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INTRODUCTION 

Nanofluids which have wide range of applications in industry, are defined as suspensions of solid nanoparticles in 

form of organic or inorganic materials in basic fluids which are mainly utilized for heat transfer applications. These 

nanoparticles improve the heat transfer performance by raising conduction and convection coefficients which enables 

them to be more effective in various applications [1]. The currently available heat transfer fluids which are used for these 

purposes including refrigerants, water, ethylene glycol mixture, engine oil, etc., possess poor heat transfer capability. This 

implies that high compactness and effectiveness are key factors which can determine the overall performance of a good 

heat transfer fluid. 

Recently, in different research works it has been reported that nanofluids have better performance as heat transfer 

agent compared to conventional fluids [2-12]. Among them, Choi [2] coined the term nanofluids to introduce the fluids 

containing suspended nanoparticles for the first time. Moreover, it was reported by Choi et al. [3] that addition of even 

less than 1 vol.% of nanoparticles to base heat transfer liquids increases thermal conductivity up to about two times. In 

addition, in a research Yu et al. [4] showed that by adopting different types of nanofluids, heat transfer performance can 

be improved by almost 15-40%. In another research, Xuan and Li [5] performed a research to assess the convective heat 

transfer coefficient of water/Cu nanofluids, where, considerable enhancement of heat transfer performance was observed. 

They have reported that for a given Reynolds number, the nanofluid containing 2 vol.% Cu nanoparticles had greater (by 

60%) convective heat transfer coefficient in comparison to pure water. Additionally, in several investigations it has been 

shown that the nanofluids possessing low amount of nanoparticles can have 10% higher thermal conductivity [13-20]. In 

another research, Naphon [21] thermal conductivity of the fluid containing only 0.3 vol.% Cu nanoparticles was increased 

by about 40% which is significant. 

Automobile radiator which is a key component of vehicle engines plays an important role and belongs to cross flow 

heat exchangers. They are also useful in huge vehicles including construction equipment, trains, compressor coolers, etc., 

which cause them to be of great importance. Vehicle weight can be reduced by deploying optimized design and size of 

radiator which is essential for achieving a cleaner environment. In many researches, it was tried to vary the geometry of 

heat exchanger apparatus through different fin types, various tube inserts, or rough surface [22-28]. Using electric or 

magnetic field or vibration techniques have been focused in some researches [29-32]. In this respective, Kulkarni et al. 

[31] reported that energy efficiency can be enhanced by optimizing topological and configuration features, however, 

much more attention must be paid to heat transfer fluid. However, deploying traditional approaches for increasing cooling 

rate through optimizing fins and micro channel is limited. Thus, innovative heat transfer fluids should be improved to 

enhance heat transfer capability of automotive car radiator. In other words, it is thought that nanofluids can be used instead 

of conventional coolants in engine cooling system. Considering the above mentioned features, it is possible to reduce 

weight and size of car radiator while increasing heat transfer performance [33]. 

So far, some experimental researches have been performed in order to find methods and nanomaterials that can amend 

performance of an automotive car radiator by exploiting nanofluids as coolants [34-40]. In this regard, application of EG 
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based copper nanofluids in an automotive cooling system was investigated by Leong et al. [32]. In order to investigate 

the performance of nano-fluid based coolants in automotive car radiator, results obtained for various researches have been 

collected. In literature, it has been shown that adding 2% volume fraction Cu nanoparticles to base fluid to prepare the 

nanofluid, increases the heat transfer performance by almost 3.8% in which  Reynolds numbers of air and coolant were 

6000 and 5000, respectively. Moreover, Peyghambarzadeh et al. [38, 39], have used 1 vol.% Al2O3 in pure water and 

water/ethylene glycol mixture to conduct the experiments in an automobile radiator which resulted 45% and 40% increase 

in convective heat transfer coefficient, respectively. 

In the present research, to prepare a nanofluid with enhanced heat transfer capability, silver nanoparticles are 

considered and added to water as the base fluid. Silver nanoparticles were chosen in this study as they possess higher 

thermal conductivity compared to other nanoparticles such as Cu and Al2O3. Thus herein, forced convection heat transfer 

coefficients of the prepared nanofluids are calculated in an automotive car radiator by using Ag/water nanofluids as 

coolants under fully laminar conditions. Car radiator is included in setup test in which effects of various factors including 

Reynolds numbers of air and coolant, nanoparticles concentration and temperature of circulating fluid on its heat transfer 

performance are studied. 

