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Abstract—Present study focuses on recovery of heat from waste gas at a simulated engine 
exhaust conditions using wickless heat pipe heat exchanger (WHPHE). WHPHE is constructed 
using copper tube of 12 mm internal diameter and 2 mm thickness with evaporator and 
condenser sections of length 150 mm each and a central adiabatic section of length 50 mm.  
Bench scale experimental setup was developed to analyze the thermal performance of WHPHE 
at various hot gas inlet temperature (~134, 205 and 280 ⁰C) and flow rates (Re 2500 to 4000 in a 
step of 500) using cold fluid as air at different flow rates (12, 18, 24 and 30 lpm) and inlet 
average temperature of 32 °C at atmospheric pressure. Initially De-Ionized (DI) water is used as 
a working fluid and in the second stage, nanofluid of Copper/De-Ionized water (Cu-DI water)  
is used as a working fluid at various concentrations (50, 100, 150, 200 ppm) for all experimental 
conditions.  
Theoretical analysis of wickless heat pipe heat exchanger is carried out using Ɛ-NTU method to 
predict the performance parameters using DI water as a working fluid. Comparison of 
experimental results using DI water as a working fluid with theoretical predictions shows that 
theoretical analysis under predicts the experimental results by 5 to 18.8% for majority of the 
experimental conditions and over predicts by 1.5 to 18% for few of the conditions. 
Experimental results of performance parameters of wickless heat pipe heat exchanger using DI 
water as a working fluid are compared with that of using Cu/DI water nanofluid.  From the 
experimental data it was observed that effectiveness, overall heat transfer coefficient and rate of 
heat recovery using Cu-DI nanofluid (150 ppm) are 22%, 45% and 34 % more than that of 
using DI water as a working fluid respectively. Hence it is concluded that Cu-DI nanofluid 
of150 ppm is the optimum concentration for the maximum rate of heat recovery from the hot 
gas at a simulated engine conditions 
 
Index Terms— Engine exhaust, nanofluid, effectiveness, DI water, waste heat, heat recovery, 
heat transfer coefficient, Thermal conductivity, viscosity, density, and Thermal resistance. 

I. INTRODUCTION 

In the current status of the world due to the increase in energy requirement for the different processing industries, 
such  as  steel  plant,  power  plant  as  well  as  transportation, the use of fossil fuel is increased. Among all these 
 
 
Grenze ID: 01.GIJET.7.1.20  
© Grenze Scientific Society, 2021   

 

Grenze International Journal of Engineering and Technology, Jan Issue 



 
126 

sources diesel engines have a wide field of applications due to their higher efficiency. Despite of higher 
efficiency, a significant amount of input heat energy (30-40%) is expelled into the environment through the 
exhaust of a diesel engine [1]. Among the different methods used to recover the heat from the engine exhaust, 
use of heat exchanger is more popular [2]. Among all, the heat pipe heat exchanger is observed to be more 
efficient device to recover heat energy from the waste heat [3]. Theoretical thermal analysis of heat recovery by 
two phase closed Thermosyphon from engine exhaust is presented by Yerne and Bhusnoor[4].There are very 
limited studies for recovery of waste heat from the engine exhaust by using wickless heat pipe heat exchanger 
(Thermosyphon) and nanofluid  as a working fluid [5]. In the literature most of the study is observed for the non 
metal nanoparticle with the water as the base fluid and the operating temperature range is below ~100 �C. But 
there is limited study on the use of metallic nanofluid at higher operating temperature range over 100 �C. In 
various fields and appliances heat pipe heat exchanger can be used due to its high heat transport capacity. 
Thermal properties of working fluid plays an important role in the performance of heat pipe heat exchanger, 
hence it is necessary to improve the thermal properties of working fluids by adding metallic or non-metallic 
nanoparticles to the base fluids [6]. 
Yang et al. [7] investigated an open loop wickless heat pipe heat exchanger by using CuO nanoparticles in the 
base fluid water with mass concentrations of nanoparticles varied in the range of 0.1% to 1.5% wt. They 
observed that boiling heat transfer rate was improves in evaporator by addition of nano particles, they also 
observed that the optimal value of concentration of 1% by wt. of Nanoparticle is more effective [8]. From the 
literature it is evident that from the automobiles more than 25-30% of total energy discharges into the 
environment in the form of waste heat which causes the loss of energy and also affect on health and 
environment. And there is no considerable work is done in heat recovery by using heat pipe heat exchanger from 
the engine exhaust.  From the literature study, it is observed that there is no previous work on the wickless heat 
pipe heat exchanger with the working fluid as a Cu/DI water nanofluid operating at temperature above 100 ⁰C. 
Hence the focus of present study is to analyze the performance of wickless heat pipe heat exchanger using 
working fluid as DI water and Cu/DI water nanofluid with the different concentration (50, 100, 150 and 200 
ppm) at  simulated engine exhaust conditions (temperature range of 134, 205 and 280 ⁰C and Flow Re of 2500 to 
4000).  

