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A B S T R A C T   

The importance of waste heat recovery systems for various industrial processes has been growing steadily, driven 
by their potential to improve energy efficiency, reduce fuel consumption, and minimize environmental impacts. 
Heat exchangers are key components in these systems, facilitating the transfer of heat from waste sources to 
useful media. Among them, heat pipe heat exchangers (HPHX) have been widely employed in industries such as 
steel and ceramic as an energy-saving measure to cut carbon emissions. Previous studies have mainly focused on 
experimental analyses of HPHX thermal performance. However, due to the high cost of full-scale thermal tests, 
there is a lack of research investigating the effect of detailed geometrical and operational variations on HPHX 
thermal performance. This study addresses the existing gap by conducting a comprehensive conjugate numerical 
investigation to explore the influence of flow path structure and condenser area on the performance of an air-to- 
liquid HPHX. We first utilize a full-scale conjugate simulation to propose an optimized HPHX design that en
hances both heat transfer rate and effectiveness through the variation of baffle configurations and condenser 
height. Subsequently, we experimentally validate the proposed design through a full-scale HPHX thermal test. 
Results revealed that the baffle design significantly improved the heat transfer rate and effectiveness by up to 
36.3% and 36.0%, respectively. Conversely, increasing the condenser height by five times enhanced the heat 
transfer rate by only 3.5%, with the condenser area showing a minor impact owing to the higher heat capacity 
rate of water compared to air. The outcomes revealed remarkable energy-recovery capabilities, revealing a total 
thermal energy wastage recovery rate up to 19.7 kW. These findings demonstrate the potential and effectiveness 
of the proposed HPHX in waste heat recovery applications.   

1. Introduction 

Energy saving has become a prominent global priority in the 21st 
century with the aim of enhancing energy efficiency and reducing car
bon emissions because a substantial amount of energy is wasted 
worldwide these days. According to the energy flow charts from Law
rence Livermore National Laboratory, the amount of discarded energy in 
the United States in 2021 accounted for 65.4 quads (equivalent to 6.5 ×
1016 Btu), which represents approximately 67% of the overall energy 
consumption (97.3 quads = 10.3 × 1016 Btu) [1]. Globally, exhaust and 

effluent losses, including exhaust gas, vapor, and coolant, account for 
52% of the total energy, equivalent to 72% of the rejected or discarded 
energy [2]. Given that most of the discarded energy is primarily in the 
form of heat, the recovery and utilization of waste heat yield substantial 
energy savings while also positively impacting environmental issues 
associated with CO2 emissions [3]. 

A heat pipe heat exchanger (HPHX) holds significant promise in 
waste heat recovery systems, facilitating efficient heat transfer from 
high-temperature sources to lower-temperature sinks through the 
implementation of heat pipes with a phase-change process within the 
heat exchanger. This enables effective utilization of waste heat and 
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contributes to energy recovery [4]. The HPHX is designed with multiple 
heat pipes integrated into its structure, ensuring a complete segregation 
of the flow paths for hot and cold fluids. On the hot side of the HPHX, the 
heat pipes actively absorb heat from hot fluids, including waste gases, 
while on the cold side, they facilitate the efficient release of heat to the 
cold fluids. Unlike conventional heat exchangers that rely solely on 
sensible heat transfer, the working fluid inside the heat pipes in HPHXs 
undergoes phase changes, transitioning between liquid and vapor states. 
HPHXs outperform conventional heat exchangers in terms of thermal 
performance because of this distinctive feature, which enables more 
effective heat transfer. Furthermore, the heat pipe of the HPHX operates 
isothermally, giving it a decent level of resistance to thermal deforma
tion. This characteristic, combined with their simple flow path structure 
compared to conventional heat exchangers, makes HPHXs highly ad
vantageous in terms of maintenance. For these reasons, HPHXs are being 
actively utilized and investigated for waste heat recovery in diverse 
industrial sectors, including the steel industry [5,6], aluminum die- 
casting industry [7], ceramic industry [8,9], automobile sector 
[10,11], air-conditioning systems [12–14], and steam power plants 
[15]. 

The thermal performance of HPHXs is influenced by various 
geometrical elements. These encompass the heat exchanger geometries, 
including the arrangement of rows and steps, and the configuration of 
the heat pipe array (inline or staggered). Furthermore, heat pipe ge
ometries, such as pipe inner diameter and porosity, play a role. Addi
tionally, fin geometries, such as fin type, fin height, and fin per inch, also 
contribute significantly to the overall performance. From the 1990s, 
numerous researchers have experimentally examined the performance 
of HPHXs in terms of aspects such as heat transfer rate and effectiveness. 
Wadowski et al. [16] explored the thermal performance of air-to-air 
HPHXs for heating, ventilation, and air-conditioning (HVAC) systems. 
They measured the effectiveness of HPHXs under various flow rates and 
temperatures and suggested HPHX operating environments to increase 
effectiveness. Furthermore, several researchers [17,18] have investi
gated HPHXs through lab-scale experiments, focusing on their thermal 
performance according to operating conditions. Jouhara et al. [7] 
explored the heat recovery effect of HPHX in a real industrial field. They 
installed a gas-to-air HPHX in a heat treatment furnace at an aluminum 
die-casting factory, recovering up to 88.6 kW of heat from exhaust gas at 
400 ◦C. In the several previous studies introduced above, the HPHX 
performance under operating environmental variation was investigated 

in detail. However, there is scarce literature available to explore thermal 
performance variations with the geometrical variation of HPHXs owing 
to the practical restrictions in fabricating a large number of heat 
exchangers. 

