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Abstract: In this study, tube side thermal and hydraulic performance of a mini channel shell and tube heat exchanger (MC-STHE) 

designed using Kern method was investigated experimentally for water and α-Al2O3/water nanofluids prepared in two different low volume 

fractions (0.02% and 0.2%). The average particle diameter of Al2O3 nanomaterial used in the preparation of nanofluids is 50 nm. The 

copper tubes (L/D=120) with inner diameter of 2 mm and outer diameter of 3 mm and a length of 240 mm were used in the MC-STHE. 

During the experiments, shell side water flow rate was kept constant at 180 L/h, while the water and nanofluids flow rates on the tube side 

were changed between 60-600 L/h. The use of nanofluids in the MC-STHE deteriorates tube side convective heat transfer coefficient in the 

flow rates below 125 L/h, while enhancing convective heat transfer coefficient in the flow rates above 125 L/h, compared to water. The 

enhancement ratios for convective heat transfer coefficient compared to water were found to be 0.82-1.66 for 0.02% Al2O3/water and 0.9-

1.74 for 0.2% Al2O3/water in the range of 60-600 L/h volume flow rates. However, in the applications in which enhancement of the heat 

transfer is desired, it was obtained that the increase in pumping power should be taken into consideration depending on the selected 

nanofluids volume fraction. According to efficiency index in which increase in heat transfer and pressure drop compared to water are 

evaluated together, it was found that the use of nanofluids was significant in the flow rates above 375 L/h for 0.02% Al2O3/water and in the 

flow rates above 300 L/h for 0.2% Al2O3/water. The use of mini-channel increased the compactness by decreasing the weight and volume of 

the heat exchanger, and in addition to this, higher heat transfer coefficients were obtained by using nanofluids instead of water. 

Keywords: MINI CHANNEL SHELL AND TUBE HEAT EXCHANGER, LOW CONCENTRATION AL2O3/WATER 

NANOFLUIDS, CONVECTIVE HEAT TRANSFER COEFFICIENT, HEAT TRANSFER, PUMPING POWER, KERN METHOD 

 

1. Introduction 

Due to the limited energy resources and ever-increasing energy 

demand, systems with high energy efficiency are gaining 

importance. It is also known that miniaturized manufacturing, 

which show a tendency of continuous decrease in the dimensions of 

devices (such as shell and tube heat exchanger and plate heat 

exchanger) that exchange thermal energy have been popular in 

recent years. In other words, interest in small sized and high 

efficiency heat exchangers is increasing day by day. The importance 

of heat transfer enhancement techniques can be better understood 

by considering the coercive conditions for satisfying energy 

demands at the same thermal powers using thermal energy sources 

of the same and/or lower temperature by heat exchangers produced 

with less material and operating with less working fluid. Some of 

these heat transfer enhancement techniques are passive methods not 

require external power such as increasing the heat transfer area 

(corrugated and finned surfaces), roughening of surfaces, solid 

additives for liquids (e.g. addition of nano-material), while others 

are active methods require external power such as producing 

turbulence and/or promoting turbulence intensity, vibrating the 

surface, and vibrating the fluid [1,2]. 

The heat transfer area per unit volume in heat exchangers is referred 

to compactness. In other words, when smaller hydraulic diameter 

channels are used in a heat exchanger, the surface area that can be 

used for heat transfer is also increased. The main goal in terms of 

thermally and hydraulically in compact heat exchangers is to 

minimize the total cost by reducing physical dimensions of the heat 

exchanger for a given thermal power under defined temperature 

limitations, and to make the heat exchange between the two fluids 

more efficient. If the hydraulic diameter of tube used in shell and 

tube heat exchangers is below 5 mm, such heat exchangers are 

considered as compact. Depending on the application, the total heat 

transfer coefficient is increased, while the required surface area can 

be reduced by using flat or augmented heat transfer surfaces in heat 

exchangers. Thus, higher thermal power transmissions are obtained 

without changing the defined thermal conditions. Heat exchangers 

have been used in many industrial plants and applications such as 

oil refineries, thermal and geothermal power plants, and chemical 

industry etc. Although there are variously designed heat exchangers, 

the shell and tube heat exchangers are the most preferred type 

because they are cheap, easy to manufacture and to maintain [3-7]. 

