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Finite Difference Modeling On The Temperature Field Of 
Consumable-Rod And Substrate In Friction Surfacing Process 

V. Pitchi Raju*1 and M. Manzoor Hussain 2 
1* Associate Professor in Mechanical Engineering Dept, Princeton College of Engg. 
& Tech, Hyderabad, 2 Professor in Mechanical Engineering Dept, J. N. T. University, 

Hyderabad, India.

A B S T R A C T
Friction surfacing is a solid state coating process with applications of wear and corrosion resistance 

coatings and also used for reclamation and repair of damaged and worn components. Friction 

surfacing is a kind of thermal processing technology, in which the temperature profile obtained and 

changes of temperature occurred in consumable rod and substrate are significant factors to obtain 

high quality of coatings. In the present work, the temperature fields of the consumable rod and 

substrate during the process are simulated by finite difference modeling method, And also heat source 

model of the consumable rod and substrate are established in friction surfacing process. The obtained 

results are consistence with experimental values. Reoccurring of the changes of temperature of both 

consumable rod and substrate while conducting friction surfacing process, hence furnishing 

theoretical information for the selection of primary technical factors in industrial engineering 

applications and which permits additional work for producing quality of coatings in friction surfacing 

process. 

Keywords: Friction surfacing, Temperature field, consumable rod, substrate, finite difference 

modeling

1. INTRODUCTION 

Friction surfacing is an emerging surface modification technique, which is derived from the friction 

welding process. In this process, a rotating consumable rod is fed against substrate with certain axial 

pressure, and then frictional heat is produced between the consumable rod and substrate. As soon as the 

rubbing end of the rotating consumable rod is get plasticized, the substrate start moves horizontally 

relative to vertical consumable rod, then plasticized metal being deposited as a coating over the 

substrate, the Friction surfacing process has been adopted for getting several hard metal coatings such 

as tool steel coatings over low carbon steel. The frictional heating between tip of consumable rod and 

substrate caused to the formation of a heat affected zone nearer to the interface of the consumable rod 

and substrate. However this heat affected zone is lesser compared to that generated by welding [1]. The 

friction surfacing process has a several advantages such as zero dilution, clean, dense and fine 

microstructure, no cracking in the heat affected(HAZ), excellent bonding with absence of porosity, 

inclusions or oxidation over the conventional welding processes [2]. 

Presently many researchers have been concentrated about this process particularly on its technical 

parameters due to its engineering background. The frictional heat is passing along the consumable rod, 
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creating a temperature difference that evaluates the amount deformation [3]. The consumable rod 

material gradually gets softened and plastic deformation by temperature gradient in a 

compression/torsion process through colder material [4]. Moreover, the material is transferred through 

rotational contact plane across which slippage take place between the deposited layer and consumable 

rod [5]. From the previous studies, it is revealed that to speed up the selection of process parameters by 

development of neurofuzzy model based Decision support system [6, 7, 8]. The calculation of process 

parameters are based on mathematical modeling in friction surfacing regimes [9]. And also attempts 

made onto identify the feasibility of different types of consumable rod materials (aluminum, stainless 

steel and brass) over substrates under different environmental conditions [10]. The study of interfacial 

phenomena of different materials (mild steel with tool steel and inconel [11] and aluminum with steel 

[12] during friction surfacing process. 

Though most of the studies focus on ferrous alloys, there are few investigations with non-ferrous alloys 

like aluminum. It was investigated on both single and multilayering by AA 2017 alloy deposited over 

AA 5052 substrates [13]. The recent studies performed on the grain refinement process of an AA 6082-

T6 coating over AA 2024-T3 substrate and also found that shear deformation is the main cause of 

recrystallization and grain deformation in friction surfacing process [14]. 

Besides the studies on technical characteristics, more studies focus on identifying the process 

mechanism. The discussion on mechanism of auto-hardening of the coating layer [15] and also on 

concept of real rotational contact plane in friction surfacing [5]. The optimization of process 

parameters and process modeling were investigated for various material combinations [8], which build 

the feasibility of producing several alloy steel coatings for wear and corrosion resistance coatings. And 

also the selection of process parameters in applications of friction surfacing is performed by using 

intelligent decision support [6]. 

In the present study, the finite difference modeling method was used to simulate the consumable rod’s 

and substrate’s temperature field. The temperature field in this process, particularly of the consumable 

rod and substrate is observed as a crucial element in the selection of process parameters and process 

mechanism. The results of this investigation can furnish theoretical guidance selection of process 

parameters and analyzing the feasibility. 
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2. HEAT SOURCE MODEL IN CONSUMABLE ROD 

The total friction surfacing process is divided into two consequent phases i. e. the preliminary friction 

preheating phase and later steady friction surfacing phase. At the starting of the process, heat generated 

due to friction is considered as main heat source. When the temperature enhances, local regions at the 

tip of the rod is plasticized primarily by the friction heat and shear forces. Hence heat due to plastic 

deformation becomes the primary heat source. The process is executed on as the plasticized local 

regions at the tip of the rod constantly increase up to total interface turns to plasticized. At the end of the 

initial friction preheating phase, the main heat source converted from friction heat source to plastic 

deformation heat source. 

The heat liberated by friction is adequate to generate a hot plasticized zone, in fact, at the end of the 

initial friction preheating phase, the temperature field of the consumable rod’s starts to get a quasi-

steady condition. In the later friction surfacing phase, the temperature field maintains its quasi-steady 

status throughout the process. Hence, the attention is focus on this study primarily on calculating the 

temperature field in the preheating phase [16].
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2.1  Friction Heat Source Model in Consumable Rod 

In friction surfacing process, while preheating phase, the heat is generated primarily due to friction 

between the rubbing end of the consumable rod and substrate, depends on the assumption that 

distribution of force remains constant, friction heat was executed by following sequential steps. 

