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ABSTRACT
is paper answers the question: 2How can an appropriate turboteough
pipe Zow computational 2.uid dynamics (CFD) quel be developegl?" OPEN ACCESS
Reynolds-averaged Navier-Stokes equations with the atdridepsilon
turbulence model and scalable wall functions were solved taiolfan- Received25/11/2025

ning friction factors and mean velocity prosles in inZectiahand mono-
tonic rough pipes. CFD models with near-wall grid sizes fronrfdimen-
sionless wall distances and two roughness treatment appesasiere DOI

simulated. Eight roughness Reynolds numbers, covering therlewd 10.23967/j.rimni.2026.10.76689
of the transitionally rough regime through the fully rough rew, were
studied for each roughness type. Appropriate roughness and kenoe
model constants for turbulent rough pipe Zows in the transitdy rough

regime were determined. For model validation, the predictexhn axial
velocity proeles for Reynolds numbers of 510* and 5 1 exhibited
good agreement with the reference experimental data. A w208
CFD simulations (32 from our previous works and 176 from thegent
study) were analyzed. Finally, based on comparisons betwedicag
Fanning friction factors and established correlations, rappate CFD
models for turbulent Zows in inZectional and monotonic rougipps were
identieed. Suitable CFD models for accurately predicting mealocity
proeles at roughness Reynolds numbers below 11.225 were lalamed,
although with the caution that improved mean velocity predot may

reduce Fanning friction factor accuracy. Furthermore, the pre€#D

work provides essential guidance for extending simulatiomgher rough
surface types and rough-wall Zow situations.
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1 Introduction

Roughness is one of the important effects on wall-bounded flows, ., flow in a pipe. This effect
has been studied by many researchers, especially for turbuleidw. Over 90 years ago, Nikuradse
[1], a hydraulic experimenter P], studied the sand grain roughness effect on circular pipe flovidis
invaluable experimental data have been considered and empéxy by many researchers up to the
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present. For example, Gioia and Chakraborty B] used Kolmogérov's phenomenological theory to
model the friction factors reported by Nikuradse [l]. In 1939, Colebrook [] contributed to this
research field through his work on the effect of commercial pipeaughness. Later, Moody [] presented
the friction factor in a convenient form of a graph for engineering aglications by plotting the Darcy
friction factor (fy), noting that f, D 4f., wheref. is the Fanning friction factor. Moody's friction
factor curves for rough surface pipes revealed that friction factorsecreased with increasing Reynolds
number (Re) and asymptotically approached a constant value at gher Reynolds numbers. It is noted
that, for pipe flows, Re D DU= D DU= , whereD is the pipe diameter,U is the average velocity,

is the fluid kinematic viscosity, is the fluid density, and is the fluid viscosity. This characteristic
of the friction factor curve is called “monotonic roughness curve’

Although the Moody's diagram successfully represented a monotoniroughness curve, McGovern
[6] later prepared the friction factor diagram by including monotonic and inflectional roughness
curves. For the inflectional roughness curve, as the Reynoldsumber increases, the friction factor
decreases to the minimum friction factor value and later increasegain in the transitionally rough
regime, finally approaching the constant value in the completglrough regime. Both artificial sand
grain rough surface [I] and honed surface 7] produced inflectional characteristics. The McGovern's
diagram [6] was constructed by incorporating von Karman, Prandtl, Nikuradse expression for
smooth pipe, Colebrook-White equation [/] for monotonic roughness curves, Afzal correlation §] for
inflectional roughness curves, and von Ka&rman expression faough surface pipe at infinite Reynolds
number.

The study of roughness effect on fluid flow is not limited to expemnental and theoretical
fluid dynamics techniques but has also been extended to computatial fluid dynamics (CFD) due
to significant improvement in computing performance and CFD's advantages §]. These reasons
encourage many researchers to investigate roughness effectsiinge channel flows and more complex
flow scenarios, such as gas cyclone separatdr)f11], heat exchanger{2,13], etc., by CFD technique.

For pipe flow, Ibrahim et al. [ 14] used CFD-ACE, a finite volume method (FVM) based-CFD
code, to investigate the roughness effect of a series of square-skdpsmall tooth-like structures on
laminar pipe flow by two-dimensional axisymmetric CFD simulation. Their results revealed that the
pressure drop was found to increase, whereas the Nusselt numi§Biu), representing heat transfer, was
found to decrease, with increasing surface roughness. In 2010jigpurapu and Cui [15] compared the
capability of Reynolds-averaged Navier-Stokes (RANS) equation-ased turbulence models, including
k-epsilon model, k-omega model, and Reynolds stress model (RSM)nd large eddy simulation (LES)
for simulating three-dimensional fully developed flows in a ciralar pipe roughened by repeated square
ribs. For time-averaged flow property prediction, the performane of all considered turbulence models
was insignificantly different. LES was superior in predicting fbw separation but required a higher
computational cost.

Johansson [ 6] studied the sand grain roughness effect on pressure drops in el steel, and iron
straight pipes as well as free form fabrication pipe with two and thredends by using experiments
and CFD simulations with AVL FIRE, a commercial FVM-based CFD softw are. The near-wall grid
(NWG) size was controlled by using dimensionless wall distancg/‘), which is generally defined
asyu= D vyu=,, wherey is the normal distance from the wall andu is the friction velocity
and is defined as* ,=, , is the wall shear stress. The study concluded that accurate pressu
drop predictions were obtained by the near-wall grid size of at kst twice the roughness heightk().
Moreover, at least two cell layers were required to resolve the tarnal turbulent boundary layers.
For identical simulation setups, either AVL FIRE or ANSYS Fluent can be used to predict similar
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compressible and incompressible internal flow results. Hamn et al. [L7] simulated turbulent flows
with Reynolds numbers from 5 10°to 107 in rough PVC, steel, and cast-iron pipes by using ANSYS
CFX, a commercial FVYM-based CFD code, with the standard k-epsilon tubulence model (hereafter
standard k-epsilon model) and convergence criterion based orsiduals of 10°. The simulated results
showed that the standard k-epsilon model was adequate for predictfriction factors and head losses
in rough pipe flows.

Abdelrazek et al. [L8] investigated the effects of nanofluids' thermophysical propert® on heat
transfer and pressure drop through experiments and two-dimensi@haxisymmetric CFD simulations
by using ANSYS Fluent, a commercial FVM-based CFD software, with thestandard k-epsilon model.
Reynolds numbers ranging from 6000 to 12,000 were studied. Th@redicted average Nusselt numbers
and pressure drops for distilled water agreed well with their expenental data, having an average
error of about 5%. Later, Aldlemy et al. [19] used the experimental data of Abdelrazek et al.1[] for
validating their CFD model and numerically investigated the presure drops of turbulent rough pipe
flows with the Reynolds number range from 5000 to 15,000 by using ASYS Fluent with the standard
k-epsilon model. The pipe flow CFD models of Aldlemy et al. [L9 provided a higher average error
than those of Abdelrazek et al. [.8]. They concluded that the roughened pipes provided more effect
on pressure drop than the smooth pipe.

