the presence
and in the absence of wall slip presented in S&4, the main question that arises is to what extent the findimgs o
the solid-fluid transition investigated in a classical nmetric flow could be transferred to flows that are more relevan
from a practical perspective, such as a laminar unsteadyfizw in the presence of wall slip.
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Figure 4:(a) Time averaged (over 100 instantaneous fields) velocity.fiEfa: false colour map refers to the modulus of the velo¢iiy Reduced
velocity fluctuationslU™S/U. (c) Time averaged velocity profiles measured &gy = 1300 Pa on the increasing (full symbols) and decreasing
(empty symbols) branch of the pressure ramp. The error bamedined by the root mean square deviation (rms) of the ¥glakhe full line is a

fit by the analytical solution defined by Ef}. The velocity data were acquired after a steady state waswvachto = 300s. The lateral highlighted
regions in panel (c) refer to the walls of the flow channel.

To characterise the solid-fluid transition in the unsteakgnmel flow in the presence of the wall slip, a time
series of flow fields has been acquired during a controlledaming/decreasing pressure ramp (see Kig)). This
controlled pressure ramp closely mimics the controlleglsstramps used to characterise the solid-fluid transitian in
rheometric flow.

Choosing a large value of the characteristic forcing tignalows one to study the limiting steady state case. For
to = 300s a typical laminar viscoplastic plug-like flow is observedy.F(a).

The velocity fluctuations observed in the steady case aedysaflan instrumental nature and do not exceed several
percents of the time averaged velocity in the bulk but apgrd®% in the boundary, Figi(b). The transverse profile
of the time averaged velocity displayed in Fig(c) also reproduces well the laminar and steady flow behaviba
viscoplastic fluid in a tube. FollowindLl] and in the framework of the Herschel-Bulkley model the geofian be
fitted by:

1
Ap\n 141
(721 (% 8)" (R—Rp)"™.Ir| <Ry

() (% %)

Here Us is the slip velocity andR; is the radius of the un-yielded plug. The slip velocity wasasweed by
extrapolating the nonlinear fit given by EdL. We have used a classical Levenberg-Marquardt nonlingargfit
procedure implemented under Matlab and the reliabilityhef fitting results has been checked by comparing the
values obtained for the power law index and the consisteriitythhose obtained from the rheological measurements.

@)
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i1
(R— Rp)%+1 {1— (,;:—';‘;) ] , otherwise
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Figure 5: Time series of the absolute value of the plug vtyqt‘.lp\ =|U| . The insert presents a magnified view of the time seriesquloit a

r=0
linear scale after the elastic recoil effect is observed e text for the explanation). The characteristic fordinge wasty = 7.5s.

The transverse profiles of the time averaged velocity ard@ible upon increasing/decreasing the pressure drop
consistently with a reversible flow regime, Fig(c). These measurements confirm that in the limit of very slow
forcing (largetp) the flow can be correctly described by a Herschel-Bulkleyetavith wall slip and thus the well
known steady state result is recovered.

We now turn our attention to the case when the forcing is @alsteTo characterise the flow response to a unsteady
forcing (finite values otp) we first monitor the time series of the absolute value of thig pelocity |Up\ , Fig. 5
measured during a controlled pressure ramp for a finite \@itiee characteristic forcing timg =7.5s.

The spikes visible in the velocity time series presentedign & are related to the switch of the driving pressure
realised by the displacement of the vertical translatistede TS in Fig. 2(a)) which carries the inlet fluid container
IFC. Their magnitude depends on the inertia of the mechanictésy and the acceleration of the stepping motor
M. To avoid accounting for this response of the mechanicaesysvhich controls the pressure drop along the flow
channel, the flow data acquired during these transientsi{detd over roughly.8sin each of the experiments reported
here) has been always discarded and no conclusions were tesgd on it.

For low values of the driving pressure on the increasing drasf the ramp the time (in the rangéty < 3)
dependence of the centreline velocity does not reach aysgtai® during the characteristic forcing titge= 7.5s.