One of the passive heat transfer enhancement techniques is the 

addition of solid materials (micro- and nano-sized particles) in a 

certain proportions to commonly used working fluids (such as 

water, oil, ethylene glycol). Thus, the working fluids commonly 

used in heat exchangers are converted into suspensions with 

improved thermophysical properties. These suspensions, referred to 

nanofluids, find new applications every day. High thermal 

conductivity, which is important in terms of heat transfer from the 

changing thermophysical properties (specific heat, density, heat 

conduction coefficient and viscosity) of the fluid and the other 

mechanisms specific to nanofluids that facilitate the diffusion of 

heat in the fluid, increase the convective heat transfer coefficient. 

With the developing technology, production of solid materials 

(particles) with small dimensions in the nanometer range is 

becoming widespread and their costs are constantly decreasing.  

Micro materials have disadvantages when compared to nano 

materials, such as faster sedimentation, 1000 times smaller 

surface/volume ratios, lower thermal conductivity when added to 

liquids at the same concentration, clogging of very small diameter 

(micro) channels, more mechanical wear on contact surfaces and 

more increase in pumping power. When using with very small solid 

material sizes and small volume fractions, the importance of 

problems such as clogging and increased pumping power are less 

for nanofluids prepared from nano-materials. Furthermore, the large 

surface area of nanoparticles increases their stability in the fluids 

and slows down the sedimentation. Colloid mixtures formed by the 

addition of nano-sized solid materials into the fluid are referred to 

nanofluids. The higher heat transfer rates are obtained with 

nanofluids compared to commonly used working fluids. These 

fluids are becoming increasingly popular in many applications, such 

as nuclear reactors, engines of vehicles, air conditioning systems, 

processors of mobile phones and computers (smart liquids) and 

even to the cooling of equipment with high thermal density such as 

medical devices. The enhancement effects of nanofluids on heat 

transfer coefficients can be summarized as follows [8-11]. 
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 The high surface area/volume ratio of suspended nano-materials 

in the fluid increases the thermal capacity and the effective 

thermal conductivity of the fluid. 

 The collisions of nano-materials with each other and with the 

contact surfaces also increases the intensity of interactions for 

the working fluid molecules with each other and with the 

contact surfaces. 

 The turbulence intensity and irregular fluctuations in the flow 

are increasing. 

 Random scattering of nano-materials in the fluid contributes to 

the flattening of the temperature gradient in the direction 

perpendicular to the flow. 

Large hydraulic diameter tubes commonly used in the shell and tube 

heat exchangers also increase the amount of fluid needed for 

operation. The use of working fluid can be reduced by decreasing 

the hydraulic diameters of the tubes. However, nanofluids increase 

the risk of clogging by clumping and/or agglomerating in micro and 

nano channels and this makes mini channels the most suitable 

alternative for nanofluids applications. In addition, the use of mini 

channels in the shell and tube heat exchangers has additional 

advantages, such as reduction of the dimensions, minimizing space 

and reduction in weight, as well as increasing thermal efficiency 

and compactness. The thermal efficiency of the heat exchanger can 

be further increased if these factors are supported by the use of 

nanofluids as a working fluid. Mini channels, both reduce 

dimensions of heat exchangers and the amount of working fluid 

used and so energy, material and cost savings can be achieved. 

Depending on the hydraulic diameter used in the flow channels, the 

mini channel definition range is 3 mm ≥D> 200 μm according to 

Kandlikar and Grande, whereas it is 6 mm ≥D> 1 mm according to 

Mehendale et al [12-14]. Some of studies used nanofluids in the 

shell and tube heat exchangers were summarized below.  

Arunachala et al. investigated experimentally heat transfer on the 

shell and tube sides by using water and 4 different concentrations 

(0.5%, 1%, 1.5%, 2%) of Al2O3/water nanofluids (average material 

diameter of 40 nm) in the shell and tube heat exchanger. The tube 

length of the heat exchanger is 1000 mm, the outer diameter of tube 

is 13 mm, the wall thickness is 1 mm and the tube arrangement 

(tube pitch ratio 1.5) is square. The shell of the heat exchanger 

made of PVC has a length of 1100 mm, an outer diameter of 63 mm 

and a wall thickness of 5 mm and the baffle cut ratio is 25%. In the 

experiments where nanofluids for 2% volumetric concentration and 

tube-shell side flow rates were kept constant at 1-2, 2-3 and 3-4 

L/m, heat transfer enhancement compared to water was reported to 

be 34%, 44.8% and 57.6% respectively, in the laminar flow 

(695<Re<1936) conditions [15]. 