Starting from the 2010s, numerical methods have been increasingly 
employed to investigate the performance of HPHXs. This trend is pri
marily driven by their efficiency in terms of time and cost, which is a 
result of significant advancements in computer capabilities and related 
resources. Selma et al. [19] proposed an OpenFOAM-based numerical 
model of HPHXs used in HVAC systems for waste heat recovery. By 
basing the boundary conditions on experimental observations, they 
simulated the working-fluid flow characteristics and thermal perfor
mance of an HPHX, and their results showed good agreement with the 
experimental data. Mroue et al. [20] calculated the effectiveness and 
heat transfer rate of an air-to-water HPHX using a commercial compu
tational fluid dynamics (CFD) software ANSYS Fluent. They adopted the 
thermal network model of a two-phase closed thermosyphon (TPCT) to 
reflect the phase-change phenomenon inside the heat pipe element, and 
their results exhibited good agreement, within 10%, with their experi
mental data. Ramos et al. [17] also predicted the thermal performance 
of a gas-to-water HPHX using ANSYS Fluent. To reduce computational 
effort, they considered a heat pipe as a solid conductor with a high 
thermal conductivity in their simulation; their model exhibited good 
predictive accuracy with MAEs of 10% for both heat transfer rate and 
effectiveness. Brough et al. [18] experimentally verified that up to 63 
kW of heat could be recovered from exhaust gas at 270 ◦C using a gas-to- 
water HPHX to recover the waste heat produced by a ceramic kiln sys
tem. Then, they developed a TRNSYS-based computational model which 
exhibited a superior predictive accuracy of ±4% of the experimental 
results. Sadeghi et al. [21] investigated the impact of filling ratio on the 
optimal performance of a TPCT under moderate temperatures in steam 
power plants and identified the best performance at a filling ratio of 
30%. Cho et al. [22] introduced a novel model based on mass balance 
using the functional saturation temperature to predict the thermal per
formance of the TPCT in the HPHX, demonstrating high accuracy with a 
maximum 6% error compared to experimental data. 

This study adopts experimental as well as computational approaches 
to exhaustively investigate the thermal performance of HPHXs. Initially, 
a full-scale conjugate simulation for the HPHX was performed, wherein 
heat pipes were substituted with a solid conductor to reduce computa
tional costs. Subsequently, the heat transfer rate was assessed to 

Nomenclature 

A area [m2] 
C heat capacity rate [W/K] 
cp specific heat [J/kg⋅K] 
D diameter [mm] 
H height [mm] 
k thermal conductivity [W/m•K] 
L length [mm] 
ṁ mass flow rate [kg/s] 
Q heat transfer rate [W] 
Re Reynolds number 
ST transverse spacing [mm] 
SL longitudinal spacing [mm] 
T temperature [◦C] 
t thickness [mm] 
U fluid velocity [m/s] 
W width [mm] 
R thermal resistance [K/W] 
V voltage [V] 
I current [A] 

Greek symbols 
Δ difference 
ε effectiveness 
μ dynamic viscosity [kg/m⋅s] 
ρ density [kg/m3] 
Subscripts 
air air 
b baffle 
c condenser 
e evaporator 
eff effective 
i inner 
in inlet 
max maximum 
min minimum 
o outer 
out outlet 
s separator 
w water 
th thermal  
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investigate the effect of modifications in geometric elements, including 
baffle configurations in the evaporator and condenser, as well as 
changes in condenser height on the overall thermal performance of the 
HPHX. The best-performing HPHX determined from the computational 
results was validated through experimentation. For the experimental 
validation, a full-scale HPHX incorporating 95 heat pipes was con
structed. The experimental analysis involved a comparison of heat 
transfer rates and overall effectiveness with the computational results. 
We expect the insights obtained from this study to provide valuable 
perspectives for optimizing the geometrical design of HPHX systems. 

2. Method 

A heat exchanger comprising multiple heat pipes is utilized to 
recover the waste thermal energy from high-temperature exhaust air. 
The heat exchanger incorporated 95 heat pipes to enhance the heat 
transfer rate from the hot to the cold side by minimizing the total 
thermal resistance with the aid of the high effective thermal conduc
tivity of the heat pipes. Full conjugate simulations of fluid flow and heat 
transfer were conducted for various geometrical configurations, 
including baffle configurations and condenser heights, to examine the 
effects on the thermal characteristics of the HPHX. Subsequently, to 
validate the simulation results, the thermal performance of the opti
mized HPHX design was evaluated experimentally using a full-scale test 
module. 

