
lable at ScienceDirect

Energy 219 (2021) 119624
Contents lists avai
Energy

journal homepage: www.elsevier .com/locate/energy
Experimental and theoretical investigation of the performance of an
air to water multi-pass heat pipe-based heat exchanger

Hussam Jouhara a, *, Sulaiman Almahmoud b, Daniel Brough a, Valentin Guichet a,
Bertrand Delpech a, Amisha Chauhan a, Lujean Ahmad a, Nicolas Serey a

a Heat Pipe and Thermal Management Research Group, College of Engineering, Design and Physical Sciences, Brunel University London, UB8 3PH, UK
b Spirax Sarco Engineering PLC, Cheltenham, GL51 9NQ, United Kingdom
a r t i c l e i n f o

Article history:
Received 16 September 2020
Received in revised form
6 December 2020
Accepted 14 December 2020
Available online 16 December 2020

Keywords:
Heat pipe heat exchanger
Multi-pass
Reynolds number
LMTD
Effectiveness-NTU
* Corresponding author.
E-mail address: hussam.jouhara@brunel.ac.uk (H.

https://doi.org/10.1016/j.energy.2020.119624
0360-5442/© 2021 The Authors. Published by Elsevie
a b s t r a c t

In this paper, the performance of a multi-pass heat pipe-based heat exchanger (HPHE) is investigated
experimentally and theoretically. The heat pipe system consists of copper heat pipes in a specific
equatorially staggered configuration to facilitate heat transportation from a hot gas (air) to a water flow,
which cools the condenser section of these heat pipes. The effect of the Reynolds number on the heat
transfer rate was studied by altering the number of passes for the evaporator section for the same system
by the incorporation of various baffles and by varying the water flow rate. The experimental results have
highlighted the strong correlation between heat exchanger performance and the Reynolds number. By
increasing the number of passes from one to five, the effectiveness of the HPHE was improved by more
than 25%. It has been demonstrated that increasing the number of passes increases the Reynolds number
of the flow, leading to higher heat transfer coefficients and lower thermal forced convection resistances.
The HPHE overall performance, as well as, the outlet temperatures of the fluids were predicted through
two theoretical models, based on the Log Mean Temperature Difference (LMTD) method and the
Effectiveness-Number of Transfer Units (ε-NTU) method. The predictions were compared with experi-
mental results and the accuracy of the models reported. The validation showed that the developed
iterative LMTD model predicted the performance of the HPHE within ±15.5% error. In comparison, the
ε-NTU model predicted the total effectiveness with a maximum error of 19% and was able to predict the
outlet temperatures of both air and water streams within an accuracy of ±0.7 �C. The reported research is
of importance for the application of heat pipe heat exchangers in waste heat recovery. Finally, knowledge
is provided on the accuracy of the available prediction models.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

A major challenge faced by Energy Intensive Industries (EIIs) is
the large amount of thermal energy rejected during high temper-
ature processes. For companies, the release of high temperature
exhausts represents a tangible loss of money and is an obstacle to
competitiveness. In accordance with modern economic concerns
such as fluctuating oil prices, the high fossil fuel dependency of
some countries, and, in addition, the rising awareness in industry of
global warming, innovative heat recovery systems are being
developed to reduce manufacturing costs with environmentally
friendly solutions. For EIIs, the utilisation of heat exchangers, placed
Jouhara).

r Ltd. This is an open access articl
within an exhaust stream, to recover waste heat is a promising
solution [1]. However, the risk of stream cross-contamination or
fouling in traditional technologies due to the exhaust gas compo-
sition is high. For these reasons, the installation of heat pipe-based
heat exchangers (HPHEs) is becoming more prevalent throughout
the industrial sector as they provide a high heat recovery perfor-
mance whilst separating the hot and cold streams, thus eliminating
the risk of contaminating the heat sink.

Recently, HPHEs have been tested in many domains such as
heating, ventilation and air conditioning installations [2], heat re-
covery for hospitals [3], ceramics kilns [4e7], the steel industry
[5,8,9], burners, boilers and preheaters [10], photovoltaic-thermal
systems [11], data centre cooling [12], metal forging, automotive
and nuclear applications [13], thermal storage [14], municipal
waste treatment [15] among others. The success of HPHEs is also
explained by key advantages related to heat pipes. Indeed, for the
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

A Surface area m2

C Heat capacity rate W:K�1

CP Specific heat J:kg�1:K�1

Cr Heat capacity ratio, (Cr ¼ Cmin=Cmax) dimensionless
Csf Constant in Rohsenow correlation depending on the

surface-fluid combination dimensionless
D Diameter of heat pipe m
g Gravitational acceleration m:s�2

h Heat transfer coefficient W.m�2.K�1

hfg Latent heat of vaporization J:kg�1

k Thermal conductivity W:m�1:K�1

L Length m
_m Mass flow rate kg:h�1 or l:s�1

n Number of rows dimensionless
Nu Nusselt number, (Nu ¼ hD=k) dimensionless
Pr Prandtl number, ðPr¼ mcp =kÞ dimensionless
Q Heat transfer rate W
R Thermal resistance �C.W�1

Re Reynolds number, (Re ¼ rVD=m) dimensionless
SL Longitudinal pitch of the staggered arrangement m
ST Transverse pitch of the staggered arrangement m
T Temperature �C
U Overall heat transfer coefficient W.m�2.K�1

V Velocity m.s�1

Greek Symbols
D Difference
Ɛ Effectiveness dimensionless
r Density kg.m�3

s Surface tension N:m�1

m Dynamic viscosity Pa:s

Subscripts
1 row For one row
air Air
c Condenser
cond Conduction
e Evaporator
hp Heat pipe
l Liquid
L Longitudinal
LM Logarithmic mean
max Maximum
in Inlet
int Internal
o Out
out Outlet
s Wall surface
sat Saturation
t Total
T Transverse
v Vapour
w Evaluated at wall
water Water

Acronyms
CFD Computational Fluid Dynamics
EII Energy Intensive Industry
HPHE Heat Pipe Heat Exchanger
LMTD Log Mean Temperature Difference
PID Proportional-Integral-Derivative
P&ID Piping and Instrumentation Diagram
TPCT Two-phase closed Thermosyphon
ε-NTU Effectiveness-Number of Transfer Units

H. Jouhara, S. Almahmoud, D. Brough et al. Energy 219 (2021) 119624
same heat transfer rate, the heat pipe technology permits a
reduction in the size of the heat exchanger by optimising the pipe
size and length, with minimal need for maintenance and an
increased lifespan of more than twenty years [16]. For instance, the
failure of a few heat pipes will have little impact on the overall
thermal performance of the heat exchanger. The applicability range
of such installations is also promoted by the small difference of
temperature required between the hot and cold streams for effi-
cient heat transfer. Jouhara [17] evaluated the energy and cost
savings by integrating a wraparound heat pipe into conventional
dehumidification and ventilation units. The wraparound heat pipe
technology showed a payback period of less than a year for medium
sized central unit. Moreover, heat pipes are considered as super-
conductors due to utilising two-phase heat transfer between the
heat source and heat sink. Jouhara and Robinson [18] investigated
experimentally a thermosyphon using Dowtherm A and Thermonol
VP1 at working temperature up to 420 �C. The studied heat pipe
showed an effective thermal conductivity up to 20 kW m�1 K�1.