 

METHODS AND MATERIALS 

Experimental Test Rig and Procedures 

Figure 1 shows the schematic diagram of the experimental apparatus used in this work. It includes flow lines, a 

reservoir tank, a centrifugal pump, heating elements, a fan with a frequency inverter, a hot wire anemometer, a flowmeter, 

a thermometer, and a cross flow finned tube heat exchanger (a car radiator). Reservoir tank is 60 liter in volume (60 cm 

in height and 35 cm in diameter) and the working liquid would fill 20% of the total volume. For providing same conditions 

for the used fluids, the total volume of the circulating liquid was kept constant in all experiments. The reservoir tank and 

pipe lines are thermally insulated which can be useful in inhibiting the heat loss to the surrounding. The centrifugal pump 

provides a constant flow rate of 90 l/min; the flow rates are controlled by using two adjusting valves, one at the main flow 

loop and the other one at the by-pass line (Figure 1). For heating the working fluid, three heating elements (each one 2 

kW) and a controller were used to maintain the temperature between 80 and 90°C. Note that the velocity of the air was 

controlled by a frequency inverter which controls the fan speed. Air velocity was measured by a hot wire anemometer 

(Lutron YK-2004AH Type). For controlling and manipulating the flow rate, a flow meter (Technical Group LZM-15Z 

Type) with precision of 0.1 l/min was used. The temperatures of the fluids at inlet and outlet sections of the automobile 

radiator were measured by employing a thermometer (Lutron TM-946 Type) with two K-type thermocouples, having 

±0.1°C accuracy. Two other J-type thermocouples were also utilized to monitor the temperature of the radiator wall. In 

the experimental setup, the thermocouples were located at the center of the radiator surfaces (both sides). As the flat tubes 

are very small and also their thermal conductivities are high, it seems to be rational to consider the temperature of inside 

and outside of the tube, as equal. The measured temperatures were monitored on two digital monitors with the accuracy 

of 0.1°C. Before performing the experiments, all thermocouples were thoroughly calibrated by employing a constant 

temperature water bath, and their accuracies were estimated to be ±0.2°C. The type of the radiator core is shown in Figure 

2. It consists of 178 vertical tubes with four tube rows. The tube cross section is rectangular with circular ends. The fins 

and tubes are made by copper and there are 181 continuous fins. For cooling the liquid, an axial forced fan (PEM C90S-

2 Type) was placed near to axis line of the radiator and thus air and water have indirect cross flow contact.  

 

 

Figure 1. Schematic illustration of the experimental setup  
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Figure 2. Schematic sketch and dimensions of the car radiator 

 

To conduct the experiments, the nanofluids which were prepared by using small amount (0-0.5 vol.%) of silver 

nanoparticles in water were adopted. The Ag nanoparticles were purchased from a commercial company and as shown in 

Figure 3 they have mean diameter of 10 nm. In order to study only effect of the added nanoparticles, dispersants or 

stabilizers were not added to nanofluids because addition of any other materials can lead to changes in fluid properties 

[40] and the authors were intended to simulate the actual conditions of automobile radiator.  

 

 

Figure 3. Transmission electron microscopy (TEM) image of the used Ag nanoparticles 

 

Experimental Uncertainties 

By calculating the errors of the measurements, uncertainty analysis was performed, in which, errors in measuring the 

hydraulic diameter and flow rate of nanofluid and air causes error and uncertainty range in assessing the coolant and air 

Reynolds numbers. Moreover, the uncertainty of the parameters such as heat transfer efficiency and Nusselt number of 

nanofluid is dependent on the errors which are found in measuring the temperatures, hydraulic diameter, and volume flow 

rate of the nanofluid. Based on uncertainty analysis which has been defined by Moffat [41], the measurement errors of 

the important factors are given in Table 1. Subscripts “nf”, “Dh”, “h”, “Re” and “Nu” refer to the nanofluid, hydraulic 

diameter (m), convection heat transfer coefficient (W/m2K), Reynolds number and Nusselt number, respectively. 