A further increase of the driving pressure (correspondingty € [3,6] in Fig. 5) reveals an interesting feature
of the velocity time series in the form of a non-monotonicdigependence: upon the change of the pressure drop,
the centreline velocity first decreases and then increéspsenomenological explanation of this observation may be
given in terms of a strong heterogeneity of the flow, i.e. aadyit coexistence and competition between yielding of
solid material elements (or bands) and their re-combinatibich, as illustrated by the rheometric data presented in
Fig. 3(a) occurs within an intermediate range of the applied stse§z®ssure drops). Indeed, as the driving pressure
drop Ap is further increased, this non-monotonic behaviour is mgéy observed and the plug velocity reaches a
steady state during a characteristic time smaller thaihis indicates that, within this range of driving pressure
steady yielded state is achieved, Fig.

The time series presented in Figmay also provide a first indication on the reversibility o thow states upon
increasing/decreasing the driving pressure drops. Thngscan note that the data is not symmetric with respect to the
vertical linet /to = 10. This observation is consistent with the irreversipitit the deformation states observed for the
rheological data acquired at low and intermediate valugh®bpplied stresses, Ffa) An even clearer signature
of the irreversibility of the deformation states can be dafeone monitors the time series data acquired during the
last four steps of the decreasing branch of the pressure amahfhighlighted in the insert of Figs. During these
steps of the pressure ramp the velocity fluctuates stromgly @orresponding to the the last steps, a flow reversal is
apparent: the plug velocity velocity changes sign as thesare drop is decreased to its smallest value. This rather
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Figure 6: (a) Profiles of the absolute value of the time awedatpw velocity |U|. The full lines are the fit functions by the analytical sabuti
defined by Eq.1. (b) Profiles of the reduced root mean square variation ofvéiecity, UI’T"“S The symbols refer to different values of the

pressure drop:[{,M) - Ap=3108Pa, (o,e) - Ap = 6216Pa, (A,A) - Ap=9323Pa. The full/lempty symbols refer to the data acquired on the
increasing/decreasing branch of the pressure ramp, t@sggcThe lateral highlighted regions in both panels réfethe walls of the flow channel.
The characteristic forcing time ig = 10s.

unexpected effect can be associated to a elastic recait sffailar to the elastic recoil observed during the rhemal
measurements on the decreasing stress branch and mahifgstes cusp visible in Fig3(a)

Profiles of the absolute value of the time averaged flow vgid¢iand the reduced velocity fluctuatidhms/U
measured for several values of the driving presdyp®n both the increasing and the decreasing branch of the flow
ramp are presented in Fi§.

For each value of the driving pressure, a central unyieldiegl pf the time averaged profile of the axial velocity
can be observed on the increasing branch of the flow ramp,&i@n this regards, the velocity profiles are similar
to the steady state ones illustrated in Fit{c) and can be formally fitted as well by E4. For each value of the
pressure drop, a slip behaviour can be clearly observedtheathannel wallsf /R = +1. For the largest values
of the driving pressurelp = 9323Pa andAp = 6216Pa, in Fig. 6 (a))) the velocity profiles measured on the
increasing/decreasing branches of the ramp are consistimt reversible and flow behaviour. Within this flow
regime the velocity fluctuations quantified Byyns/Uay are the smallest and they are mainly localised near the éhann
wall which is another indicator for the steadiness of the flsee Fig.6 (b)).

At low driving pressures the flow reversibility is brokenetprofile measured on the decreasing branch in &ig.
(a) falls clearly below the profile measured on the increapiessure branch.

It is equally worth noting that, corresponding to this dniyipressure, the mean flow profile is less smooth around
the centreline of the channel which indicates a rather lbegg of velocity fluctuations. It also indicates that sreall
the driving pressure is further the flow is from a steady state

To probe this hypothesis we turn our attention to the trarssverofiles of the reduced velocity fluctuations
Urms/Uav, Fig. 6 (b)). For large driving pressure, the reduced velocity atans account for roughly 6% of the
mean flow velocity in the bulk region of the flow (around the iehyed plug) and they may reach up to 20% of the
mean flow velocity in the wall region (due to the smallnesshaf ineasured velocity). The rather large values of
the fluctuations observed near the channel walls are insttahand they are due to the smallness of the measured
velocity within this regions (here, thBPIV heavily relies on the sub-pixel interpolation because efwéry small
displacements of the flow tracers).