The performance of HPHEs depends on several factors such as
the type and geometry of the heat exchanger, the flowdirection, the
heat exchange area, the mass flow rates and the temperature of
both hot and cold streams [19,20]. Moreover, the fluid regime,
which is described by the Reynolds number, plays a significant role
in the heat transfer. It is commonly known thatmore turbulent flow
increases the forced convection heat transfer coefficient. However,
for a given increase in the Reynolds number, information regarding
2

the corresponding increase of the heat exchanger performance
under different flow conditions has limited availability in literature.
To adjust the Reynolds number of a stream for a constant flow rate,
a mechanical solution is the introduction of baffles to change the
number of passes in the heat exchanger. By decreasing the flow
area, the Reynolds number and turbulence increase. Several studies
have demonstrated the impact of changing the number of passes on
the performance of a given system. Ramos et al. [21] and Mroue
et al. [22] investigated both numerically and experimentally the
performance of a similar air to water HPHE with one pass and two
passes, respectively. The two experiments were conducted under
the same conditions such as equivalent air and water inlet tem-
peratures and mass flow rates, with the only variable being the
number of passes. The experimental results confirmed an increase
in the heat transfer rate with increasing mass flow rate and inlet
temperature of the air stream. Yet, for constant conditions, authors
observed that the effectiveness of the HPHE was degraded when
increasing the air flow rate. In comparison between one pass and
two passes, the heat transfer rate and total effectiveness of the heat
exchanger was higher for two passes. Kim et al. [23] numerically
optimized the number of passes of a heat exchanger using
computational fluid dynamics. As an indicator, authors used the JF
factor, a combination of the Colburn (j) and friction (f) factors and
balanced the heat transfer improvement with the induced pressure
drop to propose an optimum number of passes for their exchanger.
Yet, the numerical results have not been validated experimentally.
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Rao and Das [24] investigated amulti-pass plate heat exchanger and
observed that, at a low number of passes, an increase in the fluid
velocity can be counterproductive in terms of heat transfer
enhancement. They also concluded that an increase in the heat
transfer surface area can become ineffective if it implies a bad
distribution of the flow. In this case, it seems that the flow distri-
bution has had a higher impact on the heat transfer rate than the
heat transfer area. However, the authors did not investigate the
effect of the number of passes on the overall performance of the
heat exchanger. Besides the advantage of HPHEs, a significant
amount of detailed scientific research in this area is lacking. In
particular, the impact of the number of passes and thus on the
Reynolds number on the performance of a HPHE has been hardly
reported, experimentally. This paper aims at bringing some
knowledge to this gap in available publications.

For companies and engineers, the prediction of the performance
of a system is also of interest and is required to estimate the return-
on-investment period for a given installation. For potential in-
vestors at companies and EIIs, an accurate return on investment
prediction is vital to increase confidence in the potential invest-
ment in a heat exchanger. To calculate the performance of a heat
exchanger, two techniques are commonly used: the Log Mean
Temperature Difference (LMTD) method and the effectiveness-
Number of Transfer Units (ε-NTU) method [25]. These two
methods have different purposes and complement each other.
Traditionally, the LMTD method focuses on characterising the
overall performance of the heat exchanger. By using iterations,
performance can be determined by using the inlet and outlet
temperatures of the heat source and heat sink, whilst considering
the type of heat exchanger and its geometry. This method permits
the heat exchanger dimensions to be evaluated and the heat
transfer area needed to reach the desired outlet temperatures and
duty to be calculated. In essence, this is more useful in design but
not for predicting outlet temperatures without knowing the ther-
mal resistance of the heat pipes. On the other hand, the ε-NTU
method aims at predicting the performance and the outlet tem-
peratures of the fluids when they are not known. In this case, the
geometry of the heat exchanger is fixed, and the user aims at pre-
dicting the exhaust temperatures of both heat source and heat sink
flows. Even if these methods are widely used, an indication on their
accuracy for different types of heat exchangers is valuable. In
particular, the case of HPHEs needs to be more thoroughly
investigated.

Some studies evaluating the performance of heat exchangers
with the LMTD and ε-NTU methods have been conducted and re-
ported in the literature. Danielewicz et al. [26] studied the perfor-
mance of an air to air two-phase closed thermosyphon-based heat
exchanger. A tool based on the ε-NTU method was used to predict
the overall heat transfer coefficient and effectiveness of the HPHE,
but its accuracy has not been reported. The maximum effectiveness
of the HPHE exchanger observed was 60%. Jouhara et al. [27]
theoretically and experimentally studied the behaviour of an air to
air HPHE while changing the air flow rate and inclination angle of
the system. The ε-NTU predictions were in good agreement with
experimental data for HPHE sizing applications. Brough et al. [28]
developed and validated a TRNSYS model of heat pipe-based heat
exchangers. The TRNSYS component for HPHEs based on e-NTU
method was developed by Brough et al. The TRNSYS component
was validated against experimental results with an accuracy of 4.4%
of the heat recovery.

. Similarly, Noie et al. [29] used the ε-NTU method to estimate
the performance of an air to air thermosyphon based heat
exchanger. The maximum effectiveness of the system reported was
65% but the accuracy of the ε-NTUmethodwas not detailed. In their
study, Ramos et al. [21] investigated the performance of an air to
3

water HPHE equipped with six thermosyphons. The experimental
results have been compared with a theoretical model based on the
ε-NTU technique and a Computational Fluid Dynamics (CFD)
simulation. Even though the accuracy of the analytical model was
not evaluated, the CFD prediction showed an error of less than 15%.
When using a similar system with different arrangements for the
passes, Mroue et al. [22,30] predicted the performance of the HPHE
using the LMTDmethod and compared it with CFD simulations. For
an air temperature of 250 �C and a flow rate of 0.14 kg s�1, the
effectiveness values obtained were 17%, 27% and 37% for 1, 2 and 3
passes, respectively. Hua et al. [31] reported a distributed param-
eter model using the ε-NTU method to numerically predict the
performance of a multi-pass parallel flow condenser. In the case of
this parallel flowcondenser, the agreement between the theoretical
model and the experiments was within a range of ±20%. According
to the literature, the effect of changing the number of passes inside
the same heat exchanger has hardly been reported. In particular,
changing the flow Reynolds number inside a multi-pass HPHE has
not been studied in depth. In parallel, despite the wide use of the
LMTD and ε-NTU methods to predict the performance of a heat
exchanger, the accuracy of these models is rarely evaluated.
Furthermore, these methods need to be adapted in the case of
HPHEs, as both evaporator and condenser sections must be studied
separately. This paper aims at investigating the impact of the
number of passes on the heat exchanger effectiveness by changing
the number of passes inside the same HPHE. In addition to the
experimental results, the LMTD and ε-NTU methods are used to
predict the performance of a HPHE. The accuracy of these models is
discussed when estimating the performance of a shell-and-tube
HPHE.
2. Methodology

2.1. Experimental setup

The HPHE studied is a shell-and-tube type HPHE recovering
thermal energy from a hot air stream and transferring it to a water
flow. The test parameters of air and water inlet temperatures were
selected to simulate the case of waste heat recovery from the hot air
exhaust of an industrial process, which can be reused to heat water.
3D drawings of the HPHE studied are presented in Fig. 1.

To transfer the heat from the hot air stream to the water, 51
wickless copper heat pipes, also known as two-phase closed ther-
mosyphons (TPCT), were installed in a staggered arrangement in 6
rows. The heat pipe outer diameter was 12.7 mm. The evaporator
section designates the surface in contact with the heat source (air)
whereas the condenser section refers to the surface in contact with
the heat sink (water). The transition zone between the evaporator
and condenser where no heat transfer takes place is known as the
adiabatic section. For the HPHE studied, the length of the evapo-
rator, adiabatic and condenser sections are 180 mm, 22 mm and
79 mm, respectively. The working fluid used in the heat pipe was
distilled water. To study the influence of the number of passes on
the HPHE performance, different arrangement of baffles in the
evaporator have been tested in the same HPHE. By incorporating
baffles, the number of passes was changed from 1 to 5, thus
increasing the Reynolds number of the air stream. The different
arrangements of the passes for the evaporator are shown in Fig. 2.