Initially, an annulus with an inner radius of r and width of dr at the friction interface was generated as 

shown in fig 1. 

2.2  Plastic Stage Deformation Heat Source Model 

The total plastic deformation heat power qv can be divided into two parts i. e. the deformation heat 

power of the circumferential shear qs and the deformation heat power of the axial direction 

compressing qa. Thus, it is very easy to calculate the total plastic deformation heat power, when the two 

parts are available. The axial force, surfacing time and axial reduction length of the consumable rod can 

be used for calculating the plastic deformation heat power of axial compressing. The deformation heat 

power of the circumferential shear can be computed through the time of the surfacing layer and 

figuration size. The axial reduction length of the consumable –rod in surfacing td and volume of the 

plastic metal is Δ V [16].

2.3  Simulation Results and Discussion 

The consumable rod material tool steel M2 consists of following physical characteristics: mass density 

ρ1= 8160 Kg/m3, thermal conductivity λ1= 0. 024 W/ m k, specific heat capacity c1 = 460 J/Kg K, and 

melting temperature Tm = 4680 0 C, the substrate material is low carbon steel with following physical 

characteristic: mass density ρ2= 7856 Kg/m3, thermal conductivity λ2 = 0. 054 W/ m k, and specific 

heat capacity c2 = 490 J/Kg K, The diameter of the consumable rod is 10. 5 mm, and the surfacing force 
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is 5 and 10 KN conducted separately, and the rotating speed is 100 and 300 rpm respectively. The 

friction coefficient between consumable-rod and substrate is 0. 8. Fig 4. Shows the simulation result of 

temperature of the consumable rod at friction interface. 

Besides these simulation results, the simulation program can give guidance in deciding friction 

preheating time for various feasible material combinations. 
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3. HEAT SOURCE MODEL IN SUBSTRATE 

Generally total friction surfacing process can be divided into two successive phases I. e. preliminary 

friction preheating phase and later steady surfacing phase. At the starting of the friction surfacing 

process, friction heat is the primary heat source. In friction surfacing process, the friction interface is 

initially at lower end of the consumable-rod, after the process obtains steady state, the friction interface 

transfer to the coating layer position. Whereas the friction interface is noticed as at the substrate in exact 

position. The substrate thickness is d, and coating layer thickness is h, thus if the substrate thickness is 

designated to be (h/2 + d), then the process will be simplified more, the heat source model of substrate 

alters to the transient local transfer heat flux over a substrate of (h/2 + d) thick [17], as shown in fig 5. 
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3.1 SIMULATION RESULTS OF THE SUBSTRATE

The substrate material low carbon steel consists of following characteristics: thermal conductivity λ = 

0. 054 W/ m k, mass density ρ =7856 Kg/m3, specific heat capacity c = 460 J/Kg K, melting 

temperature Tm = 1400 0 C, the dimension of the substrate: 310 mm x 220 mm x 11 mm, The surfacing 

force is 5 MPa, the rotating speed is 100 rpm, the friction coefficient between substrate and 

consumable-rod is selected as 0. 8. The moving speed of the substrate is 40 mm /min. for the selected 

process parameters, the preheating time is 15. 5 seconds. The temperature field of the friction system 

attains stable after 15. 5 seconds. The simulation results of the substrate as illustrated in fig 6. to fig 10. 
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4.CONCLUSIONS 

1.The simulation program can assist in determining the feasible material combinations in Friction 

surfacing process. 

2.The rubbing time required to reach forging temperature at 5MPa is 15 Sec and at 10 MPa is 9 Sec. 

3.It is observed that effective forging takes place, if friction pressure of 5MPa and 300rpm, and friction 

pressure of 10 MPa and 100 rpm is used. 

4.The thermal analysis showed that the HAZ is up to ≈ 3mm in low carbon steel substrate. The 

temperature range in HAZ is 1060oC to 1360oC. 

5.The observation on setup of process parameters like preheating time for different matching factors, 

which allows for guidance in engineering applications. 

6.The simulation results of consumable-rod and substrate can assist theoretical guidance in examining 

the feasibility and selection of primary process parameters in same field of research work in future. 
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Effectiveness and Overall Heat Transfer Coefficient of 
Fe3O4/Water Nanofluid Flow in a Double Pipe Heat 

Exchanger with Return Bend  
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1 Department of Mechanical Engineering, J N T University-Hyderabad, India. 
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A B S T R A C T
The effectiveness and overall heat transfer coefficient of different particle concentrations of 

Fe3O4/water nanofluids flow in a double-pipe heat exchanger with return bend has been estimated 

experimentally under turbulent flow conditions. The experiments were conducted in the particle 

volume concentrations from 0.005% to 0.06% and in the Reynolds number range from 14000 to 

30000. The enhancement of Nusselt number is about 15.6% at 0.06% volume concentration when 

compared to base fluid (water). The overall heat transfer coefficient for annulus-side is enhanced by 

3.44%, tube-side is enhanced by 3.26% and the effectiveness of heat exchanger is enhanced by 1.008-

times at 0.06% volume concentration at a Reynolds number of 28984 compared to water.  

Keywords:  Double-pipe heat exchanger, Overall heat transfer coefficient, NTU, Effectiveness. 

1. INTRODUCTION 

The double pipe heat exchangers are commonly used heat exchangers in commercial and industrial 

applications because of its small size, non-manufacturing difficulty and compactness. The base fluids 

generally used are water, ethylene glycol, propylene glycol, engine oil and etc. The performance of 

these base fluids can be enhanced by adding nano-sized particles. Choi [1] and his team developed high 

thermal conductivity fluids called as nanofluids, which is prepared by dispersing nanometer sized solid 

metallic particles in the fluids. 