 

Table 1. The uncertainty of the measured parameters 

Parameter Value Uncertainty 

Dh,nf 4.36 (mm) 1.3% 

Dh,air 3.81 (mm) 1.1% 

Renf 500 to 1700 4.6% 

Reair 4000 to 5000 5.4% 

hnf 300 to 1100 (W/m2k) 8.3% 

Nunf 2 to 5 11.6% 
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Data Processing 

Estimation of nanofluids physical properties 

Concentration of the nanoparticles in the nanofluid can be regarded as equal throughout the prepared nanofluid, by 

considering the well distribution of them inside the base fluid. Some classical equations which are common for two phase 

fluids can be employed for studying the effective physical properties of the mixtures [37]. These equations have been 

adopted to estimate the physical properties of the nanofluid which include density (


), specific heat (Cp), viscosity  

(


) and thermal conductivity (k) at different temperatures and concentrations [42-44]. 

The effective density of nanofluid (kg/m3) is defined as follows: 

( ) pvwvnf  +−= 1
 

(1) 

Subscripts “nf”, “w” and “p” refer to the nanofluid, water and nanoparticles, respectively. “ v ” is the nanoparticles 

volume concentration. 

The specific heat of the nanofluids was calculated using the equation given by Xuan and Roetzel [45] which assumes 

a thermal equilibrium between the base fluid and the nanoparticles. The equation is: 
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The viscosity ( nf
) (Pa.s) and the effective thermal conductivity (W/m.k) of the nanofluids (knf) are calculated from 

the following equations, respectively: 
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(4) 

In these equations, factor of empirical shape is shown by “n” which is calculated by n = 3/ψ, and the particle sphericity 

is shown by “ψ” . This is considered as the ratio of the surface area of a sphere to the surface area of the particle, where, 

both possess the same volume. In addition, “n” is considered as 3 in the current research work. To interpret the results 

better, changing in dimensionless physical properties of the nanofluids are depicted in Figure 4. In this figure, the ratios 

of physical properties of the prepared Ag/Water nanofluids to those of the pure water as the base fluid are exhibited as a 

function of nanoparticles concentration. It is obvious that adding small amount of silver nanoparticles can make changes 

in the physical properties of the base fluid significantly. 

 

 
Figure 4. Dimensionless physical properties of nanofluid in comparison with those of pure water 

 

Calculation of convection heat transfer coefficient 

In order to obtain the convection heat transfer coefficient and Nusselt number, the following calculations were done. 
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( )wallb TTAhQ −= exp  
(5) 

The heat transfer rate can be calculated as:  

( )outinp TTCmQ −= 
 

(6) 

Considering the equality of “Q” (W) in the above equations, the heat transfer coefficient and respective Nusselt 

numbers of the nanofluids can calculated: 
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(8) 

where the mean Nusselt number of the whole radiator is indicated by “Nuexp”, mass flow rate (kg/s) is shown by  

“ m ” which is obtained by multiplying density by volume flow rate of fluid, “Cp” denotes fluid specific heat capacity 

(J/kg.K), “Tin” and “Tout” show inlet and outlet temperatures (K), respectively, “A” refers to peripheral area of radiator 

tubes (m2), and “Tb” shows bulk temperature (K). This is considered as the mean values of inlet and outlet temperature 

of the working fluid which moves inside the radiator. Moreover, average value of two surface thermocouples is shown 

by “Twall” (K). In addition, in the Eq. 8 fluid thermal conductivity and hydraulic diameter of the tube are indicated by 

“knf” and “Dh”, respectively. In all experiments, for calculating the physical properties, fluid bulk temperature was 

considered. 

 

RESULTS 

Convection Heat Transfer Coefficient of Pure Water 

Prior to starting the experiments regarding the application of the prepared nanofluids in the car radiator, some 

experimental runs were performed by using pure water, so that the reliability and accuracy of the setup was checked and 

controlled. Experimental results of water flow through radiator at constant inlet temperature of 85°C are shown in Figure 

5. As expected, by increasing the Reynolds number of the coolant, the Nusselt number was increased. The Experimental 

results were compared with the following empirical equation suggested by Seider–Tate [43] for laminar flow: 

14.0
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(9) 

“ wnf
” is nanofluid viscosity at tube wall temperature and “Pr” is Prandtl number of nanofluid. As shown in Figure 

5, there is a good agreement between experimental data and the results obtained from Seider–Tate [43] equation which 

confirms the accuracy and reliability of the experimental data which have been used for further experiments. 