The air passage through the passes is represented by red arrows
in Fig. 3.

For this series of tests, four water flow rates (0.010 kg s�1,
0.013 kg s�1, 0.017 kg s�1 and 0.020 kg s�1) have been tested for
each arrangement of the passes. The air flow rate was maintained
constant ( _mair¼ 29 kg h�1±7) and sowere the inlet temperatures of



Fig. 1. Drawing of the HPHE studied.

Fig. 2. Arrangement of the passes for the air at the evaporator section of the HPHE.
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the air flow (Tair, in ¼ 102 �C ± 1) and water flow (Twater,

in ¼ 15 �C ± 2). The air flow was maintained at a constant tem-
perature by a feedback control system, while the water cooling
cycle was an open loop. The experimental conditions are summa-
rized in Table 1.

The temperatures of air and water inlets and outlets and the
evaporator and adiabatic section temperatures of the heat pipes
were measured using K-type thermocouples. Two thermocouples
were used to measure the air temperature at the inlet and outlet of
the HPHE, and two thermocouples at the water inlet and outlet. A
thermocouple was installed after each air pass in the HPHE, and ten
thermocouples were installed on the evaporator section of the heat
pipes of the HPHE. The working temperature of ten of the heat
pipes, two or more in each pass depending on the number of passes
4

case, has been recorded.i.e five heat pipes in each pass were
measured for the case of two passes, and two heat pipes in each
pass were measured for the case of five passes. To measure the air
flow rate, an anemometer (Omega FMA900 series) was used while
the water flow rate was measured by a turbine flow sensor (Omega
FTB370 series). All the sensors were linked to a data logger (MSI
Datascan 7320). In the test rig, the HPHE was connected to a closed
loop air heat source and an open loop water heat sink. The air loop
consisted of a damper, used as a throttle valve to control the air flow
rate, a fan, and electrical heaters controlled by a PID system. The
electrical power of the heaters was 3 kW due to the electrical
supply specifications at the laboratory. The PID controller was used
to set a constant value of the air temperature at the inlet of the heat
exchanger. As for the openwater loop, the flow was controlled by a



Fig. 3. Air passage through the passes of the HPHE e case of five passes.

Table 1
Experimental conditions.

Number of passes Air

Inlet temperature Mass flow rat

�C kg:h�1

5 102.7 27.8e29.4
4 102.1 22.8e25.5
3 101.1 30.2e31.3
2 102.3 30.7e34.9
1 102.6 24.4e26.7

Fig. 4. Test rig o
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5

water valve. The test rig and piping and instrumentation diagram
(P&ID) are presented in Figs. 4 and 5. The fan blows the air through
the heaters which heats the air to temperature setpoint which was
selected to be 100 �C and measured through a thermocouple
installed after the heater. Then, the air passes through the HPHE
and cools down and flows through the fan and the cycle is repeated.
The closed loop of the air enabled to heat the air to 100 �C using a
3 kW heater and at higher flow rate than an open loop option.

For each experiment, the Reynolds number of the air and water
streams are presented in Table 2.

The Reynolds number of the air was higher for 3 passes than 4
due to higher flow air in this experiment.
2.2. Thermal analysis

As briefly introduced, in the analytical investigation of heat
exchangers two methods prevail. The LMTD method is used to
characterise the performance of a heat exchanger, based on the
temperatures of the two fluids at inlet and outlet. This method is
Water

e Inlet temperature Flow rates tested for each
number of passes

�C kg:s�1 kg:h�1

14.5e15.6 0.010
0.013
0.017
0.020

35.9
48.1
61.1
71.9

14.2e15.3
14.1e16.8
13.7e14.8
16.4e17.0

f the HPHE.



Fig. 5. Piping and Instrumentation Diagram (P&ID) of the test rig.

Table 2
Air and water Reynolds number for each test.

Number of Passes Air Flow Reynolds Number Water Flow Rate (kg.s�1) Water velocity (m/s) Water Flow Reynolds Number

5 768 0.010 0.0021638 27.4
813 0.013 0.0028995 35.5
771 0.017 0.0034621 40.4
778 0.020 0.0043276 50.2

4 434 0.010 0.0021638 26.5
472 0.013 0.0028995 34.5
463 0.017 0.0036135 42.1
490 0.020 0.0043276 49.4

3 515 0.010 0.0021638 28.0
515 0.013 0.0028995 34.8
529 0.017 0.0036785 42.5
514 0.020 0.0043276 49.6

2 281 0.010 0.0021638 26.4
296 0.013 0.0028995 34.6
298 0.017 0.0036135 41.3
320 0.020 0.0043276 50.2

1 120 0.010 0.0021638 27.0
112 0.013 0.0028129 33.9
110 0.017 0.0036135 43.3
111 0.020 0.0043276 51.9
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often used to size a heat exchanger according to the desired outlet
temperatures. If the geometry of the heat exchanger is known, the
ε-NTU method is also able to predict the performance of the HPHE
as represented by the heat transfer rate. Consequently, the outlet
temperature of the heat source and heat sink can be determined. In
the present study, the design geometry of the heat exchanger is
known and the prediction of the overall HPHE performance is
investigated. Furthermore, an accurate prediction of the outlet
temperature with the ε-NTU method is of interest.

2.2.1. HPHE thermal resistance
Both LMTD and ε-NTU methods are based on the electrical
6

analogy approach, where the thermal resistance of the heat
exchanger is considered as an electrical resistance. Fig. 6 illustrates
the electrical resistance diagram of a HPHE.

The HPHE consists of thermosyphons connected in parallel in
the diagram, where each thermosyphon is in contact with the hot
air stream at the evaporator. Each thermosyphon works indepen-
dently and transfers heat to the condenser section in contact with
the cold water flow. According to the electrical analogy of Fig. 7, the
total thermal resistance RHPHE of the HPHE can be calculated as
follows [13]:



Fig. 6. Electrical-thermal resistance analogy of the HPHE.

Fig. 7. Two-phase working cycle of a heat pipe and its corresponding thermal resistance model.
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1
RHPHE

¼ 1
Rhp;1

þ 1
Rhp;2

þ…þ 1
Rhp;n�1

þ 1
Rhp;n

(1)

where R is the thermal resistance (K.W�1), the subscripts hp refers
to heat pipe, and n is the number of heat pipes in the heat
exchanger. Assuming that the resistance of a copper thermosyphon
is equal for all thermosyphons, the total thermal resistance RHPHE of
the heat pipe heat exchanger can be expressed as:

RHPHE ¼
Rhp
n

(2)

with Rhp the average resistance of a heat pipe (K.W�1), and n the
number of heat pipes in the heat exchanger. To predict theoretically
the average resistance of a heat pipe Rhp, the working cycle of a
thermosyphonmust be studied. To transport thermal energy from a
heat source to a heat sink, heat pipes use the two-phase cycle of a
working fluid. At the location where the heat source is located, the
7

working fluid inside the heat pipe boils and turns to vapour, thus
carrying energy. Driven by the pressure gradient inside the pipe,
the vapour rises to the condenser and condenses at the cold wall
contact area. The thermal energy is released to the wall and
transferred to the heat sink. Finally, the condensate returns to the
evaporator section by the action of gravity (thermosyphons) or by
capillary action (wicked heat pipes). In the case studied, thermo-
syphons are used. In accordance with the previously described
phase change cycle of a working fluid inside a heat pipe, a thermal
resistance analogy of a heat pipe can be made. The two-phase cycle
of a thermosyphon and its corresponding thermal resistance model
are presented in Fig. 7.

