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Abstract— The flow separation phenomena of heated expansion 
tube  which appears in a number of flow situations was the main 
focus of this study. It practically observed to cause recirculation 
flows that will affect the amount of heat transfer rate in several 
engineering application. The primary aim of this study is to 
identify the heat transfer performance of three type of 
nanofluids: Al2O3 at 0.5%, 1% and 2% volume fractions and  
CuO and TiO2  at  2% concentration over the base fluid water. 
The model considered is an annular passage with sudden 
expansion, having a constant step height, s=13.5mm for Al2O3 
and TiO2 and various step height , s=6mm, 13.5mm and 18.5mm 
for CuO uniformly heated with constant heat flux, q=49050 
W/m2. This geometries is evaluated and simulated using CFD 
software package ANSYS 14.0. The solver used standard k-ε 
turbulence model in calculating the solution for the flow field 
given by Reynolds number 17050, 302720, 39992 and 44545 for 
both uniform flow and fully developed turbulent flow. The 
investigation shows that the increase of Reynolds number will 
reduce the surface temperature at the reattachment zone. The 
lowest temperature will occur at this area and shows the location 
of reattachment point. The surface temperature will increase 
gradually with the pipe distance for all the nanofluids applied. 

Keywords- nanofluids; heat transfer; cooling performance; 
expansion tube 

I. INTRODUCTION 
Nanofluids have come into attention, since they display 

higher potential as a heat transfer fluid than normally utilized 
base fluids and micron sized particle-fluids. This is due to 
clogging in pumping and flow apparatus which is caused by 
rapid settling of the micron sized particle. Nanofluids do not 
indicate this behavior[1].The suspended of particle such as 
silica, alumina, copper dioxide, etc. into the based fluid like 
water required more understanding in order to determine the 
thermophysical properties of the fluids. Due to the observed 
improvement in the thermal conductivity, nanofluids are 
expected to provide enhanced in convective heat transfer.  

The flow separation practically importance in many 
engineering applications such as cooling electronic equipment, 
combustion chambers, cooling of nuclear reactors, high 

performance heat exchangers, energy systems equipment, and 
collector of power systems. In some circumstances, separation 
flow maybe encouraged, such as in burner flame stabilization 
use to enhanced mixing and heat transfer rate. However, 
numerous occurrences regarding this flow leads to energy 
losses and undesirable pressure drops which entailed high 
pumping power [2]. Substantial expansion of local heat 
transfer rate may occur at the reattachment region. The local 
heat transfer coefficient increases up to the maximum value at 
the reattachment point and then decreases gradually in the 
redevelopment region.[3]. The sudden change at the step edge 
caused the downstream flow to behave like a free shear layer, 
where the top side of the layer flow with higher speed 
compared to the below layer [4].  

 The flow parameters deal with the study are the boundary 
layer thickness , developed at the height h of the backward 
facing step flow.  The reattachment of flow will give an 
impact to the velocity and  temperature distribution as it flow 
through the stream. The factors such as Reynolds number, heat 
flux, and fluid thermophysical properties will affects the 
performance of fluid heat transfer rate. The separation 
performs a greater effect on turbulent flow which is cause by 
the inertial effects. This condition frequently happens in any 
engineering application especially in the real case situation. 
The chances of separation occurrence are higher in turbulent 
flow compared to laminar flow[5].  

This study was focus on the flow separation phenomena of 
annular passage which appears in a number of flow situations. 
It practically observed to cause recirculation flows that will 
affect the amount of heat transfer rate in several engineering 
application. The simulation of this study will then shows the 
distribution of temperature along the annular passage by 
applying nanofluids as a cooling medium inside the test tube. 
The application of heat exchanger tube expansion practically 
observed in fluid machineries of process plant or nuclear plant. 
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II. METHODOLOGY 

