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ABSTRACT

�is paper answers the question: “How can an appropriate turbulent rough

pipe �ow computational �uid dynamics (CFD)model be developed?”�e

Reynolds-averaged Navier-Stokes equations with the standard k-epsilon

turbulence model and scalable wall functions were solved to obtain Fan-

ning friction factors and mean velocity pro�les in in�ectional and mono-

tonic rough pipes. CFDmodels with near-wall grid sizes from four dimen-

sionless wall distances and two roughness treatment approaches were

simulated. Eight roughness Reynolds numbers, covering the lower end

of the transitionally rough regime through the fully rough regime, were

studied for each roughness type. Appropriate roughness and turbulence

model constants for turbulent rough pipe �ows in the transitionally rough

regime were determined. For model validation, the predicted mean axial

velocity pro�les for Reynolds numbers of 5 × 104 and 5 × 105 exhibited

good agreement with the reference experimental data. A total of 208

CFD simulations (32 from our previous works and 176 from the present

study) were analyzed. Finally, based on comparisons between predicted

Fanning friction factors and established correlations, appropriate CFD

models for turbulent �ows in in�ectional andmonotonic rough pipeswere

identi�ed. Suitable CFD models for accurately predicting mean velocity

pro�les at roughness Reynolds numbers below 11.225 were also obtained,

although with the caution that improved mean velocity prediction may

reduce Fanning friction factor accuracy. Furthermore, the present CFD

work provides essential guidance for extending simulations to other rough

surface types and rough-wall �ow situations.
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1 Introduction

Roughness is one of the important effects on wall-bounded flows, e.g., flow in a pipe. This effect

has been studied by many researchers, especially for turbulent flow. Over 90 years ago, Nikuradse

[1], a hydraulic experimenter [2], studied the sand grain roughness effect on circular pipe flow. His

invaluable experimental data have been considered and employed by many researchers up to the
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present. For example, Gioia and Chakraborty [3] used Kolmogórov’s phenomenological theory to

model the friction factors reported by Nikuradse [1]. In 1939, Colebrook [4] contributed to this

research field through his work on the effect of commercial pipe roughness. Later,Moody [5] presented

the friction factor in a convenient form of a graph for engineering applications by plotting the Darcy

friction factor (fD), noting that fD = 4fF , where fF is the Fanning friction factor. Moody’s friction

factor curves for rough surface pipes revealed that friction factors decreased with increasing Reynolds

number (Re) and asymptotically approached a constant value at higher Reynolds numbers. It is noted

that, for pipe flows, Re = DU/ν = ρDU/µ, where D is the pipe diameter, U is the average velocity,

ν is the fluid kinematic viscosity, ρ is the fluid density, and µ is the fluid viscosity. This characteristic

of the friction factor curve is called “monotonic roughness curve”.

Although theMoody’s diagram successfully represented amonotonic roughness curve,McGovern

[6] later prepared the friction factor diagram by including monotonic and inflectional roughness

curves. For the inflectional roughness curve, as the Reynolds number increases, the friction factor

decreases to the minimum friction factor value and later increases again in the transitionally rough

regime, finally approaching the constant value in the completely rough regime. Both artificial sand

grain rough surface [1] and honed surface [7] produced inflectional characteristics. The McGovern’s

diagram [6] was constructed by incorporating von Kármán, Prandtl, Nikuradse expression for

smooth pipe, Colebrook-White equation [4] for monotonic roughness curves, Afzal correlation [8] for

inflectional roughness curves, and von Kármán expression for rough surface pipe at infinite Reynolds

number.

The study of roughness effect on fluid flow is not limited to experimental and theoretical

fluid dynamics techniques but has also been extended to computational fluid dynamics (CFD) due

to significant improvement in computing performance and CFD’s advantages [9]. These reasons

encouragemany researchers to investigate roughness effects in simple channel flows andmore complex

flow scenarios, such as gas cyclone separator [10,11], heat exchanger [12,13], 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-shaped, small 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 number (Nu), representing heat transfer, was

found to decrease, with increasing surface roughness. In 2010, Vijiapurapu and Cui [15] compared the

capability of Reynolds-averaged Navier-Stokes (RANS) equation-based turbulence models, including

k-epsilon model, k-omega model, and Reynolds stress model (RSM), and large eddy simulation (LES)

for simulating three-dimensional fully developed flows in a circular pipe roughened by repeated square

ribs. For time-averaged flow property prediction, the performance of all considered turbulence models

was insignificantly different. LES was superior in predicting flow separation but required a higher

computational cost.

Johansson [16] studied the sand grain roughness effect on pressure drops in Delrin, steel, and iron

straight pipes as well as free form fabrication pipe with two and three bends by using experiments

and CFD simulations with AVL FIRE, a commercial FVM-based CFD software. The near-wall grid

(NWG) size was controlled by using dimensionless wall distance (y+), which is generally defined

as yuτ/ν = ρyuτ/µ, where y is the normal distance from the wall and uτ is the friction velocity

and is defined as
√

τw/ρ, τw is the wall shear stress. The study concluded that accurate pressure

drop predictions were obtained by the near-wall grid size of at least twice the roughness height (ks).

Moreover, at least two cell layers were required to resolve the internal 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. Haroon et al. [17] simulated turbulent flows

with Reynolds numbers from 5 × 103 to 107 in rough PVC, steel, and cast-iron pipes by using ANSYS

CFX, a commercial FVM-based CFD code, with the standard k-epsilon turbulence model (hereafter

standard k-epsilon model) and convergence criterion based on residuals of 10−5. The simulated results

showed that the standard k-epsilon model was adequate for predicting friction factors and head losses

in rough pipe flows.

Abdelrazek et al. [18] investigated the effects of nanofluids’ thermophysical properties on heat

transfer and pressure drop through experiments and two-dimensional axisymmetric CFD simulations

by usingANSYSFluent, a commercial FVM-basedCFD software, with the standard k-epsilonmodel.