II. MATERIALS AND METHODS 

Initially theoretical design analysis of wickless heat pipe heat exchanger was carried out using DI water and 
CU/DI water at various concentrations at simulated engine conditions. In the second stage a bench scale setup 
was developed to study the various performance parameters of the wickless heat pipe heat exchanger (with DI 
water and CU/DI water as a working fluid) at various hot gas flow rate, inlet temperatures typical of engine 
exhaust conditions using atmospheric air as a cooling media at various flow rates. Details of the Materials and 
methods used in this study are explained in below sub sections. 

A. Thermal Analysis of Wickless Heat Pipe Heat Exchanger 

For the thermal analysis of heat pipe heat exchanger Ɛ-NTU method developed by Kays and London[9] is used, 
which can be expressed as; 
For Evaporator Section 

ɛୣ = 1− exp(−NTU)ୣ −−− (1) 
For Condenser Section 

ɛୡ = 1− exp(−NTU)௖ −−− (2) 
 
Number of transfer units (NTU) for the evaporator and condenser sections can be expressed as; 

(NTU)ୣ =
(UA)ୣ

Cୣ
− −− (3) 

(NTU)ୡ =
(UA)ୡ

Cୡ
−−− (4) 

The overall effectiveness of the heat exchanger ɛt is expressed as  

If, ܥ୦ > C௖ 	;																																					ɛ௧ = ቆଵ
ɛ೎
	+ 	

಴ౙ
಴౞
ɛ೐
ቇ
ିଵ

−−− (5) 

If, ܥୡ > C୦;																																					ɛ௧ = ቀ ଵ
ɛ೐
	+ 	஼౞/஼ౙ

ɛ೎
ቁ
ିଵ
−−− (6) 
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Calculation for Outer Heat Transfer Coefficient of Single Tube Heat Pipe Heat Exchanger: 
If Dh is the hydraulic diameter of annulus region, Vh is the velocity of shell side fluid for the given mass flow 
rate and geometry, then gas Reynolds number can be expressed as;  

Re୦ = ஡౞ୈ౞୴౞
ஜ౞

−−− (7) 

V୦ = ṁܐ
ܐૉ܋ۯ

−−− (8) 

Aୡ = ஠
ସ

(D୧
ଶ		
− d୭

ଶ		) −−−(9) 
D୦ = D୧ − d୭ −−−(10) 

For external cross flow over a single cylinder, Nusselt correlation can be expressed as [10]; 

Nu୭ = CRe୫	Pr଴.ଷ଻(Pr/Pr୵)଴.ଶହ = h୭Dୣ/k −− −(11) 
The constants C and m are depends on Re as given in below Table 1 [Error! Bookmark not defined.]. For the 
given geometry and mass flow rate in the outer shell, the shell side heat transfer coefficient can be expressed as;    

	h୭ = ୒୳౥୩
ୈ౛

−−−(12) 

TABLE I. CONSTANTS OF EQ. (14) FOR A CIRCULAR CYLINDER IN CROSS FLOW [ERROR! BOOKMARK NOT DEFINED.] 