The use of nanofluids in double pipe heat exchangers and its convective heat transfer coefficient have 

been estimated by researchers and few of them are given below. Sarafraz and Hormozi [2] found heat 

transfer enhancement of 67% at 1.0% vol. of Ag/50:50% ethylene glycol/water nanofluid flow in a 

double pipe heat exchanger. ElMaghlany et al. [3] observed augmentation of effectiveness and the 

number of transfer units (NTU) of the double pipe heat exchanger using Cu/water nanofluids. Darzi et 

al. [4] estimated heat transfer and pressure drop of Al2O3/water nanofluid in a double pipe heat 

exchanger at different temperature range of working fluid. Hemmat Esfe and Saedodin [5] estimated 

convective heat transfer coefficient of MgO/water nanofluid flow in a double pipe heat exchanger at 

different particle concentrations 0.005, 0.01, 0.015, 0.02 and the nanoparticles diameter of 60, 50, 40 

and 20 nm. Aghayari et al. [6] observed heat transfer coefficient and Nusselt number of 19% and 24% 

for 0.3% volume fraction of Al2O3/water nanofluid flow in a double pipe heat exchanger in counter 
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flow direction. Abbasian Arani et al. [7] investigated heat transfer of TiO2/water nanofluids flow in a 

double pipe counter flow heat exchanger in the volume fraction range from 0.002 and 0.02 and the 

Reynolds number between 8000 and 51000. Sudarmadji et al. [8] prepared hot Al2O3/water nanofluid 

is flowing inside tube, while the cold water flows annulus tube and estimated heat transfer coefficient 

for 0.15%, 0.25% and 0.5% and observed Nusselt number increment of 40.5% compared to pure water 

under 0.5% volume concentration. Duangthongsuk and  Wongwises [9] observed heat transfer 

enhancement of 6-11% at 0.2% volume concentration of TiO2/water nanofluid flow in a  horizontal 

double tube counter flow heat exchanger under turbulent flow conditions. Sajadi and Kazemi [10] 

observed heat transfer enhancement of 22% at 0.25% of TiO2-water nanofluid flow in a double pipe 

heat exchanger in the Reynolds number of 5000. Huminic and Huminic [11] numerically investigated 

heat transfer characteristics of CuO and TiO2 nanofluids flow in a double-tube helical heat exchanger 

under laminar flow conditions and they observed significant enhancement of heat transfer with increase 

of particle concentration. Shakiba and Vahed [12] studied the hydro-thermal characteristics of 

Fe3O4/water nanofluid at 4.0% volume concentration in a counter flow double pipe heat exchanger 

using single phase model and control volume technique. Bahiraei and Hangi [13] studied the 

performance of Mn-Zn/water magnetic nanofluid flow in a counter flow double pipe heat exchanger 

under quadrupole magnetic field using the two-phase Euler–Lagrange method. Demir et al. [14] 

numerically studied the velocity and temperature profiles of water based TiO2 and Al2O3 nanofluids 

flow in a double pipe heat exchangers.  

The further heat transfer enhancement in double pipe heat exchangers is possible by using return bend. 

Hong and Hrnjak [15] observed further heat transfer enhancement in pipes with return bend and they 

concluded with the effect of fluid mixing, hydrodynamic and thermal development of secondary flows 

at immediate downstream of the U-bend. Clarke and Finn [16] numerically investigated the heat 

transfer mechanism of secondary refrigerant flow in an air chiller U-bends and observed with return 

bend there is a 20% heat transfer enhancement for up to 20 pipe diameters. Other experimental 

investigations found that heat transfer may be enhanced immediately downstream of a U-bend [17,18]. 

Choi and Zhang [19] numerically investigated heat transfer of Al2O3/water nanofluid flow in a pipe 

with return bend and observed Nusselt number increase with increase of Reynolds number and Prandtl 

number, and the increment of specific heat of nanofluid. Prasad et al. [20] observed 25% heat transfer 

enhancement at 0.03% volume concentration of Al2O3/water flow in a double pipe heat exchanger 

with return bend and in the Reynolds number of 22000. The above works reveals there is a further heat 

transfer augmentation by modifying the geometry of the inner tube of double pipe heat exchanger. 

There is literature related to heat transfer, friction factor and effectiveness of magnetic nanofluids flow 

in a tube with return bends.   

Journal of Dynamics of Fluids (Volume- 13, Issue - 2 May - August 2025)                                                                               Page No. 14

ISSN 09731784



The overall heat transfer coefficient (tube-side and annulus-side) and effectiveness data for Fe3O4 

nanofluid is not available in the literature. In this regard, the present investigation is carried for the 

estimation of overall heat transfer coefficient (tube-side and annulus-side) and effectiveness of Fe3O4 

nanofluid experimentally. The experimental setup is fabricated and the experiments are conducted in 

the Reynolds number range from 14000 to 30000 and in the particle concentrations range from 0.005% 

to 0.06%.  

2. EXPERIMENTAL SECTION 

2.1. Preparation of nanofluids 

The nanofluids of 0.005%, 0.01%, 0.03% and 0.06% volume concentrations were prepared by 

dispersing Fe3O4 nanoparticles (Sigma-Aldrich Chemicals, USA) in distilled water. The bulk 

quantity of 15 liters nanofluids were prepared and used in the experimental apparatus for the estimation 

of overall heat transfer coefficient and effectiveness. The surfactant of cetyl trimethylammonium 

bromide (CTAB) (1/10th of weight of nanoparticles) was used for uniform dispersion of nanoparticles 

in distilled water. The CTAB was initially mixed with 15 liters of distilled water and then stirred with 

high speed mechanical stirrer; after complete dispersion of surfactant the required quantity of Fe3O4 

nanoparticles were added and continued stirring for 24 hours. The particles required for known 

percentage of volume concentration was calculated from the Eq. (1).  

