
Investigation of heat transfer characteristics in the developing
and the developed flow of nanofluid inside a tube with different
entrances in the transition regime

Masoud Jamali1 • Davood Toghraie1

Received: 2 January 2019 / Accepted: 8 May 2019 / Published online: 21 May 2019
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Abstract
In this paper, we studied heat transfer characteristics in the developing and the developed flow of nanofluid inside a tube

with different entrances in the transition regime. A range of Reynolds numbers from Re = 500 to 13,000 was stimulated to

examine flow characteristics in the tube. Effect of entrance, diameter of nanoparticles, nanoparticle type, Reynolds number

and concentration of nanoparticles on onset of transition were studied. The results show that heat transfer coefficient and

Nusselt number of base fluid and the nanofluid increase with increasing Reynolds number. Also, convective heat transfer

coefficient of nanofluid increases by increasing Reynolds number, and the rate of increase in heat transfer coefficient varies

depending on diameter, volume fraction and type of nanoparticles. Furthermore, the results show that local Nusselt number

and local convective heat transfer coefficient slightly decrease with increasing particle diameter at constant volume fraction

of nanoparticles.
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Introduction

Numerous works have revealed that the extent of the

amplification region and hence the location of the transition

point on the body surface are strongly dependent not only

upon the amplitude and/or the spectrum of external dis-

turbances but also on their physical nature. Some of the

disturbances easily penetrate into the boundary layer, while

others do not. Consequently, the concept of boundary layer

transition is a complex one and still lacks a complete

theoretical exposition [1]. A nanofluid is a fluid containing

nanoparticles. They exhibit enhanced thermal conductivity

and the convective heat transfer coefficient compared to the

base fluid. The previous works show that the proportional

increase in pressure drop for turbulent flow is higher than

that for laminar flow as the base fluid. Also, there is no

significant increase in pressure drop at laminar flow. An

optimum concentration must be found for each nanofluid

system in which more heat transfer enhancement and less

flow resistance occur in different flow regimes. In the

transition regime, the experiments were performed on the

heating of the fluid, except for those conducted by Manglik

and Bergles [2], who also investigated the flow in the

transition region by means of the cooling of the fluid. Most

of the augmentation techniques involved the inserts of

tapes [2] and wire coils [3, 4]. No helical finned-type tubes

have yet been tested in this region. The fluids used were a

mixture of water and ethylene/propylene glycol. Tam and

Ghajar [5] investigated transitional heat transfer in plain

horizontal tubes. They presented a flow regime map for

determination of the boundary between forced and mixed

convections in horizontal tubes with different inlets.

Chong et al. [6] investigated the effects of duct inclination

angle on thermal entrance region of laminar and transition

mixed convection. They concluded that when Reynolds

numbers further increased, the friction factors were almost

independent of inclination angles. Celata et al. [7] studied

friction factor in micro-pipe gas flow under laminar, tran-

sition and turbulent flow regimes. They concluded that the

laminar-to-turbulent transition starts for Reynolds number
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not lower than 2000 for smooth pipes, while tending to

larger values (3200–4500) for rough pipes. Lorenzini et al.

[8] investigated laminar, transitional and turbulent friction

factors for gas flows in smooth and rough micro-tubes.

They observed that the transitional regime was found to

start no earlier than at values of the Reynolds number

around 1800. Meyer and Olivier [9] studied transitional

flow inside enhanced tubes for fully developed and

developing flows with different types of inlet disturbances.

They found that inlet disturbances had no effect on the

critical Reynolds numbers, with transition occurring at a

Reynolds number of approximately 2000 and ending at

Re = 3000. Almohammadi et al. [10] investigated con-

vective heat transfer and pressure drop of Al2O3/water

nanofluid in laminar flow regime inside a circular tube.

