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ABSTRACT 

In this work, a two-dimensional numerical model has been developed to study the thermal 

performance of a cylindrical heat pipe utilizing nanofluids. Al2O3-water based is considered as the 

working fluid. The numerical model represented as steady-state incompressible flow. The 

governing equations in cylindrical coordinates  have been solved  in vapor region, wick structure 

and wall region, using finite deference with forward-backward  upwind  scheme. A substantial 

change in the heat pipe liquid pressure drop, temperature difference, maximum heat transfer limit, 

capillary pressure and thermal resistance is observed when using a nanofluid. The nanoparticles 

within the liquid enhance the thermal performance of the heat pipe by reducing the thermal 

resistance and temperature difference by 0.168 K/W and 5.06 K respectively. While increasing the 

maximum heat load and the capillary pressure by 96 W and 192.46 Pa respectively. All these 

results at input heat of 30 W and nanoparticles concentration of 5 Vol. %.The results of wall 

temperature distribution for the heat pipe have been compared with the previous study for the same 

problem and a good agreement has been achieved. 
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 الخلاصة:

ئغ بحشاسي اسطىاًَ ثبستخذاو انً لأَجىةتى تطىٌش ًَىرج ػذدي ثُبئً انجؼذ نذساسخ الاداء انحشاسي  ,فً هزا انجحث

تى حم نخ انًستمشح. بَىع الانىيٍُب انًخهىط ثبنًبء. تى تًثٍم انًُىرج انؼذدي ثبندشٌبٌ انلااَضغبطً فً انح )انُبَىفهىد( انذلٍك

اندذاس ثبستخذاو طشٌمخ انفشولبد  يُطمخانفتٍم و تشكٍت ثصٍغخ الاحذاثٍبد الاسطىاٍَخ فً يُطمخ انجخبس, انًؼبدلاد انحبكًخ

خهف يغ انشٌح. تى يلاحظخ تغٍش حمٍمً فً هجىط انضغظ, فشق دسخخ انحشاسح, حذ اَتمبل انحشاسح الاػظى,  -أيبوانًحذدح يغ َظبو 

و انًمبويخ انحشاسٌخ نلاَجىة انحشاسي ػُذ استخذاو يبئغ دلٍك. وخىد انذلبق انُبَىٌخ ضًٍ انًبئغ ٌؼضص الاداء  انضغظ انشؼشي

ثًٍُب  ػهى انتىانً. K 5.06 و K/W 0.168َحى  انحشاسي نلاَجىة ػٍ طشٌك تمهٍم انًمبويخ انحشاسٌخ وفشق دسخخ انحشاسح

حٍث اٌ كم هزِ انُتبئح ػُذ كًٍخ  .ػهى انتىانً Pa 192.46و  W 96 َحى ٌضٌذ انحًم انحشاسي الاػظى و انضغظ انشؼشي

تى يمبسَخ انُتبئح انخبصخ ثتىصٌغ دسخبد ػهى خذاس الاَجىة انحشاسي يغ . .% .Vol 5و تشكٍض اندضٌئبد انذلٍمخ  W 30حشاسح 

  انذساسبد انسبثمخ وكبٌ هُبنك تىافك خٍذ.

NOMENCLATURE  
A = area (m

2
) 

Cp  = heat capacity at constant pressure (kJ/kg. K) 

α   = fluid thermal diffusivity (m
2
/sec) 

υ   = kinematics viscosity (m
2
/sec) 
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1.INTRODUCTION 

Heat pipes have been the center of attention as high heat transfer devices for a couple of 

decades. During the time of heat pipe development two approaches have been followed in order to 

enhance the heat pipe heat transfer capacity and reduce its thermal resistance. One approach is to 

improve heat pipes’ structure including the pipe modification – e.g. using finned pipes, annular 

structure – and wick modification – e.g. new wick designs or wicks combinations. Another 

approach is to seek better working fluids which are compatible with the heat pipe structure and 

have higher thermal properties. 

A novel idea, by applying nanofluids as working fluids in  heat pipes, that can  be  found only 

in the literature of the last decade. This idea enhance the maximum heat transport rate and the 

effective thermal resistance which represent the main parameters that characterize the thermal 

performance of a wicked heat pipes (Hajian et. al 2012, Peterson 1994). 