2.1. Full-scale conjugate numerical simulation 

2.1.1. Computational domain and boundary conditions 
A conceptual design of the HPHX is illustrated in Fig. 1(a). A full- 

scale conjugate heat transfer and fluid-flow simulation was conducted 
using the commercial CFD software ANSYS Fluent 19.2. Two different 
working fluids, namely, air and water, were used for the hot and cold 
sides, respectively. The computational domain had a maximum size of 
540 (W) × 540 (L) × 445 (H) mm3. At the bottom, there was a 300-mm- 
tall evaporator that used hot air as the working fluid. At the top, there 
was a condenser that utilized water as the working fluid. We examined 
various condenser heights ranging from 25 to 125 mm, considering the 

superior heat-transfer properties of water compared to air. A separator 
made of Al6061 (k = 167 W/mK) with a thickness of 20 mm was 
installed between the evaporator and condenser. Ninety-five heat pipes 
were installed with a spacing of ST = SL = 54 mm. Fig. 1(b-c) show the 
detailed geometrical information of the inlet and outlet for both the 
evaporator and condenser sections. Air flows horizontally into and out 
from the evaporator of the heat exchanger, while water flows vertically 
into and out of the condenser. The fluid domains of the evaporator and 
condenser were extended by over 300 mm each to minimize the 
entrance and end effect at the inlet/outlet. Fig. 1(d-e) illustrate repre
sentative baffle configurations with the detailed fluid-flow paths in both 
the condenser and evaporator. Al6061 was adopted as the material of 
the baffles. A maximum of four baffle walls, each measuring 2 mm in 
thickness, were analyzed on both sides to investigate the effect of baffles 
on enhancing fluid circulation and expanding the heat transfer area. To 
reduce the computational burden associated with simulating phase 
change within heat pipes, solid rods with an effective thermal conduc
tivity of keff = 65,000 W/mK were substituted for the heat pipes [23,24]. 
The effective thermal conductivity was determined using the following 
formula: 

keff =
l

ARth

(1)  

where l and Ai are the overall pipe length from the inlet of the evaporator 
to the outlet of the condenser and the inner cross-sectional area of the 
tube, respectively. Further, Rth is the thermal resistance of the TPCT and 
is determined using the following equation: 

Rth =
Te − Tc

IV
(2)  

where T denotes the average temperature at the location, and I and V 
represent the current and voltage, respectively. 

The inlet boundary condition of the hot side was set to mass flow 
rates and a constant inlet temperature of Tair,in = 200 ◦C. The inlet 
boundary condition of the cold side was set to a mass flow rate condition 
as well, with a constant inlet temperature of Tw,in = 20 ◦C. The pressure 
outlet condition was used for both the hot and cold sides. The nonslip 

Fig. 1. Configuration of a heat pipe heat exchanger. (a) Conceptual schematic of a computational domain with computational boundary conditions. (b-c) 
Geometric configurations of the air inlet (red) and outlet (blue) in the evaporator (b) and water inlet (blue) and outlet (red) in the condenser (c). (d-e) Representative 
baffle configurations and corresponding fluid-flow paths for both evaporator (d) and condenser (e). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

G. Geum et al.                                                                                                                                                                                                                                   



International Communications in Heat and Mass Transfer 151 (2024) 107223

4

and coupled-wall boundary conditions were adopted for all solid–fluid 
interfaces, while adiabatic conditions were applied to all the remaining 
walls. 

A polyhedral mesh was adopted to minimize the computation time 
while providing enhanced mesh quality. Inflation meshes with five 
layers and an increase rate of 1.2 were employed near the solid–fluid 
interfaces. The mesh independence test was conducted with up to 16 
million mesh elements; the results and mesh images are summarized in 
Appendix A of Supporting Information. The difference in the heat 
transfer rate between the results obtained using approximately 12 
million and 16 million elements was 0.1%. On the basis of this result, all 
subsequent simulations were performed using more than 12 million 
elements. 

2.1.2. Test cases and solution techniques 
Thermal performance was evaluated for nine different geometrical 

variations as listed in Table 1. Case A involved different baffle config
urations in both the hot and cold sides, while Case B focused on different 
condenser heights. The baffle configurations directly affect internal flow 
patterns, leading to variations in heat transfer rates and overall effec
tiveness. Additionally, we compared the thermal performance of the 
HPHX in different condenser heat transfer areas, which was achieved by 
adjusting the condenser height. This comparison aimed to identify the 
optimal condenser height, taking into account the higher heat transfer 
coefficient of the liquid phase relative to the gas phase and the signifi
cant effective thermal conductivity of TPCTs. All the cases were evalu
ated for four different air mass flow rates (ṁair,in = 219.6, 252, 295.2, 
and 352.8 kg/h) on the hot side and three water mass flow rates of ṁw,in 
= 216.0, 288.0, and 432.0 kg/h on the cold side. The corresponding 
Reynolds number range was Reair = 4920–8519 for air and Rew =
7692–15,706 for water according to the following definition: 

Re =
ρUDo

μ
(3)  

where Do is the outer diameter of a heat pipe, which is 28.58 mm. 
The analysis considered steady-state conditions, incompressible 

fluid, and negligible radiation effects. Assuming the working fluid to be 
incompressible, a solver based on pressure was employed [25], and the 
realizable k-epsilon turbulence model was applied to both air and water 
[17]. The specific computational methods and governing equations used 
in this study are presented in Appendix B of Supporting Information. The 
detailed thermophysical properties of the fluids and solids were ob
tained using REFPROP 10.0 program; they are summarized in Appendix 
C of Supporting Information. 

2.2. Experimental method 

2.2.1. Design and fabrication of the HPHX 
Fig. 2(a) shows the heat pipe element that was fabricated in this 

study. The TPCT, composed of copper, had outer and inner diameters of 

28.58 and 26.04 mm, respectively. The lengths of the evaporator and 
condenser were set at 300 and 125 mm, respectively, to match the 
simulation domain. Water was used as the working fluid for the TPCT, 
with a filling ratio of 35%. This specific filling ratio was determined in a 
prior investigation focused on finding the optimal filling ratio [26]. An 
induction heating-based method [27] was utilized to remove noncon
densable air dissolved in water, offering a more efficient alternative to 
the traditional vacuum-based process. In this approach, multiple TPCTs 
were simultaneously heated up to 250 ◦C using surrounding induction 
coils. This heating induced vigorous boiling of the working fluid within 
the TPCTs, ensuring complete removal of any noncondensable air dis
solved in the fluid. Following an adequate deaeration period, the TPCT 
was sealed using the injection welding process. Before fabrication, all 95 
heat pipes were subjected to leak testing using a vacuum pump to ensure 
that they were airtight and free of any leaks. Following TPCT fabrica
tion, the filling ratio was confirmed through weight measurements. 