         Table 1: Thermophysical properties of base fluid and Fe3O4 nanofluid (Sundar et al. [21]) 
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2.2 Experimental set-up and procedure  

The experimental setup is shown in Fig. 1a and the test section details were shown in Fig. 1b. The 

experimental setup consists of two concentric tube heat exchangers, data logger along with personal 

computer, cooling water tank and heating water tank, a set of thermocouples, flow meters (both hot and 

cold).  The test section is two double pipe heat exchangers and the inner tube is bent at a radius of 0.160 

m at a length of 2.2 m. The effective length of the heat exchanger is 2.2 m, but the length of the inner 

tube is 5 m. The inner tube is made with stainless steel (SS304) material and the inner diameter is 0.019 

m, outer diameter is 0.025 m. The annulus tube is made with Galvanised Iron (G.I.) and the inner 

diameter is 0.05 m, outer diameter (OD) is 0.056 m. In order to minimize the heat loss from the test 

section to atmosphere, the annulus tube is wound with asbestos rope insulation. The inlet and outlet 

temperatures of the hot fluid (water or nanofluid) and cold fluid were measured with four 

thermocouples. The thermocouples are connected with the data acquisition system and the readings are 

recorded in the computer for further calculations. The accuracy of thermocoused in this study is ±0.1 

oC. The test section is designed in such a way that the hydrodynamically fully developed turbulent flow 

is maintained with the tube length/diameter ratio as 354. The mass flow rates of hot fluid (water or 

Journal of Dynamics of Fluids (Volume- 13, Issue - 2 May - August 2025)                                                                               Page No. 16

ISSN 09731784



 nanofluid) and cold fluid is controlled with the help of two rotameters. The arrangements of two double 

pipe heat exchangers are designed in such ways that, the flow path of the two fluids are in counter-flow 

direction. The hot Fe3O4 nanofluid (tube-side) inlet temperature of 60oC is maintained for the entire 

nanofluids inlet. The mass flow rate of nanofluids varies from 8 LPM to 14 LPM with an interval of 2 

LPM. The temperature of the cold water (annulus-side) was maintained around 29oC and kept constant 

flow rate of 8 LPM (0.133 kg/s). The experiments were conducted at different particle concentrations 

of 0.005%, 0.01%, 0.03% and 0.06% and used one after another. The time taken to reach the steady 

state of the working fluids are 1 h and the final temperature values of cold and hot fluids were recorded 

for further overall heat transfer coefficient calculations. The logarithmic mean temperature difference 

method is used to calculate the inside and outside overall heat transfer coefficient of the nanofluids. 
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3. EXPERIMENTAL CALCULATIONS    

3.1. Overall heat transfer coefficient
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5.  RESULTS AND DISCUSSION   

5.1. Overall heat transfer coefficient  

In order to validate experimental apparatus, the initial heat transfer experiments were conducted with 

hot water, which is flowing inside the tube and cold water flowing inside annulus. The Eq. (9) is used to 

estimate the tube side Nusselt number and the data are shown in Fig. 2 along with water data. The 

difference between theoretical and experimental Nusselt number is ± 2.5%. So, it indicates that 

minimum heat loss takes place from an experimental apparatus to atmosphere. The nanofluids of 

different volume concentrations were introduced one by one into the experimental apparatus and the 

Nusselt number is calculated from Eq. (9) and the data is shown in Fig. 3. At same mass flow rate the 
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Nusselt number of nanofluid is more compared to water, which is possible with the dispersion of 

nanoparticles. At particle concentration of 0.005%, the Nusselt number enhancement is about 1.72% 

and 2.29% at Reynolds number of 16545 and 28954, respectively compared to water data.  Similarly, at 

particle concentration of 0.06%, the Nusselt number enhancement is about 9.76% and 14.7% at 

Reynolds number of 16545 and 28954, respectively compared to water data. Within the measured 

Reynolds number range from 16545 to 28954, the Nusselt number enhancement is about 47.7%, 

51.1%, 49.4% and 55.31% at 0.005%, 0.01%, 0.03% and 0.06% volume concentrations. The 

enhancement in heat transfer coefficient for nanofluid is caused due to the effective fluid mixing by 

providing the return bend for the test tube. The similar behavior of active method of heat transfer 

augmentation for Al2O3 nanofluid in a tube with return bend have been observed by Choi and Zhang 

[23] based on the numerical study.   

The overall heat transfer coefficient (tube-side) of different particle concentrations of nanofluids 

estimated from Eq. (4) is shown in Fig. 4. The overall heat transfer coefficient (tube-side) is about 

3.26% at particle concentration of 0.06% and at Reynolds number of 28954. Similarly, the overall heat 

transfer coefficient (annulusside) of different particle concentrations of nanofluids estimated from Eq. 

(5) is shown in Fig. 5. The overall heat transfer coefficient (annulus-side) is about 3.44% at particle 

concentration of 0.06% and at Reynolds number of 28954. 
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5.2. Effectiveness – NTU method  

The performance of nanofluid flow in a double pipe heat exchanger is expressed in terms of 

effectiveness and number of transfer units (NTU). The higher value of effectiveness  �) and NTU 

indicates the higher performance of heat exchanger. The mass flow rates of both hot nanofluid and cold 

fluid were used for the calculation of effectiveness  �) and NTU. The Eq. (12) is used to calculate the 

NTU of water and nanofluids based on the overall heat transfer coefficient, flow area and minimum 

heat capacity between hot and cold fluids. The obtained values were shown in Fig. 6. It is observed 

from the figure, the NTU of water is 0.415 and 0.452 at Reynolds numbers of 16554 and 28970. 

