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ABSTRACT 

 
The growing demand for energy worldwide requires that attention be given to designing and operating heat 

exchangers and thermal devices to utilise and save thermal energy. There is a need to find new heat transport 

fluids with better heat transfer properties to increase convective heat transfer, and nanofluids have been 

shown to be good alternatives to conventional heat transport fluids. Although extensive research has been 

done on the properties of nanofluids in recent decades, there is still a lack of research on convection heat 

transfer involving nanofluids, particularly in the transitional flow regime. This study investigated the 

convective heat transfer of a one-step prepared alumina-water nanofluid. A uniformly heated rectangular 

channel was experimentally investigated. Nanofluids with volume concentrations of 0.3, 0.5, and 1% were 

used, and a Reynolds number range of 200–7 000 was considered, which included laminar and turbulent 

flows, as well as the transition regime from laminar to turbulent flow. The temperatures and pressure drops 

were measured to evaluate the heat transfer coefficients, Nusselt numbers, and pressure drop coefficients. 

The results showed enhancements of the heat transfer coefficients for the nanofluids used. The 1.0% 

nanofluid showed the maximum enhancements, with values of 54% in the transition flow regime and 11% in 

the turbulent regime. The convective heat transfer efficiency in the transition flow regime was observed to be 

better than those in the turbulent and laminar flow regimes. 
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1. INTRODUCTION 
 

Enhancing the heat transfer rate is one of the main issues at the design stage of different thermal devices for 

various industries, including the transfer rates in chemical processes, and heating and cooling processes. 

Several techniques have been studied and developed to reduce the design and operation costs. All of these 

techniques revolve around a compromise between the minimisation of the flow resistance and the 

enhancement of the heat transfer coefficients. Therefore, it is vital to develop techniques to enhance the heat 

transfer rate in heat exchangers, while attempting to keep the pressure drop as low as possible.  
 

Because of the increasing demand for improvements in a heat exchanger’s performance, new heat transfer 

transport fluids called nanofluids were introduced towards the end of the last century. The term ‘nanofluid’ 

was first introduced by Choi in 1995 [1], after which many researchers investigated (i) the preparation and 

thermophysical properties of nanofluids [2–7], (ii) forced convection using nanofluids in heat exchangers [8–

14], and (iii) the natural convection of nanofluids in cavities [15–17]. 

 

Pak and Cho [18] experimentally measured the heat transfer and friction coefficients of Al2O3–water and 

TiO2–water nanofluids for a fully developed turbulent flow. The addition of the Al2O3 nanoparticles resulted 

in a 45% enhancement in the heat transfer coefficients at a volume concentration of 1.3%, with a 75% 

enhancement at a concentration of 2.7%. 
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Wen and Deng [19] investigated the heat transfer augmentation provided by Al2O3–deionised water 

nanofluids in the laminar flow region, considering volume concentrations of 0.6, 1, and 1.6%. The local heat 

transfer coefficient results for the three nanofluids showed enhancements in the heat transfer compared with 

that for water. The enhancement was significant in the entrance region, with a value of 45%, and decreased 

towards the exit of the test section to 14%. It was suggested that this heat transfer improvement was the 

result of particle movements and the reduction of the boundary layer thickness.  

 

Anoop et al. [20] performed experiments to investigate the influence of the particle size on the heat transfer 

using 45 nm and 150 nm Al2O3 nanoparticles and weight concentrations of 1, 4, and 6%. Both sizes of Al2O3 

nanoparticles showed the potential to increase the heat transfer. The 45 nm nanofluid was found to be better 

than the 150 nm nanofluid as far as the heat transfer was concerned. Heat transfer correlations were 

developed for both nanofluids. 

 

 Hwang et al. [21] measured the convective heat transfer and pressure drop in the laminar flow regime in an 

experiment with an Al2O3 water-based nanofluid prepared using a two-step method. The covered volume 

concentration had a range of 0.01–0.3%. It was found that the heat transfer coefficient was increased by 8% 

when using the 0.3% concentration. 