Fig. 2(b) shows photographic images of the constructed HPHX. The 
overall size of the heat exchanger was 540 (W) × 540 (L) × 465 (H) 
mm3, the heat exchanger cover was composed of a 5-mm-thick stainless- 
steel plate, and a 20-mm-thick aluminum 6061 separation plate was 
positioned between the evaporator and condenser. The condenser was 
equipped with four baffles, while the evaporator had four baffles 
installed to account for the relatively large velocity of hot air. These 
baffles were manufactured using a 2-mm-thick stainless-steel plate and 
were welded to the heat exchanger cover. During the assembly of the 
heat pipe, a screw thread was welded to each heat pipe element, as 
shown in Fig. 2(a). A silicone gasket was positioned between the heat 
exchanger cover and the separation plate, while PTFE tape was applied 
to the screw threads of each heat pipe to prevent any working-fluid 
leakage. 

2.2.2. Experimental setup and conditions 
Fig. 3 shows the thermal performance test setup of the HPHX used in 

this study. On the hot side, air was preheated to a constant temperature 
of 200 ◦C using a duct heater (Joul, 300 kW) and introduced into the 
evaporator by a blower. The flow rate of air was precisely measured 
using a venturi before its entry into the heat exchanger. Four K-type 
thermocouples (OMEGA, TJ36-CASS-116 U-6) were installed to measure 
the air temperature at each inlet and outlet of the hot side. Pressures 
were measured at both the inlet and outlet using pressure transducers 
(Honeywell STD810 for air, Rosemount 2051CD for water). The use of 
four 10-mm-thick stainless-steel baffles between the heater and venturi 
ensured temperature uniformity across the entire cross-sectional area at 
the heat exchanger inlet. The four temperature readings at the inlet 
indicated a variation of less than 1 ◦C, confirming the excellent tem
perature uniformity achieved. On the cold side, water was supplied from 
a water tank that used an internal heat exchanger and external chiller, 
ensuring a constant temperature of 20 ◦C. The mass flow rate of water 
was measured with an electromagnetic flow meter (TOSHIBA, LF620) 
before the inlet of the heat exchanger, and both inlet and outlet water 
temperatures were measured using a T-type thermocouple (OMEGA, 

Table 1 
Geometrical configurations of heat exchangers used in the simulation.   

Di 
[mm] 

Do 
[mm] 

ST 
[mm] 

SL 
[mm] 

He 
[mm] 

Hc 
[mm] 

N_be N_bc 

Case A 1 26.04 28.58 54 54 300 125 0 0 
2 0 4 
3 2 0 
4 2 4 
5 4 4 

Case B 1 25 2 4 
2 50 2 4 
3 75 2 4 
4 100 2 4 
5 125 2 4 

Experiment 26.04 28.58 54 54 300 125 2 4  
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TJ36-CPSS-116 U-6). Fiber glass insulation was applied to the entire 
outer surface of the HPHX to minimize heat loss during the thermal test. 
All temperatures and both air and water mass flow rates were recorded 
using a data acquisition system (DAQ) (VTI, EX1032A). The detailed 

experimental conditions are summarized in Table 2. 

2.3. Data reduction and uncertainty analysis 

2.3.1. Data reduction 
The thermal performance is evaluated using the heat transfer rate 

and the effectiveness of the HPHX. All measured flow rates and tem
perature data are averaged over 600 s during the steady state. The heat 
transfer rates at the evaporator (Qe) and condenser (Qc) are calculated 
by using Eqs. (4) and (5), respectively: 
Qe = ṁaircp,air

(

Tair,in − Tair,out

) (4)  

Qc = ṁwcp,w

(

Tw,in −Tw,out

) (5)  

where ṁ and cp are the mass flow rate and specific heat of the working 
fluid, respectively. Further, Tin and Tout are the fluid temperatures at the 
inlet and outlet of the heat exchanger, with the subscripts air and w 
representing air and water, respectively. The specific heats in Eqs. (4) 
and (5) are obtained using the arithmetic average of the working-fluid 

Fig. 2. Photograph of the HPHX. (a) Heat pipe element and (b) the assembled HPHX test module. The heat pipe, made of copper, features dimensions Do = 28.58 
mm and Di = 26.04 mm. Its evaporator and condenser lengths are 300 and 125 mm, respectively, and the filling ratio with water is 35%. The heat exchanger in
corporates a 5-mm-thick stainless-steel cover, housing a 20-mm-thick aluminum 6061 separation plate between its hot and cold sections. The heat exchanger itself 
measures 540 mm £ 540 mm £ 465 mm3 and comprises the cover and 20-mm-thick aluminum separation plate. 