Similarly, the NTU of 0.06% of nanofluid is 0.429 and 0.469 at same Reynolds numbers of 16554 and 

28970. This indicais 0.429 and 0.469 at same Reynolds numbers of 16554 and 28970. This indicates 

that, with the use of nanoparticles in the base fluid (water), the NTU increases. 

The Eq. (15) is used to estimate the effectiveness of water and nanofluids and the data is shown in Fig. 7. 

It is observed from the figure, the effectiveness of water is 0.293 and 0.339 at Reynolds numbers of 

16554 and 28970. Similarly, the effectiveness of 0.06% of nanofluid is 0.3002 and 0.3418 at same 

Reynolds numbers of 16554 and 28970. At all the operating parameters, the addition of the 

nanoparticles in the base fluid (water) enhances the overall heat transfer coefficient and, accordingly, 

the effectiveness and NTU. Finally, addition of nanoparticles in the base fluids enhances the heat 

exchanger performance, but penalty in the pumping power is also there. Compared to heat transfer 
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� The enhancement of Nusselt number is about 15.6% at 0.06% volume concentration when compared 

to base fluid (water).  

� The overall heat transfer coefficient for annulus-side is enhanced by 3.44%, tube-side is enhanced by 

3.26% and the effectiveness of heat exchanger is enhanced by 1.008-times at 0.06% volume 

concentration at a Reynolds number of 28984 compared to water.  

� The NTU is enhanced by 1.037-times and the effectiveness by 1.024-times for 0.06% nanofluid at 

Reynolds number of 28970. 

� The use of Fe3O4 nanoparticles in the base fluid cause higher Nusselt number, overall heat transfer 

coefficient and effectiveness because of micro-convection and Brownian motion of particles.   

Journal of Dynamics of Fluids (Volume- 13, Issue - 2 May - August 2025)                                                                               Page No. 27

ISSN 09731784



REFERENCES 

S.U.S. Choi, Enhancing thermal conductivity of fluids with nanoparticles. In Proceedings of the 1995 

ASME International Mechanical Engineering Congress and Exposition San Francisco, CA, USA, 

1995. 

M.M. Sarafraz, F. Hormozi, Intensification of forced convection heat transfer using biological 

nanofluid in a double-pipe heat exchanger, Experimental Thermal and Fluid Science 66 (2015) 

279–289.  

W.M. El-Maghlany, A.A. Hanafy, A.A. Hassan, M.A. El-Magid, xperimental study of Cu–water 

nanofluid heat transfer and pressure drop in a horizontal double-tube heat exchanger, Experimental 

Thermal and Fluid Science 78 (2016) 100–111. 

A.A.R. Darzi, M. Farhadi, K. Sedighi, Heat transfer and flow characteristics of Al2O3–water 

nanofluid in a double tube heat exchanger, International Communications in Heat and Mass Transfer 

47 (2013) 105–112. 

M. Hemmat Esfe, S. Saedodin, Turbulent forced convection heat transfer and thermophysical 

properties of MgO–water nanofluid with consideration of different nanoparticles diameter, an 

empirical study, J Therm Anal Calorim 119 (2015) 1205–1213. 

R. Aghayari, H. Maddah, M. Zarei, M. Dehghani, S.G.K. Mahalle, Heat transfer of nanofluid in a 

double pipe heat exchanger, International Scholarly Research Notices Article ID 736424 (2014) 1–7.  

A.A.A. Arani, J. Amani, Experimental study on the effect of TiO2–water nanofluid on heat transfer and 

pressure drop. Exp Thermal Fluid Science 42 (2012) 107–115. 

S. Sudarmadji, S. Soeparman, S. Wahyudi, N. Hamidy, Effects of cooling process of Al2O3-water 

nanofluid on convective heat transfer, Faculty of Mechanical Engineering Transactions 42 (2014) 

155–161. 

W. Duangthongsuk, S. Wongwises, Heat transfer enhancement and pressure drop characteristics of 

TiO2–water nanofluid in a double-tube counter flow heat exchanger, International Journal of Heat 

and Mass Transfer 52 (2009) 2059–2067. 

 A.R. Sajadi, M.H. Kazemi, Investigation of turbulent convective heat transfer and pressure drop of 

TiO2/water nanofluid in circular tube, Int. Communications in Heat and Mass Transfer 38 (2011) 

1474–1478.  

G. Huminic, A. Huminic Heat transfer characteristics in double tube helical heat exchangers using 

nanofluids, International Journal of Heat and Mass Transfer 54 (2011) 4280–4287. 

 A. Shakiba, K. Vahedi, Numerical analysis of magnetic field effects on hydro-thermal behavior of a 

Journal of Dynamics of Fluids (Volume- 13, Issue - 2 May - August 2025)                                                                               Page No. 28

ISSN 09731784



magnetic nanofluid in a double pipe heat exchanger, Journal of Magnetism and Magnetic Materials, 

402 (2016) 131142.  

 M. Bahiraei, M. Hangi, Investigating the efficacy of magnetic nanofluid as a coolant in double-pipe 

heat exchanger in the presence of magnetic field, Energy Conversion and Management, 76 (2013) 

1125–1133. 

H. Demir, A.S. Dalkilic, N.A. Kürekci, W. Duangthongsuk, S. Wongwises, Numerical investigation on 

the single phase forced convection heat transfer characteristics of TiO2 nanofluids in a double-tube 

counter flow heat exchanger, International Communications in Heat and Mass Transfer 38 (2011) 

218–228. 

S.H. Hong, P. Hrnjak, Heat transfer in thermally developing flow of fluids with high Prandtl numbers 

preceding and following U-bend, ACRC Report CR-24, University of Illinois, Urbana, IL, 1999. 

R. Clarke, D.P. Finn, The influence of secondary refrigerant air chiller Ubends on fluid temperature 

profile and downstream heat transfer for laminar flow conditions, International Journal of Heat and 

Mass Transfer 51 (2008) 724–735. 