 

Sahin et al. [22] performed experiments with an Al2O3 aqueous nanofluid. Their tests were carried out using 

volume concentrations of 0.5, 1, 2, and 4% in a circular pipe. It was observed that the heat transfer increased 

when the Reynolds number increases. It was also noticed that a volume concentration increase contributed to 

a heat transfer improvement of up to 1%. For a volume concentration higher than 1%, the viscosity increase 

was much higher than the increase in the thermal conductivity, which negatively affected the heat transfer.  

 

 Liu and Yu [23] conducted an experimental study on the single-phase forced convection heat transfer of an 

Al2O3-water nanofluid in a circular mini-channel. The friction factor and convection heat transfer 

coefficients were measured for nanofluids of various volume concentrations (1, 2, 3.5, and 5%) and 

compared with those of the base fluid. The Reynolds number range covered in the study was 600–4 500. The 

results showed that the friction factor and convective heat transfer coefficients were both less than those of 

water at the same Re in the transition flow, with no improvement in the turbulent and laminar regions. 

However, they failed to examine volume fractions smaller than 1%, which is an important range for 

nanofluid applications. 

 

Meyer et al. [24] experimentally investigated the convective heat transfer enhancement provided by multi-

walled carbon nanotubes suspended in water, flowing in a straight horizontal circular tube. Nanofluid 

volume concentrations of 0.33, 0.75, and 1% were tested, and a Reynolds number range of 1 000–8 000 was 

covered. The transition began early compared to that of water, and it was earlier when the nanofluid 

concentration increased. No heat transfer enhancement was found when comparing the heat transfer 

coefficients of the nanofluids with that of water, but there was an enhancement when comparing the Nusselt 

numbers of the nanofluids to that of water. The inefficiency of the nanofluids used was reported to have been 

because the increase in the viscosity of the nanofluid was four times the increase in the thermal conductivity. 

 

From the above review, it is clear that only two investigations [23, 24] have been reported on the convective 

heat transfer of nanofluids in the transition flow regime, and both studies used circular channels. The current 

study was an attempt to fill the research gap in the convection heat transfer of nanofluids over the entire flow 

regime, including the transition flow regime. The current work differed from the previous studies [23, 24] by 

using nanofluids prepared with a one-step method, which is more stable than the two-step method. In 

addition, the test section used was a rectangular channel, and the concentrations used in this work were lower 

than those used in the work of Liu and Yu [23] to fill the gap in knowledge. Moreover, a Reynolds number 

range of 200–7 000 was investigated in this study. 
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2. EXPERIMENTAL PROCEDURES  

 

2.1 Preparation and stability of nanofluids  

 
An Al2O3 (gamma) nanofluid (20 wt%) prepared using a single-step method with a nanoparticle size of 30 

nm was ordered from US Research Nanomaterial (USA). This nanofluid was used because it has better 

stability. Volume concentrations of 0.3, 0.5, and 1% were prepared by diluting the high-concentration 

nanofluid. Each nanofluid was prepared by adding de-ionised water to the concentrated nanofluid and 

breaking down particle agglomerations using an ultrasonicator (Qsonice Q700) set at an amplitude of 60% 

for 20 min, using 3 s pulse on and 1 s pulse off intervals.  

 

The stability of the nanofluids was ensured by measuring and observing the viscosity at a constant 

temperature of 25 °C over 24 h. Fig. 1 shows that the viscosity over time was constant, indicating the 

stability of the nanofluids over that period. The stability was also visually verified because no sedimentation 

was observed for one week. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 1. Viscosity of nanofluids at 25 °C compared to water over 24 h 

 

 

2.2 Thermophysical properties of nanofluids  
 
Mintsa et al. [25] developed a correlation for the effective thermal conductivity of Al2O3–water nanofluids, 

by measuring the thermal conductivities of nanofluids at various volume concentrations up to 9%, and for 

two different nanoparticle sizes at a wide temperature range. In this study, the thermal conductivity of the 

nanofluid was calculated using their developed linear correlation [25], as shown in Eq. (1). 

