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Laminar turbulent behavior in shear-thickening channel flow
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We conduct direct numerical simulations (DNS) to investigate the dynamics of a non-
Newtonian shear-thickening fluid in a turbulent plane channel. The primary parameter
governing the non-Newtonian flow rheology is the Carreau number (Cu), defined as the
ratio of the fluid’s characteristic timescale, �, to the flow characteristic timescale, h/uτ ,
where h is the channel half-height and uτ is the friction velocity at the wall. Starting
from a Newtonian turbulent channel flow at Reτ = 180, we examine the impact of in-
creasing Cu on turbulent statistics and coherent structures. The shear-dependent rheology
is described using a Carreau viscosity model, with Cu values spanning two orders of
magnitude (Cu = 0.1, 1, 5, 10). While maintaining a constant mean pressure gradient (∇p)
that drives the flow—ensuring a fixed shear Reynolds number based on the zero-strain-
rate reference viscosity Reτ,0 = 180—we observe varying effective Reynolds numbers
(Reτ,w = 111, 76, 58, 52) due to the altered viscosity distributions. Our findings reveal
that shear thickening generally reduces the mean flow velocity and enhances the isotropy
of velocity fluctuations compared to the Newtonian reference case. As Cu increases, the
strength of vortical structures diminishes, accompanied by a decline in turbulence intensity.
This behavior is primarily attributed to elevated wall viscosity, which shifts turbulent
stresses towards viscous stresses. Notably, at subcritical effective shear Reynolds numbers
for which a Newtonian fluid would exhibit laminar flow, the shear-thickening fluid retains
unsteady behavior (turbulence) but lacks a logarithmic layer.

DOI: 10.1103/xn5s-7jsc

I. INTRODUCTION

Understanding the dynamics of turbulent flows involving non-Newtonian fluids in pipes and
ducts is critically important for numerous industrial and environmental applications [1,2]. Notable
examples include the transport of polymeric solutions and slurries in the chemical, biomedical,
and process industries, the lubrication of biological fluids [3–5], and the flow of food products
in the food and beverage industry [2,6,7]. In contrast to Newtonian fluids, non-Newtonian flu-
ids exhibit complex viscosity behavior, which varies with shear rate. This characteristic makes
predicting the flow patterns of non-Newtonian fluids particularly challenging, especially under
turbulent flow conditions. In the literature, non-Newtonian rheological behavior is often modeled
by representing the fluid as a mixture of a solid-phase suspension with small characteristic size
dispersed in a Newtonian carrier phase [8–10]. The non-Newtonian properties arise from the
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small particles—of characteristic length scale a—suspended within the liquid phase. The particle
Reynolds number, Rep = ργ̇ a2/μeq, defined using an equivalent dynamic viscosity μeq and a strain
rate γ̇ = (2SS)1/2—where S is the shear rate tensor—is generally very low, allowing the particles
to be considered inertialess.

The viscoelastic and time-dependent nature of these fluids, characterized by partial elastic
recovery and additional dissipation, is strongly influenced by the solid fraction. In most engi-
neering applications, viscoelastic effects are negligible [10], allowing the fluid to be modeled as a
generalized-Newtonian fluid (GNF). Note that GNFs are a class of purely viscous, time-independent
fluids that adhere to the following constitutive relation:

τ = μa(γ̇ )S = μa(γ̇ )[∇u + (∇u)T], (1)

where τ is the shear stress and μa(γ̇ ) represents the apparent viscosity.
Non-Newtonian fluids can be broadly categorized into two types: shear-thickening fluids, where

the apparent viscosity increases with strain rate, and shear-thinning fluids, where the apparent
viscosity decreases as the strain rate rises. This study focuses exclusively on the flow of shear-
thickening fluids inside a channel.

Shear thickening was first observed almost a century ago by Freundlich and Röder [11] for dense
suspensions, and later received increasing attention because of its seemingly important role in the
blockage of small ducts/pipelines in crude oil transportation [12]. Reportedly, the flow of shear-
thickening fluids is characterized by a larger drag compared to the flow of a Newtonian fluid [13,14].
The adoption of shear-thickening fluids is thus constrained to specific applications, where the ability
of dissipating/absorbing energy is required: these include vibration absorption [15], body armors
[16], or, more in general, when the transportation of a solid dispersed phase by a carrier fluid is
needed [12]. Among the most important examples of shear-thickening fluids in the process/food
industry are oobleck, chocolate (before the addition of lecithin and the conching process [17]), and
a titanium dioxide TiO2-water suspension. The latter is the most widely used natural and nontoxic
white pigment. In paints, food colourant and coatings, TiO2is adopted for its bright characteristics (it
is often referred to as white titanium). Moreover, the low diameter (order of a few µm) distribution
of particles inside this fluid system opens the possibility of scattering low-frequency light and UV
much more easily (quantified by the hiding power, HP, which is the ability to hide the surface of
an object). The higher the volume fraction of the dispersed solid phase is, the more the reflective
properties of the white paint are, thus enabling indirect energy savings. One of the first experimental
rheological investigations of this solution and on the role of the white pigment concentration was
carried out by Metzner and Whitlock [18], who showed that for low volume fractions (φ < 0.47),
the TiO2-water system acts as a continuous shear-thickening fluid (CST), characterized by a gradual
increase in viscosity with the strain rate. However, if the limit is surpassed the system behaves
discontinuously, with markedly different rheological behavior. The discontinuous shear-thickening
fluid (DST) suspension is characterized by a sudden increase in μa(γ̇ ) over a narrow range of strain
rate γ̇ : ∂μa/∂γ̇ → ∞ [9]. Clearly a fluid of this type should be avoided in industrial applications
because any off-regime operation might cause severe and irreversible damage to equipment such as
pumps, pipes, mixers, and other devices [19].