Loyseau et al. P(] numerically investigated flow and turbulence fields inside .® inch, 14.5 inch,
and 48 inch-diameter pipes by using BL-?/k turbulence model of Code_Saturne, k-epsilon model
of Code_Saturne, k-omega SST of Code_Saturne, OpenFOAM, and ANSS Fluent, and RSM of
ANSYS Fluent. They used the Fanning friction factor for smooth turbulent pipe flow of the Blasius
correlation [21], cooperated with different dimensionless wall distance valugahich depended on the
turbulence model, to estimate near-wall grid sizes. It is noted thafrom definitions of dimensionless
wall distance and Fanning friction factor (f- 2 ,= U? ), the normal distance between the wall and
computing node of the first near-wall grid (y,) can be calculated by , Which is commonly used
for estimating the near-wall grid size of turbulent pipe flow CFD simulation.

C C

y
D ¥ D 1
Yo u f,.= U f= @

The near-wall grid sizes for vertex-based CFD codes (e.g., ANSYSEX) and cell-center-based
CFD codes (e.g., ANSYS Fluent, AVL FIRE, etc.) are y, [9] and 2y, [9,27], respectively. The simulated
results for the 14.5 inch-diameter pipe confirmed that RSM was bettethan other turbulence models
because it accounts for anisotropic turbulence but required higer computing costs. Moreover, the
k-omega SST model was recommended for three different pipe sizesedto its reasonably good
prediction accuracy.

Temsiriphan [23] proposed a concept for determining the appropriate dimensiomlss wall distance,
i.e.,y<, required to estimate near-wall grid sizes in CFD simulations of ttbulent flow in rough pipes by
considering a half roughness element height blocked flow agmption reported by ANSYS Fluent [24],
which is latterly called in this paper as “Temsiriphan's concefj and abbreviated by “TC”. From this
assumption, he assumed that the linear sublayer starts at the middbf the roughness element. Similar
to smooth pipe flow CFD modelling, the proper dimensionless wdldistance required for near-wall
grid size estimation of rough pipe flow CFD simulation was obtaired at the intersection between
the linear sublayer and the logarithmic-law layer. The example foinvestigating this appropriate
dimensionless wall distance can be illustrated iR . The Fanning friction factors for inflectional
and monotonic roughness types were predicted by two-dimensionakisymmetric fully developed pipe
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flow domains with periodic boundary conditions, a standard k-eilon model, and different roughness
constant (C,) values. The near-wall grid sizes obtained by dimensionlessallvdistance values of 5,
10, 15, 30, 50, and TC were employed. The results revealed thattkmall near-wall grid sizes were
improper for Fanning friction factor prediction. Moreover, the high accuracy in Fanning friction factor
prediction was achieved by only specific CFD settings dependinon operating conditions.

20
Inflectional rough pipe flow conditions
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Figure 1:Example for appropriate dimensionless wall distance determinian of TC [ 23]

Boonsamer et al. P5] predicted Fanning friction factors for turbulent inflectional rou gh pipe flows
with Reynolds numbers from5 10°to5 10 by using near-wall grid sizes obtained by dimensionless
wall distances of 10, 11.225, 30, TC, and the roughness Reynelsdumber k&), or dimensionless
roughness height, which is defined ak.u = or k,u = . The two-dimensional axisymmetric CFD
models employing the standard k-epsilon model were used to pradideveloping and fully developed
pipe flows as well as Fanning friction factors for a relative roughmss k.=D) of 0.00486. The results
showed that the proper near-wall grid sizes were obtained by the miensionless wall distance of
roughness Reynolds number. Later, Boonsamer2f] extended the inflectional rough surface pipe
study by predicting the Fanning friction factors for relative roughness of 0.00105. Moreover, the
non-dimensional mean velocity profiles, or near-wall velocityprofiles as termed in his work, for both
relative roughness values were analyzed and reported in his #ig The predicted results still confirmed
that the appropriate dimensionless wall distance required for émating the near-wall grid size in
turbulent rough pipe flow was the roughness Reynolds number.

At first sight, the information provided by these previous CFD works is seemingly adequate
to develop the proper CFD model for turbulent rough pipe flow. Alth ough the proper near-
wall grid sizes for inflectional rough pipe flow CFD simulations were successfully investigated by
Boonsamer et al. P5] and Boonsamer P6], the appropriate guideline for near-wall grid size estimation
for monotonic rough pipe flows was still controversial as previasly reported by Temsiriphan 3.
Furthermore, there are several wall roughness treatment approhes. This information indicates that
the RANS equation-based CFD modelling for turbulent flow in rough pipes remains a challenging
issue for further investigation, especially for monotonic roughnss in the transitionally rough regime.

Therefore, in the present work, the near-wall grid sizes were ratnally determined by dimension-
less wall distances being 11.225, 30, TC, and the roughness Relgls number to investigate near-wall
grid sizes for appropriate CFD modeling of isothermal Newtonianturbulent flows in inflectional
and monotonic rough pipes by using the standard k-epsilon model ith scalable wall functions.
The Fanning friction factors and non-dimensional mean velocity pofiles predicted by two different
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roughness treatment approaches for turbulent flows in 0.24688&-diameter pipes with inflectional
and monotonic rough surfaces were analyzed. It is noted that thegeo different roughness treatment
approaches are described in a later section. The roughnessdtas of 0.00026 m (relative roughness
of 0.00105) and 0.0012 m (relative roughness of 0.00486), whiate similar to our previous works
[25,2€], were studied for both roughness types. The Reynolds numbers 6f 10,1 10,3 10,
and 5 10 were investigated. From these conditions, the studied roughnessiolds numbers are
summarized inTable 1. In this work, for inflectional roughness, the Fanning friction factors predicted
by the roughness treatment without the half roughness element it blocked flow assumption for
the relative roughness of 0.00486 reported by Boonsamer et a5 and the relative roughness of
0.00105 reported by Boonsamer’[5] and the non-dimensional mean velocity profiles for these relates
roughness values of Boonsamepf] simulated by the same roughness treatment approach were used
for comparison with the present results. Finally, the Fanning fri¢cion factors and non-dimensional
mean velocity profiles predicted in this study and in the previousvorks [25,26] were analyzed all at
once to finalize the comprehensive conclusion of the present wo

Table 1: Summary of the studied roughness Reynolds numbers

Reynolds number Roughness Reynolds number
Inflectional roughness height Monotonic roughness height
0.00026 m 0.0012 m 0.00026 m 0.0012 m
5 1¢ 2.69 14.12 2.89 15.36
1 10 5.08 28.83 5.57 30.29
3 10 15.09 88.35 16.12 89.94
5 1 25.47 147.96 26.63 149.58

2 Roughness Treatment

Generally, for RANS equation-based turbulence models, there arevo different wall treatments,
i.e., wall function approach (y°-sensitive wall treatment) and near-wall model approachyf -insensitive
wall treatment) [24,27]. The wall function approach requires less grids in the near-whlegion as
compared to another because it uses law of the wall to bridge the wisus-dominated region between
wall and turbulent core flow [27]. This advantage of the wall function approach encourages many
researchers to develop their turbulent flow CFD models by usingvall function-based turbulence
models {/°-sensitive-wall-treatment-based turbulence models), e.g., k-epsilmodel, RSM, etc.

