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ABSTRACT

Additive manufacturing creates surfaces with random roughness, impacting heat transfer and pressure loss differently than traditional sand-
grain roughness. Further research is needed to understand these effects. We conducted high-fidelity heat transfer simulations over three-
dimensional additive manufactured surfaces with varying roughness heights and skewness. Based on an additive manufactured Inconel 939
sample from Siemens Energy, we created six surfaces with different normalized roughness heights, R,/D = 0.001, 0.006,0.012,0.015, 0.020,
and 0.028, and a fixed skewness, sy = 0.424. Each surface was also flipped to obtain negatively skewed counterparts (sp = —0.424).
Simulations were conducted at a constant Reynolds number of 8000 and with temperature treated as a passive scalar (Prandtl number of
0.71). We analyzed temperature, velocity profiles, and heat fluxes to understand the impact of roughness height and skewness on heat and
momentum transfer. The inner-scaled mean temperature profiles are of larger magnitude than the mean velocity profiles both inside and out-
side the roughness layer. This means, the temperature wall roughness function, A@™, differs from the momentum wall roughness function,
AU™. Surfaces with positive and negative skewness yielded different estimates of equivalent sand-grain roughness for the same R, /D values,
suggesting a strong influence of slope and skewness on the relationship between roughness function and equivalent sand-grain roughness.
Analysis of the heat and momentum transfer mechanisms indicated an increased effective Prandtl number within the rough surface in which
the momentum diffusivity is larger than the corresponding thermal diffusivity due to the combined effects of turbulence and dispersion.
Results consistently indicated improved heat transfer with increasing roughness height and positively skewed surfaces performing better
beyond a certain roughness threshold than negatively skewed ones.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0221006

I. INTRODUCTION
Additive manufacturing (AM) is being pursued for the demand-

AM surfaces, particularly powder bed fusion laser beam (PBF-
LB), exhibit high average surface roughness, typically falling within the
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ing task of manufacturing gas turbine hot gas path components. The
challenge comes from precisely maintaining the component at the
highest temperature the material can tolerate given the load they are
exposed to, such that the benefits in increased thermal efficiency are
harvested. To develop such components, precise control over heat
transfer and pressure losses in the cooling system is crucial. To this
end, the studies detailed in this and previous papers have been
conducted."”

range of R, = 5-25um. The high surface roughness of PBF-LB surfa-
ces stems from the powder-based manufacturing process, where a
high-power laser selectively melts and solidifies layers of powder mate-
rial to fabricate components.” The intricate interplay of melt pool
dynamics, laser angle of incident, print orientation, and other print
process parameters contributes significantly to the formation of surface
roughness during the AM process.” The topography of PBF-LB surfa-
ces is characterized by the presence of partly sintered powder particles
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or larger spatter particles from the melt pool on the surface, accompa-
nied by an underlying waviness originating from the melt pools. These
particles manifest as sharp peaks in surface roughness measurements,
often resulting in positively skewed surfaces. In addition, high peak
density or variations in melt pool characteristics can result in valley-
dominated surfaces.

Flow and heat transfer in channels have been studied for over a
century. For rough and smooth walls, reliable correlations are available
for pressure losses.” ” For heat transfer, the situation is more complex.
Heat transfer in internal air-cooled systems is governed by Newton’s
law of cooling, Q = Aa(T,, — T.ee1). Typically, in a gas turbine con-
text, the temperature difference between the cooling flow (T,,,) and
the wall temperature (T,,) is given. However, the cooling engineer can
optimize the design by adjusting the exposed surface area (A) and the
heat transfer coefficient («). The heat transfer coefficient is favored by
“thin flow passages,” characterized by the hydraulic diameter, Dy,
which can be seen directly in the definition of the Nusselt number,
Nu = oDy, /2, where A is the thermal conductivity of the fluid.
Maximizing the surface area while minimizing the hydraulic diameter
can be achieved with a cooling design that relies on in-wall cooling (or
mini-) channels.

Smooth channels are thoroughly explored, and well-established
correlations are found (predominately Dittus’ and Gnielinski'’).
Regarding the heat transfer dynamics over rough surfaces, various
empirical studies by Nunner,'" Dipprey and Sabersky,'* and Kays and
Crawford"” have investigated predictive correlations for the Stanton
number (Sf). Nunner'' conducted pioneering experiments on a surface
roughened with two-dimensional transverse ribs, providing an empiri-
cal expression for St in terms of the Reynolds number, Prandtl num-
ber, and the ratio of rough to smooth skin friction coefficients.
Additionally, Dipprey and Sabersky'’ proposed a semi-analytical
expression for St based on the law of the wall similarity, incorporating
the Prandtl number, skin friction coefficient, and inner-scaled equiva-
lent sand-grain roughness, k;. They addressed the challenge of incor-
porating the effects of k; on St by leveraging experimental data from a
pipe with sand-grain roughness. Subsequent studies have refined and
modified these expressions based on experimental and numerical
investigations.'*'” Furthermore, due to challenges in obtaining accu-
rate temperature fields within the roughness sublayer, the underlying
physics of how wall roughness influences heat transfer remains
ambiguous.

The effect of surface roughness has also been investigated numer-
ically,'® ** with various methods. Several studies have proposed rough-
ness models to account for roughness in laminar flows. Advancements
in computer technology have facilitated direct numerical simulations
(DNS) for studying turbulent heat transfer over resolved rough surfa-
ces.””*” MacDonald et al.”” conducted DNS specifically on turbulent
heat transfer over sinusoidally rough surfaces, indicating that the cor-
relation function proposed by Dipprey and Sabersky'* accurately cap-
tured the influence of equivalent sand-grain roughness on St. Analysis
of instantaneous temperature fields revealed that dissimilarities
between heat and momentum transfer were primarily due to pressure
drag effects on the rough wall, enhancing momentum transfer but not
heat transfer. Peeters and Sandham™ explored DNS for grit-blasted
surfaces, affirming the efficacy of Dipprey and Sabersky’s correlation'”
in predicting St for such surfaces. Notably, dissimilarities between heat
and momentum transfers were evident in the recirculation zone
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behind roughness elements, where effective Prandtl numbers increased
rapidly within the rough surface. Recent DNS studies””** have further
investigated the scaling behavior of the temperature roughness func-
tion, A@™, analogous to wall roughness function, AU*, and observed
notable deviations from the established AU correlation, particularly
at higher k" values.