They concluded that there is no significant increase in

friction factor for nanofluids. Wang et al. [11] studied

forced convection heat transfer and flow characteristics in

laminar-to-turbulent transition region in rectangular chan-

nel. Their results show that the lower and the upper critical

Reynolds number of transition region increase with the

decrease in Prandtl number. Heyhat et al. [12] investigated

the laminar convective heat transfer and pressure drop of

water-based Al2O3 nanofluids in fully developed flow

regime. Tam et al. [13] studied the effect of inlet geome-

tries and heating on the entrance and fully developed

friction factor in laminar and transition regions of a hori-

zontal tube. They concluded that the heating condition

caused an increase in the lower and upper limits of the

isothermal transition boundaries and a decrease in the

entrance and fully developed flow apparent friction factors

in the laminar and transition regions. Karimzadeh

khouei et al. [14] investigated pressure drop and heat

transfer characteristics of nanofluids in horizontal micro-

tubes under thermally developing flow conditions. They

observed that at low Reynolds numbers, flow is mainly

laminar. However, at higher Reynolds numbers, flow starts

to transition to turbulent flow. Heris et al. [15] simulated

convective heat transfer and pressure drop in laminar flow

of Al2O3/water and CuO/water nanofluids through square

and triangular cross-sectional ducts. They observed that

heat transfer coefficient of nanofluid increases in compar-

ison with heat transfer coefficient of pure water. Their

results show that by adding nanoparticles, pressure drop

increases in ducts. Li et al. [16] investigated the heat

transfer and pressure drop of ZnO/ethylene glycol–water

nanofluids in transition flow. Their measurements showed

that the pressure drop of nanofluid was higher than that of

the base fluid in a turbulent flow regime.

The objective of this paper is to investigate the heat

transfer characteristics in the developing and the developed

flow of nanofluid inside a tube with different entrances in

the transition regime. Heat transfer coefficient of nanofluid

flow and effective parameters in transition flow at Re =

2100 to 3100 were studied in the tube without inlet and a

smooth tube. Heat transfer coefficient and Nusselt number

of base fluid and the nanofluid are investigated by

increasing the Reynolds number and volume fraction of

nanoparticles.

Geometry of the problem

The schematic of the tube without inlet is shown in Fig. 1,

and the schematic of the tube with inlet is shown in Fig. 2.

For the tube without inlet, water enters a 7.4-m-long and

8.14-mm-thick tube at the temperature of 40 �C and Re =

13,000. The first 2.4 m was adiabatic, and a fixed tem-

perature of 20 �C was applied on the wall in the final 5 m

of the tube where flow has become developed. For the tube

with inlet, water enters the 140-mm-thick tube at 40 �C and

Re = 1280 and then enters the main 8.14-mm-thick tube

with a fixed temperature of 20 �C on the walls. The

meshing for the tube without inlet is shown in Fig. 3a, and

the meshing for the tube with inlet is shown in Fig. 3b. The

dimensions of these tubes are presented in Table 1.

Governing equations

Conservation equations

For a steady, incompressible, axisymmetric flow inside a

circular tube with different entrances, the conservation

equations of mass, momentum and energy are expressed as

follows:

Continuity equation

divðqnf V
!Þ ¼ 0 ð1Þ

Conservation of momentum

divðqnf V
!

V
!Þ ¼ �r!Pþr � ðlnfrV

!Þ ð2Þ

Conservation of energy

Inlet

Fig. 1 Schematic of the tube without inlet
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divðqnf V
!
Cp;nfTÞ ¼ divðknf gradTÞ ð3Þ

where V
!
, P and T are velocity vector, pressure and tem-

perature, respectively.

Thermal properties of the base fluid

Pure water was selected as the base fluid. The physical

properties of water are the functions of temperature.

According to [17], water viscosity is given by Eq. 4.

Thermal conductivity, density and specific heat are given

by Eqs. 5–7, respectively,

lbf ¼ 0:00002414� 10 247:8= T�140ð Þð Þ ð4Þ

kbf ¼ 2:33417� 0:0328575T þ 0:000185702T2

� 4:18409� 10�7T3 þ 3:33928� 10�10T4
ð5Þ

qbf ¼ �598:113þ 17:5482T � 0:0708339T2

þ 0:00012660T3 � 8:80307� 10�8T4
ð6Þ

CPbf ¼ �29664:8þ 403:224T � 1:78895T2

þ 0:00349982T3 � 0:00000254434T4
ð7Þ

The relations are true in the temperature range

293K� T � 363K.

