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COMPARISON OF TURBULENCE MODELS FOR 

SINGLE AND MULTIPHASE FLOWS 

ABSTRACT 

In hydraulic engineering, the majority of the flow regimes are turbulent. Therefore, 

understanding and analyzing the turbulence mechanism are of great importance. One 

of the most commonly used methods in the analysis of turbulence is modeling. Herein, 

choosing the correct turbulence model is an essential consideration. This study aims 

to examine the performance of various turbulence models and to understand the 

turbulence mechanism of the single-phase liquid flow and sediment transport in 

pressurized pipe systems. For this purpose, six turbulence models mostly used in 

literature are comparatively investigated. Extensive computational fluid dynamics 

(CFD) simulations and experimental analysis of water flow in the rough pipe, eccentric 

and concentric annulus and sediment transport in the eccentric annulus are presented.  

The three-dimensional (3D) model is developed by using the computational fluid 

dynamics (CFD) software, initial and boundary conditions are implemented 

considering experimental data. Wide range of simulations is performed for flow rates 

from 16 to 90 m3/h in the rough pipe, from 6.9 to 31.4 and m3/h under various 

temperature conditions in the eccentric annulus, from 6.1 to 26.6 m3/h in the concentric 

annulus and the sediment transport in the eccentric annulus for flow rates from 6.1 to 

15.9 m3/h, rate of penetrations from 0.0013 to 0.0101 m/s. The accuracy of turbulent 

models is verified with the experiments which have been conducted at Izmir Katip 

Celebi University, Civil Engineering Flow Loop, and presented data by Sorgun [1] and 

Sorgun and Ulker [2]. 

Appropriate agreements are obtained between CFD simulations and experiments. It is 

understood from the results that all models, notably the RNG κ-ɛ model, can reliably 

predict the pressure loss for flow through the rough pipe. For the flow through the 

concentric annulus, the EARSM model outperforms the other turbulence models. 

Concerning the flow through the eccentric annulus, the RNG κ-ɛ model performs well 

at low temperatures, but with decreasing accuracy as the temperature rises. ω-Re 

turbulence model predicted pressure gradient better than other models at high fluid 

temperatures. For the sediment transport analysis in closed conduits, all models are 

observed to yield similar results. However, the κ-ω turbulence model shows slightly 

better performance when compared to other turbulence models. 

Keywords: turbulence models, cfd, annular flow, sediment transport, rough pipe 
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TEK VE ÇOK FAZLI AKIŞLAR İÇİN TÜRBÜLANS 

MODELLERİNİN KARŞILAŞTIRILMASI 

ÖZET 

Hidrolik mühendisliğinde, çoğu akış rejimi türbülanslıdır. Bu nedenle, türbülans 

mekanizmasını anlamak ve analiz etmek büyük önem taşımaktadır. Türbülans 

analizinde en sık kullanılan yöntemlerden biri modellemedir. Bu noktada, doğru 

türbülans modelini seçmek önemli bir husustur. Bu çalışma, çeşitli türbülans 

modellerinin performansını incelemeyi ve basınçlı boru sistemlerinde tek fazlı sıvı 

akışı ve sediment taşınımının türbülans mekanizmasını anlamayı amaçlamaktadır. Bu 

amaçla, literatürde en çok kullanılan yedi türbülans modeli karşılaştırmalı olarak 

incelenmiştir. Hesaplamalı akışkanlar dinamiği (HAD) simülasyonları ve pürüzlü 

borudaki su akışı, eksantrik ve eşmerkezli iç içe iki boruda su akışı ve eksantrik iç içe 

iki boruda sediment taşınımının deneysel analizi kapsamlı bir biçimde sunulmaktadır. 

Üç boyutlu model, hesaplamalı akışkanlar dinamiği (HAD) yazılımı kullanılarak 

geliştirilmiş, deneysel veriler dikkate alınarak başlangıç ve sınır koşulları 

uygulanmıştır. Debi değerleri, pürüzlü boruda 16 ila 90 m3/sa, eksantrik iç içe iki 

boruda çeşitli sıcaklık koşullarında 6.9 ila 31.4 m3/sa, eşmerkezli iç içe iki boruda 6.1 

ila 26.6 m3/sa olmak üzere ve eksantrik iç içe iki boruda sediment taşınımı için ise debi 

değerleri 6.1 ila 15.9 m3/sa, penetrasyon hızları 0.0013 ila 0.0101 m/s olmak üzere çok 

sayıda simülasyon gerçekleştirilmiştir. Türbülans modellerinin doğruluğu, İzmir Katip 

Çelebi Üniversitesi İnşaat Mühendisliği Bölümü deney düzeneğinde yapılan deney 

verileri ve Sorgun [1] ve Sorgun ve Ulker’in [2] verileri kullanılarak saptanmıştır. 

HAD simülasyonları ve deney sonuçlarının birbirleriyle uyum içinde olduğu 

görülmüştür. Sonuçlardan anlaşılacağı üzere, başta RNG κ-ɛ modeli olmak üzere tüm 

modeller, pürüzlü boruda akış için basınç kaybını güvenilir bir şekilde tahmin 

edebilmektedir. Eş merkezli iç içe iki boru arasından akış için, EARSM modeli diğer 

türbülans modellerinden daha iyi performans göstermiştir. Eksantrik iç içe iki boru 

arasından akış durumunda, RNG κ-ɛ modeli düşük sıcaklıklarda iyi performans 

göstermektedir. Bununla beraber akışkanın sıcaklığı arttıkça tüm türbülans 

modellerinin basınç farkını tahmin etme performansları kötüleşmektedir. ω-Re 

türbülans modeli, yüksek sıcaklıklarda basınç gradyanını diğer modellerden daha iyi 

tahmin etmiştir.  Boruda sediment taşınımı analizinde ise, tüm modellerin benzer 

sonuçlar verdiği gözlemlenmiştir. Ancak, κ-ω türbülans modeli, diğer türbülans 

modelleriyle karşılaştırıldığında biraz daha iyi performans göstermektedir.  

Anahtar kelimeler: türbülans modeli, had, iç içe iki boru arasından akış, sediment 

taşınımı, pürüzlü boru      
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1. INTRODUCTION 

1.1 Description of the Problem 

Turbulent flows are handled by engineering, physics, and earth sciences where moving 

fluids such as volumes of water or air are studied. Turbulence is observed in almost all 

flows from large scale processes such as oceanic currents or atmospheric flow of air 

to small scale problems such as the efficiency of a wind turbine or wind loads over 

structures [3]. 

Turbulent flow is the most complex type of fluid flow that makes its exact definition 

difficult. It has properties that complicate the turbulence process, including efficient 

mixing, irregularity in time and space, nonlinearity, large Reynolds numbers, 

dissipation, continuous spectra of length and time scales. Modeling of turbulence with 

various approaches results from that the turbulence process cannot be calculated by an 

exact method. To obtain reasonable engineering simulations of turbulent flows, the 

understanding of how turbulence models are developed, choosing, and correctly 

implementing these models is needed.  

Turbulent flow is described by Navier-Stokes equations that cannot be solved with an 

exact method and the numerical strategies are available to solve these equations. As a 

basis, there are three methods used for the prediction of turbulent flow which are; 

statistical turbulence modeling (STM), large eddy simulation (LES), and direct 

numerical simulation (DNS) [4-7]. Since the Direct Numerical Simulation (DNS) of 

turbulent flow requires considerable computational effort, many CFD studies have 

been focused on statistical turbulence modeling to investigate the effects of turbulence 

[8]. 

In most engineering applications, working with the mean flow field is sufficient. The 

purpose of predicting turbulent flows for design and analysis is to calculate the related 

physical conditions by using the simplest and the most economical mathematical 

model possible. The prediction of turbulent flows should be accurate as well as 
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computationally economical. For that reason, turbulence modeling not only provides 

meaningful results but also saves a huge amount of money and time by avoiding the 

experimental work costs and choosing the proper model [9,10]. 

Attempts to define turbulence and related systematic studies date back to the 

nineteenth century. Initial studies to predict the effects of turbulence were conducted 

by empirical formulas through one-dimensional analytical approaches. Later, 

numerical solutions have been introduced for more complex multidimensional 

differential equations that govern turbulence with the development of computer 

technology. Statistical turbulence models that use Reynolds-averaged Navier-Stokes 

(RANS) equations, Direct Numerical Simulation (DNS) that can solve original time-

dependent Navier-Stokes equations and Large Eddy Simulation (LES) in which the 

turbulent motion is analyzed only to the scale of the numerical grid and the fluctuating 

motion of the scale smaller than the mesh size is modeled by a subgrid-scale model 

were developed to investigate the turbulence effects [11]. 

Consequently, although extensive studies have been developed for many years, 

turbulence modeling remains one of the major concerns of the fluid engineering field. 

Therefore, further experimental and numerical studies are of great importance in 

understanding the turbulence mechanism and determination of the performance of 

turbulence models. 

1.2 Literature Review 

1.2.1 Turbulent Flow Through Rough Pipes  

Many engineering systems such as re-entry vehicles, missiles, aircraft, ships, turbines, 

heat exchangers, piping networks, and atmospheric flows have rough surfaces 

aerodynamically. Thus, modeling turbulent flow over rough surfaces accurately is a 

substantial concern [12].  