In recent times, substantial efforts have been dedicated to investi-
gating the relationship between topological roughness parameters and
the consequent increase in friction factor (c). However, the surface
roughness generated by AM techniques exhibits spatial non-uniformity,
influenced by various factors such as profile curvature, layer thickness,
laser power, sample orientation, metallic composition, and particle size.
As a result, AM roughness differs considerably from regular, random,
and artificial roughness. To date, convective heat transfer in AM-made
mini-channels remains understudied, with limited experimental and
numerical investigations.”” ** Snyder et al.’' demonstrated successful
tailoring of surface roughness through AM process parameters, enhanc-
ing the performance of a generic micro-channel cooling design. More
recent studies by Garg et al.””* have largely focused on systematically
exploring the relationship between AM roughness characteristics and k;
to reveal their impact on turbulent heat transfer using the similarity
function, wall-normal Reynolds stress, heat flux, and probability density
functions by using wall resolved large eddy simulations (LES). It has
been explored how turbulence statistics is affected by the presence of
the roughness elements, particularly “peaks” dominant surfaces, and the
highly non-uniform heat transfer was shown to predominately take
place at the “peaks” of the wall roughness. In this paper, we continue
these studies and aim to show higher-order statistics of the roughness
characteristics that affect heat transfer by directly comparing “peak”
and “valleys” dominant surfaces. To the best of the authors” knowledge,
this study represents the first instance of using LES to simulate turbulent
heat transfer in “peak” and “valley” dominated AM rough wall pipe
flows with grid-conforming three-dimensional roughness elements.
Note that the surfaces considered in the current study and the simula-
tion parameters are different from the ones used by Garg et al.””**

Il. GEOMETRY CREATION
A. Experimental

The test specimen used for surface roughness measurements was
manufactured using PBF-LB on an EOS M400-4 system at Siemens
Energy, Finspang. The powder feedstock was Inconel 939, with a pow-
der particle size distribution ranging from 15 to 45um. Printing
parameters were set according to Siemens Energy standard, and the
inert gas was argon. The build direction was set from bottom to top, as
shown in Fig. 1. The specimen had a height of 30 mm and a maximum
diameter of 15 mm, featuring a total of 41 surfaces with orientations at
—60° (downskin), 0°, 60° (upskin), and 90°. Each orientation (except
0°) comprised a minimum of eight surfaces. Surface measurements
were performed on each surface using both an optical high-resolution
light microscope, the Leica DM6 M, with focus variation, and an SEM,
the Jeol JSM-IT500. Post-processing, encompassing profile, and areal
evaluation were carried out using the Leica Map DCM software
(Release: 7.4.8964).

B. Rough surface characterization

Our goal in this study is to directly isolate the effects of roughness
height and skewness on turbulent heat transfer. To achieve this, we
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FIG. 1. lllustration of the test specimen. (a) Naming of different levels. (b) Test
specimen in relation to gas flow, reacoater, and laser.

needed to tightly control the roughness characteristics of the surfaces
we investigated by using a specific rectangular area from the downskin
surface at position 5 (see Fig. 1) as a base. We then resized this base
area to create six samples with varying roughness heights, while keep-
ing the underlying surface pattern constant. The original surface was
positively skewed, ie., dominated by peaks. To create samples with
negative skewness, we simply flipped these original surfaces upside
down. In total, 12 rough surfaces were generated based on the data
provided by Siemens Energy, shown in Fig. 2. Flipping the surfaces
essentially transformed the peaks into valleys, all while maintaining
consistent roughness parameters. Table I summarizes the key charac-
teristics derived from the probability density function (PDF) of the
surface height. These characteristics include the average roughness
height, R,, the maximum peak-to-valley height, R, the skewness fac-
tor, s, and the kurtosis factor, k,, all calculated using the height func-
tion, y(x, z), over sampling lengths L, and L, in the streamwise and
spanwise directions, respectively. We denote surfaces with positive
skewness (peak-dominated) as PS and those with negative skewness
(valley-dominated) as NS for brevity. Figure 2(a) displays surfaces with
a positive value of s, while Fig. 2(b) depicts surfaces with a negative
value of s;. Going from left to right, the normalized roughness height
(R./D) ranges from 0.001 to 0.028. The roughness parameters, deter-
mined using the code developed by Garg et al,”””* are detailed in
Table II. Notably, the values of k, remain constant across all rough sur-
faces examined in this study.

C. Geometries and meshes from experiment

A rectangular portion of the downskin surface at position 5, as
shown in Fig. 1, was extracted and written in STL format. Figure 3
shows the transformation of this rough plane to a rough pipe. The pla-
nar surface is mirrored along the x-axis. This operation ensures that
both sides of the surface parallel to this axis are identical. Then a rota-
tion around the x-axis is applied to all points of the STL file. Along the
closing line, all pairs of points merge perfectly thanks to the previous
mirroring step, as shown in Fig. 3.

Practitioners can easily bend a planar surface using commercial
and open-source CAD software. However, merging the points along
the closing line is quite time-consuming and error-prone. Indeed, this
operation relies on a threshold distance to decide whether two points
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on the closing line should be merged. The determination of this
threshold value for a given STL file is cumbersome.

To ease the process of creating rough cylinders, the authors
have developed an open-source Fortran code available on GitHub.”
The code runs on Unix systems and takes as input parameters the
STL file containing the planar rough surface and a tolerance factor
used to merge the points on the closing line. Optionally, the user can
specify a roughness factor to rescale the surface roughness. Several
values of tolerance factors may need to be tested in a trial-and-error
approach in order to find the most appropriate one. A tolerance fac-
tor of 0.002 was found accurate to properly merge the points on the
closing line for all the pipes considered in this work. The flexibility
of the code is a major asset for the creation of rough pipes from AM
rough surfaces. Moreover, the ability to rescale the surface roughness
leads to straightforward parametric studies of the impact of the
roughness height and skewness on turbulence and heat transfer. The
code produces an STL file containing the rough pipe, as shown in
Fig. 3, and related statistical quantities, as detailed in Table T (only
the ones of interest for the present work). This code has been used
in our previous studies.”””*

We used snappyHexMesh, a meshing tool included in the
OpenFOAM software (OF7), to create meshes for the volumes within
the cylinders. As an example, Fig. 4 shows the mesh generated for the
PS6 rough surface. To precisely capture the surface roughness, we
refined the mesh near the walls. However, due to the intricate surface
details and the complexity of cells close to the walls, obtaining exact
values for non-dimensional wall distances like x, ", and z" proved
challenging. Therefore, we present estimated average values for these
quantities in our current meshes. Across all surfaces at a Reynolds
number (Re;,) of 8000, the average values of x", 7", and z" near the
wall are all found to be below 2.35. In the channel center, r' values
range from 3.36 to 10.90 for PS1-PS6 and NS1-NS6 roughness config-
urations. The maximum values of skewness, aspect ratio, and non-
orthogonality for cells across PS1-PS6 and NS1-NS6 roughness are
observed to be between 0.72 and 1.59, 10.37 and 13.41, and 51.56° and
65.33°, respectively.