Unlike shear-thinning fluids, which have been extensively studied in the literature ([13,20–22]),
shear-thickening fluids have received comparatively less attention. This is primarily due to the
challenges associated with obtaining accurate experimental measurements, as these experiments
typically rely on optical techniques that are difficult to apply to inherently non-transparent fluids,
such as shear-thickening fluids [23]. Only recently have theoretical and computational approaches
become more popular, providing precise space- and time-resolved data for entire flow fields across
various flow configurations and fluid properties or microstructures [13,14,24–26].

In this work we use direct numerical simulations (DNSs) to study the dynamics of a turbulent
channel flow of a continuous shear-thickening fluid, the rheology of which is described via a

073301-2



LAMINAR TURBULENT BEHAVIOR IN …

FIG. 1. Sketch of the computational setup used for the simulations. The channel has dimensions Lx × Ly ×
Lz = 16πh × 4πh × 2h. A constant pressure gradient ∇p is imposed into the system to drive the flow, which
goes from left to right.

Carreau model [27,28]. Keeping the fluid properties and the imposed pressure gradient (to drive
the flow) constant, we study the effect of varying the Carreau number, Cu, over a broad range of
values 0.1 < Cu < 10. In particular, we try to elucidate the role of the viscosity distribution on
the overall flow structure. We remark here that, among the different rheology models available for
GN fluids—chiefly the power-law (PL) and the Cross ones, which are based on the interpolation
of experimental measurements obtained from a rheogram—the Carreau model has the advantage of
being a physically sound model, derived from the molecular network theories [27,28]. It has also
better performances in capturing the apparent viscosity at low and large strain rate values.

The paper is organized as follows: in Sec. II we present the numerical methodology and the
setup employed to perform the simulations, while in Sec. III we present and discuss the results
of the simulations in terms of first- and second-order turbulent statistics and shear stress budget.
Finally, in Sec. IV we draw our conclusions.

II. METHODOLOGY

A. Direct numerical simulations

We consider a continuous shear-thickening single phase flow moving inside a horizontal channel
geometry under the action of an imposed pressure gradient. The channel dimensions are Lx × Ly ×
Lz = 16πh × 4πh × 2h, where h is the half channel height while the streamwise, spanwise, and
the wall normal coordinates are denoted by x, y, z, respectively. A schematic visualization of
the computational domain is highlighted in Fig. 1. The fully resolved flow is described by the
continuity and momentum equations, which accounts for a nonuniform viscosity μa(γ̇ ) due to the
shear-thickening rheology:

∇ · u = 0, ρ
∂u
∂t

+ ρu · ∇u = −∇p + ∇ · {μa(γ̇ )[∇u + (∇u)T]}, (2)

where u = (u, v,w) is the velocity vector, p is the pressure, ρ is the fluid density, and γ̇ = √
2S : S

is the strain rate, with the shear rate tensor defined as S = 1/2(∇u + ∇uT ).
The approach adopted here to handle the diffusive term follows the methodology used in [29].

Specifically, the viscosity μa(γ̇ ) is decomposed into a spatially constant component, μref , and a
variable component, μa(γ̇ ) − μref , which is a function of the strain rate and, thus, the position
inside the channel. Consequently, the total viscous term can be expressed as

∇ · {μa(γ̇ )[∇u + (∇u)T]} = μref∇2u + ∇ · {[μa(γ̇ ) − μref ](∇u + ∇uT)}. (3)

The governing equations are discretized using a pseudospectral method, transforming the
field variables into the wavenumber space. Fourier representations are used for the periodic
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(homogeneous) directions x and y, while a Chebyshev representation is employed for the wall-
normal (nonhomogeneous) direction z. Periodic boundary conditions are assumed in the x and y
directions for the velocity field u, and no-slip conditions, u = 0, are assumed at the two walls
located at z = ±h. The time integration of the uniform term in Eq. (3), μref∇2u, is handled implicitly
using a Crank-Nicolson scheme. The remaining term, which depends on the velocity field, is treated
explicitly and integrated using an Adams-Bashforth scheme together with the other nonlinear terms
of Eq. (2). Further details can be found in [29].

B. Viscosity of the shear-thickening fluid

We treat the shear-thickening fluid as continuous and homogeneous, modeling it as an isothermal
generalized-Newtonian (GN) fluid with apparent viscosity μa(γ̇ ), which depends on the strain rate
γ̇ , is independent of time and can be described adopting the constitutive Carreau equation:

μa = μ∞ + (μ0 − μ∞)[1 + (�γ̇ )2](n−1)/2 (4)

where μ∞ and μ0 are, respectively, the ideal viscosities at infinite and zero strain rates (which are
usually known a priori because they do not depend on the flow field), � is the fluid characteristic
timescale and n is the flow index, which characterize the non-Newtonian rheology. For n = 1, the
Carreau model reduces to a Newtonian fluid with constant viscosity; for 0 < n < 1, the fluid exhibits
shear-thinning behavior, while for n > 1, it exhibits shear-thickening behavior.

In the following problem length and velocity scales are made dimensionless using the half-
channel height h and the shear velocity uτ = √

τw/ρ, where τw represents the wall shear stress,
as reference quantities. The apparent non-Newtonian viscosity is made dimensionless using the
reference viscosity μref = μ0. Therefore the dimensionless strain rate reduces to ˜̇γ = uτ /hγ̇ , while
the dimensionless viscosity, β̃ = μa(x, y, z)/μ0, representing the ratio of the apparent viscosity μa

to the reference viscosity μref becomes

β̃ = μ∞/μ0 + (1 − μ∞/μ0)[1 + (CuReτ,0 ˜̇γ +)2](n−1)/2. (5)

Note that the symbol ˜ indicates a dimensionless quantities. The Carreau number Cu is the ratio
of the non-Newtonian timescale � to the characteristic channel flow timescale h/uτ , Cu = �uτ /h
[30,31]. In the Carreau model, all fluid properties are known a priori by choosing the zero strain
rate as the reference condition. The dimensionless quantity in Eq. (5) is the shear Reynolds number,
Reτ,0 = ρuτ h/μ0, representing the ratio of inertial to viscous forces, and defined based on a
reference viscosity at zero strain rate. Furthermore, this choice enables the strain rate to be expressed
in wall units as ˜̇γ + = 1/Reτ,0 ˜̇γ , i.e., using uτ and μ0 as reference quantities, and indicated by
the superscript +. In the following, unless otherwise noted, all quantities will be expressed in
dimensionless form. However, the symbol˜will be removed for ease of notation. Thus, the governing
continuity and momentum Eq. (2), can be written in dimensionless form as