The basis for the work on turbulent flows over rough walls is laid by Hagen [13] and 

Darcy [14] who studied pressure losses in closed conduits [15]. One of the most 

important contributions in this regard was made by Nikuradse [16] with his work on 

equivalent sand roughness which influences the flow structure in the near-wall region. 
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He conducted extensive measurements of the pressure drop and the flow rate to 

calculate the friction factor and presented the equation for the case of rough pipe flow:  

1

√𝑓
= −2.0 log (

𝐷

𝜀
) + 1.74                                                                  (1.1)                                                                              

Colebrook [17] collected results for several industrial pipes and suggested an implicit 

formula of friction factor for turbulent flow in smooth as well as rough pipes: 

1

√𝑓
= −2.0 log (

𝜀/𝐷

3.7
+

2.51

𝑅𝑒√𝑓
)                                                                                   (1.2)                                                                                

where f is friction factor, 𝜀/𝐷 is relative roughness and Re is Reynolds number.  

Moody [18] later presents a diagram named Moody chart which presents the Darcy 

friction factor for pipe flow as a function of Reynolds number and 𝜀/𝐷 [19]. 

Perry et al. [20] revealed an experimental study of turbulent boundary layer 

development over rough walls. They worked with two types of wall roughness 

geometries each has different law of behavior. They stated that the roughness 

represented by the grooves in the wall is a function of the length of scale and does not 

compromise the Nikuradse-Clauser correlation scheme. Their results showed that the 

length of the scale is probably proportional to the boundary layer thickness for zero 

pressure gradient condition. 

Shockling et al. [21] studied on the fully developed turbulent pipe flow that shows 

hydraulically smooth, transitionally rough, and fully rough behaviors. They concluded 

that the friction factor in the transitionally rough regime, this surface follows a 

Nikuradse [16]-type inflectional relationship rather than the Colebrook [17] 

relationship used in the Moody diagram. The velocity profiles in outer scaling were in 

good agreement with Townsend’s [22] hypothesis and the magnitude of the downward 

shift in the velocity profile showed transitional behavior qualitatively similar to sand-

grain roughness in contrast with Colebrook. A similar study using a different range of 

Reynolds numbers was presented by Allen et al [23]. In addition to the identical results, 

they expressed that the transitional friction factor curves for honed pipes of arbitrary 

relative roughness were developed by using the size of the velocity shift versus 

roughness Reynolds number data and the inflection in the transitional regime remained 
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constant while surface geometry changed in support with the model of Gioia and 

Chakraborty [24]. 

The experimental study was conducted by Hultmark et al. [25] that presents the 

measurements of the streamwise component of the velocity in fully developed pipe 

flow for different roughness conditions. They investigated the logarithmic behavior of 

the streamwise Reynolds stress under hydraulically smooth, transitionally rough, and 

fully rough cases. 

Patel [26] presented a review of principal results of common experiments on the effects 

of sand grain roughness and several models for considering these effects in numerical 

solutions. He also emphasized the importance of proving the accuracy of CFD models 

by comparing them with the experimental data and the necessity of related future 

studies. 

A numerical analysis based on the effect of surface roughness and heat transfer 

characteristics in laminar flow was performed by Ibrahim et al. [27] They used the 

commercial CFD software to examine different roughness values and the variation of 

heat transfer and fluid characteristics with the increase in roughness. They compared 

the results with the analytical solution and experimental data from the literature. They 

stated that the pressure drop increased with increasing surface roughness matching the 

data available in the literature.  

Hellsten and Laine [28] proposed an enhanced computational method to estimate the 

behavior of turbulent flows over rough surfaces regarding the numerical solution of 

the Navier-Stokes equations employing the ĸ-ω-SST turbulence model for rough flat-

plate flows and flows past a rough aerofoil. They obtained good results for flat-plate 

flows when compared the calculated velocity profiles and skin-friction distribution 

with experimental data and in producing the effect of roughness on the lift and drag 

the aerofoil section. 

Vijiapurapu and Cui [29] investigated the performance of the turbulence models and 

discussed the outperforming techniques for the fully developed turbulent flow in 

circular roughened pipes. They solved the Reynolds-averaged Navier–Stokes (RANS) 

equations with turbulence models which are κ-ɛ, κ-ω, Reynolds stress models (RSM), 

and filtered Navier–Stokes equations with Large Eddy Simulation (LES). The 
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accuracy of numerical results was confirmed with the experimental measurements 

presented by Nourmohammadi et al. [30] and other numerical data published in the 

literature [31,32]. 

Huang et al. [33] examined the friction factor in rough pipes with large surface 

roughness both experimentally and analytically. They found that the Reynolds number 

between flow regimes decreased as the relative roughness increased. The range of 

Reynolds number for the transitional flow regime decreased as the surface roughness 

increased. They also experienced that the approaches applied for laminar flow did not 

correspond to turbulent flow. 

Szilas et al. [34] studied on the analysis of the turbulent pressure loss of Non-

Newtonian fluid flow in rough pipes both analytically and experimentally. They 

offered a friction factor formula for the turbulent flow of power-law type fluids in the 

transition region. They also conducted a set of experiments to verify the accuracy of 

their formula. They indicated that the calculated data were in accordance with the 

measured data. Similar studies were revealed by many researchers. Shaikh et al. [35] 

and Brkic [36] proposed an explicit approximation to Colebrook’s friction factor in 

rough pipes for turbulent flows. 

Avci and Karagöz [37] derived a single explicit equation for laminar, transition, and 

turbulent flows in smooth and rough pipes. They validated the accuracy of the formula 

by the Colebrook’s equation and experimental data from the literature. They stated that 

the equation provided an accurate and quick solution for the friction factor which is 

used for the calculation of pressure loss.  

1.2.2 Annular Flow 

Annular flow is described as the flow of fluid in the gap between two pipes. There has 

been considerable interest for long years in flow and heat transfer problems in annuli, 

both concentric and eccentric. Therefore, it is of high importance to analyze the 

annular flow properly. The annulus can be defined as the space between two cylinders, 

one of which located inside the other. The definition of the eccentricity is as follows: 

𝑒 =
𝛿

(𝑟𝑜−𝑟𝑖)
                                                                                                                (1.3)                                                                              
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where 𝛿 is offset distance between the center of inner and outer pipes, 𝑟𝑖 is outer radius 

of inner pipe 𝑟𝑜 is inner radius of outer pipe. For concentric annuli, e=0, while for a 

fully eccentric annuli, e=1 [38,39]. The annular geometries considered in the present 

study is shown in Figure 1.1. 

 

Figure 1.1 Representative Concentric, Partially Eccentric and Fully Eccentric 

Annulus [39]. 

Since the annular turbulent flow is part of the many engineering applications such as 

heat exchangers, nuclear reactor cores, combustion systems, investigation of this 

concern is highly important [40]. 

The numerical and experimental studies were performed by Erge et al. [41] to predict 

the annular frictional pressure losses with and without pipe rotation for the flow of 

Newtonian and non-Newtonian fluids in annuli. They presented a finite difference 

model and it was validated with CFD software. The results obtained from the 

numerical model offers a good compromise with the experiments and the experimental 

data from the literature. They stated that the performance of the proposed model is 

better than the existing methods. 

Sorgun and Ozbayoglu [42] carried out an extensive study to investigate the non-

Newtonian fluids flow through both horizontal concentric and eccentric annulus. The 

experiments were conducted and frictional pressure losses were estimated by using an 

Eulerian-Eulerian computational fluid dynamics (CFD) model. They observed that the 

CFD model results and the experimental data were in good agreement. 

Haciislamoglu and Langlinais [43] conducted a numerical study on the laminar flow 

of Non-Newtonian fluids by using a finite differences technique to obtain velocity and 

viscosity profiles and flow rate. The numerical model was verified with the 

experimental data from the literature. They remarked that the frictional pressure losses 
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were decreased with an increasing eccentricity for a constant flow rate. They found 

out a correlation for a quick prediction of frictional pressure losses of power-law fluids 

in an eccentric annulus. 

A numerical and experimental study of laminar, transitional, and turbulent non-

Newtonian flow in skewed narrow annular and uniformly eccentric geometries were 

presented by Haciislamoglu and Cartalos [44]. They developed a method that can be 

used in all annular pressure loss calculations. 

Kelessidis et al. [45] carried out an experimental study to predict the pressure losses 

of fluids in concentric and fully eccentric annuli in laminar, transitional, and turbulent 

flow regimes. They compared the results from the experiments with the model results 

presented formerly for concentric annulus and achieved good agreement. They also 

obtained significant results for the eccentric annulus by correcting the eccentricity with 

the correlations of Haciislamoglou et al. [43,44] 

Sorgun [46] investigated the pipe eccentricity effect on frictional pressure loss, 

tangential velocity, axial velocity, and effective viscosity of water and non-Newtonian 

fluids for concentric, partially eccentric, and fully eccentric annuli by using 

computational fluid dynamic software. He validated the estimated pressure losses with 

experimental data in addition to the basic theoretical calculations. He observed that the 

estimated pressure drop values gave good results when compared to experimental data 

almost for all cases. 

Sayindla et al. [47] studied on the hydraulics of non-Newtonian fluid flow in an 

eccentric annulus with pipe rotation by using computational fluid dynamics (CFD). 

They also conducted a set of experiments and they obtained good agreement when the 

results were comparatively examined. They reported that the pressure drop increases 

with the pipe rotation and the frictional pressure losses increased as the density and 

viscosity values got higher. 