The temperature symbols showin in Fig. 7 are the following: Th
is the hot stream temperature, Teo is the outer wall surface tem-
perature of the evaporator, Tei is the inner wall surface temperature
of the evaporator, TV is the saturation temperature of the heat pipe
working fluid at the adiabatic section, Tciis the inner wall surface
temperature of the condenser, Tco is the outer wall surface tem-
perature of the condenser, and Tc is the cold stream temperature.



Table 3
Correction coefficient, F, for a number of rows less than 16.

Number of rows 1 2 3 4 5 7 10 13

F (staggered) 0.64 0.76 0.84 0.89 0.93 0.96 0.98 0.99
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The total resistance of a heat pipe Rhp can be obtained by
Ref. [32]:

Rhp ¼Re;out þ Re;cond þ Re;int þ Rc;int þ Rc;cond þ Rc;out (3)

In this model, Re;out and Rc;out are the forced convection heat
transfer resistances at the evaporator and condenser, respectively.
Re;cond and Rc;cond represent wall radial conduction at the evapo-
rator and condenser, respectively. Re;int and Rc;int correspond to the
boiling and condensation resistances of the TPCT (K.W�1), respec-
tively. To estimate the boiling and condensation resistances, the
relation between thermal resistance and heat transfer coefficient
is:

R¼ 1
hA

(4)

with R being the total overall thermal resistance (K.W�1), h the heat
transfer coefficient (W.m�2.K�1), and A the heat transfer surface
area (m2). To predict the heat transfer coefficient for condensation,
the Nusselt [33] correlation is generally used [34]:

hcondensation ¼0:943

"
rlðrl � rvÞhfggkl3
mlLcðTV � TciÞ

#1=4
(5)

where rl and rv are the liquid and vapour densities (kg.m�3), hfg is
the latent heat of vaporization (J.kg�1), g is the gravitational ac-
celeration (m.s�2), kl is the thermal conductivity of the liquid
(W.m�1.K�1), ml is the liquid dynamic viscosity (Pa.s), Lc is the
condenser length (m), TV is the saturation temperature of the
working fluid (K), and Tci is the temperature of the condenser wall
(K). To estimate the boiling heat transfer coefficient, the correlation
by Rohsenow [35] is advised for a wide range of applications [36]:

hboiling ¼ml:hfg
hg:ðrl � rvÞ

s

i1
2
:

"
CP�

Csf :hfg:Prnl

�
#3

:ðDTsatÞ2 (6)

In the correlation by Rohsenow [35], ml is the liquid dynamic
viscosity (Pa.s), hfg is the latent heat of vaporization (J.kg�1), g is the
gravitational acceleration (m.s�2), rl and rv are the liquid and
vapour densities (kg.m�3), s is the working fluid surface tension
(N.m�1), Pr ¼ mlCP;l=kl is the liquid Prandtl number, CP is the spe-
cific heat (J.kg�1.K�1), kl is the thermal conductivity of the liquid
(W.m�1.K�1),Csf is a constant depending on the surface-fluid
combination, n is a constant depends on the liquid-surface com-
bination which equals to 1 for this study, and DTsat is the difference
of temperature between the evaporator wall and the saturation
temperature of the working fluid ðTei �TvÞ (K). The radial conduc-
tion resistance of the walls at the evaporator and condenser are
expressed respectively by:

Re;cond ¼ lnðDo =DÞ
� ð2pLekwÞ (7)

Rc;cond ¼ lnðDo =DÞ
� ð2pLckwÞ (8)

with Do being the external diameter of the thermosyphon (m), D
being the internal diameter of the thermosyphon (m), kw is thewall
thermal conductivity (W.m�1.K�1), and Le and Lc are the evaporator
and condenser lengths, respectively (m). The forced convection
resistance at the evaporator Re;out and condenser Rc;out can be
expressed in terms of forced convection heat transfer coefficients
and the corresponding heat transfer area using Eq. (4). To deter-
mine the forced convection heat transfer coefficient of each pipe,
8

the correlations by Zukauskas [19,37,38] can be used:

Nu¼hforcedconvection
Do

k
¼1:04Re0:4Pr0:36ðPr=PrsÞ0:25forRe<500

(9)

Nu¼0:71Re0:5Pr0:36ðPr=PrsÞ0:25for500<Re < 1000 (10)

Re¼ rVDo

m
(11)

where Nu is the Nusselt number, hforcedconvection
is the forced convec-

tion heat transfer coefficient (W.m�2.K�1), Do is the external
diameter of a TPCT (m), k is the thermal conductivity of the liquid
(W.m�1.K�1), Re is the Reynolds number, Pr and Prs are the Prandtl
number of the flow and the Prandtl number at the surface tem-
perature, respectively, and ST and SL the transverse pitch and lon-
gitudinal pitch of the staggered heat exchanger (m), respectively.
For a number of rows less than sixteen, the Nusselt number ob-
tained by the Zukauskas [38] correlations must be corrected by a
coefficient F , Nucorrected ¼ FNu, as given in Table 3 [19,38]:

In the case studied, the number of rows at the evaporator varies
according to the number of passes.The total number of rows for the
case of one pass was six, while the total number of rows for the case
of two and five passes can be considered 10 and 25, respectively.
From the above equations, it can be concluded that the total ther-
mal resistance of the HPHE is influenced by the flow Reynolds
number. Thus, according to the theoretical model, a change of mass
flow rate or of the hydraulic diameter, leading to a change in Rey-
nolds number, will change the performance of the HPHE. The air
velocity increased in the pass due to the decrease of the cross
sectional area for the same flow rate. As a result, the Reynolds
number increases with the increase of the velocity.
2.2.2. Logarithmic mean temperature difference (LMTD) method
A theoretical model based on the LMTD method was built to

predict the performance of the heat exchanger. The total heat
transfer rate of the HPHE can be calculated from the following
equation:

Q ¼ DTLM
RHPHE

(12)

where Q is heat transfer rate (W), DTLM is the logarithmic mean
temperature of the inlet and outlet air andwater streams, and RHPHE
is the total thermal resistance of the HPHE (K.W�1).DTLM for a cross
flow heat exchanger can be calculated from:

DTLM ¼

0
BBB@
�
Tair;in � Twater;out

�� �Tair;out � Twater;in
�

ln

 
Tair;in�Twater;out

Tair;out�Twater;in

!
1
CCCA (13)

The thermal energy recovered by the water flow at the
condenser is given by the following relation:
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Q ¼ _mwaterCP;water
�
Twater;out � Twater;in

�
(14)

where _mwater is the water mass flow rate (kg.s�1), CP;water is the
specific heat of water (J.kg�1.K�1), and Twater;in and Twater;out are the
temperatures of the water at the inlet and outlet of the heat
exchanger (K), respectively. A similar analysis of the heat transfer
rate can be made by focusing on the air flow. The heat transfer rate
can be written as:

Q ¼ _mairCP;air
�
Tair;in � Tair;out

�
(15)

where _mair is the air mass flow rate (kg.s�1), CP;air is the specific
heat of air (J.kg�1.K�1), and Tair;in and Tair;out are the temperatures of
the air at the inlet and outlet of the heat exchanger (K), respectively.
Theoretically, all the energy recovered from the hot air stream
should be transferred to the water. The effectiveness measures the
performance of a heat exchanger and is expressed by the ratio of
the actual heat transfer rate to the maximum possible heat transfer
rate. The maximum heat transfer rate of a counter flow heat
exchanger is calculated when either the outlet temperature of the
hot fluid reaches the inlet temperature of the cold fluid, or when
the outlet temperature of the cold fluid reaches the inlet temper-
ature of the hot fluid. The effectiveness (ε) of the HPHE is given by
the following expression [20]:

