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ABSTRACT: In this research, an experimental investigation conducted on the forced heat convection for air 

flowing through a horizontal eccentric annulus. Two different types of the inner finned tube (with rectangular 

interrupted fins or with trapezoidal interrupted fins) utilized. The outer tube is made of Acrylic (PMMA), while 

the inner finned tube made of Copper. The internal wall of the inner finned tube electrically heated with five 

different input power levels. Five various values of airflow velocities utilized. The purpose of the present research 

was to study and analyze the influence of inner finned tube types, wall heat flux, and air velocity on the hydraulic 

and thermal performance experimentally. The experimental results show that the local Nusselt number for the 

case of trapezoidal interrupted fins is higher than that in the case of rectangular interrupted fins. As well as, the 

forced-convection performance of the inner finned tube with trapezoidal interrupted fins in terms of average 

Nusselt number is more significant about 11% to 20.3% than that the rectangular interrupted fins. The results of 

the present study compared to the correlation of the last study, and a good convergence remarked. 
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INTRODUCTION 

Forced-convection through a horizontal concentric and eccentric annulus has been the subject of concentrated 

researches and studies in recent years because the improvement of heat transfer performance is significant for 

industrial and engineering applications such as solar energy systems, heat exchangers, cooling of nuclear reactors, 

underground electrical cable and electronic types of equipment. Suryanarayana and Apparao studied the 

enhancement of heat transfer experimentally and pumping power for a double pipe-heat exchanger [1]. They used 

three types of the electrically heated inner pipe, continuous fins pipe, interrupted fins pipe and smooth pipe, an 

isolated outer pipe was used with air as a working fluid in the annulus at Reynolds number ranging from 5000 to 

70000. They also used the number of fins 18 and 24 in this study. They concluded that the average coefficient of 

heat transfer increases with increasing fins interruptions. The volume of the double pipe-heat exchanger with a 

smooth inner pipe could be reduced by six times if the heat exchanger with interrupted fins used. Also, they 

observed that the pumping power increases when the interrupted fins length equal to the spacing between fins, 

and the pumping power decreases when using continuous fins and fewer interruptions of fins.  

Yu et al. investigated the characteristic of heat transfer and the pressure drop of tubes with internal fins 

experimentally [2]. They used blocked and unblocked inner tubes with longitudinal wavy fins. The outer tube is 

electrically heated, and the Reynolds number was ranging from 9×102 to 3.5×103. They showed that the 

longitudinal wavy fins of the two types of the inner tube have a significant enhancement for the heat transfer with 

the superiority of the blocked inner tube. Braga and Saboya performed an experimental study on the pressure 

drop, heat transfer, and fin efficiency for turbulent flow in the annulus with longitudinal rectangular fins [3]. They 

used air as a working fluid passes through the annulus while water through the inner tube and the number of fins 

attached on the surface of the inner tube were 20. They found that increasing the heat transfer area for the finned 

tube by six times of unfinned tube increases the heat transfer in the finned tube, the friction factor of the finned 

tube was larger than that unfinned tube, and the fins efficiency increased with increasing thermal conductivity. 

Nickel and Saboya presented an experimental study for pressure drop and heat transfer of a turbulent flow in the 

pinned annulus region [4]. They utilized 560 pins attached to the inner wall of the annulus.  
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The working fluids were water, flowing through the inner tube and air through the annulus with Reynolds number 

ranging from 13000 to 80000. The inner tube was made of Copper while the outer tube insulated. They showed 

that the average Nusselt number for pinned and smooth (without pinned) annulus increases with increasing 

Reynolds number, and the pinned annulus gave the average Nusselt number greater about 200% than that the 

smooth annulus. Also, they noted that the friction factor for pinned annulus was higher than that of the smooth 

annulus. Yu and Tao studied the characteristics of heat transfer and pressure drop of turbulent flow in the annulus 

with internal longitudinal wavy fins experimentally [5]. They used a blocked inner tube with five different 

numbers of fins (4, 8, 12, 16, and 20) and used air as a working fluid. They concluded that the heat transfer 

enhanced at all wave fins number with superiority at fins number 20. The wave fins number 20 enhanced heat 

transfer about 1082% and 107% in comparison with the smooth tube for the same mass flow rate and the same 

pumping power, respectively. Also, they provided a general correlation to predict the Nusselt number in terms of 

the Reynolds number. Hosseini et al. investigated an experimental for studying the turbulent forced heat 

convection in the vertical eccentric annulus [6]. They studied the influence of different eccentricities, heat fluxes, 

and flow velocities on the heat transfer.  