Uner et al. [48] proposed an approximate solution that represented the relationship 

between the volume rate of flow and pressure drop as a function of eccentricity and 

radius ratios. They expressed that the model is convenient for larger radius ratios in an 

eccentric annulus. 
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Luo and Peden [49] suggested a new model for the investigation of fluid flow through 

eccentric annuli. They obtained analytical solutions for the shear stress, shear rate, 

velocity, and volumetric flow rate/pressure gradient for Non-Newtonian fluids. They 

indicated that the model could be simply applied and gave good results. They also 

added that the turbulent flow in eccentric annulus showed similar behavior to those 

found in the laminar flow. 

Brighton and Jones [50] presented the measurements of the mean-velocity 

distributions and the location of the maximum mean velocity for various flow 

conditions in the concentric annulus. It was emphasized that the point of maximum 

mean velocity in turbulent flow occurred at a smaller radius than in laminar flow, the 

mixing length and eddy-viscosity distributions were very large at the maximum 

velocity region. Quarmby [51] also achieved complementary results with a similar 

experimental study. 

Rehme [52] conducted an experimental analysis to measure the pressure drop, the 

positions of zero shear stress and maximum velocity, and the velocity distribution in 

concentric annuli. He discovered that the position of zero shear stress did not overlap 

the position of maximum velocity contrary to common opinion. 

Levy [53] found out the derivation of equations defining fully developed turbulent 

flow in an annulus to predict the location of the plane of zero shear, mixing length, 

eddy diffusivity, velocity distribution, and friction factor. 

Singh et al. [54] carried out the theoretical study about the developing and fully 

developed turbulent flow of Newtonian fluid through a concentric annulus and verified 

with the experimental data. The equation for the entrance region was extended to 

turbulent flow through the annulus was linearised by the technique from the literature 

and cohered with the experimental data. They also concluded that the stress in the inner 

region is higher than that in the outer region and the energy loss per unit volume is 

higher in the inner region due to higher turbulence.  

An extensive experimental study on the flow of the Newtonian and Non-Newtonian 

fluids in concentric and eccentric annuli was presented by Nouri et al. [55] They stated 

that the Newtonian fluid flow was in the concentric annulus as expected and in 

eccentric annulus circumferential variation of the maximum axial velocity was 
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observed. The skin friction coefficient of the Newtonian fluid varied with the Reynolds 

number demonstrated that the flow resistance increased in the concentric annulus and 

decreased in the eccentric annulus when compared to smooth pipe flow.  

Sorgun et al. [56] recommended a mechanistic model to estimate the frictional pressure 

losses of light drilling fluid in concentric annuli for both laminar and turbulent flow. 

To affirm the accuracy of the model, the experimental data available in the literature, 

and the computational fluid dynamics (CFD) software were used. Results showed that 

the predictions of the frictional pressure losses were in acceptable error intervals.  

Xiong et al. [57] carried out a computational fluid dynamics (CFD) simulation to 

investigate the near-wall turbulent structures for fully turbulent flow in the concentric 

annuli by using the Reynolds-Averaged Navier–Stokes (RANS) model. The CFD 

results were compared to the experimental data available in the literature. They 

observed that the model was able to predict the asymmetric features of turbulent flows 

in the annulus. They also compared the results from the RANS model with those from 

the direct numerical simulation (DNS) from the literature. 

1.2.3 Sediment Transport 

The sediment transportation with carrying fluid through pipelines is seen in various 

industrial operations such as dredging, construction of dams, design of storm sewers, 

processing plants, coal transportation to thermal power plants, transportation of waste 

materials [58,59].  

The two-phase solid-liquid flow in the horizontal pipeline by using computational fluid 

dynamics (CFD) software was modeled by Singh et al. [59]. They obtained the 

pressure drop values for various solid concentrations and velocities. The simulation 

results and the experimental data existing in the literature were in good agreement. 

Kökpınar and Göğüş [60] developed a new empirical correlation to predict the critical 

flow velocity of sediment transport in horizontal pipelines. They conducted 

experimental and theoretical studies. They found the accuracy of the empirical 

correlation was adequate when compared with the observed data. It was concluded that 

the proposed equation was suitable for the noncohesive, uniform, and nonuniform 

coarse particles reliably. 
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Ling et al. [61] investigated the sand-water slurry flow numerically by using a 3D 

algebraic slip mixture (ASM) method with RNG κ-ɛ turbulence model. They obtained 

significant results when compared to the calculated data with the measured data and 

also made some important contributions to the slurry flow characteristics. 

Amanna and Movaghar [62] carried out a study on the sediment transport behavior 

and the affecting parameters. They performed the experimental study and the 

simulation by using computational fluid dynamics (CFD). The measured and 

calculated data gave appropriate results. An empirical correlation was developed to 

predict the cutting concentration by using the Buckingham- π theorem. 

Kaushal et al. [63] investigated the pipeline flow of fine particles at the high 

concentration by using Mixture and Eulerian two-phase models to predict the pressure 

drop, concentration distribution, velocity distribution, shear stress distribution, vertical 

velocity distribution, and granular viscosity and pressure distributions. They compared 

the data predicted by the numerical model with the experimental data obtained from 

the previous work of the author. It was stated that the Eulerian method gave good 

results for pressure drop and concentration distribution. 

A steady-state three-layer mechanistic model for solid-liquid flow to predict the 

pressure loss, critical velocity, and concentration profiles was presented by Shirazi and 

Frigaard [64]. They also developed a correlation for the turbulent solids diffusivity. 

When compared the predicted data obtained from the steady-state model and the new 

correlation with the experimental data available in the literature, the convenient results 

were obtained. 

An empirical equation for frictional pressure losses and cuttings bed thickness was 

proposed by Sorgun [65]. The precision of the empirical equation was verified 

experimentally. The experiments were performed for various parameters, such as hole 

inclination, flow velocities, rate of penetration, and pipe rotation with water and non- 

Newtonian fluids. It can be inferred that the empirical correlations were effective for 

the field studies. 

Ting et al. [66] examined the behavior of the fully- suspended slurry flow in the 

horizontal pipeline. They used the Computational Fluid Dynamics (CFD) model and 

the Delft Head Loss& Limit Deposit Velocity (DHLLDV) method to predict the 
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hydraulic gradient and concentration distribution. They compared the results obtained 

from the models with the experimental data from the literature and obtained very good 

agreement. 

Lahiri and Ghanta [67] proposed a correlation to estimate the hold-up of sediment 

transport in pipelines. They used the Artificial Neural Network (ANN) method to 

derive the correlation depending on the measurements available in the literature. They 

reported that the ANN correlation predictions were satisfactory when compared with 

the correlations from the literature. 

The critical velocity as a design parameter in sediment transport systems to prevent 

the clogging of the pipeline was investigated by Azamathulla and Ahmad [68] by using 

Gene- expression programming (GEP) and Adaptive neuro-fuzzy inference system 

(ANFIS) techniques and they compared the GEP and ANFIS results with the empirical 

data existed in the literature. It was concluded that the models gave better results than 

the existing formula in the literature. They also developed a formula with the GEP 

model for the estimation of the critical velocity. They obtained significant results when 

compared with the existing data. 

An experimental study focused on the two-phase flow was carried out by 

Alizadehdakhel et al. [69] conducted and the pressure drop values were estimated by 

using CFD and ANN methods. When compared the results of the CFD and ANN with 

the experimental outputs, it was observed that the CFD model predictions were more 

reliable. 

Ulker and Sorgun [70] conducted a study on the prediction of the cuttings bed 

thickness inside a wellbore with and without pipe rotation. The k- Nearest Neighbor 

(kNN), Support Vector Regression (SVR), Linear Regression and Artificial Neural 

Network (ANN) methods were carried out as a computational intelligence techniques 

to predict the cuttings bed thickness. The experiments were performed for various 

parameters. When compared the calculated data with the measured data, the 

remarkable results were obtained. The ANN method gave more precise results than 

the other models, whereas the kNN method was more timesaving. 

Capecelatro and Desjardins [71] analyzed the slurry flow behavior in the horizontal 

pipes under the above and the below critical velocity conditions by using the Large 
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Eddy Simulation (LES ) method associated with a Lagrangian particle tracking solver. 

The substantial results were obtained from the simulation when compared with the 

experimental data from the literature.  

Messa and Malavasi [72] simulated the fully- suspended solid-liquid slurry flow in a 

horizontal pipeline and they reported that the accuracy of the pressure gradient was 

developed. 

Cao and Chiew [73] conducted an experimental study and simulated the system by 

CFD. They observed the suction effects on sediment transport in closed conduits and 

obtained good results.  

Arolla and Desjardins [74] presented the numerical simulations to investigate the 

mechanism of turbulent liquid-solid slurry flow by using a volume-filtered Euler-

Lagrange large eddy simulation method. Numerical simulations identified the mean 

velocity, mean concentration, and mean pressure gradient. They obtained good results 

when compared to the simulation results with the experimental data available in the 

literature.  

Zhang et al. [75] conducted both analytical and numerical studies to investigate the 

grouting mechanism of cement-based slurry in a concentric annulus under high 

groundwater pressure. They derived the equation of motion for the axial flow of the 

Newtonian fluid in a long concentric annulus and determined the distribution of 

pressure and slurry viscosity in the grouted zone, the variations in injection pressure 

at the grouting point and the grouting flow rate by using the stepwise calculation 

method and the variations in injection pressure at the grouting point and grouting flow 

rate. They accessed good results when compared to the results from the stepwise 

calculation method with those from the numerical work.  

Sorgun [76] suggested a mechanistic model to predict the cuttings bed thickness in 

horizontal and inclined wells by using the finite differences method. The results from 

the model were compared with those from the experiments and were shown to be in 

good agreement. 