 A.J. Ede, The effect of a 180o bend on heat transfer to water in a tube, in: Proceedings of the Third 

International Heat Transfer Conference, Chicago, 1966, pp. 99–104. 

M. Moshfeghian, Fluid flow and heat transfer in U-bends, PhD Thesis, Oklahoma State University, 

Stillwater, 1978. 

J. Choi, Y. Zhang, Numerical simulation of laminar forced convection heat transfer of Al2O3-water 

nanofluid in a pipe with return bend, International Journal of Thermal Sciences 55 (2012) 90–102. 

P.V. Durga Prasad, A.V.S.S.K.S. Gupta, M. Sreeramulu, L. Syam Sundar, M.K. Singh, A.C.M. Sousa, 

Experimental study of heat transfer and friction factor of Al2O3nanofluid in U-tube heat exchanger 

with helical tape inserts, Experimental Thermal and Fluid Science, 62 (2015) 141–150. 

 L.S. Sundar, M.K. Singh, A.C.M. Sousa, Investigation of thermal conductivity and viscosity of Fe3O4 

nanofluid for heat transfer applications, International Communications in Heat and Mass Transfer 44 

(2013) 7–14. 

 V. Gnielinski, New equations for heat and mass transfer in turbulent pipe and channel flow, Int. Chem. 

Eng. 16 (1976) 359–368. 

 J. Choi, Y. Zhang, Numerical simulation of laminar forced convection heat transfer of Al2O3/water 

nanofluid in a pipe with return bend, Int. J. Therm. Sci. 55 (2012) 90–102.

Journal of Dynamics of Fluids (Volume- 13, Issue - 2 May - August 2025)                                                                               Page No. 29

ISSN 09731784



Journal of Dynamics of Fluids (Volume- 13, Issue - 2 May - August 2025)                                                                               Page No. 30



Design and Analysis of an Axial Fan used  in Kiln Shell 
Cooling 

Parasaram Sarath Chandra1, Dr. K. Sivaji Babu2 and U. Koteswara Rao3 
M.Tech (Machine Design) Research student1, PVPSIT, Kanuru, India. Principal2, 

Department of Mechanical Engineering, PVPSIT, Kanuru, India. Associate 
Professor3, Department of Mechanical Engineering, PVPSIT, Kanuru, India.

A B S T R A C T
The design of high efficient fans is often based on the experience of the designer. Based on the integral 

parameters of the flow and the geometry of an axial flow fan; a performance analysis of it has been 

performed. The main scope of the design process of axial fans, employs either airfoil theory or more 

direct design methods is to deliver high efficiency blades. Three aerofoils have been studied for the 

application and finally a combination of airfoil literally called Fseries had been used in the present 

work. An existing axial fan has been considered for efficiency improvement where airfoil theory in 

combination with free vortex design method, is used for a design advantage. 

The effectiveness of the design procedure is verified with CFD simulation. The experience acquired 

from the analysis of the performance of the preliminary design, came in handy in later stages of design 

in order to achieve the best efficiency possible, which is an iterative process. The target of improved 

static efficiency (higher than 67%) has been achieved and it’s been calculated as 71%. Performance of 

the design fan has been investigated by means of ANSYS CFX, a commercial CFD software. In this 

paper, theoretical results obtained are compared by drawing a performance curve, with those results 

obtained CFD simulation.

Keywords: Turbomachines, axial fans, aerofoils, free vortex theory, CFD

 I. INTRODUCTION 

Modern cement plants needs a wide range of process fans. Process critical fans can be mainly classified 

as centrifugal and axial type of fans. Here, the author employs the design of axial fan used to cool a 

clinker rotary kiln shell. Overall capacity of the plant is generally determined by the capacity of clinker 

rotary kiln. So, the mechanics of rotary kiln cylinder is paid close attention on engineering sites due to 

its frequent damage and expensive maintenance cost.  

The main focus of the paper was to design and analyse an axial fan with improvised efficiency, by using 

an industrial example for demonstration purpose and establish a systematical design procedure which 

predicts the fan performance where usage of computational fluid dynamics (CFD) will be instrumental. 

High volume flow and low pressure fans are used in cooling applications for several process equipment 

and also for ventilation of silo cones, mines etc. Present paper focuses on a specific application, related 

to clinker kiln-shell cooling. 
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Present work deals with axial flow fan of type power absorbing turbomachines. The flow in the 

investigated form, i.e., air, is characterised by Mach numbers below the compressibility limit (< 0.3). It 

is a clear case that fan operating with incompressible flow, which is a type of high capacity, low head 

(pressure), and single stage axial flow type turbomachine. 

Fans are a kind of equipment where we can use engineering strategies and optimize the energy 

consumption without effecting their efficiency. An axial flow fan can achieve high efficiencies as with 

an optimum blade settings and is only slightly lower than that obtained with the backward inclined 

aerofoil centrifugal fan and much better than convectional fans [18]. 

To cool a kiln-shell used in cement plant needs a fan with specific speeds which works for given site 

conditions. Selection of a fan and design of an impeller needs a keen study of rotor blade design which 

is majorly based on velocity components. The blade may be of simply a plate with camber angles or an 

aerofoil shape [4]. Research is suggesting that replacing the curved camber plate with the aerofoil blade 

may produce almost identical performance but which results in the considerable increase in the total 

efficiency as well as in structural strength of the blade. 

Designing an efficient airfoil profile implies that the shape which thus acquired has to be 

aerodynamically efficient. A comprehensive aerodynamic treatment of it, has been presented in the 

present work. Airfoil and the blade so designed are analysed using commercial CFD software called 

ANSYS CFX. The main emphasis will be on improvement of efficiency and the system performance. 

