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Abstract  

An analytical-numerical study on the thermal behavior of nanofluid in a cylindrical heat pipe is performed to investigate the nanofluid application in 

air conditioning systems. Pure water and Al2O3-water nanofluid are used as working fluids. A mathematical modeling is developed to predict the heat 

transferred by the heat pipe between precooling and reheating sections of the air conditioning system. The results obtained by proposed model are 
validated against experimental data and a good agreement between them is observed. The effect of nanoparticle concentration and size on the amount 

of energy required in precooling and reheating sections are evaluated. The results reveal that using nanofluid can dramatically decreases the 

temperature difference between condenser and evaporator sections of a cylindrical heat pipe under constant transferred thermal energy condition.  A 
better condition for precooling and reheating processes is provided as nanoparticle concentration and diameter is increased and reduced, respectively. 

Also, it is found that no significant variation on heat transfer is observed for nanoparticles with diameter beyond 40nm. The findings of this study 

prove the potential of nanofluid application for air conditioning of buildings located in regions with hot and humid climate.    
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1- Introduction 
The simultaneous use of nanoparticles-water suspension and 

heat pipe has attracted a great attention in recent years. The 

heat pipe is renowned as a high-efficient heat exchanger and 

nanofluids are of enhanced thermal properties. Therefore, 

utilizing nanoparticles in a heat pipe can dramatically increase 

the heat transfer rate without any external power and energy. 

The first paper on utilizing nanofluid in a heat pipe was 

published by Chien et al. [1]. The nanofluid was a suspension 

of water and gold nanoparticles with diameter 17nm in a disk-

shaped miniature heat pipe. Shafahi et al. [2] analytically 

investigated the effect of Al2O3, CuO, and TiO2 nanoparticles 

on the thermal performance of a cylindrical heat pipe. Tasi et al. 

[3] carried out several experiments on the application of gold-

water nanofuid in a cylindrical heat pipe and reported that the 

thermal resistance of heat pipe decreases between 20% and 

37% by adding nanoparticles into basefluid. Mashaei and 

Shahryari [4] proposed that using nanoparticles in a heat pipe 

with two evaporators can be considered as a good idea for 

satellite equipment cooling.   

In the last decades, the heat pipes have extensively been applied 

for precooling and reheating processes in the air conditioning 

systems. In this regard, some studies are summarized by 

Chougule et al. [5]. Wan et al. [6] theoretically studied the 

influence of a loop heat pipe on the energy consumption in a 

central air conditioning system. The results reveal that heat pipe 

can save precooling and reheating energy. McFarland et al. [7] 

experimentally investigated the performance of a conventional 

residential air conditioning system by using a heat pipe. Several 

important parameters such as the moisture removal, the amount 

of auxiliary reheat needed to maintain the room conditions were 

studied. Based the data, the air conditioning system with heat 

pipe can be a high efficient technique to control the humidity 

and reduce the amount of required reheating energy.  

The simultaneous effect of nanofluid and heat pipe on an air 

conditioning system was experimentally examined by Firouzfar 

et al. [8]. These authors reported that using methanol-silver 

nanofluid leads to energy saving around 8.8-31.5% for 

precooling and 18-100% for reheating the supply air stream in 

an air conditioning system. 

In the present study, an analytical model for temperature 

distribution of a cylindrical heat pipe is developed. By constant 

heal load analysis, it will be shown that how a cylindrical heat 

pipe can provide a better thermal condition for precooling and 

reheating process in air conditioning systems. In addition, the 

effect of nanoparticles concentration and size on transferred 

energy is examined    

2- System description   
In conventional air conditioning systems, the temperature of 

supply air is raised after dehumidification process by electrical 

energy. In novel systems, a cylindrical heat pipe is applied in 

order to save energy.  An air conditioning system equipped 

with a cylindrical heat pipe is schematically illustrated in Fig. 1. 

The humid and hot outdoor air precooled by passing from 

evaporator section of the heat pipe which leads an energy 

saving in dehumidification process in which cooling coils 

should reduce the air temperature to its dew point. By this 

process, the air is cooled and has to be reheated to a 

temperature that is suitable for room.  