Escudier et al. [77] carried out extensive studies both experimental and numerical. 

They investigated the fully developed laminar flow of a shear-thinning liquid through 

concentric and eccentric annulus with and without pipe rotation. They obtained good 
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results when they compare the results of the experiments with the numerical 

calculations and the experimental data available in the literature. 

Ozbayoglu et al. [78] conducted cuttings transport experiments in horizontal and 

directional wells. They emphasized the effect of pipe rotation and found that the pipe 

rotation affected the cuttings transport positively.  

Another experimental work in a cuttings transport flow loop was implemented by 

Sorgun et al. [79] They observed the pressure drop values for variable flow rates, 

cuttings concentrations, pipe inclinations, and rotation speeds and offered the 

empirical correlations and charts for friction factor considering low and high viscosity 

fluids in terms of combined Reynolds number and stationary cuttings bed thickness. 

A numerical study on the cuttings transport in a vertical eccentric well was presented 

by GhasemiKafrudi and Hashemabadi [80], the flow field parameters and the pressure 

drop was obtained. The results were found to be in accordance with the data from the 

literature. 

Ofei et al. [81] performed a numerical study to predict the pressure drop values for the 

cuttings-liquid flow in an eccentric horizontal narrow annulus with drillpipe rotation. 

They examined the effects of diameter ratio, fluid velocity, fluid type, fluid rheology, 

and drillpipe rotation speed on pressure drop by using CFD. They verified the 

simulation results with the experimental data from the literature and they observed that 

the pressure drop increased significantly when the fluid velocity and diameter ratio 

increased. 

Neto et al. [82] also simulated the turbulent flow in concentric and eccentric annuli 

with and without rotating the inner pipe. They used various turbulence models 

employed Reynolds Average Navier–Stokes equations and evaluated the results in 

terms of the velocity profiles. They obtained good results when they compared the 

simulation results with the experimental data from the literature. They also stated that 

the standard Reynolds Stress model performed better than the other turbulence models.  

1.3 Scope of the Study 

This study aims to evaluate the performance of various turbulence models, which are 

mostly used in literature, for the prediction of the flow behavior and pressure gradients 
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in the rough pipe and the annulus. Extensive studies were conducted on the water flow 

through a rough pipe, water flow in the annulus, and slurry flow in annulus under a 

wide range of conditions. Various flow rates, annular dimensions, and temperature 

values were carried out in the CFD simulations of those flows. The accuracy of the 

turbulence models was verified by the experimental data obtained from the previously 

published literature.   

The governing equations and the theoretical information of the turbulence models 

adopted are referred in Chapter 2. In Chapter 3, computational fluid dynamics 

simulations are explained in detail. Chapter 4 summarizes the experimental work. The 

results and discussion are presented in Chapter 5 and the findings of this study are 

declared in Chapter 6.  
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2. THEORY 

Turbulent flows can be defined completely by the solution of time-dependent three-

dimensional Navier-Stokes equations. To enable the effects of turbulence to be 

predicted, the Reynolds Averaged Navier-Stokes (RANS) equations were introduced 

including the time-averaged quantities [83]. 

In this study, turbulent models using RANS equations as a governing equation are 

analyzed to investigate the effect of turbulence on single and multiphase flows [84]. 

The assumptions used in the analysis are as follows:  

 The fluid is incompressible.  

 Steady-state and fully developed flow.  

 Isothermal system (physical properties are constant). 

2.1 Single-Phase Flow 

The Reynolds averaged continuity and momentum equations in conservation form are: 

1

𝑟

𝜕(𝑟𝑣)

𝜕𝑟
+
1

𝑟

𝜕𝑤

𝜕𝜃
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= 0                                                                                            (2.1) 
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where 𝑢, 𝑣, 𝑤 are the fluid velocities in cylindrical coordinates and, 𝑝 is the pressure, 

𝜌 is the density, 𝜏𝑖𝑗 denotes the viscous stress tensor. The RANS (Reynolds Averaged 

Navier Stokes) equations are obtained by decomposing the dependent variables of the 

system into mean (indicated with a bar) and fluctuating (indicated with prime) 

components. 

2.2 Sediment Transport 

The solid-liquid flow inside horizontal wellbores is modeled by using an Eulerian- 

Eulerian computational fluid dynamics (CFD) model for various fluid velocities, rates 

of penetration.  

The equation of continuity for both the fluid and solid phase can be written as [85, 86] 

𝜕

𝜕𝑡
(𝜌𝑓𝐶𝑓) + ∇. (𝜌𝑓𝐶𝑓𝑈𝑓) = 0                                                                                       (2.5) 

𝜕

𝜕𝑡
(𝜌𝑠𝐶𝑠) + ∇. (𝜌𝑠𝐶𝑠𝑈𝑠) = 0                                                                                       (2.6) 

with the constraint 

𝐶𝑓 + 𝐶𝑠 = 1                                                                                                                       (2.7) 

where the subscripts f and s denote, respectively, the fluid and solid phase, C is the 

mean volume fraction, 𝜌 is density, U is velocity vector, and t is time.  

The momentum equation for each phase is expressed as [85-87] 

𝜌𝑓𝐶𝑓 [
𝜕𝑈𝑓

𝜕𝑡
+ 𝑈𝑓 . ∇𝑈𝑓] = −𝐶𝑓∇P + 𝐶𝑓∇. 𝜏𝑓 + 𝐶𝑓𝜌𝑓𝑔 −𝑀                                               (2.8) 

and for the solid phase; 

𝜌𝑠𝐶𝑠 [
𝜕𝑈𝑠

𝜕𝑡
+𝑈𝑠. ∇𝑈𝑠] = −𝐶𝑠∇P + 𝐶𝑠∇. 𝜏𝑠 + 𝐶𝑠𝜌𝑠𝑔 − ∇𝑃𝑠 +𝑀                             (2.9)              

where P is pressure, g is the gravitational acceleration vector,  𝜏 is the viscous stress 

tensor, 𝑃𝑠 is solid pressure, and 𝑀 is the interfacial momentum transfer per unit volume 

made up of the drag force, 𝐹𝑑, and the lift force, 𝐹𝑙. 
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2.3 Turbulence Models Used In This Study 

Turbulence models depending on RANS equations are defined as Statistical 

Turbulence models which are; 

 Zero equation models  

These models simply compute the constant eddy viscosity value from the mean 

velocity and a geometric length scale using an empirical formula for the entire flow 

domain. The viscous contribution from turbulent eddies is calculated by using an 

algebraic equation. 

 Two equation models 

These models compute the velocity and length scale by using separate transport 

equations and correspondingly the turbulent viscosity is modeled. The turbulence 

velocity scale is obtained from the turbulent kinetic energy and the turbulent length 

scale is obtained from the turbulent kinetic energy and its dissipation rate. 

 Reynolds stress equation models 

These models solve transport equations for the Reynolds stress components separately 

depending on the Reynolds stress tensor and the dissipation rate. 

 Algebraic stress models 

These models deal with algebraic equations for the Reynolds stresses. 

In this study, the Eddy viscosity models, the Reynolds stress models, and the Algebraic 

stress models are used. 

In the RANS equation, turbulent variables are divided into a time-averaged component 

and a time-varying fluctuating component. Accordingly, the velocity can be written 

as: 

𝑈𝑖(x, t) =𝑈̅𝑖 (x) + 𝑢′𝑖(x, t)                                                                                               (2.10) 

and the average velocity is, 

𝑈𝑖̅ =
1

∆t
∫ 𝑈𝑖𝑑𝑡
𝑡+∆𝑡

𝑡
                                                                                                         (2.11) 

where ∆t is the time scale which is considerably larger than the turbulent fluctuations.                                                                                                                                           
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When the decomposition and averaging operations of the velocity are applied to the 

original Navier–Stokes equations, the continuity equation, and the momentum 

conservation equation are expressed as: 

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗) = 0                                                                                                         (2.12) 

𝜕𝜌𝑈𝑖

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑖𝑈𝑗)= 

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[𝜏𝑖𝑗 − 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅] + 𝑆𝑀                                                             (2.13) 

where 𝜏 is the molecular stress tensor and 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ is Reynolds stress. 

The Reynolds averaged energy equation is: 

𝜕𝜌ℎ𝑡𝑜𝑡

𝜕𝑡
−
𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗ℎ𝑡𝑜𝑡)= 

𝜕

𝜕𝑥𝑗
 (𝜆

𝜕𝑇

𝜕𝑥𝑗
− 𝜌𝑢𝑗ℎ̅̅ ̅̅ ) +

𝜕

𝜕𝑥𝑗
[𝑈𝑖(𝜏𝑖𝑗 − 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅)] + 𝑆𝐸   (2.14) 

where 𝜌𝑢𝑗ℎ̅̅ ̅̅  is turbulence flux term and  
𝜕

𝜕𝑥𝑗
[𝑈𝑖(𝜏𝑖𝑗 − 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅)] is a viscous work term. 

The mean total enthalpy is; 

ℎ𝑡𝑜𝑡 = ℎ +
1

2
𝑈𝑖𝑈𝑖 + 𝑘                                                                                                       (2.15) 

where the turbulent kinetic energy, 𝑘 is defined as: 

𝑘 =
1

2
𝑢2̅̅ ̅𝑖                                                                                                                        (2.16) 

Likewise, when the additional variable 𝛷 is separated into an average component 𝛷̅ 

and a time-varying component ∅, the additional variable equation is written as: 

𝜕𝜌𝛷

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗𝛷)= 

𝜕

𝜕𝑥𝑗
[Г

𝜕𝛷

𝜕𝑥𝑗
− 𝜌𝑢𝑗∅̅̅ ̅̅̅] + 𝑆𝛷                                                                     (2.17) 

where 𝜌𝑢𝑗∅̅̅ ̅̅̅ is the Reynolds flux. 