For smooth and rough surface walls, the law of the wall for mean veloity can be written in general
form as shown inEq. (2) [24,27].

1
WD =Iny°C545 DB )

where u® is the dimensionless velocity and can be defined as a ratio of meaelocity (U) to friction
velocity. is the von K&rméan constant, which equals 0.4187B is the roughness parameter, which
is a function of roughness Reynolds number. From the Nikuradse' experimental data [], Cebeci and
Bradshaw 8] gave roughness parameter formulas for hydrodynamically smdb regime kS  2.25),
transitionally rough regime (2.25< k¢  90), and completely rough regimeKS > 90), which were
latterly expressed in the compatible forms by ANSYS Fluent as showin Egs. (3H5)[24], respectively.
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DBDO (3)
1 k¢ 2.25
DBD ~In —=——— KE in 0.4258 InkS 0.811 4
N —g==c CCk; sin 0.4258Ink; 0.8 4)
1
DBD ~In 1C CKkS (5)

For uniform sand grains, the roughness constant is 0.5, which ia default value for modelling
roughness in ANSYS Fluent pP4].

As mentioned previously, the present work considered two differe roughness treatment
approaches. For the first roughness treatment approach, the diemsionless wall distance computed by
the normal distance between wall and computing node of the first rag-wall cell is directly substituted
into to compute mean velocity. That is the dimensionless wall distander the mean velocity
computation of the wall functions (yS.) equals dimensionless wall distance of the first near-wall
computing node {,.)- The first roughness treatment approach is now abbreviated byRT1" to
conveniently mention in the latter section. For the second roughnastreatment approach, a half
roughness element height blocked flow assumption was applig24]. Therefore, the dimensionless
wall distance for the wall functions equals summation of dimensioless wall distance of the first near-
wall computing node and half of roughness Reynolds number,é.,yS. D yg,. C k=2 [24]. In order to
conveniently mention the second roughness treatment approach the latter part of the present work,
it is abbreviated by “RT2".

3 CFD Modelling of Turbulent Flow in Rough Pipe

In this work, the present CFD settings were similar to our previousCFD models [25,26] to
warrant fair result comparisons. The complete CFD setups of isihermal Newtonian turbulent flows
in inflectional and monotonic rough pipes are described as fatiws:

3.1 Considered Pipes and Their Grid Generation

For all CFD simulations, the 9.72 inch-inner diameter circular pgpe, which was experimentally
investigated by Laufer 9], was employed similar to our previous CFD works P5,26]. The compu-
tational domain of turbulent flow in pipe was simplified by using two-dimensional axisymmetric
domain. So, the computational domain width W) was 0.123444 m, which corresponded to the
inner pipe radius (R). To ensure that the fluid flow in the pipe was fully developed, the empu-
tational domain length (L) was determined by entry length I(,) C 20 times pipe diameter, where
L. D 4.4D Re™ [30]. Meaning that the computational domain lengths were different depeding
on Reynolds number. It is noted that although the entry-length corréation used in this work has
been confirmed in previous studiesJ1-33] to achieve fully developed flow in their systems, the
computational domain length determined by this correlation was etended by an additional 20 pipe
diameters in this work to guarantee that it exceeded the entrance rieg. Moreover, since the entry
length of a rough pipe is shorter than that of a smooth pipe as repori@ by Li et al. [34], the
additional length adopted in the present computational domain is onsidered sufficient to ensure fully
developed flow.

For grid generation, was computed by using different dimensionless wall distances of
11.225, 30, TC, and the roughness Reynolds number to obtain neamll grid sizes of turbulent
rough pipe flow CFD models. It is noted that the CFD models with nea-wall grid sizes obtained
by dimensionless wall distances of 11.225, 30, TC, and the rdugess Reynolds number are labeled as
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“NWGL", “NWG2", “NWG3”, and “NWG4”", respectively, to conveni  ently refer to these four near-
wall grid CFD models, i.e., CFD models with different near-wall grid sizes, in a later section. Although
explicit forms and approximations of the friction factor correlation (e.g., the Colebrook—White
eqguation) can be obtained using the LambertV -function and the Wright ! -function, respectively
[35], the implicit Fanning friction factor correlations of Afzal [ 8] in Eq. (6) and Colebrook—White [4]

in Eq. (7) were iteratively computed and used in this study to instantly estimateaar-wall grid sizes
for inflectional and monotonic rough pipes, respectively#and tacompare with the simulated results.

1 k=D 1.415 1.255
p—D 4lo = — ex i 5— C-—p— 6
f Go 37 P JRe.kszD/PfF Re f. ©
n #
1 k=D _ 1.255
D 4log. ——C > 7
B—fF Yo 3< —P—Re T (7)

For Eq. (6), j is 11 for inflectional roughness and 0 for monotonic roughness (wén j equals O,
the Afzal correlation [8] reduces to the Colebrook-White equation4]). The near-wall grid sizes of the
present turbulent rough pipe flow CFD models are summarizedri Table 2. Quadrilateral grid cells
were generated inside the two-dimensional computational domairie minimize numerical errors [36].
The growth ratio in radial was 1.05-1.07 (starting from the wall towads the pipe center) depending on
near-wall grid size P5,26]. For axial direction, the grid generation was distinguished ito 2 zones, i.e.,
a gradually distributed grid zone and equilateral grid length zae. Regarding the first 35 grid layers
beyond the inlet, grids underwent expansion with the growth ratio 1.1 [25,2€]. In the equilateral
grid length zone, the uniform grid lengths were applied. Moreoverin the second zone, the near-wall
grid aspect ratios were controlled to not exceed the maximum vaduof 100 typically allowed in the
boundary layer [37], with values ranging from 38.3 to 38.7. The schematic of pipe fil@ domain and
example of grid generation for two-dimensional pipe flow domainare illustrated in Fig. 2.