A. Model configuration 
The considered geometrical configuration for this study 

shown in  Figure 1.  The schematic diagram was first designed 
using  DesignModeler  in ANSYS Workbench based on 
research done by [3] . Due to the symmetrical shape of the 
model,  the used of 2D  axisymmetric design have been 
applied to the system. The ratio of downstream channel height, 
H to the inflow channel height,h. known as an expansion ratio 
(ER) is set to be 2.5, 1.8 and 1.2 for simulation of CuO/water 
and constant at ER=1.8 for the other nanofluids considered in 
this study. The heated pipe area was considered as a test 
section in the current study. The length of heated pipe is 0.6m 
and length of unheated pipe is 0.5m. The entrance pipe 
diameter is varies depends on step height and the test pipe 
diameter is 83mm. The inner tube with diameter of 22mm 
used to produce an annular geometry to the pipe. 

 

Figure 1: Schematic diagram of annular pipe in sudden expansion 

The 2D model of the pipe for CFD simulation, shown in 
Figure 2. In this study, the standard step height, S = 13.5mm 
was used for all the running simulations, except for CuO/water 
which varies with a step height of 18.5mm, 13.5mm and 
6.0mm.  The test  pipe at length of 0.6m is heated with 
uniform heat flux, q along the test section. To attain a fully 
developed turbulent flow enter the entrance of test tube, the 
unheated pipe have been divided into three interiors. The 
velocity of fluid flow through each  interior, will be compared 
with the heated pipe entrance velocity.  The constant value of 
velocity will verify the condition of fully developed turbulent 
flow in a test section. 

 

Figure 2: The 2D model of the pipe for CFD simulation(step height, 
S=13.5mm) 

B. Thermophysical properties of nanofluids 
The thermophysical of  CuO-water,  Al2O3-water and 

TiO2-water nanofluids has been scrutinized by using 

mathematical formulation to compare the  heat transfer 
performance of the respective nanofluids. The heated annular 
tube operation is analyzed with the nanofluids serve as a 
working fluid[6]. The volume fraction(  of nanoparticles 
inside the base fluids gave a different thermophysical value of 
nanofluids [7]. Nanoparticle shape factor (n) assumed to be 3 
for spherical particles. The current study will analyze and 
compare the performance of three nanofluids consist of 2.0% 
volume fraction of the fluids particles, except for Al2O3/water 
which also simulated with 0.5% and 1.0% particles 
concentration . With the same model description, variations 
also implicate four values of Reynolds number for each 
nanofluids.  The calculated properties of nanofluids shown in 
TABLE 1 below for 2% particles concentration. 

TABLE 1: Thermophysical properties of nanofluids(volume fraction =2%) 

Nanofluids Properties 

p 
(kg/m3) 

µ 
(N.s/m3) 

Cp 
(J/kg.K) 

K 
(W/m.K) 

CuO/Water 1107.158 0.000761 3751.2 0.661281 

Al2O3/Water 1056.558 0.000761 3922.439 0.648824 

TiO2/Water 1062.158 0.000761 3899.486 0.643638 

 

C. Governing equations and parameters 
The uniformly subjected heat flux at the test section will 

transfer the heat to the fluids by force convection and the 
equations utilize for this investigation will be discuss further 
in this section. 

The Reynolds number for the nanofluids was computed 
based on the inlet bulk velocity U and the distance,x by using 
the following equation, Eq.(1): 

 

where U is the fluid velocity,  is the fluid density,   is the 
dynamic viscosity of the fluid. The subscript nf stand for 
nanofluid properties.  

By using the simulated data from numerical analysis, the 
convective heat transfer coefficient can be calculated as 
Eq.(2): 

 

where  is the heat flux supplied by the heaters at the test 
area,  is the average surface temperature and  is the 
average of fluid inlet and outlet temperature. The heat flux is 



International Journal of Conceptions on Mechanical and Civil Engineering 
Vol. 3, Issue. 1, April’ 2015; ISSN: 2357 – 2760 

15 
 

derived from , the rate of heat gained by the fluid flowing 
through the test section, which is given as Eq.(3): 

 

where  is the mass flow rate,  is the specific heat of 
nanofluid and  is the difference between outlet and inlet 
temperatures of the nanofluid. Dividing the heat transfer rate 
by the inside surface area of the tube, the heat flux is obtained. 