2.3.1 Eddy Viscosity Turbulence Models 

The eddy viscosity model is defined by the assumption that the turbulence consists of 

small eddies forming and dissipating consistently, and in which the Reynolds stresses 

are assumed to be proportional to mean velocity gradients. They are characterized by 
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the approximation including eddy viscosity and eddy diffusivity. Correspondingly, 

Reynolds stress term can be expressed as: 

−𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ = µ𝑡 (
𝜕𝑈𝑖

𝜕𝑥𝑗
+
𝜕𝑈𝑗

𝜕𝑥𝑖
) −

2

3
𝛿𝑖𝑗(𝜌𝑘 + µ𝑡

𝜕𝑈𝑘

𝜕𝑥𝑘
)                                                           (2.18) 

where µ𝑡 is the eddy viscosity or turbulent viscosity. 

Similar to the eddy viscosity hypothesis, according to the eddy diffusivity hypothesis, 

the Reynolds flux term is written as: 

−𝜌𝑢𝑖∅̅̅ ̅̅̅ = Г𝑡
𝜕𝛷

𝜕𝑥𝑖
                                                                                                        (2.19) 

Г𝑡 =
µ𝑡

𝑃𝑟𝑡
                                                                                                                      (2.20) 

where Г𝑡 is the eddy diffusivity and 𝑃𝑟𝑡 is the Prandtl number. 

Based on these hypotheses, the Reynolds averaged momentum and scalar transport 

equations turn into: 

𝜕𝜌𝑈𝑖

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑖𝑈𝑗)=

𝜕𝑝′

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[µ𝑒𝑓𝑓 (

𝜕𝑈𝑖

𝜕𝑥𝑗
+
𝜕𝑈𝑗

𝜕𝑥𝑖
)] + 𝑆𝑀                                            (2.21) 

Where 𝑆𝑀 is the sum of the body forces and µ𝑒𝑓𝑓 effective viscosity which is defined 

as: 

µ𝑒𝑓𝑓 = µ + µ𝑡                                                                                                                 (2.22) 

and 𝑝′ is a modified pressure, represented as: 

𝑝′ = 𝑝 +
2

3
𝜌𝑘 +

2

3
µ𝑒𝑓𝑓

𝜕𝑈𝑘

𝜕𝑥𝑘
                                                                                                 (2.23) 

The Reynolds averaged energy equation is expressed as: 

𝜕𝜌ℎ𝑡𝑜𝑡

𝜕𝑡
−
𝜕𝑝

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗ℎ𝑡𝑜𝑡)= 

𝜕

𝜕𝑥𝑗
 (𝜆

𝜕𝑇

𝜕𝑥𝑗
+

µ𝑡

𝑃𝑟𝑡

𝜕ℎ

𝜕𝑥𝑗
) +

𝜕

𝜕𝑥𝑗
[𝑈𝑖(𝜏𝑖𝑗 − 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅)] + 𝑆𝐸  (2.24) 

and the Reynolds averaged transport equation for additional variables is described as: 
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𝜕𝜌𝛷

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗𝛷)= 

𝜕

𝜕𝑥𝑗
[(Г𝛷 + 

µ𝑡

𝜎𝛷
 )
𝜕𝛷

𝜕𝑥𝑗
] + 𝑆𝛷                                                               (2.25) 

In this part of the study, the widely used two-equation turbulence models, in which the 

velocity and the length scale represented by separate transport equations, are 

discussed. 

The turbulence velocity scale is obtained from the turbulent kinetic energy and the 

turbulent length scale is predicted from the turbulent kinetic energy and its dissipation 

rate. 

2.3.1.1 The κ-ɛ Model  

The κ-ɛ model, which is first introduced by Launder and Spalding [88], depends on 

the turbulence kinetic energy (κ) represented by the variance of the fluctuations in 

velocity and the turbulent eddy dissipation rate (ɛ). Subsequently, the continuity 

equation is defined as: 

𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗)=0                                                                                                             (2.26) 

and the momentum equation is then: 

𝜕𝜌𝑈𝑖

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑖𝑈𝑗)= 

𝜕𝑝′

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
[µ𝑒𝑓𝑓 (

𝜕𝑈𝑖

𝜕𝑥𝑗
+
𝜕𝑈𝑗

𝜕𝑥𝑖
)] + 𝑆𝑀                                                 (2.27) 

where  𝑆𝑀 demonstrates the sum of body forces and 𝑝′ is the modified pressure as 

stated before. µ𝑒𝑓𝑓 is the effective viscosity that is expressed as: 

µ𝑒𝑓𝑓 = µ + µ𝑡                                                                                                                (2.28) 

µ𝑡 is the turbulent viscosity which can be formulated as: 

µ𝑡 = 𝐶µ𝜌
𝑘2

ɛ
                                                                                                                        (2.29) 

where 𝐶µ is the κ-ɛ turbulence model constant. 

The transport equations of the turbulence kinetic energy and the turbulence dissipation 

rate from which the κ and the ɛ are computed are written as: 
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𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗𝑘)= 

𝜕

𝜕𝑥𝑗
[(µ +

µ𝑡

𝜎𝑘
)
𝜕𝑘

𝜕𝑥𝑗
] + 𝑃𝑘 −  𝜌ɛ + 𝑃𝑘𝑏                                             (2.30) 

𝜕(𝜌ɛ)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗ɛ)= 

𝜕

𝜕𝑥𝑗
[(µ +

µ𝑡

𝜎ɛ
)
𝜕ɛ

𝜕𝑥𝑗
] +

ɛ

𝑘
(𝐶ɛ1𝑃𝑘 − 𝐶ɛ2𝜌ɛ + 𝐶ɛ1𝑃ɛ𝑏)                   (2.31) 

in which 𝐶ɛ1 and  𝐶ɛ2 are the κ-ɛ turbulence model constants and  𝑃𝑘𝑏 and 𝑃ɛ𝑏 

symbolize the buoyancy forces and the 𝑃𝑘 is the shear production of turbulence due to 

viscous forces. 

2.3.1.2 The RNG κ-ɛ Model  

Yakhot et al. [89] presented the RNG κ-ɛ model that is created by the renormalization 

group analysis of the Navier-Stokes equations. The transport equation obtained by 

substituting the constant 𝐶ɛ1RNG for the 𝐶ɛ1 constant in the standard κ-ɛ model is 

written as: 

𝜕(𝜌ɛ)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗ɛ) =

𝜕

𝜕𝑥𝑗
[(µ +

µ𝑡

𝜎ɛ𝑅𝑁𝐺
)
𝜕ɛ

𝜕𝑥𝑗
] +

                                               
ɛ

𝑘
(𝐶ɛ1RNG𝑃𝑘 − 𝐶ɛ2RNG𝜌ɛ + 𝐶ɛ1RNG𝑃ɛ𝑏)                         (2.32)                                

Here, the contributing terms are as follows: 

𝐶ɛ1RNG = 1.42 − 𝑓𝜂                                                                                                    (2.33) 

𝑓𝜂 =
𝜂(1−

𝜂

4.38
)

(1+𝛽𝑅𝑁𝐺𝜂3)
                                                                                                             (2.34) 

𝜂 = √
𝑃𝑘

𝜌𝐶𝜇𝑅𝑁𝐺𝜖
                                                                                                            (2.35) 

2.3.1.3 The κ-ω Model  

The κ-ω model introduced by Wilcox [90] that solves the transport equations for 

turbulent kinetic energy, κ, and turbulent frequency, ω: 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗𝑘)=

𝜕

𝜕𝑥𝑗
[(µ +

µ𝑡

𝜎𝑘
)
𝜕𝑘

𝜕𝑥𝑗
] + 𝑃𝑘 − 𝛽

′ 𝜌kω + 𝑃𝑘𝑏                               (2.36) 

𝜕(𝜌ω)

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑗ω)= 

𝜕

𝜕𝑥𝑗
[(µ +

µ𝑡

𝜎ω
)
𝜕ω

𝜕𝑥𝑗
] + 𝛼

ω

k
𝑃𝑘 − 𝛽 𝜌ω

2 + 𝑃ω𝑏                          (2.37) 
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Here, 𝑃𝑘𝑏 and 𝑃ω𝑏 are the buoyancy turbulence terms and the turbulence viscosity, µ𝑡 

is assumed as: 

µ𝑡 = 𝜌
𝑘

ω
                                                                                                                       (2.38) 

𝛽, 𝛽′, 𝛼, 𝜎𝑘, 𝜎ω are the model constants and the Reynolds stress tensor is expressed 

as: 

−𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅=µ𝑡 (
𝜕𝑈𝑖

𝜕𝑥𝑗
+
𝜕𝑈𝑗

𝜕𝑥𝑖
) −

2

3
𝛿𝑖𝑗(𝑝𝑘 + µ𝑡

𝜕𝑈𝑘

𝜕𝑥𝑘
)                                                             (2.39) 

2.3.1.4 The Shear Stress Transport (SST) Model 

The shear stress transport model developed by Menter [91] aimed to obtain transport 

behavior by imposing restriction to the calculation of the eddy viscosity: 

𝑣𝑡 =
𝛼1𝑘

max (𝛼1ω,S𝐹2)
                                                                                                         (2.40) 

𝑣𝑡 = µ𝑡/𝜌                                                                                                                       (2.41) 

Where S is an invariant measure of the strain rate and 𝐹2 is the blending function that 

is defined as: 

𝐹2 = tanh (𝑎𝑟𝑔2
2)                                                                                                   (2.42) 

with: 

𝑎𝑟𝑔2 = max (
2√𝑘

𝛽′𝜔𝑦
,
500 𝑣

𝑦2𝜔
)                                                                                             (2.43) 

where y is the distance to the nearest wall and 𝑣 is the kinematic viscosity. 