Reynolds numbers ranging from 6000 to 12,000 were studied. Their predicted averageNusselt numbers

and pressure drops for distilled water agreed well with their experimental data, having an average

error of about 5%. Later, Aldlemy et al. [19] used the experimental data of Abdelrazek et al. [18] for

validating their CFD model and numerically investigated the pressure drops of turbulent rough pipe

flows with the Reynolds number range from 5000 to 15,000 by using ANSYS Fluent with the standard

k-epsilon model. The pipe flow CFD models of Aldlemy et al. [19] provided a higher average error

than those of Abdelrazek et al. [18]. They concluded that the roughened pipes provided more effect

on pressure drop than the smooth pipe.

Loyseau et al. [20] numerically investigated flow and turbulence fields inside 0.5 inch, 14.5 inch,

and 48 inch-diameter pipes by using BL-ν2/k turbulence model of Code_Saturne, k-epsilon model

of Code_Saturne, k-omega SST of Code_Saturne, OpenFOAM, and ANSYS 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 values, which depended on the

turbulence model, to estimate near-wall grid sizes. It is noted that, from definitions of dimensionless

wall distance and Fanning friction factor (fF ≡ 2τw/
(

ρU 2
)

), the normal distance between the wall and

computing node of the first near-wall grid (yp) can be calculated by Eq. (1), which is commonly used

for estimating the near-wall grid size of turbulent pipe flow CFD simulation.

yp =
y+ν

U
√

fF/2
=

y+µ

ρU
√

fF/2
(1)

The near-wall grid sizes for vertex-based CFD codes (e.g., ANSYS CFX) and cell-center-based

CFD codes (e.g., ANSYS Fluent, AVL FIRE, etc.) are yp [9] and 2yp [9,22], respectively. The simulated

results for the 14.5 inch-diameter pipe confirmed that RSM was better than other turbulence models

because it accounts for anisotropic turbulence but required higher computing costs. Moreover, the

k-omega SST model was recommended for three different pipe sizes due to its reasonably good

prediction accuracy.

Temsiriphan [23] proposed a concept for determining the appropriate dimensionless wall distance,

i.e., y+, required to estimate near-wall grid sizes in CFD simulations of turbulent flow in rough pipes by

considering a half roughness element height blocked flow assumption reported byANSYSFluent [24],

which is latterly called in this paper as “Temsiriphan’s concept” and abbreviated by “TC”. From this

assumption, he assumed that the linear sublayer starts at the middle of the roughness element. Similar

to smooth pipe flow CFD modelling, the proper dimensionless wall distance required for near-wall

grid size estimation of rough pipe flow CFD simulation was obtained at the intersection between

the linear sublayer and the logarithmic-law layer. The example for investigating this appropriate

dimensionless wall distance can be illustrated in Fig. 1. The Fanning friction factors for inflectional

andmonotonic roughness types were predicted by two-dimensional axisymmetric fully developed pipe
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flow domains with periodic boundary conditions, a standard k-epsilonmodel, and different roughness

constant (Cs) values. The near-wall grid sizes obtained by dimensionless wall distance values of 5,

10, 15, 30, 50, and TC were employed. The results revealed that the small near-wall grid sizes were

improper for Fanning friction factor prediction.Moreover, the high accuracy inFanning friction factor

prediction was achieved by only specific CFD settings depending on operating conditions.

Figure 1: Example for appropriate dimensionless wall distance determination of TC [23]

Boonsamer et al. [25] predicted Fanning friction factors for turbulent inflectional rough pipe flows

with Reynolds numbers from 5× 103 to 5× 105 by using near-wall grid sizes obtained by dimensionless

wall distances of 10, 11.225, 30, TC, and the roughness Reynolds number (k+
s
), or dimensionless

roughness height, which is defined as ksuτ/ν or ρksuτ/µ. The two-dimensional axisymmetric CFD

models employing the standard k-epsilon model were used to predict developing and fully developed

pipe flows as well as Fanning friction factors for a relative roughness (ks/D) of 0.00486. The results

showed that the proper near-wall grid sizes were obtained by the dimensionless wall distance of

roughness Reynolds number. Later, Boonsamer [26] 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 velocity profiles as termed in his work, for both

relative roughness values were analyzed and reported in his thesis. The predicted results still confirmed

that the appropriate dimensionless wall distance required for estimating 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. Although the proper near-

wall grid sizes for inflectional rough pipe flow CFD simulations were successfully investigated by

Boonsamer et al. [25] and Boonsamer [26], the appropriate guideline for near-wall grid size estimation

for monotonic rough pipe flows was still controversial as previously reported by Temsiriphan [23].

Furthermore, there are several wall roughness treatment approaches. 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 roughness in the transitionally rough regime.

Therefore, in the present work, the near-wall grid sizes were rationally determined by dimension-

less wall distances being 11.225, 30, TC, and the roughness Reynolds number to investigate near-wall

grid sizes for appropriate CFD modeling of isothermal Newtonian turbulent flows in inflectional

and monotonic rough pipes by using the standard k-epsilon model with scalable wall functions.

The Fanning friction factors and non-dimensional mean velocity profiles predicted by two different
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roughness treatment approaches for turbulent flows in 0.246888 m-diameter pipes with inflectional

and monotonic rough surfaces were analyzed. It is noted that these two different roughness treatment

approaches are described in a later section. The roughness heights of 0.00026 m (relative roughness

of 0.00105) and 0.0012 m (relative roughness of 0.00486), which are similar to our previous works

[25,26], were studied for both roughness types. The Reynolds numbers of 5 × 104, 1 × 105, 3 × 105,

and 5 × 105 were investigated. From these conditions, the studied roughness Reynolds numbers are

summarized in Table 1. In this work, for inflectional roughness, the Fanning friction factors predicted

by the roughness treatment without the half roughness element height blocked flow assumption for

the relative roughness of 0.00486 reported by Boonsamer et al. [25] and the relative roughness of

0.00105 reported by Boonsamer [26] and the non-dimensional mean velocity profiles for these relative

roughness values of Boonsamer [26] simulated by the same roughness treatment approach were used

for comparison with the present results. Finally, the Fanning friction factors and non-dimensional

mean velocity profiles predicted in this study and in the previous works [25,26] were analyzed all at

once to finalize the comprehensive conclusion of the present work.

