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ABSTRACT 

In this work, the effect of amphiphobic surfaces on the rheological behavior and 

boundary slip of the shear thickening fluids (STFs) was investigated. The experimental 

results suggested the viscosities were diminished, shear thickening was delayed and 

weakened, and an ultrahigh drag reduction was obtained. Furthermore, slip length was 

observed to vary with shear rate. Dissipative particle dynamics (DPD) simulations were 

adopted to further investigate these specific rheology and slip behavior. The simulation 

results conformed with experiments and established a linear relationship between the 

slip length and viscosity. We consider this study could be a conducive practical 

reference for the investigation of boundary slip in complex fluids and possibly a crucial 

protocol for analyzing STFs’ manipulation. 
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1. INTRODUCTION 

Among all the known properties of a solid-liquid interface, wettability comes across 

as the most instrumental characteristic governing the adhesive and cohesive interactions 

between a solid and a liquid. Regulation of the surface wettability tends to influence 

several vital aspects, such as heat transfer[1], adhesion[2] and skin friction drag[3] of 

liquid-to-solid and liquid manipulation[4]. Taking liquid super-repellent surfaces as an 

example, liquid droplets interacting with such surfaces are characterized by a static 

contact angle (CA) approaching 180° and a contact-angle hysteresis (CAH) near 0°; 

that is, its adhesion and friction with liquid is ultralow, which endorses multiple 

practical applications in fields of self-cleaning[5], corrosion prevention[6], drag 

reduction[7] and liquid separation[8]. Currently, the thriving contemporary 

industrialization has rendered the practice of fluid transportation through pipelines both 

prevalent and indispensable. Consequently, the topic of skin friction drag between 

pipelines and fluids seems to have drawn immense attention owing to the critical impact 

on the energy efficiency conservation as well as the maintenance of such equipment. 

Additionally, the development of advanced micro-fluidic devices with the advantages 

of all-in-one chip further necessitates an inclusive insight into the regulation of the 

interaction between fluids and solids. For this reason, minimizing the resistance by 

varying the degree of wetting at the liquid-solid interface is a common quest naturally 

pursued by the majority of researchers. Many numerical simulation, theoretical 

calculations and experimental research efforts have been conducted in the perspective 

of manipulating wettability to minimize friction drag.[9-14] At present, a large amount 

of experimental and theoretical studies have supported a rather assertive description: 

On the non-wettable surface, the no-slip boundary condition for the liquid-solid turns 

into a slip boundary condition due to the substantial softening of the solid-liquid 

interactions carried out by the chemical composition and morphology of surfaces. 

When a liquid flows over such surfaces, a slip velocity is generated that corresponds to 



a constant slip length typically spanning in the nanometer to micrometer range.[15-18] 

This constant slip length has nothing to do with flow velocity, only determined by the 

interface.[13, 19-20] 

Although extensive researches have been conducted focusing on boundary slip, the 

majority of these studies were predominantly carried out using Newtonian fluids. At 

present, boundary slip of non-Newtonian fluids is far from being fully understood; our 

investigation has as its main task to explore this using a combined experimental and 

modelling approach. Shear thickening fluids (STFs) as one kind of typical non-

Newtonian fluid have been widely studied in the field of soft-body armor, shock 

absorption, damping and energy utilization because of the order-of-magnitude 

increment in viscosity under high shear.[21-23]. For example, the STFs treated Kevlar 

fabrics composites could act as novel bullet-proof materials to defend soldiers and 

combat equipment. [24] However, the same increase in viscosity can result in jamming 

and failure of pumping and mixing equipment utilizing STFs. [25] As a result, the shear 

thickening attribute needs to be sidestepped at times to avoid damage. However, the 

ability to tune the STFs viscosity remains challenging. Currently, the passive measure 

adopted to tune shear thickening viscosity tends to alter the physical properties of 

suspension constituents, such as volume fraction [26-27], particle roughness [28-29], 

particle surface chemistry [21], and solvent attributes [30-31]. Though these methods 

can affect the shear-thickening behavior of STFs, they cannot be regulated in real-time 

according to specific conditions. This could however be achieved by tuning the friction 

interaction between STFs and the wall surface using super-repellent surfaces, which 

can support slip boundary conditions and reduce the shear to STF, thereby dramatically 

delaying or diminishing its shear thickening propensity and modulate its response. 