The value of  can be found using the following equation (4): 

 

where   and   assigned for average outlet and 
inlet temperature (Assume at the room temperature, 300K). 

The thermal parameter Nusselt number (Nux) based on 
distance is estimated using Eq.(5): 

 

where x is the distance and  is the thermal conductivity for 
the nanofluids. The relation of Nusselt number (Nu) with 
Reynolds(Re) and Prandtl (Pr) number for fully developed 
turbulent flow shown below [8], Eq(6) : 

 

In a fully developed pipe flow, the turbulent length scale(l) 
can be estimated as 7% of hydraulic diameter (Dh) (CFD-
Online), as in Eq.(7): 

 

The value of hydraulic diameter can be computed from the 
following Eq.(8). 

 

Where L and w is a length and width of the passage. 

The most popular computer model used to solve 
complicated turbulent model analytically is  model[9]. 
The definition of k, the turbulent energy, is: 

 

The dissipation rate( ) is defined as: 

 

where  is a constant and  is a yet to be determined 
length scale similar to the mixing length. 

D. Boundary properties 
The schematic diagram of boundary condition shows in 

Figure 3.  The pipe inlet  is a fully developed turbulent flow 
with the maximum streamwise velocity of . The fluid was 
allowed to flow freely leaving the outlet with minimum 
consideration[5]. The part in contact with the inner tube is a 
symmetry free slip boundary while the cylindrical pipe wall 
(y=0) is a no slip viscous wall. The test section is assigned as a 
wall in meshing part, but then defined as heat flux in FLUENT  
for numerical analysis. 

 

Figure 3: Schematic boundary condition for the pipe 

All the boundary and edges are defined in DesignModeler 
in order to justify the condition for each part.  TABLE 2  
specify the types of boundary that being assigned for each 
edges. To meet the requirement of velocity-pressure coupling 
for k-  equation in FLUENT, the inlet and outlet are defined 
as velocity inlet and pressure outlet. 

TABLE 2: Boundary type for all the edges 

Edge Type of Boundary 

Inlet Velocity Inlet 

Interior 1 Interior 

Interior 2 Interior 

Interior 3 Interior 

Step Wall 

Heated Wall Wall 

Outlet Pressure Outlet 

 
The division of interiors caused the separation of the model  

into five faces. The mesh element Quad with the type Map was 
used to mesh all the faces. The mesh interval size 6 used in this 
study and generate 2887 number of nodes with 836 elements. 
The next process is to simulate using FLUENT for the 
numerical analysis. 

E. Numerical simulations 
The analysis of fluid flow and heat transfer inside heated 

pipe is a very complex process. The computational simulation 
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for the backward facing step of annular passage was utilized 
by using ANSYS Fluent-14.0, which is fully integrated with 
fluid analysis software of ANSYS Workbench platform. This 
study investigated the performance of three types of 
nanofluids in fully developed unsteady turbulent flow.  Each 
nanofluids are tested with four different value of Reynolds 
number: Re = 17050, 30720, 39992 and 44545. The contour of 
velocity profile from the simulation will assured that turbulent 
flow enter the entrance of test section. Uniform heat flux 
applied on the heated pipe wall with the value of 49050 W/m2, 
based on research by [10].  