 
𝐾𝑛𝑓

𝐾𝑏𝑓
= 1.72∅ + 1                                  (1) 

  
The viscosity of the nanofluid was measured using a vibro-viscometer (SV-10, A&D, Japan), with 5.0% 

uncertainty at the full range. Fig. 2 compares the nanofluid viscosities to the water viscosity predicted by 

Popiel and Wojtkowiak [26]. It can be observed that the nanofluid viscosity increases with the volume 

concentration. Previous studies [27–33] reported similar results for the viscosities and thermal conductivities 

of nanofluids. 

The density and specific heat of the nanofluid were calculated using the following mixing theory equations:  

 

𝜌𝑛𝑓 = ∅. 𝜌𝑝 + (1 − ∅) ∗ 𝜌𝑏𝑓                            (2) 
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(𝐶𝑝)
𝑛𝑓

=
∅.(𝜌.𝐶𝑝)

𝑝
+(1−∅).(𝜌.𝐶𝑝)

𝑏𝑓

𝜌𝑛𝑓
                           (3) 

 

The properties of the water were also determined using the equation developed by Popiel and Wojtkowiak 

[26]. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Viscosities of nanofluids compared to water viscosity as function of temperature  

 

2.3 Experimental set-up 
 

As shown in Fig. 3, the test rig includes a magnetic variable speed pump (2), which is used to circulate water 

from the supply tank (1) through the test section. The test section is connected to the power supply to 

produce a uniform heat flux along the test section so that the water is heated up from Ti to Te. To prevent the 

heat from being lost, the heat exchanger is insulated using thermal insulation (4) with a thickness of 50 mm 

(four layers). The water leaves the test section at a higher temperature through the flow meter (5), which is 

used to measure the mass flow rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 3. Layout of experimental set-up 

 
The temperature at the inlet to the test section is maintained at 20 °C by cooling the hot water leaving the test 

section in a heat exchanger (8), where the heat is transferred to cold water from a chiller (6) through a 
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circulating pump (7). The system is provided with a data acquisition system to receive signals from the 

thermocouples, pressure transducers, flow metres, and power supply and process these in a computer (9). A 

Lab View program was used to log the data. 

 

Fig. 3 presents a schematic of the test section, which is a rectangular copper channel with a width of 8 mm, 

height of 5 mm, and length of 450 mm. The test section is connected to the test rig using a rectangular 

channel with the same size and a length of 700 mm as a developing length to ensure that the flow is fully 

developed hydraulically. An acetyl bush is used to separate the developing section from the test section to 

avoid any axial heat transfer loss. Seven thermocouple stations (with four thermocouples at each station) are 

attached to the test section wall to measure the average wall surface temperature, and two thermocouples are 

attached to the inlet and outlet to measure the inlet and outlet fluid temperatures, respectively. Two mixers 

are provided at the inlet and outlet of the test section to make the temperature profile uniform at the inlet to 

the test section. The test section is heated by Constantine wire at 200 W using a DC power supply at a 

current of 0.75 A and voltage of 125 V (see Fig.4).  

 

 

 

 

 
                                 

 

Fig. 4. Schematic of inlet and test section  
 

 

3. DATA REDUCTION  

 

3.1 Pressure drop  
 

The average velocity (V) of a fluid with a calculated density (ρ) and mass flow rate (ṁ) across a 

rectangular cross-section with a measured width (W) and measured height (H) can be calculated using the 

following equation: 

 

𝑉 =  
�̇�

𝜌 𝐴𝑐
                                          (4) 

   
The hydraulic diameter is obtained from the following:  

 

𝐷ℎ =  
4𝑊𝐻

2𝑊+2𝐻
                                        (5) 

  

The Darcy equation is used to calculate the friction coefficient (f) for a test section with a measured length 

(L) and measured pressure drop (∆𝑃): 
 

𝑓 =
2 ∆𝑃 𝐷ℎ

𝜌𝐿 𝑉2
                                        (6) 

                                 