Re C m 
40–1000 0.51 0.5 
103–2  x 105 0.26 0.6 

B. Modeling of Thermo physical Properties of working fluid and Performance Parameters of Heat Exchanger 

In this study we have derived a theoretical model from the basic equations available in literature [11] for 
analyzing Thermo physical Properties of working fluid and Performance Parameters of HPHE. 

Thermal Conductivity: The effective thermal conductivity of nanofluid can be calculated by using following 
expression proposed by Jang and Choi[12]. 

K୬୤ 	= 	K୤(1− ߶) + 	K୮߶	 + 3
d୤
d୮

K ୤߶Reୢ୮ଶ		Pr −−− (13) 

Density of the Nanofluid: Density of nanofluid can be determined by using the following expression [13] 
ρ୬୤ 	= 	ϕρ୮ 	+ 	(1− ϕ)ρ୤ − −− (14) 

Where ρnf, ρp and ρf are the densities of the nanofluid, nanoparticles, and base fluid, respectively. 
Specific Heat of nanofluid: Specific heat of nanofluid can be determined by using following expression[14] 

C୮୬୤ 	= 	ϕC୮୮ 	+ 	 (1 −ϕ)C୮୤ −− − (15) 
 Where Cpnf, Cpp and Cpf  are the specific heat of the nanofluid, nanoparticles, and base fluid,  respectively.  

Viscosity of Nanofluid: Viscosity of Nanofluid is an important parameter for various practical applications due 
its direct effect on the pressure drop in forced convection flow problems. Dynamic viscosity of dilute 
suspensions that contain spherical particles has been expresses as [15]; 

µ୬୤ 	= (1 + 2.5߶)µ୤ − −− (16) 

C. Analysis of Convective Heat Transfer coefficient of base fluid (hf) and nanofluid (hnf)  
Heat transfer performance of nanofluids can be analyzed by using classical correlations developed for the 
Nusselt number for the flow of pure fluids.  
Boiling heat transfer coefficient of base fluid (hfei)  
In the present study Imura’s correlation is used the determination of the average Nusselt number. This 
correlation covers natural convection, combined convection and nucleate boiling which can be expressed as, 

h୤ୣ୧ = 0.32	
ρ୤଴.଺ହk୤

଴.ଷCp୤଴.଻g଴.ଶqୣ଴.ସ

ρ୴଴.ଶହh୤୥
଴.ସμ୤଴.ଵ

൬
Pୱୟ୲
Pୟ୲୫

൰ − −− (17) 

Condensation heat transfer coefficient of base fluid (hfci)  
In the condenser assuming all the mass flowing as liquid, the Heat transfer Coefficient hL can be expressed by 
the Dittus-Boelter equation as: 

h୐ = 0.023	Re଴.଼Pr଴.ସ k୤
D୭

− −− (18) 
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And mean heat transfer coefficient for condensation can be find out by Shah M. [16] 

h୤ୡ୧ 	= 	h୐ ൬0.55 +
2.09
଴.ସ൰ݎܲ − − − (19) 

The basis of single phase model proposed by Xuan and Roetzel[] is the fact that solid particles in nanofluid are 
ultrafine (<100 nm) and are easily fluidized. The equation for heat transfer coefficient of nanofluid can be 
expressed as;  

h୬୤ୣ୧ = 0.32	
ρ୬୤଴.଺ହK୬୤

଴.ଷCp୬୤
଴.଻g଴.ଶqୣ଴.ସ

ρ୴଴.ଶହh୤୥
଴.ସμ୬୤଴.ଵ

൬
Psat
Patm

൰ − −− (20) 