Table 2: Summary of near-wall grid sizes for the present turbulent rough ipe flow CFD models

Reynolds CFD Target y© for Near-wall grid size [mm]
number  model near-wall grid size
estimation Inflectional Monotonic
roughness roughness
height height

0.00026 m 0.0012m 0.00026 m 0.0012 m

5 100 NWG1 11.225 2.1660 1.9075 2.0174 1.7542
NWG2 30 5.7888 5.0980 5.3916 4.6882
NWG3 TC 2.4468 2.8685 2.3030 2.7098
NWG4 Roughness 0.5182 2.4000 0.5182 2.4000
Reynolds number
1 166 NWwGl 11.225 1.1492 0.9345 1.0488 0.8895
NWG2 30 3.0713 2.4974 2.8029 2.3772
NWG3 TC 1.4134 1.9073 1.3057 1.8665
NWG4 Roughness 0.5182 2.4000 0.5182 2.4000

Reynolds number

(Continued)
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Table 2 (continued)

Reynolds CFD Target y°© for Near-wall grid size [mm]
number  model near-wall grid size
estimation Inflectional Monotonic
roughness roughness
height height

0.00026 m 0.0012 m 0.00026 m 0.0012 m

3 10 NWG1 11.225 0.3870 0.3050 0.3623 0.2996
NWG2 30 1.0343 0.8150 0.9683 0.8006
NWG3 TC 0.5936 1.3958 0.5682 1.3922
NWG4 Roughness 0.5182 2.4000 0.5182 2.4000
Reynolds number
5 1¢ NWG1 11.225 0.2293 0.1821 0.2193 0.1801
NWG2 30 0.6129 0.4867 0.5860 0.4814
NWG3 TC 0.4373 1.3146 0.4279 1.3133
NWG4 Roughness 0.5182 2.4000 0.5182 2.4000

Reynolds number

Wall

Inlet Outlet D/2

la »l
~ 1

L=1I,+20D

la »l »
»

I‘Gradually distributed grid zone Equilateral grid length zone

Figure 2:Schematic of computational pipe flow domain and example of gricgeneration

3.2 Physical Settings

The mean flow and turbulence fields for air flow in rough pipes vere resolved by steady state
RANS equations with the standard k-epsilon model and scalable whfunctions. See also ANSYS
Fluent theory guide [27] for the complete details of these transport equations. The densityna viscosity
of air were 1.229 kgm *and 1.73 10 ° Pas, respectively.

At the inlet, the velocity-inlet boundary condition type was used. e uniform inlet velocities of
2.8508, 5.702, 17.105, and 28.508 st were specified for Reynolds numbers of 5 10, 1 10,
3 10, and 5 10, respectively. For turbulence at the inlet, turbulence intensityl() computed
by 0.16Re *® and hydraulic diameter of 0.246888 m were imposed. At the outlethe zero gauge
pressure was set for pressure-outlet boundary condition type. BHoutlet turbulence specifications were
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identical to those of inlet. At the pipe wall, no-slip boundary condtion was used. For two-dimensional
axisymmetric computational domain, the axis boundary conditiortype was applied at the domain axis.

3.3 Numerical Settings and Solution Strategy

In the present work, the steady state double precision pressureded solver was used. The
SIMPLE was employed for pressure-velocity coupling algorithm. The discretization schemes for
gradient and pressure were least squares cell based and setorder, respectively. Furthermore,
the discretization schemes of momentum, turbulence kinetic engrgk or TKE), and turbulence
dissipation rate (* or TDR) were second order upwind.

The scaled residuals of all transport equations were monitoretb identify solution convergence.
The simulations were performed until all scaled residuals wemonstant or slightly different to warrant
solution and iterative convergences3].

3.4 Grid Independent Solutions

Although our previous works [25,26] have already confirmed grid independent solutions for the
CFD simulation of turbulent pipe flow at a Reynolds number of 5 1, the three grid resolutions
differed significantly only in the radial direction, with a refinement factor of approximately 1.2.
Therefore, in the present work, the grid independent solutions fopipe flow with Reynolds numbers
of5 10*and5 10 were re-analyzed by comparing the profiles of normalized meaaxial velocity,
which can be defined as a ratio of mean axial velocity{) to centerline axial velocity U,), obtained
by fine grid resolution cases of our previous works45,26] with those simulated by medium and coarse
grid levels of the present work as shown ifi . Itis noted that, unlike in the previous works [25,26],
both node and cell-center values were adopted for plotting the normeded mean axial velocity profiles
in to minimize the error caused by interpolation of the plotting software Moreover, the grid
convergence index (GCI) analysis for Fanning friction factors of tlese two different Reynolds numbers
was assessed to quantitatively obtain grid convergence by follomg the comprehensive GCI procedure
suggested by Bumrungthaichaichan et al3p] as reported in

From , the radial profiles of normalized mean axial velocity in deviping (x D 0.25L and
0.5L) and fully developed & D 0.75L and 1L) zones for two different Reynolds numbers predicted
by three different grid resolutions are insignificantly different.From GCI analysis reported in !
convergence ratios of 0.1061 for Reynolds number of 5 10* and 0.7102 for Reynolds number of
5 10 indicate oscillatory and monotonic convergence, respectivelfhe values for two different
Reynolds numbers are approximately one, which mean that the Faming friction factors predicted by
grid refinement from coarse to fine grid resolutions are in asymtotic range. For GCI comparisons,
GCl,, < GClg, confirms grid independent solutions for two different simulatiors. Moreover, the
error bars on normalized mean axial velocity profiles were ofained by average apparent order of
discretization method of 5.21 for Reynolds number of 5 10* and 18.19 for Reynolds number of
5 10°. The maximum discretization uncertainties for these Reynolds nubers were lower than 1%.
Although these results reveal that coarse grid resolution is adeqte to obtain grid independence, the
fine grid qualities were adopted for developing the present CFD mdels for turbulent flows in rough
pipes to minimize any numerical uncertainties.
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fine grid resolution cases used in our previous works [25,26].

