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 The heat pipe is one of the heat transfer device to transfer huge amount of heat from 
one location to another through a small cross sectional area with very small temperature 
differences and it also posses high thermal conductance and  low thermal impedance. In 
this study the effect of container diameter of the heat pipe is optimized using Design of 
Expert software. The parameters considered in this analysis are diameter, heat input, 
angle of inclination, filling ratio and flow rate of water in the condenser. The Central 
Composite Design (CCD) matrix and Response Surface Methodology are applied in 
designing the experiments to evaluate the interactive effects of the all operating 
variables to evaluate the diameter of the heat pipe. The experimental results show that 
the proposed model will be useful to predict the thermal efficiency of the heat pipe 
within the error of 1%. Therefore the proposed model is useful to predict the thermal 
efficiency of the heat pipe. 
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INTRODUCTION 

 
In the modern world, with the generation of 

terrra computing technology, the components used in 
the electronic circuits dissipate large amount of heat 
and cooling of these equipments are challenging one; 
it can be overcome by the use of heat pipe in the 
circuits (Yu-Tang Chen, et al., 2008). Heat pipe is a 
device which is used for transmitting large amount of 
heat and high heat flux between the two interferences 
with involvement of phase change and it is known 
for high performance heat transmission device and 
has some wide applications (Chi, S.W., 1976). 
Shukla, K.N,( 2015) reported that the various use of 
heat pipe in aerospace for higher conductance of 
looped heat pipe and temperature switches. 

The Heat pipe is a device which consists of 
evaporator and condenser with a small amount of 
working fluid, the working fluid is evaporated and 
condensed vice versa. In order to satisfy heat pipe 
limitations and design constraints it will have a 
transport or adiabatic section which separates the 
evaporator and condenser sections by an appropriate 
distance. Heat pipe uses a concept of capillary force 
to recirculate the working fluid from the condenser to 
evaporator along with the gravitational, centrifugal, 
electrostatic and osmotic forces. The performance of 
the heat pipe is limited by many factors such as 
geometric, physical and operational factors. The 

various factors are heat pipe diameter, filling ratio, 
angle of inclination, heat flux as the main variables, 
but this work focuses univariate analysis according to 
experiments (David raey and Peter kew, 2006). In 
practice heat pipe containers are normally in 
cylindrical and tubular in shape, however other 
shapes such has rectangular, conical, nose cap is used 
for some special purposes. The main components 
that are affecting the performance of heat pipe are 
condenser, container, wick structure, working fluid 
and the evaporator.  

S.L. Mahmood, M.A.R.Akhanda (2008) 
investigated the thermal performance of heat pipe 
with different cross sections namely such as circular, 
semicircular, elliptical, semi-elliptical and 
rectangular at different inclinations with diameter of 
3 mm and noticed that among all other cross sections 
circular one have high thermal performance and heat 
flux is increasing with decrease in orientation of 
angles. 

Said and Akash (1999) conducted the 
experiment with two types of heat pipe with and 
without wick and observed that drawing power of 
heat from the evaporator region is more in the case of 
heat pipe with wick than that of without wick  which 
indicates that the overall heat transfer coefficient is 
higher. 

Kempers et al. (2006) conducted the 
experiments to study the performance of heat pipe 
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with the number of mesh layers and amount of 
working fluid with screen mesh wicks. For all 
orientations, the maximum heat transfer through the 
heat pipe increased as the number of mesh layers of 
the wick increased and noticed that lower effective 
thermal resistance and heat transfer rate is highly 
reduced with less amount of working fluid in the heat 
pipe. 

A. K. Mozumder et al. (2010) evaluated the 
performance of miniature heat pipe with  the  filling 
ratio of working fluid by varying thermal loads. In 
this study various working fluids such as water, 
methanol and acetone are used as working fluids. 
They reported that the overall heat transfer 
coefficient is maximum for acetone as a working 
fluid than the other fluids. 

The performance of  different heat pipes with 
composite wick or wickless, filled with pure water 
are compared with the performances of the same heat 
pipe filled with water/alcohol mixtures under normal 
gravity and low gravity conditions (Raffaele 
Savino,yoshiyuki Abe, Raimondo Fortezza, 2008). 
They reported that heat pipe filled with binary 
mixtures is more efficient than the other fluids. Ali et 
al (1991) investigated the effect of inclination angle 
on the performance of heat pipe filled with water as 
working fluid and reported that heat transfer 
capability is diminished when angle of inclination is 
below 45◦ degree. Kempers et al (2008) investigated 
the heat transfer mechanisms in the condenser and 
evaporator sections of a copper-water wicked heat 
pipe with 3 layers of screen mesh and they proposed 
a composite heat transfer model for the heat pipe that 
considers both conduction and boiling heat transfer 
in the evaporator. 