εHPHE ¼
Qwater

Qmax
(16)

Qwater is the actual heat transfer rate recovered (W) and Qmax is the
maximum possible heat transfer rate (W). The maximum heat
transfer rate achievable by a heat exchanger depends on the inlet
temperatures of both fluids and on the minimum heat capacity rate
of the fluids as follows:

Qmax ¼ Cmin
�
Tair;in� Twater;in

�
(17)

In this expression Cmin is the minimum heat capacity rate
(W.K�1), and Tair;in and Twater;in are the inlet temperatures of the air
and water streams, respectively. Eq. (17) stipulates that the
maximum heat exchange achievable is the case where the fluid
with minimum heat capacity reaches the temperature of the other
fluid. Indeed, the heat capacity rate indicates the capacity of a fluid
to increase its temperature for a given heat transfer rate. In this
study, the fluid with minimum heat capacity rate is air. Thus, the
minimum capacity rate Cmin can be written as:

Cmin ¼ _mairCP;air (18)

with _mair is the air mass flow rate (kg.s�1), and CP;air is the specific
heat of water (J.kg�1.K�1). Based on the above equations from the
LMTD method, the effectiveness of the heat exchanger can be
predicted using the inlet and outlet temperatures of the HPHE.
2.2.3. Effectiveness-Number of Transfer Units (ε-NTU) method
In contrast to the LMTD method, which determines the effec-

tiveness of the HPHE using both inlet and outlet temperatures of
the streams, the ε-NTU method allows a prediction of both outlet
temperatures and effectiveness of the heat exchanger. As its name
indicates, this approach is based on two dimensionless parameters:
the effectiveness of the heat exchanger, ε, and the number of
transfer units, NTU, defined as [19]:
9

εHPHE ¼
Q

Qmax
¼ fðNTUÞ and NTU¼UA

C
(19)

U is the overall heat transfer coefficient of the heat exchanger
(W.m�1.K�1), A is the heat transfer surface area (m2) and C is the
heat capacity rate (W.�K�1). According to this expression, if the
effectiveness, ε, of the heat exchanger and the maximum theoret-
ical heat transfer rate are determined, it is possible to estimate the
experimental heat transfer, Q , of a system. By using Eq. (17), the
maximum heat transfer rate, Qmax, can be calculated. Therefore, if
the effectiveness, ε, is calculated, by using Eq. (14) and Eq. (15), it is
possible to predict the outlet temperature of both air and water
streams. Indeed, the core of the ε-NTU technique is the direct
evaluation of the heat exchanger effectiveness, ε, which is calcu-
lated as a function on the NTUs. To do so, in the case of a HPHE, the
evaporator and condenser sections must be studied separately. At
the evaporator, thermal energy is transferred by the hot air to the
working fluid while at the condenser, the working fluid transfers its
thermal energy to the cold water. These two sides can be studied
separately. For both sections, the fluid is in a cross-flow configu-
ration with the working fluid inside the heat pipe, with the source
and sink fluid directions in counter flow. Therefore, the HPHE
studied can be identified as an indirect-transfer-type system,
constituted of a first direct type heat exchanger of ne rows at the
evaporator and of a second direct-type heat exchanger of nc rows at
the condenser [39]. Many correlations are reported in the literature
to estimate the effectiveness, ε, of different types of heat ex-
changers [19,40]. In the case of a HPHE, as phase-change occurs
inside the heat pipe, the temperature of the working fluid is
considered constant when heat is absorbed. Therefore, by defini-
tion, its specific heat, cp, and heat capacity rate, C, approach infinity.
As a result, the capacity ratio, Cr ¼ Cmin=Cmax; is equivalent to zero
and the effectiveness of a single row is given by Ref. [19]:

Evaporator:

εe;1 row ¼1� expð�NTUeÞ with NTUe ¼UeAe

Ce
(20)

❖ Condenser:

εc;1 row ¼1� expð�NTUcÞ with NTUc ¼UcAc

Cc
(21)

In the above equations, A represents the heat transfer area of
one single row (m2), and C is the average heat capacity rate of the
fluids (W.K�1), and U is the overall heat transfer coefficient of the
sections considered. To obtain the number of transfer units NTU for
each section, UA must be evaluated using forced convection cor-
relations developed from empirical data and can be written as:

❖ Evaporator:

UeAe ¼ 1
Re;out

¼ hforcedconvection;eAe (22)
❖ Condenser:

UcAc ¼ 1
Rc;out

¼ hforcedconvection;cAc (23)

The forced convection heat transfer coefficient hforcedconvection
can

be calculated using the Zukauskas [38] correlations in Eq. (9) and
Eq. (10). By using the above two equations, the effectiveness of a
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single row at the evaporator and condenser can be predicted. For a
number of rows at the evaporator (ne) and condenser (nc), the
overall effectiveness of each section is given by the ε-NTU corre-
lation for a shell-and-tube heat exchanger of n rows. Once again, as
the capacity ratio, Cr , tends to zero in the case of heat pipes, the
correlation can be simplified. The overall effectiveness of both
sections for n rows can be calculated using the following expres-
sions [19,39]:

❖ Evaporator

εe;ne ¼

�
1�Cr;eεe;1row

1�εe;1row

�ne

� 1�
1�Cr;eεe;1row
1�εe;1row

�ne

� Cr;e

								!Cr¼0
εe;ne ¼1� �1� εe;1row

�ne

(24)
Fig. 8. Impact of water flow rate and number of passes on the total heat transfer rate.

❖ Condenser:

εc;nc ¼

�
1�Cr;cεc;1row
1�εe;1row

�nc

� 1�
1�Cr;cεc;1row

1�εc;1row

�nc

� Cr;c

								!Cr¼0
εc;nc ¼1� �1� εc;1row

�nc

(25)

The total heat exchanger effectiveness, εHPHE , can be determined
from the overall effectiveness of the evaporator section, εe;ne , and of
the condenser section; εc;nc , by considering which fluid has the
larger heat capacity rate. In the case studied, the fluid with higher
heat capacity rate, C, is water at the condenser. Hence, the overall
effectiveness of the HPHE is given by Ref. [19]:

If Cc > Ce : εHPHE ¼
�

1
εe;ne

þ Ce=Cc
εc;nc

��1
(26)

By using the above detailed equations of the ε-NTUmethod, the
effectiveness of the HPHE has been predicted without using the
outlet temperature of the fluids. Finally, by using Eq. (14) and Eq.
(15), the outlet temperature of both air at the evaporator and wa-
ter at the condenser can be predicted.
Fig. 9. A comparison between the experimental results and theoretical predictions of
heat transfer rate using LMTD and ε-NTU methods.
2.2.4. Return on investment (ROI) calculations
The Return On Investment (ROI) is a performance figure used to

evaluate the efficiency of an investment from an economic
perspective. The ROI can be determined from the following formula
[7]:

ROI¼ Net Profit
Cost of Investment

� 100 (27)

and the payback period can be determined from the following
formula:

ROI¼Cumulative Cash Flow
Annual Net Benefit

� 12 ðmonthsÞ (28)

where the cost of investment is the total of the HPHE capital cost
and installation cost. The net profit is determined from the equiv-
alent cost of the energy recovered, while considering the parasitic
load such as energy consumed by fans and pumps due to the
installation of the HPHE.
10
3. Results and discussions

3.1. Impact of the number of passes on the overall heat exchanger
performance

The experimental and theoretical heat transfer rates of the
HPHE versus thewater mass flow rate at different number of passes
are presented in Fig. 8. The experimental results are plotted as
points while the theoretical results are plotted as lines with points.
The experimental heat transfer rate was calculated according to the
water stream temperatures and flow rate. The theoretical heat
transfer rate was obtained using the LMTD method.