Properties of nanofluid

In order to calculate the density and specific heat, Eqs. 8

and 9 are used, respectively [18, 19],

qnf ¼ ð1� uÞqbf þ uqp ð8Þ

Cpnf ¼
uqpCpp þ 1� uð ÞqbfCpbf

qnf
ð9Þ

Viscosity is calculated by using Eqs. 10 and 11 [20, 21],

and thermal conductivity is calculated from Eqs. 12–15

[22],

lnf
lbf

¼ 1þ 11u Water=CuOð Þ ð10Þ

lnf
lbf

¼ 1þ 1631
u

1� u

� �2:8

Alumina=Waterð Þ ð11Þ

knf ¼
kp þ 2kbf � 2 kbf � kp

� �
u

� �
kp þ 2kbf þ kbf � kp

� �
u

� � kbf ð12Þ

Alumina and CuO nanoparticles were used in this

research. The properties of these nanoparticles are repre-

sented in Table 2 [23].

Boundary conditions

A steady and incompressible flow (pure or nanofluid) with

uniform velocity profile enters the tube (with and without

inlet) at 30 �C and exits the tube with constant pressure

(pressure outlet). Constant and uniform temperature of

50 �C was selected as boundary condition on the tube.

Fluid is discharged to the environment exiting the tube.

Numerical method

Local convective heat transfer coefficient is calculated

from Eq. 16, and local Nusselt number is calculated from

Eq. 14,

hðxÞ ¼ q00

Tw � Tb
ð13Þ

NuðxÞ ¼ hðxÞD
knf

ð14Þ

where q00 represents heat flux, Tw and Tb are, respectively,

wall temperature and fluid bulk temperature at distance x

from the inlet of the tube, D represents tube diameter and k

is thermal conductivity of the fluid which is calculated at

Tb. Then, according to Eq. 15, by integrating from local

heat transfer coefficient, the average heat transfer coeffi-

cient is obtained. Average Nusselt number is obtained from

Eq. 16,

havg ¼
1

L

Z L

0

hðxÞdx ð15Þ

Nuavg ¼
havgD

k
ð16Þ

Finite volume method (FVM) was employed to solve the

equations. The pressure-based solver was employed for

coupling the equations. The second-order UPWIND

method was used for interpolating the transfer equation.

The SIMPLE algorithm was used for pressure–velocity

coupling.

Inlet

Fig. 2 Schematic of the tube with inlet
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Grid independency

In order to verify the sensitivity of grid to the boundary

condition, how to change the profile of the axial velocity

and the temperature profile in the pipe is evaluated by

increasing the number of elements. Axial velocity profiles

and temperature profiles at the pipe outlet are drawn at

different element numbers in Fig. 4. For the tube without

inlet, the grid having 38,400 elements being the most

adequate since further refining does not significantly

change the velocity and temperature profiles. But for the

tube with inlet, meshing with 1,164,384 elements is

appropriate and further refining the grid would not impose

any significant changes.

Results and discussion

Validation

Flow of the base fluid (water) in incompressible-to-turbu-

lent regimes from Re = 500 to 13,000 was assumed in an

adiabatic 4.7-m-long and 88.15-mm-thick tube without

inlet. Changes in friction factor in developed region were

compared to [24] as shown in Fig. 5. Moreover, the results

reported by Kim et al. [25] were used in order to examine

nanofluid modeling results. The incompressible flow of

water/alumina (3 vol%) nanofluid in a 2-m-long and 57.4-

mm-thick tube was modeled under constant heat flux and at

Re = 1460. Results are presented in Fig. 6.

Developed flow in a smooth tube

A range of Re = 500 to 13,000 was stimulated in transition

from laminar flow to turbulent flow to examine the flow in

the tube. The entrance length of tube was intended as 2.4 m

for fully developed flow. The effect of tube diameter on

onset of transition was studied in water/alumina nanofluid

at 2% volume fraction by using friction factor. Figures 7

and 8 show the friction factor for two tubes (with different

diameters) with water/alumina nanofluid with 2% volume

fraction. The results for the two tubes are consistent with

the analytical results. Transition zone is magnified in

Fig. 8. The results show that flow transition starts at Re =

2100 to 2300 and ends at Re = 3100 in the smooth tube

without inlet. Friction factor increases at the onset of

transition. The results show that the addition of nanopar-

ticles does not affect the onset of transition.