For this study, STFs are meaningfully selected to investigate the interaction between 

non-Newtonian fluid and surfaces with different wettability, and to unravel the effect 

generated by the use of amphiphobic surfaces on the slip behavior and rheological 

properties of STFs. The experiments and simulation suggested that under the slip 

boundary condition, an ultrahigh drag reduction (DR) was obtained and the viscosity 



of STF was drastically reduced, followed by the delaying of the shear thickening 

transition, indicating that the interaction between STFs and substrate had decreased 

considerably. More importantly, a specific slip phenomenon characterized by the slip 

length first decreasing and subsequently increasing with shear rate was observed; 

afterwards, dissipative particle dynamic (DPD) simulation was adopted to demonstrate 

this abnormal slip phenomenon, which established a linear relationship between the slip 

length and the viscosity. This research has shed light on the relationship between the 

behavior of complex fluids under shear and non-repellent surfaces, providing much 

insight to be able to broaden and better control the application of STFs to a number of 

areas, including petrochemical industry, microfluidics, transportation… 

2. EXPERIMENTAL DETAILS 

2.1. Materials and Chemicals  

Aluminum sheet (99.99%) is purchased from Grikin Advanced Materials Co. Ltd. 

Ammonium hydroxide (NH3·H2O, 28%), anhydrous ethanol and polyethylene glycol 

(PEG-400) were purchased from Shanghai Chemical Reagent Co. Ltd. Tetraethyl 

orthosilicate (TEOS, 98%) and1H,1H,2H,2H-perfluorooctyltrichlorosilane (PFOTS, 

97%) were purchased from Sigma-Aldrich. Deionized water with a resistivity of 18.2 

MΩ/cm was produced by a Milli-Q water purification system. 

2.2. Preparation of SiO2 nano-particles and shear thickening fluids (STFs) 

As depicted in Figure S1, silica nanoparticles (NPs) with 240 nm diameter were 

prepared according to the most suitable methodology outlined in the literature. [32-33] 

The typical experimental process is as follows: ammonium hydroxide (10.0 mL)，

anhydrous ethanol (30.0 mL) and distilled water (6.0 mL) were added into a beaker, 

then TEOS (2.0 mL) was added into the beaker dropwise under stirring. The silica NPs 

were fabricated via the sol-gel reaction at room temperature for 2.5h. The obtained 

silica NPs were collected by high-speed centrifugation and washed with distilled water 

and ethanol repeatedly. Finally, the NPs were dried under vacuum overnight. Shear 



thickening fluids were prepared by ultrasonic dispersing silica NPs into PEG-400. 

2.3. Preparation of the amphiphobic Al2O3 substrate  

The preparation of amphiphobic anodized alumina was carried out according to the 

electrochemical etching method.[34] In constant voltage mode (4 V bias), the 

ultrasonically cleaned Al sheet was etched in 10 g/L NaCl solution at room temperature 

for 3 h. And then, the etched Al sheet was anodized at a current density of 0.325 A/cm2 

to form nanostructures. Figure S2 is the FE-SEM images of the etched aluminum plate 

with a micro-nano composite structure. In order to obtain a desired amphiphobic 

property, a PFOTS self-assembled monolayer was applied to modify the surface 

chemistry of etched aluminum sheets through a liquid deposition method. 

2.4. Characterization 

Micromorphology images were obtained using a field emission scanning electronic 

microscope (FE-SEM, JSM-6701F) at 5−10 kV. Transmission electron microscopy 

(TEM) images were obtained using a TECNAI G2 TF20 (FEI, USA). The adhesive 

force was measured by a high-sensitivity micro-electromechanical balance system 

(Data physics TCAT 11, Germany). 5 μL STF droplet was hanged on an oleophilic 

metal ring. A micro-balance detector was connected to the ring to record instantaneous 

adhesive force during the test. The amphiphobic surface was placed on a movable stage, 

and this retractable stage could drive the substrate upwards or downwards at a constant 

speed. The stage firstly moved upward until the amphiphobic substrate contacted 

sufficiently with the suspended STF droplet, then it started to move away from the 

droplet surface. The adhesive force was digitally recorded and was shown to raise first 

and then decrease after reaching the maximum during the testing process. The peak data 

recorded in the force-distance curve was taken as the breakpoint adhesive force. The 

effect of varying boundary conditions on the rheological behaviors of STFs and their 