Figure 3:Radial profiles of normalized mean axial velocity for Reynolds number of 5 10*and5 10
at x/L of 0.25, 0.5, 0.75, and 1 predicted by three different grid resdilons

Table 3: GCI analysis for Fanning friction factor

Reynolds il N; f, (Fanning % Differenc€ ricy; p? GCl[%] R* 5
number friction factor)
5 10¢ 0 - 4.8980 103
1 1064 4.8979 103 —
1.2602 0.0034
2 670 4.8968 10 3 0.0224 9.6154 0.1061 1.0045
1.2630 0.0313
3 420 49072 103 0.1890
5 10° 06 — 3.1427 108
1 21,320 3.1344 103 -
1.3185 0.3287
2 12,264 3.1312 10°3 0.1021 1.1864 0.7102 0.9990
1.3226 0.4568

3 7011 3.1267 103 0.2457

Notes:1i D 0, 1, 2, and 3 denote zero grid space, fine grid level, mediumidievel, and coarse grid level, respectivelfThe percentage dif-
ference is defined as fecrp  fr Fine =fF Fine 100; 3p is the apparent order of discretization method:*R is the convergence ratio
(monotonic convergence for < R < 1, oscillatory convergence foR < 0, and divergence folR > 1) and can be computed by,1=e3,, where
ac1j D .ficx fi/ =i; 5 s the variable for asymptotic range of convergence identificativand can be calculated by.r»1/P GCl; =GCl 3y;
8For i D 0, the value at zero grid spacefg) is obtained by Richardson extrapolation asfo D f1 C .f;  fo/ = .rp /P 1.

3.5 Model Validation

For model validation, the predicted fully developed normalizednean axial velocity profiles at the
outlet were compared to the measured fully developed velocity pfites of Laufer [29] as depicted in
Fig. 3. Fig. 3 reveals that the predicted profiles for Reynolds numbers of 5 10 and 5 10 slightly
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deviate from the previous experimental data reported by LauferZd). Due to the information loss
inherent in the time-averaging process/p,41] of the RANS equations, a perfect match between the
results of RANS equation-based CFD models and measured data is maly obtained. This limitation
contributed to the observed discrepancies in the normalized meaxial velocity profiles. Moreover,
the differences in upstream conditions for the present CFD simulatios (uniform velocity profile) and
experiment of Laufer [29] (velocity profile induced by sandpaper-accelerated boundargayer growth)
can also result in deviations due to the memory effect!f], which resulting in a delayed response to
disturbances. Therefore, based on these comparisons and expdéions, it can be summarized that the
present CFD models are reasonable for predicting turbulent pie flows.

4 Results and Discussion

In the present work, the predicted Fanning friction factors for different conditions were compared
to those obtained by correlations {,8] to investigate the proper near-wall grid size and roughness treat-
ment approach for simulating turbulent flows in inflectional and monotonic rough pipes as reported
in . Moreover, the predicted non-dimensional mean velocity profile were compared to the
rough wall logarithmic-law profiles for rough surface to achievethe proper CFD models for turbulent
rough pipe flows as shown in 2 It is noted that, for NWG4s, the results for inflectional
roughness predicted by RT1 from our previous works{5,26] and by RT2 in the present work, both
with aroughness constant of 0.5, were used for monotonic roughiss under the same Reynolds number
and relative roughness throughout this work due to the identical CIB simulation.

4.1 Fanning Friction Factor

For inflectional roughness, the Fanning friction factors predictal by two roughness treatment
approaches with roughness constant of 0.5 for different Reynoldsumbers, relative roughness values,
and near-wall grid CFD models were compared to those computed by #al correlation [8] as shown
in . According to the previous work of Temsiriphan [23], his simulated results showed that
the higher roughness constant was suitable for predicting Fanngnfriction factors of monotonic
roughness. Therefore, in the present work, the Fanning friction fetors for monotonic roughness
predicted by roughness constants of 0.5 and 0.7 were compared tarking friction factors obtained
by Colebrook-White correlation [4] as depicted in and 6, respectively.

reveals that the Fanning friction factors predicted by NWG4s, near-wll grid sizes obtained
by roughness Reynolds number, for two roughness treatment appaches are in better agreement with
those of the Afzal correlation [8] under all studied conditions than other models. For RT1, NWG4s
yield the highest Fanning friction factors, while both larger and snaller near-wall grid sizes result in
lower values. For example, at a Reynolds number of 3 10, the Fanning friction factor for a relative
roughness of 0.00105 predicted by NWG4 (0.5182 mm) is 0.0045%0r the smaller near-wall grid
size of NWGL1 (0.3870 mm) and the larger near-wall grid sizes of N®3 (0.5936 mm) and NWG
2 (1.0343 mm), the Fanning friction factors under the same conditionsra 0.004287, 0.004579, and
0.004528, respectively. However, for the Fanning friction factor gediction of RT2, it can be observed
that the larger the near-wall grid size, the lower the Fanning frictia factor. That is the Fanning friction
factors for a Reynolds number of 3  1(° and a relative roughness of 0.00105 predicted by RT2 for
NWG1, NWG4, NWG3, and NWG2 (ranked from smallest to largest near-wall grid size) are 0.004722,
0.004676, 0.004655, and 0.004584, respectively.
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Figure 4:Fanning friction factors of inflectional roughness predicted by dfferent near-wall grid CFD
models and roughness treatment approaches with roughness ctarst of 0.5
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Figure 5:Fanning friction factors of monotonic roughness predicted by diffeent near-wall grid CFD
models and roughness treatment approaches with roughness ctarst of 0.5
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Figure 6:Fanning friction factors of monotonic roughness predicted by diffeent near-wall grid CFD
models and roughness treatment approaches with roughness ctarst of 0.7

As shown in Figs. 5and 6, although the near-wall grid sizes were computed by Colebrook-Wite
equation [4] for monotonic roughness, the Fanning friction factors predicted byroughness constants
of 0.5 and 0.7 still follow inflectional roughness cases becasghe employed wall functions were
developed based on Nikuradse's experimental data for sand gra{inflectional) roughness []. It is
worth reiterating that the results for the inflectional roughness prdicted by NWG4s with RT1 and
a roughness constant of 0.5 in our previous works?,26] were used for the monotonic roughness in
Fig. 5 and elsewhere in this work because both roughness types empldyen identical CFD model
under the same Reynolds number and relative roughness. The t@s of the Fanning friction factors
predicted by four different near-wall grid CFD models for RT1 and RT2 are similar to those of
inflectional roughness as previously described. Moreover,;raughness constant of 0.7 predicts Fanning
friction factors approximately 0.5% to 11% higher than those with 0.5depending on the tested
conditions. Increasing the roughness constant from 0.5 to 0.7 cdvoth improve and deteriorate the
accuracy of the predicted Fanning friction factors.