On the decreasing branch of the controlled pressure ramgaaridw driving pressures a localisation of the
velocity fluctuations can be observed in the form of a locakimam centred around the middle of the channel
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Figure 7. Dependence of the plug radRyson the driving pressure drap for various values of the characteristic forcing titge (A, A) -t = 4s,

(7, V) -to =7.5s, ( ) - to = 15s. The full/lempty symbols refer to the data acquired on theeimsing/decreasing branch of the pressure ramp,
respectively. The full line is the Herschel - Bulkley preitio, R = %‘. The symbols marking the highlighted regions denote therdgdtion
regimes and are explained in the tef®) - solid, (S+F) - solid- fluid coexistence(F) - fluid.

(r/R=0) can be observed. The localisation of the velocity fluetust near the centre line of the flow channel may
be interpreted in terms of large fluctuations of an elastiyiglded) plug which is consistent with the experimental
findings for the case of a oscillatory pipe flo&2d.

The measurements of the time averaged transverse profiles axial velocity allow one to quantify the extend of
the elastic solid plug. To do this within the solif) @nd solid-fluid &F) flow regimes, the transverse velocity profiles
have been formally interpolated by spline functions whiehpit the calculation of their derivatives. The extrapiolat
of the spline functions at the walls of the channel allows inestimate the magnitude of the slip velocity. The plug
regions have been defined in relation to the instrumental efrthe DPIV measurements by the loci of the points
for which the absolute value of the numerical derivativesioat exceed 5% of its maximal value (typically measured
near the solid wall of the flow channel). For large drivinggsere drops (within the fluid deformation reginkg); the
flow profiles can be fitted by Ed. and the same procedure of determining the slip velocity &gl size used for the
steady state case can be applied. The dependence of theglugR,, on the driving pressure dralp measured for
various values of the characteristic forcing titg@n both the increasing and the decreasing branch of theatieakr
pressure ramp is presented in Fify. At low values of the pressure drops on the increasing branthe flow ramp
the plug radius is practically independent on the drivingsgure. This is consistent with a rigid body downstream
motion of the core un-yielded fluid: the shear stresses &gedowith the yielded wall layers can not overcome the
bulk yield stress of the fluid and the size of the plug is ing&mesto the changes in the driving pressure. Beyond a
critical value of the pressure drdypy a monotone decrease of the plug radius is observed and gaogdo [9], this
dependence can be fitted By = 2L17/Ap which leads tor$ ~ 0.27Pa. This value of the apparent yield stress is
close to the apparent yield stress measured in a rheometkidrflithe presence of wall slip, Fi®. The plug radius
data acquired on the decreasing branch of the pressure epmpduces the data acquired on the increasing branch
only within the yielded regimejp > Apy. This once again indicates that the flow states are irrddleraround the
yield point, in agreement with the rheological measurespregsented in Fig3. On the decreasing branch of the flow
ramp (the empty symbols in Fig), the values of the plug radius pass through a local maximeiore reaching an
elastic solid plateau. This effect may be related to thetielascoil effect primarily observed on the decreasingssire
branch of the rheological flow ramp (the cusp in F3yand thereon highlighted in the insert of Fig.

Within the framework of the Herschel-Bulkley model and ie ibsence of the wall slip, the mean flow velocity
U,y is related to the driving pressure drop via:
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0, &<l
Uay = rAp1L/N 1+1/n (2)
[L_Kp} —2+?/n [ - %} [1+_E(1j_1/n)} , §>1
see e.g.9]. The dimensionless parametgis defined:
RAp
=, (3)

The Eg.2 relies heavily on the Herschel-Bulkley yielding pictuttee flow steadiness and the absence of velocity slip
at the channel’s wall. Although we expect that none of thesemptions is fully fulfilled by the flow we investigate,
we still believe it is reasonable to use it in order to get jastindicator for order of magnitude for the applied
pressure drop that corresponds to yielded stalgs, which would ultimately indicate us a suitable range of the
driving pressure drop&p that needs to be explored during our experiments in ordersiematically characterise the
solid-fluid transition for this type of unsteady pipe flow.