lll. NUMERICAL METHODOLOGY
A. Governing equations

This study involves conducting wall-resolved LES of thermal flow
in pipes roughened with AM structures. The flow is assumed to be
fully incompressible, Newtonian, and heated with a uniform wall heat
flux gq,,. The governing equations are the spatially filtered mass,
momentum, and energy conservation equations, where the filtered
quantities are denoted by overbars, with a subgrid-scale (SGS) model
introduced to represent small-scale unresolved turbulence effects. The
filtered LES equations are expressed as follows:

Ju;

%_Fi(—.—.)__laj_aﬂj_Fi % (2)
ot Ox; Hiv) = pOx;  Ox;  Ox Y ox; ||

oT o(Tw) g 0 [1@}

3)

ot Ox;  Ox;  Ox; |Prox;
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PS1
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(al)
(b)
s = —0.424
NS1
(b1) (3)

pubs.aip.org/aip/pof

NS4
(b4) (b5)

FIG. 2. Visualization of additive manufacturing rough surface height map, y(x, z), extracted from the measurement of 3D printed microchannels at Siemens Energy. The surfa-
ces in the top row have s, = 0.424 value (a1) PS1, (a2) PS2, (a3) PS3, (a4) PS4, (a5) PS5, and (a6) PS6; those in the bottom row have sy = —0.424 value (b1) NS1, (b2)
NS2, (b3) NS3, (b4) NS4, (b5) NS5, and (b6) NS6. From left to right, the sampled surface is the same, but the mean roughness height increases.

where %; is the filtered velocity, p is the filtered pressure, v is the
kinematic viscosity, and t; = wu; —u; u; is the subgrid-scale
stress tensor, modeled using the Boussinesq hypothesis, t;
= —2pvSij, where S;; is the resolved rate-of-strain tensor and
Vsgs is the subgrid viscosity. Additionally, T denotes the tempera-
ture, o = v/Pr, the thermal diffusivity, Pr, the Prandtl number,
and g; = w;T — %; T, the subgrid heat flux vector. The subgrid vis-
cosity is modeled using the wall-adapting local eddy-viscosity
(WALE) model,’® given by

d od\3/2
(5353)

— ; 4)
(S55)°/% + (sysi)**

vy = (CWA)Z

where ¢, ~ 0.325 is a model parameter, A is the cell filter size, and
S‘i]i. =1 (§§ + gﬁ) -3 (5,)@?]- is the traceless symmetric part of the square
of the velocity gradient tensor, with g; = Ju;/0x; being the filtered
velocity gradient. The subgrid heat flux is modeled with a gradient
transport model,”” with Olsgs = Vsgs/ Pry, where Pry is the turbulent Pr
number.

With a constant heat flux boundary condition, the fluid’s bulk
mean temperature linearly increases with axial distance, complicating
the implementation of periodic boundary conditions for the tempera-
ture. To address this, we adopt the approach suggested by Kasagi
et al,”® introducing a transformed temperature ® = T — T,, in the
energy equation,”’ where T,, is the temperature at the wall. The advan-
tage of this method lies in the periodicity of ® in the streamwise direc-
tion.””*” Under fully developed flow conditions, the energy equation is
modified to incorporate an internal heat source as follows:

v 00
Pr Ox;

00 o(eu;)

_d4r 0
ot 89{,‘ - 8}6,‘ 8xi

quwle Uy
PV <ax> '

®)

where u, is the friction velocity and gq; = u;0® — %0 is the trans-
formed subgrid heat flux vector.

B. Numerical methods

In this study, OF7 was used to simulate turbulent pipe flow with
AM rough walls. The LES equations were solved numerically using a
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TABLE I. Summary of roughness parameters based on roughness height, y (assum-
ing mean line is at y=0), with continuous formulations, where L, is the surface
length, and p, the probability density function.
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TABLE |I. Statistical quantities for the 12 rough surfaces considered. The descrip-
tions and analytical expressions are given in Table |. Here D is the characteristic
diameter of the rough pipe (defined later).

Parameter Description Continuous formulation Case R,/D (-) R,/D(-) sk (=) k, (=)
R, Arithmetic average height 1 (& (- PS1 0.001 0.010 0.424 3.054
(m) L.l L L Iy, 2)ldzdx PS2 0.006 0.052 0.424 3.054
Rq Root mean square rough_ 1 L. (L. PS3 0.012 0.103 0.424 3.054
ness height (m) 1 J J {y(x, 2) Y dzdx PS4 0.015 0.127 0.424 3.054
, ' <z do Jo PS5 0.020 0.164 0.424 3.054
R, Maximum height between |min y;| + |max y;| PS6 0.028 0234 0.424 3.054
éhe h‘gthe:ltl Peal; fl?d the NS1 0.001 0.010 0424 3.054
eepes Vﬁleez'n‘:) e pro- NS2 0.006 0.053 —0.424 3.054
1 oo NS3 0.012 0.103 —0.424 3.054
5 Skewness (=) FJ yp(y)dy NS4 0.015 0.127 —0.424 3.054
9 :’C NS5 0.020 0.164 —0.424 3.054
1 ~ NS6 0.028 0.234 —0.424 3.054

ky, Kurtosis (-) Rt J y'p(y)dy

q —00

second-order cell-centered discretization scheme for convective and
diffusive fluxes within the finite volume method. Time stepping
involved the implicit Adams-Bashforth method,”" with a maximum
Courant-Friedrichs-Lewy (CFL) number of 0.5 to ensure numerical
stability. The Pressure Implicit Splitting of Operators (PISO) algo-
rithm™” was used to achieve pressure-velocity coupling, with three cor-
rector steps to minimize discretization errors. The resulting pressure
equation was solved using the Generalized Geometric-Algebraic
Multigrid (GAMG) method"’ with a Diagonal Incomplete Cholesky
(DIC) smoother.”* For velocity solutions, the Preconditioned
BiConjugate Gradient (PBiCG) solver'”~ was employed along with a
Diagonal Incomplete Lower-Upper (DILU) preconditioning method."*
Additionally, to address non-orthogonality in our roughness-
conforming meshes, two inner loop correctors were implemented,
considering that the maximum non-orthogonality in all meshes
remained below 70°.