They used air as a working fluid, uniform heat flux on the outer tube, and an isolated inner tube. They observed 

that for eccentric annulus, the heat transfer rate is larger than that of the concentric annulus. The heat transfer rate 

of turbulent flow forced convection increases with increasing eccentricity ratio, and the maximum heat transfer 

rate of laminar flow obtained when the eccentricity ratio is 0.5. Also, they showed that the increase in heat flux 

does not affect the coefficient of convection heat transfer for turbulent flow forced convection. Islam and 

Mozumder carried out an experimental study to investigate forced heat convection performance for the internally 

finned tube [7]. They used T-type internal fins heated by regular heat flux, and these fins cooled by turbulent 

airflow with Reynolds number ranging between 2×104 and 5×104. They reported that for T-type internal fins, the 

friction factor, the coefficient of heat transfer, and Nusselt number were higher five times, two times and 1.75 to 

2 times, respectively, than those for the smooth tube at identical flow conditions. Syed et al., 2011 conducted a 

numerical study of laminar heat convection into the annulus region of a double pipe heat exchanger (DPHE) with 

longitudinal triangular fins [8].  

They employed the finite element method to evaluate the effect of radius ratio, fin height, half-angle of the fin, 

and fins number on the hydraulic and thermal efficiency with a uniform heat flux subjected on the inner tube wall. 

The results have shown that the heat transfer rate increases more than four times relative to an increase in the 

pressure drop, and the effects of radius ratio, fin height, and half-angle of the fin are minimal when the number of 

fins is small. Ishaq et al. introduced a numerical investigation of laminar heat convection in the annulus with 

longitudinal triangular fins for different heights based on the discontinuous finite element method of Galerkin 

(DG-FEM) [9]. They used two different heights of fins in two groups. The numerical results indicated that using 

two groups of fins height, the distributions of temperature and velocity can be substantially altered to get more 

appropriate thermal and flow characteristics. Also, the Nusselt number increases 63 times using maximum fins 

height in one group and minimum fins height in the other group than using equal fins height. Hameed and Essa 

studied numerically and experimentally the performance of the heat exchanger with a triangular finned tube [10]. 

They used COMSOL software for numerical simulation, and for experimental work, they designed and fabricated 

an inner tube with fins from Copper and outer tube from Perspex.  

They used air as a working fluid in the shell with mass flow rates ranging from 0.001875 to 0.003133 kg/sec and 

water in the tube at a range of Reynolds number between 10376.9 and 23348.03. They found the heat dissipation 

enhanced from 3.252 to 4.502 times for a triangular finned tube than that for a smooth tube, and with increasing 

mass flow rates and Reynolds number, the heat dissipation increases. Syed et al. investigated the design of finned 

double pipe-heat exchanger numerically with different fins tip thickness using (DG-FEM) method [11]. They 

concluded that the fins tip thickness effect on the rate of heat convection and velocity field. Also, the ratio of fin 

tip to the base angle of the fin is considered an important parameter in the designing of the double pipe-heat 

exchanger to enhance the rate of heat transfer. Thumbs et al. implemented a numerical simulation to analyze of 

double pipe-heat exchanger with counterflow utilizing fins attach to the internal pipe [12]. They used ANSYS 

(version 16) software to investigate the effect of two types of fins, triangular, and rectangular on the heat transfer 

enhancement. They noted that the internal finned pipe generally gives a better thermal performance in comparison 
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with the unfinned pipe. As well, the rate of heat transfer and effectiveness for rectangular fins show a higher value 

than that for triangular fins. Riya et al. presented a numerical and experimental study of forced heat transfer 

convection through a vertical eccentric annulus channel [13].  

They used different radius ratios like 1.875, 2.25, and 3.06 with different eccentricities in the range of 0, 0.2, 0.5, 

and 0.8 and water as a working fluid where cold water flows through the annulus from top to bottom. In contrast, 

hot water flows through the inner tube from bottom to top. They observed that the heat transfer convection 

increases by increasing eccentricity at radius ratio 3.06, 2.25 if Re>1500 and 1,875 if Re>2000. Also, they derived 

an empirical correlation to predict the Nusselt number in terms of Eccentricity, Reynolds number, and Prandtl 

number. El Maakoul et al. carried out a numerical study to enhance the performance of the finned annulus utilizing 

a double pipe-heat exchanger with surface interruptions [14]. they used ANSYS-FLUENT (version 19) software 

to investigate the impact of longitudinal fins (L.F.) and split longitudinal fins (SLF) on the performance of heat 

transfer and fluid flow with Reynolds number Re<350 and range of mass flow rates between 0.54 and 0.68 kg/s.  