Ramesh and Vivekananthan experimentally studied the heat transfer 

in a shell and tube heat exchanger using γ-Al2O3/water (average 

material diameter of 20 nm) nanofluids and ethylene glycol. In the 

experiments performed at 6 different volumetric concentrations 

(0.2%, 0.5%, 1%, 1.5%, 2% and 2.5%), it was stated that there was 

an enhancement in the convective heat transfer coefficient as the 

nanofluids concentration increases. But a decrease in the convective 

heat transfer coefficient was reported after 2.5% volumetric 

concentration, compared to ethylene glycol and water [16]. 

Farajollahi et. al. investigated experimentally tube side thermal 

performance of γ-Al2O3/water (average material diameter of 25 nm 

and 0.3%, 0.5%, 0.75%, 1%, 2% volume concentrations)  and 

Ti2O/water (average material diameter of 10 nm and 0.15%, 0.3%, 

0.5%, 0.75% volume concentrations) nanofluids in a shell and tube 

heat exchanger made of stainless steel under turbulent flow 

(20,000<Pe<70,000) conditions. They used a single tube-pass heat 

exchanger with 16-tubes and a tube pitch of 8 mm. The wall 

thickness of stainless steel tubes was 1 mm with an outer diameter 

of 6.1 mm and a length of 815 mm. The shell inner diameter is 55.6 

mm, the distance between the baffles is 50.8 mm and cut of baffles 

is 25%. The researchers found that the overall heat transfer 

coefficients in the water to water experiments were consistent with 

Gnielinski correlation. Besides, the use of 0.5% Al2O3/water and 

0.3% Ti2O/water nanofluids on the tube side have been reported 

that there were enhanced convective heat transfer coefficient more 

than 50% compared to water [17]. 

Godson et al. studied experimentally tube side heat transfer from 3 

different volumetric fractions (0.01%, 0.03% and 0.04%) of hot 

silver/water (average material diameter of 54 nm) nanofluids to cold 

water in a single pass shell and tube heat exchanger with counter 

flow, in the range of Reynolds 5000-25,000. In the heat exchanger 

where 25 copper tubes are used, inner diameter of the tubes is 4 

mm, while the outer diameter is 6 mm and the length (L/D175) is 

700 mm. The shell made of stainless steel had an inner diameter of 

150 mm and an outer diameter of 200 mm. The researchers found 

that Nusselt numbers obtained from water to water experiments 

were consistent with the Dittus-Boelter correlation with a ±9.2% 

difference. In addition when used nanofluids instead of water, 

convective heat transfer coefficient was augmented 9.2%, 10.87% 

and 12.4% for 0.01%, 0.03% and 0.04% volume fractions 

respectively and also they stated that pumping power increased with 

increase in the volume fraction and viscosity of the nanofluids [18]. 

Mapa and Mazhar experimentally investigated tube side heat 

transfer of a MC-STHE with an inner diameter of 2.4 mm, wall 

thickness of 0.25 mm, and length of 248 mm (L/D103) and 

manufactured from 37 stainless steel tubes. They studied heat 

transfer from the hot water and hot copper-oxide/water nanofluid at 

two different volume fractions of 0.01% and 0.02% (average 

material diameter of 29 nm) passing through the tube (50<Re<450) 

to the cold water on the shell side. Researchers stated that the 

nanofluids enhanced heat transfer and the presence of nano-

materials in the fluid thinned the thermal boundary layer, but the 

thermal power did not increase after Reynolds 200 [19]. 

In this study, the tube side thermal and hydraulic performances of 

water and two different low volume fractions Al2O3/water (0.02% 

and 0.2%) nanofluids were investigated experimentally in a MC-

STHE designed based on Kern method and Kandlikar and Grande 

mini channel approach. The experiments were carried out with hot 

water on the shell side and cold water and cold nanofluids on the 

tube side in the MC-STHE. The average particle diameter of the 

Al2O3 nanomaterial used in the preparation of the nanofluids is 50 

nm. During the experiments, shell side flow rate was kept constant 

at 180 L/h, while the tube side flow rate was changed between 60-

600 L/h. The enhancement and deterioration effects in convective 

heat transfer and hydraulic performance for the use of nanofluids 

instead of water on the tube side of MC-STHE were experimentally 

investigated and discussed. 