Sunil Chamoli (2015) investigated the influence 
of design parameters of the V- down perforated 
baffle roughened rectangular channel on the heat 
transfer and friction factor by using Response 
Surface Methodology (RSM) and Artificial Neural 
Network (ANN). RSM is used to predict the 
performance parameters, i.e. Nusselt number and 
friction factor with reasonably good accuracy. The 
comparison of predicted values by RSM and ANN 
with the experimental values was carried out for each 
run of experiment and it was observed that the RSM 
predicted values are in accord with the experimental 
values in the uncertainty range of ±5%. Neeraj 
Sharmaa et al (2014) used RSM and GA for 
modelling the Wire electric discharge 
machine process parameters for cryogenic treated D-
2 tool steel. In this experiment mathematical 
modelling of the process was carried with the help of 
RSM. The Central Composite Rotatable Design 
(CCRD) has been used to planning the experiments. 
Genetic algorithm is used to predict the best 
individual parameters along with the predicted 
fitness values.  

Senthilkumar et al (2014) made the analysis of 
heat pipe operating parameters using copper 
nanofluid as working fluid based on the Box - 
Behnken design method. They analysed various 
factors such as heat input, angle of inclination, filling 
ratio, concentration of copper nanofluid and flow rate 
of coolant in the condenser over the output response 
of thermal efficiency of the heat pipe. The findings 
appeared that the errors between the experimental 
and predicted values are less than 6%. Asghar Azizi 
(2015) investigated the effects of individual variables 
and their interactions on weight loss of grinding ball 
using the SEM/EDX analysis and RSM model. The 
results of RSM model showed that the linear effects 
of all factors and the quadratic effects of solid 
concentration and charge weight of balls were 
significant parameters on wear rate. Also, it was 
observed no interactions between factors such as 
grinding media, ore, mill, grinding environment and 
grinding circuit. 

Response surface methodology (RSM) is a 
collection of mathematical and statistical techniques 
for developing, improving and optimizing the 
process parameters by careful design of experiments. 
The objective is to optimize a response (output 
variable) which is influenced by several independent 
variables (input variables). An experiment is a series 
of tests, called runs, in which changes are made in 
the input variables in order to identify the reasons for 
changes in the output response (Mohammed, J.K., et 
al., 2010; Prabakaran, J., et al., 2012). In general the 
relationship is 
 
Y= f (X1,X2, X3, ….) ± ε 

 
Where Y is the response, X1, X2 and X3 are input 

variables and ε is the measurement error. 
In this analysis the diameter of heat pipe is 

optimized by response surface methodology. The 
heat pipe if fabricated with different diameters like 
10 mm,15 mm, 20 mm, 25 mm and 30 mm.The 
experiments are conducted based on the design of 
matrix which is developed by the Design of experts 
software. 

 
Experimental Design: 

The experimental performance of the heat pipe 
is analyzed by response surface methodology (RSM) 
using Design of Expert Software. Central Composite 
Design (CCD) method is employed with five input 
parameters namely heat pipe diameter (A),  heat 
input (B), angle of inclination (C), filling ratio (D) 
and flow rate of water in the condenser (E) over the 
output response of thermal efficiency. Table 1 shows 
the process parameters and their levels. The aim of 
this work has been to highlight the importance of the 
diameter of heat pipe under various loads and angle 
of inclinations. Table.2 shows the design of matrix 

. 
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Table 1: Process Parameters 

Parameter Level 
-2 -1 0 +1 +2 

Diameter, mm 10 15 20 25 30 
Heat Input, W 30 40 50 60 70 
Angle of Inclination, deg 15 30 45 60 75 
Filling Ratio, % 25 50 75 100 125 
Flow rate, ml/min 40 60 80 100 120 