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 × 104 2.69 14.12 2.89 15.36

1 × 105 5.08 28.83 5.57 30.29

3 × 105 15.09 88.35 16.12 89.94

5 × 105 25.47 147.96 26.63 149.58

2 Roughness Treatment

Generally, for RANS equation-based turbulence models, there are two different wall treatments,

i.e., wall function approach (y+-sensitive wall treatment) and near-wall model approach (y+-insensitive

wall treatment) [24,27]. The wall function approach requires less grids in the near-wall region as

compared to another because it uses law of the wall to bridge the viscous-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 using wall function-based turbulence

models (y+-sensitive-wall-treatment-based turbulence models), e.g., k-epsilon model, RSM, etc.

For smooth and rough surface walls, the law of the wall for mean velocity can be written in general

form as shown in Eq. (2) [24,27].

u+ =
1

κ
ln y+ + 5.45 − ∆B (2)

where u+ is the dimensionless velocity and can be defined as a ratio of mean velocity (u) to friction

velocity. κ is the von Kármán constant, which equals 0.4187. ∆B is the roughness parameter, which

is a function of roughness Reynolds number. From the Nikuradse’s experimental data [1], Cebeci and

Bradshaw [28] gave roughness parameter formulas for hydrodynamically smooth regime (k+
s

≤ 2.25),

transitionally rough regime (2.25 < k+
s

≤ 90), and completely rough regime (k+
s

> 90), which were

latterly expressed in the compatible forms by ANSYSFluent as shown in Eqs. (3)–(5) [24], respectively.
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∆B = 0 (3)

∆B =
1

κ
ln

[

k+
s

− 2.25

87.75
+ Csk

+
s

]

× sin
[

0.4258
(

ln k+
s

− 0.811
)]

(4)

∆B =
1

κ
ln

(

1 + Csk
+
s

)

(5)

For uniform sand grains, the roughness constant is 0.5, which is a default value for modelling

roughness in ANSYS Fluent [24].

As mentioned previously, the present work considered two different roughness treatment

approaches. For the first roughness treatment approach, the dimensionless wall distance computed by

the normal distance between wall and computing node of the first near-wall cell is directly substituted

into Eq. (2) to compute mean velocity. That is the dimensionless wall distance for the mean velocity

computation of the wall functions (y+
WF
) equals dimensionless wall distance of the first near-wall

computing node (y+
NWC

). The first roughness treatment approach is now abbreviated by “RT1” to

conveniently mention in the latter section. For the second roughness treatment approach, a half

roughness element height blocked flow assumption was applied [24]. Therefore, the dimensionless

wall distance for the wall functions equals summation of dimensionless wall distance of the first near-

wall computing node and half of roughness Reynolds number, i.e., y+
WF

= y+
NWC

+k+
s
/2 [24]. In order to

conveniently mention the second roughness treatment approach in 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 previous CFD models [25,26] to

warrant fair result comparisons. The complete CFD setups of isothermal Newtonian turbulent flows

in inflectional and monotonic rough pipes are described as follows:

3.1 Considered Pipes and Their Grid Generation

For all CFD simulations, the 9.72 inch-inner diameter circular pipe, which was experimentally

investigated by Laufer [29], was employed similar to our previous CFD works [25,26]. 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 compu-

tational domain length (L) was determined by entry length (Le) + 20 times pipe diameter, where

Le = 4.4D
(

Re
1/6

)

[30]. Meaning that the computational domain lengths were different depending

on Reynolds number. It is noted that although the entry-length correlation used in this work has

been confirmed in previous studies [31–33] to achieve fully developed flow in their systems, the

computational domain length determined by this correlation was extended by an additional 20 pipe

diameters in this work to guarantee that it exceeded the entrance region. Moreover, since the entry

length of a rough pipe is shorter than that of a smooth pipe as reported by Li et al. [34], the

additional length adopted in the present computational domain is considered sufficient to ensure fully

developed flow.

For grid generation, Eq. (1) was computed by using different dimensionless wall distances of

11.225, 30, TC, and the roughness Reynolds number to obtain near-wall grid sizes of turbulent

rough pipe flow CFD models. It is noted that the CFD models with near-wall grid sizes obtained

by dimensionless wall distances of 11.225, 30, TC, and the roughness Reynolds number are labeled as
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“NWG1”, “NWG2”, “NWG3”, and “NWG4”, respectively, to conveniently refer to these four near-

wall grid CFDmodels, i.e., CFDmodels 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

equation) can be obtained using the Lambert W -function and the Wright ω-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 estimate near-wall grid sizes

for inflectional and monotonic rough pipes, respectively, and to compare with the simulated results.

1
√

fF
= −4 log10

[

ks/D

3.7
exp

{

−j
1.415

Re (ks/D)
√

fF

}

+
1.255

Re
√

fF

]

(6)

1
√

fF
= −4 log10

[

ks/D

3.7
+

1.255

Re
√

fF

]

(7)

For Eq. (6), j is 11 for inflectional roughness and 0 for monotonic roughness (when j equals 0,

the Afzal correlation [8] reduces to the Colebrook-White equation [4]). The near-wall grid sizes of the

present turbulent rough pipe flow CFD models are summarized in Table 2. Quadrilateral grid cells

were generated inside the two-dimensional computational domains to minimize numerical errors [36].

The growth ratio in radial was 1.05–1.07 (starting from the wall towards the pipe center) depending on

near-wall grid size [25,26]. For axial direction, the grid generation was distinguished into 2 zones, i.e.,

a gradually distributed grid zone and equilateral grid length zone. Regarding the first 35 grid layers

beyond the inlet, grids underwent expansion with the growth ratio of 1.1 [25,26]. In the equilateral

grid length zone, the uniform grid lengths were applied. Moreover, in the second zone, the near-wall

grid aspect ratios were controlled to not exceed the maximum value of 100 typically allowed in the

boundary layer [37], with values ranging from 38.3 to 38.7. The schematic of pipe flow domain and

example of grid generation for two-dimensional pipe flow domain are illustrated in Fig. 2.