The effect of inlet on onset of transition

In this section, the effect of tube diameter and inlet shape

on onset of transition is assessed using adiabatic friction

Table 1 Dimensions of the

tubes used in this simulation
Diameter of inlet/mm Length of inlet/m Diameter/mm Length/m

Tube without inlet 14.8 2.4 14.8 5

Tube without inlet 17.7 2.4 17.7 5

Tube with inlet 140 2.4 14.8 5

Table 2 Properties of alumina

and CuO nanoparticles [23]
Nanoparticle type Density/kg/m-3 Specific heat/J kg-1 K Thermal conductivity/W mK-1

Alumina (Al2O3) 3600 765 36

CuO (CuO) 6500 533 65.17

Fig. 3 a Meshing for the tube without inlet and b meshing for the

tube with inlet
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factor of water fluid and water/alumina nanofluid at 2%

volume fraction for two different inlet shapes. Transition

from laminar flow to turbulent flow occurs at different

Reynolds numbers by modifying the tube inlet shape. An

inlet prior to the tube postpones transition at Re = 2100 to

2800. Moreover, enlargement of the tube diameter had no

effect on changing the Reynolds number of transition flow.

Figures 9 and 10 show the friction factor versus the Rey-

nolds number for the tube without inlet with 14.8 mm and

17.7 mm diameters and the tube with sharp edge inlet and

14.8 mm diameter. Friction factor of water fluid was also

studied at Re = 1000 to 13,000. The addition of nanopar-

ticles to the base fluid did not considerably increase or

decrease the friction factor. Figures 11 and 12 show the

effect of inlet shape and tube diameter on onset of transi-

tion flow. Larger is the tube diameter, less delayed the

onset of transition flow. Studies were performed in two

parts. Transition zone in the tube with and without inlet and

the effect of tube diameter on onset of flow were deter-

mined. Friction factor of the tube was tested in the above

two parts. Table 3 shows onset of transition zone depend-

ing on diameter and inlet shape of the tube.

Convective heat transfer of nanofluid

Effect of Reynolds number

Figure 13 shows major changes in convective heat transfer

coefficient and local Nusselt number of water base fluid

with respect to Reynolds number. As expected earlier,

convective heat transfer increased by increasing the Rey-

nolds number due to reduced boundary layer thickness.

Figure 14 shows major changes in convective heat transfer

coefficient and local Nusselt number of water/alumina

nanofluid at different Reynolds number at 1% volume

fraction and 35 nm diameter of nanoparticle. Similar to
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base fluid, convective heat transfer coefficient increased

with increasing Reynolds number.

Similarly, Fig. 15 shows local heat transfer coefficient

and local Nusselt number of water/CuO nanofluid at

different Reynolds number at 3% volume fraction and

35 mm diameter of nanoparticle. The same trend was

observed in water/CuO nanofluid as water/alumina nano-

fluid. Convective heat transfer coefficient increased with

increasing Reynolds number. Similar charts can be drawn

for other concentrations. The same trend can be observed

in convective heat transfer coefficient in all charts.

The effect of Reynolds number on the nanofluid flow

was studied in local charts in a qualitative manner. Average

convective heat transfer coefficient is calculated from

Eq. 18 to compare the results more efficiently. Figure 16

shows average convective heat transfer coefficient of

water/alumina nanofluid versus Reynolds number in four

different volume fractions and 35 nm diameter of

nanoparticles. Convective heat transfer coefficient

increased by 11% in water fluid at Re = 2900 compared to

Re = 2100. Furthermore, convective heat transfer coeffi-

cients increased by 9% and 14.4% at 1% and 4% volume

fractions of water/alumina nanofluid. Figure 17 shows

average convective heat transfer coefficient of water/CuO
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nanofluid versus Reynolds number at four volume fractions

and 35 nm diameter of nanoparticles. Convective heat

transfer coefficient of CuO nanofluid increased by

increasing Reynolds number [26–38]. The same trend was

also observed in alumina nanofluid. For example, average

heat transfer coefficients increased by 10.8% and 10.6% at

2% and 3% volume fractions by increasing Reynolds

number.

Effect of volume fraction of nanoparticles

Volume fraction of particles is another effective parameter

in increasing heat transfer rate of nanofluid. Addition of

nanoparticles increases the thickness of thermal boundary

layer and reduces temperature gradient in vicinity of the

wall. On the other hand, thermal conductivity of the

nanofluid increased with increasing volume fraction. These

two parameters increased the convective heat transfer

coefficient in a combined effect. In addition, nanofluid

density increased, which increased the momentum and

convection heat transfer with increasing volume fraction of

nanoparticles. Density gradient between the particles and

the difference in temperature of fluid are the most impor-

tant natural mixing elements in the mixtures. Figures 18–

20 show the effect of volume fraction on heat transfer

coefficient and local Nusselt number of water/alumina

nanofluid at Re = 2100, 2500 and 2900.