∇ · u = 0,
∂u
∂t

+ u · ∇u = −∇p + ∇ ·
[
β(γ̇ ) − 1

Reτ,0
(∇u + ∇uT)

]
+ 1

Reτ,0
∇2u. (6)

As previously stated, the rheological properties of the flow are defined by the Carreau number, Cu.
The influence of the Carreau number Cu on the rheology map is illustrated in Fig. 2, by plotting the
dimensionless viscosity β as a function of the strain rate γ̇ . We note that Cu influences the viscosity
across the entire range of strain rates but has less influence in the region near the zero-strain-rate
plateau, where the apparent viscosity μ0 remains uniform and constant regardless of the value of
Cu. The Carreau model also introduces the characteristic time � = 1/γ̇t , where γ̇t is the strain
rate (transition strain rate) at which the viscosity starts to deviate appreciably from its zero-strain-
rate value [10,31]. This concept is illustrated in the inset of Fig. 2. For Cu → 0, the viscosity is
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FIG. 2. Rheology map for the adopted shear-thickening cases. The nondimensional viscosity β =
μa(γ̇ )/μ0 is plotted against the strain rate γ̇ for different Carreau numbers Cu (see Table I). The inset illustrates
the influence of the nondimensional fluid timescale � on the transition strain rate γ̇t , with the y axis (β)
displayed in logarithmic scale. Increasing � reduces γ̇t , shifting the onset of shear thickening to lower strain
rates. Note that the strain rate has been made dimensionless with Reτ,0 = 180, i.e., in wall units, and the flow
index has been set to n = 1.2 to describe a continuous increase in viscosity.

approximately uniform and equal to the zero-strain-rate viscosity, β = 1. This indicates that the
fluid behaves as Newtonian, with a constant and uniform viscosity μ0 [31]. For 0.1 < Cu < 10,
the rheology map behaves as shown in Fig. 2. As Cu increases, the range of fluid viscosity values
broadens and the transition strain rate reached more rapidly, indicating stronger non-Newtonian
behavior. For much larger Carreau number, Cu � 1, viscosity increases sharply with γ̇ ; however,
in this case, the Carreau model is brought to the limit of its range of applicability.

Although originally formulated for shear-thinning fluids [27], the Carreau model can be extended
to continuous shear-thickening behavior for n > 1. It is important to note that, at very high
strain rates, the Carreau model predicts a divergence in viscosity—positive if 0 < μ∞/μ0 < 1
and negative if μ∞/μ0 > 1—rather than asymptotically approaching μ∞. This divergence is not
relevant for the present study, as it occurs well beyond the strain-rate range considered here (see
Fig. 2). Moreover, by adopting μ∞/μ0 < 1, the Carreau model ensures a continuous, monotonic
increase in viscosity with strain rate within the simulated range. This approach facilitates a smooth
and numerically stable representation of continuous shear-thickening behavior, in accordance with
previous studies [13]. From a physical viewpoint, and in the context of the dispersed solid-phase
dense suspension, an increase in Cu can be achieved by increasing the volume fraction of the
dispersed solid phase (i.e., increase of friction, and hence of the apparent viscosity, due to the larger
surface area; see also experimental studies [32–34]).

C. Simulation set-up

We conducted one benchmark Newtonian simulation and four simulations for non-Newtonian
Carreau fluid (CST) with constant fluid properties, and varying the Carreau number, from Cu = 0.1
to Cu = 10. In all simulations, the flow is driven by an imposed constant mean pressure gradient
∇p. In physical units the overall shear stress at the wall, τw, can be obtained from the force balance
in the flow direction as

2τwLxLy = 
pLyLz, (7)
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TABLE I. Parameters used for the DNS at imposed pressure gradient ∇p and theoretical flow condition at
the centerline Reτ,ref = ρuτ h/μ0 = 180. The bulk Reynolds number based on the reference viscosity Reb,0 =
ρuh/μ0 and the bulk viscosity ratio μ/μ0 are also included in the table.

Fluid Cu μ0/μw Reτ,w 
x+ 
y+ 
z+
max Reb,0 μ/μ0

Newtonian (N1) 0 1.00 180 8.11 4.06 4.45 2860 1.00
Shear thickening (ST1) 0.1 0.62 111 5.49 4.43 2.45 2559 1.29
Shear thickening (ST2) 1.0 0.42 76 3.72 1.86 1.03 2441 2.36
Shear thickening (ST3) 5.0 0.32 58 2.85 1.43 0.79 2391 3.08
Shear thickening (ST3) 10.0 0.28 52 2.54 1.27 0.71 3244 3.48

where 
p = pin − pout is the pressure drop across the channel. The wall shear stress is thus given
by

τw = 
ph

Lx
= −∇ph = βw

∂u

∂z

∣∣∣∣
w

+ β ′
w

∂u

∂z

′∣∣∣∣
w

. (8)