C. Initial and boundary conditions, dimensionless
numbers

The simulations assume fully developed, turbulent, incompress-
ible, and Newtonian flow with constant properties (p = 1kg m > and
¢,=1005] kg~' K ). The effects of gravitational acceleration forces
are neglected. The value of Pr was set to 0.71, and Pr; was set to 0.85.
The simulations explored the influence of two key factors: roughness
height and surface skewness. We simulated six different normalized
roughness heights (R, /D = 0.001-0.028) on surfaces with two distinct
skewness values (s = —0.424 and 0.424), where D is the characteristic
diameter of the rough pipe defined as D = §/(xnL,), with S being the
total rough surface area of the pipe and L, the pipe length. The Re,,
was kept constant at 8000 throughout all simulations. Here, Rej, is
defined as Re, = U,D/v, where U, is the bulk velocity of the fluid. For
easy reference, we labeled the surfaces with positive skewness
(sx = 0.424) as PS followed by a number indicating the roughness
height (e.g., PS1 for R,/D = 0.001). Similarly, surfaces with negative

o X"
Cylinder
closing line

én ~
Surface

- y
- Wty it 4
- j - ~ mirroring line | |«
[
— H—m,r
LZ *l

FIG. 3. A planar rough surface mirrored with respect to the black line and then
wrapped around the same direction to produce a rough pipe.

PS6 rough surface

FIG. 4. lllustration of the mesh for PS6 rough surface.
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skewness (sx = —0.424) were labeled NS followed by a number (e.g.,
NS6 for R, /D = 0.028).

In analyzing wall-bounded flows, the friction velocity scale, u,, is
determined a posteriori using the pressure gradient, Ap/L,, calculated
as u, = /0.25DAp/(pLy,). The friction temperature, @, is defined as
O. = q,/pcpu;. A key parameter, the turbulent friction Re number,
Re, is defined as Re; = u.D/(2v). In this study, Re, ranges from 260
to 568 for NS1-NS6 and 260 to 602 for PS1-PS6 (see Table III).
Additionally, the roughness Reynolds number, k" = ku. /v, is con-
sidered, where k; is estimated based on the roughness function,
AU*.”>** This yields a range of k" between 1 and 518 for negatively
skewed surfaces and between 1 and 536 for positively skewed surfaces.
Notably, in flows over roughened walls, 1, and the skin friction coeffi-
cient, ¢ reflect the total wall drag, encompassing pressure and viscous
drag instead of solely the skin-friction drag.

The computational domain length, L,, is set to eight times the
pipe diameter, ie., L, = 8D, to mitigate periodicity effects in all con-
sidered statistics.”””*****"” The axial, radial, and azimuthal directions
are denoted by x, r, and 0, respectively, with corresponding velocity
components u,, u, and ug. The effective wall-normal distance is
denoted by r = r° — d, where r° is the average pipe radius and d is the
zero-plane displacement.””** Periodic boundary conditions are applied
in the streamwise direction. No-slip boundary conditions are imposed
at the wall for all velocity components (uy, u,, ), ensuring the fluid
velocity is zero at the rough surface. The zero-Neumann boundary

condition is applied for pressure (g—ﬁ =

dient across the wall. To impose cyclic boundary conditions for fully
developed channel flow, a pressure-gradient-driven flow is typically
the best type of forcing to maintain a consistent mass flow rate.

Generally, a forcing term (F = —%memn> is added to the right-

) , indicating no pressure gra-

hand side of the momentum conservation equation to maintain a
controlled mean pressure gradient. However, what value of pressure
gradient the AM surfaces will generate is not known a priori due to the
absence of an adequate roughness length scale, ie., k. Therefore, we
used an alternative method called bulk velocity control. This method
ensures that the desired bulk velocity (and thus bulk Reynolds num-
ber) is maintained throughout the simulation by dynamically adjusting

TABLE lll. Estimated values of Re; and k" for the 12 rough surfaces considered.

Case R,/D (=) sk (=) Re, () kf
PS1 0.001 0.424 243 1
PS2 0.006 0.424 279 10
PS3 0.012 0.424 303 16
PS4 0.015 0.424 353 52
PS5 0.020 0.424 421 126
PS6 0.028 0.424 602 536
NS1 0.001 —0.424 242 1
NS2 0.006 —0.424 277 9
NS3 0.012 —0.424 299 16
NS4 0.015 —0.424 352 49
NS5 0.020 —0.424 418 98
NS6 0.028 —0.424 567 518
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the pressure gradient. This is achieved by using a utility called
“meanVelocityForce” in OF7. The boundary condition for the trans-
formed temperature is simply @ =0 at r=0and r=D.

Statistical representation involves angular brackets, (...), for
time-averaged quantities and primes, (...)’, for fluctuating quantities.
The reported data correspond to a dataset extending to 100tg, where
tge = Ly /Uy, is the flow-through time.

IV. RESULTS AND DISCUSSION
A. Instantaneous flow

In the context of heat transfer over rough surfaces, the combined
effect of increasing surface roughness and skewness can result in a syn-
ergistic enhancement of heat transfer. From a statistical sense, the sur-
faces with positive skewness can be considered peak-dominated
surfaces, and the ones with negative skewness as valley-dominated sur-
faces. To explore the influence of peaks and valleys alongside their
height impact on the friction factor ¢ = ApD/(2L,pU}) and
Nusselt-Prandtl ratios, first, the instantaneous flow visualizations of ¢
(absolute values) and NuPr~'/? are shown in Fig. 5.

In Figs. 5(a) and 5(b), moving from left to right, the s, values are
fixed, but roughness height increases. Panels (i) and (ii) show the
results for positively and negatively skewed roughness, respectively.
For small values of R,/D, the distribution of ¢r resembles the one
obtained for smooth pipe flows, and the impact of s; is negligible.
With increasing R, /D values, all surfaces show elevated ¢ Higher ¢f
values at peaks indicate that the roughness elements are inducing
more substantial energy losses in the flow. These energy losses are
associated with the work done by the fluid to overcome the increased
resistance caused by the rough surface. In geometries transitioning
from peaks to cavities at a fixed R,/D ratio, changes in the distribu-
tion of ¢y along the surface are observed [see zooms included in panel
(iii)]. In peak geometries, such as protrusions, higher ¢, values are typ-
ically found at the front head of the peak due to flow separation and
the formation of recirculation zones. However, when the geometry is
rotated to form a cavity, the flow behavior alters, leading to flow reat-
tachment downstream of the cavity. Consequently, the downstream
side of the cavity experiences increased turbulence levels and higher
momentum transfer near the surface, resulting in higher ¢, values on
the downstream side of the cavity. These variations in flow behavior
and boundary layer characteristics contribute to the observed changes
in the distribution of ¢, as well as in heat transfer along the surface of
the geometry [see Fig. 5(b)]. The heat transfer enhancement factor
exhibited a pronounced upward trend as the surface roughness
increased. The presence of roughness elements altered the near-wall
flow patterns, leading to increased turbulence and improved heat
transfer rates. Furthermore, in peak geometries where o values are
higher at the front head of the peak, the enhanced turbulence near
the surface promotes better mixing of the fluid, resulting in higher
convective heat transfer coefficients. Consequently, NuPr—'/3 tends to
be relatively higher on the upstream side of the peak compared to the
downstream side.