Fig. 3. Photo of the experimental flow loop system used to measure the thermal performance of the HPHX. Air preheated to 200 ◦C using a duct heater was 
introduced into the evaporator on the hot side through a blower, with the flow rate precisely measured using a venturi, ranging from 0.118 to 0.218 kg/s. Four K-type 
thermocouples were installed at each inlet and outlet of the heat exchanger for temperature measurement. On the cold side, water at 20 ◦C was supplied, and its flow 
rate as well as inlet and outlet temperatures were measured using an electromagnetic flow meter and two T-type thermocouples, with a mass flow rate ranging from 
0.099 to 0.185 kg/s. 

Table 2 
Experimental operating conditions.  

No. Hot air Cold water 
Mass flow rate 
[kg/s] 

Inlet temperature 
[◦C] 

Mass flow rate 
[kg/s] 

Inlet temperature 
[◦C] 

1 0.166 

200 

0.143 

20 

2 0.118 
3 0.142 
4 0.193 
5 0.218 
6 

0.166 
0.099 

7 0.123 
8 0.165 
9 0.185  
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temperatures measured at the inlet and outlet of the HPHX. The effec
tiveness of the heat exchanger ε is defined as the ratio of the actual heat 
transfer rate Q to the maximum possible heat transfer rate Qmax as given 
by Eq. (6): 

ε =
Q

Qmax

(6) 

The average values of Qe and Qc is employed to determine the actual 
heat transfer rate Q in the calculation of HPHX effectiveness. Qmax can be 
ascertained by considering the inlet temperature difference of both 
working fluids and the minimum heat capacity rate between the water 
and air flows (Cmin): 
Qmax = Cmin

(

Tair,in − Tw,in

) (7) 
The minimum heat capacity consistently occurs in the air flow owing 

to the lower specific heat of air compared to that of water, while the 
difference in mass flow rates is insignificant. Therefore, the effectiveness 
of each evaporator and condenser are calculated by using Eqs. (8) and 
(9). 

εe =
ṁairCp,air

(

Tair,in − Tair,out

)

Cmin

(

Tair,in − Tw,in

) =
Tair,in − Tair,out

Tair,in − Tw,in

(8)  

εc =
ṁwCp,w

(

Tw,in − Tw,out

)

Cmin

(

Tair,in − Tw,in

) =
ṁwCp,w

(

Tw,in − Tw,out

)

ṁairCp,air

(

Tair,in − Tw,in

) (9) 

The heat transfer rate and effectiveness reported in the results are 
obtained as averages of values from both the evaporator and condenser. 

2.3.2. Uncertainty analysis 
The uncertainty of the measured effectiveness and heat transfer rate 

are calculated by employing the method specified in the Guide to the 
Expression of Uncertainty in Measurement (GUM) [28]. The combined 
standard uncertainty (δf) is calculated using Eq. (10) as specified in 
GUM: 

δf =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑n

i=1

(

∂f

∂xi

δxi

)

2

√

, (10)  

where ∂f/∂xi and δxi are the sensitivity coefficient and standard uncer
tainty of independent variables, respectively. Table 3 summarizes the 
calculated uncertainties of Qe, Qc, and ε. The average relative un
certainties of Qe, Qc, and ε are 0.79%, 1.59%, and 1.20%, respectively. 
The experimentally measured Qe and Qc showed an average difference of 
0.8%, and the measured εevap and εcond also showed the same difference. 
These differences are similar to or smaller than the measurement un
certainty, indicating the high accuracy of our experimental results. 

3. Result and discussion 

We computationally evaluated the thermal performance of the HPHX 
under different geometrical configurations. Initially, a comparison of the 
total heat transfer rate and effectiveness of the HPHX was performed 
with various baffle configurations. Subsequently, the thermal perfor
mance of the HPHX was examined by varying the height of the 

condenser while maintaining a constant baffle configuration. 

3.1. Effect of baffle configurations 

Various baffle configurations were tested (see Table 1). Case A1 had 
no baffles on either the hot or cold sides. Case A2 lacked a hot-side baffle 
but included four on the cold side. Case A3 lacked a cold-side baffle but 
included two on the hot side. Cases A4 and A5 had two and four baffles 
on the hot side, respectively, and four baffles on the cold side. The hot 
side, which faced higher pressure drops and reliability concerns due to 
elevated temperatures and air velocity, prompted an additional analysis 
with two baffles less than those on the cold side. The simulation results 
for heat transfer rate and effectiveness with these configurations are 
presented in Fig. 4. Further, the temperature and velocity contours for 
the selected cases are shown in Fig. 5 and Fig. 6, respectively. 

Figs. 4(a–c) display the total heat transfer rate variations for different 
baffle configurations and four air mass flow rates (219.6–352.8 kg/h), 
with fixed water flow rates of 216.0, 288.0, and 432.0 kg/h. Heat 
transfer rates tend to increase with higher air and water flow rates, 
which is attributed to enhanced convective heat transfer and reduced 
advection heat resistance with a reduction in temperature change. A 
comparison of A1 (no baffle) and A2 (four cold-side baffles) illustrates 
the effect of the cold-side baffle. At an air mass flow rate of 352.8 kg/h, 
A2 showed a 4.9% increase in the heat transfer rate from 8.64 to 9.06 
kW at a water flow rate of 216.0 kg/h (Fig. 4(a)) and a 3.6% increase 
from 9.64 to 9.99 kW at a water flow rate of 432.0 kg/h (Fig. 4(c)). This 
discrepancy stems from the absence of a baffle and low water flow, 
reducing the effective heat transfer area. These findings are corrobo
rated by the water temperature and velocity contours shown in Fig. 5. 
The lack of baffles in A1 resulted in diagonal water flow, reducing the 
effective heat transfer area. By contrast, A2 (Fig. 5(c-d)), with four 
baffles, increased the effective heat-transfer area by altering fluid-flow 
paths. The reduced cross-sectional flow area led to a higher fluid ve
locity, enhancing convective heat transfer. 