Here the overbar, (), denotes an ensemble-averaged quantity, while the prime symbol, ()′, represents
a fluctuating quantity (deviation from the average). Note that the fluctuating component of the stress
does not vanish at the wall due to the influence of the turbulent flow field. By maintaining the same
pressure gradient across all simulations, we ensure that the total wall shear stress remains consistent
across cases. The viscous stress contribution arises from both Newtonian and non-Newtonian
effects, which cannot be easily separated because the wall viscosity is a priori unknown. This
occurs because, for a non-Newtonian fluid, the wall viscosity is a dynamic quantity that depends
on the velocity field through the strain rate, γ̇ . Consequently, this evaluation is only possible a
posteriori, based on the turbulent flow field. The wall viscosity, and thus the relative contributions
of Newtonian and non-Newtonian stresses, will be determined as an outcome of the simulation.
To ensure consistency across cases, we set a reference Reynolds number, Reτ,0 = ρuτ h/μ0 = 180,
based on the zero-strain-rate viscosity, μ0. The range of viscosity values is defined by the ratio
μ∞/μ0 = 10−4. The flow index is n = 1.2. This setup allows us to investigate the shear-thickening
behavior of the fluid (n > 1), where viscosity increases with the strain rate. Note that the reference
Reynolds number, Reτ,0, is approximately equal to the local Reynolds number at the channel
centerline, Reτ,z=0, where the mean shear stress is zero. However, the shear stress at the channel
centerline fluctuates around its mean value, resulting in fluctuations in the centerline viscosity. The
simulation results will enable us to evaluate the mean viscosity at the wall, μw, expressed as a ratio
to the reference viscosity, βw = μw/μ0. Consequently, the effective shear Reynolds number can
be calculated as Reτ,w = Reτ,0/βw. This will be instrumental in presenting the results in wall units
(i.e., using μw).

The initial condition for the shear-thickening simulations is taken from a preliminary DNS
of single-phase fully developed Newtonian turbulent channel flow at Reτ = 180. Then the non-
Newtonian rheology is switched on, and the specific value of the Carreau number, from Cu = 0.1 up
to Cu = 10, is set. These two parameters are then fed into the Carreau model, Eq. (5), so to study the
effect of a stronger shear-thickening rheology on turbulence. An illustration of this concept is shown
in Fig. 3. The grid resolution has been chosen so to fulfill requirements imposed by DNS [35,36].
Compared to the Newtonian (n = 1) and the shear-thinning (n < 1) cases [20], Kolmogorov scale
becomes larger with increasing shear-thickening flow index. Therefore, the resolution is chosen
based on the highest Reynolds number, i.e., the reference shear Reynolds number Reτ,0 = 180,
instead of the effective shear Reynolds number Reτ,w, for all the simulations. The corresponding
computational domain (whose size, as mentioned above, is Lx × Ly × Lz = 16πh × 4πh × 2h) has
Nx × Ny × Nz = 1024 × 512 × 129 grid points. A summary of the simulation parameters is given
in Table I. Note that for the Newtonian reference case at Reτ = 180, a computational domain
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FIG. 3. Effect of Carreau number on the shear stresses distribution in the channel. The contour maps
represent the viscous stress distribution, τV , computed as the product of the average viscosity and shear rate,
for different Cu: (a) Cu = 0.1, (b) Cu = 5, and (c) Cu = 10. These outputs highlight the effect of increasing
non-Newtonian intensity on the distribution and magnitude of viscous stresses, illustrating the coupling of
shear-thickening behavior described by the Carreau constitutive equation and turbulence.

of size Lx × Ly × Lz = 4πh × 2πh × 2h is employed and is discretized using Nx × Ny × Nz =
256 × 256 × 129 grid points. Simulations are considered in statistically steady conditions once the
value of the bulk Reynolds number Reb,0 fluctuates about its averaged value. When this condition is
met, statistics are collected.

III. RESULTS

In the present study we build on top of previous literature works [13,20] to deepen the analysis of
non-Newtonian effects in wall-bounded turbulence. In particular, we will try to draw a cause-and-
effect link between the Carreau number Cu, the near-wall turbulent structures and the macroscopic
flow properties. To begin with, we look at the behavior of the main macroscopic flow parameters,
like the volume flowrate Q and the pumping power P = Q
p, as a function of the Carreau number
Cu. Recalling that the mean pressure gradient is kept constant among all cases, P is directly
proportional to Q. It is interesting to note [see Fig. 4(a)] that the behavior of P (normalized by
the reference value of the power at Reτ = 180) exhibits a nonmonotonic behavior as Cu increases,
characterized by a gradual decrease of P in the range 0.1 < Cu < 5, followed by a sharp increase
at Cu = 10. These results can be understood considering the behavior of the specific volume
flowrate Q/A as a function of the effective shear Reynolds number, Reτ,w (listed also in Table I), as
shown in Fig. 4(b). The shear-thickening cases at Cu = 0.1, Cu = 1, and Cu = 5 have, respectively,
Reτ,w = 111, Reτ,w = 76, and Reτ,w = 58. As highlighted by their Q-Reτ,w relationship following a
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(a) (b)

FIG. 4. Influence of increasing shear-thickening rheology on the main macroscopic flow properties.
(a) Pumping power injected into the flow for the different cases, normalized by the value of the pumping
power of the Newtonian case at Reτ = 180. Note that the mean pressure gradient is kept constant among all
cases. (b) Flow rates normalized by the area, Q/A, against the effective shear Reynolds number Reτ,w for all
cases presented in this work (see Table I). The Newtonian results from Tsukahara et al. [38] and the analytical
Newtonian Poiseuille flow case at Reτ = 52 (corresponding to the shear-thickening case at Cu = 10) are also
included.

turbulent Newtonian-like trend (dashed line), these cases behave as non-Newtonian turbulent flows.
At Cu = 10, the situation is different, and the flow has a laminar-like behavior. This seems to suggest
the tendency for the shear-thickening rheology to broaden the turbulent regime, down to values of
Reτ for which a Newtonian flow would be laminar [see green area in Fig. 4(b)] [37–39]. There
is indeed firm evidence that a laminar channel flow is linearly stable up to a critical bulk Reynolds
number Reb = 790 [37], or alternatively, down to a critical shear Reynolds number 60 < Reτ,c < 64
[38,39]. Note also that this value is in any case much lower than the one that can be predicted via
stability analysis of plane Poiseuille flow for Newtonian fluids [37].