corresponding boundary slip were characterized through a rheometer (HAAKE, 

RS6000, Germany) in Couette flow. For the rheological experiments, constant rate 



mode and plate-and-plate arrangement mode were applied, in which the STFs fluid is 

confined between two parallel plates and can flow under a given shear rate. The 

diameter of these plates is 35 mm and their spacing is 1 mm. In this configuration, the 

valid shear rate spans the range from 0.001 s-1 to 1500 s-1 and shear stress spans the 

range from 0.001 Pa to 10000 Pa, which can completely cover the range of 

measurement. The shear viscosity and shear stress can be recorded simultaneously. In 

order to ensure that a complete rheological behavior can be observed, including shear 

thinning and shear thickening, reasonable shear rate ranges were predetermined for 

STFs with different volume fractions. 

3. RESULTS AND DISCUSSION 

As shown in Figure 1, the system in which STFs flow over the amphiphilic stainless-

steel surface was considered as corresponding to a no-slip boundary condition. In this 

case the boundary slip velocity at solid-liquid interface was zero. However, the slip 

boundary condition was induced when the plates were replaced with amphiphobic 

substrates; the condition in which the lower plate is replaced by an amphiphobic 

substrate is regarded as a “one-slip” condition, whereas the condition in which both the 

upper and lower plates are replaced by amphiphobic substrate is regarded as a “two-

slip” condition. 



 

Figure 1. Schematic illustration of the Couette flows of STFs with no-slip and slip 

boundary conditions and the definition of slip lengths 𝑏𝑠. 

The dependence of STFs rheological properties on NPs content are firstly studied 

and the rheological curves for STFs with increasing NPs volume fraction are shown in 

Figure 2. At low but increasing shear rate, the shear thinning phenomenon is obviously 

observed, which is associated with formation of particle layers[35-36]. However, once 

the critical shear rate (γ̇c, above which the shear viscosity increases sharply) is reached, 

the shear viscosity rises exponentially and increases up to the maximum shear rate (γ̇max, 

where the shear thickening transition is complete). As has been reported previously, 

shear thickening is induced by the formation of clusters with the combined action of 

both hydrodynamic force and frictional contact among NPs [21, 37-38]. On the other 

hand, the initial shear viscosity, critical shear rate and maximum shear rate are also 

dependent on the volume fraction of NPs, and the initial shear viscosity increases with 

increasing the volume fraction of NPs, while the γ̇c and γ̇max decrease with the increase 

of NPs content. As a consequence, STFs with a varying volume fraction of NPs were 

prepared to investigate the effect of different boundary conditions on rheological 



behaviors and boundary slips of non-Newtonian fluids. 

 

Figure 2. Viscosity curves as functions of shear rate for STFs with increasing NPs 

volume fractions. 

To study the rheology of these fluids under different boundary conditions, the 

viscosities and shear stress were measured as functions of shear rate for STFs with 

various NPs volume fractions under no-slip and slip conditions (Figure 3). Compared 

with no-slip condition, the observed shear stress and viscosities for both one-slip 

condition and two-slip conditions are smaller under the same shear rate, indicating 

much weaker friction interaction between slip plate and STFs. Furthermore, the critical 

shear rates, 𝛾̇c, corresponding to different boundary conditions are no longer identical. 

Their numerical values are summarized in Table 1. As shown in Table 1, critical shear 

rates vary not only as a function of the boundary conditions but also depend on the 

volume fraction of NPs in STFs. Regardless of the volume fraction of NPs, the 𝛾̇c 

increases as follows: no-slip condition, one-slip condition, and two-slip condition. 

Besides, the 𝛾̇c decreases with the increase of volume fraction of NPs even under slip 

boundary conditions. Concomitantly, compared with one-slip condition, the critical 

shear rate hysteresis (the difference between the critical shear rates for slip condition 

and no-slip one.) under two-slip condition is larger. This obvious increase of critical 

shear rate indicates that the interaction of STFs and substrate reduces by introducing 

slip boundary conditions. Therefore, reduced frictional resistance can be expected when 
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non-Newtonian fluid flows over amphiphobic substrate. Moreover, considering that the 

strength of the interaction between the substrate and the liquid flowing over it  is 

another significant element to regulate liquid slip on solid surface,[11, 39-40] adhesion 

between STFs and amphiphobic/amphiphilic surfaces were measured as well. The 

quantified adhesion values of STF droplets with NPs volume fraction ranging from 33% 

to 45.5% are shown in Figure S3. Compared with the adhesion of STFs on a lyophilic 

stainless-steel substrate, lower adhesion is observed on lyophobic substrate. 