The effect of baffle configuration on the hot side is evident from the 
comparison of three cases: A2 (no baffles), A4 (two baffles), and A5 (four 
baffles), all featuring four baffles on the cold side. In Fig. 4(a–c), a 
notable improvement in heat transfer rate can be observed, up to 31.7%, 
with an increase in hot-side baffles from 0 to 2 and from 0 to 4. This 
improvement is most pronounced at the high water flow rate of 432 kg/ 
h, where an increase of 27.7% and 31.7% is seen, resulting in heat 
transfer rates of 9.00 and 13.14 kW, respectively, compared to the initial 
value of 7.05 kW. Moreover, the influence of baffles on the heat transfer 
rate is more significant on the hot side compared to the cold side. This is 
attributed to differences in flow direction due to varying inlet and outlet 
locations on each side, resulting in a 3.3-times higher velocity increase 
on the hot side compared to a 1.4-times increase on the cold side. Fig. 6 
displays cross-sectional velocity and temperature contours in the middle 
plane of the hot side, with a fixed water-flow rate of 432.0 kg/h. 
Notably, in configuration A2, the heat pipes in the upper-left and lower- 
right sections of the hot side had limited participation in heat transfer. 
Conversely, configurations A4 and A5 exhibited increased heat-transfer 
area and velocity, enhancing the active heat transfer area. 

Fig. 4(d–f) illustrate effectiveness variations. As the water flow rate 
increased, heat transfer rate and effectiveness improved. However, for 
air, higher flow rates led to reduced effectiveness despite increased heat 
transfer. Eqs. (6) and (7) show that raising the water flow rate under 
constant air flow enhances the effectiveness through greater tempera
ture differences. Conversely, maintaining constant water flow while 
increasing air flow reduces the effectiveness owing to a decreased air 
temperature difference and increased Cmin. A comparison of A1 (no 
baffle) and A2 (four baffles) on the cold side and A2 (no baffle) and A5 
(four baffles) on the hot side revealed the following. At a low water flow 
rate of 216.0 kg/h, the addition of four baffles on the cold side increased 
the effectiveness by 5.0% (from ε = 0.483 in A1 to ε = 0.507 in A2) at an 
air flow rate of 352.8 kg/h. The hot side benefited more significantly 

Table 3 
Results of uncertainty analysis.  

Heat transfer rate 
at the evaporator 

Heat transfer rate (kW) 12.98–19.76 
Combined standard uncertainty (kW) 0.12–0.15 
Relative expanded uncertainty (%) 0.75–0.90 

Heat transfer rate 
at the condenser 

Heat transfer rate (kW) 12.80–19.69 
Combined standard uncertainty (kW) 0.22–0.28 
Relative expanded uncertainty (%) 1.42–1.78 

Effectiveness 
Effectiveness 0.498–0.605 
Combined standard uncertainty 0.006–0.008 
Relative expanded uncertainty (%) 1.07–1.33  
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from baffles. At a high air-flow rate of 352.8 kg/h, the addition of four 
baffles increased the effectiveness by 31.5% (from ε = 0.558 in A2 to ε =

0.734 in A5). 
Fig. 4(g-h) summarize the hot-side heat transfer rate and effective

ness variations, which hold greater significance than those on the cold 
side. Fig. 4(g) indicates that the increase in heat transfer rate diminishes 
from 2.06 kW (20.7%) to 1.10 kW (9.1%). Similarly, Fig. 4(h) depicts a 
corresponding trend for effectiveness, with a 19.3% decrease followed 
by an additional 9.4% decrease. This decline in both the heat transfer 
rate and effectiveness improvement is attributed to a 2.2-times increase 
in velocity, surpassing the 1.5-times increase observed from baffles 2 to 
4 on the hot side. Overall, the maximum heat-transfer rate reached 13.1 
kW, occurring at the highest air and water flow rates of 352.8 and 432.0 
kg/h, respectively. 

3.2. Effect of condenser height 

The thermal performance of the HPHX was assessed by varying the 

condenser height (Case B1–B5) from 25 to 125 mm. We particularly 
examined configuration A4, which featured four baffles in the cold side 
and two in the hot side. In Fig. 7 (a–c), heat transfer rate variations are 
shown for four air mass flow rates (219.6–352.8 kg/h) with fixed water 
flow rates of 216.0, 288.0, and 432.0 kg/h. Although there is a slight 
overall enhancement in the heat transfer rate with increasing condenser 
height, it remains relatively stable. Specifically, at fixed air and water 
mass flow rates of 352.8 kg/h and 216.0 kg/h, respectively, the heat 
transfer rate increased by 3.2% from 10.36 kW for Hc = 25 mm to 10.69 
kW for Hc = 125 mm. At a higher water mass flow rate of 432.0 kg/h and 
the same air-flow rate, a slightly higher improvement of 3.5% was 
observed, increasing the heat transfer rate from 11.63 kW for Hc = 25 
mm to 12.04 kW for Hc = 125 mm. Fig. 8 depicts the cross-sectional 
temperature and velocity profiles on the cold side. Evidently, as the 
condenser height decreases, water velocity increases. However, this 
increased velocity did not correspond to a higher heat-transfer rate. 
Instead, we observed a higher water temperature increase in cases with 
greater condenser heights. This highlights that an expanded heat 

Fig. 4. Heat transfer rate and effectiveness under various baffle configurations. (a-c) Heat transfer rate and (d-f) effectiveness at different water mass flow 
rates: (a,d) 216.0, (b,e) 288.0, and (c,f) 432.0 kg/h. The increase in (g) heat transfer rate and (h) effectiveness at fixed water and air mass flow rates of 432.0 and 
352.8 kg/h, respectively. 
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transfer area plays a dominant role in determining the overall heat 
transfer rate. 