The design of high efficient fan is often based on the experience of a designer. In order to determine the 

dimensions of a fan, one can use either Cordier diagram or background curves. Cordier diagram [9] 

provides an optimum dimensions for a fan as a system, whereas through background curves, system 

and blade geometries could be approximately estimated and refined for actual design point based on 

well-established design procedure. The present paper sees, the use of both in a blend for optimum 

values and to attain best efficiency point. 

Fan characteristics can be described by consistent parameters such as volume flow rate, pressure, 

power, and efficiency. 

An industrial example, upon industrial study, has been considered for the demonstration of the design 

flow. Based on specifications of site conditions and flow requirements, a preliminary calculations has 

been made which defined the system resistance. From these considerations a specific valve of fan 
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diameter has obtained, by using Cordier diagram which was verified with background fan curves for an 

optimal value.  

II. DESIGN APPROACH 

A. Fan Theory 

The rotor design is a function of swirl coefficient and flow coefficient. Swirl is an important measure of 

rotor torque. In this method, static and total pressure were normalized by using non-dimensional terms 

of axial velocity and dynamic pressure.  Based upon initial calculation of pressures, velocity of air, 

speed of an impeller within the system resistance with trial and error method will give non-

dimentionalized factors like load factor, specific speed and specific diameter. Load factor was 

determined to be 1.15, shown in figure 1 

If the fan and hub diameter are known, then the total pressure rise and the volumetric flow rate can be 

converted into non-dimensional quantities. It is possible to estimate the fan diameter and hub diameter 

using Cordier diagram [9] which needs a parameter called specific speed. 
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B. Procedure and calculations

The fan design is an iterative process. For starting the calculations with efficiency assumed to 89% as 

an initial guess. With blading design in process, efficiency is calculated and checked for convergence. 

Diffusion efficiency was considered as 80%. Static pressure recovery is assumed as 80%. Tip clearance 

was chosen to be 2.5% of blade span. 
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Hub to tip ratio has been chosen for feasible hub diameters from minimum hub diameter to the 

maximum possible one. Minimum hub diameter can be given as, 

 Among five different feasible combinations of hub to tip ratios (x), one was chosen based on best 

efficiency, and estimates on component losses in the fan unit and a prediction of overall efficiency with 

an appropriate convergence. Estimates to loss in components had been followed by a graphical 

procedure prescribed by Wallis [6]. Later rotor design with moments based on non-dimensional 

coefficients with the dimensional quantities, as computed by the modified isolated airfoil theory which 

uses free vortex design method. 

With these respects, hub to tip ratio was selected to be 0.5 which gave 71% total to static efficiency an 

increase of 4% with the existing one which is a significant one when implemented in industry. 

The efficiency loss due to profile drag Cdp, were aimed at keeping either the blade element efficiency or 

the lift coefficient constant along the blade. The blade lift and drag coefficients are related by equation, 

blade loading;  
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III.  CFD SIMULATION

ANSYS CFX has been used for CFD simulation of the product designed. To bring the simulation 

results closer to real-life operating conditions, to a CAD model at the inlet of the impeller a rig section 

which is long enough that the flow entering the impeller domain can be considered as a fully developed 

with the 3 Dpipe, and at the outlet where an ambient condition prevails another pipe with a length of 2 

Dpipe was included. Its pictorial depiction was shown in below figure 5. 

A. Boundary conditions 

We need to define the velocity inlet as a boundary condition at the inlet section and pressure exit at the 

outlet section. After a steady state solution is obtained, the pressure difference is calculated by using the 

surface integral options of the fluent program. This option is more reliable and enhances a good control 

of volumetric flow. 
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The inlet boundary with specified velocity was applied to the rig domain, flow direction normal to the 

boundary condition and medium turbulence intensity (5%). A rotational speed of 1450 rpm was applied 

to the fan domain. The outlet boundary was applied to the ambient domain by specifying a 250C 

temperature with an air density of 1.07 kg /m3. 

Since some part of the fluid zone is defined by a moving reference frame and some part of the fluid is 

stationary, grid interface panel is used to define the interactions. The turbulence model used in the 

solution is selected as RNG k-ε model. With reference to [18], has satisfactory results using the RNG k-

ε turbulence model in designing of a reversible axial flow fan. This model is used for complex shear 

flows having rapid gradients, moderate swirl, vortices and local translations. Standard wall functions 

are used and the swirl dominated flow option is activated. 

B. CFD RESULTS 

Alongside with static pressure contours, velocity contours are also presented in figures 6 and 7. As the 

fan is designed according to the assumption of free vortex theory, which state no flow zone exists in 

radial direction.  

ISSN 09731784ISSN 09731784
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A typical CAD model of the airfoil and the flow domain around it was illustrated below in figure 8. 

                            Fig. 8 Model of flow domain around an airfoil (adapted from [10]) 

Boundary conditions are key to play a simulation for an appropriate result that should be satisfactory. 

So, care has been taken while considering boundary conditions. At the inlet section, the specified flow 

velocity which is nothing but an axial velocity acting over a meridional section of a blade profile, which 

is calculated to be 16 m/s. 

Outlet of the domain was open boundary, which is true with the case to have an ambient pressure. On to 

the lateral surfaces, symmetry boundary has been set, over to the top and bottom of the domain is also a 

symmetry boundary. As up on observation, after a height of the domain of 20 times the chord length 

from top to bottom, the difference in results between applying symmetry and / or opening boundary will 

sought to be negligible. The simulations were carried out for viscous flow with air as ideal gas. While 

coming to mesh properties, O-grid structured topology had been applied for the block corresponding to 
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to the profile with a choice of tetrahedral mesh, which is a convenient option for better results. 