Using the yielding criterio§ ~ 1 the pressure drop corresponding to the yielded (flowiradgstcan be estimated
asApy ~ 774Pa.

Measurements of the absolute value of the mean flow velbigifyperformed for increasing/decreasing values of
the driving pressurAp and several values of the characteristic forcing time agegmted in Fig8. The mean flow ve-
locity U,y has been calculated by numerical integration oV measured velocity profileblyy = 2nfoR rU (r)dr
1

The mean velocity data acquired for increasing/decreafiingg pressures overlap only within the fluid regime
Ap > Ap,. This indicates that only corresponding to this range théa@aol® gel is fully yielded. Below this critical
value of the driving pressure a hysteresis of the flow statedserved. These observations are fully consistent with
the rheological hysteresis observed in the presence ofshl{the squares in Fig3(a)). As previously mentioned
through our paper, the cusp visible on the decreasing meebsanch corresponds to a elastic recoil effect manifested
by a reversal of the flow direction. This indicates that, ashia case of the solid-fluid transition observed in a
rheometric flow B2], the elasticity cannot be ignored while studying the uadyeyielding in a slow pipe flow of a
CarbopoP gel.

1The axial symmetry of the flow has been assumed.
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Figure 9: Dependence of the area of the hysteresis of thendepeies of the mean flow velocity on the driving pressurg gmesented in Figd
on the characteristic forcing tintg. The full line is a guide for the eyé [ tg(”.

The dependence of the area of the hysteresis observed ireffendence of the mean flow velocitly, on the
driving pressurehp illustrated in Fig. 8 defined byA = [UYdApY — [|Uay|9dAp? is presented in Fig.9. The
absolute value appearing in the second term of the expreabiove is explained by the fact that, on the decreasing
branch of the ramp, the velocity may become negative due tdaatic recoil effect manifested within the solid-fluid
coexistence regime.

As in the case of the rheological hysteresis in the presehskpallustrated in Fig.3(b) a weak dependence of
the hysteresis area on the characteristic forcing timeseokedA 0 t; .

This fact indicates that the presence of wall slip modifiesitteversibility of the flow curves within the solid-fluid
coexistence regime and prompts us to focus closer on théslipviour observed during the stepped pressure ramp
and its relation to the rheological behaviour illustratedrig. 3.

The dependence of the slip velocltlg obtained by extrapolation of either the fit of the velocityfile or its
interpolant on the driving pressure dr&p measured for several values of the characteristic foraineity is presented
in Fig. 10.

As in the case of the pressure dependence of the mean flowityelig illustrated in Fig.8 and discussed above,
one can clearly see in FigOthat the dependence of the slip velocity on the applied presfropAp is not reversible
upon increasing/decreasing pressure over the entire @ngeessures. The results holds for all the values of the
characteristic forcing timg (data not show here) and represents another indicatoritaadip behaviour can not be
entirely decoupled from the irreversible solid-fluid trdieg observed during the rheological measurements pteden
in Fig. 3(a).

Regardless the value of the characteristic forcing tigpevithin the fluid flow regime Ap > 500Pa) the slip
velocity scales with the applied pressure drofJas] Ap? (see the full lines in Fig.10). This scaling law differs
from the one found by Gonzalez and his coworkers2g],[Us 0 Ap®878 (see Fig. 6 in Ref. 9] in connection to
their Eq. (3)). As the scaling law we found is practicallydnsitive to the characteristic forcing time, we believe
that this discrepancy is not related to the degree of steadiof the pipe flow investigated i89] but to the different
rheological properties of the CarbofSbsolutions they have used (nearly an order of magnituderdifige in both the
yield stress and the consistency). Based on this compaitsempparent that even within the reversible fluid regime
(t > 1y) the wall slip behaviour remains correlated to the rheaaljproperties of the solution.