2.3.2  Reynolds Stress Turbulence Models 

The Reynolds stress models, depending on all components of the Reynolds stress 

tensor and the dissipation rate, deals with the transport equation by solving the 

individual stress components. Thus, the Reynolds averaged momentum equation for 

the mean velocity is written as: 
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𝜕𝜌𝑈𝑖

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑈𝑖𝑈𝑗) −

𝜕

𝜕𝑥𝑗
[µ (

𝜕𝑈𝑖

𝜕𝑥𝑗
+
𝜕𝑈𝑗

𝜕𝑥𝑖
)]= −

𝜕𝑝′′

𝜕𝑥𝑖
−

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅) + 𝑆𝑀𝑖

                  (2.44) 

Here, 𝑆𝑀𝑖
 is the sum of the body forces, 𝑝′′ is a modified pressure that is expressed as: 

𝑝′′ = 𝑝 +
2

3
µ
𝜕𝑈𝑘

𝜕𝑥𝑘
                                                                                                     (2.45) 

The fluctuating Reynolds stress component 𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ satisfies the differential Reynolds 

stress transport equation which is defined as: 

𝜕𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅̅

𝜕𝑡
+

𝜕

𝜕𝑥𝑘
(𝑈𝑘𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅) −

𝜕

𝜕𝑥𝑘
[(𝛿𝑘𝑙µ + 𝜌𝐶𝑆

𝑘

ɛ
𝑢𝑘𝑢𝑙̅̅ ̅̅ ̅̅ )

𝜕𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅̅

𝜕𝑥𝑙
] = 𝑃𝑖𝑗 −

2

3
𝛿𝑖𝑗𝜌ɛ +

𝛷𝑖𝑗+𝑃𝑖𝑗 , 𝑏                                                                                                                    (2.46) 

Where 𝑃𝑖𝑗 and 𝑃𝑖𝑗 , 𝑏 are shear and buoyancy turbulence production terms of the 

Reynolds stresses respectively,  𝛷𝑖𝑗 is the pressure strain tensor and C is a constant. 

2.3.2.1 ω-Based Reynolds Stress Model 

The ω-Reynolds stress model is found out based on the ω equation. In this study, the 

ω-Reynolds stress model is used among the Reynolds stress models. Therefore, the 

equation for Reynolds stresses is written as: 

𝜕𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅̅

𝜕𝑡
+

𝜕

𝜕𝑥𝑘
(𝑈𝑘𝜌𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅) = 𝑃𝑖𝑗 −

2

3
𝛽′𝜌ωk𝛿𝑖𝑗 + 𝛷𝑖𝑗 + 𝑃𝑖𝑗,𝑏 +

                             
𝜕

𝜕𝑥𝑘
[(µ +

µ𝑡

𝜎𝑘
)
𝜕𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅̅

𝜕𝑥𝑘
]           (2.47) 

And the equation for ω reads: 

𝜕(𝜌ω)

𝜕𝑡
+
𝜕(𝑈𝑘𝜌ω) 

𝜕𝑥𝑗
= 𝛼𝜌

ω

k
𝑃𝑘 + 𝑃ω𝑏 − 𝛽 𝜌ω

2 +
𝜕

𝜕𝑥𝑘
[(µ +

µ𝑡

𝜎
)
𝜕ω

𝜕𝑥𝑘
]                              (2.48) 

Where 𝜎, 𝛼, 𝛽 and 𝛽′are constants. 

2.3.3 The κ-ɛ Explicit Algebraic Reynolds Stress (EARSM) Model  

Explicit Algebraic Reynolds Stress models were created by developing the standard 

two-equation models. In this model, the Reynolds stresses are given by: 

𝑢𝑖𝑢𝑗̅̅ ̅̅ ̅ = 𝑘(𝛼𝑖𝑗 + 2/3𝛿𝑖𝑗)                                                                                            (2.49) 
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Here the anisotropy tensor 𝛼𝑖𝑗, strain rate tensor 𝑆𝑖𝑗 and vorticity tensor 𝛺𝑖𝑗 are defined 

as: 

𝛼𝑖𝑗 = 𝛽1𝑆𝑖𝑗 + 𝛽3 (𝛺𝑖𝑘𝛺𝑘𝑗 −
1

3
𝐼𝐼𝛺𝛿𝑖𝑗) + 𝛽4(𝑆𝑖𝑘𝛺𝑘𝑗 − 𝛺𝑖𝑘𝑆𝑘𝑗) + 𝛽6 (𝑆𝑖𝑘𝛺𝑘𝑙𝛺𝑙𝑗 +

𝛺𝑖𝑘𝛺𝑘𝑙𝑆𝑙𝑗 −
2

3
𝐼𝑉𝛿𝑖𝑗) + 𝛽9(𝛺𝑖𝑘𝑆𝑘𝑙𝛺𝑙𝑚𝛺𝑚𝑗 − 𝛺𝑖𝑘𝛺𝑘𝑙𝑆𝑙𝑚𝛺𝑚𝑗)                                      (2.50) 

𝑆𝑖𝑗 =
1

2
τ(
𝜕𝑈𝑖

𝜕𝑥𝑗
+
𝜕𝑈𝑗

𝜕𝑥𝑖
)                                                                                                 (2.51) 

𝛺𝑖𝑘 =
1

2
τ(
𝜕𝑈𝑖

𝜕𝑥𝑗
+
𝜕𝑈𝑗

𝜕𝑥𝑖
)                                                                                                (2.52) 

where τ denotes the time scale reads: 

τ = max (
1

𝛽∗𝜔
; 𝐶τ√

𝑣

𝛽∗𝑘𝜔
)                                                                                            (2.53) 

𝐶τ and 𝛽∗ are constants and the coefficients mentioned are as follows: 

𝛽1 = −𝑁(2𝑁
2 − 7𝐼𝐼𝛺)/𝑄                                                                                         (2.54) 

𝛽3 = −12𝐼𝑉/𝑁𝑄                                                                                                           (2.55)   

𝛽4 = −2(𝑁
2 − 2𝐼𝐼𝛺)/𝑄                                                                                                  (2.56) 

𝛽6 = −6𝑁/𝑄                                                                                                          (2.57) 

𝛽9 = 6/𝑄                                                                                                                     (2.58) 

𝑄 =
5

6
(𝑁2 − 2𝐼𝐼𝛺)(2𝑁

2 − 𝐼𝐼𝛺)                                                                                  (2.59) 

𝐼𝐼𝑆 = 𝑆𝑘𝑙𝑆𝑙𝑘                                                                                                                    (2.60) 

𝐼𝐼𝛺 = 𝛺𝑘𝑙𝛺𝑙𝑘                                                                                                                (2.61) 

𝐼𝑉 = 𝑆𝑘𝑙𝛺𝑙𝑚𝛺𝑚𝑘                                                                                                     (2.62) 

The N function is expressed as: 
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𝑁 =

{
 
 

 
 
𝐴3

3
+ (𝑃1 +√𝑃2)

1/3 + 𝑠𝑖𝑔𝑛(𝑃1 −√𝑃2)|𝑃1 −√𝑃2|
1

3,            𝑃2 ≥ 0 

𝐴3
′

3
+ 2(𝑃1

2 + 𝑃2)
1/6 + 𝑐𝑜𝑠 (

1

3
𝑎𝑟𝑐𝑐𝑜𝑠 (

𝑃1

√𝑃1
2−𝑃2

)) ,            𝑃2 < 0
            (2.63) 

𝑃1 = (
𝐴3
′2

3
+

9

20
𝐼𝐼𝑆 −

2

3
𝐼𝐼𝛺)𝐴3

′                                                                                     (2.64) 

𝑃2 = 𝑃1
2 − (

𝐴3
′2

3
+

9

10
𝐼𝐼𝑆 −

2

3
𝐼𝐼𝛺)

3

                                                                              (2.65) 

𝐴3
′ =

9

5
+

9

4
𝐶𝑑𝑖𝑓𝑓max(1 + 𝛽1

(𝑒𝑞)𝐼𝐼𝑆; 0)                                                                    (2.66) 

𝛽1
(𝑒𝑞) = −

6

5

𝑁(𝑒𝑞)

(𝑁(𝑒𝑞))2−2𝐼𝐼𝛺
                                                                                           (2.67) 

where 𝑁(𝑒𝑞) and 𝐶𝑑𝑖𝑓𝑓 are constants. The eddy viscosity is defined as: 

𝑣𝑡 = 𝐶µ 𝑘𝜏                                                                                                               (2.68) 

where 

𝐶µ = −
1

2
(𝛽1 + 𝐼𝐼𝛺𝛽6)                                                                                              (2.69)
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3. COMPUTATIONAL FLUID DYNAMICS 

SIMULATION 

CFD is a computer-based tool used to analyze numerically the physical phenomena 

such as fluid flow and heat transfer in which the equations of the fluid motion are 

solved over the studied region considering the boundary and initial conditions. In this 

study, Ansys Workbench and Ansys CFX, as a CFD tool, are used to evaluate the 

performances of the turbulence models in terms of predicting the pressure gradients of 

the systems of interest. The accuracy of the CFD results is verified with the 

experimental data. 