(Do et al. 2010) experimentally, investigated the effects of the water-based Al2O3  nanofluids 

on the thermal performance of heat pipes with the volume fraction of 1.0 and 3.0 Vol.%. Based on 

the experimental results it is shown that the utilization of the water- based Al2O3  nanofluids as the 

working fluid enhances the thermal performance of the heat pipe and the volume fraction of 

nanoparticles has  a great effect on the reduction of the wall  temperature at the evaporator section. 

The thermal resistance of  the heat pipe using the water-based Al2O3  nanofluids with 3.0 Vol.% is 

significantly decreased up to about 40% at the evaporator-adiabatic section as compared with that 

of  the distilled (DI) water-based heat pipe. Also,  it  is  shown that the maximum heat transfer rate 

of  the heat pipes can be enhanced using the water-based Al2O3  nanofluids instead of DI water. 

(Mousa 2011), presented an experimental study for the behavior of nanofluid  to improve the 

performance of a circular heat pipe. Pure water and Al2O3-water  based nanofluid  are used as 

Da = Darcy number 

h = convective heat transfer  coefficient  (W/m
2
 . K) 

hfg  = latent heat of vaporization (kJ/kg) 

k     = thermal conductivity (W/m. K) 

keff = effective thermal  conductivity  of the liquid-

saturated wick (W/m. K) 

Kp = permeability  of the wick (m
2
) 

L    = length (m) 

Leff = effective length of heat pipe (m) 

P    = pressure (N/m
2
) 

Q   = heat transfer (W) 

r   = redial coordinate (m) 

rc = capillary radius of wick (m) 

R    = gas constant (kJ/kg. K) 

Rth = thermal resistance  (K/W) 

Re  = Reynolds number 

Pr   = prandtl number 

T    = temperature (K) 

u    = axial velocity (m/sec) 

v    = radial vapor velocity  (m/sec) 

V   = reference velocity (m/sec) 

x    = axial coordinate (m) 

 

Greek Symbols 

ε = porosity  of the wick 

φ = nanoparticle concentration 

Ѱ  = stream function (m
3
/sec) 

ω  = vorticity (sec
-1

) 

μ   = dynamic viscosity (kg/m. sec) 

σ = surface tension  (N/m) 

ρ   = density (kg/m
3
) 

β = inclination angle of heat pipe 

θ   = dimensionless temperature 

 

Subscripts 

* = dimensionless term 

a = adiabatic 

c = condenser 

col = coolant 

e  = evaporator 

f = base fluid 

in = inlet  

int = interface 

l = liquid 

n = nanofluid 

o   = outer 

p = particle 

s = sink, solid  

sat  = saturated 

set = set point 

v   = vapor 

w = wick 

wa = wall 

  

Superscripts 

¯ = average quantity 
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working fluids. The effect of filling ratio,  volume  fraction  of nanoparticles  in the  base  fluid,  and  

heat  input  rate  on  the  thermal  resistance  is investigated.  Total thermal  resistance  of the heat  

pipe for pure  water  and  Al2O3-water  based  nanofluid  is also predicted.  An  experimental  

correlation is obtained  to  predict  the  influence of Prandtl  number  and dimensionless  heat  

transfer rate, Kq on thermal resistance. Thermal resistance decreases  with increasing  Al2O3-water  

based  nanofluid  compared  to  that  of pure  water. 

An experimental study was performed to investigate the thermal performance of an inclined 

miniature mesh heat pipe using water-based CuO nanofluid as the working fluid by (Wang et al 

2012). The study focused mainly on the effects of the inclination angle and the operating 

temperature on the heat transfer performance of the heat pipe using the nanofluid with the  mass  

concentration of CuO  nanoparticles  of  1.0  wt%.  The  experiment  was performed at three steady   

operating temperatures of 40°C,  50°C  and   60°C. Experimental results show that the inclination 

angle has a strong effect on the heat transfer performance of heat pipes using both water and the 

nanofluid. The inclination angle of 45 ° corresponds to the best thermal performance for heat pipes 

using both water   and   the   nanofluid. 

(Liu 2011) performed an experiment concerning a cylindrical mesh wicked heat pipe. The 

working fluid was  an aqueous CuO nanofluids. The results show that adding CuO nanoparticles 

into deionized water with concentration of  1.0 wt.% can  enhance the evaporating heat transfer 

coefficient averagely 2.5 times, and the maximum heat flux of the heat pipe enhance by  42%.  

(Naphon et al. 2008)  investigated titanium–alcohol nanofluid effects on  heat pipe thermal 

performance, for different working fluid charging amount, heat pipe tilt angle and nanoparticles 

volume concentrations. They found that nanoparticles enhance the heat pipe thermal performance. 