Dividing Eq. 20 by Eq. 17, we obtain the ratio of nanofluid heat transfer coefficient as; 
h୬୤ୣ୧
h୤ୣ୧

= ൬
ρ୬୤
ρ୤
൰
଴.଺ହ

൬
Cp୬୤
Cp୤

൰
଴.଻

൬
k୬୤
k୤
൰
଴.ଷ

−−− (21) 

ratio of heat transfer coefficients of Nano fluid to base fluid in the condenser can be expressed as; 
h୬୤ୡ୧
h୤ୡ୧

= 	 ൬
Re୬୤
Re୤

൰
଴.଼

൬
Pr୬୤
Pr୤

൰
଴.ସ

൬
k୬୤
k୤
൰ቆ

0.55Pr୬୤
଴.ସ + 2.05

Pr୬୤଴.ସ ቇቆ
Pr୤

଴.ସ

0.55Pr୤
଴.ସ + 2.05

ቇ −−− (22) 

D. Overall heat transfer coefficient on shell side of evaporator (Uoe) and condenser (Uoc)  
The overall heat transfer coefficient on shell side of evaporator (Uoe) and condenser (Uoc) by considering outer 
heat transfer area can be expresses as;  

U୭ୣ = ଵ
୦౥౛

+ ୅౥౛
୅౟౛୦౟౛

−− −(25) 

U୭ୡ = ଵ
୦౥ౙ

+ ୅౥ౙ
୅౟ౙ୦౟ౙ

−−−(26) 

E. Experimental method to find effectiveness of Heat Pipe Heat Exchanger  
The effectiveness of thermosyphon can be defined as the ratio of heat transfer rate of heat exchange to the 
maximum possible heat transfer rate between the air streams  

ɛ௧ =
qୟୡ୲୳ୟ୪
q୫ୟ୶

−− − (27) 

If ܥ୦ > C௖ 

ɛ௧ =
Tୡ,୭୳୲ − Tୡ,୧୬

T୦,୧୬ − Tୡ,୧୬
− −− (28) 

If ܥ୦ < C௖ 

ɛ௧ =
T୦,୧୬ − T୦,୭୳୲

T୦,୧୬ − Tୡ,୧୬
−−− (29) 

III. DEVELOPMENT OF BENCH SCALE EXPERIMENTAL SETUP 

The design of the experimental setup is intended to study the heat recovery from engine exhaust by using 
wickless heat pipe heat exchanger with working fluid as DI water and Cu/DI water. Further, it is also intended to 
fulfil the requirements of experimental validation of the theoretical analysis for the heat recovery with maximum 
accuracy. The heat pipe heat exchanger theoretically analysed and designed by Yogita and Bhusnoor (2019) is 
fabricated using copper tube of 12 mm internal diameter and 2 mm thickness with evaporator and condenser 
sections of length 150 mm each and a central adiabatic section of length 50 mm. Figure 1 shows the photograph 
of bench scale experimental setup developed in this study. The experimental matrix for the study is presented in 
the Table II. 

TABLE II. EXPERIMENTAL CONDITIONS FOR BENCH SCALE SETUP 

Parameter Bench scale set up 
Hot fluid   and Cold  fluid Air 
Inlet Temperatures of hot fluid  (°C) 134, 205 and  280 
Cold fluid inlet Temperatures (°C) Air at atmospheric temperature (32°) 
Re of hot fluid 2500, 3000, 3500, 4000 
Mass flow rate of cold fluid (lpm) 12,18, 24, 30 
Thermosyphon dimensions (Material) 12 mm ID, 2mm thickness, length 350 mm (Copper, kt=400 W/mK)  
Working Fluids  DI Water , Cu/DI water Nanofluid (50, 100 , 150 and 200 ppm) 
Working Fluids  DI Water , Cu/DI water Nanofluid (50, 100 , 150 and 200 ppm) 
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The compressed air from compressor is divided into two steams, one stream is passed to the heater to supply hot 
to evaporator section and stream of cold air is supplied to the condenser section through the rotameter. 
Temperatures at various points of the evaporator are measured by Cr-Al thermocouple wires. In this study 
performance parameters of wickless heat pipe heat exchanger at various experimental conditions are analyzed 
using DI Water and Cu/DI water Nanofluid at various concentrations of Cu nanoparticles in the base fluid, and 
experimental results are compared with theoretical predictions of DI water. 