3.2 Heat transfer  

 
The heat gained by the water (𝑄𝑊𝑎𝑡𝑒𝑟) as a function of the measured inlet temperature (𝑇𝐼), measured outlet 

temperature (𝑇𝑒), and calculated specific heat of the water (𝐶𝑃) is found as follows: 
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�̇�𝑤𝑎𝑡𝑒𝑟 =  �̇�. 𝐶𝑃. (𝑇𝑒 − 𝑇𝑖)                                     (7)                           

The heat flux (𝑞)̇ is given by the following:    

 

�̇� =
�̇�𝑤𝑎𝑡𝑒𝑟

𝐴𝑠
                                    (8) 

 

where the heat transfer area is              

𝐴𝑠 = (2𝑊 + 2𝐻)𝐿                                      (9) 

 

The local mean temperature can be obtained from the following:                                                            

 𝑇𝑚(𝑥) = 𝑇𝑖 +
�̇� 𝑥 (2𝑊+2𝐻)

�̇�𝐶𝑃
                                    (10) 

 

The local heat transfer coefficient can be calculated as follows: 

 

ℎ(𝑥) =
�̇�

[𝑇𝑤𝑖(𝑥)−𝑇𝑚(𝑥)]
                                    (11) 

 

The Nusselt number for a fluid with a calculated thermal conductivity (k) is found as follows: 

 

𝑁𝑢 =
ℎ𝑎𝑣𝑔𝐷ℎ

𝑘
                                         (12) 

The Reynolds number can be calculated using the following: 

 

𝑅𝑒 =  
𝜌𝑉𝐷ℎ

 𝜇 
                                    (13) 

3.3 Uncertainty analysis  

 
The procedures suggested by Dunn [34] were used to calculate all of the uncertainties of the measured and 

calculated parameters, where all of the uncertainties were evaluated within the 95% confidence interval. 

Table 1 lists the instruments used to calculate the bias error in the uncertainty analysis, along with their 

ranges and accuracies. The uncertainties were calculated at a higher Reynolds number of 7 800 and lower 

Reynolds number of 650. The uncertainty values of the main experimental parameters are given in Table 2. 

 

Table 1  

Range and accuracies of instruments  

 
Instrument Range Accuracy 

Power Supply  

Current 

Voltage 

 

0–12.5 A 

0–320 V 

 

0.5% of the measured value 

0.1% of the measured value  

Thermocouples  -200–350 °C 0.1 °C 

Flow meter  0–252 L/h 0.1%  

Pressure transducer  0–17 kPa 0.16% 
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Table 2  

Ranges and accuracies of instruments 

 

 

 

 

 

4. RESULTS AND DISCUSSION  

4.1 Validation 

 
 Measurements were taken in the laminar and turbulent flow regimes and compared with the correlations 

found in the literature. Only water was considered for validation because no other data exist for the same 

nanofluid and same test section geometry.  

 

4.1.1 Validation of friction coefficient measurements:  
 

The adiabatic friction coefficient results were compared to those reported by Leon and Roman [35] for 

laminar and turbulent flows. As respectively shown in Eq. (14) and Eq. (15), these two correlations were 

modified from the conventional Poiseuille correlation [36] for laminar flow and Blasius [37] correlation for 

turbulent flow to suit the rectangular cross-section channels:  

 

𝑓𝑙𝑎𝑚𝑖𝑎𝑟 =
64

𝑅𝑒∗                                      (14) 

 

 

𝑓𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 = 0.316(𝑅𝑒∗)−0.25                            (15) 

 

where α is the aspect ratio of the rectangular cross-section, and 𝑅𝑒∗ is the modified Reynolds number, which 

can be found as follows: 

 

𝑅𝑒∗ =
𝑅𝑒

2𝛼0.16                                    (16) 

 

Fig. 5 shows the friction factor data for the water compared to the correlation of Leon and Roman (laminar) 

[35]. The correlation predicted the results very well because the average deviation was 1.7%. On the 

turbulent side, the results showed good agreement with those of Leon and Roman [35] (the deviation was 

less than 1.3% over the entire turbulent regime).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Re ∆𝑃 f h Nu 