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

Reynolds

number

CFD

model

Target y+ for

near-wall grid size

estimation

Near-wall grid size [mm]

Inflectional

roughness

height

Monotonic

roughness

height

0.00026 m 0.0012 m 0.00026 m 0.0012 m

5 × 104 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

Reynolds number

0.5182 2.4000 0.5182 2.4000

1 × 105 NWG1 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

Reynolds number

0.5182 2.4000 0.5182 2.4000

(Continued)
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Table 2 (continued)

Reynolds

number

CFD

model

Target y+ for

near-wall grid size

estimation

Near-wall grid size [mm]

Inflectional

roughness

height

Monotonic

roughness

height

0.00026 m 0.0012 m 0.00026 m 0.0012 m

3 × 105 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

Reynolds number

0.5182 2.4000 0.5182 2.4000

5 × 105 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

Reynolds number

0.5182 2.4000 0.5182 2.4000

Figure 2: Schematic of computational pipe flow domain and example of grid generation

3.2 Physical Settings

The mean flow and turbulence fields for air flow in rough pipes were resolved by steady state

RANS equations with the standard k-epsilon model and scalable wall-functions. See also ANSYS

Fluent theory guide [27] for the complete details of these transport equations. The density and viscosity

of air were 1.229 kg·m−3 and 1.73 × 10−5 Pa·s, respectively.

At the inlet, the velocity-inlet boundary condition type was used. The uniform inlet velocities of

2.8508, 5.702, 17.105, and 28.508 m·s−1 were specified for Reynolds numbers of 5 × 104, 1 × 105,

3 × 105, and 5 × 105, respectively. For turbulence at the inlet, turbulence intensity (I) computed

by 0.16Re
−1/8

and hydraulic diameter of 0.246888 m were imposed. At the outlet, the zero gauge

pressure was set for pressure-outlet boundary condition type. The outlet turbulence specifications were
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identical to those of inlet. At the pipe wall, no-slip boundary condition was used. For two-dimensional

axisymmetric computational domain, the axis boundary condition typewas applied at the domain axis.

3.3 Numerical Settings and Solution Strategy

In the present work, the steady state double precision pressure-based 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 second order, respectively. Furthermore,

the discretization schemes of momentum, turbulence kinetic energy (k or TKE), and turbulence

dissipation rate (ε or TDR) were second order upwind.

The scaled residuals of all transport equations were monitored to identify solution convergence.

The simulations were performed until all scaled residuals were constant or slightly different to warrant

solution and iterative convergences [38].

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 × 105, 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 for pipe flow with Reynolds numbers

of 5 × 104 and 5 × 105 were re-analyzed by comparing the profiles of normalized mean axial velocity,

which can be defined as a ratio of mean axial velocity (U) to centerline axial velocity (U0), obtained

by fine grid resolution cases of our previous works [25,26] with those simulated by medium and coarse

grid levels of the present work as shown in Fig. 3. It is noted that, unlike in the previous works [25,26],

both node and cell-center values were adopted for plotting the normalized mean axial velocity profiles

in Fig. 3 to minimize the error caused by interpolation of the plotting software. Moreover, the grid

convergence index (GCI) analysis for Fanning friction factors of these two different Reynolds numbers

was assessed to quantitatively obtain grid convergence by following the comprehensive GCI procedure

suggested by Bumrungthaichaichan et al. [39] as reported in Table 3.

From Fig. 3, the radial profiles of normalized mean axial velocity in developing (x = 0.25 L and

0.5 L) and fully developed (x = 0.75 L and 1 L) zones for two different Reynolds numbers predicted

by three different grid resolutions are insignificantly different. FromGCI analysis reported in Table 3,

convergence ratios of −0.1061 for Reynolds number of 5 × 104 and 0.7102 for Reynolds number of

5 × 105 indicate oscillatory and monotonic convergence, respectively. The α values for two different

Reynolds numbers are approximately one, which mean that the Fanning friction factors predicted by

grid refinement from coarse to fine grid resolutions are in asymptotic range. For GCI comparisons,

GCI21 < GCI32 confirms grid independent solutions for two different simulations. Moreover, the

error bars on normalized mean axial velocity profiles were obtained by average apparent order of

discretization method of 5.21 for Reynolds number of 5 × 104 and 18.19 for Reynolds number of

5 × 105. The maximum discretization uncertainties for these Reynolds numbers were lower than 1%.

Although these results reveal that coarse grid resolution is adequate to obtain grid independence, the

fine grid qualities were adopted for developing the present CFD models for turbulent flows in rough

pipes to minimize any numerical uncertainties.
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Figure 3:Radial profiles of normalizedmean axial velocity for Reynolds number of 5× 104 and 5× 105

at x/L of 0.25, 0.5, 0.75, and 1 predicted by three different grid resolutions

Table 3: GCI analysis for Fanning friction factor

Reynolds

number

i1 Ni fi (Fanning

friction factor)

% Difference2 ri+1,i p3 GCI [%] R4 α 5

5 × 104 06 – 4.8980 × 10−3

1 1064 4.8979 × 10−3 –

1.2602 0.0034

2 670 4.8968 × 10−3 0.0224 9.6154 −0.1061 1.0045

1.2630 0.0313

3 420 4.9072 × 10−3 0.1890

5 × 105 06 – 3.1427 × 10−3

1 21,320 3.1344 × 10−3 –

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 × 10−3 0.2457

Notes: 1i = 0, 1, 2, and 3 denote zero grid space, fine grid level, medium grid level, and coarse grid level, respectively; 2The percentage dif-

ference is defined as
(∣

∣fF ,CFD − fF ,Fine
∣

∣ /fF ,Fine
)

× 100; 3p is the apparent order of discretization method; 4R is the convergence ratio

(monotonic convergence for 0 < R < 1, oscillatory convergence forR < 0, and divergence forR > 1) and can be computed by e21/e32, where

ei+1,i = (fi+1 − fi) /fi;
5α is the variable for asymptotic range of convergence identification and can be calculated by

(

(r21)
pGCI21

)

/GCI32;
6For i = 0, the value at zero grid space (f0) is obtained by Richardson extrapolation as f0 = f1 + (f1 − f2) /

(

(r21)
p − 1

)

.