The results have indicated that the split longitudinal fins (SLF) have a heat transfer rate greater from 31% to 48% 

than the longitudinal fins (L.F.). The pressure drop for split longitudinal fins (SLF) is larger than that for the 

longitudinal fins (L.F.) but offset by a significant enhancement in heat transfer. Yousif et al. studied the forced 

convection experimentally into a vertical porous annulus [15]. They studied the effect of porosity, Reynolds 

number, and average surface temperature on the heat transfer performance. They found that the Nusselt number 

for vertical annulus with porous media is higher about 3-3.5 times than that of vertical annulus without porous 

media. Also, increasing the Reynolds number decreases the average surface temperatures. According to the 

mentioned researches, the current research focuses on experimental study and analyses of inner finned tube 

configurations for a horizontal eccentric annulus. The test utilizes two configurations of the inner finned tube 

(rectangular interrupted fins and trapezoidal interrupted fins) under turbulent flow forced-convection condition 

with different parameters, namely, surface heat flux and air velocity. 

EXPERIMENTAL TEST-APPARATUS 

An experimental test-apparatus shown in figure 1 was manufactured to cover the present research tests. It includes 

a test section, an air supply system, and measuring instruments. 

   

       a. Photograph of an experimental test-apparatus b. Schematic diagram of an experimental test-apparatus  

1. Test section   2. Connector   3. Eccentric fixer   4. Air blower   5. Voltage regulator   6. Digital multimeter                     

7. Manometer   8. Temperature recorder   9. Anemometer   10. Flow control valve   11. Stand 

Figure 1. Photograph and schematic diagram of an experimental test-apparatus 

The test section consists of a horizontal eccentric annulus, connector, eccentric inner finned tube fixer, electrical 

heater, and thermocouples. The horizontal annulus consists of two eccentric tubes, outer and inner tubes. The 

outer tube is made from Acrylic as high corrosion resistance and excellent insulation with an internal diameter of 

D3=90 mm, a thickness of 10 mm, and a length of 300 mm. The ends of the outer tube are screwed to place the 
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connector and eccentric fixer; the outer tube is drilled from the left and right sides, six penetrated holes for each 

side with 3 mm diameter to place the thermocouples. The two types of the inner finned tubes (rectangular 

interrupted fins and trapezoidal interrupted fins), as shown in figure 2 a, are made from Copperas one piece using 

CNC machine with an external diameter of D2=22 mm, a thickness of 3 mm and a length of 300 mm. Eight rows 

of interrupted fins are distributed radially with equal angle (45°) on the outer surface of the inner tube. Each row 

contains five fin segments. The length of the interrupted fin is L=250 mm, the length of the fin segment is b=34 

mm, the space between two fin segments is 20 mm, the fin height (H) of 8 mm, and the fin thickness (t) of 3 mm. 

The connector and eccentric fixer are made from Teflon (PTFE) with outer diameter of 140 mm and thickness of 

30 mm to reduce thermal losses, and the connector is used to connect the horizontal annulus with the air supply 

system and also the eccentric fixer to fix the annulus tubes with the eccentric position of (E=0.6). The electric 

heater is inserted into the inner finned tube to heat it according to the required heat flux. The twenty-four calibrated 

thermocouples type K is used to measure the temperatures in the test section, twelve of them placed between outer 

and inner tubes, and the rest installed at the external wall of the inner finned tube, as shown in figure 2 b. 

     

a. inner finned tube types b. thermocouples positions 

Figure 2. Types of an inner finned tube with positions of thermocouples 

The air supply system consists of centrifugal air blower, control valve, fully developed pipe, and flow straightener 

when running the air blower, the air flows through the control valve which controls the velocity of air entering 

the test section, and different velocity values are used ranging from 2.6 m/s to 4.2 m/s. After air exits the control 

valve, it passes through a pack of straws in the entry area of the fully developed pipe, in order to reduce the 

intensity of the incoming air turbulence. Air pressure is measured by placing two hoses, one at the entrance to the 

test section and the other at the exit, to measure the air pressure at the inlet and outlet, respectively. Different 

measuring instruments such as digital multimeter, voltage regulator, manometer, temperature recorder and 

anemometer are used. 