(Tsai   et  al. 2004)   used  a  circular meshed  heat  pipe with 170  mm length and 6 mm of 

outer diameter to investigate effects of structural character of gold  nanoparticles in  nanofluid on  

heat pipe thermal performance. They  found that, there is a significant reduction in thermal 

resistance of  heat pipe with nanofluids solution as compared with DI-water. Also the results show 

that the thermal resistance of a vertical meshed heat pipe varies with the size of gold nanoparticles.  

An experimental investigation is carried out by (Solomon et al 2012) to study the thermal 

performance of a heat pipe operated with  nanoparticle  coated wick. The  thermal resistance and 

heat transfer coefficient in  the evaporator of  the heat pipe operated with coated wick are lower and 

higher respectively than that of  conventional one whereas the same are opposite in the condenser at 

three different heat inputs. The  total resistance of heat pipe operated with coated wick is lower than 

that of conventional one and it  decreases with increasing heat input. At the evaporator section, 40% 

thermal resistance reduction and 40% heat transfer coefficient enhancement are observed. 

(Kang  et al. 2006) investigated the effects of silver nanofluid on  grooved circular heat pipe 

with 200  mm length and 6 mm diameter. They observed 10–80%  decrease in  thermal resistance of 

the heat pipe compared to DI-water at an input power of 30-60 watt. The results also show that the 

thermal resistances of the heat pipe decrease as the silver nanoparticle size and concentration 

increase. 

(Kang  et al. 2009) used a sintered heat pipe to  investigate effects of an aqueous solution of 

10 and 35 nm diameter silver nanoparticles and its  concentration on  heat pipe thermal  

performance.  Their  experiments demonstrated that the temperature  difference decreased  0.56-

0.65 
o
C  compared to DI-water at an input power of 30-60 W, and also  heat transfer capacity of  

heat pipe increased from 50 W  by  using DI-water to 70 W by  using nanofluid as a working fluid. 

The transient and steady state thermal performances of a medium-sized cylindrical stainless 

steel meshed heat pipe have been investigated experimentally by (Hajian 2012), utilizing both DI-

water and silver nanofluid, as the working fluids. The  experiments have been performed under heat 

rates in the medium range, less  than 500  W.  Nanofluids were used with concentrations of 50, 200  

and 600 ppm. By applying 50 ppm nanofluid, the thermal resistance and the response time of the 

heat pipe decreased  by   30%  and  about  20%,  respectively,  compared  to DI-water. Furthermore, 

the steady state performance of  both DI-water and nanofluid were better at higher heat rates, about 

500 W. Whereas 50 ppm nanofluid, as the working  fluid, enhanced the thermal performance of  the 
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heat pipe in comparison with DI-water, the nanofluids with more concentration did not. 

In an analytical study about nanofluid performance in heat pipe,  (Shafahi et al. 2010), used 

two-dimensional analysis to  study the thermal performance of  heat pipe utilizing nanofluids. Their  

analysis was   based on  a comprehensive analytical model which was  proposed by  (Zhu  and 

Vafai  1999).  They  considered nanoparticles Al2O3, CuO, and TiO2  in their study and investigated 

the effect of  these nanoparticles on thermal resistance, temperature distribution, and maximum 

capillary  heat transfer (MCHT) of heat pipe. They observed reduction in the thermal resistance and 

enhancing the MCHT of heat pipe. They established an  optimum mass concentration for  

nanoparticles in maximizing the  heat  transfer limit. They also   investigated the effect of particle 

size  on the heat pipe performance and found that smaller nanoparticles have more effects on  

temperature gradient along the heat pipe. 

A mathematical model was  developed by (Do 2010), for  quantitatively evaluating the 

thermal performance of a water-based Al2O3  nanofluid heat pipe with a rectangular grooved wick. 

The results show that at the optimum conditions, the thermal performance for the  nanofluid heat  

pipe  was significantly enhanced  by about 100% when only a small amount of  nanoparticles less 

than 1.0 vol% is  added into the base fluid. Also, the thermal resistance of the nanofluid heat pipe 

tended to  decrease with increasing the  nanoparticle size.  The  heat transfer enhancement ratio 

ranged from 1.2  to  2.2  for the different nanoparticle size, working temperature, and input heat 

rate. From the comparison of the thermal performance using both DI water and nanofluids, it is 

found that the thin porous coating layer formed by  nanoparticles suspended in nanofluids is a key 

effect of the heat transfer enhancement for  the heat pipe using nanofluids. 