High Re 4.46% 1.15% 1.15 4.48% 4.93% 

Low Re 4.63% 16.76% 16.70 0.85% 2.23% 
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Fig. 5. Adiabatic friction coefficient results in rectangular channel compared to theoretical correlations  

 

The transitional flow regime in the rectangular channels started at a Reynolds number of 1 827, as shown in 

Fig. 5 and Fig. 6. The critical Reynolds number (where the transition started) in a circular tube is 2 300, as 

reported by Cengel [38]. The earlier transition was due to the geometry of the test section used and the type 

of inlet because the inlet of the test section had significant effects on the critical Reynolds number, transition 

pattern, and transition length [39].  

 

4.1.2 Validation of Nusselt number measurements 

 

The Nusselt number results, as shown in Fig. 6, were compared with the values predicted by Morcos and 

Bergles [40] on the laminar side, and the agreement was very good, with an average deviation of 0.7%. The 

average Nusselt number, as shown in Fig. 6, correlated very well with the correlation of Everts and Meyer 

[41], which  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Average Nusselt number results compared to theoretical correlations 

 

over-predicted the results by an average of 1.8%. The correlation of Olivier [42] over-predicted the data by 

an average of 3.8%, which was a good prediction. Gnielinski [43] under-predicted the data by 6% in the 

Reynolds number range of 3 000–5 000, and over-predicted the data by 7% for Reynolds numbers greater 

than 5 000. The correlations of both Olivier [34] and Gnielinski [35] failed to predict the data on the 

turbulent side between Reynolds numbers of 2 000 and 3 000 because they under-predicted the data in this 

range by 12% and 21%, respectively. This significant difference occurred because the two correlations were 

developed to predict the turbulent region of flow for Reynolds numbers greater than 3000. 

 

4.2 Nanofluid results  

4.2.1 Heat transfer results 

 

Fig. 7 and Fig. 8 present the average heat transfer coefficients and average Nusselt number measurements of 

Al2O3-water nanofluids of 0.3, 0.5, and 1.0 vol% compared to pure water in a Reynolds number range of 

200–7000.  

 

As shown in Fig. 7, the heat transfer coefficient results showed an enhancement in the heat transfer in the 

fully developed turbulent regime, with values of 1.0% at a Reynolds number of 6364 for the 0.3 vol% 

nanofluid, 8.3% for the 0.5 vol%, and 11% for the 1.0 vol%. The average enhancements in the heat transfer 
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coefficient in the turbulent flow regime were 3.1% for the 0.3 vol% nanofluid, 10% for the 0.5 vol%, and 

16% for the 1.0 vol% nanofluid. The average enhancements in the Nusselt number in the turbulent regime, as 

shown in Fig. 8, were 2.5% for the 0.3 vol% nanofluid, 8.6% for the 0.5 vol% nanofluid, and 13% for the 1.0 

vol%. The same observations of the heat transfer enhancements in the turbulent flow regime were observed 

by Pak and Cho [18]. The random motion of nanoparticles within the fluid decreased the thermal boundary-

layer thickness and made a significant contribution to the enhancement of the convection heat transfer rate. 

This could be the reason behind the enhancements in the heat transfer coefficient and Nusselt number in the 

turbulent regime [44, 45].  

 

Two features were observed in the transition flow regime in the rectangular channel when using the Al2O3–

water nanofluid. First, the critical Reynolds number (starting the transition) was earlier when using the 

nanofluid and occurred at a smaller Reynolds number than the pure water when a higher concentration 

nanofluid was used. As shown in Fig. 7 and Fig. 8, the transition began at Reynolds numbers of 1731 for the 

0.3 vol% nanofluid, 1 723 for the 0.5 vol% nanofluid, and 1 705 for the 1.0 vol% nanofluid, and the ranges 

of Reynolds numbers over which the transition occurred were 125, 110, and 125, respectively. For all three 

nanofluids, the transition flow regime began earlier than for pure water. This early transition could be 

justified by the higher viscosity of the nanofluid because a higher viscosity leads to a shift in the position of 

the graph in Fig. 6 to a new position, as shown in Fig. 8. This early transition feature matched that found in 

the work of Meyer et al. [24], where the results of the nanofluids were represented as a Re-Nu graph.  