For relative roughness of 0.00486, the Fanning friction factors prdicted by NWG4s at Reynolds
numbers of 3 10° and 5 10, corresponding to roughness Reynolds numbers of 89.94 and
149.58, respectively, for both roughness treatment approacheso@ghness constant of 0.5) closely
match the values computed by Colebrook-White equation4] as shown inFig. 5, similar to the
results of inflectional rough pipe CFD simulations. Unsurprisingly, although the present CFD models
were developed by inflectional roughness-based wall functionthey effectively predicted monotonic
friction factors in near-completely rough and completely rough regnes. This is because at high
Reynolds numbers in completely rough regime, the inertial forcelominates the flow and friction
factors depend mainly on roughness height rather than on roughrss shape, spacing, and uniformity
[1,4-6]. In other words, the effects of roughness shape, spacing, and fmimity are overshadowed by
the roughness height.
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On the other hand, as the Reynolds number decreases from the comgly rough to the tran-
sitionally rough regime, the influence of roughness height vedens, while the roughness uniformity
becomes increasingly important in shaping flow dynamics andrag behavior [43-45]. This is a reason
why Fanning friction factors at Reynolds numbers of 1 1 for a relative roughness of 0.00486
(roughness Reynolds number of 30.29) and 5 1 for a relative roughness of 0.00105 (roughness
Reynolds number of 26.63) predicted by NWG4s and both roughnestreatment approaches with a
roughness constant of 0.7 represent good agreement with thosé@olebrook-White equation [4] as
depicted in . These predicted results are consistent with the recommendatiohANSYS Fluent
that the roughness constant for non-uniform roughness ranges from.B to 1.0 [24]. Generally, at the
same Reynolds number, the Fanning friction factor increases witcreasing roughness height or with
greater surface roughness non-uniformity, particularly in the trasitionally rough regime, whereas it
decreases when these parameters are reduceld Moreover, and (5) indicate that increasing
the roughness Reynolds number and/or roughness constant leado an increase inDB, and vice
versa meaning both parameters affecDB in the same manner. This implies that an increase in the
roughness constant also results in a higher predicted Fanningidtion factor, explaining why a higher
roughness constant is required to predict the Fanning friction fator of monotonic (more non-uniform)
roughness. Nevertheless, since a universally accepted ciiberfor specifying roughness constant for
arbitrary surface types is unavailable 4], a roughness constant of 0.7 suggested by Temsiriphan
[23] was adopted for modelling monotonic roughness type in the preséstudy. Even with this value
(roughness constant of 0.7), noticeable discrepancies in Famgj friction factor prediction persist for
roughness Reynolds numbers below 26.63 as shownfimn

Generally, for RANS turbulence model-based CFD simulation with wall functions, the prediction
accuracy depends mainly on both near-wall and core flow calcations. From the predicted Fanning
friction factors shown in , increasing the roughness constant can possibly improve theagacy
of Fanning friction factor predictions for monotonic roughness from the middle toward the lower
end of the transitionally rough regime. Moreover, at the same Reyolds number within the lower end
of the transitionally rough regime, the greater asymmetry inducedby non-uniform roughness leads
to higher entropy generation, resulting in an increase in turbulece kinetic energy production {.6].
Therefore, in order to obtain more accurate predicted Fanning frition factors for roughness Reynolds
numbers below 26.63, higher roughness constant was employledsimulate monotonic roughness pipe
flow in the near-wall region. Furthermore, in the core flow regim, the turbulence model constanC ,
hereafter simply referred to as “turbulence model constant”, was icreased to gain more turbulence
kinetic energy production in monotonic roughness pipe flow withower roughness Reynolds numbers.
The Fanning friction factors predicted by the appropriately higherroughness and turbulence model
constants are represented if

In , the results reveal that the application of the appropriate higheraughness and turbulence
model constants successfully predicts the Fanning friction factors folower roughness Reynolds
numbers of monotonic roughness pipes. These successful CFDsilations inform that for monotonic
roughness, the lower the roughness Reynolds number, the highée roughness and turbulence model
constants. Moreover, the Fanning friction factors for lower roughnes Reynolds numbers of monotonic
roughness pipe predicted by NWG4s developed by two different ragghness treatment approaches
with the appropriate roughness and turbulence model constants stobetter agreement with those
calculated by Colebrook-White equation }] than other models. Different roughness and turbulence
model constants were employed to accurately predict the Fanningifition factors of monotonic
roughness in the middle to the lower end of transitionally rough rgime. This is because the discrepancy
in the friction factor between inflectional and monotonic roughnesgypes (i.e., between more uniform
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and more non-uniform roughness types) varies with the roughnessegnolds number i 749, as
interpreted from the differences between the Nikuradse and Colebrdaroughness functions.

Figure 7: Fanning friction factors of monotonic roughness predicted by diffeent near-wall grid
CFD models and roughness treatment approaches with appropriatmughness and turbulence model
constants

After demonstrating that the adjusted roughness and turbulence modieonstants yield more
accurate predictions of the Fanning friction factor for monotonic roughness, only a representative
case with roughness constant increased from 0.5 to 1.0 and turbualee model constant increased from
0.09 to 0.25 is presented to elucidate the associated turbulence paueters at the lower end of the

transitionally rough regime. The profiles of turbulence viscsity ratio (¢ = Wwhere ,is the
turbulence viscosity.), inner-scaled turbulence kinetic energyroduction (Py P, =u*), inner-scaled
turbulence dissipation rate {¢ " =u*), and inner-scaled turbulence kinetic energyk¢  k=u?) for a

relative roughness of 0.00105 at Reynolds number of 5 10* predicted by NWG4s developed by two
different roughness treatment approaches with appropriate settirggfor inflectional and monotonic
roughness types were compared as shownlifg. 8. Itis noted that the friction velocity for inflectional
(uniform) roughness was used in the present work to normalize the tbulence quantities and to obtain
dimensionless wall distance.
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Figure 8: Turbulence viscosity ratio, inner-scaled turbulence kinetic eargy production, inner-scaled
turbulence dissipation rate, and inner-scaled turbulence kinetienergy profiles of inflectional and
monotonic roughness types for a relative roughness of 0.00105Re¢ynolds number of 5 10 predicted
by NWG4s developed by two different roughness treatment approaas with appropriate roughness

and turbulence model constants

reveals that increasing the turbulence model constant from 0.09 t0.25 for monotonic
(non-uniform) roughness enhances the turbulence viscosity, rdng in increased turbulence kinetic
energy production and turbulence dissipation rate, especialip the near-wall region. In contrast, due
to enhanced turbulence diffusion and dissipation, the turbulenceiketic energy levels for monotonic
roughness are decreased, which similar to the previous direstimerical simulation (DNS) results
for idealized and irregular rough surfaces of Bhaganagar and l&au [50] that predicted turbulence
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intensities for irregular rough surface were lower than those of idalized rough surface. Within
each roughness type (inflectional and monotonic), the results préated by two different roughness
treatment approaches are identical. To interpret the turbulencedhavior observed in the representative
case, plausible physical mechanisms associated with transitadly rough flow can be described below.