A. Qualitative behavior of the flow fields

We now look at the qualitative structure of the flow in the statistically steady regime. Figure 5
shows the contour map of the instantaneous streamwise velocity u+ for different Carreau numbers
on a wall-parallel (x − y) section of the channel located at z+ = 10, where the maximum of
the integral length scale lx, i.e., the maximum velocity correlation, occurs [14]. As indicated by
the corresponding label, each panel refers to a different case. The reference Newtonian case at
Reτ = 180 is also shown [Fig. 5(a)] for comparison purposes. Note that the simulation at Cu = 10,
ending up into a laminar state, is not shown. In the Newtonian case [Fig. 5(a)], the classic near-wall
turbulence structure, characterized by elongated high- and low-velocity streaks arranged side by side
and lined up along the streamwise flow direction is recovered [40,41]. Together with the longitudinal
quasi-streamwise vortices that populate the near wall region, they form the near-wall regeneration
cycle and represent a major contribution to the production of the turbulent kinetic energy (TKE)
[42–44]. With increasing shear-thickening rheology, Cu > 0 [shown in Figs. 5(b)–5(d)], we observe
that the near-wall velocity streaks become progressively longer in the streamwise direction and
thicker in the spanwise direction. The longer and thicker velocity streaks are associated with a
reduced activity of near wall vortices and therefore a reduced activity of sweeps/ejections (whose
primary effect is to transfer energy and momentum in the wall-normal direction [35,43,45]). The
reason for this behavior, as will be explained in detail later, is that, by keeping the mean pressure
gradient constant, a shear-thickening fluid has a viscosity that increases with shear, i.e., it is
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(a)

(c) (d)

(b)

FIG. 5. Instantaneous contours of the streamwise velocity in the 〈x − y〉 plane at z+ = 10 from the bottom
wall. Results are shown for the different cases for increasing non-Newtonian intensity: (a) Newtonian case
at Reτ = 180; (b) shear-thickening case at Cu = 0.1; (c) shear-thickening case at Cu = 1; and (d) shear-
thickening case at Cu = 5. Note that the shear-thickening case at Cu = 10 is not shown, since it achieves
laminar conditions.

characterized by a larger viscosity near the wall (where the shear is indeed larger). This induces
the turbulence reduction, which can also lead to a full laminarization of the flow (observed in the
present case for 5 < Cu < 10).

We now turn our attention to the distribution of u+ on a horizontal 〈x − y〉 plane between
the bottom wall and the centerline, located at distance z = −0.5. Results are shown in Fig. 6.
A trend similar to the one described above is observed. Increasing the non-Newtonian rheology,
i.e., increasing Cu, reduces the turbulence activity. In particular, Figs. 5(d) and 6(d) (Cu = 5 case)
provides a clear representation of the coexistence between laminar and turbulent patches (this
coexistence disappears at Cu = 10, when the flow is fully laminar).

B. Mean flow statistics

The effect of the Carreau number Cu on the mean velocity profile u is shown in Figs. 7(a) and 7(b)
in linear and semilogarithmic scale, respectively. Note that outer units are used for the wall-distance
coordinate axis z in Fig. 7(a), while inner units are used in Fig. 7(b).We consider first Fig. 7(a), where
the wall-normal distance is expressed in outer units as z = z+/Reτ,w − 1. We immediately notice
that the velocity gradients at the wall, ∂u/∂z|w, reduce for increasing Cu. This can be understood
considering that, for shear-thickening fluids, the apparent viscosity is larger near the wall (where the
shear is larger). Recalling that the mean pressure gradient ∇p that drives the flow is kept constant
among cases, a larger near wall viscosity would induce a smaller strain rate (i.e., velocity gradient) at
the wall, so to keep the balance between the force applied by the pressure gradient and the resistance
exerted by the shear stress. The decrease of the velocity gradient at the wall induces a corresponding
decrease of the effective shear Reynolds number Reτ,w (see also values in Table I). We observe that,
for shear-thickening fluids up to Cu = 5, the velocity profile follows the behavior of turbulent low-
Re flows, with a flow rate Q that, compared to the Newtonian case, reduces for increasing Cu (i.e.,
drag increase effect). At Cu = 10 (solid purple line), the shear-thickening effect is so pronounced,
and the apparent viscosity at the wall so large, that the corresponding strain rate falls below the
critical value required to sustain a turbulent flow, and the flow becomes laminar. This reflects into a
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(a) (b)

(d)(c)

FIG. 6. Contour maps of the streamwise velocity in the 〈x − y〉 plane at z = −0.5 (in the outer layer)
from the bottom wall. Results are shown for the different cases for increasing non-Newtonian intensity:
(a) Newtonian at Reτ = 180; and consequently for the shear-thickening flows (b) Cu = 0.1 at Reτ,w = 111;
(c) Cu = 1 at Reτ,w = 76 and (d) Cu = 5 at Reτ,w = 58. Note that the shear-thickening case at Cu = 10 is not
shown, since it is laminar.

parabolic-like velocity profile. The velocity profile of the laminar Newtonian analytical case at the
same effective Reynolds number Reτ,w = 52 (purple dashed curve) is also shown for comparison
purposes. Interestingly, case Cu = 10 exhibits larger values of the mean velocity near the channel
center compared to the corresponding Newtonian profile. Indeed, although both flows are laminar, in
the non-Newtonian case the mean viscosity over the whole domain is smaller than the wall viscosity,
due to the shear-thickening behavior. This cause the flow velocity of the non-Newtonian case to be
larger than the corresponding Newtonian one. To deepen our analysis, we look at the flow velocity

(a) (b)

FIG. 7. Mean streamwise velocity profiles u as a function of the distance from the wall. The different
shear-thickening cases considered are shown as solid lines. The Newtonian cases at Reτ = 180 and Reτ = 52
(respectively in light green and purple dashed lines) are also shown for reference. In (a) all the turbulent cases
are expressed in outer units, z = z+/Reτ,w − 1, whereas in (b) wall units z+ are adopted.
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FIG. 8. Velocity diagnosis function, ζ = z+du+/dz+. Results are shown in wall units z+, for the turbulent
shear-thickening rheologies at different Carreau numbers Cu. The Newtonian case at Reτ = 180 is also shown.