3.5 Model Validation

For model validation, the predicted fully developed normalized mean axial velocity profiles at the

outlet were compared to the measured fully developed velocity profiles of Laufer [29] as depicted in

Fig. 3. Fig. 3 reveals that the predicted profiles for Reynolds numbers of 5 × 104 and 5 × 105 slightly
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deviate from the previous experimental data reported by Laufer [29]. Due to the information loss

inherent in the time-averaging process [40,41] of the RANS equations, a perfect match between the

results of RANS equation-based CFD models and measured data is rarely obtained. This limitation

contributed to the observed discrepancies in the normalized mean axial velocity profiles. Moreover,

the differences in upstream conditions for the present CFD simulations (uniform velocity profile) and

experiment of Laufer [29] (velocity profile induced by sandpaper-accelerated boundary layer growth)

can also result in deviations due to the memory effect [42], which resulting in a delayed response to

disturbances. Therefore, based on these comparisons and explanations, it can be summarized that the

present CFD models are reasonable for predicting turbulent pipe flows.

4 Results and Discussion

In the present work, the predicted Fanning friction factors for different conditions were compared

to those obtained by correlations [4,8] 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 Section 4.1. Moreover, the predicted non-dimensional mean velocity profiles were compared to the

rough wall logarithmic-law profiles for rough surface to achieve the proper CFDmodels for turbulent

rough pipe flows as shown in Section 4.2. It is noted that, for NWG4s, the results for inflectional

roughness predicted by RT1 from our previous works [25,26] and by RT2 in the present work, both

with a roughness constant of 0.5, were used formonotonic roughness under the sameReynolds number

and relative roughness throughout this work due to the identical CFD simulation.

4.1 Fanning Friction Factor

For inflectional roughness, the Fanning friction factors predicted by two roughness treatment

approaches with roughness constant of 0.5 for different Reynolds numbers, relative roughness values,

and near-wall grid CFD models were compared to those computed by Afzal correlation [8] as shown

in Fig. 4. According to the previous work of Temsiriphan [23], his simulated results showed that

the higher roughness constant was suitable for predicting Fanning friction factors of monotonic

roughness. Therefore, in the present work, the Fanning friction factors for monotonic roughness

predicted by roughness constants of 0.5 and 0.7 were compared to Fanning friction factors obtained

by Colebrook-White correlation [4] as depicted in Figs. 5 and 6, respectively.

Fig. 4 reveals that the Fanning friction factors predicted by NWG4s, near-wall grid sizes obtained

by roughness Reynolds number, for two roughness treatment approaches 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 smaller near-wall grid sizes result in

lower values. For example, at a Reynolds number of 3 × 105, the Fanning friction factor for a relative

roughness of 0.00105 predicted by NWG4 (0.5182 mm) is 0.004597. For the smaller near-wall grid

size of NWG1 (0.3870 mm) and the larger near-wall grid sizes of NWG3 (0.5936 mm) and NWG

2 (1.0343 mm), the Fanning friction factors under the same conditions are 0.004287, 0.004579, and

0.004528, respectively. However, for the Fanning friction factor prediction of RT2, it can be observed

that the larger the near-wall grid size, the lower the Fanning friction factor. That is the Fanning friction

factors for a Reynolds number of 3 × 105 and a relative roughness of 0.00105 predicted by RT2 for

NWG1,NWG4,NWG3, andNWG2 (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 different near-wall grid CFD

models and roughness treatment approaches with roughness constant of 0.5

Figure 5: Fanning friction factors of monotonic roughness predicted by different near-wall grid CFD

models and roughness treatment approaches with roughness constant of 0.5
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Figure 6: Fanning friction factors of monotonic roughness predicted by different near-wall grid CFD

models and roughness treatment approaches with roughness constant of 0.7

As shown in Figs. 5 and 6, although the near-wall grid sizes were computed by Colebrook-White

equation [4] for monotonic roughness, the Fanning friction factors predicted by roughness constants

of 0.5 and 0.7 still follow inflectional roughness cases because the employed wall functions were

developed based on Nikuradse’s experimental data for sand grain (inflectional) roughness [1]. It is

worth reiterating that the results for the inflectional roughness predicted by NWG4s with RT1 and

a roughness constant of 0.5 in our previous works [25,26] were used for the monotonic roughness in

Fig. 5 and elsewhere in this work because both roughness types employed an identical CFD model

under the same Reynolds number and relative roughness. The trends 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, a roughness constant of 0.7 predicts Fanning

friction factors approximately 0.5% to 11% higher than those with 0.5, depending on the tested

conditions. Increasing the roughness constant from 0.5 to 0.7 can both improve and deteriorate the

accuracy of the predicted Fanning friction factors.