The thermophysical properties of the nanofluids material 
were used in this simulation by uploading the data inside 
Fluent material database. The simulation of the backward 
facing step model able to use it directly, once the data have 
been created. The boundary condition for the outlet is defined 
as pressure outlet with turbulent length scale 0.02m and 
turbulent intensity 7%. The pure water is used to estimate the 
accuracy and to validate the numerical analysis model of the 
nanofluids. result and discussion 

In this study, the nanofluids of CuO and TiO2 with 2% 
particle concentration and 0.5%, 1% and 2% of Al2O3 volume 
fraction with the base fluid water have been compared in terms 
of their heat transfer performances. Numerical investigation for 
sudden expansion of annular passage with three step height, 
S=6, 13.5 and 18.5mm for CuO/water simulation and constant 
step height of 13.5mm for Al2O3 and TiO2 were carried out. 
The variation of Reynolds number, Re = 17050, 30720, 39992, 
and 44545 have produced a turbulent flow with various value 
of fluid velocity inside the annular passage which heated 
uniformly with constant heat flux of 49050 W/m2. 

F. Velocity distribution 
This section will discuss the fluid flow at turbulent 

Reynolds number, Re = 17050, 30720, 39992, and 44545 for 
various type of nanofluids. The flow velocity is influenced by 
thermophysical  properties of nanofluids used. All nanofluids 
are found to flow with velocity less than 2 m/s in order to 
achieve the respective Reynolds number. Alumina(Al2O3) is 
initiated to flow with the highest velocity at 1.8873m/s for the 
highest Reynolds number. 

The hydraulic diameter consider in this study is the same 
as inlet diameter of the fluids which is, Dh=0.017m for step 
height 13.5mm and Dh=0.024 and 0.012m for the other step 
heights. 

Figure  shows the velocity vector distribution for 
alumina(Al2O3). The figures shows the color variations from 
blue to red due to the amount of velocity for each cases. The 
vector of fluid flow passes the unheated pipe with fully 
developed turbulent flow and enter the inlet of heated pipe 
with the same velocity as at entrance.  

 

Figure 4: Velocity vector distribution for Al2O3/Water at a)Re=17050, 
b)Re=37020, c)Re=39992 and d) Re=44545 

G. Temperature Distribution Based on Reynolds Number 
The temperature distribution for all the working fluids at 

Reynolds number 17050 is illustrated in Figure  for 2% 
volume fraction and step height 13.5mm. The graph present 
less temperature after the steps for all nanofluids at this 
turbulent mode . All the nanofluids, seem to be close with 
water temperature distribution pattern for the constant heat 
flux, q=49050 W/m2. The temperature profile shows the sharp 
decrement after the step and gradually increases for all the 
working fluids along the test pipe. The lowest temperature 
found at 0.542m after the step for Al2O3 , at T=305.91K.  The 
data shows that by using nanofluids at Re= 17050, the average 
temperature distributions is about 0.14% below the water 
which is approximately 316K. 

 

Figure 5: Temperature variations for water and nanofluids at Re=17050 

The variations of surface temperature for Reynolds number 
of  37020 is just the same for all the working fluids, which 
having the same heat flux and step height. The result shows the 
increment of surface temperature enhancement along the 
heated pipe after the flow reattachment point. The average 
temperature found to be 309K, and the lowest temperature 
occur at T=303.3K for Al2O3. 
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H. Evaluation of Heat Transfer Rate 
The three metallic particles CuO, TiO2 and Al2O3 

have higher density, higher thermal conductivity and produce 
more viscous nanofluid compared to other non-metallic 
particle. Because of the higher values of the properties of the 
metallic particles, the nanofluids containing them generate 
higher heat transfer coefficients than the non- metallic particle. 
At a Reynolds number of 17050 the heat transfer coefficient 
for all the working fluids generate the same pattern over the 
water, as shown in Figure . The combined effects of these 
particle properties play the role in enhancing the heat transfer 
coefficient of nanofluids. The value of heat transfer rate 
sharply decrease after the reattachment point at x=0.542m and 
keep decreasing until the outlet. The highest heat transfer 
coefficient occur at the reattachment point of Al2O3 at 16595 
W/m2K for constant heat flux and volume fraction of 2%. 
 

 
Figure 7: The variation of heat transfer rate of nanofluids at Re=17050 

 
Figure 8  shows the decreasing of heat transfer coefficient for 
all the nanofluids after the reattachment point. The highest 
value occur for Al2O3 at h = 29306 W/m2K.  The average 
value of heat transfer coefficient  for Al2O3 is 3% higher than 
water. 