In the transitionally rough regime, fluid flow behavior depends strongly on the roughness
type [44]. In this regime, non-uniform roughness may produce stronger tloulence production than
uniform roughness, as inferred from theoretical work of Wattananusrn [46] and from DNS-predicted
turbulence intensity comparisons between random roughness asdooth surfaces$1]. However, the
generated turbulence is fragmented and rapidly dissipated becsiviscous effects remain important,
especially in the lower end of the transitionally rough regime, tsuppress coherent wake formation
for non-uniform rough surface flows, preventing an increase in thenean turbulence kinetic energy;
consequently, lower turbulence kinetic energy levels are obiged, consistent with the previous DNS
work of Bhaganagar and Chau [0, as interpreted from predicted turbulence intensity comparisons
between idealized and irregular rough surfaces. In other wordsoughness effects in the transitionally
rough regime are strongly dependent on roughness morphologgnd do not necessarily lead to
monotonic increases in turbulence kinetic energy. In contrast,niform roughness may promote more
coherent and persistent wake structures, which can enhance tubnce kinetic energy levels. Therefore,
non-uniform roughness, referred to as monotonic roughness in thiwork, can exhibit a higher friction
factor while maintaining lower mean turbulence kinetic energy leels, because form drag and mean
momentum loss increase due to pressure losses associated witkgular protrusions, even when large
coherent wakes are absent. From this explanation, it can be sunarized that increasing the roughness
constant (0.5-1.0) enhances the model's representation of formatdy [4 3], resulting in a higher friction
factor for monotonic roughness within the transitionally rough regime. An increase in the turbulence
model constant (>0.09) strengthens the momentum flux toward the wallsteepening the near-wall
velocity gradient and thereby increasing the wall shear stresse., yields a higher friction factor for
monotonic roughness at the lower end of the transitionally rough egime. Nevertheless, increasing
the turbulence model constant enhances the turbulence dissipatioate, thereby reducing turbulence
kinetic energy levels. It is emphasized that the mechanisms dissed above are not universal and may
vary with roughness morphology and flow conditions, reflectirg the inherent complexity of rough-
surface turbulent flows.

In addition, the normalized mean square error (NMSE) values for Faning friction factors
predicted by four different grid models were computed and compaxkto indicate the appropriate
turbulent rough pipe flow CFD modelmas reported I:ihn . From the previous CFD studies
[52-54], NMSE can be determined by .0, P./’= .O,P./, where O, and P; are reference and

iD1 iD1
predicted values for each tested condition, respectively.

From , NWG4s represent the lowest NMSE values for all conditions. Gensilly, the
lower NMSE value indicates higher prediction accuracy. Hencehese results confirm that NWG4
is appropriate for predicting Fanning friction factors of turbulent rough pipe flows. That is the near-
wall grid sizes for turbulent rough pipe flow CFD models shouldbe obtained by dimensionless wall
distance of roughness Reynolds number. In other words, the neavall grid sizes for vertex-based and
cell-center-based CFD codes are roughness height and twice theighness height, respectively.
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Table 4:Normalized mean square error for Fanning friction factors predi¢ed by different near-wall
grid CFD models and roughness treatment approaches

CFD model NMSE
Inflectional Monotonic Both roughness types
RT1 RT2 Overall RT1 RT2 Overall RT1 RT2 Overall
NWG1 0.1076 0.0044 0.0481 0.1113 0.0023 0.0486 0.1097 (3003.0483
NWG2 0.0465 0.0032 0.0231 0.0478 0.0027 0.0236 0.0472 (2002.0234
NWG3 0.0089 0.0021 0.0053 0.0122 0.0011 0.0064 0.0107 (80010.0059
NWG4 0.0003 0.0013 0.0008 0.0001 0.0002 0.0001 0.0002 0/00m.0004

According to the predicted Fanning friction factors, it can be summaized that the NWG4s
with the appropriate roughness and turbulence model constants pwide good agreement with the
correlations [4,8] in predicting Fanning friction factors for both inflectional and mo notonic roughness
types, regardless of roughness treatment approach. For infléonal roughness, a roughness constant
of 0.5 is appropriate to accurately predict the Fanning friction fa¢ors under all studied conditions.
This CFD model can also be adopted to predict Fanning friction factas for monotonic roughness
in the near-completely rough and completely rough regimes. Fronthe upper to lower end of the
transitionally rough regime, the higher roughness constant isscommended for accurately predicting
Fanning friction factors of monotonic roughness. In addition, the higher turbulence model constant is
required to accurately predict Fanning friction factors of monotonic roughness in the middle to lower
end of the transitionally rough regime.

4.2 Non-Dimensional Mean Velocity Profile

In this sub-section, the non-dimensional mean velocity profiles necited by two roughness
treatment approaches with appropriate roughness and turbulenceodel constants for inflectional
and monotonic roughness types were compared to the rough wall lagithmic-law profiles obtained by

with or as shown in and 10, respectively. It is noted that the term “non-

dimensional mean velocity profile” used in the present work riers to the rough-wall mean velocity
profile as termed by Schultz and Flack {€]; hereafter, the term “rough wall logarithmic-law profile”
denotes the profile obtained by with or

For the logarithmic region, the lower and upper bounds are still ontroversy [55]. In other
words, the boundaries have been specified differently dependjron the interpretations of individual
researchers{6-58]. Based on the work of Brereton et al. 5 7], the roughness sublayer extends from the
roughness trough to just beyond the roughness crest. From this infmation, in the present work, the
lower limit of the logarithmic region was defined to begin at the pughness height corresponding to
the roughness Reynolds number. For the upper limit of the logathmic region used in this work, the
dimensionless wall distance was set to 0.15 of the friction Reyrad number (Re) [56,58]. It is noted
that the friction Reynolds number is generally defined asu= D u= , where is the boundary
layer thickness or pipe radius or channel half-heightg6]. That is for pipe flows, Re D Ru= D

Ru = . Therefore, vertical dashed crimson red lines are drawn iR and 10 to illustrate the
logarithmic region specified in the present work K¢ < y° < 0.15Re), where the profiles obtained
by CFD simulations and correlations were compared.
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Figure 9:Non-dimensional mean velocity profiles of inflectional rougess predicted by different near-
wall grid CFD models and roughness treatment approaches with taghness constant of 0.5
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Figure 10:Non-dimensional mean velocity profiles of monotonic roughnes predicted by different
near-wall grid CFD models and roughness treatment approachesith appropriate roughness and
turbulence model constants
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From and 10, the results reveal that the predicted non-dimensional mean velivg profiles of
the NWGA4s developed by two different roughness treatment approads agree well with the rough wall
logarithmic-law profiles for both roughness types, especially foroughness Reynolds numbers greater
than 11.225, and exhibit better agreement than those of the other CFInodels, consistent with the
Fanning friction factor predictions. Even though —5) were employed by the wall functions to
calculate the mean velocities at the first near-wall computing nagk, the RANS equations with the
standard k-epsilon model predicted similar non-dimensional man velocity profiles to those described
by these equations due to the accurate near-wall velocity predicticend the use of high-quality grids.