The results showed that heat transfer coefficient and

local Nusselt number of the nanofluid increase at different

Reynolds numbers with increasing volume fraction. Vol-

ume fraction of nanoparticle, Brownian motion and aspect

ratio of nanoparticles increase the heat transfer coefficient.

The same trend was also observed in heat transfer coeffi-

cient by increasing Reynolds number. Particle size, particle

volume fraction, temperature, properties of the base fluid

and nanoparticles are effective in Brownian motion. The

results showed that volume fraction, Brownian motion and

aspect ratio of nanoparticle increase the heat transfer

coefficient. Heat transfer properties of the nanofluid are

strongly influenced by the type of base fluid and

nanoparticle. Increase in thermal conductivity is not the

only reason that improves convection heat transfer of the

nanofluid. On the other hand, thermal conductivity model

that takes into account the effect of Brownian motion of

nanoparticles more accurately predicts the heat transfer

coefficient.

Figures 21–23 show the effect of volume fraction on

heat transfer coefficient and local Nusselt number of water/

CuO nanofluid at Re = 2100, 2500 and 2900. Similarly, the

results indicated that convective heat transfer coefficient

and local Nusselt number of the nanofluid increased by

increasing Reynolds number and various types and diam-

eters of nanoparticles with increasing volume fraction of

nanoparticles. It should be noted that the rate of increase

varies depending on diameter and type of nanoparticle.

CuO has a lower thermal conductivity than alumina.

Therefore, thermal conductivity and local Nusselt number

increased less in case of water/CuO nanofluid compared to
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water/alumina nanofluid. Moreover, thermal conductivity

and local Nusselt number increased less in case of water/

CuO nanofluid by increasing the Reynolds number.

Furthermore, increase in volume fraction of nanoparticles

less increased thermal conductivity and Nusselt number in

case of water/CuO nanofluid compared to water/alumina

Table 3 Onset of transition

zone depending on diameter and

inlet shape of the tube for water/

alumina nanofluid at 2% volume

fraction

Geometry Onset of transition End of transition

Tube without inlet with 14.8 mm diameter 2100 2800

Tube without inlet with 17.7 mm diameter 2300 2800

Tube with inlet with 14.8 mm diameter 2800 3400
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nanofluid due to lower thermal conductivity of CuO com-

pared to alumina.

Figure 24 shows changes in average convective heat

transfer coefficient of water/CuO nanofluid and water/alu-

mina nanofluid based on volume fraction of nanoparticles

at 35 nm diameter and Re = 2100, 2500 and 2900. The

figure shows that average heat transfer coefficient increases

by increasing the volume fraction in a given Reynolds

number. For example, average heat transfer coefficient

increased by 14.4% compared to the base fluid at Re =

2100 and 4% volume fraction of alumina nanoparticles.

Convective heat transfer coefficients increased by 14.2%

and 13.75% at Re = 2500 and 2900, respectively. The same

upward trend was observed in CuO nanoparticles with

increasing volume fraction of particles. For example,

convective heat transfer coefficients increased by 7.3%,

7.3% and 7% at Re = 2100, 2500 and 2900 at 4% con-

centration compared to the base fluid. Non-uniform

increase in convective heat transfer coefficient is consid-

erably important. A uniform increase was observed in

convective heat transfer coefficient with increasing volume

fraction of nanoparticles at Re = 2100 and 2500 in water/
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CuO nanofluid. The difference in volume fraction from 0 to

1% varies from other volume fractions at Re = 2900. A

sharp increase was observed in convective heat transfer

coefficient of water/alumina nanofluid from 0% volume

fraction to higher volume fractions. The difference in this

coefficient between water/alumina and water/CuO

nanofluids is due to higher thermal conductivity of water/

alumina nanofluid compared to water/CuO nanofluid. This

results in higher heat transfer coefficient of water/alumina

nanofluid compared to water/CuO nanofluid.