B. Mean velocity and temperature

Figure 6 presents inner-scaled profiles of the streamwise mean
velocity, (u}), for positively and negatively skewed surfaces. The non-
dimensional wall distance, 7", is measured from the plane at which the
total drag acts. This involves shifting the velocity profiles for rough
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FIG. 5. (a) Skin friction factor (c;, colormap varies from pink (minimum) to yellow (maximum) and (b) heat transfer enhancement factor (NuPr~"/3, colormap varies from blue
(minimum) to red (maximum), as a function of mean roughness height, R, for (i) positively and (ii) negatively skewed rough surfaces. (iii) Zooms are also included for clarity.
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FIG. 6. Mean velocity profile for (a) positively skewed and (b) negatively skewed
surfaces in the inner wall units.

surfaces by removing the negative velocities, commonly referred to as
zero-plane displacement.””***? Additionally, the plot includes numeri-
cal results of mean streamwise velocity profiles for LES of smooth pipe
flow at the same bulk Re number (Re,=8000) for comparison and
standard log-layer profiles for smooth walls (solid green line). In Figs.
6(a) and 6(b), it is observed that increasing k" results in a downward
shift of the logarithmic profile of (1), indicating enhanced momen-
tum transfer by the wall roughness. For small values of R,/D, i.., in
the hydraulically smooth regime as k™ & 1, the PS1 and NSI profiles
are very close to the one for smooth surfaces, SO, as expected. The
impact of s is little for PS2, PS3, NS2, and NS3 surfaces as the down-
ward shift is found to be roughly the same. For the larger value of
R,/D > 0.015, the downward shift in the logarithmic profile is found
to be larger for positively skewed surfaces compared to negatively
skewed ones, signifying larger momentum transfer by the wall rough-
ness in the former ones.

In Figs. 7(a) and 7(b), mean temperature profiles, @, are
shown for all surfaces with s = 0.424 and s = —0.424, respectively.
Similar to (1), an increasing downward shift is observed for ®"
with increasing wall roughness height in the region r* > 20, while a
slight upward shift is observed for r™ < 15, signifying increased
heat transfer close to the surface. For small roughness
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FIG. 7. Mean temperature profile for (a) positively skewed and (b) negatively
skewed surfaces in the inner wall units.

(Ry/D = 0.001, kf = 1), the ®" profiles coincide with the ones for
SO irrespective of the skewness, as expected. Furthermore, the down-
ward shift in the (u]") profile is consistently larger than that of the
O®" profile at the same k! value, consistently with previous DNS
studies.”*”******° The direct comparison of @ profiles in Figs. 7(a)
and 7(b) for comparable R,/D value shows that peak-dominated
surfaces (sy = 0.424) have a larger impact on heat transfer enhance-
ment than the valley-dominated ones (sy = —0.424). In other terms,
surfaces with the same value of R,/D but different s; lead to slightly
different predictions of k", and hence, larger roughness height and
peak-dominated surfaces result in higher turbulence levels and even-
tually higher heat transfer rates.

The magnitudes of the downward shift can be measured by using
the roughness function (AU") and temperature difference function
(A®™). Figure 8(a) shows AU" and Fig. 8(b) shows A®™ as a func-
tion of k", indicating the changes in the mean profiles due to wall
roughness. The results for sy = 0.424 are shown in blue circles and the
ones with sy = —0.424, in red triangles. The chosen scaling ensures
that the roughness function collapses with Colebrook and Nikuradse’s
sand-grain data in the fully rough regime, as detailed by Garg
et al.”>" It is important to note that k, must be dynamically deter-
mined for each specific rough surface and does not represent a simple
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FIG. 8. (a) Roughness function, AU* and (b) temperature difference, A®™, as a
function of equivalent sand-grain roughness Reynolds number, k", for positively

y Rgy

skewed (blue circles) and negatively skewed (red triangles) surfaces.

geometric length scale of the roughness. Consequently, in this study,
the value of k is not known in advance and has been computed by
extracting AU from Fig. 6(a) for positively skewed surfaces and
Fig. 6(b) for negatively skewed surfaces and then using a Colebrook-
type roughness function, AUT = 2.44log (1 + 0.26k}).”

Figure 8(a) illustrates the progressive increase in AUt with
kt, eventually approaching the asymptotic limit for the fully
rough regime. The fully rough regime for the present rough sur-
face is observed in the range of 80 < k" < 537, which is some-
what comparable to sand-grain roughness with kj ~ 70.” The
literature reveals similar roughness functions obtained for sand-
grain roughness at approximately the same Re number, even
though the roughness heights significantly differ.””*”' >
Interestingly, for k] =1, peak-dominated (PS1) and valley-
dominated (NS1) surfaces result in the same AU™ values, as seen
from (u™) profiles. With increasing k" values, we found that sur-
faces with s > 0 result in a larger value of AUT compared to the
one with s; < 0 even if the surfaces share the same R,/D values.
This suggests that the roughness height alone is inadequate for
scaling the momentum and heat transfer deficit resulting from
surface roughness.

pubs.aip.org/aip/pof

Similarly, the temperature difference function (A®") is com-
puted and shown in Fig. 8(b) for sy > 0 (blue circles) and s; < 0 (red
triangles). Globally, A®T initially increases with kj, but the rate of
increase diminishes as k" becomes larger. This behavior aligns reason-
ably well with Kays and Crawford’s correlation'” (dashed pink line):
AO®T =log (k) — 3.48 2% — 1.25k 0-2PrO4 + B(Pr), where
Kk = 0.4 is the von Kdrmdn constant and f/(Pr) = 5.6 represent the
log-law intercept. Additionally, we compare the results of A@™ for dif-
ferent rough surfaces, including three-dimensional irregular rough-
ness””” with positive and negative s; values and three-dimensional
AM roughness”’ with positive s; values. In the limit of small k}" < 10,
the value of ®" ~ 0 indicates the negligible impact of roughness
height and s; on heat transfer enhancement. Interestingly, for
k] > 10, we observe an increasing trend of A@™ against k., which is
found to be consistent with the reference data,”**"” despite variations
in roughness type, R,, and s, values from previous studies. This sug-
gests that topological parameters, such as roughness type (AM or arti-
ficial), s, and ES, have little impact on the A®* trend against Kk,
especially in the fully rough regime. However, differences in the abso-
lute value of ®" are noticeable for AM roughness of Garg et al.,”’
potentially due to variations in Re;, and s values used in their simula-
tions. Given that AU and A®@™ reflect enhancements of the momen-
tum and heat transfer, respectively, the observation of AUt > A®T
indicates that the wall roughness increases the momentum transfer
more than the heat transfer.