For roughness Reynolds numbers below 11.225, the NWG4s preadiidentical non-dimensional
mean velocity profiles for two different roughness treatment appraches. However, the predicted
mean axial velocities in the near-wall region of NWG4s develogk by two different roughness
treatment approaches deviate from the rough wall logarithmic-law pofiles because for near-wall
computing nodes located below a dimensionless wall distance bf.225, the scalable wall functions use
dimensionless wall distance of 11.225 for the near-wall mean eeity computation instead of the actual
dimensionless wall distance of the near-wall grid’[/]. In other words, for the same grid generation, the
predicted non-dimensional mean velocity profiles of the two rougness treatment approaches remain
identical and deviate from the rough wall logarithmic-law profile in the near-wall region as long as
the dimensionless wall distances of the near-wall grids deterngd by these approaches are smaller
than 11.225. To obtain better agreement in the mean axial velocityrediction for roughness Reynolds
number below 11.225, the near-wall computing nodes should bedated at the dimensionless wall
distance of 11.225 or higher, as demonstrated by NWG1, NWG2, antlWG3; however, this leads to
a loss of accuracy in the Fanning friction factor prediction.

For roughness Reynolds numbers above 11.225, the mean axialwocities predicted by NWG4s
developed by RT1 slightly differ from those obtained by RT2 but showbetter agreement with the rough
wall logarithmic-law profiles across the logarithmic region, fom its lower to upper bounds. The higher
mean axial velocities predicted by RT2 near the lower bound of theagarithmic region are attributed
to the half roughness element height blocked flow assumptionpiwhich the higher dimensionless wall
distance is used for near-wall mean velocity computation of the waflnctions as previously described
in

According to the present predicted non-dimensional mean velati profiles, it can be summarized
that for roughness Reynolds numbers above 11.225, the NWG4s witRT1 are preferred for both
inflectional and monotonic roughness types, as they exhibit glhtly better agreement in mean velocity
prediction near the lower bound of the logarithmic region than NWG4s developed by RT2. However,
for roughness Reynolds numbers below 11.225, the selection af appropriate CFD model depends on
the intended focus, either on Fanning friction factor analysis (NWG4)or on mean velocity prediction
(NWG1, NWG2, and NWG3).

5 Conclusions

The present CFD study investigates an appropriate RANS equation-ased CFD model employing
the standard k-epsilon model with scalable wall functions for turbuént flows in inflectional and
monotonic rough pipes, mainly by analyzing the predicted Fanmg friction factors obtained by
four different near-wall grid CFD models and two roughness treatmehapproaches. Four Reynolds
numbers and two relative roughness values, corresponding togéit roughness Reynolds numbers for
each roughness type, were simulated. Grid independent solutis and quantitative grid convergence
were successfully achieved by comparing normalized mean oeity profiles and analyzing GCI of
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Fanning friction factors for turbulent pipe flows with Reynolds numbers of 5 10*and 5 1C¢
simulated by three different grid resolutions. For model validaton, the predicted normalized mean
velocity profiles for Reynolds numbers of 5 10*and5 10 agreed well with the previous measured
data of Laufer [29].

The Fanning friction factors predicted by 208 CFD simulations (32 fran previous works [25,26]
and 176 from the present study) were compared to those of inflecti@hcorrelation of Afzal [ 8] and the
monotonic correlation of Colebrook-White [4] to identify appropriate CFD models for turbulent flow
in rough pipes. In addition, 124 of 208 CFD simulations (32 from pevious works P6] and 92 from the
present study) were analyzed by comparing the predicted non-dansional mean velocity profiles with
the rough wall logarithmic-law profiles to assess the capability fthe CFD models in predicting mean
velocity within the logarithmic region. Finally, the conclusions have been drawn to obtain appropriate
CFD models developed by the standard k-epsilon model with scaldd wall functions for turbulent
flows in inflectional and monotonic rough pipes as follows:

According to Fanning friction factor comparisons and NMSE analysis, the near-wall grid sizes
obtained by dimensionless wall distance of roughness Reyna@dnumber (NWG4), in which the
proper near-wall grid size is twice the roughness height for cetienter-based CFD codes, are only
recommended for predicting Fanning friction factors of inflectional and monotonic roughness types.
This recommended near-wall grid size contradicts the suggestiaf Johansson [6], who suggested
that the near-wall grid size may be larger than twice the roughnes®lght. It is noted that larger near-
wall grid sizes can accurately predict non-dimensional meareiocity profiles in the logarithmic region
for roughness Reynolds numbers below 11.225; however, thisalld be applied with caution, as it may
reduce the accuracy of the Fanning friction factor prediction.

Both RT1 and RT2 accurately predict the Fanning friction factors. However, RT1 offers superior
accuracy in mean velocity prediction across the logarithmic régn. Therefore, RT1 is recommended
for accurately predicting both Fanning friction factor and mean velccity profile.

The default values of 0.5 and 0.09 for the roughness and turbuleaenodel constants are adequate
for simulating inflectional roughness. In contrast, monotonic raughness requires higher roughness
and turbulence model constants to capture the effects of non-uniform raghness, particularly from
the middle to the lower end of the transitionally rough regime. Basg on Fanning friction factor
comparisons, the present study identifies the roughness and tudence model constants required for
modelling turbulent flows in both inflectional and monotonic ro ugh pipes as summarized in
It is noted that the roughness Reynolds numbers of 16 and 70 i , adopted as reference values
for setting the roughness and turbulence model constants in the traniinally rough regime, were
determined from the present CFD results and from the fully rough regne criterion reported in the
previous works [1,47,48], respectively.

The present work successfully provides an appropriate CFD maal for turbulent rough pipe flow,
which can be effectively extended to other rough surface types, esfaly for guiding the specification
of roughness and turbulence model constants in the transitionallyough regime. Furthermore, the
findings of this work are also valuable for simulating other flow situations involving rough surfaces,
where similar modelling concepts can be applied. For future wdx, further studies on heat transfer,
non-Newtonian fluids (e.g., pseudoplastic and dilatant fluids) and turbulence models (e.g., k-omega
and SST k-omega models) are required to establish more compretsive guidelines for CFD modeling
of turbulent rough pipe flows.
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Table 5: Recommended roughness and turbulence model constants for in€gonal and monotonic
roughness types

Parameter Roughness Reynolds number Inflectional roughness Monotonic roughness
Roughness  2.25< k¢ < 70 0.5 0.5-1.0

constant kS 70 0.5 0.5

Turbulence  2.25< k¢ < 16 0.09 >0.09

model kS 16 0.09 0.09

constant
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