 
Table 2: Design of Matrix 

STD Run 
Factor A: 
Diameter, mm 

Factor B: Heat 
Input, W 

Factor C: Angle of 
Inclination, Deg 

Factor D: 
Filling Ratio, % 

Factor E: Flow 
rate, ml/min 

5 1 20 50 15 25 80 
22 2 20 70 15 75 80 
21 3 20 30 15 75 80 
14 4 30 50 15 75 80 
17 5 20 50 45 25 40 
35 6 10 50 45 75 120 
26 7 30 50 45 25 80 
28 8 30 50 45 125 80 
11 9 20 30 45 75 120 
34 10 30 50 45 75 40 
10 11 20 70 45 75 40 
16 12 30 50 75 75 80 
29 13 20 50 15 75 40 
37 14 20 30 45 25 80 
15 15 10 50 75 75 80 
33 16 10 50 45 75 40 
44 17 20 50 45 75 80 
1 18 10 30 45 75 80 
45 19 20 50 45 75 80 
32 20 20 50 75 75 120 
40 21 20 70 45 125 80 
12 22 20 70 45 75 120 
6 23 20 50 75 25 80 
20 24 20 50 45 125 120 
30 25 20 50 75 75 40 
4 26 30 70 45 75 80 
43 27 20 50 45 75 80 
8 28 20 50 75 125 80 
46 29 20 50 45 75 80 
38 30 20 70 45 25 80 
18 31 20 50 45 125 40 
7 32 20 50 15 125 80 
24 33 20 70 75 75 80 
23 34 20 30 75 75 80 
13 35 10 50 15 75 80 
25 36 10 50 45 25 80 
2 37 30 30 45 75 80 
27 38 10 50 45 125 80 
39 39 20 30 45 125 80 
3 40 10 70 45 75 80 
42 41 20 50 45 75 80 
36 42 30 50 45 75 120 
9 43 20 30 45 75 40 
31 44 20 50 15 75 120 
41 45 20 50 45 75 80 
19 46 20 50 45 25 120 

 
Experimental Procedure: 

The schematic diagram of the experimental heat 
pipe is shown in Fig.1 and the thermocouple 
locations are displayed in Fig.2. The heat pipe is 
fully insulated with glass wool. The wall temperature 
distribution of the heat pipe in the adiabatic zone is 
measured using four evenly spaced copper 
constantan (T-type) thermocouples. The electrical 
power input is applied at the evaporator section using 

cylindrical electric heater attached to it with proper 
electrical insulation and the heater is energized with 
230V AC supply using a variac and measured using a 
wattmeter. In order to measure the average 
temperatures of the evaporator and condenser, three 
thermocouples are provided along the length. The 
water flow rate in the condenser is measured using a 
rotameter in the inlet line to the jacket. The inlet and 
outlet temperatures of the cooling water are 
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measured using two more thermocouples. The 
specifications of the heat pipes are in given in table 3    

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Fig. 1: Experimental setup 

 

 
 

Fig. 2: Thermocouple locations of the heat pipe 
 

Table 3: Specifications of heat pipe 

Heat pipe material 
: 
 

Copper 

Wick material : 
Stainless steel (two layers) 
 

Total length of pipe, m : 
0.6 
 

Evaporator length, m : 
0.15 
 

Adiabatic length, m 
 

: 0.3 

Condenser length, m 
 

: 0.15 

Condenser outer dia, m 
 

: 0.036 

Condenser inner dia, m 
 

: 0.032 

Outer diameter of the pipe, mm : 
10, 15, 20, 25 & 30 
 

Wall thickness of the pipe, m : 
0.002 
 

Wick permeability, m2 : 
2.16x 10-6 

 

Wire mesh Diameter, mm 
 

: 0.183 

Heat Input, W : 
30, 40, 50, 60 &70. 
 

Heat pipe inclination : 
15o  30o,  45o , 60o, 75o 
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Working fluid : 
DI water 
 

Wick mesh size : 
60/sq. Inch 
 

Wick Porosity (ε) : 
0.6431 
 

 
In this experiment, the heat flux is given to the 

evaporator section by using variac and can be 
monitored by Wattmeter. As by increasing heat flux 
to the evaporator section of heat pipe, the working 
fluid DI water in the heat pipe gets heated and 
vaporized and it moves to the condenser section. In 
the condenser section, the outer jacket is provided 
with the water, which converts the vapour into liquid 
condensate, and it return back to the evaporator 
section due to the capillary action of wicks present in 
the heat pipe. The evaporator wall temperature at 
three locations, adiabatic wall temperature at four 
locations, condenser wall temperature at three 
locations and the coolant water inlet and exit 
temperature are measured once in five minutes until 
the system reaches the steady state condition. Once 
the steady state condition is attained, the heat input 
given to the system is stopped and the heat pipe 
allowed cooling down. Then the power is increased 
to the next level and the heat pipe is tested for its 
performance. The heat transfer rate of the heat pipe is 
computed by applying an energy balance to the 
condenser flow. The vacuum pressure in the inner 
side of the heat pipe is monitored by the vacuum 
gauge, attached to the condenser end of the heat pipe.  