To get a deeper insight into this correlation, we focus ondbpendence of the slip velocitys on the wall

velocity gradient%‘ , Fig. 11 The measurements presented in Hifjare performed for various values of the
r=+R
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characteristic forcing timg on both the increasing and the decreasing branch of theyseasamp (see Fig2 (b)).

For each of the data sets presented, the wall velocity gneslfeave been obtained by numerical differentiation
of either the fit defined by Edl or the interpolation of the time averaged velocity profileanthe wall and the slip
velocity has been obtained by extrapolating the same fittefile or its interpolation (see Fig6 (a)) at the wall,
r/R= £1. To increase the accuracy of the numerical differentmatocentral difference differentiation scheme has
been used.

Previous studies have reported a decrease of the slip tyelaith the applied stresses (velocity gradients) beyond
the yield-point, p4]. Contrarily to this, our experimental findings indicate amotone increase of the slip velocity
with the wall velocity gradients, regardless the defororatiegime (solid, fluid or solid-fluid) and the degree of flow
steadiness (the value &j). This conclusion is consistent, however, with the expernital findings for the case of a
steady pipe flow,29].

Regardless the deformation regime, the value of the chaisiit forcing timety and the type of the pressure
ramp (increasing or decreasing pressures) a universahdepee of the slip velocitys on the wall velocity gradients

‘Z,—Lr’ is observed, Figll, and all the data follow a line who's slope indicates a slipght of roughly 30@um (the
r=+R
full line in Fig. 11) 2.

Thus, one can conclude from theses measurements that thadisyre of the slip velocity on the wall velocity
gradients has an universal character and uniquely definép &esgth which is independent on the deformation
regime but may depend on the roughness of the channel watiratige physicochemical properties of the Carb&pol
solution. Two natural but fundamental questions ariseiatgbint:

1. What is the extent of this universal behaviour?
2. Is there a simple phenomenological picture underlying tha# slip behaviour observed for a Carbo®lgel?

A first phenomenological picture for the wall slip phenomeifobserved in suspensions) has been suggested in
early 20s by Bingham by the following quoteSlip comes from a lack of adhesion between the material dwed t
shearing surface. The result is that there is a layer of kijpetween the shearing surface and the main body of the
suspension,’see page 231 in Ref4]

2Due to level of scatter related to the errors introduced lyrthmerical differentiation of the velocity profiles neae thannel wall, the data
presented in Figllwas not fitted by a power law and the full line should be solelyarded as a guide for the eye.
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Kaylon developed further on the slip picture suggested bygBam and proposed the following relationship
between the slip velocity and the wall shear stret§]; [

Us =B (tw)""™ (4)

The slip coefficien{3 is related to the widthd of the slip layer, the consistendé§ and power law indexg of the
interstitial fluid arrested within the slip layer (referrexdin Ref. [18] as the"binder fluid”) via 8 = R‘Eg.

CarbopoP micro gels are not suspensions in the strict sense of thetietthey can still be viewed as a jammed
system of swollen gel micro-particle®]]. Thus, bearing in mind that the gel was prepared in an acgusolvent, it
looks reasonable to us to consider thander fluid” as NewtonianKs = 1 mPasns = 1.

To test the applicability of Eg4 with the assumptions above for our data, we re-plot the glipaity data presented

au
+R i (a—r R
r= r
wall velocity gradients measured by numerical differaiimof theDPIV measured velocity profiles to the wall shear

stresses via the rheological flow curve measured in the peesaf wall slip and presented in Fig(a) (the squares)
with the wall velocity gradient playing the role of the ratesbeary. The result of this evaluation is presented in
Fig. 12 Within this representation the universality observedim FL1 is broken and three different slip regimes
can now be clearly observed. Corresponding to values of diesiear stress significantly smaller then the apparent
yield stress measured in the presence of wall slip{ 77 ~ 0.1Pa, see Fig.3(a) the measured slip velocity displays

a rather large scatter, most probably related to the snsallpéboth the slip velocity and wall velocity gradients.
However, in spite of this data scatter and as wall shearsstpegroaches the apparent yield strgsmeasured in the
presence of wall slip, the observed behaviour is a remintsakthe cusp observed in the dependence of the rate of
shear on the applied stress presented in Big) This behaviour clearly departs from a Navier-like slip &elbur

and it is related to the non-trivial yielding process ilhagéd in Fig.3(a)which occurs via an intermediate range of
stresses where the solid and fluid phases coegi&t, Above the apparent yield stress and corresponding to i fl
deformation regime a nearly linear scaling of the slip vitjowith the wall shear stress is observet, [ 332026