It can be observed that the heat transfer rate of the HPHE in-
creases with the increase in the number of passes. The HPHE ach-
ieved up to 264Wof heat recovery for the one pass setup and up to
459W for the case of five passes. However, despite the efforts made
to maintain consistent air and water flow rates and inlet temper-
atures, a small variation of these factors has played a significant role
in the heat recovery in the comparison. For instance, this explains
why the amount of heat recovered by the water in the case of four
passes is lower than for three passes. It can be noted that heat
transfer rate increased with the increase in water flow rate.



Fig. 10. Histogram of the theoretical predictions deviation from the experimental results of the heat transfer rate: (a) using the LMTD method, (b) using the ε-NTU method.
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Moreover, the theoretical predictions using the LMTD model
showed a good agreement with the experimental results, although
it over-predicted the heat transfer rate for most of the experimental
cases. Fig. 9 shows a comparison between the theoretical pre-
dictions using the LMTD and e-NTU methods, versus experimental
results of the heat transfer rate. The heat transfer ratewas predicted
within an error of ±15.5% using the LMTD method and ±19% using
the ε-NTU method. The deviation of the theoretical predictions
from the experimental results is due to the uncertainty with the
experimental results and the accuracy of the heat transfer corre-
lation used to predict the thermal performance of the HPHE. Fig. 10
presents a histogram of the number of points versus the deviation
of the predicted results from the experimental results using the
LMTD and ε-NTU methods. As Fig. 10 illustrates, the LMTD method
had higher accuracy and less error than ε-NTU method. The LMTD
method had 10 out of 20 measurement points within an error of
±3% and five points of an error between 12% and 16%. The ε-NTU
method had eight measurement points within an error range
Fig. 11. Experimental and LMTD method predictions of the total effectiveness of the
HPHE.

11
of �1% and 6%, seven points in the range of 12% and 15%, and four
points in the range between 15% and 20%. In comparison between
the two methods, the LMTD had a smaller error range with the
majority of the points in the error range of ±6%, while ε-NTU had
larger error range up to 20%with over half of the points in the range
between 12% and 20%. The LMTD method was more accurate since
it evaluates all the thermal resistances but it is more complex, while
ε-NTU is simpler to be applied to predict the thermal performance
without the complications of the heat pipe two-phase heat transfer.

Fig. 11 illustrates the influence of water mass flow rate on the
total effectiveness of the HPHE for the experimental results and the
results obtained by the LMTD method at different number of
passes. The experimental and theoretical results obtained through
ε-NTU method are presented in Fig. 12.

The analysis of the HPHE effectiveness is important as it bal-
ances the relative impacts of Reynolds number and variations in
flow rates.

From Fig. 11, it can be deduced that the total effectiveness of the
HPHE has been improved between number of passes from 1 to 5 by
Fig. 12. Experimental and ε-NTU method predictions of the total effectiveness of the
HPHE.



Fig. 13. A comparison between the experimental results and theoretical pre-
dictions of the HPHE total effectiveness using the LMTD and ε-NTU methods.
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more than 50%, relative to the effectiveness for one pass. Indeed, by
increasing the air Reynolds number from Rez110 to Rez 775, the
total HPHE effectiveness increased from 43% to 67%. Moreover, it
can be observed that the total effectiveness obtained experimen-
tally was significantly improved between the case of a single pass
and that for 4 passes cases, while there was no significant change in
experimental results between the case of 4 passes and that for 5
passes. This was due to the higher air mass flow rate for the latter.
Both the LMTD and ε-NTU over-predicted the total effectiveness of
the HPHE for most of the experimental cases.

The deviation of the theoretical predictions using the LMTD and
ε-NTU methods versus the experimental results of the total effec-
tiveness of the HPHE is presented in Fig. 13. The theoretical pre-
dictions made with the LMTDmethod show a very good agreement
with the experimental results. For the cases from 1 to 5 passes, the
maximum differences between the LMTD prediction and the
experimental data were 15.5%, 1%, 1.2%, 5.55%, and 14.9%, respec-
tively. The variations for the cases of one and five passes can be
attributed to the fact that the air flow through the pipes in the
experiment was not uniform as considered in the theoretical
modelling. Overall, the predictions made by the LMTD method are
expected to be more accurate as they rely on both inlet and outlet
temperatures of the fluids.

As for the ε-NTUmodel, the performance predictions have been
noted to be less accurate, in comparison to the LMTD method. This
is to be expected as this method is more theoretical and predicts
the performance of the HPHE by considering only the inlet pa-
rameters and the geometry of the system. Nevertheless, the
maximum error made by the ε-NTU model was only 19% for a
number of passes of 3 as shown in Fig. 13. Fig. 14 presents a his-
togram of the number of points of the predictions versus the
Fig. 14. Histogram of the theoretical prediction deviation from the experimental results o
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percentage deviation from the experimental results for the LMTD
and the ε-NTUmethods. The outcome is similar to the heat transfer
rate deviation range as the total effectiveness was based on the
experimental or theoretical heat transfer rate divided to the
maximum heat transfer rate possible. The LMTD method had 12
points out of 20 in the error range less than 6% and seven points in
the deviation range between 9% and 15%. However, the ε-NTU
method exhibited eight points in the deviation range between �1%
and 6%, seven points in the range between 9% and 15%, and four
points in the range between 15% and 20%. The LMTD method
exhibited more accuracy in comparison with ε-NTU method with
more data points closer to the experimental results. The ε-NTU
tended to overpredict the results more than the LMTD method.

From this study, it is concluded that the ε-NTU model is more
sensitive to the prediction of the forced convection resistance than
the LMTDmethod. Indeed, as shown in Table 2, for three passes, the
Reynolds number is calculated to be higher than for four passes,
based on the air flow rate measurements. The potential measure-
ment error made on the air flow rate, and thus on the calculation of
the Reynolds number at the evaporator, had a direct impact on the
prediction by the ε-NTU model. In addition, in the case of three
passes, the Reynolds number was higher than Re ¼ 500, which
indicates that another forced convection correlation could be used
to improve the accuracy of the prediction. According to the litera-
ture, the accuracy of the semi-empirical forced convection corre-
lations by Zukauskas [38] is estimated between 15% and 20% [20].

Other factors may also be responsible of the variations observed
in the above results. At first, the air flow and the inlet air temper-
atures between the experiments varied slightly. A direct impact of
these factors on the heat transfer can be expected. Furthermore, the
water inlet temperature may vary as well. This partially explains
why, at awater flow rate of 0.010 kg/s, thewater outlet temperature
was more important higher for 3 passes configuration than in the 4
passes configuration Finally, the error associated with the in-
strumentations used (thermocouples, anemometer, turbine flow
sensor, data logger) are also impacting the accuracy of the results,
as discussed in Section 3.7.
f the HPHE effectiveness: (a) using the LMTD method, (b) using the ε-NTU method.



Fig. 15. Forced convection resistance at the evaporator versus water flow rate for
various number of passes.

Fig. 17. Impact of the number of passes on the evaporator effectiveness.
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3.2. Impact of the number of passes on the heat transfer resistance
at the evaporator

This section focuses on the evaporator section to give detail on
the influence of the number of passes on the HPHE performance
previously observed. By changing the number of baffles inside the
system, the Reynolds number of the air stream varied, which is
expected to have a significant impact on the forced convection heat
transfer resistance at the evaporator. The impact of the number of
passes on the evaporator forced convection resistance is studied in
Fig. 15.