 
RESULT AND DISCUSSION 

 
A regression analysis is carried out to develop a 

best fit model to the experimental data, which are 
used to generate response surface plots. The Table 4 
shows the analysis of variance (ANOVA) for thermal 
efficiency.The Model F-value of 208.37 implies the 
model is significant.  There is only a 0.01% chance 
that a "Model F-Value" this large could occur due to 
noise. Values of "Prob > F" less than 0.0500 indicate 
model terms are significant.  In this case A, B, C, D, 
AD, CD, A2, C2, D2 are significant model terms. 
Values greater than 0.1000 indicate the model terms 

are not significant.  If there are many insignificant 
model terms (not counting those required to support 
hierarchy), model reduction may improve your 
model.The "Lack of Fit F-value" of 4.39 implies 
there is a 5.41% chance that a "Lack of Fit F-value" 
this large could occur due to noise.  Lack of fit is bad 
-- we want the model to fit. This relatively low 
probability (<10%) is troubling. The "Pred R-
Squared" of 0.9770 is in reasonable agreement with 
the "Adj R-Squared" of 0.9893."Adeq Precision" 
measures the signal to noise ratio.  A ratio greater 
than 4 is desirable.  Your ratio of 54.799 indicates an 
adequate signal.  This model can be used to navigate 
the design space. 

Thermal Efficiency = -22.426 +0.8145 * 
Diameter + 0.837 * Heat Input + 0.2728 * Angle of 
Inclination + 0.12596  * Filling ratio + 9.60937x10-

3* Flow rate-1.9 x10-3 * Diameter * Heat Input + 
1.533 x10-3* Diameter * Angle of Inclination-
2.845x10-3 * Diameter * Filling ratio + 2.0063 x10-3* 
Diameter * Flow rate -  1.250 x10-3* Heat Input * 
Angle of Inclination - 5.0 x10-6* Heat Input * Filling 
ratio -3.125 x10-4* Heat Input * Flow rate+5.96667 
x10-4* Angle of Inclination * Filling ratio+0.0  * 
Angle of Inclination * Flow rate - 7.75000 x10-5  * 
Filling ratio * Flow rate - 0.017038  * Diameter2 - 
9.34375 x10-4  * Heat Input2 -2.72083 x10-3  * Angle 
of Inclination2 -5.18500 x10-4  * Filling ratio2 -
1.72656 x10-4  * Flow rate2 

Figure 3 shows the normal plot of residuals for 
thermal efficiency of the heat pipe, which indicates 
that errors in the experiments are normally 
distributed. Figure 4 to 13 show the interaction 
effects of above mensioned parameters. The thermal 
efficiency of the heat pipe is calculated from the ratio 
of the cooling capacity rate of water at the condenser 
section to the supplied power at the evaporator 
section.
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Table 4 ANOVA for Response Surface Quadratic Model - Thermal Efficiency 

Response 1 Thermal Efficiency 

 
Source 

Sum of 
Squares 

 
df 

Mean 
Square 

F 
Value 

p-value 
Prob > F 

 
 

Model 2614.95 20 130.7475 208.3724 < 0.0001 significant 

A-Diameter 4.687225 1 4.687225 7.470032 0.0114 

B-Heat Input 2491.507 1 2491.507 3970.716 < 0.0001 

C-Angle of 
Inclination 24.05903 1 24.05903 38.34288 < 0.0001 

D-Filling ratio 5.463906 1 5.463906 8.70783 0.0068 

E-Flow rate 0.011556 1 0.011556 0.018417 0.8931 

AB 0.5776 1 0.5776 0.920521 0.3465 

AC 0.8464 1 0.8464 1.348908 0.2564 

AD 8.094025 1 8.094025 12.89945 0.0014 

AE 2.576025 1 2.576025 4.105412 0.0535 

BC 2.25 1 2.25 3.585826 0.0699 

BD 0.0001 1 0.0001 0.000159 0.9900 

BE 0.25 1 0.25 0.398425 0.5336 

CD 3.2041 1 3.2041 5.106376 0.0328 

CE 0 1 0 0 1.0000 

DE 0.0961 1 0.0961 0.153155 0.6989 

A2 25.33321 1 25.33321 40.37355 < 0.0001 

B2 1.219105 1 1.219105 1.942887 0.1756 

C2 52.33201 1 52.33201 83.40155 < 0.0001 

D2 14.66412 1 14.66412 23.37022 < 0.0001 

E2 0.666014 1 0.666014 1.061426 0.3128 

Residual 15.68676 25 0.627471 

Lack of Fit 14.84081 20 0.742041 4.385842 0.0541 insignificant 

Pure Error 0.84595 5 0.16919 

Cor Total 2630.637 45 
 
 