(the full line in Fig. 12). This indicates a Navier-like slip behaviour which can lesatibed by Eq4. This nearly
linear scaling reinforces the assumption above that'ieder fluid” is Netwonian, i.e.ns~ 1. We note that a
similar scaling law has been found in the recent micro-floweginents by Gonzalez and his coworke2)][(see

Fig. 6 in their paper)Us O 12876, The pre-factor of this linear dependencgBisz 0.00023mPa s~ which leads

to an estimate for the thickness of the Newtonian shear layei0.23um. This estimate is fairly close to the value
measured by Jiang and his coworkers for the case of hydropypguar (HPG) geld ~ 0.1um.

It is interesting to compare our experimentally found sgabf the slip velocity with the theoretical prediction
of Piau for a Carbop& gel presented in Ref3[l]. Using a Hertzian framework to model the contacts between
neighbouring micro-gel elastic particles (a detailed dpsion of the theoretical framework can be found in Ref.
[17)), Piau predicts two scaling laws of the slip velocity wittetwall shear stress depending on the packing of the

soft particlesUs O 12 for a closely packed system abig [ T\,l\/3 in the case of a loosely packed system. The scaling
exponent obtained by fitting the data presented in E&rorresponding to the fully yielded regime differs from thes
theoretical predictions (see the dotted and the dashetiittes in Fig.12).

A possible reason of this discrepancy might originate inf#w that the interstitial lubricating fluid considered
in Ref. [31] was non-Newtonian and, to get a deeper insight into thebslipaviour of Carbop& gels a additional
discussion of this issue is in order. A physical rationaletti@ choice of a non-Newtonian (shear thinning) inteksititi
fluid in Ref. [31] might be to decouple at a micro scale the shear thinningweha(by attributing it to the interstitial
fluid) from the yield stress behaviour by implicitly attriting it to the elastic-solid Carbop®Imicro particles.

The disagreement we pointed out above seems to indicattnthdiecoupling is not as straightforward and should
be more cautiously considered in future attempts to thexalgt describe the relation between flow properties, wall
slip and microstructure. Future theoretical approachesldidefinitely reconsider this problem.

A more elaborated theory of the slip dynamics observed irftgsbwas presented by Meeker and his coworkers,
[20]. Due to the non-negligible level of scatter of the data présd in Fig.12induced by the numerical differentiation
of the measured velocity profiles, however, a direct conspardf our results with these predictions is not possible.

Currently, there exist no experimental studies of the nsicopic scale dynamics of Carboffbhjels under shear
in the vicinity of slippery surfaces able to confirm the esiste of a shear lubricating layer and provide a quantitative

in Fig. 11 versus the wall shear stress definedipy= %—Lr’

> . For this purpose we have related the
=+
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measure of its thickness. Thus, the estimate of the wadtiithe lubrication layer we have obtained indirectly from
the analysis slip velocity data should only be regardedassithle. A direct experimental investigation by fluoregcen
visualization of the gel network as recently performed bytduski et al fL6] would be highly needed to test this
estimates. We can, however, provide some additional argtenfier the meaningfulness of this estimate as follows.

Systematic microfluidic investigations of the diffusionano-tracers within a Carbo@®Imicro-gel indicate that
the average characteristic size of gel micro particles th@brder ofRy, ~ 1um, [26, 25]. A width of the shear layer
J ~ 0.23R,y together with the assumption of a random close packing ofrtioeo-gel particles is consistent with a
rough standard deviation of the particle sRgy/Rayv ~ 23%. Again, based on the microscopic experimental evidence
presented in Refs2p, 25 such a value can be considered, at least for now, plausible.