in inner units; see Fig. 7(b). Note that the results for Cu = 10 is not shown, because the flow is
laminar in this condition, and plotting its behavior would reduce the readability of the other results.
While in the near-wall region (z+ < 10) velocity profiles collapse on top of each other, away from
the wall they are different. For the Newtonian case at Reτ = 180 (dashed green line) the law of
the wall is closely recovered. For the non-Newtonian cases (solid lines) the situation is different.
For Cu = 0.1, the behavior is similar to the one of the Newtonian case, though the extension of
the log-layer region is shorter (solid green line). For increasing Cu, the velocity profiles at z+ > 10
do depart from the law of the wall and become larger, trespassing the Newtonian behavior and not
following a clear logarithmic behavior. Linked to the discussion on the flow velocity, we now focus
on the diagnosis velocity function, ζ = z+du/dz+, which is shown in Fig. 8. Based on the behavior
of ζ it is possible to identify the main flow regions of the channel: the viscous sublayer (region
near the wall, typically up to z+ 
 5), the logarithmic layer (region away from the wall, where ζ

is approximately constant), and the buffer layer (region in between the viscous and the logarithmic
layer). Note that the point where ζ is maximum, zζ ,max, identifies the point in the buffer layer where
viscous effects are balanced by inertial effects. We first consider the Newtonian case, the green
dashed line. We notice that the point of maximum is around z+

ζ ,max 
 10, while the logarithmic layer
sets in when ζ = z+∂u/∂z+ = 1/k = 2.63 (explicitly indicated by the horizontal dashed line), i.e.,
around z+ 
 40. Unfortunately, because of the low Reynolds number of the present simulations, the
log layer does not seem very robust. There is only a short region where ζ is approximately constant,
40 < z+ < 140. We consider now the influence of the non-Newtonian rheology. As expected all
profiles collapse in the viscous sublayer, given the linear behavior of the velocity as a function of z+
(see also Fig. 7). However, they do have different behaviors in the buffer and logarithmic layers. In
particular, we notice that, for increasing Cu, the maximum of ζ increases and is shifted farther away
from the wall. This indicates the predominance of viscous effects over inertial ones up to a larger
distance from the wall. At the same time, for increasing Cu, the logarithmic layer tends to disappear
completely (see the absence of an horizontal plateau of ζ for the non-Newtonian cases). Altogether,
these observations indicate that the viscous effects become more and more important over inertia,
to the point that the flow tends to laminarize (which indeed happens for Cu = 10, not shown in the
picture).
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FIG. 9. Main axial shear rate 1/Reτ,0∂u/∂z as a function of the outer wall-normal coordinate z for all
cases. The inset highlights the mean strain rate γ̇ profiles for the transitional cases (Cu = 0.1 and Cu = 5)
and the laminar case marked by Cu = 10, illustrating fluid deformation progression from weak to strong shear-
thickening behavior. Dashed lines represent Newtonian reference cases, while solid lines show shear-thickening
fluids with increasing Cu.

Given its importance in the rheological properties of the fluid, it is now interesting to focus on
the shear rate (and more in general on the strain rate). This is considered in Fig. 9. In particular,
we plot the behavior of the main axial shear rate 1/Reτ,ref∂u/∂z, while in the inset we represent the
behavior of the mean strain rate
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for the transitional cases (Cu = 0.1 and Cu = 5) and for the laminar one (Cu = 10). Since the
expression of γ̇ cannot be further simplified—due to the three-dimensional nature of the turbulent
flow field—it is not possible to assume that the strain rate is equal to the shear rate, γ̇ �= ∂u/∂z.
Considering Fig. 9, we notice that the main axial shear rate is maximum at the wall and then
decays until it reaches the center of the channel where, due to flow symmetry, ∂u/∂z = 0. We
also observe that Cu affects ∂u/∂z in two ways. Compared to the Newtonian case, increasing Cu
reduces ∂u/∂z near the wall, z < −0.9 (the slope of the mean velocity, as discussed in Fig. 7),
but increases the shear rate away from the wall, z > −0.9. For Cu = 10, the flow is laminar, and
∂u/∂z is linear. In fact, ∂u/∂z = τReτ,ref/β is nonlinear since β is a function of the strain rate.
We now consider the behavior of γ̇ . From a comparison between the two relevant quantities, we
notice that ∂u/∂z and γ̇ are similar near the wall, up to z 
 −0.85. This similarity exists because
the magnitude of the fluctuating components of the shear rate tensor Sw′ is smaller than the mean
Sw, with the only nonzero component being in the wall normal direction. This similarity does
not hold in the core of the channel, where the influence of turbulence makes the contribution of the
nonaxial components important. Differently from what noticed for ∂u/∂z, the influence of Cu is very
important near the wall (z < −0.9), but it reduces elsewhere. However, an interesting observation
is to be made here. Away form the wall, an increase of Cu results in an increase of ∂u/∂z, while at
the same time it induces a decrease of γ̇ (but for the case Cu = 10, which is, however, in a laminar
condition). In other terms, Cu acts to decrease the fluid deformation at the core of the channel. The
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(b)(a)

FIG. 10. Shear-thickening effect on viscosity distributions. (a) Profiles of the normalized viscosity β =
μ/μ0, based on the zero strain rate viscosity μ0, in outer units and (b) its relative viscosity diagnosis function
� = z+dβ/dz+ in wall units.

different behavior emerges because the strain rate incorporates all turbulent fluctuations effects on
deformation, in which nonaxial components become more important in the turbulent core.