2. Experimental setup  

The inner and the outer diameters of the tubes used in MC-

STHE which thermal and hydraulic performance investigated 

experimentally were 2 mm and 3 mm respectively. The rotated 

equilateral triangular tube arrangement (pt = 1.5 Do) having a higher 

heat transfer coefficient on the shell side was preferred in the design 

of tube bundle. A total of 13 tubes were used in the tube bundle and 

L/D ratio was selected as 120 in determining the tube lengths. 4 

baffles with 25% baffle cut were used on the shell side. The 

material of the shell and baffle plates is cast cestamide, while the 

material of tubes is copper. The experiments have been carried out 

under steady state and at the room temperature. A schematic 

drawing of the experimental setup and photo of the test section were 

presented in Fig. 1. In the experimental setup, there are two cycles 

that heat removed (hot fluid) and heat absorbed (nanofluids). The 

flow rates of hot and cold fluids were measured by float type flow 

meters (rotameters) and measurement accuracy of the flow meters 

was controlled by weighted vessel method.  
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The fluid inlet and outlet temperatures at the test section was 

measured by K-type thermocouples, which were checked the 

measurement accuracy in an ice-water bath. The pressure drop on 

the tube side, in which the thermal and hydraulic performance was 

investigated, was measured by a digital differential pressure gauge 

and the measurement accuracy checked with a mercury U-

manometer. The shell side (hot fluid) flow rate and the inlet 

temperature were kept constant at 180 L/h and 40°C, respectively. 

While the tube side (water and nanofluids) flow rate was changed 

between 60-600 L/h and the inlet temperature was kept constant at 

20oC. During the experiments, flow rate, differential pressure and 

temperature measurements were saved on computer. Detailed 

information about the experimental setup, Kern method and the 

design of MC-STHE is given in Ref. [20].  

3. Preparation and thermophysical properties of 

nanofluids 

It is known from literature that the researchers prefer two step 

method which is a more stable and more reliable method in the 

preparation of nanofluids. In this method, previously prepared or 

supplied nano material powders can be added to working fluid in 

the desired proportions (volume or mass fractions) [2, 21]. In this 

study, α-Al2O3 nano materials with a purity rate of 99% and an 

average particle size of 50 nm were used. In order to prevent 

agglomeration of the nano materials according to two-step method 

and to obtain a stable structure in the nanofluids, the nano materials 

added to pure water were mixed in an ultrasonic mixer for 3 hours 

at room temperature. In addition, the nanofluids were transferred 

into a continuously operated mechanical stirrer during the 

experiments and the sedimentation of nano materials was prevented. 

In this study, Al2O3/water nanofluids were prepared at two different 

low volume fractions of 0.02% and 0.2%.  

The preferred expressions for the calculation of Al2O3/water 

nanofluids thermophysical properties used in the experimental study 

are as follows. 

Analytically obtained density expression which was confirmed with 

experimental studies carried out at room temperature for Al2O3 

nanofluids by Pak and Cho [22] and Ho et al [23]: 

(1- )nf w nmρ θ ρ θρ    (1) 

Nanofluids specific heat which was analytically obtained and 

confirmed by experimental studies performed by Zhou and Ni [24] 

for Al2O3/water nanofluid at room temperature: 

, ,

,

(1 ) w p w np p nm

p nf

nf

c c
c

  



 
   (2) 

There are many different expressions for thermal conductivity and 

viscosity of nanofluids in the literature. In this study, the simplest 

and most commonly used expressions suitable for Al2O3/water 

nanofluids and low volume fractions (<0.5%) were preferred. 

Thermal conductivity expression for Al2O3/water nanofluids by 

Timofieeva et al [25]: 

(1 3 )nf wk k     (3) 

Nanofluid viscosity, referred Einstein equation [26], used for 

nanofluids with volume fractions of less than 2%. 