 In this paper a numerical model has been developed to study the effect of Al2O3-water based 

nanofluid (as working fluid), volume fraction of nanoparticles in the base fluid, and heat input rate 

on the thermal performance of a heat pipe. The steady state incompressible flow has been solved  in 

cylindrical coordinates  in vapor region, wick structure and wall region, using finite difference 

method. The Darcy’s law has been employed for momentum equation  in  porous media. The 

governing equations have been solved using upwind scheme. 

 

2.   MATHEMATICAL MODEL  

A cylindrical heat pipe as shown in Fig. 1 consists of three main parts, namely evaporator 

section, adiabatic section and condenser section. 

External heat source  applied at the evaporator section causes vaporization of the working 

liquid. Due to the pressure gradient, the vapor flows to the condenser section and it condenses 

when the heat removed from the condenser wall surface by free or forced convection. The 

capillary pressure created by the wick structure, pumps the condensed fluid back to the evaporator. 

This process will continue  as  long  as there  is sufficient  capillary  pressure  to drive the 

condensate back to the evaporator. 
 

 
Figure  1.  Schematic of a cylindrical heat pipe under consideration. 
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2.1 GOVERNING EQUATIONS AND BOUNDARY CONDITIONS 

The  steady  state  incompressible  laminar  flow  has  been solved  in cylindrical  

coordinates  in vapor  region, wick structure and wall region. The wick is assumed  isotropic  and 

saturated  with   the   working   liquid. The vapor injection and suction at the liquid-vapor 

interface  are assumed  to be uniform. 

 

2.1.1 Vapor  Region  

The governing equations in vapor region are continuity, Navier-Stokes and energy equations 

as follows, ( Jiji 2006): 
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(4) 

The boundary conditions for vapor region are as following. 

The radial velocities at liquid-vapor interface (Borujerdi and Layeghi 2004): 
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(5) 

The temperature at the vapor-liquid interface of the evaporator and condenser is calculated 

approximately using Clausius-Clapeyron equation, (Borujerdi and Layeghi 2004). 
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The boundary conditions at both pipe ends are: 

00 



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x

T
uv

     
                                                                                                               (7) 

At pipe centerline the symmetry boundary conditions are: 

0&0,0 



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


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r

T
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u
v                                                                                        (8) 

 

2.1.2 Wick Structure 

The governing  equations in wick structure are as follows, (Fadhil 2006, Mahjoub and 
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Mahtabroshan 2008): 
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The Darcy’s law has been employed for momentum equation in porous media: 
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F  is a geometric  function  based  on the porous  wick structure and is calculated as 

follows, (Zhu  and Vafai  1999): 

23
15075.1 F                                                                                                                         (13) 

The effective thermal conductivity and heat capacity of wick structure, is calculated from 

equation for screen wire mesh, (Fadhil 2006, Rashidian 2008). 
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The effective thermal conductivity, heat capacity and viscosity for a mixture (nanofluid) 

with spherical particles is given by (Shahi 2010, Ferrouillat 2011): 
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The latent heat of vaporization of Al2O3-water based nanofluid with 1, 3, and 5 Vol.% 

concentration and 20 ±5 nm spherical particles for different operating pressure are measured 

experimentally and represented by the following equations: 
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While, the surface tension of Al2O3-water based nanofluid with the same above 

specifications for different operating temperature are measured experimentally and represented by 

the following equations: 







  18266.12934.18 
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Since  the  phase  change  phenomena  was  not  included  in current model, for 

modeling latent heat of vaporization a heat sink was employed  in evaporator  section  and a 
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heat source was used in condenser section. The values of these terms are, (Mahjoub and 

Mahtabroshan 2008): 
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The boundary conditions at both pipe ends are: 
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The  radial  blowing  and  suction  velocities  at  liquid-vapor interface (Fadhil 2006): 
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The temperature at the liquid - vapor interface of the evaporator and condenser is calculated 

approximately using Clausius-Clapeyron equation, as shown previously in equation (6). 

 

The boundary conditions at both pipe ends are: 
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At wick-wall interface: 
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2.1.3 Wall  Region 

At heat pipe wall the equation of thermal conduction was used in cylindrical coordinates, 

(Mahjoub and Mahtabroshan 2008): 
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The boundary conditions in this region are as following: 

At both ends of heat pipe: 
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At wall-wick interface, the boundary condition as in equation (25). 