IV. RESULTS AND DISCUSSION  

Theoretical and experimental results obtained as per the experimental matrix are discussed in this section. 

 
Figure 1 Photograph of Bench scale Experimental setup for Performance analysis of wickless heat pipe heat exchanger 

A. Effect of Mass Flow Rate of Hot Gas on Boiling Heat Transfer Coefficient of Nanofluid 
Figure 2 shows effect of nanofluid concentration on the boiling heat transfer coefficient at various hot gas flow 
rate. The boiling heat transfer coefficient increases with the increase of concentration from 50 to 150 ppm at 
given temperature and with increase in flow rate. Comparison of experimental results using working fluid as 
Cu/DI water nanofluid  (150 ppm) with that DI water shows, that there is ~ 30.7% increase in boiling heat 
transfer using Nanofluid as working fluid. From Fig. 2 it is also observed that the theoretical values of boiling 
heat transfer coefficient are under predicted compare to experimental results by maximum ~20%. 

 
Figure 2 Effect of hot gas flow rate on boiling heat transfer coefficient of DI water and nano fluid with different concentration 

B. Effect of Hot gas flow rate on effectiveness of wickless heat pipe heat exchanger 
Influence of nanofluid concentration on the effectiveness of heat pipe heat exchanger at various hot gas flow rate 
and gas inlet temperature are plotted in Figure 3 along with theoretical predictions using DI water for 
comparison. From the Figure 3, it is noticed that the effectiveness of wickless heat pipe heat exchanger for all 
nanofluid concentration increases with increase in the hot gas flow rate at fixed gas inlet temperature. It is also 
observed that for increase in gas inlet temperature from 134 and 280 ⁰C at any hot gas flow rate there is increase 
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in effectiveness due to increase in concentration.   For 150 ppm concentration of nanofluid there is up to 23.5% 
increase in effectiveness is observed where as by further increase in concentration to 200 ppm there is drop of 
effectiveness by 5 % due to increase in viscosity because of the reduction in convection heat transfer rate of the 
nanofluid. 

C. Effect of Hot Gas Flow Rate on Evaporator Overall Heat Transfer Coefficient (Uoe)  
Influence of nanofluid concentration on the evaporator overall heat transfer of heat pipe heat exchanger at 
various hot gas flow rate and gas inlet temperature are plotted in Figure 4 along with theoretical predictions 
using DI water for comparison. From the Figure 4 it is observed that with the increase in hot gas mass flow rate 
there is increase in overall heat transfer coefficient at all gas inlet temperature and it increases with increase in 
concentration and temperature at given flow rate. It is observed that due to increase in concentration of 
nanoparticle from 50 to 150 ppm the overall heat transfer coefficient increased to 44.56 %, as compare to DI 
water. 

 

 Figure 3 Effect of Hot gas flow rate on effectiveness of the wickless heat pipe heat exchanger at various nanofluid concentration 
and cold fluid mass flow rate of 30 lpm and at two different gas inlet temperature 134 and 280 ⁰C 

 

Figure 4 Effect of hot fluid mass flow rate overall heat transfer coefficient at various nanofluid concentration and cold fluid flow rate of 
12lpm and at hot gas inlet temperature of 134 and 280 ⁰C 