(1 2.5 )nf w      (4) 

In the above expressions, the subscripts nf, nm, w and θ refer to 

nanofluid, nano material and base fluid water, and a volume fraction 

of nanofluids, respectively. The thermophysical properties of water 

are calculated from the expressions given for the temperature range 

0-100oC in Ref. [27]. 

4. Thermal and hydraulic performance 

calculations 

The equations used in the calculation of experimental thermal 

and hydraulic performance in the MC-STHE prototype designed 

using Kern method are as follows. 

Thermal powers for hot fluid and cold fluid (nanofluid): 

, , ,( )h h p h h i h oQ m c T T    (5) 

, , ,( )nf nf p nf nf o nf iQ m c T T    (6) 

Here, the subscripts nf and h refer to cold nanofluids on the tube 

side and hot water on the shell side, respectively, 
hm and 

nfm to 

mass flow rates, cp,h and cp,nf to specific heats, Th,o, Tnf,o to outlet 

temperatures, Th,i, Tnf,i to inlet temperatures. Average thermal power 

in the MC-STHE: 

. ( ) / 2ave h nfQ Q Q    (7) 

. Δave lmQ UAF T   (8) 

Fig. 1 (a) Schematic of experimental setup (b) Baffle (25% baffle cut) (c) Tube sheet (d) Test section. 
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Here, U refers to overall heat transfer coefficient, A to heat transfer 

surface area, F to non-dimensional correction factor for logarithmic 

mean temperature difference and ΔTlm to a logarithmic mean 

temperature difference. When TEMA (Tubular Exchanger 

Manufacturers Association) E-type single shell and single tube pass 

and more than three or four baffles are used, heat exchangers are 

regarded as counter flow, hence F=1 [28]. 

Logarithmic mean temperature difference for counter flow: 

  
   

, , , ,

, , , ,

- -

- -
   

h i c o h o c i

lm

h i c o h o c i

T T T T
T

In T T T T
 

 
 

  (9) 

Convective heat transfer coefficient for shell side (hot water) 

according to Kern method [29]: 

1/3  Re Prh h eh k j D   (10) 

Here, jh is obtained from graphs proposed by Kern, depending on 

the baffle cut used on the shell side, tube arrangement and the 

Reynolds number. Overall heat transfer coefficient (Ui) according to 

inner surface of tubes with circular cross section: 

1 1
ln

2

i o i

i i oh t nf

D D D

U h k D D h
     (11) 

The tube side convective heat transfer coefficient for nanofluid hnf 

is calculated by the above equation. The pumping power selected as 

hydraulic performance criterion [30]: 

ΔpW p    (12) 

Here,    is the volume flow rate, and ∆p is the pressure drop 

between the inlet and outlet of the tubes. Efficiency index, in which 

increase in heat transfer and pressure drop compared to water is 

calculated together, defined in order to evaluate enhancement in 

heat transfer by using nanofluids at similar Reynolds numbers [1]: 

   e nf w nf wη j j f f   (13) 

5. Uncertainty analysis 

Measurement uncertainties may occur due to sensitivities of 

measurement equipment used in the experimental study, the 

accuracy of measurement, reading error of the experimenter, 

ambient conditions (such as heat, light, humidity and electronic 

oscillations) and error ratios of the equipment. The uncertainties in 

the experimental results were calculated using the method proposed 

by Kline and McClintock [31]. Relative errors of the measuring 

equipment used in the experimental setup are 4% for the flow meter 

and 1% for the thermocouples. The results of the average 

uncertainty calculated were given in Tab. 1. 

6. Result and discussion 

 The prototype of a MC-STHE designed for an average thermal 

power of 1-1.5 kW using Kern method was manufactured in Gerede 

Vocational School workshop. Water to water test experiments were 

carried out to check the accuracy of measurements with 

experimental setup, before the thermal and hydraulic performance 

measurements for water and nanofluids in the MC-STHE. While the 

heat exchanger was very well insulated against the surroundings 

during the experiments, it was observed that there were heat losses 

and thermal power differences between the shell side and tube side. 

In the final experiments with prepared nanofluids and water, the 

average thermal power differences between the shell and tube sides 

were approximately 7%. The overall heat transfer coefficient (U) 

for water and nanofluids was obtained from Eq. (8), and the shell 

side convective heat transfer coefficient was obtained from Eq. (10) 

and, experimental convective heat transfer coefficients for water 

and nanofluids on the tube side from Eq. 11 were obtained.  