Furthermore, adhesion decreases with increasing the NPs volume fraction. These 

experimental results further substantiate that drag reduction effect can be expected for 

STFs flowing over the amphiphobic surface. Therefore, theDR is calculated using 

formula: 𝐷𝑅 =
𝜏𝑛𝑜−𝑠𝑙𝑖𝑝−𝜏𝑠𝑙𝑖𝑝

𝜏𝑛𝑜−𝑠𝑙𝑖𝑝
, where 𝜏𝑛𝑜−𝑠𝑙𝑖𝑝 and 𝜏𝑠𝑙𝑖𝑝 are shear stress under no-slip 

and slip boundary conditions at the same shear rate. As shown in Figure 3, ultrahigh 

drag reductions are acquired. It can be seen that a maximum DR appears in the range 

of the onset to the end of shear thickening, whose location specifically depends on the 

speed of shear thickening. For STF with a 36.5% NPs volume fraction, the peak DR 

appears at the end of shear thickening under no-slip boundary, while for STF with a 

45.5% NPs volume fraction, the maximum DR appears almost at the onset of shear 

thickening due to the different shear thickening continuities. As whole, it is notable that 

the peak DR is associated with a delayed and reduced shear thickening effect. 



 

Figure 3. Flow curves and viscosity curves of STFs with NPs volume fraction being (a) 

36.5% and (b) 45.5% under no-slip and slip boundary conditions and their 

corresponding drag reductions. 

Table 1. Critical shear rates of STFs with different NPs volume fractions under distinct 

boundary conditions and their corresponding critical shear rate hysteresis. 

Mass 

fraction 

𝛾̇𝑐/s-1 Δ𝛾̇𝑐/s-1 

No-slip 

condition 

One-slip 

condition 

Two-slip 

condition 

One-slip 

condition 

Two-slip 

condition 

45.5% 36.9 40.8 51.3 3.9 14.4 

36.5% 160.8 172.3 195.4 11.5 34.6 

 

The values obtained experimentally enable a quantitative estimate of the slip length. 

Because the viscosity of STFs varies with shear rate, the traditional way of determining 

slip length is no longer applicable here. Therefore, on the basis of the monotonic 

increasing character of the stress-rate curves of STFs, to determine the slip length of 

STFs, we assume that, under the same shear stress, they are subjected to the same shear 



rate, which is defined here as the real shear rate (𝛾̇𝑟𝑒𝑎𝑙). Due to the presence of slip 

velocity at the wall, the effective shear rate for the test with slip boundary conditions is 

not the real shear rate which each fluid experiences. So, we determine the shear rate 

applied by the rheometer to the fluid as apparent shear rate (𝛾̇𝑎𝑝𝑝). For the test with no 

slip boundary condition, 𝛾̇𝑟𝑒𝑎𝑙 equals 𝛾̇𝑎𝑝𝑝. While for the test with slip boundary they 

differ, as illustrated in Figure 4. 

 

Figure 4. Two kinds of shear rate illustrated on the flow curves of STFs. 

As shown in Figure 4, the slip length can be calculated using the following method: 

as it has been assumed that for fluids experiencing the same shear stress in the shear 

thickening regime, they are under the same 𝛾̇𝑟𝑒𝑎𝑙, the difference between 𝛾̇𝑎𝑝𝑝 for the 

tests with slip boundary conditions and 𝛾̇𝑟𝑒𝑎𝑙  for the test with no-slip boundary 

condition is caused by the boundary slip. Thus, the slip length can be simply estimated 

as 𝑏𝑠 = (
𝛾̇𝑎𝑝𝑝−𝛾̇𝑟𝑒𝑎𝑙

𝛾̇𝑟𝑒𝑎𝑙
) × ℎ, where 𝑏𝑠  is the slip length at the wall surface, ℎ is the 

shear height (the distance between the two shearing plates). It should also be noted here 

that the slip length for the two-slip condition tests is the sums of the slip lengths on both 

walls, and the two lengths are here assumed to be identical for simplicity. 
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Figure 5. The total slip length as a function of shear rate for STFs with NPs volume 

fractions being (a) 36.5% and (b) 45.5%, respectively. 