 

The second feature in the transition flow regime was that the enhancement of the heat transfer coefficients 

for the three nanofluids, with values of 15%, 29%, and 54% for the 0.3, 0.5, and 1.0 vol% nanofluids, 

respectively. 

 

The enhancements in the Nusselt number in the transition flow regime, as shown in Fig. 8, were found to be 

14% for the 0.3 vol% nanofluid, 27% for the 0.5 vol% nanofluid, and 50% for the 1.0 vol% nanofluid. 

 

A comparison of the heat transfer enhancements in the turbulent flow regime and transition flow regime 

revealed that the heat transfer was more enhanced in the transition regime than the turbulent regime. It is 

possible that the Brownian motion of the nanoparticles and the flow randomness assisted in mixing the 

nanoparticles with the base fluid, which contributed to the better heat transfer performance in the transition 

flow regime. Another reason for the better enhancement in the transition flow regime was that the addition of 

small particles to the base fluid suppressed turbulence by playing the role of an additional source of 

dissipation, as proposed by Hetsroni [46]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Heat transfer coefficients results of nanofluids compared to water against Reynolds number 
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The enhancement in the laminar region was negligible because at low Reynolds numbers an agglomeration 

of nanoparticles could occur in the nanofluid flow, which reduced the heat transfer enhancement. However, 

at high Reynolds numbers, the agglomeration effect was significantly reduced, although Hwang et al. [21] 

reported an enhancement in the laminar flow for a fully developed case. Their study differed from the current 

work because in this work the laminar flow regime was not fully developed in relation to the entrance length. 

In addition, the geometry of their test channel was circular, and they used a two-step preparation method for 

their nanofluid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Nusselt number results for nanofluids compared to water against Reynolds number 

 

4.2.2 Pressure drop results 
 

Fig. 9 presents the pressure drop for the water compared to three Al2O3–water nanofluids against the 

Reynolds number for the entire flow range. The pressure drop of the nanofluid in the turbulent flow regime 

increased with the volume concentration, with values of 11%, 19%, and 46% for the 0.3, 0.5, and 1.0 vol% 

nanofluids, respectively. 

 

The increase in the pressure drop was significant in the transition flow regime, with values of 7.9%, 14%, 

and 61% for the 0.3, 0.5, and 1.0 vol% nanofluids, respectively. In the laminar flow regime, the pressure 

drop increased by 1.8% for the 0.3 vol%, 9.3% for the 0.5 vol%, and 29% for the 1.0 vol %. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

 
Fig. 9. Pressure drops of nanofluids compared to water against Reynolds number 
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Fig. 10. Friction coefficients of nanofluids compared to water against Reynolds number 
 

Fig. 10 shows the friction factor for the water compared to the three Al2O3–water nanofluids against the 

Reynolds number for the entire flow range. The friction factor of the nanofluid in the laminar flow regime 

decreased with an increase in the volume concentration, and the values for all of the nanofluids were lower 

than that for the pure water at the same Reynolds number. Towards the turbulent regime, the friction 

coefficient results for the nanofluids and water became difficult to distinguish because of the effect of the 

nanoparticles on the flow physics at this regime. 

 

The transitions shown in Fig. 9 and Fig. 10 occurred at the same Reynolds number as those seen in the 

Nusselt number and heat transfer coefficients results, and the range of Reynolds numbers over which the 

transitions occurred was also the same as those seen in the Nusselt number and heat transfer coefficient 

results. 