Figure 10 illustrates the key role of viscosity distribution in the fluid dynamics of non-Newtonian
flows. The normalized mean viscosity profiles β = μ/μ0, sketched in Fig. 10(a), show a strong
dependence on the Carreau number Cu. In particular, all the shear-thickening cases are characterized
by a mean viscosity β that decreases monotonically from the value at the wall, towards the value at
the channel center. This is due to the decrease of the strain rate (and hence of the viscosity; see the
rheology map in Fig. 2) going from the wall to the channel center (see Fig. 9). By keeping constant
the mean pressure gradient ∇p, the flow index n, and the extreme viscosity values (μ0, μ∞), we
notice that as Cu increases, the curves are forced to assume higher viscosity values (higher viscosity
at higher shear rates, i.e., at the wall.). The increase in the mean viscosity at the wall, βw = β|z=−1

effectively reduces the shear Reynolds number Reτ,w and is therefore the main cause of the transition
from turbulent to laminar flow. It is also important to consider that the condition β = 1 inside
the channel is only reached for the laminar case Cu = 10, for which the strain rate becomes
zero γ̇ |z=0 = ∂u/∂z|z=0 = 0 [while it is not the case for the other simulations; see Fig. 9(b)]. The
diagnosis function � = z+dβ/dz+, shown in Fig. 10(b), reveals key trends. Minima �min indicate
that after a constant viscosity region, β first decreases sharply and then more gradually. Profiles
show that a logarithmic region for β (constant �) can form but narrows as Cu increases, being
visible only for Cu = 0.1. As Cu increases, the peak magnitude rises (indicating larger β gradients),
and the peak shifts away from the wall. This trend aligns with the diagnosis velocity function
ζ (Fig. 8), which shows that higher Cu widens the viscous layer and diminishes the log layer,
signaling flow relaminarization. From �, we see why turbulence persists for Cu = 5: increasing Cu
reduces mean viscosity outside the viscous layer, which can sustain turbulence. In summary, a higher
Cu generally dampens turbulence but also causes more significant viscosity reductions, thereby
delaying relaminarization. The balance between these effects determines whether full laminarization
occurs.

C. Stress budget and higher order turbulent flow statistics

The total mean shear stress τ = τ+/τw for a statistically stationary fully developed channel
flow of a generalized Newtonian (GN) fluid can be obtained applying Reynolds decomposition
to Eq. (6). Considering the nature of the problem at hand, in addition to the velocity u = u + u′
and the pressure p = p + p′ also the nondimensional viscosity β = β + β ′ and the strain rate
tensor S = S + S′ are decomposed. The resulting nondimensional total shear stress τ+ (where the
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FIG. 11. Influence of the Carreau number Cu on the mean shear stress budget as a function of the wall
normal distance. Viscous stresses are identified by solid lines while turbulent stresses are identified by lines
with circles. Note that the pressure gradient ∇p among the cases is kept constant, i.e., constant τw . The top right
inset shows the influence of increasing shear-thickening rheology on the generalized-Newtonian τGN stresses,
shown in dotted lines, in proximity of the wall (with wall-normal distance expressed in wall units).

superscript + will be dropped for ease of reading) is linear and can be expressed as

τ = τV + τ T + τGN = 1 − z+

Reτ,w

, (10)

which can be thought as the sum of a viscous stress,

τV = β

Reτ,0

∂u

∂z
, (11)

a turbulent stress τ T = −u′w′, and a generalized Newtonian stress,

τGN = 1

Reτ,0
β ′

(
∂u

∂z

′
+ ∂w

∂x

′)
, (12)

also called turbulent viscous stress, which takes into account the non-Newtonian effects due to
the coupling with turbulence. The non-Newtonian stress plays a role similar to that of polymer
stress in a viscoelastic fluid [46,47]. While in a viscoelastic fluid polymer elasticity mechanically
interacts with coherent turbulence structures, in a GN fluid, this role is assumed by the combined
effects of viscosity and shear rate fluctuations [13]. In particular, the shear-thickening rheology
cause this stress to assume positive values, since a fluctuation in shear rate (∂u/∂z)′ + (∂w/∂x)′
induces an alike fluctuation (same sign) in viscosity β ′. The behavior of the total stress, as well
as its components Eqs. (10)–(12), is shown in Fig. 11 for the different cases considered in this
study. As expected, no matter the value of Cu, the total stress is linear with z (symbols), since the
mean pressure gradient, is kept constant for all cases. Looking now at the behavior of the viscous
stress, τV , we note that it is maximum at the wall (z = −1), with a value slightly smaller than
unity (because of shear thickening), and then decreases monotonically moving away from the wall
until reaching the 0 value at the channel center (z = 0). For increasing Cu, we notice an increase
of τV . The behavior of the turbulent stress component, τ T , complements that of τV , as required by
the total stress budget. The turbulent stress, τ T , is zero at the wall (z = −1), peaks in the buffer
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(b)(a)

FIG. 12. Profiles of the velocity root-mean-square intensities (with u, v, and w components shown in solid,
dashed, and dotted lines, respectively) as a function of wall-normal location in wall units (a), along with the
turbulent kinetic energy k (b).

layer, and then decreases to zero at the channel center (z = 0). As Cu increases, the peak moves
away from the wall (from zmax 
 0.85 for the Newtonian case to zmax 
 0.6 for Cu = 5), and its
magnitude decreases from τ T,max 
 0.75 (Newtonian) to τ T,max 
 0.4 (Cu = 5). The decrease in τ T

by 40% for Cu = 5 is notable, considering the effective shear Reynolds number Reτ,w = 58 (below
the critical Newtonian Reτ,c), yet turbulence is sustained. This behavior results from the complete
elimination of the logarithmic layer [Fig. 7(b)] and the stronger viscosity decrease in the buffer layer
[48]. The reduction in τ T with increasing Cu reflects a reduced turbulence activity (and Reτ,w). For
Cu = 10, τ T = 0 and τV = τ , indicating full laminarization. Fig. 11 shows that the importance of
τGN is limited to the near-wall region. The inset of Fig. 11 plots τGN in semilogarithmic scale. τGN

is maximum and constant in the viscous sublayer (z+ < 5), fluctuates in the buffer layer around
z+ = 10, and decreases to zero at the channel center. As Cu increases, non-Newtonian stresses
become smaller, and the local minimum/maximum shift away from the wall. The behavior of the
root mean square of the velocity fluctuations in the streamwise, urms, spanwise, vrms, and wall-
normal fluctuations, wrms, is shown in Fig. 12. Results from the reference Newtonian simulation
are shown by the dashed line, while results from the non-Newtonian simulations are shown by
solid lines. We clearly observe that, compared to the Newtonian case, all three components of the
velocity fluctuations reduce in magnitude, as a direct consequence of the progressively stronger
laminarization process. This trend is also confirmed by the behavior of the turbulent kinetic energy,
k = 1/2u′ · u′ = urms = 1/2(u2

rms + v2
rms + w2

rms), shown in Fig. 12(b). It is interesting to observe
that, by keeping the zero strain rate viscosity constant among the simulations (imposed by keeping
the same reference Reynolds number Reτ,0 = 180 based on the pressure gradient), the curves tend
to assume the same levels of turbulence intensity at the channel centerline (whose location changes,
when plotted in local wall units). Further insights into the flow structure can be gained by analyzing
the streamwise root mean square of the vorticity, defined as