For relative roughness of 0.00486, the Fanning friction factors predicted by NWG4s at Reynolds

numbers of 3 × 105 and 5 × 105, corresponding to roughness Reynolds numbers of 89.94 and

149.58, respectively, for both roughness treatment approaches (roughness constant of 0.5) closely

match the values computed by Colebrook-White equation [4] as shown in Fig. 5, similar to the

results of inflectional rough pipe CFD simulations. Unsurprisingly, although the present CFDmodels

were developed by inflectional roughness-based wall functions, they effectively predicted monotonic

friction factors in near-completely rough and completely rough regimes. This is because at high

Reynolds numbers in completely rough regime, the inertial force dominates the flow and friction

factors depend mainly on roughness height rather than on roughness shape, spacing, and uniformity

[1,4–6]. In other words, the effects of roughness shape, spacing, and uniformity are overshadowed by

the roughness height.
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On the other hand, as the Reynolds number decreases from the completely rough to the tran-

sitionally rough regime, the influence of roughness height weakens, while the roughness uniformity

becomes increasingly important in shaping flow dynamics and drag behavior [43–45]. This is a reason

why Fanning friction factors at Reynolds numbers of 1 × 105 for a relative roughness of 0.00486

(roughness Reynolds number of 30.29) and 5 × 105 for a relative roughness of 0.00105 (roughness

Reynolds number of 26.63) predicted by NWG4s and both roughness treatment approaches with a

roughness constant of 0.7 represent good agreement with those of Colebrook-White equation [4] as

depicted in Fig. 6. These predicted results are consistent with the recommendation of ANSYS Fluent

that the roughness constant for non-uniform roughness ranges from 0.5 to 1.0 [24]. Generally, at the

same Reynolds number, the Fanning friction factor increases with increasing roughness height or with

greater surface roughness non-uniformity, particularly in the transitionally rough regime, whereas it

decreases when these parameters are reduced [6]. Moreover, Eqs. (4) and (5) indicate that increasing

the roughness Reynolds number and/or roughness constant leads to an increase in ∆B, and vice

versa, meaning both parameters affect ∆B in the same manner. This implies that an increase in the

roughness constant also results in a higher predicted Fanning friction factor, explaining why a higher

roughness constant is required to predict the Fanning friction factor ofmonotonic (more non-uniform)

roughness. Nevertheless, since a universally accepted criterion for specifying roughness constant for

arbitrary surface types is unavailable [24], a roughness constant of 0.7 suggested by Temsiriphan

[23] was adopted for modelling monotonic roughness type in the present study. Even with this value

(roughness constant of 0.7), noticeable discrepancies in Fanning friction factor prediction persist for

roughness Reynolds numbers below 26.63 as shown in Fig. 6.

Generally, for RANS turbulence model-based CFD simulation with wall functions, the prediction

accuracy depends mainly on both near-wall and core flow calculations. From the predicted Fanning

friction factors shown in Fig. 6, increasing the roughness constant can possibly improve the accuracy

of Fanning friction factor predictions for monotonic roughness from the middle toward the lower

end of the transitionally rough regime. Moreover, at the same Reynolds number within the lower end

of the transitionally rough regime, the greater asymmetry induced by non-uniform roughness leads

to higher entropy generation, resulting in an increase in turbulence kinetic energy production [46].

Therefore, in order to obtain more accurate predicted Fanning friction factors for roughness Reynolds

numbers below 26.63, higher roughness constant was employed to simulate monotonic roughness pipe

flow in the near-wall region. Furthermore, in the core flow region, the turbulence model constant Cµ,

hereafter simply referred to as “turbulence model constant”, was increased to gain more turbulence

kinetic energy production in monotonic roughness pipe flow with lower roughness Reynolds numbers.

The Fanning friction factors predicted by the appropriately higher roughness and turbulence model

constants are represented in Fig. 7.

In Fig. 7, the results reveal that the application of the appropriate higher roughness and turbulence

model constants successfully predicts the Fanning friction factors for lower roughness Reynolds

numbers of monotonic roughness pipes. These successful CFD simulations inform that for monotonic

roughness, the lower the roughness Reynolds number, the higher the roughness and turbulence model

constants.Moreover, the Fanning friction factors for lower roughnessReynolds numbers ofmonotonic

roughness pipe predicted by NWG4s developed by two different roughness treatment approaches

with the appropriate roughness and turbulence model constants show better agreement with those

calculated by Colebrook-White equation [4] than other models. Different roughness and turbulence

model constants were employed to accurately predict the Fanning friction factors of monotonic

roughness in themiddle to the lower end of transitionally rough regime. This is because the discrepancy

in the friction factor between inflectional and monotonic roughness types (i.e., between more uniform
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and more non-uniform roughness types) varies with the roughness Reynolds number [47–49], as

interpreted from the differences between the Nikuradse and Colebrook roughness functions.

Figure 7: Fanning friction factors of monotonic roughness predicted by different near-wall grid

CFD models and roughness treatment approaches with appropriate roughness and turbulence model

constants

After demonstrating that the adjusted roughness and turbulence model constants 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 turbulence model constant increased from

0.09 to 0.25 is presented to elucidate the associated turbulence parameters at the lower end of the

transitionally rough regime. The profiles of turbulence viscosity ratio (µ+
t

≡ µt/µ where µt is the

turbulence viscosity.), inner-scaled turbulence kinetic energy production (P+
k

≡ Pkν/u4
τ
), inner-scaled

turbulence dissipation rate (ε+ ≡ εν/u4
τ
), and inner-scaled turbulence kinetic energy (k+ ≡ k/u2

τ
) for a

relative roughness of 0.00105 at Reynolds number of 5 × 104 predicted by NWG4s developed by two

different roughness treatment approaches with appropriate settings for inflectional and monotonic

roughness types were compared as shown in Fig. 8. It is noted that the friction velocity for inflectional

(uniform) roughness was used in the present work to normalize the turbulence quantities and to obtain

dimensionless wall distance.
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Figure 8: Turbulence viscosity ratio, inner-scaled turbulence kinetic energy production, inner-scaled

turbulence dissipation rate, and inner-scaled turbulence kinetic energy profiles of inflectional and

monotonic roughness types for a relative roughness of 0.00105 atReynolds number of 5× 104 predicted

by NWG4s developed by two different roughness treatment approaches with appropriate roughness

and turbulence model constants

Fig. 8 reveals that increasing the turbulence model constant from 0.09 to 0.25 for monotonic