 

 
Fig. 1 A schematic of an air conditioning system equipped with a 

cylindrical heat pipe 
The schematic of a cylindrical heat pipe is given in Fig. 2. Heat 

removed from outdoor hot air is imposed on the wall of the 
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evaporators which leads to vaporization. As a result, the 

pressure of working fluid increases and the produced vapor 

moves toward condenser section. Vapor changes into liquid by 

releasing its latent heat and the liquid flow back to evaporators 

through porous region as a result of capillary force. The vapor 

core radius is taken 6mm, the inner and outer radius of the heat 

pipe are taken 7 and 8mm, respectively. 

 

 
Fig. 2 Various sections of a cylindrical heat pipe 

3- Mathematical Modeling 

The model used in this study is based on the following 

assumption: 1) the process is steady state; 2) The only 

mechanism of heat transfer mechanism in porous media is 

conduction; 3) the nanoparticle distribution is homogeneous 

and therefore the thermal conductivity is considered to be 

constant; 4) Dry out does not occur and the porous media is 

fully filled by working fluid. 

Before presenting mathematical model, a change in temperature 

variable is considered to make wick-wall boundary condition 

homogenous, as proposed by Shabgard and Faghri [9]. In this 

regard, a relative temperature, referred to vapor temperature, is 

given as follows: 

       (1) 
Based on the above mentioned-assumptions, the energy 

equation in pipe wall and corresponding boundary conditions 

can be given as: 

 

Energy equation in the wall of heat pipe:  
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Boundary conditions:  
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(5) 

where  ,         ,   ,     ,    , and    are thermal 

conductivity, heat flux, outer radius of heat pipe, inner radius 

of heat pipe, vapor core radius, evaporator, adiabatic and 

condenser length, respectively. Heat flux of condenser 

section,    , is obtained by : 

   
    

  
 

(6) 

The effective thermal conductivity of the screen mesh wick 

(     ) can be obtained as [10]: 

(7) 
     

    (      )       (      ) 

(      )       (      )
 

where  ,     and    are the porosity, thermal conductivity of 

nanofluid and solid matrix, respectively. According to Eq. 7, 

the wick thermal conductivity depends on solid matrix and 

nanofluid conductivity and porosity of porous media. Based on 

this assumption that nanoparticles are dispersed well in the 

basefluid and Maxwell’ study, the effective thermal 

conductivity of a homogeneous suspension can be given as 

[11]: 

 

          
                

               
    

 

(8) 

where    and    are thermal conductivity of particle and liquid, 

respectively. In order to analysis the contribution of nanolayer 

formed around the particle, modified Maxwell theory can be 

applied [12].In this model, a nanoparticle with diameter    is 

considered to be surrounded by a nanolyaer with thickness t. In 

this situation, an equivalent increased particle concentration can 

be predicted as [11]: 

           (9) 

        (9a) 

Generally, the nanolayer thickness is in the range between 1nm 

and 2nm. So, a value of 1.5nm is devoted to nanolayer 

thickness. In the present study, the thermal conductivity of 

nanofluid is calculated using modified Maxwell equation which 

given as follows [11]: 

     
                      

                     
    (10) 

4- Analytical Solution 
The energy equation alongside corresponding boundary 

conditions mentioned above, can be solved by means of the 

method of separation of variables, as discussed by Shabgard 

and Faghri [9], and the temperature distribution in heat pipe 

wall is given by: 

        ∑          {                     } 
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in which the vapor temperature,   , is considered to be constant 

throughout the heat pipe, meaning the vapor is in saturated 

condition. This point was also addressed by other researchers. 

In Eq. 11, Where m,    and    are number of terms included in 

series, modified Bessel function of the first and second kind of 

order zero, respectively, and of     ,    and      are constant 

and can be calculated as follows: 
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(14) 

The Eqs. 11-14, which are obtained based an analytical solution, 

are solved by Matlab software. As he numerical method is 

applied, a mesh independence study is conducted to determine 

the suitable number of nodes. According to Fig.3, it can be seen 

that 100 nodes is enough to provide the accuracy temperature 

profiles. 

 

Fig. 3 Mesh independency study 

5- Results and Discussion 
In order to ensure the accuracy and validity of simulated results 

and the considered assumptions, the wall temperature in present 

study is compared with experimental data presented by Putra et 

al. [13]. The working fluid is Al2O3-water nanofluid and more 

details are found in Ref. [13]. As can be seen in Table 1, the 

present results are in a good agreement with experimental data 

and maximum error dos not exceed from 4%.  
 