EXPERIMENTAL PROCEDURE  

Several tests are performed to investigate the impact of inner finned tube types (rectangular interrupted fins and 

trapezoidal interrupted fins) on the thermal performance of horizontal eccentric annulus. Various parameters are 

studied and analyzed. Five values of inlet air velocity, namely 2.6, 3, 3.4, 3.8, and 4.2 m/s. Five heat flux values 

like 8, 11.5, 15, 18.5, and 20 K.W./m2. 

The main steps that are performed for the experiments are: 

- The electrical heater is inserted into the chosen inner finned tube and then assembled with the other parts of 

the test section. 

- After operating the air blower, the velocity of air is adjusted to the required value for each test utilizing the 

control valve. 

- The Ac source is switched on to feed the electrical heater, and the required heat flux is controlled using a 

voltage regulator 
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- Every 5 min, the temperature is recorded until it reaches a steady-state where the values of the temperature 

are remaining constant; this takes about 20-30 min. 

- The inlet and outlet air temperature for the annulus, the surface temperature of the inner finned tube, voltage, 

and current and air pressure drop is measured. 

- Repeat all the above steps for the other type of the inner finned tube and replay for different velocities and 

heat fluxes. 

DATA REDUCTION 

The electrical power input to the heater can be calculated as: 

Qin

= I V                                                                                                                                                                                             (1) 

where, 

I : the input current 

V is the voltage 

The input power is transformed into heat energy and transported to the horizontal eccentric annulus as heat 

conduction (Qcond.), heat convection (QConv.) and heat radiation (Qrad.), Following the first law of 

thermodynamics, as the following: 

Qin = Qcond. + QConv.

+ Qrad.                                                                                                                                                        (2) 

The heat conduction losses (Qcond.) can be neglected for its small value because of using Teflon (good insulator 

with thermal conductivity of 0.25 W/m.k) for the two ends of the annulus. The losses by heat radiation (Qrad.) 

that take place between the internal wall of the outer tube and external wall of the inner finned tube can be 

neglected for its small value because of using Acrylic with an emissivity of 0.86 and Copper with an emissivity 

of 0.05. The heat transfer convection (Qconv.) between the external wall of the inner finned tube and air can be 

measured from Newton's law for cooling as the following [16]: 

QConv = hav Ai (Ts,av

− Tb)                                                                                                                                                            (3) 

The internal surface area (Ai) of the inner finned tube computed as follows: 

Ai =

π D1 L                                                                                                                                                                                          (4)  

The air bulk temperature (Tb) Calculated as: 

Tb

=
Ta,i+ Ta,o

2
                                                                                                                                                                                (5) 

The average coefficient of heat transfer (hav) can be determined as: 

hav

=
q"

Ts,av− Tb   
                                                                                                                                                                             (6) 

The following equation is used to calculate heat flux (q"): 

q" =  
Qel

Ai

=  
I V

π D1 L
                                                                                                                                                                                   (7) 
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Define the average Nusselt number (Nuav) as follows [16]: 

Nuav

=  
hav Dh

Ka

                                                                                                                                                                                   (8) 

where, 

Dh is the hydraulic diameter  (Dh = 4Ac/pw) 

Ts,av is the average wall temperature for the inner finned tube. 

L is the annulus length 

Ac is the cross sectional area of the annulus 

pw is the wetted perimeter of the annulus 

Ta,i  and Ta,av are the air temperature for the inlet and outlet, respectively. 

𝐾𝑎 is the thermal conductivity of the air. 

H is the fins height.  

The Reynolds number (Re) is an important dimensionless parameter to determine the fluid flow type in the 

annulus, it can be evaluated as [16]: 

Re

=  
ρa uav Dh

μa

                                                                                                                                                                                (9) 

where, 

ρa and μa are the air density and viscosity, respectively. 

uav is the average velocity of inlet air 

The local coefficient of heat transfer (hx) calculated as follows: 

hx

=  
q"

Ts − Ta,L
                                                                                                                                                                                (10) 

where, 

Ts is the local wall temperature for the inner finned tube. 