Due to the uncertainty in the accuracy and sensitivity of the
anemometer used to measure the air flow associated with the air
temperature change, the forced convection resistance has been
calculated from the energy balance using Eq. (12), based on the
Fig. 16. The total resistance of the HPHE versus water flow rate.
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energy gained by water. It was assumed that there was no heat loss
to the ambient since the heat exchanger was fully insulated. It has
been observed that the higher the number of passes, the lower the
forced convection resistance at the evaporator due to the increase
in Reynolds number. By using 5 passes instead of 1 for the same
heat exchanger, the evaporator thermal resistance was reduced by
70%. This decrease in the evaporator thermal resistance is conveyed
to the overall thermal resistance of the HPHE as shown in Fig. 16.

A similar trend in the total thermal resistance of the HPHE with
the decrease in the evaporator thermal resistance is observed. This
validates the conclusion that the increase in heat recovery is mainly
due to the decrease in the evaporator convection thermal resistance
and that other factors did not significantly contribute to the in-
crease in the HPHE performance. In addition, it can be noted that
the water flow rate had a limited impact on the thermal resistance
of the evaporator. The experimental and theoretical effectiveness of
the evaporator versus the number of passes in the HPHE is pre-
sented in Fig. 17.

For clarification, this analysis is conducted only for a water flow
rate of 0.020 kg s�1 as the results are similar from one water flow
rate to another. From Fig. 17, it can be concluded that a decrease in
the evaporator thermal resistance, as the number of passes
increased, resulted in an increase in the evaporator effectiveness.
Indeed, from 1 to 5 passes, the experimental effectiveness of the
evaporator increased from 50% to 87%. The predictions made with
the e-NTU method are in good agreement with the experimental
data with a maximum error of 9.6%.

By increasing the number of passes, it was observed that the
heat transfer coefficient at the evaporator sectionwas improved. As
the air passage section is reduced, the Reynolds number increased,
and the flow becomes more turbulent. Therefore, the heat transfer
rate from the hot air stream to the heat pipes is substantially
enhanced.
3.3. Heat transfer at each pass

In this section, only the case in which the HPHE comprised five
passes is studied. The objective is to investigate the heat transfer
rate at each pass and the air temperature after each pass. For this
analysis, a water flow of 0.02 kg s�1 has been selected. The air
temperature after each pass and the heat transfer rates achieved at



Fig. 18. Experimental results of each pass for 5 passes and water flow rate of 0.02 kg s�1 (a): Air temperature trend, (b): Heat transfer rate.

Fig. 19. Average working temperature of heat pipes and LMTD predictions for each
pass at a water flow rate of 0.010 kg s�1.
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each pass are presented in Fig. 18.
It can be observed that the decrease in air temperature through

the HPHE is not linear with the number of passes. Indeed, the heat
transfer is much higher for the first passes, which leads to higher
differences of temperature inside these passes. The non-linearity of
the temperature distribution inside the HPHE justifies the use of
the LMTD method in the analysis. In the case of a geometry with
five passes, it can be noted that the heat transfer rate at the last pass
(Pass 5) is a quarter of the heat transfer rate occurring at the first
pass (Pass 1) which is about 50 W against 200 W. Furthermore, the
analysis permits one to identify a potential inaccuracy in the tem-
perature measurement in the case of the third pass. An inaccuracy
in the temperature measurement at the third pass and fourth pass
may have caused the observable discrepancy. This inaccuracy can
be due to a non-uniform air distribution between the pipes after
each bend, and the position of the air thermocouples.

3.4. Impact of the thermal performance of the HPHE

As previously mentioned, the water flow rate at the condenser
did not have any noticeable impact on the forced convection
resistance at the evaporator. However, it can be observed in Figs. 8,
Figure 11, and Fig. 12 that the water flow rate has a small effect on
the overall performance of the HPHE. The influence of the water
flow rate on the overall performance of the HPHE has been inves-
tigated further. From the previous sections, it can be noted that the
heat transfer rate and effectiveness of the HPHE slightly increased
with the water flow rate. Between a water flow rate of 0.010 kg s�1

and a water flow rate of 0.020 kg s�1, the maximum increase of the
HPHE effectiveness was obtained with a geometry of five passes. In
this case, increasing the water flow rate from 0.010 kg s�1 to
0.020 kg s�1 increased the heat transfer rate from 424W to 456 W.
As for the total effectiveness of the HPHE, an increase from 63% to
67% was observed as the flow rate increased from 0.010 kg s�1 to
0.020 kg s�1. In comparison, for a constant water flow rate of
0.020 kg s�1, increasing the number of passes from 1 to 5 improved
the total effectiveness of the HPHE from 43% to 67%. Hence, within
the tested range of water flow rates, it is concluded that the water
flow rate has a much lower impact on the performance of the HPHE
in comparison to the number of passes.

3.5. Temperature predictions

By using the LMTD model, the average working temperatures of
the heat pipes have been predicted and compared with experi-
mental data. The experimental working temperature is the average
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of the temperature measured using the thermocouples placed in
the adiabatic section for each pass. The theoretical working tem-
perature was determined through the thermal model by using the
two-phase heat transfer correlations presented in the thermal
analysis section and considering the heat transfer rate of each heat
pipe. The average working temperature of the heat pipes in each
row is displayed in Fig. 19. Obviously, depending on the geometry
tested and the number of passes in the HPHE, the measurements
can only cover the full range of the number of passes inside the
tested system. For instance, no working temperatures of the heat
pipes in rows number 4, 5 are available when the geometry tested
comprises three passes due to the positions of the thermocouples
placed on the heat pipes. The average working temperatures of the
thermosyphons reported in Fig. 19 were obtained with awater flow
rate of 0.010 kg s�1.

The pass number sequence starts from the air inlet to the air
outlet. It can be noted that the experimental measurements were
higher than the theoretical predictions made with the LMTD
method. This could be due to the axial wall conduction in the
copper tubes, which was not considered in the theoretical model-
ling. There is a tendency for the working temperature of heat pipes
to be higher at a higher number of passes inside the system.
However, experimental data were affected by the inlet tempera-
tures of both air and water streams, which were not rigorously the



Fig. 20. Experimental water outlet temperature and LMTD predictions.
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same for the experiments conducted. The experimental results
were obtained from average temperatures of multiple heat pipes.
The heat pipe temperature is significantly influenced by its position
in the pipe pattern and its exposure to the air flow, which was not
uniform. Finally, it can be concluded from Fig. 19 that the working
temperature of the heat pipes decreases for successive passes. As
the air temperature decreases inside the HPHE due to the heat
exchange with the water, the equilibrium working temperature of
the thermosyphon decreases accordingly.

As introduced, one of the main advantages of the ε-NTUmethod
is the prediction of the outlet temperatures of the fluids. In Fig. 20,
the predictions of the model based on the ε-NTU method are
compared with the experimental water outlet temperatures.

Consistent with the preceding analysis, the water outlet tem-
perature increases with the number of passes inside the HPHE.
Again, depending on the water inlet temperature, the temperature
may fluctuate. Hence, for three passes inside the HPHE, the water
outlet temperature was high due to a high water inlet temperature,
as shown in Table 1. Nevertheless, it can be claimed that the pre-
dictions of the ε-NTU method were quite accurate considering the
high specific heat capacity of water. Indeed, based on the HPHE
geometry and on the inlet temperature of both streams, the model
predicted the water outlet temperatures with a maximum error of
±0.7 �C. It should be noted that for the air outlet temperature, the
error in the prediction can reach 9 �C when the error in predicting
the heat transfer rate is about 20%. This is due to the low specific
heat capacity of air and the low air flow rate during the tests.
Table 4
Uncertainty associated with instruments used to measure the experimental data.