In case of the shell side flow rate is kept constant at 180 L/h, the 

change of experimental convective heat transfer coefficients, heat 

transfer enhancement ratios, efficiency indexes and pumping 

powers obtained in the range of 60-600 L/h flow rates for water and 

nanofluids on the tube side has been shown in Fig. 2-5 depending 

on the volume flow rates. 

As seen in Fig. 2, the experimental convective heat transfer 

coefficients, which are the thermal performance indicators, showed 

a similar trend for water and nanofluids in the range of volume flow 

rates 60 to 125 L/h (in the region where the flow is considered as 

laminar). However, it was found that convective heat transfer 

coefficients obtained with nanofluids gave results under the 

convective heat transfer coefficients for water. Therefore, low 

volume fraction nanofluids have an effect on decreasing the 

convective heat transfer coefficient compared to water. In other 

words, the use of nanofluids in the laminar region has been found to 

have adverse effects on the convective heat transfer coefficient. The 

average decrease in the convective heat transfer coefficient 

compared to water was −14% for 0.02% volume fraction while was 

−5% for 0.2% volume fraction. 

Both water and nanofluids showed a similar trends as in the laminar 

region in the volume flow rate range of 150-350 L/h (where the 

flow is considered in the transition region). However, it has been 

observed that the results for nanofluids were above the convective 

heat transfer coefficient of water in the range of volume flow rates 

150-350 L/h and therefore, the use of nanofluids had a positive 

effect. The use of nanofluids in the transition region was provided 

an average enhancement of 3.7% for 0.02% volume fraction 

compared to water in the convective heat transfer coefficient, while 

providing an average 13% enhancement for 0.2% volume fraction. 

These results indicate that the random motion of nanoparticles 

added to water and their interactions with each other slightly 

increased the fluctuations in the channel through which the flow 

passes. In addition, the changing thermophysical properties of the 

fluid were also effective in the increase of the convective heat 

transfer coefficient. 

The similar trend between water and nanofluids was impaired in the 

range of volume flow rates 350-600 L/h (turbulent region), but the 

similar trend for different volume fractions of nanofluids has been 

continued. In other words, the use of nanofluids in this range of 

volume flow rates delayed the transition to the fully developed 

turbulent regime and extended the transition region. The average 

enhancement in convective heat transfer coefficient compared to 

water was obtained 25% for the 0.02% volume fraction, and 34% 

for the 0.2% volume fraction. The intensity of fluctuations of the 

nano materials and their effects on the convective heat transfer have 

been increased much more with increasing volume flow rate as in 

the range of 150-350 L/h. Therefore, the use of nanofluids instead 

of water even in very small volume fractions such as 0.02% 

significantly augmented the convective heat transfer in the range of 

350-600 L/h.  

Table 1: Uncertainty result. 

 Average uncertainty (%) 

Water 
0.02% 

Al2O3/water 

0.2% 

Al2O3/water 

Reynolds number 1.38 1.37 1.26 

Tube side thermal power 3.73 3.53 3.28 

Shell side thermal power 11.79 12.61 12.22 

Overall heat transfer 

coefficient 
6.72 6.47 6.16 

Logarithmic mean 

temperature 
1.93 2.03 2.02 
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Fig. 3 Convective heat transfer enhancement ratios versus volume 

flow rate. 

The convective heat transfer enhancement ratios of nanofluids 

compared to water were given in Fig. 3. The enhancement ratios in 

the range of volume flow rates 60-125 L/h were lower than one, 

while the enhancement ratios in the range of 150-600 L/h were 

higher than one. The lowest and highest enhancement ratios in the 

flow range of 60-600 L/h were between 0.82 and 1.66 for 0.02% 

volume fraction, while for 0.2% volume fraction between 0.9 and 

1.74%. The results of convective heat transfer coefficient and 

enhancement ratio were evaluated together, while the use of 

nanofluid on the tube side of MC-STHE has a negative effect at the 

volume flow rates up to 125 L/h. It has been found that the negative 

effects were disappeared and the positive affects of the nanofluids 

has been become apparent gradually after 125 L/h.  