Ta,L is the local air temperature. 

The local Nusselt number (Nux) can be computed as: 

Nux

=  
hx Dh

Kx

                                                                                                                                                                                   (11) 

Nuav =  
1

L
 ∫ NuL dx

L

0

≅  
∑ Nui

i=6
i=1

6
                                                                                                                                              (12) 

The friction factor (f) is a significant parameter, it can be calculated as follows [17]: 
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f

= ∆p

∙
2 Dh

ρa uav
2  L

                                                                                                                                                                                   (13) 

And, the pressure difference of air (∆p) between the outlet and inlet of annulus can be estimated as: 

∆p

= pin

− pout                                                                                                                                                                                        (14) 

The dimensionless eccentricity is computed as follows: 

E

=
e

1
2

(D3 − D2) − H
                                                                                                                                                                (15) 

All the properties of air are taken at the mean temperature of surface and air temperatures, as [6]: 

Tf

=  
Ts,av + Ta,i 

2
+ 273   ⋯  (for average temperatures)                                                                                                                   (16) 

Tf

=
Ts + Ta,L

2
+ 273         ⋯  (for local temperatures)                                                                                                                             (17) 

VALIDATION OF EXPERIMENTAL TEST-APPARATUS 

To validate the present experimental research, the comparison between present work results and empirical 

equation of the Suryanarayana and Apparao equation (18) for same conditions of heat flux 18.5 KW/m2 and 

concentric annulus position was made [1]. It can be observed that the same behavior and maximum deviation 

about 16% between present work and Suryanarayana and Apparao correlation as shown in figure 3 because of 

different some work conditions. 

Nu

= 0.5 Re0.64                                                                                                                                                                              (18) 

 

Figure 3. Comparison between the present research with Suryanarayana and Apparao correlation [1]  

RESULTS AND DISCUSSION 
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The results are studied and analyzed for two different types of an inner finned tube (rectangular and trapezoidal 

interrupted fins) for turbulent forced-convection into a horizontal eccentric annulus. Two parameters, velocity and 

heat flux were used to investigate their impact on the characteristics of the hydraulic and thermal performance. 

Effect of air flow velocity and wall heat flux 

The behavior of the local Nusselt number along the axial distance (X/L) for two types of inner finned tubes at the 

velocities 2.6 m/s and 4.2 m/s and the wall heat fluxes of 8 K.W./m2, 15 K.W./m2 and 22 K.W./m2 are shown in 

Figure 4. Observed that the local Nusselt number values at the entrance region of the annulus are high and then 

gradually decreases for the rectangular and trapezoidal interrupted fins. The values of the local Nusselt number 

for trapezoidal interrupted fins are more significant than that for rectangular interrupted fins because it 

continuously regeneration the thermal boundary layer, so the thickness of the boundary layer is less than that in 

the rectangular interrupted fins. The curves show decreasing in heat transfer as the flow progresses toward the 

annulus end because of increasing the effect of the boundary layer. 

   

a. velocity (u=2.6 m/s) and heat flux (q=15 KW/m2)         b. velocity (u=4.2 m/s) and heat flux (q=15 KW/m2) 

    

c. velocity (u=4.2 m/s) and heat flux (q=8 KW/m2)         d. velocity (u=4.2 m/s) and heat flux (q=22 KW/m2) 

Figure 4. The variation of the local Nusselt number along an axial distance of the inner finned tube 

Reynolds number influence 

The relation between average Nusselt number with Reynolds number of the two inner finned tubes at heat fluxes 

8 K.W./m2 and 22 K.W./m2 is shown in figure 5. It is observed that the average Nusselt number constantly 

increases with increasing Reynolds number for the two inner finned tubes, it's because increasing velocity leads 

to increase turbulence and this causes decreasing in thermal boundary layer thickness. It's also noted that the 

values of the average Nusselt number for trapezoidal interrupted fins are higher about 11% to 20.3% than that for 

rectangular interrupted fins because the shape of trapezoidal interrupted fins increases the air velocity through the 

annulus more than rectangular interrupted fins. 
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a. heat flux (q=8 KW/m2)                                                  b. heat flux (q=22 KW/m2) 

Figure 5.  The influence of Reynolds number on average Nusselt number 

Influence of average wall temperatures 

Figure 6 shows the variation of average wall temperature for the two inner finned tubes with heat flux at velocities 

2.6 m/s and 4.2 m/s. It's obvious that the average wall temperature increases with increasing heat flux and 

decreasing velocity. The average wall temperature for rectangular interrupted fins is higher about 7.4% to 13% 

than that for trapezoidal interrupted fins. 