 
Figure 8: The variation of heat transfer rate of nanofluids at Re=30720 

I. Nusselt Number 
The Nusselt number start to increase when entering the 

heated pipe due to high heat transfer coefficient at the area. 
After the reattachment point, due to the backward facing step 

effect, the value start to decrease sharply for all the nanofluids. 
Reynolds number of 17050 presented the lowest Nusselt 
number for all the working fluids and the highest Nusselt 
number obtained from Re=44545. The increase of Reynolds 
number will also increase the value of Nusselt number, thus 
explaining the condition of heat transfer rate for the system. 
The highest Nusselt number is approximately 2000 for the 
heat flux 49050 W/m2. The value can be observed at the 
position of reattachment point for all the cases where the heat 
transfer coefficient at maximum value. There are similar curve 
pattern for the nanofluids and water. The comparison of  
Nusselt  number between all the working fluids applied at the 
heated section shown in Figure . Reynolds number with the 
highest value seems to show the rapid increase of Nusselt 
number at the reattachment point and give a maximum value 
for all the nanofluids.  
 

 
 
 
 

The pattern of flow overlapping each other with the water 
less about 3% for Al2O3 and TiO3 and 5% for CuO. The 
diagram shows that, at Reynolds number 17050, CuO will 
return high Nusselt number compared to other nanofluids 
which the lowest in the current testing. 

J. Variation of  Step Height 
The graph in Figure 10 shows result for Nusselt 

number versus axial distance for CuO (2%)/water at different 
step height.The surface temperature distribution decreases as 
the step height increases especially in the separation region, 
directly behind the step for the same Reynolds number and 
surface heat flux. Separation creates a recirculated flow 
moving towards the step at the heated tube surface which then 
drifts away from the step by the main separated flow. High 
value of step height produced high Nusselt number  for each 
type of Reynolds number. The amount of Nusselt number 
rapidly increase after the step and decrease slowly after the 
reattachment point. The maximum value of Nusselt number 

Figure 9: Comparison between the working fluids with various 
Reynolds Number 
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occur at Re=44545 for step height 18.5mm. Value of Nusselt 
number at step height 6mm nearly constant along the heated 
pipe with constant heat flux. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

K. Variation of Particle Concentrations 
The graph in Figure 11  shows variations of local heat 

transfer coefficient with axial distance for three particles 
concentration of Al2O3/water.The value (hx) increases until it 
reaches a maximum at the reattachment point (maximum heat 
transfer point)  after which (hx) decreases asymptotically while 
moving along the X-axis towards the test section exit. For the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
same heat flux and Re number, the hx increases as the volume 
fraction increases, especially in the separation region due to 
more induced vortex. In the separation region, the 
improvement of (hx) is quite clear in comparison to the local 
heat transfer coefficient (hx) obtained for the flow with higher 

Reynolds number(Re=44545) and high particle 
concentration(2%). The volume fraction of 0.5% and 1.0% 
caused the flow to have nearly constant of heat transfer 
coefficient value, with slight increased at the reattachment 
point. 

III. CONCLUSION 
The investigation shows that the increase of Reynolds 

number will reduce the surface temperature at the reattachment 
zone. At the reattachment point of backward facing step, the 
heat transfer coefficient and Nusselt number appeared to be 
maximum with the minimum of surface temperature.  The 
increase of Reynolds number, will increase the value of Nusselt 
number and heat transfer coefficient. The value of Nusselt 
number also has a close effect with the length and thermal 
conductivity of the nanofluids. The model of nanofluids 
analyze in this study shows a good agreement with the basic 
water flow and can be used as guidance for further analysis on 
fluid flow for other thermophysical properties of nanofluids. 
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Figure 10: Variation of step heights for CuO/water at 2% volume 
fraction 

Figure 11: Variation of volume fraction for Al2O3/water at 13.5mm step 
height 