D. Effect of Hot Gas Flow Rate on Effective Thermal Conductivity of Wickless Heat Pipe Heat Exchanger  
Influence of nanofluid concentration on the Effective thermal conductivity of heat pipe heat exchanger at various 
hot gas flow rate and gas inlet temperature are plotted in Figure 5 along with theoretical predictions using DI 
water for comparison. From the Fig.5 it is observed that with the increase in hot gas fluid mass flow rate there is 
increase effective thermal conductivity at all gas inlet temperature. For all Nanofluid Concentration (DI water, 
50,100,150 and 200 ppm) the effective thermal conductivity was in the range of 5000 to 12000 W/mK at hot gas 
temperature of 280 ⁰C, whereas for 134 ⁰C it is in the range of 400 to 2600 W/mK. At higher temperature the 
thermal resistance of the fluid and solid decreases, this results in increase in effective thermal conductivity. From 
Fig.5 it is also observed that due to increase in concentration of the nanofluid from 50 to 150 ppm there is 
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increase in effective thermal conductivity where as further increase in concentration to 200 ppm the effective 
conductivity reduces by around 3 %.  

E. Effect of Hot Gas Flow Rate on Heat Recovery of Wickless Heat Pipe Heat Exchanger  
Influence of nanofluid concentration on the rate of heat recovered from the heat pipe heat exchanger at various 
hot gas flow rate and gas inlet temperature are plotted in Figure 6 along with theoretical predictions using DI 
water for comparison. 

 

Figure 5 Effect of hot fluid mass flow rate on Effective thermal conductivity of the heat pipe heat exchanger at various nanofluid 
concentration and cold fluid flow rate of 18lpm and at two different gas inlet temperatures134, 280 ⁰C 

From the Fig.6 it is observed that with the increase in evaporator side fluid mass flow rate there is increase heat 
recovery rate at all gas inlet temperature due to more heat potential. with the working fluid  of 150 ppm the heat 
recovery rate is observed to be increase up to 11 % and 26% for the 280 ⁰C and 134 ⁰C respectively as compare 
to DI water. But for further increase in concentration of nanoparticle to 200 ppm there is drop of rate heat 
recovery observed compared to 150 ppm nanofluid up to 12 % due to drop in overall heat transfer coefficient and 
effective thermal conductivity of wickless heat pipe heat exchanger. 

 

Figure 6 Effect of hot fluid mass flow rate on heat recovery by the heat pipe heat exchanger at various nanofluid concentration and cold fluid 
flow rate of 30lpm and at hot gas inlet temperature of 134 and 280 ⁰C 

V. CONCLUSIONS  

A summary of experimental analysis drawn on the basis of present work are summarized here. 
1. Effectiveness of heat exchanger increases with the increase in concentration of nanofluid due to increase in 

thermal conductivity. For 150 ppm maximum 22% increment in effectiveness is observed but for the 
nanofluid concentration of 200 ppm the effectiveness is 6% less than that of 150 ppm.  

2. Experimental results are higher than the theoretical predictions in the range of 5 to 18.8 % for entire range of 
the experimental conditions. 
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3. The thermal resistance of wickless heat pipe heat exchanger decreases with the increase in concentration of 
nanofluid from 50 to 150 ppm due to increase in its thermal conductivity.  

4. The maximum reduction in thermals resistance is observed for 150 ppm concentration nanofluid (which is 
around 55%), as Compare DI water. But for 200 ppm nanofluid concentration there is increase in thermal 
resistance of 9% as compare to 150 ppm due to the increase in viscosity of the working fluid.  

5. There is 34 % increase in rate of heat recovery is observed with the increase in nanofluid concentration to 
150 ppm as compared to DI water. Further increase in concentration to 200 ppm there is decrease in rate of 
heat recovery of 5%, which is due increase in thermal resistance of the heat exchanger. 

6. From the results it is clear that the effectiveness of the heat exchanger is highest at 150 ppm nanofluid 
concentration for all the temperature range and mass flow rate of cold fluid. 
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