As the case is up on static pressure variation with flow rate, a qualitative appreciation of pressure 

contours have been depicted in figure 9, which are helpful while identifying different sources of losses 

in the system; where the leading edge of the blade and the areas close to the tip section are critical due to 

tip clearance. 

IV. RESULTS AND ANALYSIS 

Lift to drag ratio being relatively independent to coefficient of lift, the drag coefficients opted therein 

produces conservative estimates of the fan efficiency. This effect was observed and plotted in figure 10. 
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The rotor efficiency one way or the other depends mainly on the ratio [Cl\ (Cdp + Cds)]. This ratio is 

plotted in above figure as a function of Cl and Cd on the assumption that Cds is proportional to Cl 2. 

Hence design values of Cl approaching unity appear to give optimum performance when profile drag 

remains constant. But in practice, Cdp will increase moderately with Cl, so as an optimal value 

generally it is less than 0.8. Through optimal value of Cl efficiency losses of profile and secondary drag 

can be evaluated in the design process. For cambered plate blades, as observed, from the loss in 

efficiency will be up to 50 per cent greater than that of aerofoils generally used. 

The below figure 11 presents the pitch to chord ratio across the radii for the rotor. The variation of the 

pitch to chord ratio is high in the rotor designed and as a result the blade has to be tapered. A tapered 

blade possesses a smaller chord as one moves from hub to tip. 

The below figure 12 illustrates the relative velocities angles of the blade w.r.t radial distribution. The 

variation of the air angles (beta1, beta2) across the radii is in a good agreement with Wallis 

recommendations.
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If in any case, the fan continues to operate outside of the stall region of its performance curve, air flow 

will continue to increase as if the chord angle increases from about 20° to 60°. As to the industrial data 

ought from industry, many existing fan systems are operating in unknown areas of their performance 

curve and a change in chord angle gives unpredictable results. Here in figure 13, the flow is increased 

rapidly as the chord angle is increased from approximately 40°. 
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The distribution of the flow and work coefficients across the radii has been plotted in above figure 15. 

Both values decrease as we move from hub to tip. 

Radial distribution of flow and swirl coefficients has been presented here in figure 15. 

Fan rotor design is mostly variable driven, which can be estimated as a function of the flow and swirl 

coefficients. In present work, these are extensively used in congruence with graphical representations, 

where the coordinates varies along y-axis and the flow coefficient. These graphs facilitates enough for 

design purposes of present work. These play key role in process of estimating efficiency. A series of 

iterative formulations have been in use for collection of data required to plot these graphs.  

However, from the design perspective it is important to make sure about the proposed model that need 

to perform better according to the flow analysis, which needs performance analysis. 

The fan design point can be defined as 300 Pascal of static pressure which relates to a total pressure of 

361 Pascal with a volumetric flow rate of 5 m³/s. 

The efficiency is calculated by the equation below; 

Where the numerator is the fluid power and denominator is the shaft power. Table 2 presents the CFD 

results for 1450 rpm rotor and compared with design point. 

The moment about the shaft axis is calculated to be 18.45 Nm as magnitude, which constitutes to get an 

efficiency of 63.18% of total hydraulic efficiency which is against 65% of design value raising to 2.8% 

of error in efficiency which is an acceptable one according to Lohner [20]. The hydraulic efficiency 

ISSN 09731784

Journal of Dynamics of Fluids (Volume- 13, Issue - 2 May - August 2025)                                                                               Page No. 44



value is lower than the analytical value. It is mainly because of the cascade data for F series aerofoils are 

not sufficient. But 63.18% is still an acceptable and good value for axial flow fan about this size when 

compared to the 52% of total efficiency of the previous reference fan model.

The designed axial fan will be operated at open condition for kiln-shell cooling which causes force 

convection to the wall of kiln-shell, which when compared with other applications, the operating range 

can deliberated to be a very narrow case.  

The results of simulation are presented in graphical form in Figure 17. Static pressure rise and 

efficiency values are plotted with respect to the volumetric flow rate. As described previously, the 

operating range of the fan is very narrow, so the calculations do not cover fan stall regions, closed valve 

regions and zero pressure loss regions. 
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An error can be defined as the difference of pressure rise between analytical result and computational 

result as a percentage of the analytical result. The error is calculated as 1.19 %. 

This simulation is used as a validation tool for the design and congruency met by the simulation result 

with the analytical value is good enough to consider for practical application. 

V. CONCLUSIONS 

The total pressure rise through the rotor is in agreement with the analytical design. However, total to 

static efficiency is computed to be 71% as against 67% of the existing fan.  

The pressure contours of the CFD results are also in agreement with free vortex flow. 

The pressure contours are aligned from hub to tip in a parallel way. In addition, when the operating 

condition is different from the design point the pressure contours deteriorates. 

Cooling is an important factor and it must be taken into consideration for Kiln shells. Cooling with air 

exchange may not be an option, if the environment temperature is high. Cooling option through corner 

vanes or diffusers can be studied for future work. By using the design approach model presented in this 

paper, not only for kiln-shell cooling but also can be useful for scientific wind tunnels in subsonic 

regimes or automobile fans, which can be designed and built. The design in this manuscript is for given 

site conditions, if the location is different, the duct or tube axial fan design must be optimized for these 

conditions. 

The terminal velocity, which derives the design, changes nonlinearly with altitude. This situation must 

be taken into account during design. CFD is used to analyse the total pressure increase and static 

pressure rise across the rotor of the fan. Since the operating region is far from the fan stall point, flow 

separation or instabilities had not been investigated. Although CFD is a powerful tool for flow analysis, 

it must be backed up by experimental data which could be a future scope of this work. In brief, with / of 
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design approach has been presented in figure 18; which later CFD simulation follows with a numerical 

analysis and has been presented with graphical and contour plots as results in above sections. 
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