In Fig. 4, the change in pumping power, selected for the hydraulic 

performance variable of water and nanofluids, was given by volume 

flow rate. The pumping power of nanofluids at constant volume 

flow rate is higher than water. The pumping power of the nanofluids 

is higher than that of water, because the flow induced pressure drop 

depends on density and viscosity of the fluid. The nano materials 

added to the water were increased the density and viscosity of the 

fluid. The average pumping power is 4% higher for 0.02% and 42% 

higher for 0.2% compared to water in the range of volume flow rate 

60-600 L/h. In high volume flow rates, the volume fraction of 

nanofluids had less effect on pumping power than water, whereas in 

low volume flow rates, it had a greater effect on pumping power 

than water. When the heat transfer in a MC-STHE was desired to 

improve with nano fluids, pumping power and heat transfer results 

should be evaluated together and the increase in pumping power, 

depending on the selected volume ratio must be considered. 

It is understood that a significant improvement was made when the 

value of the efficiency index, used to evaluate the effect of the 

nanofluids on improving the heat transfer, is greater than one. 

According to this definition and to Fig. 5, upwards 350 L/h for a 

0.02% volume fraction and upwards 300 L/h for a 0.2% volume 

fraction, the use of nanofluids was meaningful in terms of the heat 

transfer enhancement. 

Efficiency indexes were obtained as 1.67 and 1.4 for 0.02% and 

0.2% respectively at the highest volume flow rate (600 L/h) in the 

study. According to Fig. 2, the highest convective heat transfer 

coefficients in the range of volume flow rates 60-600 L/h were 

obtained for 0.2% volume fraction. In this volume flow rate range, 

the Prandtl numbers for the volume fractions of 0.02% and 0.2% are 

very close to each other.  

Due to the changing thermophysical properties of nanofluids, higher 

Reynolds numbers were obtained for 0.2%. As can be seen from the 

definition of Colburn factor, increase in the Reynolds number with 

the use of nanofluids was less than increase in the convective heat 

transfer coefficient and so the increase in average Colburn factor at 

0.2% volume fraction was greater than 0.02% volume fraction. 

According to the results of jnf/jw ratio in the numerator of efficiency 

index, the increase in Colburn factor was obtained higher for 0.2% 

volume fraction. Also, the fnf/fw ratio in the denominator of the 

efficiency index has been found higher at 0.2% volume fraction. 

Because of the effectiveness index is inversely proportional to fnf/fw 

ratio (Eq. 13), better enhancement with 0.02% volume fraction 

nanofluid has been determined in terms of the efficiency index in 

the flow rate range of 60-600 L/h. Empirical correlations in the 95% 

confidence interval have been proposed to correlate the convective 

heat transfer coefficient results obtained from experimental studies 

with the Reynolds number, Prandtl number and the volume fraction 

of nanomaterial. Proposed correlations are given in Tab. 2. 

Fig. 2 Experimental convective heat transfer coefficients versus volume 

flow rate. 

Fig. 5 Efficiency index versus volume flow rate for nanofluids. 

Fig. 4 Pumping powers versus volume flow rate. 
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7. Conclusions 

In this study, a MC-STHE is designed using the proposed 

relations for macro pipes by Kern. According to the design 

conditions, average thermal power of 1-1.5 kW, single shell, single 

tube pass and counter flow heat exchanger is manufactured. The 

volume flow rate of the shell side was kept constant at 180 L/h 

during the experiments. The volume flow rate of the tube side was 

changed from 60 to 600 L/h. In the experimental studies, hot water 

on the shell side and cold water and Al2O3/water nanofluids, 

prepared in two different low volume fractions, on the tube side 

were used. The selected thermal and hydraulic performance 

criterions, convective heat transfer coefficient and pumping power 

were obtained depending on the volume flow rate by using the tube 

side experimental results. In addition, the efficiency index selected 

for the evaluation of thermal and hydraulic affects together was also 

calculated for experimental results. The results obtained in this 

study are as follows: 

 It was observed that experimental convection heat transfer 

coefficients and pumping power increased with increasing 

Reynolds number and nano material’s volume fraction. 

 The use of nanofluids, in the range of volume flow rates 60-125 

L/h, adversely affected the convective heat transfer coefficient 

and deteriorated the convective heat transfer coefficient 

compared to water. 