    

a. velocity (u=2.6 m/s)                                                          b. velocity (u=4.2 m/s)  

Figure 6. The average wall temperature against heat flux 

Friction factor effect 

Figure 7 appears a friction factor versus Reynolds number for the two inner finned tubes at heat fluxes 8 K.W./m2 

and 22 K.W./m2. It can be seen that by increasing Reynolds number, the friction factor tends to decrease because 

the turbulent flow resulting from the increase in Reynolds number increases the air particles collisions between 

them, thus the impediment force between the wall of the annulus tubes and air particles decreases and this causes 

a decrease in the friction factor. The friction factor of trapezoidal interrupted fins is larger than that of rectangular 

interrupted fins due to the impediment force for trapezoidal interrupted fins higher than that for rectangular 

interrupted fins.  
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a. heat flux (q=8 KW/m2)                                                    b. heat flux (q=22 KW/m2) 

Figure 7. The effect of Reynolds number on the friction factor 

CONCLUSIONS 

The experimental investigation is carried out to examine the turbulent forced-convection through a horizontal 

eccentric annulus for two different types of the inner finned tube (rectangular and trapezoidal interrupted fins) at 

different heat fluxes and velocities. The important conclusions can be drawn as follows: 

1. The local Nusselt number values for trapezoidal interrupted fins case are bigger from 7.5% to 19% than 

that the rectangular interrupted fins case. 

2. The heat performance in terms of average Nusselt number for case of inner finned tube with trapezoidal 

interrupted fins is higher about 11% to 20.3% than that the inner finned tube with rectangular interrupted 

fins. 

3. The average wall temperature decreases as increasing air flow velocity about 23.5% to 16% for all cases. 

4. Values of average wall temperature of trapezoidal interrupted fins are lower than that the rectangular 

interrupted fins about 7.4% to 13%. 

5. Inner finned tube with trapezoidal interrupted fins gave bigger values of friction factor about 45% to 

50.5% than inner finned tube with rectangular interrupted fins for all cases. 

6. Same behavior and good convergence of average Nusselt number versus Reynolds number for present 

work than previous work correlation and maximum deviation is 16%. 
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NOMENCLATURE 

Ac Cross sectional area of the annulus, (m2) 

Ai Internal surface area of the inner finned tube, (m2) 

b Fin segment length, (m) 

Dh Hydraulic diameter of the annulus, (m)  

D1 Internal diameter of the inner finned tube, (m) 

D2 External diameter of the inner finned tube, (m) 

D3 Internal diameter of the outer tube, (m) 

D4 External diameter of the outer tube, (m) 
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E Dimensionless eccentricity 

e Distance between the center of the tubes, (m) 

f Friction factor 

H Fin height, (m) 

h Convection heat transfer coefficient, (W/m2.K) 

I Current, (Amp.) 

ka Thermal conductivity of air, (W/m.K) 

L Length of the interrupted fins, (m) 

N Number of fins 

Nu Nusselet number 

Nux Local Nusselt number 

Pw Perimeter, (m) 

p Pressure, (Pa) 

Qcond. Heat conduction losses, (W) 

Qconv. Heat convection, (W) 

Qrad. Heat radiation losses, (W) 

𝑞" Heat flux, (W/m2) 

Re Reynolds number 

Ta,i Inlet air temperature, (oC) 

Ta,L Local air temperature, (oC) 

Ta,o Outlet air temperature, (oC) 

Tb Bulk mean temperature, (oC) 

Tf Mean film temperature, (K) 

Ts Local surface temperature of the inner finned tube, (oC) 

Ts,av Average surface temperature of the inner finned tube, (oC) 

t Fin thickness, (m) 

V Voltage, (Volt.) 

X Local length (Measured from the beginning of the fins in the tube), (m) 

X/L Dimensionless axial distance 

Greek Symbols 

𝜇 Dynamic viscosity, (kg/m.s) 

𝛾 Kinematic viscosity (m2/s) 

𝜌 Density (kg/m3) 
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Subscripts 

a Air 

av Average 

el Electrical 

i Inlet 

o Outlet 

w Wetted 
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