At heat pipe external surface: 
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In  conventional  heat  pipes, under  steady-state  operation,  there exists a maximum  

capillary  pressure  that  can be developed in wick structure. The   maximum   heat transport  

capillary   limit  for  a  heat  pipe  is  achieved when the sum of the pressure  losses along  the 

circulation path of the working fluid reaches the maximum capillary  pressure; that  is 
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                                                                                        (29) 

Δpv can be neglecting, can substitute for pressure terms in equation (29), (Reay 2006).  
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For water- based nanofluid as working fluid and horizontal heat pipe the maximum liquid 

flow rate in the wick become: 
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Thus, the maximum  heat  transport capillary  limit may be written as, (Reay 2006): 
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The saturation temperature inside the heat pipe can be calculated from the following equation, 

(Cleary 2006): 
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The thermal resistance, which represent the effectiveness of the heat pipe can be calculated from the 

following equation, (Sreenivasa 2005): 
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3. METHOD OF SOLUTION 

             The governing equations are discretized using a finite difference approach and the 

equations are solved using Forward – Backward upwind with collocated grid scheme. The physical 

domain of problem was separated into three main regions, namely; vapour region, wick structure 

and wall region. 

 It is convenient, For the numerical analysis, to use the governing equations in terms of 

stream function and vorticity as: 
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Now, after obtained the governing equations in terms of stream function and vorticity ,then 

they with the corresponding boundary conditions are transferred to the non-dimensional form using 

the following dimensionless quantities: 
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The solution procedure of the discretized equations is based on a line-by-line iteration 

method in the axial and radial directions using Fortran Power Station program. The solution 

procedure of the  numerical  analysis  which  performed  in the above separated region is as 

follows: 

1- Calculate saturation temperature using equation (34). 

2- Calculate velocity and temperature boundary condition at the vapor-liquid interface using 

equations (5) and (6).  

3- Solve the equations of stream function and vorticity in vapour and liquid regions 

sequentially based on the velocities obtained in step 2 and the values of stream function and 

vorticity at the boundaries where the boundary conditions are applied. 

4- Calculate the velocity components  (  and  ) by using the current values of stream 

function and the values at boundaries. 

5- Solve the momentum equations in x-direction  for vapour region and wick structure using 

the current values for velocities. 

6- Solve the energy equations in vapour, liquid and wall regions sequentially by using the 

current values of stream function and the values at boundaries. 

the above procedure repeated until the convergence is achieved with relative error for the calculated 

parameters (ψ, ω, p and θ) equal to       . Fig 2 illustrates the flow chart for the current 
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computer program in the present study. 

 

4. RESULTS AND DISCUSSION 

The analysis of a cylindrical horizontal heat pipe was carried out by incorporating the effect 

of water based nanofluid, namely Al2O3, in the present numerical model. 1, 3 and 5 Vol.% 

concentration are chosen for particle size of 35nm. The performance of the heat pipe is investigated 

for different heat inputs. In which, the influence of nanofluid on liquid pressure drop, stream 

function, temperature difference, thermal resistance, maximum heat transport capability and 

capillary pressure is investigated. The specifications of the heat pipe are shown in table 1.  

As seen in, the dimensionless contours plot, fig.s 3 – 14. For the same heat input, the liquid 

pressure and stream line inside the heat pipe decreases when increasing the nanoparticle 

concentration (NPC). This is due to an increase in the fluid density in the presence of more 

nanoparticles, as can be seen in equation (17). As a result of this increase in the nanofluid density, a 

slower liquid flow is observed. 

For the same nanoparticle concentration, when the heat transfer rate increase the mass flow 

rate increased so that the fluid velocities increased, which lead to increase the liquid pressure and 

stream line values. Also, due to increasing the heat transfer rate the saturation pressure will 

increase, which in turn lead to increase the heat pipe operation temperature. 

Fig. 15 shows the effect of particle concentration levels on the temperature difference 

between evaporator and condenser for various heat loads. The figure shows that increasing the 

particle concentration decreases the temperature difference between the evaporator and condenser.  

The maximum heat transport capillary limit and the capillary pressure as function of 

particles concentration can be seen in fig. 16. Increasing the nanoparticle concentration enhances 

the maximum heat transfer and the capillary pressure. This is due to an increase in the latent heat of 

vaporization and the surface tension with the nanoparticle concentration, as can be seen in equations 

(19 and 20). 