3.1 Computational Method 

Ansys CFX is a high-performance computational fluid dynamics (CFD) software tool 

that provides reliable and fast solutions in a wide range of engineering applications 

including pre-processing, solver, and post-processing stages. The procedure to be 

followed to perform a CFD analysis is shown in Figure 3.1 

 

Figure 3.1 Flow Chart of the ANSYS CFX. 

Geometry 
Generation

Mesh 
Generation

Pre-
Processing

Solver

Post-
Processing
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In the pre-processing stage, the 3-D model is developed for the water flow in rough 

pipe, concentric and eccentric annulus, and sediment transport in the concentric 

annulus. Two geometries are generated for rough pipe with diameters of 80 and 90 

mm. The geometry generation process of the rough pipe is shown as an example in 

Figure 3.2 The eccentric and concentric annulus geometries for the water flow are 

created to have 40-80 mm and 46-74 mm diameters, respectively. The geometry of the 

eccentric annulus for sediment transport is created to be 46-92 mm diameters. 

The geometry and the computational mesh have been generated in the geometry and 

mesh applications of the CFD program (ANSYS R15), representatively the geometry 

and the mesh structure of annulus is shown in Figure 3.3, Figure 3.4 

 

Figure 3.2 Rough pipe geometry generation in ANSYS. 
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Figure 3.3 Concentric annulus computational mesh. 

 

Figure 3.4 Concentric annulus geometry.  

The mesh independence analysis has been performed and the optimum mesh sizes for 

all cases are implemented. As an example of the determination of optimum mesh for 

the concentric annulus is presented in Figure 3.5. 
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Figure 3.5 Determination of optimum mesh for the concentric annulus.  

In the solver part of the CFD program, the required initial and boundary conditions are 

described. The uniform velocity at the domain inlet and the atmospheric pressure at 

the domain outlet are applied. Figure 3.6 and Figure 3.7 exemplify the implementation 

of the inlet and the outlet boundary conditions. The flow is assumed to be steady, 

incompressible, isothermal, and statistical turbulence models are employed to simulate 

the pipeline system. In addition, for the annular flow, the no-slip condition is applied 

at the inner wall and the thermal conditions presented in Table 3.1. 

For the rough pipe, relative roughnesses are applied as 0.001 and  0.0013. For the 

sediment transport, the water and the sediment are defined as separate materials. The 

sediment particle is introduced to the system with a diameter of 2 mm and a density of 

1800 kg/m3. 
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Table 3.1 Thermal Conditions of Water. 

 25ᵒC 40ᵒC 50ᵒC 60ᵒC 

Density 

(kg/m3) 

997 998 998 998 

Specific Heat 

Capacity   

(Jkg-1K-1) 

4181.7 4179 4181 4185 

Thermal 

Conductivity 

(Wm-1K-1) 

0.6069 0.631 0.644 0.654 

Thermal 

Expansivity 

(K-1) 

0.000257 0.000458 0.000458 0.000458 

Dynamic 

Viscosity 

(kgm-1s-1) 

 

0.000890 0.000653 0.000547 0.000467 

The most important and final stage of the solver part continues with the calculations 

and iterations. Figure 3.8 represents an example image of the running process. 

In the post-processing stage, the results are visualized and analyzed. The pressure 

distribution in the eccentric annulus is illustrated in Figure 3.9 as an example. 

Figure 3.6 Implementation of the inlet boundary condition.  
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Figure 3.7 Implementation of the outlet boundary condition.  

 

Figure 3.8 Running process of the problem. 
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Figure 3.9 Pressure distribution in eccentric annulus. 
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4. EXPERIMENTAL SETUP 

In this study, the results obtained from the CFD simulations are verified with the 

experimental data obtained from separate studies. The experiments were conducted for 

both sediment transport and single-phase flow.  

The experiments for flow through the 80 and 90 mm-diameter rough pipes were 

conducted in İzmir Katip Celebi University, Civil Engineering Flow Loop (Figure 

4.1). The experimental facility consisted of a pump, pressure transducer, control 

valves, water tank, flow meter, and the rough pipe. 

 

Figure 4.1 Izmir Katip Celebi University Civil Engineering Department Flow Loop, 

rough pipe. 

The test section of the rough pipe system was 10 m and the relative roughness values 

were 0.001 and 0.0013 for 80 mm-diameter and 90 mm-diameter pipes respectively. 

During the experiments, flow rate ranges were between 16 m3/h-90 m3/h. The 

experiment specifications are given in Table 4.1.  
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Table 4.1 Test parameter values during the experiments, rough pipe. 

Experiment Specifications Values 

Pipe diameter 80,90 mm 

Flow loop length 10 m 

Flow rate range 16-90 m3/h 

Relative roughness 0.001, 0.0013 

Experiments for water flow in eccentric annulus were also conducted in İzmir Katip 

Celebi University, Civil Engineering Flow Loop (Figure 4.2). 

 

Figure 4.2 Izmir Katip Celebi University Civil Engineering Department Flow Loop, 

eccentric annulus. 

The length of the experimental test section was 10 m and it consisted of 80 mm outer 

and 40 mm inner diameters. Experiments were performed for a flow rate range of 6.9 

m3/h-31.4 m3/h and a temperature range of 25ᵒC – 60ᵒC degrees are given in Table 4.2. 

 



35 

 

Table 4.2 Test parameter values during the experiments, water flow in eccentric 

annulus [2]. 

Experiment Specifications Values 

Inner- outer pipe diameter 40-80 mm 

Flow loop length 10 m 

Flow rate range 6.9-31.4 m3/h 

Temperature 25,40,50 and 60ᵒC 

The experimental setup consisted of a pump, pressure transducer, control valves, water 

tank, flow meter, and the annular test section. Differential pressure loss data in fully 

developed flow regions were read from digital pressure transmitters recorded by the 

data logger.  

Experimental studies for the water flow in the concentric annulus and sediment 

transport in eccentric annulus were conducted by Sorgun [1] in Middle East Technical 

University, Petroleum Engineering Flow Loop (Figure 4.3). The experimental setup 

consisted of sediment collection and injection tanks, liquid tank, shale shaker, pumps, 

control valve, compressor, annular test section, pipe rotation system, pressure 

transducer, and data acquisition system. 
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Figure 4.3 Middle East Technical University Petroleum Engineering Department 

Flow Loop, annular test section. 

The 3.65 m long horizontal pipeline consisted of a 46 mm inner and 74 mm outer 

diameters for concentric annulus and the experiments were performed for a flow rate 

range of 6.1 m3/h-21.6 m3/h. 

The experiments of the sediment transport were conducted in the 46 mm inner and 74 

mm outer diameters eccentric annulus with a length of 3.65 m. The flow rate ranges 

were recorded between 6.1-15.9 m3/h. Experiment specifications are given in Table 

4.3. and Table 4.4. 

Table 4.3 Test parameter values during the experiments, water flow in the concentric 

annulus. 

Experiment Specifications Values 

Inner- outer pipe diameter 46-74 mm 

Flow loop length 3.65 m 

Flow rate range 6.1-21.6 m3/h 
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Table 4.4 Test parameter values during the experiments, the eccentric annulus, 

sediment transport. 

Experiment Specifications Values 

Inner- outer pipe diameter 46-74 mm 

Flow loop length 3.65 m 

Flow rate range 6.1-15.9 m3/h 

Rate of penetration range 0.0013-0.0101 m/s 
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5. RESULTS AND DISCUSSION 

In this study, the numerical simulations have been carried out for the flow through 

rough pipe and annulus under various conditions with several turbulence models by 

using CFD software ANSYS CFX. Experimental data are used to verify the reliability 

of the CFD simulations. The performances of the turbulence models are thoroughly 

discussed in terms of the pressure gradient to understand which turbulence model gives 

the appropriate results. The evaluation of the results based on the error metrics is also 

presented by utilizing the Average Absolute Percentage Error (AAPE). This is 

important to correctly interpret the results.  

AAPE is defined as: 

𝐴𝐴𝑃𝐸 =
1

𝑛
∑ |

𝐴𝑡−𝐹𝑡

𝐴𝑡
|𝑛

𝑡=1                                                                                                    (2.70) 

 

Here, 𝑛 denotes the number of the sample which is available in the data set, 𝐴𝑡 

represents the predicted value and 𝐹𝑡 represents the measured value. 

5.1 Water Flow Through The Rough Pipe 

The work on the water flow through rough pipe have been carried out for two different 

flow loops with diameters of 80 and 90 mm. The pressure gradients have been obtained 

for the flow rates from 16 to 90 m3/h. The comparison of the calculated pressure 

gradient values versus measured ones during the experiments for 80 and 90-mm 

diameter rough pipes are given in Figure 5.1 and Figure 5.2, respectively. 
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Figure 5.1 Measured versus calculated pressure gradient (Pa/m), 80 mm rough pipe. 

In Figure 5.1, the calculated and measured pressure gradients are given in the x-axis 

and y-axis respectively, the perfect line illustrated as a solid line, and the dashed lines 

represent the ± 20% percent error ranges. As can be seen from the graph, the results 

remain within the specified error limit and the ω –Re stress and RNG κ-ɛ models give 

the best results which are very close to each other.  
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Figure 5.2 Measured versus calculated pressure gradient (Pa/m), 90 mm pipe 

diameter. 