 

 
Figure 5. The results of pure water in comparison with the Seider–Tate correlation [43] 
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Convection Heat Transfer Coefficient of nNanofluid 

Effect of fluid temperature 

Results obtained by investigating the effect of temperature variations (80 to 90°C) on the heat transfer performance 

of the car radiator at nanoparticles concentration of 0.5 vol.% and fixed average air and coolant Reynolds numbers of 

4500 and 500, respectively, are presented in this section. Figure 6 shows the changes of the heat transfer coefficient as a 

function of temperature for Ag/water nanofluid and pure water. As it is clear, by increasing the inlet temperature the 

convection heat transfer coefficient was increased. At inlet temperatures of 80, 85, and 90°C convection heat transfer 

coefficients of the nanofluids were enhanced by 21.8%, 21.7% and 20.3% relative to that of pure water, respectively. It 

is thought that this improvement of heat transferring capability can be attributed to impact of temperature on the physical 

properties and Brownian motion.  

 

 

Figure 6. Variations of convection heat transfer coefficient at different temperatures (at the nanoparticles concentration 

of 0.5 vol.%) 

 

Effect of coolant Reynolds number 

In this section, analysis of the coolant Reynolds number 
( )500 Re 1700 

 of the car radiator at a fixed inlet temperature 

(85°C) and an air Reynolds number of 4500 with varying silver nanoparticles volume fraction is incorporated. Coolant 

Reynolds number plays a vital role in determining the radiator’s thermal performance. Inappropriate Reynolds number 

of coolant might cause the engine might be overcooled or overheated. The radiator can ensure optimum temperature 

operation of the engine by adjusting Reynolds numbers of the coolant and air. Although coolant pumping is performed 

by an engine, thermostat also plays a determining role in controlling the Reynolds number of the coolant [33].  

 

 

Figure 7. Effect of coolant Reynolds number on convection heat transfer coefficient of the car radiator 
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Convection heat transfer coefficient of the car is shown in Figure 7. Naturally, the convection heat transfer coefficient 

increases by increasing the coolant Reynolds number. For example, by adding 0.5% Vol.% Silver nanoparticles, 

convection heat transfer coefficient was improved by 30.2% at inlet temperature of 85°C and  Reynolds numbers of 1100 

and 4500 for coolant and air, respectively. Figure 7 also shows that heat transfer performance of the car radiator containing 

nanofluid is higher than that of the car radiator using pure water. 

 

Effect of air Reynolds number 

In this section, it is discussed how the air Reynolds number can affect the heat transferring capability of the car 

radiator. Coolant’s volumetric and mass flow rates, Prandtl and Nusselt numbers did not experience any changes since 

the coolant Reynolds number was kept fixed at 1100. However, concentration of Silver nanoparticles and air Reynolds 

number were increased from 0 to 0.5 vol.% and 4000 to 5000, respectively. Nanofluids with higher Silver volume fraction 

provide higher convection heat transfer coefficient than that of the base fluid. The same scenario happened for the heat 

transfer of car radiator where it is proportional to air Reynolds number as shown in Figure 8. By adding 0.5 vol.% Silver 

nanoparticles at average inlet temperature (85°C), coolant and air Reynolds number (1100 and 5000, respectively), about 

23.3% improvement in convection heat transfer coefficient can be achieved. Moreover, the results of experiments 

exhibited that higher air Reynolds number leads to better heat dissipation process, however, by considering the design of 

the car radiator it must be ensured that the engine operates at optimum temperature. Driving conditions or its speed and 

engine load must be considered. For instance, while driving uphill the engine must operate at higher load and due to lower 

air velocity, the air Reynolds number should be low. Hence, in this condition the engine might get overheated. However, 

when driving downhill an engine only needs to be operated at lower load and at the same time high air Reynolds number 

is observed, so engine might be overcooled. Therefore, these aspects must be taken into consideration when designing 

automotive radiator [33].  