Fig. 17 shows the influence of different nanoparticle concentration levels on the heat pipe 

thermal resistance under different heat input. It can be seen that increasing the nanoparticle 

concentration decreases the heat pipe thermal resistance and provides a better performance. For 

example, the  percentage  enhancement in Rth reaches  up  to 35.3%  at  heat transfer rate of 30W 

and NPC = 0.05 compared   to  its  value  when  using  pure water. 

To verify the current numerical model of the heat pipe. the result of wall temperature 

distribution along the heat pipe is compared with the result of (Do et al., 2010) for the similar 

problem. Fig. 18 shows a good agreement for the temperature distribution at 3 watt as transmitting 

heat power and NPC of 0.01. 

 

5. CONCLUSION 

     This paper deals with the thermal enhancement of the heat pipe performance, using 

Alumina – nanofluid as the working fluid. In the present work, the DI-water with Alumina 

nanoparticles, for three concentration levels 1, 3 and 5 Vol.%, in heat pipe was numerically 

simulated using Fortran Power Station Program.  

Conclusions may be drawn from the results of the numerical model as follows: 

 The dimensionless parameters (liquid pressure, Uvelocity, Vvelocity, stream function and 

temperature distribution) of the heat pipe with nanofluid is lower than that with DI-water. 

 The more Alumina nanoparticles in the working fluid enhancement of the heat pipe performance 

expressed by of the performance curves (the temperature difference versus heat transfer rate). 

 The maximum heat transfer rate and the capillary pressure increases as the nanoparticle 

concentration increases. 

 The thermal resistance of the heat pipe with nanofluid is lower than that with DI-water. It is shown 

that the thermal resistance decreases as the concentration level increases. 

 Results indicate that the Alumina nanofluid has remarkable potential as working fluid for 

horizontal heat pipe of higher thermal performances. 
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         Table 1: Heat pipe specification. 
ــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ  

   Heat pipe container material              copper 

    Wall thickness                                  0.85mm 

    Outer diameter                                  19.05mm 

    Heat pipe length                                555mm 

    Evaporator length                              150mm 

    Condenser length                               97mm 

    Working fluid               DI water and Al2O3 nanofluid 

    Sink temperature                                22 
o
C 

    Set temperature                                 100 
o
C 

 ـــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــــ
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Figure 3: Dimensionless liquid pressure and Stream line distribution inside the heat pipe at  Qin=10 

W and φ=0. 
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Figure 4: Dimensionless liquid pressure and Stream line distribution inside the heat pipe at  Qin=10 

W and φ=0.01. 

 

 

Figure 5: Dimensionless liquid pressure and Stream line distribution inside the heat pipe at  Qin=10 

W and φ=0.03. 

 

 

Figure 6: Dimensionless liquid pressure and Stream line distribution inside the heat pipe at  Qin=10 

W and φ=0.05. 
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Figure 7: Dimensionless liquid pressure and Stream line distribution inside the heat pipe at  Qin=20 

W and φ=0. 

 

 

Figure 8: Dimensionless liquid pressure and Stream line distribution inside the heat pipe at  Qin=20 

W and φ=0.01. 

 

 

Figure 9: Dimensionless liquid pressure and Stream line distribution inside the heat pipe at  Qin=20 

W and φ=0.03. 
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Figure 10: Dimensionless liquid pressure and Stream line distribution inside the heat pipe at  Qin=20 

W and φ=0.05. 

 

 

Figure 11: Dimensionless liquid pressure and Stream line distribution inside the heat pipe at  Qin=30 

W and φ=0. 

 

 

Figure 12: Dimensionless liquid pressure and Stream line distribution inside the heat pipe at  Qin=30 

W and φ=0.01. 
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Figure 13: Dimensionless liquid pressure and Stream line distribution inside the heat pipe at  Qin=30 

W and φ=0.03. 

 

 
Figure 14: Dimensionless liquid pressure and Stream line distribution inside the heat pipe at  Qin=30 

W and φ=0.05. 

 

 
Figure 15: Effect of particle concentration levels on the thermal performance of a heat pipe under 

various heat input. 
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Figure 16: The effect of nanoparticles concentration levels on the maximum heat transfer limit and 

capillary pressure of the heat pipe. 
 

 
Figure 17: The effect of different nanoparticle concentration levels on the heat pipe thermal 

resistance. 

 

 
Figure 18: Comparing current model with available numerical data. 
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