The slip length was calculated and plotted as a function of the apparent shear rate in 

Figure 5. From Figure 5, it is obvious to observe that the slip length first decreases and 

then increases with the apparent shear rate. The slip length decreases in the range of 

shear thinning and onset of shear thickening, subsequently increases in later range of 

shear thickening and even becomes somewhat constant after shear thickening in detail. 

This variation is more complex with the larger volume fraction of NPs, and surprisingly 

does not conform to the generally accepted constant slip length slip-model. It is 

expected that this is due to the non-Newtonian character of STFs. For the conventional 

constant slip length model, its premise is that the viscosity of the fluid is constant; this 

is not the case for STFs, whose viscosity varies with shear rate. As a result, we think 

the varying slip length is associated with the non-constant viscosity. 

To further demonstrate the mechanisms responsible for this non-constant slip length 

for STFs, a numerical simulation based on dissipative particle dynamics (DPD) usually 

used for rough composite colloids simulation is adopted to model the non-Newtonian 

behavior of STFs [41] under no-slip and slip boundary conditions[42]; For further 

details of DPD approach, the readers should refer to the supporting information. Figure 

6 presents the shear stress (𝜏) and the relative viscosity (𝜂𝑟 ) of the model STF at 

different Peclet numbers, Pe = 6π𝜂0𝛾̇𝑎
2/(𝑘𝐵𝑇/𝑎) (, which represents the relative 

magnitude of shear forces to Brownian forces.), under different boundary conditions, 

where 𝜂0  is the viscosity of the suspending fluid, 𝑎  is the radius of the particle 



(representing the NPs), 𝑘𝐵 is Boltzmann constant and 𝑇 is the absolute temperature. 

With the increasing of Pe, the system exhibits shear thinning followed by a shear 

thickening regime under both slip and no-slip boundary conditions. More importantly, 

the slip boundary condition reduces the shear stress and the viscosity of the system 

under the same applied shear rate. Furthermore, the Pe of the onset of shear thickening 

regime increases when slip boundary condition is considered, where this transition is 

detected for Pe ≈ 1.08 and Pe ≈ 2.31 for no-slip and slip boundary, respectively. As a 

result, a high DR is acquired, whose peak reaches 63% located at the end of shear 

thickening under no-slip boundary. These are consistent with the experimental results, 

indicating that the DPD simulations can successfully reproduce the changes in the 

system response due to the changes at the fluid/wall boundary. 
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Figure 6. The rheology of model STFs under slip and no-slip boundary conditions and 

its corresponding drag reduction.  

The detailed slip behavior of the system at different Pe numbers are extracted 

explicitly from the velocity profiles in the simulations. Figure 7a presents the velocity 



profiles at different Pe numbers, which shows that the partial slip boundary condition 

appears at all Pe numbers. In Figure 7a, the two gray districts named as virtual 

boundary are mathematically defined to achieve the slip boundary condition during the 

simulation, whose specific implementation process can refer to the supporting 

information. The gradient of velocity profile is linearly fitted using the middlemost 12 

velocities for each Pe number, and the fitted parameters are listed in Table S1. For the 

lowest two Pe numbers, the R-Squares are 0.07 and 0.89 due to the ultralow shear rate 

leading to very large statistical errors associated with the system noise (referencing 

Table S1). Except these two points, the R-Squares are always larger than 0.95. 

According to the definition of Navier slip boundary condition, the slip length is 

calculated and showed in Figure 7b with green squares. It can be seen that the slip 

length with increasing Pe numbers exhibits two regimes, i.e., the slip length decreases 

and increases with increasing Pe numbers in the first and second regimes, respectively. 