To conclude this part, our experimental data seems to cottffiatrin a fluid statex( > 1) the Bingham inspired
phenomenological picture of a slip layer proposed by Kajdapplicable to the unsteady pipe flow of the Carb&pol
gel investigated through our paper.

Another important fact that needs to be pointed out reggrttia data presented in Fi@2 is that, regardless the
value of the characteristic forcing tintg and for both increasing/decreasing values of the drivireggureAp (the
full/lempty symbols in Fig12, respectively), the slip velocity data overlap onto a snmghster curve. This invariance
of the slip velocity data with the characteristic forcingnéty, can be explained by the weak dependence af the
rheological flow curves measured in the presence of wallillligtrated in Fig. 3(b) which consequently translates
into a weak dependence of the hysteresis of the measuredffo@aspeed illustrated oty (see Figo).

To conclude this part, in the case of a unsteady low Reynalasber flow of a Carbop® solution, the slip
behaviour can not be decoupled from solid-fluid transitibature theoretical developments should account for this
experimental fact.

4. Conclusions, outlook

An experimental investigation of the slow yielding of a CapbI® gel in both a unsteady rheometric flow between
parallel and in an unsteady and inertia-free unsteady popeifl presented.

The first part of our study presented in S8cl dealt with a detailed experimental investigation of thedséiLid
transition of a Carbop&t gel observed during unsteady flow ramps performed in a phgiite geometry mounted
on the rotational rheometer.

In the presence of wall slip, the solid-fluid transition ocearlier, i. e. the apparent yield stress measured in
the presence of slip? is nearly an order of magnitude smaller than the yield stresasured in the absence of wall
slip, Ty (see Fig.3(a)). This result is invariant with respect to the degree of floeadiness and agrees with previous
measurements of steady-state flow curves.

In both the slip and the no slip case the transition from adsbéhaviour to a viscous one (fully yielded) is
not direct but mediated by an intermediate solid-fluid cettice regime. The cusp visible within the solid-fluid
coexistence regime on the decreasing branch of the stiegsisaassociated to a elastic-recoil effect manifested by a
flow reversal. In both the slip and the no slip cases the ghlidtransition is not reversible upon increasing/dedrgas
of the applied stresses and a hysteresis is clearly visibkeig.3(a). The presence of wall slip nearly suppresses the
scaling of the deformation power defi€itwith the rate at which the material is forcedtd. This result is noteworthy
as it highlights that in the presence of slip a steady deftonatate is practically impossible to achieve during time
intervals which are relevant to a rheological experiment.

The irreversible solid-fluid transition and the wall slippasbserved within the same range of applied stresses
indicating that the two phenomena are coupled.

The second part of our study presented in Se2.concerns with a systematic experimental investigatiorowf |
Reynolds number unsteady pipe flows of a viscoplastic fluari@pof-980). By means of th®PIV technique a
full characterisation of the flow fields during controlle@sped ramps of the driving pressure (F&(b)) is made.
Depending on the value of the applied pressure several flgimes are observed.

Corresponding to the lowest values of the driving presiypre solid like flow regime is observed. This regime
is characterised by a an elastic solid plug which never resmalsteady flow state. The largest level of fluctuations of
the solid plug is observed near the centre line of the flow ohhwhich we interpret as the signature of an unsteady
solid (elastic) plug.
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For the largest values of the driving pressive a fluid regime is observed. Within this regime the velocity
reaches a steady state (see Ff§).and the flow is reversible upon increasing/decreasingspres, Figs.8, 10.

As in the case of the rheometric flow discussed in S8cl, the transition between the solid-like regime to the
fully yielded regime is not direct but mediated by an intediage solid-fluid coexistence regime. For each value of
the characteristic forcing timg we have explored, this intermediate phase coexistencmeegianifests itself by

a clear hysteresis (observed upon increasing/decredsndriving pressure drop) which is qualitatively similar to
the hysteresis observed in the rheological flow curves. Kpermentally observed hysteresis of the flow curves
is associated with a deformation power deficit and measurtsn this quantity for various values tf reveal

no sensitive dependence on the frequency of forcm@,tgo'l (see Fig.9). This fact is fully consistent with the
measurements of the deformation power deficit performedireametric (plate-plate) setup in the presence of slip,
P Ot, %%, Fig. 3(b).