(non-uniform) roughness enhances the turbulence viscosity, resulting in increased turbulence kinetic

energy production and turbulence dissipation rate, especially in the near-wall region. In contrast, due

to enhanced turbulence diffusion and dissipation, the turbulence kinetic energy levels for monotonic

roughness are decreased, which similar to the previous direct numerical simulation (DNS) results

for idealized and irregular rough surfaces of Bhaganagar and Chau [50] that predicted turbulence
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intensities for irregular rough surface were lower than those of idealized rough surface. Within

each roughness type (inflectional and monotonic), the results predicted by two different roughness

treatment approaches are identical. To interpret the turbulence behavior observed in the representative

case, plausible physical mechanisms associated with transitionally 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 turbulence production than

uniform roughness, as inferred from theoretical work ofWattananusorn [46] and fromDNS-predicted

turbulence intensity comparisons between random roughness and smooth surfaces [51]. However, the

generated turbulence is fragmented and rapidly dissipated because viscous effects remain important,

especially in the lower end of the transitionally rough regime, to suppress coherent wake formation

for non-uniform rough surface flows, preventing an increase in the mean turbulence kinetic energy;

consequently, lower turbulence kinetic energy levels are observed, consistent with the previous DNS

work of Bhaganagar and Chau [50], as interpreted from predicted turbulence intensity comparisons

between idealized and irregular rough surfaces. In other words, roughness effects in the transitionally

rough regime are strongly dependent on roughness morphology and do not necessarily lead to

monotonic increases in turbulence kinetic energy. In contrast, uniform roughness may promote more

coherent and persistent wake structures, which can enhance turbulence kinetic energy levels. Therefore,

non-uniform roughness, referred to as monotonic roughness in this work, can exhibit a higher friction

factor while maintaining lower mean turbulence kinetic energy levels, because form drag and mean

momentum loss increase due to pressure losses associated with irregular protrusions, even when large

coherent wakes are absent. From this explanation, it can be summarized that increasing the roughness

constant (0.5–1.0) enhances the model’s representation of form drag [43], 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 wall, steepening the near-wall

velocity gradient and thereby increasing the wall shear stress, i.e., yields a higher friction factor for

monotonic roughness at the lower end of the transitionally rough regime. Nevertheless, increasing

the turbulence model constant enhances the turbulence dissipation rate, thereby reducing turbulence

kinetic energy levels. It is emphasized that the mechanisms discussed above are not universal and may

vary with roughness morphology and flow conditions, reflecting the inherent complexity of rough-

surface turbulent flows.

In addition, the normalized mean square error (NMSE) values for Fanning friction factors

predicted by four different grid models were computed and compared to indicate the appropriate

turbulent rough pipe flow CFD model as reported in Table 4. From the previous CFD studies

[52–54], NMSE can be determined by
n

∑

i=1

(Oi − Pi)
2
/

n
∑

i=1

(OiPi), where Oi and Pi are reference and

predicted values for each tested condition, respectively.

From Table 4, NWG4s represent the lowest NMSE values for all conditions. Generally, the

lower NMSE value indicates higher prediction accuracy. Hence, these 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 should be obtained by dimensionless wall

distance of roughness Reynolds number. In other words, the near-wall grid sizes for vertex-based and

cell-center-based CFD codes are roughness height and twice the roughness height, respectively.
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Table 4: Normalized mean square error for Fanning friction factors predicted 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 0.0033 0.0483

NWG2 0.0465 0.0032 0.0231 0.0478 0.0027 0.0236 0.0472 0.0029 0.0234

NWG3 0.0089 0.0021 0.0053 0.0122 0.0011 0.0064 0.0107 0.0015 0.0059

NWG4 0.0003 0.0013 0.0008 0.0001 0.0002 0.0001 0.0002 0.0007 0.0004

According to the predicted Fanning friction factors, it can be summarized that the NWG4s

with the appropriate roughness and turbulence model constants provide good agreement with the

correlations [4,8] in predicting Fanning friction factors for both inflectional andmonotonic roughness

types, regardless of roughness treatment approach. For inflectional roughness, a roughness constant

of 0.5 is appropriate to accurately predict the Fanning friction factors under all studied conditions.

This CFD model can also be adopted to predict Fanning friction factors for monotonic roughness

in the near-completely rough and completely rough regimes. From the upper to lower end of the

transitionally rough regime, the higher roughness constant is recommended 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 precited by two roughness

treatment approaches with appropriate roughness and turbulence model constants for inflectional

andmonotonic roughness types were compared to the rough wall logarithmic-law profiles obtained by

Eq. (2) with Eq. (4) or Eq. (5) as shown in Figs. 9 and 10, respectively. It is noted that the term “non-

dimensional mean velocity profile” used in the present work refers to the rough-wall mean velocity

profile as termed by Schultz and Flack [48]; hereafter, the term “rough wall logarithmic-law profile”

denotes the profile obtained by Eq. (2) with Eq. (4) or Eq. (5).

For the logarithmic region, the lower and upper bounds are still controversy [55]. In other

words, the boundaries have been specified differently depending on the interpretations of individual

researchers [56–58]. Based on the work of Brereton et al. [57], the roughness sublayer extends from the

roughness trough to just beyond the roughness crest. From this information, in the present work, the

lower limit of the logarithmic region was defined to begin at the roughness height corresponding to

the roughness Reynolds number. For the upper limit of the logarithmic region used in this work, the

dimensionless wall distance was set to 0.15 of the friction Reynolds number (Reτ ) [56,58]. It is noted

that the friction Reynolds number is generally defined as δuτ/ν = ρδuτ/µ, where δ is the boundary

layer thickness or pipe radius or channel half-height [56]. That is for pipe flows, Reτ = Ruτ/ν =
ρRuτ/µ. Therefore, vertical dashed crimson red lines are drawn in Figs. 9 and 10 to illustrate the

logarithmic region specified in the present work (k+
s

< y+ < 0.15Reτ ), where the profiles obtained

by CFD simulations and correlations were compared.
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Figure 9:Non-dimensionalmean velocity profiles of inflectional roughness predicted by different near-

wall grid CFD models and roughness treatment approaches with roughness constant of 0.5
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Figure 10: Non-dimensional mean velocity profiles of monotonic roughness predicted by different

near-wall grid CFD models and roughness treatment approaches with appropriate roughness and

turbulence model constants
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FromFigs. 9 and 10, the results reveal that the predicted non-dimensionalmean velocity profiles of

the NWG4s developed by two different roughness treatment approaches agree well with the rough wall

logarithmic-law profiles for both roughness types, especially for roughness Reynolds numbers greater

than 11.225, and exhibit better agreement than those of the other CFD models, consistent with the

Fanning friction factor predictions. Even though Eqs. (2)–(5) were employed by the wall functions to

calculate the mean velocities at the first near-wall computing nodes, the RANS equations with the

standard k-epsilon model predicted similar non-dimensional mean velocity profiles to those described

by these equations due to the accurate near-wall velocity prediction and the use of high-quality grids.