C. Effective turbulent Prandtl number

56

According to Kader,” the log-region of the mean temperature
profile ® in the absence of wall roughness can be described as

O (r') = %mg(ﬁ) + B(Pr). ©)

In this expression, f(Pr)= (3.85Pr'/>* —1.3)> +(Pr,/x)log(Pr).
The literature typically suggests Pr; values in the range of 0.85-1. Spalart
and Strelets” proposed a method for determining an effective Prandtl
number within a recirculation bubble as Prog = v / Oleff» where Veff

= —(uju))(Sy) and oy = —(u,0')(30 /dx;)/((00©/x;))’. Far from
the wall, Pro = Pr;. Profiles of Prgare displayed in Fig. 9 for positively
and negatively skewed surfaces. Pr.g shows similarity in cases such as
S0, PS1, PS2, NS1, and NS2, where k;r < 10. However, for larger kj
values, Prpy demonstrates a peak just below the plane y/é = 0, which is
equally pronounced for both positively and negatively skewed surfaces.
This peak signifies a reduced effective thermal diffusivity, suggesting
that regions r/R < 0 act as a thermal resistance. Moving away from the
wall, Pryg decreases with wall distance, reflecting the unmixedness of the
scalar, as discussed in more detail in Refs. 58 and 59. Additionally, far
from the wall, simulations with roughness show a slightly smaller Pr
compared to Pr, in smooth channel cases, especially for high k] with
sk = —0.424. These results indicate that roughness indeed influences
Pr,, with the influence of s, on these outcomes deemed insignificant for
the surfaces examined in this study. Moreover, the reason for the rise in
Pr within the rough wall can also be found in the contour maps of
Reynolds shear stress, (#/u/)" and wall-normal component of heat
flux, (u/@')" in Fig. 10. From Fig. 10, it is evident that (#/®')" and
(U ') exhibit a similar trend but there is a noticeable difference just
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FIG. 9. Effective Prandtl number plotted in outer units for (a) positively skewed sur-
faces and (b) negatively skewed surfaces. Results for the benchmark case, i.e.,
smooth surface, are also included for reference. The dashed red line shows Pr; =
0.85 fixed in the simulations.

behind the roughness crests, where (1//@’)" is somewhat smaller than
(ulu!)". This is also reported by Kuwata,” attributing it to recircula-
tion zones behind the roughness crest, which had a detrimental effect
on heat transfer. Moreover, the abrupt fluctuations in Prin the vicinity
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of the bottom (r/R < 0.01) are associated with the effective eddy diffu-
sivity v In this region, the local equilibrium state of turbulence breaks
down; enhanced pressure diffusion acts as an energy source near the
bottom of the rough surface, leading to an enhancement of the wall-
normal Reynolds stress and the Reynolds shear stress.”’

D. Impact of skewness and roughness height on
Reynolds stresses and heat fluxes

The temperature fluctuations, ®', and velocity fluctuations, u/,
and u/, give rise to significant mean Reynolds stresses and heat fluxes.
Recent studies by Garg et al.”” have shown the decreasing correlation
between streamwise velocity fluctuations, (1) and streamwise com-
ponent of heat flux, (#,®'), with increasing roughness height.
However, the influence of roughness topologies, such as peak-
dominated roughness with sy > 0 and valley-dominated ones with
sk < 0, is still unclear. Thus, the effect of s, on the correlation between
(.©') and (1, 1) and between (1/.®) and (u 1) with increasing
roughness height is investigated in this section.

In Fig. 11, we compare (u/u.)" with (/.0")" and (1 u.)" with
(u.@®")", for the range of R,/D = 0.001 — 0.028, yielding a range of
ki =1—536. All solid and dashed lines represent negatively
skewed and positively skewed surfaces, respectively. All cases show
that irrespective of the roughness height and skewness values, the
general trend between (1/@')" and (1 u/)" is practically identical,
with a slight difference in the magnitude, (1/®')" being slightly
smaller than (u/u/)". This is consistent with Pr,being greater than
one in the vicinity of the wall and the results shown in Fig. 10, indi-
cating the recirculation zone behind the roughness wall acting as a
thermal resistance. With an increase in roughness height, we
observe that the peak value of these quantities shifts outwards after a
critical value of R, /D > 0.006, i.e., outside the hydraulically smooth
regime. For larger R, /D values, the impact of s starts to become vis-
ible for R,/D > 0.012 as the peak location starts moving outward
for the positively skewed surfaces compared to the negatively
skewed ones, which means positively skewed surfaces generate
larger friction, consistent with our earlier results. This outward shift
can also be explained by calculating the modified diameter,
D¢ = Dy — d, where D, is the smooth pipe diameter. The estima-
tion of normalized D¢ is shown in Fig. 12. Here we can see that
the “effective” diameter is about 10% larger for the negative skew-
ness than the positive one (at Ra/Dy = 0.032), having a profound
influence on the overall flow. Effectively, the positive one squeezes

<u,.@' >*
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FIG. 10. Contour maps of wall-normal heat flux component, (1/®")", and Reynolds shear stress, (u,u/)", in a x-y plane for R,/D = 0.028 and s, = 0.424. Red dashed
lines indicate the region where the difference between (/@) " and (u,u/)" is apparent.
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FIG. 11. The wall-normal Reynolds shear stress, (uu.), streamwise velocity fluctuations, (uu,), normalized by u? and streamwise heat flux, (u,®’) and wall-normal heat
flux, (1.®"), normalized by u, T, for cases with (a) R,/D = 0.001, (b) R,/D = 0.006, (c) R./D = 0.012, (d) R,/D = 0.015, () R,/D = 0.020, and (f) R./D = 0.028.
Solid and dashed lines represent negatively skewed and positively skewed surface results, respectively.

the flow toward the center, which causes a larger outward shift of
the peak for positively skewed surfaces compared to negative ones.
A slight difference between (u/1/.) and (1. @') is seen in the magni-
tude. The general trend is very similar for these two quantities as
well. Interestingly, the difference between (1.®') and (v ul) is a
non-monotonic function of R, /D.