As a conclusion of this part, the main features of the soliddftransition observed in a rheometric flow in the
presence of wall slip are equally observed in a unsteadyflupe

In spite of its ubiquitous nature and tremendous importdrara both a fundamental and applied perspective,
the phenomenon of wall slip in pasty materials and dispassis still under-looked by many researche, [As
CarbopoP gels are concerned, a detail characterisation of theirpstiperties in slow unsteady pipe flows was, to
our best knowledge, insufficiently documented, partidular regard to the degree of the flow unsteadiness. The
time and space resolved measurements of the flow fields baseak BDPIV technique allowed us to attempt to fill
this gap and provide a detailed experimental characterisaf the wall slip phenomenon. Systematic measurements
of the slip velocity during controlled pressure ramps witliwus degrees of steadiness (i.e. for several values of
the characterising forcing timig) reveal a clear coupling between the irreversible solidifttansition and the slip
phenomenon. A linear scaling of the slip velocity with thdlwalocity gradients is found, Figl1 This scaling law
is universal in the sense that it does not depend on the fladistess and invariantly holds for both the increasing
and the decreasing branches of the controlled pressure ramp

A clear picture of the coupling between the irreversiblédstilid transition and the slip phenomenon can be
obtained by plotting the slip velocity against the wall shetaess, Figl12. It is only within the fully yielded regime
(Ap > Apy) that a Navier-type nearly linear scaling of the slip vetpcian be observed. The measurement of the slip
coefficient allowed one to estimate the thickness of thedalion layer responsible for the slip behaviour. The resul
of this estimate seems to be consistent with previous exyertal findings. It is equally interesting to note that this
scaling of the slip velocity is practically independent b flow steadiness (the characteristic forcing tigjeand
whether the driving pressure is increasing or decreasing.

Beyond the main findings briefly highlighted above, the pnestudy also brings a modest contribution from
a technical point of view: our approach of correlatiD§l V measured flow fields with rheometric flow curve data
allows a local measurement of the stresses which, in othedsywonverts” the pipe flow into a table top open flow
rheometer. To our best knowledge, this experimental agbrisaather new (particularly in the context of viscoplasti
flows) and deserves being pursued.

We believe that our experimental findings could trigger sahiateresting developments at both experimental and
theoretical level. A micro flow investigation of the wallslof Carbopd® gels during unsteady flows over smooth
solid surfaces able to simultaneously monitor the flow figldd the micro-gel structure near the solid surface would
bring in our opinion a ultimate and direct clarification ore tboupling between yielding and slip as well as on the
microscopic scale mechanism of slip. Though we are awatestitd experiments represent a daunting task, we note
that several steps have already been taken in this direlsyi@mombining microfluidics with various micro-rheology
approaches (diffusion of nano tracer26,[25], fluorescent labelling of the gell §]).

The success of such a task is strongly conditioned by a hat@erstanding of the physicochemical properties
of the Carbopd® gels which would allow developing versatile protocols obfiescence labelling of the micro-gel
particles which would allow the direct visualisation of tiel system under shear.

From a theoretical perspective, our work clearly demotessdrthe need of developing new frameworks to under-
stand the unsteady yielding and slip in Carbé&pgiels. A modest progress in this direction has been alregubyted
in Ref. [32] where a simple model that can accurately describe the adgtgelding in a rheometric setup in the
absence of wall slip was proposed and validated agains iexpetal data.

In spite of its ability to describe a large amount of rheotagdata in both shear and oscillation, within a wide range
of polymer concentrations and at various operating tentpers (see Refs.3p, 22, 38)]), this model is minimalistic
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and can be considered for now aspwor man’s model” it is a scalar model, it has not been derived from first
principles, it lacks a thermodynamical validation and tengresent form, it can not account for wall slip.

Future theoretical work is needed to correct these defierand to ultimately attempt to model realistic laminar
viscoplastic flows of industrial relevance such as flows admolid objects moving through a g&d, coating flows,
unsteady start-up pipe flows and thermo convective flows.
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