Figure 5.2 shows that the simulation results give good agreement with the 

experimental data. It can be seen from the graph, the RNG κ-ɛ and κ- ω models 

outperform the other models.  

In Table 5.1., AAPE stands for average absolute percent error and demonstrates the 

consistency between the results of the different turbulence models obtained from CFD 

analysis and those from the experiments. According to the Table 5.1., it can also be 

said that the RNG κ-ɛ and κ- ω models perform better than the other turbulence models 

for the 80-mm diameter rough pipe, in terms of the error analysis. 

Table 5.1 Performance comparison of turbulence models based on AAPE, 80 mm 

pipe diameter.  

  AAPE    

κ-ɛ SST RNG κ-ɛ κ-ω ω -Re EARSM 

7.37 5.04 2.72 3.42 2.59 12.68 
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Table 5.2 Performance comparison of turbulence models based on AAPE, 90 mm 

pipe diameter. 

  AAPE    

κ-ɛ SST RNG κ-ɛ κ-ω ω -Re EARSM 

5.72 9.98 4.69 4.94 10.07  11.53 

It can be understood from Table 5.2., that the results of κ-ω and RNG κ-ɛ models are 

in coordination with the experimental results for 90 mm-diameter rough pipe when 

considering the error metric. 

Overall, the results confirm that the RNG κ-ɛ model is a good choice for the analysis 

of rough pipes. It is also seen that the error margins increase as the diameter increases. 

5.2 The Annular Flow 

In this part, the results of the CFD simulations performed for the water flow in both 

the eccentric annulus and the concentric annulus are comparatively reviewed. 

5.2.1 Water Flow Through The Eccentric Annulus Including 

Temperature Effect  

The pressure gradient values are described for the water flow in the eccentric annulus. 

At the same time, the temperature effect is investigated by both experimenting and 

modeling for the specified temperature values. Figure 5.3 - Figure 5.6 indicate that the 

comparisons of the pressure gradients predicted by CFD with the measured ones for 

the water flow in the eccentric annulus at the temperatures of 25ᵒC, 40ᵒC, 50ᵒC, and 

60ᵒC, respectively. 

It can be seen from Figure 5.3, the results obtained from the CFD analysis are broadly 

in line with those from the experimental work. It is observed that the RNG k-ɛ and the 

κ-ɛ models give outstanding results for the water flow in the eccentric annulus at 25 

ᵒC. 
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Figure 5.3 Measured versus calculated pressure gradient (Pa/m), eccentric annulus, 

T=25ᵒC. 

 

Figure 5.4 Measured versus calculated pressure gradient (Pa/m), eccentric annulus, 

T=40ᵒC. 
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Figure 5.4 shows that the turbulence model results are at acceptable intervals when 

comparing the experimental ones and the RNG k-ɛ model performs better than the 

other turbulence models in the analysis of the water flow in the eccentric annulus at 

40ᵒC. 

As can be seen in Figure 5.5, the ω -Re model performs quite well at the 50ᵒC water 

flow in the eccentric annulus, while the performances of other turbulence models can 

be interpreted as having close results. 

 

Figure 5.5 Measured versus calculated pressure gradient (Pa/m), eccentric annulus, 

T=50ᵒC. 

When Figure 5.6 is considered, the ω-Re model shows rather good behavior, 

meanwhile, the other models also give similar results for the 60ᵒC water flow in the 

eccentric annulus. 
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Figure 5.6 Measured versus calculated pressure gradient (Pa/m), eccentric annulus, 

T=60ᵒC. 

When the data collected from the analysis of the water flow in the eccentric annulus 

are examined according to the error metric as stated in Table 5.3., the RNG κ-ɛ model 

provides more accurate results than the other turbulence models at the lower 

temperatures. Together, the present findings confirm that the accuracy of the RNG κ-

ɛ model decreases with the increasing temperature. 

In general, the CFD analysis on the water flow in the eccentric annulus implies that 

the turbulence models give satisfactory results. The RNG κ-ɛ model predicts the 

pressure loss from room temperature to high temperatures accurately enough, 

nevertheless, it should be noted that the ω -Re model performs better at 50ᵒC and 60ᵒC. 
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Table 5.3 Performance comparison of turbulence models based on AAPE, eccentric 

annulus. 

   AAPE    

Temperature(ᵒC) 
κ-ɛ SST RNG 

κ-ɛ 

κ-ω ω -Re EARSM 

25 8.16 

 

21.71 

 

6.59 

 

25.32 

 

18.46 

 

10.73 

 

40 19.06 

 

22.80 

 

15.96 

 

26.29 

 

18.23 

 

24.30 

 

50 26.88 

 

24.76 

 

23.54 

 

28.12 

 

18.88 

 

33.23 

 

60 27.99 

 

21.96 

 

24.41 

 

24.02 

 

15.03 

 

34.83 

 

 

5.2.2 Water Flow Through The Concentric Annulus  

The water flow in the concentric annulus is analyzed by considering the pressure 

gradient values. Figure 5.7 shows that superior results are seen for the EARSM model 

when compared to the other turbulence models. 

When the results are criticized in terms of error margins, as it is seen in Table 5.4., in 

contrast to other models, κ-ɛ and EARSM models have high performance in estimating 

the pressure gradient values and achieve approximate results. It can also be clearly said 

that the other turbulence models give inadequate results.  
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Figure 5.7 Measured versus calculated pressure gradient (Pa/m), concentric annulus. 

Table 5.4 Performance comparison of turbulence models based on AAPE, concentric 

annulus. 

  AAPE    

κ-ɛ SST RNG κ-ɛ κ-ω ω -Re EARSM 

7.82 22.44 15.71 20.77 29.69 5.86 

5.2.3 Sediment Transport In The Eccentric Annulus  

When the sediment transport in eccentric annulus analyzed, all turbulence models give 

close results. It can be found out that from Figure 5.8 that the κ-ω model is in good 

agreement with the measured data. It is also come out that ω based turbulence models 

provide better results when compared with the other turbulence models.  

If the analysis of the sediment transport in the eccentric annulus evaluated according 

to the error metric, as shown in Table 5.5., the κ-ω and ω –Re Stress models give the 

best results. These results also reveal that the other turbulence models also give 

approximate results. Sediment transport in the eccentric annulus is modeled by using 

the CFD program, the simulation example is shown in Figure 5.9        
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Velocity contour plots for the sediment transport in the eccentric annulus are presented 

in Figures 5.10-5.11 In Figure 5.10, sediment accumulation is observed at the wider 

part of the pipe. When the minimum and maximum velocity profiles are analyzed, it 

can be understood that the sediment transport in the wider part significantly increases 

while fluid velocity increases.  

 

Figure 5.8 Measured versus calculated pressure gradient (Pa/m), sediment transport. 

Table 5.5 Performance comparison of turbulence models based on AAPE, sediment 

transport. 

  AAPE    

κ-ɛ SST RNG κ-ɛ κ-ω ω -Re EARSM 

22.16 22.54 24.79 21.09 21.74 26.60 
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Figure 5.9 Simulation of the sediment transport in the eccentric annulus. 

 

Figure 5.10 Velocity contour plot of sediment transport, v=2.1 m/s. 
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Figure 5.11 Velocity contour plot of sediment transport, v=4.2 m/s. 
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 6. CONCLUSIONS 

This study presents important findings in the understanding of the working mechanism 

of the turbulence models under various flow conditions. CFD simulations have been 

carried out for various pipeline systems to determine the performance of the statistical 

turbulence models by using commercial software program ANSYS R15. The pressure 

gradient values are figured out for the pipeline systems by exposing to specified 

conditions such as roughness, temperature, rate of penetration, and their effects on the 

turbulence model behavior are also examined. Results obtained from the CFD 

simulations are validated with those of the flow-loop experiments conducted at both 

Izmir Katip Celebi University and Middle East Technical University. In general, CFD 

models give good agreement when compared with the previously published 

experimental data. The analysis leads to the following conclusions: 

 For the water flow through the rough pipe, it can be observed that the RNG κ-

ɛ model can be preferred reliably for estimating pressure losses.  

 The analysis on the rough pipes allows the conclusion that the accuracy of the 

turbulence models slightly decreases as the pipe diameter increases from 80 

mm to 90 mm and the relative roughness increases from 0.001 to 0.0013. 

 For the water flow through the concentric annulus, EARSM and κ-ɛ models 

outperform the other turbulence models. 

 For the water flow through the eccentric annulus, it is observed that all 

turbulence models give similar results that generally remain within the ± 20% 

percent error range. Although the RNG κ-ɛ model gives the optimum results 

for the low temperatures, it diverges from giving correct results as the 

temperature of the water increases. 

 Besides, these findings provide additional information about the efficiency of 

the turbulence models predicting the pressure loss in the water flow through 
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the eccentric annulus. In almost all turbulence models, as the temperature 

increases, the efficiencies of the turbulence models decrease on a small scale.  

 ω-Re turbulence model predicted pressure gradient better than other models at 

high fluid temperatures. 

 For the sediment transport in the eccentric annulus, all turbulence models give 

similar results. However, the κ-ω and the ω-Re turbulence models give more 

appropriate results. This may be considered that the selection of ω based 

turbulence models is convenient for the sediment transport analysis. 

 More generally, these basic findings demonstrate that it is possible to obtain 

satisfactory results with the selection of the right turbulence model.  
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