 

 

Figure 8. Effect of air Reynolds number on convection heat transfer coefficient of the car radiator 

 

Effect of volume fraction of Silver nanoparticles 

In this part, effect of Silver nanoparticles volume concentration on heat transfer capability of the car radiator is 

discussed. According to above results, the best conditions for highest heat transfer rate are temperature of 90°C, and 

Reynolds number of 600 and 5000 for coolant and air, respectively. For evaluating the effect of Ag volume fraction, the 

nanofluids were prepared using different Ag concentrations of 0.1, 0.3, and 0.5 vol.%. Figure 9 depicts changing of heat 

transfer performance at various nanoparticle concentrations. As can be seen, the ratio of the nanofluid Nusselt number to 

the water Nusselt number (Nunf/Nuw) has been increased by increasing nanoparticles concentration. By adding only 0.5 

vol.% Ag nanoparticles to  water, Nusselt number was increased by about 24% compared with that of the pure water. 

Additionally, at different fluid inlet temperatures of 80 and 85°C, the trend same as at 90°C was observed.  
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Figure 9. Effect of Silver volume fraction on heat transfer coefficient of the car radiator at constant temperature, and 

constant air and coolant Reynolds numbers 

 

Considering the results which have been obtained from this study, it was observed that when low amount of silver 

nanoparticles is added to water, thermal conductivity increases slightly, specific heat decreases, and also viscosity and 

density increase sharper. For better understanding, Figure 4 illustrates variations of physical properties of the prepared 

Ag/Water nanofluid. However, these variations are negligible (of about 3.5%) which can’t be considered for explaining 

heat transfer enhancement of up to 30.2% obtained in this study. Thus, it can be concluded that by employing the prepared 

Ag/water nanofluids in car radiator, its efficiency can be enhanced considerably. In literature, it has been suggested that 

Brownian motion and formation of nanolayer are among the most determining factors in enhancing the heat transfer 

performance. As reported in literature, the thickness of thermal boundary layer, due to application of silver nanoparticles 

and the random motion of the nanoparticles within the base solution, is decreased [46]. This greatly affects the heat 

transfer performance and enhances the heat transfer capability [46]. Regarding the accidental movement of nano-scale 

particles, between solid particles and fluid medium, a slip velocity can be formed [50]. Moreover, it has been suggested 

[46] that small variations in temperature and velocity might affect the Brownian motion. 

The higher convection heat transfer coefficients provided by employing the prepared nanofluid, allowed the working 

fluid in the car radiator to be cooler. Adding nanoparticles to water for producing an efficient nanofluid can enhance 

engine efficiency by improving the cooling rates and also reducing the radiator size. Adopting nanofluids which leads to 

smaller coolant systems provides possibility of using smaller and lighter radiators which amends vehicle performance 

and leads to more efficient fuel economy [41]. 

       

CONCLUSIONS 

In the current research work, effects of some variables on heat transfer performance of the car radiator have been 

investigated. For this end, the nanofluids which were prepared by water and silver nanoparticles were adopted. Moreover, 

nanoparticles volume fraction, temperature, air and coolant Reynolds numbers were varied in order to determine the heat 

transfer performance of the radiator by using nanofluids. After preforming the experiments by using the nanoparticle 

silver/water, the following conclusions were observed:  

1) The results confirmed that by increasing the working fluid temperature in the car radiator (ranging from 80 to 90°C), 

the convection heat transfer coefficient is increased. In this respective, at 90°C, about 20.3% heat transfer 

enhancement was achieved by adding 0.5 vol.% Silver nanoparticles at 500 and 4500 Reynolds numbers for coolant 

and air, respectively. 

2) Moreover, it was concluded that by raising the Reynolds number, the heat transfer performance of the car radiator 

can be enhanced. In addition, by increasing the coolant Reynolds number from 500 to 1700, about 71.8% and 65.3% 

heat transfer enhancement were observed for pure water and water containing 0.5 vol.% Silver nanoparticles, 

respectively. 

3) By raising air Reynolds number (or equally speed of fan) from 4000 to 5000, about 43.5% and 44.2% heat transfer 

enhancement were observed for pure water and water with 0.5 vol.% Silver nanoparticles, respectively. 

4) In general, presence of silver nanoparticles in water for preparing a stable nanofluid could enhance the heat transfer 

performance of the car radiator. Heat transfer enhancement level is dependent on amount of nanoparticles which is 

added to pure water. Consequently, the best results were obtained at 90°C, Reynolds numbers of 500 and 5000 for 
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coolant and air, respectively, and by adding 0.5 vol.% Ag nanoparticles to base fluid which yielded the heat transfer 

enhancement of 30.2% compared to pure water. 
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