 In the volume flow rate of 150-350 L/h, the nanofluids 

positively affected the convective heat transfer coefficient, 

whereas even in very small volume fractions, the use of 

nanofluids in the MC-STHE significantly increased the heat 

transfer compared to water. Average enhancements in the 

convective heat transfer coefficient for 0.02% and 0.2% volume 

fractions in the range of volume flow rates 150-350 L/h are 

3.7% and 13% respectively. 

 While the rate of increase in the convective heat transfer 

coefficient of water decreased in the 350-600 L/h volume flow 

rates, the convective heat transfer coefficient of nanofluids has 

been continued to increase at the same rate by volume flow rate. 

The nanofluids were delayed the flow to be turbulent and 

extended the transition region. The obtained average 

enhancements in the convective heat transfer coefficient for 

nanofluids with the volume fractions of 0.02% and 0.2% are 

25% and 34% respectively in these volume flow rates. 

 The pumping power has been higher 66% to 8% and 68% to 

24% for 0.02% and 0.2% nanofluids volume fraction compared 

to water respectively, in the investigated volume flow rate range 

(60-600 L/h). Therefore, the increase in pumping power should 

also be taken into account depending on the selected nanofluids 

volume fraction. 

 A better enhancement was obtained for 0.02% volume fraction 

in terms of the efficiency index where the thermal and hydraulic 

performances were evaluated together, in the volume flow range 

60-600 L/h. 

 The use of nanofluids instead of water in MC-STHEs has a 

positive effect on the tube side convective heat transfer 

coefficient, especially after the volume flow rate of 125 L/h. 

While the use of mini channels instead of macro tube reducing 

the weight and volume of the heat exchanger and increasing the 

compactness, higher convective heat transfer coefficients can be 

obtained in the MC-STHE by using nanofluids instead of water. 
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9. Nomenclature 

A - area (m2) 

cp - specific heat (J kg-1 K-1) 

Dh - hydraulic diameter (m) 

De - shell equivalent diameter (m) 

Di - inner diameter (m) 

Do - outer diameter (m) 

F - non-dimensional correction factor 

f - Fanning friction factor [=∆p/(4 (L/D) (ρ u2))] 

h - convective heat transfer coefficient (W m-2 K-1) 

j - Colburn factor [=Nu/ Re Pr1/3] 

k - thermal conductivity (W m-1 K-1) 

L - length (m) 

MC-STHE - mini-channel shell and tube heat exchanger 

m  - mass flow rate ( kg s-1) 

Nu - Nusselt number [=h D/ k] 

Pr - Prandtl number [=μ cp/ k] 

pt - tube pitch (m) 

∆p - pressure drop (Pa) 

Q - heat transfer rate (W) 

Re - Reynolds number [=ρ u D/ μ] 

T - temperature (K) 

Table 2: Empirical correlations for water and nanofluids. 

Correlation Comments and Limitations 

 1.183  1/30.00093 Re  PrNu    Water, 1900 ≤Re≤ 5100, Pr=6.7, R2= 0.995 

 1.183  1/30.43 Re  PrNu   Water, 5100 < Re≤ 10,000, Pr=6.7, R2= 0.941 

 1.193  1/3
 0.02% 0.000876 Re  PrNu   Al2O3/water (θ=0.02%), 1000 <Re< 10,000, Pr=6.67,  R2= 0.994  

 1.219  1/3
 0.2% 0.000734 Re  PrNu   Al2O3/water (θ=0.2%), 1000 <Re< 10,000, Pr=6.64,  R2= 0.983  

Alternative correlation for Al2O3/water nanofluids 

 1.201  1/3  0.0249
 0.0009 Re  Pr  θNu θ  Al2O3/water (0% <θ≤ 0.2%), 1000 <Re< 10,000, Pr=6.65,  R2= 0.988   
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U - overall heat transfer coefficient (W m-2 K-1) 

   - volume flow rate (L h-1) 

W   - power (W) 

ΔTlm - logarithmic mean temperature difference (K) 

Greek Letters 

η - efficiency index [≡ (jnf/jw)/(fnf/fw)] 

θ - volume fraction (%) 

μ - dynamic viscosity (kg m-1 s-1) 

ρ - density (kg m-3) 

Subscripts 

ave. - average o - outlet 

h - hot fluid p - pump 

i - inlet, inner s - shell 

nf - nanofluid t - tube 

nm - nanomaterial w - water 
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