E. Impact of skewness and roughness height on
effective heat transfer

Figure 13(a) presents the friction factor as a function of R, /D for
various rough surfaces with s, = 0.424 and s = —0.424 values, nor-
malized with respect to the numerical results obtained for smooth pipe
flow using the Moody chart. The plots cover a R, /D number range of
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FIG. 12. Estimation of modified rough surface diameter due to negative velocities
for positively and negatively skewed surfaces.

0.001-0.028. Due to the lack of experimental validation for rough sur-
faces, we employed LES with the WALE model for smooth pipe flow
at the same mesh resolution as rough pipes and matched Reynolds
numbers. Previous studies by Garg et al””"" utilized LES where the
WALE model results for smooth pipe flow were used as a validation
tool, showing excellent agreement with theoretical predictions from
the Moody chart, with a deviation of less than 3% [refer to Fig. 10(a)
dashed black and solid green lines of Garg et al.”’]. This validation pro-
cess instills confidence in the accuracy and robustness of our numerical
approach for predicting the friction factor behavior in smooth pipe
flow. By extension, it reinforces the reliability of our numerical results
for turbulent flow over rough surfaces, given the utilization of the
same numerical approach.

In Fig. 13(a), the normalized ¢/ c}) values indicate a consistent
upward trend with increasing roughness height (R, /D increases from
0.001 to 0.028), regardless of s, values. For PS1 and NS1 with R,/D
=0.001 and k" =~ 1, representing hydraulically smooth roughness, ¢
is negligibly 1mpacted leading to cf / ¢ approaching 1. In the transition
regime of PS2 to PS4 and NS2 to NS4 where k} ranges from 9 to 50,
roughness elements disrupt the laminar flow, 1nduc1ng additional drag
and increasing resistance compared to smooth pipe flow, thus explain-
ing the observed increasing behavior of ¢f/c). The influence of s
remains insignificant up to R,/D = 0.03. However, as R, /D surpasses
this threshold, rough surfaces PS5, PS6, NS5, and NS6 yield kj values
between 100 and 536, indicating a fully rough regime where intensified
turbulence significantly increases ¢; The impact of s, becomes pro-
nounced, with positively skewed surfaces displaying higher c;than neg-
atively skewed ones, indicating a greater imbalance between
turbulence effects and roughness-induced drag in peak-dominated sur-
faces. Surprisingly, up to considerable R, /D values, the impact of s, on
cris negligible.

In Fig. 13(b), the normalized Nu number is shown as a function
of R,/D for various rough surfaces, normalized against the Nusselt
number obtained for smooth pipe flow, Nu°, using the Dittus-Boelter
correlation Nu® = 0.023Re)-*Pr®*. LES with the WALE model results
for smooth pipe flow were utilized as a validation tool, exhibiting excel-
lent agreement with theoretical predictions, with a deviation of less
than 4% [refer to Fig. 10(b) dashed black and solid green lines in Garg
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et al.”’]. Similar to the prediction of [ the observed behavior indicates
potent heat transfer enhancement within the considered range of
R,/D due to roughness-induced disturbances. In the hydraulically
smooth regime, the impact of protrusions and valleys is negligible on
the Nu number, leading to Nu/Nu® approaching 1, regardless of s;. As
the transition roughness regime is entered, Nu values begin to increase,
resulting in potent heat transfer enhancement, with the impact of s; in
this regime found to be negligible. However, in the fully rough regime,
Nu values exhibit a consistent upward trend, with the influence of s
becoming apparent. The results demonstrate that surfaces dominated
by peaks (sx > 0) result in higher heat transfer enhancement com-
pared to those dominated by valleys (s, < 0).

To quantify the heat transfer enhancement effectiveness for the
current roughness and assess the influence of surface topology, we cal-
culated the thermal performance factor (TPF), representing the ratio
of the relative change in heat transfer rate to the change in friction fac-
tor: TPF = (Nu/Nu®)/ ?, illustrated in Fig. 13(c). Three dis-
tinct regimes emerge. Flrst tl{e hydrauhcally smooth regime, where all
rough surfaces perform equivalently to smooth ones. Second, the tran-
sitionally rough regime, where TPF notably increases, remains between
1 and 1.5, signifying superior performance of all roughness configura-
tions compared to smooth surfaces in transitional flow. The influence
of s; becomes noticeable for R,/D = 0.015. Finally, in the fully rough
regime, the impact of roughness height and skewness becomes mark-
edly pronounced. Surfaces with positive s, values reveal a larger and
more monotonic increase in TPF compared to those with negative sy
values. This highlights the critical importance of surface topology,
where positively skewed surfaces outperform negatively skewed ones
for similar roughness heights.

F. Effect of surface anisotropy on the anisotropy of the
Reynolds stress tensor

The net anisotropy of the Reynolds stresses is commonly quanti-
fied using the second, IIj, and third, III;, invariants of the normalized
anisotropy tensor, b;, given by"'

by = —3. =5, @)

The state of anisotropy can then be characterized with the two varia-
bles 77 and ¢ defined as
) 1

=—-II 8
n 31 (8)

and

&= 7%111;,. 9)

The Reynolds stress tensor’s feasible states are confined within a
triangular region in the (&, 1) plane, known as the Lumley triangle.
Distinct turbulence scenarios can be distinguished by examining the
two invariants of b;; at the Lumley triangle’s theoretical extremes. Garg
et al.”” provided a comprehenswe analysis of these states. Figures 14
and 15 depict Lumley triangle plots for rough surfaces with specific val-
ues of s (0.424 and —0.424, respectively), along with a reference plot
for smooth pipe flow [Figs. 14(a) and 15(a)]. Data are extracted from a
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y-z plane slice at a consistent location for all surfaces, as illustrated in
the inset of Fig. 14(a). Utilizing PDF post-processing,
cell-centered values of ¢ and # are visualized with a colormap to corre-
spond with the wall-normal distance. In the smooth-wall turbulent
pipe flow reference case, near-wall flow closely resembles a two-
component state along the upper boundary of the Lumley triangle,
progressing toward the one-component state at the triangle’s upper-
right apex. Maximum anisotropy occurs at approximately r* ~ 8,
beyond which anisotropy diminishes. For ™ > 8, the (&, ) curve
aligns closely with the right boundary of the Lumley triangle, indicating
proximity to an axisymmetric, rod-like state, but not fully reaching the
maximum isotropy state at the triangle’s base summit as " increases.
For smaller R, /D values, the behavior of surfaces PS1 and NSI closely
resembles that of smooth surface flows, irrespective of s, values.