Fig. 7(d–f) shows the impact of different condenser heights on the 
effectiveness within the same air and water mass flow rate ranges. 
Similar to heat transfer rate, the effectiveness slightly increased with a 
higher condenser height. Increasing the condenser height from 25 to 
125 mm, a fivefold increase, led to a 2.7% rise in effectiveness for a low 

water mass flow rate of 216.0 kg/h and a 2.9% increase for a high water 
mass flow rate of 432.0 kg/h, within the air mass flow rate range of 
219.6–352.8 kg/h. With higher mass flow rates, the effectiveness could 
increase by up to 3.5% corresponding to the heat transfer rate increase at 
the same flow rate. Fig. 7(g-h) present a comprehensive analysis of the 
variations in heat transfer and effectiveness under varying condenser 
heights. As confirmed, with an increase in condenser height, both the 

Fig. 5. Cross-sectional contour of water in the middle plane of the condenser (Hc/2 ¼ 62.5 mm) at a fixed air mass flow rate of 352.8 kg/h. Subfigures (a) 
and (c) represent the temperature distributions for Case A1 (no baffle) and Case A2 (four baffles in the condenser), respectively, while panels (b) and (d) show the 
velocity distributions for the same cases. 

Fig. 6. Cross-sectional contour of air in the middle plane of the evaporator (He/2 ¼ 150 mm) at a fixed water mass flow rate of 432.0 kg/h. Subfigures (a), 
(c), and (e) display temperature distributions, while panels (b), (d), and (f) illustrate velocity distributions for Case A2 (no baffle), Case A4 (two baffles), and Case A5 
(four baffles), respectively. 
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heat transfer rate and effectiveness rose, however the increments 
decreased for larger condenser heights. Consequently, the increment in 
heat transfer rate and effectiveness also diminished because of the 
reduced rate of increase. 

3.3. Experimental validation of numerical results 

The numerically obtained thermal performance was experimentally 
validated using a manufactured HPHX with a condenser height of 125 
mm, employing four baffles for the condenser and two for the evaporator 
(Case B5). The decision to use two baffles instead of four in the evapo
rator was based on its ability to deliver robust thermal performance 
while mitigating potential reliability concerns associated with high air 
velocity on the hot side. The experimental validation was conducted at 
operational flow rates of up to 784.8 kg/h for air and 666 kg/h for water, 
with the aim to maximize achievable heat recovery with the proposed 
HPHX and its corresponding effectiveness. 

Fig. 9 depicts the experimentally determined thermal performance 

and temperature variations of the HPHX. Fig. 9(a) presents five air mass 
flow rates at a constant water mass flow rate of 514.8 kg/h, while Fig. 9 
(b) corresponds to five water mass flow rates at a fixed air mass flow rate 
of 597.6 kg/h. Fig. 9(c) and 9(d) respectively show the temperature 
difference between the inlet and outlet of water and air under each mass 
flow rate condition. Similar to the numerical results, the heat transfer 
rate increased from 12.9 to 19.7 kW (~52.7% increase) as the air mass 
flow rate rose from 424.8 to 784.8 kg/h owing to increased convective 
heat transfer and decreased advection resistance. However, because of 
the relatively low heat capacity of air, the effectiveness decreased by 
17.7%, from 0.605 to 0.498, despite the increase in heat transfer rate 
with higher air mass flow rates. When the water mass flow rate 
increased, the heat transfer rate rose by 6.4%, from 15.7 to 16.7 kW. The 
effectiveness also increased by 6.3%, from 0.520 to 0.553, in contrast to 
the scenario where the air mass flow rate increased under fixed water 
mass flow conditions. Unlike air, increasing the water mass flow rate led 
to an increased temperature difference between the fluid inlet and 
outlet, resulting in enhanced effectiveness. 

Fig. 7. Heat transfer rate and effectiveness according to condenser height. (a–c) Heat transfer rate and (d-f) effectiveness at different water mass flow rates: (a, 
d) 216.0, (b,e) 288.0, and (c,f) 432.0 kg/h. The increase in (g) heat transfer rate and (h) effectiveness at water and air mass flow rates of 432.0 and 352.8 kg/h, 
respectively. 
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Fig. 9(c) and (d) depict the changes in temperature differences be
tween the inlet and outlet of air and water in response to variations in air 
and water mass flow rates. As shown in Fig. 9(c), the temperature dif
ference for air decreased from 108.7 ◦C to 89.3 ◦C (~17.8% decrease) 
with rising air mass flow rates (from 424.8 to 784.8 kg/h) owing to the 
increased heat capacity of air. Conversely, the temperature difference 
for water increased from 21.4 ◦C to 32.8 ◦C (a 53.3% increase) because 
of enhanced heat transfer toward the evaporator as the air mass flow 
rate increased. With an increase in the water mass flow rate, the tem
perature difference for air increased from 93.9 ◦C to 99.5 ◦C (~6.0% 
decrease) because of increased heat transfer toward the condenser. 
Simultaneously, the temperature difference for water dropped from 
37.4 ◦C to 21.4 ◦C (~42.7% decrease) as shown in Fig. 9(d). 