For roughness Reynolds numbers below 11.225, the NWG4s predict identical non-dimensional

mean velocity profiles for two different roughness treatment approaches. However, the predicted

mean axial velocities in the near-wall region of NWG4s developed by two different roughness

treatment approaches deviate from the rough wall logarithmic-law profiles because for near-wall

computing nodes located below a dimensionless wall distance of 11.225, the scalable wall functions use

dimensionless wall distance of 11.225 for the near-wallmean velocity computation instead of the actual

dimensionless wall distance of the near-wall grid [27]. In other words, for the same grid generation, the

predicted non-dimensional mean velocity profiles of the two roughness 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 determined by these approaches are smaller

than 11.225. To obtain better agreement in the mean axial velocity prediction for roughness Reynolds

number below 11.225, the near-wall computing nodes should be located at the dimensionless wall

distance of 11.225 or higher, as demonstrated by NWG1, NWG2, and NWG3; however, this leads to

a loss of accuracy in the Fanning friction factor prediction.

For roughness Reynolds numbers above 11.225, the mean axial velocities predicted by NWG4s

developed byRT1 slightly differ from those obtained byRT2 but show better agreement with the rough

wall logarithmic-law profiles across the logarithmic region, from its lower to upper bounds. The higher

mean axial velocities predicted by RT2 near the lower bound of the logarithmic region are attributed

to the half roughness element height blocked flow assumption, in which the higher dimensionless wall

distance is used for near-wall mean velocity computation of the wall functions as previously described

in Section 2.

According to the present predicted non-dimensional mean velocity profiles, it can be summarized

that for roughness Reynolds numbers above 11.225, the NWG4s with RT1 are preferred for both

inflectional and monotonic roughness types, as they exhibit slightly 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 of an appropriate CFDmodel 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-basedCFDmodel employing

the standard k-epsilon model with scalable wall functions for turbulent flows in inflectional and

monotonic rough pipes, mainly by analyzing the predicted Fanning friction factors obtained by

four different near-wall grid CFD models and two roughness treatment approaches. Four Reynolds

numbers and two relative roughness values, corresponding to eight roughness Reynolds numbers for

each roughness type, were simulated. Grid independent solutions and quantitative grid convergence

were successfully achieved by comparing normalized mean velocity profiles and analyzing GCI of
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Fanning friction factors for turbulent pipe flows with Reynolds numbers of 5 × 104 and 5 × 105

simulated by three different grid resolutions. For model validation, the predicted normalized mean

velocity profiles for Reynolds numbers of 5 × 104 and 5 × 105 agreed well with the previous measured

data of Laufer [29].

The Fanning friction factors predicted by 208 CFD simulations (32 from previous works [25,26]

and 176 from the present study) were compared to those of inflectional correlation of Afzal [8] and the

monotonic correlation of Colebrook-White [4] to identify appropriate CFDmodels for turbulent flow

in rough pipes. In addition, 124 of 208 CFD simulations (32 from previous works [26] and 92 from the

present study) were analyzed by comparing the predicted non-dimensional mean velocity profiles with

the rough wall logarithmic-law profiles to assess the capability of the 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 scalable 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 Reynolds number (NWG4), in which the

proper near-wall grid size is twice the roughness height for cell-center-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 suggestion of Johansson [16], who suggested

that the near-wall grid size may be larger than twice the roughness height. It is noted that larger near-

wall grid sizes can accurately predict non-dimensional mean velocity profiles in the logarithmic region

for roughness Reynolds numbers below 11.225; however, this should 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 region. Therefore, RT1 is recommended

for accurately predicting both Fanning friction factor and mean velocity profile.

The default values of 0.5 and 0.09 for the roughness and turbulence model constants are adequate

for simulating inflectional roughness. In contrast, monotonic roughness requires higher roughness

and turbulence model constants to capture the effects of non-uniform roughness, particularly from

the middle to the lower end of the transitionally rough regime. Based on Fanning friction factor

comparisons, the present study identifies the roughness and turbulence model constants required for

modelling turbulent flows in both inflectional and monotonic rough pipes as summarized in Table 5.

It is noted that the roughness Reynolds numbers of 16 and 70 in Table 5, adopted as reference values

for setting the roughness and turbulence model constants in the transitionally rough regime, were

determined from the present CFD results and from the fully rough regime criterion reported in the

previous works [1,47,48], respectively.

The present work successfully provides an appropriate CFDmodel for turbulent rough pipe flow,

which can be effectively extended to other rough surface types, especially for guiding the specification

of roughness and turbulence model constants in the transitionally rough 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 work, further studies on heat transfer,

non-Newtonian fluids (e.g., pseudoplastic and dilatant fluids), and turbulence models (e.g., k-omega

and SST k-omegamodels) are required to establish more comprehensive guidelines for CFDmodeling

of turbulent rough pipe flows.
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Table 5: Recommended roughness and turbulence model constants for inflectional and monotonic

roughness types

Parameter Roughness Reynolds number Inflectional roughness Monotonic roughness

Roughness

constant
2.25 < k+

s
< 70 0.5 0.5–1.0

k+
s

≥ 70 0.5 0.5

Turbulence

model

constant

2.25 < k+
s

< 16 0.09 >0.09

k+
s

≥ 16 0.09 0.09
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