 

4.2.3 Comparison of convective heat transfer and pumping power  

 
The heat transfer performance of the nanofluid could be evaluated by comparing the convection heat transfer 

obtained by the nanofluid to the pumping power required to send the nanofluid to the laminar, transition, or 

turbulent flow regime. The following expression for the convective heat transfer efficiency (η) was used by 

Meriläinen et al. [47]: 

 

𝜂 =

(𝑄𝑐𝑜𝑛𝑣.)𝑛𝑓

(𝑃𝑝𝑢𝑚𝑝𝑖𝑛𝑔)
𝑛𝑓

⁄

(𝑄𝑐𝑜𝑛𝑣.)𝑏𝑓

(𝑃𝑝𝑢𝑚𝑝𝑖𝑛𝑔)
𝑏𝑓

⁄

                             (17) 

 
where Qconv. and Ppumping are the convective heat transfer and pumping power, respectively; and the 

subscriptions nf and bf indicate the nanofluid and base fluid, respectively. 
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Fig. 11. Convective heat transfer efficiency of nanofluids for turbulent and transition flow regimes against 

volumetric concentration 

 
 

The heat transfer efficiency, as defined in Eq.(17), was determined by calculating the average convection 

heat transfer and pressure drop values in the transition and turbulent flow regimes. The results are plotted 

against the nanofluid volumetric concentration in Fig. 11. 

 

The laminar region has not been included in the comparison because of the inefficiency of the nanofluids in 

this regime, as stated in section 4.2.1. 

 

Fig. 11 shows that the efficiency of the nanofluids in the transition regime was greater than unity for a 

volume concentration greater than 0.3 vol%, whereas it was less than unity in the turbulent regime. These 

observations show that the nanofluids used were more efficient in the transition flow regime because the 

convective heat transfer dominated the pressure drop, and adding Al2O3 nanoparticles to the water was more 

efficient than simply increasing the flow rate of the pump.  

 

 

5. CONCLUSION 
 

Aluminium oxide–water nanofluids with volume concentrations of 0.3%, 0.5%, and 1.0% were tested in a 

uniformly heated rectangular channel for the entire flow regime, and the following conclusions were made: 

 

 The transition to turbulent flow in a rectangular channel started earlier than in conventional circular 

channels. 

 The transition started earlier when using the nanofluids compared to water, as observed in both the 

heat transfer and pressure drop results. 

 The enhancement in the heat transfer coefficient was 43% more in the transition regime than in the 

turbulent regime. 

 The convective heat transfer efficiency was 1.3% at 1.0 vol% in the transition flow regime, whereas 

it was 0.55% at the same volume concentration in the turbulent flow regime. Thus, the pressure 

drop in the turbulent flow regime was found to be greater than the heat transfer, whereas in the 

transition regime, the heat transfer was found to be greater than the pressure drop.  
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 Enhancements in the heat transfer coefficients and Nusselt number were observed in the turbulent 

flow regime for all three nanofluids, with a maximum enhancement of 11% when using the 1.0 

vol% nanofluid. 

 No heat transfer enhancement occurred in the laminar regime for this nanofluid, and the friction 

factors for the nanofluids tested were significantly higher than that for pure water.  

 The pressure drop increased with the volume concentration. 
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NOMENCLATURE    

                              
Ac      cross-sectional area, m2                                                       

AS      surface area, m2                                  

CP      specific heat, J/kg K                                 

Dh   hydraulic diameter, m                             

f       friction coefficient                              

∆𝑃     pressure drop, Pa                                      
h       heat transfer coefficient, W/m2 °C                          

H      height, m 

h(x)    local heat transfer coefficient, W/m2 °C 

k       thermal conductivity, W/m °C 

L      length of the tube, m  

�̇�      mass flow rate, kg/s  

�̇�      heat transfer rate, W  

�̇�      heat flux, W/m2 

T      temperature, °C 

V      velocity, m/s 

W      width, m  

 

Greek symbols  

  

𝜇      viscosity, kg/m s 

𝜌      density, kg/m3 

∅      volume concentration  

η     convective heat transfer efficiency 
 

Non-dimensional numbers 

Re     Reynolds number  

Nu     Nusselt number 

 

Subscripts 

Avg.   average 

b      bulk 

bf     base fluid 

e      exit 

i       inlet 

nf      nanofluid 

P      particles 
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