Table 1 Wall temperature of present simulation against experimental 

data [13] 

x(m) Experimental data(K) Present result (K) Error% 

0.0096 322.1 322.4 0.06 

0.0297 320.8 322.1 0.40 

0.0796 315.0 316.1 0.34 

0.1501 303.9 304.9 0.32 

0.2 300.2 301.7 0.5 

 

As the wall temperature of heat pipe in both condenser and 

evaporate section can affect the air supply condition, the 

temperature profiles along heat pipe wall are depicted in Fig. 4. 

The results are provided for various nanoparticle concentration 

and heat loads under heat fluxes conditions. The temperature of 

evaporator and condenser decreases and rises as nanoparticles 

are added into basefluid. Moreover the effect of nanofluid on 

temperature profile becomes more remarkable as nanoparticle 

concentration increases. The wall temperature reduction in 

evaporator section leads a better heat transfer between supply 

air and evaporator coil in precooling process. In addition, the 

reheating process is promoted by increasing condenser coil.   

The temperature difference profiles (i.e.     ̅   ̅  ) 

between evaporators and condenser sections as a function of 

heat loads are illustrated in Fig. 5 for various nanoparticle 

concentrations. According to this figure, it is seen that although 

for more heat transfer higher temperature difference is required 

but the use of nanofluid provides a situation in which the same 

energy can be transferred under lower temperature difference. 

 
Fig. 4  Effect of nanoparticle concentration on wall temperature profiles 

 

 
Fig. 5  Temperature difference as a function of heat load for various 

nanoparticle concentrations 

 

The effect of nanoparticle concentration and heat load on the 

temperature difference ratio, referred to values obtained by 

basefluid (i.e.,    
           

           
), is shown in Fig. 6. It is clearly 

seen that the temperature difference is independent from heat 

load and decreases with the increment of nanoparticle 

concentration, which is a direct result of reduced thermal 

resistance of heat pipe.  As we are also interested to know the 

amount of energy transferred between reheating and precooling 

sections of the air conditioning systems under same 

temperature difference, the trial-error method is applied to 
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obtained the transferred heat load while the temperature 

difference is kept fixed (    ̅   ̅     ).     

 
Fig. 6  Temperature difference ratio for various  heat loads and 
nanoparticle concentrations 

 

The transferred energies between precooling and reheating 

sections are shown in Fig. 7. One can see that more amount of 

energy can be transferred as nanoparticles with less size and 

high concentration are applied.  Another interesting point that 

can be understood from Fig. 7 is that the variations in 

nanoparticle diameter beyond 40nm have slight effect on the 

results. The transferred energy ratio, referred to values obtained 

by basefluid (i.e.     
          

          
), is depicted in Fig.8. As all 

values are more than unit, one can conclude that the transferred 

energy between precooling and reheating sections in the air 

conditioning system is enhanced as nanofluids is used instead 

of basefluid in the heat pipe. Moreover, the best heat transfer 

enhancement of about 55.9% is detected at the lowest 

nanoparticle diameter (i.e.         ) and the highest 

nanoparticle concentration (i.e.     )         

 

 
Fig. 7 Effect of nanoparticle concentration and diameter on energy 

transferred between precooling and reheating section 
 

 

 
Fig. 9 Heat transferred ratio for various nanoparticle concentrations and 

diameters 

6- Conclusions 
The simultaneous use of heat pipe and Al2O3-water suspension 

in an air conditioning system were evaluated. The following 

conclusion can be obtained from this investigation.  

 The presence of nanoparticles in a heat pipe leads to 

lower evaporator temperature and higher condenser 

temperature, as a result a better condition for heat 

transfer in precooling and reheating sections of air 

conditioning systems are provided. 

 Temperature difference ratio, referred to values obtained 

by basefluid, between condenser and evaporator  is 

independent from heat load and decreases with the 

increment of nanoparticle concentration 

 Using nanofluid instead of basefluid promotes the 

amount of transferred energy between precooling and 

reheating sections of the air conditioning system. 

 As the nanoparticle size is reduced or nanoparticle 

concentration is raised, a better thermal condition in air 

conditioning system is observed. 

 The variations in nanoparticle diameter beyond 40nm 

have slight effect on the thermal performance of heat 

pipe.   
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