The transition between the two regimes occurs at Pe~O(2.31), which agrees well with 

the viscosity-Pe relationship. Before the transition, it belongs to shear thinning range 

where viscosity decreases, and after the transition, it belongs to shear thickening range 

in which viscosity increases. Furthermore, the slip length as a function of viscosity is 

shown in Figure 7c. It can be seen that the slip length and viscosity possess a linear 

relationship, which has been observed and reported by previous works such as L. Guo 

et al.[43], indicating that the non-constant slip length is caused by the change in 

viscosity. In additional, the slip length calculated according to the hypothesis that a 

shear stress corresponds to a single real shear rate is also presented in Figure 7b, 

marked with open blue square. It can be seen that the two slip lengths calculated with 

the two different methods have similar change trend roughly. In the range where the 

fluids exhibit shear thickening behavior slip lengths agrees better, but in shear thinning 

range, they coincide worse. We think the reason of deviation between these two kinds 

of variations calculated by different method is that the part values of shear rate are not 

accurate adequately because they are interpolated linearly according to its former and 

later shear rate value. Even so, this can also prove the validity of the proposed 

hypothesis, namely that the presence of slip boundary condition reduces the effective 



shear rate within the system, therefore reducing the shear stress, which in turn provides 

the ability to reduce drag. 

 

Figure 7. (a) The velocity profiles at Pe number ranged from 0.154 to 32.541 for partial 

slip boundary condition. (b) The slip length (𝑏𝑠) varies against the Pe number, where 

the slip lengths are calculated using two methods, respectively. (c) The slip length (𝑏𝑠) 

as a function of relative viscosity (𝜂𝑟). 

4. CONCLUSION 

Based on the application of shear in confinement corresponding to Couette flow, a 

variety of boundary conditions, including no-slip and wall slip conditions, were 

employed to investigate the rheological properties and boundary layer behaviors of 

STFs to explore the link between fluid/wall interactions and non-Newtonian behaviors 

of the fluids. The experimental results show a different rheological behavior was 

obtained due to the decreased interaction of STFs to the substrate, which is associated 

with the lowered shear viscosity and delayed and diminished shear thickening. 

Therefore, a higher DR can be acquired by changing the boundary condition. 

Furthermore, based on the monotonic increase of shear stress versus shear rate, a non-

standard method is proposed to estimate quantitatively slip length due to the change in 



viscosity. The estimated slip length has a strong dependence on the shear rate which 

first decreases and subsequently increases with shear rate, contradicting the 

conventional knowledge of slip length variation for e.g. Newtonian fluids. We 

considered that this is related to the non-constant viscosity of STF under shearing. DPD 

simulations were adopted to corroborate the findings and computationally determine 

the slip length. The simulations’ results are consistent with experimental results and 

provide a further justification of our findings. Furthermore, they confirm that slip length 

has a linear relationship with viscosity. By revealing this fundamental rheological 

phenomenon and the effect of amphiphobic substrates on boundary slip behavior of 

non-Newtonian fluids, this study provides new insights and will prove to be a useful 

reference for fluid dynamics research, industrial equipment and even for the 

development of impact protection solutions. 
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Captions of figure: 

Figure 1. Schematic illustration of the Couette flows of STFs with no-slip and slip 

boundary conditions and the definition of slip lengths 𝑏𝑠. 

Figure 2. Viscosity curves as functions of shear rate for STFs with increasing NPs 

volume fractions. 

Figure 3. Flow curves and viscosity curves of STFs with NPs volume fraction being (a) 

36.5% and (b) 45.5% under no-slip and slip boundary conditions and their 

corresponding drag reductions. 

Figure 4. Two kinds of shear rate illustrated on the flow curves of STFs. 

Figure 5. The total slip length as a function of shear rate for STFs with NPs volume 

fractions being (a) 36.5% and (b) 45.5%, respectively. 

Figure 6. The rheology of model STFs under slip and no-slip boundary conditions and 

its corresponding drag reduction.  

Figure 7. (a) The velocity profiles at Pe number ranged from 0.154 to 32.541 for partial 

slip boundary condition. (b) The slip length (𝑏𝑠) varies against the Pe number, where 

the slip lengths are calculated using two methods, respectively. (c) The slip length (𝑏𝑠) 

as a function of relative viscosity (𝜂𝑟). 
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Captions of table: 

Table 1. Critical shear rates of STFs with different NPs volume fraction upon Couette 

flow under distinct boundary conditions and their corresponding critical shear rate 

hysteresis. 

 

Table: 

Table 1 

Mass 

fraction 

𝛾̇𝑐/s-1 Δ𝛾̇𝑐/s-1 

No-slip 

condition 

One-slip 

condition 

Two-slip 

condition 

One-slip 

condition 

Two-slip 

condition 

45.5% 36.9 40.8 51.3 3.9 14.4 

36.5% 160.8 172.3 195.4 11.5 34.6 

 