Std. Dev. 0.79213 R-Squared 0.994037 
Mean 33.2937 Adj R-Squared 0.989266 
C.V. % 2.37922 Pred R-Squared 0.976971 
PRESS 60.58142 Adeq Precision 54.79935 
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Fig. 3: Normal plot of residual on thermal efficiency 

 
Figure 4-13 shows that the interaction effect of 

diameter with heat input.the efficiency of heat pipe 
increases with diameter of the heat pipe upto 20 mm, 
afterwards it reduces . It is due to that,when diameter 
more than 20 mm the more space is avaliable for 
vapour flow, so condensation process in the 
condensor is reduced,  the efficiency  tends to reduce 
when the diameter more than  20 mm. The thermal 
efficiency of the heat pipe increases with increasing 
heat flux, due to the fact that the temperature 
difference between the evaporator and condenser 
sections increases which results in higher 
evaporation heat transfer rate of working fluid. At 
higher heat input in the evaporator section, the heat 
transfer from its surface to the working medium is 
higher and it causes the working medium which is in 
the form of vapour to move vigorously into the 
condenser section. Figure 11 shows the interaction 
effect of angle of inclination and filling ratio on 
thermal efficiency. The thermal efficiency increases 

with the angle of inclination up to 45o, thereafter it 
decreases. Because of  the formation of the liquid 
film in the inner side of condenser section which is at 
higher rate results in the increased values of the 
thermal resistance between the vapour of the working 
fluid and the cooling medium in the condenser.The 
thermal efficiency of heat pipe increases  with 
increase in filling ratio of evaporator section upto 
75% of filling ratio  afterwards it reduces. It is due to 
reason that higher fill ratio leads to lower space for 
vapour in the condensor area which leads to the 
decrease of heat tranfer rate of the working fluid at 
the evaporator section.  Figure 13 shows the 
interaction effect of filling ratio and flow rate. The 
thermal efficiency of heat pipe is maximum at  flow 
rate of     80 ml/min afterwards it reduces. .It is due 
to the fact that when flow rate is incresed the 
temperature difference between the inlet and outlet is 
decreased such that efficiency is decreased. 

 
  
 

 
Fig. 4: Effect of diameter and heat input on thermal efficiency 
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Design-Expert® Software

Thermal Efficiency
Design points above predicted value
Design points below predicted value
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19.33
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E: Flow rate = 80.00

  10.00

  15.00

  20.00

  25.00

  30.00

15.00  

30.00  

45.00  

60.00  

75.00  

29.2  

30.85  

32.5  

34.15  

35.8  

  T
he

rm
al

 E
ffi

ci
en

cy
  

  A: Diameter    C: Angle of Inclination  
 

 
Fig. 5: Effect of diameter and angle of inclination on thermal efficiency 

 

 
 
Fig. 6: Effect of diameter and filling ratio  on thermal efficiency 

 
 

 
Fig. 7: Effect of diameter and flow rate  on thermal efficiency 
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Fig. 8: Effect of heat input and angle of inclination on thermal efficiency 
 

 
 
 

Fig. 9: Effect of heat input and filling ratio on thermal efficiency 
 
 

 
 

Fig. 10: Effect of heat input and flow rate on thermal efficiency 
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Fig. 11: Effect of angle of inclination and filling ratio on thermal efficiency 
 

 
 

Fig. 12: Effect of angle of inclination and flow rate on thermal efficiency 
 
 

 
 

Fig. 13: Effect of filling ratio and flow rate on thermal efficiency 
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Fig. 14: Optimization plot 
 
Figure 14 shows the optimization plot with a 

desirability of 0.993 which is generated by RSM. 
From the figure it is apparent that based on RSM 
results, the optimum value of thermal efficiency is 
47.6537% when the heat pipe diameter is 19.75 mm, 
heat input is 70 W at 52.690 inclination with a flow 
rate of 55.05 ml/min 

 
Confirmation Test: 

In order to confirm the optimization results, the 
experiment is conducted with diameter 20 mm; heat 
input is 70 W, at 50o inclination, filling ratio of 85% 
and a flow rate of 60 ml/min. The thermal efficiency 
of the heat pipe is found as 53.2% which is nearer to 
the optimum value. 

 
Conclusion: 

In this study, heat pipe container diameter is 
optimized by adopting the RSM using the heat input, 
angle of inclination and flow rate of water in the 
condenser section. The proposed model will be 
useful to predict the thermal efficiency of heat pipe 
with an error of ±1 %. Based on RSM results, the 
optimum value of thermal efficiency is 47.6537% 
when the heat pipe diameter is 19.75 mm, heat input 
is 70 W at 52.690 inclination with a flow rate of 
55.05 ml/min 
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