ωx,rms = ω′2
x

1
2 = 1

Reτ,0

(
∂w′

∂y
− ∂v′

∂z

)2
1
2

(13)

and shown in Fig. 13. Reportedly [35], the (relative) minimum and maximum values of the root-
mean-square velocity, min(ωx,rms) and max(ωx,rms), respectively, correspond to the mean locations
of the vortex edge and center, respectively. Results (see inset of Fig. 13) indicate that the size
of the average vortices tends to be reduced and shifted closer to the wall by the non-Newtonian
rheology. The reduced vortical sizes and their simultaneous shift toward the wall collectively
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FIG. 13. Vorticity root mean square ωx,rms as a function of the wall-normal location in outer units (main
panel) and in wall units and semilog scale (inset).

indicate the formation of more constrained vortical structures. Consequently, the shear-thickening
effects essentially confine the vortices to a narrower region closer to the wall compared to the
Newtonian case.

We finally focus a bit further on the generalized Newtonian stress, τGN , which develops in
case of non-Newtonian rheology. Given the expression τGN = 1/Reτ,refβ ′((∂u/∂z)′ + (∂w/∂x)′),
it seems instrumental to look at the behavior of the root mean square of the strain rate, γ̇rms, and
of the viscosity, βrms, which represent the building blocks of τGN . This is done in Fig. 14. From
the combined analysis of Figs. 14(a) and 14(b), it is apparent that the larger values of τGN (see
Fig. 11) stems from the non-negligible values of γ̇rms and βrms, in particular in the near-wall region.
Larger values of βrms are observed at larger Cu, seemingly in contrast with the observed flow
phenomenology (i.e., the tendency to laminarize for increasing Cu). This is a direct consequence
of the increased mean value of β for increasing Cu, which, in combination with nonvanishing
velocity fluctuations, gives higher values of βrms. Indeed, we notice that, while in the viscous layer

(b)(a)

FIG. 14. Second-order turbulent intensities related to the non Newtonian stress τGN . (a) strain rate root
mean square γ̇rms and (b) viscosity root mean square βrms over the wall normal direction z+ in wall units. The
inset shows the viscosity root mean square βrms/β compensated with the mean viscosity over the wall normal
direction z+ in wall units.
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(z+ < 10) βrms/β, shown as an inset of Fig. 14(b), is approximately constant and independent of Cu,
outside the viscous layer βrms/β increases with Cu. This seems to support the idea that the increased
viscosity fluctuations are mostly due the turbulent behavior of the strain rate. Note, however, that the
increase of βrms for increasing Cu is more than compensated by the decrease of γ̇rms (for increasing
Cu), finally giving a τGN that decreases with increasing Cu (see Fig. 11). It is also interesting to
observe that the nonmonotonic behavior of τGN , with the development of a local maximum in the
buffer region (see Fig. 11), is a direct consequence of the nonmonotonic behavior of βrms, which
displays a similar local maximum therein (z+ 
 30−40).

IV. CONCLUSIONS

In this work, we conducted direct numerical simulations of turbulent channel flow for a contin-
uous shear-thickening fluid modeled using the Carreau constitutive equation. The non-Newtonian
flow behavior was examined under an imposed mean pressure gradient for various Carreau numbers,
Cu, representing the fluid characteristic timescale.

Our analysis of first-order statistics revealed that shear-thickening rheology causes a marked
reduction in mean viscosity with increasing distance from the wall. This rheological effect mod-
ifies the mean velocity profiles and turbulence dynamics when compared to Newtonian flow at
the same shear Reynolds number. At the lowest Carreau number (Cu = 0.1), the flow exhibited
a redistribution of inertial, viscous, and generalized-Newtonian forces, leading to a measurable
reduction in flow rate. Qualitative analysis of flow fields demonstrated that increasing Cu suppresses
turbulent structures due to enhanced near-wall viscosity. This suppression has consequences on the
flow regime: at moderate Cu values the average velocity profile does not exhibit a logarithmic
layer, and at higher Cu values full relaminarization is produced. A mean shear stress budget
analysis revealed that changes in Cu significantly impact the balance between turbulent and viscous
stresses. Specifically, turbulent stresses are redistributed in favor of viscous stresses, driven by
non-Newtonian effects, which, while small in magnitude, have a pronounced impact on near-wall
turbulence dynamics. Non-Newtonian stresses disrupt the self-sustaining mechanisms of turbulence
by modifying the dynamics of quasi-streamwise vortices—reducing their size and population–and
by broadening the longitudinal extent of velocity streaks. This leads to fewer burst events, reduced
turbulent stresses, and increased stability of velocity streaks.

The Carreau number (Cu) emerges as a key parameter driving these mechanisms and promoting
flow relaminarization. Simultaneously, higher Cu values lead to a pronounced reduction in mean
viscosity, counteracting the relaminarizing effects of non-Newtonian stresses. The interplay between
these competing effects governs the overall flow behavior. Notably, our results indicate that the
viscosity reduction dominates, allowing the flow to remain turbulent even at low Reynolds numbers
(Reτ = 76 and 58), where Newtonian fluids would transition to laminar flow.
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