For rough surfaces with R, /D > 0.01, regardless of s; values, tur-
bulent states occupy various positions within the Lumley triangle,
except for the plain strain condition marked by the dashed line [see
Figs. 14(b)-14(f) and 15(b)-15(f)]. In the deepest valleys of the surfa-
ces, the Reynolds stress anisotropy tensor tends toward a strongly
anisotropic, one-component state. As 1 increases, the results diverge

from the trajectory observed for smooth-wall pipe flow on the
(&, n)-map. Across all rough surfaces (PS1 to PS6 and NS1 to NS6),
the flow converges toward the left side of the Lumley triangle, attaining
an axisymmetric disk-like state at the roughness mean plane. Here, the
streamwise and azimuthal Reynolds stresses exhibit comparable mag-
nitudes. Anisotropy tends to center around the axisymmetric expan-
sion and the two-component limit, indicating that one stress
component predominates or that two components are similar in mag-
nitude. Such axisymmetric, disk-like states of the Reynolds stress
anisotropy tensor are characteristic of mixing layers. Similar behavior
has been noted in turbulent flows over transverse bar roughness,(’2 k-
type roughness,” irregular roughness,”* and recently in AM rough-
ness.”* Beyond the roughness mean plane, the trajectory shifts back
toward the right side of the triangle, resembling an axisymmetric, rod-
like state, mirroring the behavior of the smooth-wall case once the
wall-normal coordinate surpasses the maximum roughness height.
The most prevalent anisotropic states include axisymmetric expansion,
one-component, two-component, and two-component axisymmetric
states, with the likelihood of a specific turbulent state increasing with
higher R, /D.
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The influence of s values on Reynolds stress anisotropy is evident.
For instance, comparing the PS4 surface in Fig. 14(d) with the NS4 sur-
face in Fig. 15(d), both sharing the same R,/D but differing s values,
highlights this impact. The disparity in turbulent states between these
surfaces stems from distinct flow interactions with surface irregularities.
Surfaces characterized by positive and negative s; values represent two
rough surface types: one dominated by peaks and the other by valleys,
respectively. Peak-dominated surfaces exhibit protruding irregularities,
promoting turbulence generation through flow acceleration, vorticity,
and separation, resulting in a more intense and anisotropic turbulent
flow. Conversely, valley-dominated surfaces have recessed features that
dampen turbulence intensity by inducing flow deceleration and recircu-
lation, resulting in a less intense and more isotropic turbulent flow.
Thus, the physical mechanisms driving turbulence generation and
anisotropy differ between peak-dominated and valley-dominated surfa-
ces, explaining the observed differences in turbulent states.

V. CONCLUSIONS

We conducted a detailed examination of how wall roughness
influences turbulent heat transfer in additively manufactured (AM)
rough surfaces using roughness-resolved high-fidelity large eddy simu-
lations (LES) in OpenFOAM 7. We created six configurations of rough
pipes from a single actual AM surface, maintaining fixed skewness and
kurtosis while varying roughness height distributions. Additionally, we
flipped these six surfaces to produce surfaces with fixed roughness
height and kurtosis but with negative skewness. Precise spatial mea-
surements at a constant bulk Reynolds number Re, = 8000 enabled us
to numerically estimate the roughness function for all cases, which was
then utilized to approximate the equivalent sand-grain roughness
height, k.. The temperature was treated as a passive scalar with a
Prandtl number of 0.71, neglecting buoyancy effects. Consistent with
our previous research,”"* we found that wall roughness affects heat
transfer and momentum differently. The temperature and momentum
wall rough functions (A®@*, AU™) differed significantly, with the for-
mer being notably smaller than the latter. This discrepancy arises from
high-temperature fluid from the bulk region penetrating the roughness
layer, resulting in a larger wall-scaled mean temperature profile com-
pared to the mean temperature profile, which is predominantly nega-
tive due to pressure effects within the roughness sublayer.
Consequently, normalized temperature values in the bulk region are
larger than the normalized mean velocity values. The discrepancy
between A®" and AU' directly challenges the validity of the
Reynolds analogy under fully rough conditions, consistent with exist-
ing literature regardless of roughness nature, as the fact that AU
> A®™ can be attributed to the influence of pressure on the velocity
field without a corresponding mechanism for the thermal field. This
was further corroborated by the rapid increase in the effective Prandtl
number (Pr,4) within the rough wall, where the effective thermal diffu-
sivity, due to combined turbulence and dispersion effects, is signifi-
cantly smaller than the effective diffusivity within the rough wall. With
increasing surface roughness height, Pr.y values increase near the
roughness sublayer, indicating a reduction in the Reynolds analogy.
The influence of skewness was found to be insignificant in the overall
behavior. Furthermore, while the wall-normal Reynolds shear stress
((uﬁ,ui)*) and heat flux ( (ui®/>+) decreased with larger wall rough-
ness height, their magnitudes remained similar for different values of
surface roughness height (R, /D). However, it is worth noting that the
magnitude of (/@) was slightly smaller than (1/u/)", especially in

pubs.aip.org/aip/pof

the region just behind the roughness crest, highlighting the influence
of recirculation bubbles on reducing heat transfer. The impact of skew-
ness became more apparent for larger values of R,/D > 0.006. For a
fixed R,/D value, negatively skewed surfaces exhibited smaller k"~ val-
ues compared to positively skewed ones, indicating less turbulence in
surfaces dominated by cavities and consequently less heat transfer.
This was further quantified by visualizing turbulence states of (/)"
where peak-dominated surfaces demonstrated a higher probability of
flow acceleration compared to valley-dominated ones. Evaluations of
global features such as friction factor (cs/ cj?) and Nusselt number
(Nu/Nu®) demonstrated a clear dependence on surface roughness
height and skewness. The influence of surface skewness was only evi-
dent on ¢//c) in the fully rough regime, while its effect on Nu/Nu®
was noticeable in the transitional rough regime. Thermal performance
evaluation further indicated that for efficient heat transfer enhance-
ment, positively skewed surfaces outperformed negatively skewed ones
in both transitional and fully rough flow regimes.
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