The effect of diameter of nanoparticles

Diameter of nanoparticles is another effective parameter in

convective heat transfer coefficient of nanofluids. With

regard to thermal conductivity equation, diameter of

nanoparticles has a negative effect on thermal conductivity
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and consequently heat transfer coefficient. Figure 25 shows

local convective heat transfer coefficient and local Nusselt

number at different diameters and volume fractions of

nanoparticles at Re = 2500 for water/alumina nanofluid.

The results show that local Nusselt number and local

convective heat transfer coefficient slightly decrease with

increasing particle diameter at constant volume fraction of

nanoparticles.

Figure 26 shows average convective heat transfer coef-

ficient of water/alumina and water/CuO nanofluids versus

volume fraction of nanoparticles at Re = 2500 and differ-

ent diameters of nanoparticles. Similar to local charts,

average heat transfer coefficient of nanofluid decreased
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with increasing particle diameter. For example, average

heat transfer coefficients of water/alumina nanofluid

decreased by 1.7% and 1.6% at 1% and 4% concentrations

by increasing diameter of nanoparticles from 35 to 70 nm.

Furthermore, average heat transfer coefficients of water/

CuO nanofluid decreased by 1.77% and 1.65% at 1% and

4% concentrations by increasing the diameter of the par-

ticles from 35 to 70 nm. It seems that heat transfer coef-

ficient further increases in both types of nanoparticles in

the studied base fluid at low concentrations. However,

decrease in average heat transfer coefficient induced by

increase in nanoparticle diameter is compensated and made
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smaller by increasing volume fraction of nanoparticles. In

addition, average heat transfer coefficient is further

decreased in CuO compared to alumina.

Effect of nanoparticle type

Figure 27 shows local convective heat transfer coefficient

and local Nusselt number of water fluid by changing both

type and volume fraction of nanoparticles with 35 nm

diameter at Re = 2500. Local charts show that heat transfer

coefficient of water/alumina nanofluid is higher than water/

CuO nanofluid at 1% volume fraction. The same trend was

observed at 4% concentration. Type of nanoparticles is

effective in nanofluid properties due to changes in thermal

conductivity, density, specific heat and viscosity. There-

fore, nanoparticle type is an effective parameter in heat

transfer of nanofluids. Increased density increases the

momentum and convection heat transfer. Mass flow rate

increases at a constant velocity as fluid density increases.

As a result, more fluid flows into the tube at unit mass flow

rate and the fluid absorbs more heat from the wall. More-

over, increase in thermal conductivity accelerates heat

transfer rate in the tube.

Figure 28 shows average convective heat transfer coef-

ficient of water/alumina and water/CuO nanofluids versus

Reynolds number in two different volume fractions and

35 nm diameter of nanoparticles. The difference in heat
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transfer coefficient of CuO and alumina is identical at 1%

and 4% volume fractions. Convective heat transfer coeffi-

cients of alumina increased by 6.6%, 6.4% and 6.29% at

Re = 2100, 2500 and 2900 and 4% volume fraction com-

pared to CuO. This is because thermal conductivity of

alumina is higher than CuO. It is also acknowledged that

heat transfer coefficient of CuO nanofluid is more

improved than coefficient of alumina with increasing

Reynolds number at a constant volume fraction.

Conclusions

In this paper, we studied heat transfer characteristics in the

developing and the developed flow of nanofluid inside a

tube with different entrances in the transition regime. The

following results were deduced by studying two different

geometries:

1. Heat transfer coefficient and Nusselt number of base

fluid and the nanofluid increased with increasing flow

rate and consequently increasing the Reynolds number.

2. Convective heat transfer coefficient of CuO nanofluid

increased by increasing Reynolds number.

3. The rate of increase in heat transfer coefficient varies

depending on diameter and type of nanoparticle.

4. Convective heat transfer coefficient of CuO and

alumina nanoparticles decreased with decreasing

nanoparticle diameter.

5. Average heat transfer coefficients also decrease by

1.77% and 1.65% at 1% and 4% concentrations in

water/CuO nanofluid by increasing nanoparticle diam-

eter from 35 to 70 nm.

6. Heat transfer coefficient of CuO is lower than alumina.

Period of changes in nanofluid with CuO is larger than

alumina.

7. Heat transfer coefficient of CuO at 4% concentration

was lower than alumina at 1% concentration.

8. The friction factor increased by increasing Reynolds

number.

9. Surface friction factor does not depend on type and

volume fraction of nanoparticles and follows the base

fluid equation and increases with increasing Reynolds

number.
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