Fig. 10 illustrates a comparison between the experimentally obtained 
data and computational results for the heat transfer rate, effectiveness, 
and temperature difference between the inlet and outlet of air and 
water. This comparison was performed across five different water mass 
flow rates at a fixed air mass flow rate of 597.6 kg/h and also across five 
different air mass flow rates at a constant water mass flow rate of 514.8 
kg/h. The experimental results showed good agreement overall, with a 
maximum mean absolute percentage error of ±7.7% for both heat 
transfer rate and effectiveness, respectively. In Fig. 10(a), the experi
mentally obtained heat transfer rate shows good agreement with the 
computational results, exhibiting differences ranging from 6.2% to 
10.9% at a constant air mass flow rate of 597.6 kg/h. In all cases, the 
computational results overpredicted the heat transfer rates recovered 
using the HPHX, primarily owing to increasing heat losses. The largest 
deviation was observed at higher water mass flow rates, with a 

maximum difference of 1.8 kW. By contrast, a smaller difference of 6.2% 
corresponding to a minimum of 1.0 kW was observed at lower water 
mass flow rates. Following a similar trend, the effectiveness showed 
differences of up to 10.8% with a difference of 0.059 at higher mass flow 
rates and 6.3% with a difference of 0.032 at lower mass flow rates. 

As depicted in Fig. 10(c) and (d), the temperature difference also 
show good agreement between experimental and computational results. 
The air temperature showed a deviation of 10.4% with a maximum 
difference of 10.4 ◦C as the water mass flow rate increased, and a rela
tively low error of 5.8% with a difference of 5.5 ◦C at a low water mass 
flow rate. Similarly, with a high water mass flow rate, the temperature 
difference of water was 2.4 ◦C with a maximum error of 11.5%, whereas 
at low water mass flow rates, it was 2.6 ◦C with a minimum error of 
7.1%. This confirms that an increase in the mass flow rate leads to a 
higher discrepancy between the experimental data and simulation 
results. 

4. Conclusions 

This study aimed to investigate the thermal performance of HPHXs 
under various geometrical configurations by utilizing both experimental 
and computational approaches. Novel numerical methods, in which heat 
pipes were replaced with a solid conductor, were implemented to assess 
the thermal performance of the HPHX while minimizing computational 
costs. The comprehensive thermal performance of a full-scale HPHX was 
evaluated by varying the condenser height and baffle configurations. To 
validate the computational findings, a full-scale HPHX was fabricated, 
and its thermal performance was compared with the numerical results. 

Fig. 8. Cross-sectional depiction of water within the midpoint plane of the condenser (Hc/2) under a constant air mass flow rate of 352.8 kg/h. The 
subfigures illustrate the (a) velocity and (b) temperature for Case B1 (Hc = 25 mm), (c) velocity and (d) temperature for Case B3 (Hc = 75 mm), and (e) velocity and 
(f) temperature for Case B5 (Hc = 125 mm). 
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The insights obtained from this study are expected to provide valuable 
viewpoints for improving the geometrical design of HPHX systems. The 
study yielded the following conclusions:  

(1) The incorporation of baffles into the HPHX led to a significant 
enhancement in the heat transfer rate, affording a maximum 
improvement of 36.3%, accompanied by a 36.0% increase in 
effectiveness. Notably, the influence of the hot-side baffle on the 
heat transfer rate was more prominent than that of the cold-side 
baffle. This disparity emerged from differing flow directions 
originating from the inlet and outlet positions on each side, 
leading to a more substantial velocity increase caused by the hot- 
side baffles as opposed to their effect on the cold side.  

(2) Increasing the condenser height from 25 to 125 mm resulted in a 
modest increase of 3.5% in both heat transfer rate and effec
tiveness. However, as the condenser height increased further, the 
rate of improvement in both aspects gradually declined. This 
trend is ascribed to the decreasing rate of change in the convec
tive heat transfer coefficient with increasing velocity.  

(3) To validate the optimized HPHX obtained from the analysis, a 
full-scale HPHX unit was constructed and experiments were 
conducted. The experimental results exhibited good agreement 
with the simulated data, revealing the most significant deviation 
of 10.9% in the heat transfer rate and 11.5% in temperature 
difference.  

(4) The heat transfer rate increased with higher air and water flow 
rates, while the effectiveness exhibited an upward trend with an 
increasing water mass flow rate but experienced a decline with an 
increasing air mass flow rate. In the scenario characterized by the 
maximum heat recovery rate, a heat transfer rate of 19.7 kW and 

an effectiveness of 0.499 were attained. This was accomplished 
with air and water flow rates of 784.8 and 514.8 kg/h, 
respectively.  

(5) The adoption of effective thermal conductivity in heat pipes, 
rather than relying on phase change simulations, led to the 
exclusion of several factors affecting transient heat pipe perfor
mance. These outcomes could lead to performance fluctuations, 
including overheating in the evaporation section, liquid flooding 
in the condenser section, or performance degradation during cold 
start-up. Consideration of these factors would prospectively 
enhance the precision of predicting the thermal performance of 
HPHXs. 
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