Parameter Sensor Uncertainty

Temperature Datascan 7320 0.05% ± 0.38 �C
Air velocity Omega FMA900 ±1% of reading
Water flow rate Omega FTB370 ±1% of reading
3.6. Industrial and economic impact

It was observed from the results that the heat recovery
increased by about 74% for the case of the HPHE having 5 passes in
comparison with the single pass case. Thus, the HPHE can recover
74% of waste heat in an industrial application during a whole
working year, assuming the thermal performance enhancement of
the full scale is the same as for the lab scale. Assuming the full scale
heat recovery is 100 kW for a single pass, there are 8440 working
hours per year and capital and installation costs are £120,000 in
total, the pay-back period of the HPHE will be 34 months. The
payback period falls into the favourable industrial applications is
generally three years or 33% as ROI.

For the case where the HPHE is modified to have 5 passes and
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assuming the enhancement of the heat recovery is 74% as for the
lab-scale, the payback period is reduced to 24 months for the same
setup.

In more detail, the reduction in the payback period came from
the fact that the HPHE with a single pass can save £24,150 per
annum, while for 5 passes the HPHE case can save roughly £42,000
per annum. These results were based on the saving of natural gas
which would be used to generate the heat at a cost of 0.025
£.kWh�1 [41].

This study is based on the condition that air mass flow rate and
pressure drop of the HPHE for all the cases are equal. However, the
hydraulic resistance of the HPHE and pressure drop of the single
pass HPHE are less than for 5 passes. Hence, the fan requires more
power to compensate for the increased hydraulic resistance in the
air duct, and to achieve the same flow rate in a full-scale applica-
tion. However, the increased parasitic load of the fan which was
assumed to be 10 kWwill bemuch less than the increase in the heat
recovery which keeps the 5 passes case of the HPHE more efficient
and economical. Moreover, the heat recovery and the effectiveness
were significantly for the same footprint of the HPHE, which pre-
sents a viable solution for limited installation space.
3.7. Uncertainties associated with the experimental results

The main source of uncertainty associated with the experi-
mental heat recovery and effectiveness values came from mea-
surements of temperature and flow rate. The uncertainty
associated with the readings of the temperature is (0.05%
reading ± 0.38 �C), while the one associated with the water flow
meter is ±1% of the full scale. The uncertainty associated with the
instruments is listed in Table 4.The propagation of uncertainty
associated with experimental heat recovery can be calculated using
Equation (29) according to Taylor [42]:

SQ ¼Qout �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
S _V
_V

�2

þ
 

SðTwater;out�Twater;inÞ�
Twater;out � Twater;in

�
!2

vuut (29)

where SðTwater;out�Twater;inÞ is the uncertainty associated with the dif-
ference in temperature, and S _V is the uncertainty associated with
the water flow rate. The error associated with temperature differ-
ence between the water inlet and outlet is:

SðTwater;out�Twater;inÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2Twater;out

þ S2Twater;in

q
(30)

The error associated with the effectiveness can be calculated
from:

Sε ¼ ε�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
SQout

Qout

�2

þ
�
SQmax

Qmax

�2
s

(31)

SQmax
¼Qmax �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�S _Vair

_Vair

�2

þ
 

SðTair;in�Twater;inÞ�
Tair;in � Twater;in

�
!2

vuut (32)

The maximum error associated with the experimental heat



Table 5
Maximum errors associated with the experimental heat transfer rate.

Heat transfer rate,
Qout(W)

Absolute maximum error,
SQ (W)

Maximum relative error
SQ
Qout

ð%Þ

424.43 23.39 5.51
459.37 31.14 6.78
443.16 37 8.35
455.57 46.14 10.13
349.28 23.25 6.66
386.53 31.02 8.03
380.2 38.53 10.13
408.64 46.07 11.27
400.93 23.37 5.83
413.83 31.06 7.51
425.79 39.25 9.22
428.45 46.09 10.76
377.11 23.29 6.18
403.37 31.04 7.70
408.24 38.53 9.44
437.06 46.12 10.55
264.28 23.16 8.76
248.55 29.99 12.07
246.79 38.47 15.59
250.25 46.05 18.40

Table 6
Maximum errors associated with the experimental effectiveness of the HPHE.

Effectiveness, ε Absolute maximum error, Sε Maximum relative error
Sε
ε

(%)

0.625 0.0353 5.64
0.6395 0.044 6.89
0.6422 0.0542 8.43
0.6656 0.0679 10.20
0.6289 0.0425 6.76
0.6407 0.052 8.11
0.6424 0.0656 10.21
0.6533 0.0741 11.34
0.5567 0.0331 5.95
0.5597 0.0426 7.60
0.5607 0.0521 9.30
0.5791 0.0627 10.83
0.5007 0.0315 6.29
0.5082 0.0396 7.79
0.5055 0.0481 9.51
0.5094 0.0541 10.62
0.412 0.0365 8.85
0.4153 0.0504 12.13
0.4185 0.0654 15.64
0.4251 0.0784 18.44

H. Jouhara, S. Almahmoud, D. Brough et al. Energy 219 (2021) 119624
transfer rate and the total effectiveness of the HPHE are shown in
Table 5 and Table 6, respectively.

4. Conclusion

In this study, the performance of an air to water HPHE was
investigated theoretically and experimentally. The HPHE was
studied at various Reynolds numbers of the air andwater flows. The
Reynolds number was changed by adding baffles inside the given
heat exchanger at the air side and by changing the water mass flow
rate.

It was observed from the experimental results that the number
of passes had a significant impact on the heat recovery. The
enhancement of the HPHE thermal performance was due to the
enhancement of the heat transfer coefficient by forced convection
at the air side. The forced convection resistance at the evaporator
has been reduced by more than 70% by increasing the Reynolds
number of the air flow.

The heat recovery increased from 264 W to 459 W, which
16
represents a 74% increase. The heat recovery increased from 264 W
to 459 W, which represents a 74% increase. The enhanced heat
recovery led to increase the effectiveness of the HPHE from 43% for
a single pass to 67% for five passes. The maximum effectiveness
enhancement by increasing the number of passes was 56%. How-
ever, the increase of the water flow rate had less impact on the heat
recovery and the total effectiveness of the HPHE.

Furthermore, two theoretical models based on the LMTD
method and the ε-NTUmethod have been developed to predict the
thermal performance of the HPHE, and compared with experi-
mental data. The LMTDmethod, which used the inlet temperatures
of the fluids and geometry of the HPHE, predicted the performance
of the HPHE to within ±15.5% error. However, the ε-NTU model
prediction showed an error up to 19%. Yet, the ε-NTU method
permits a prediction of the performance when the outlet temper-
atures of the fluids are unknown and is simpler to be applied.
Moreover, the ε-NTU model predictions of the outlet temperatures
of both air and water streams were with an accuracy of ±0.7 �C. It
was also observed that the ε-NTU model was more influenced by
the uncertainty of themeasurements on the air flow than the LMTD
model, which relies more on temperature measurements.

The LMTD model was used to predict the working temperature
of the heat pipes which showed an overprediction of 8 �C, the ac-
curacy could be further enhanced in future studies by investigating
different two-phase heat transfer correlations.

Both modelling tools can be applied to predict the thermal
performance of a HPHE where the LMTDmethod consider the two-
phase heat transfer in the heat pipe while ε-NTU offers a simplified
approach with less accuracy assuming that the heat pipes are fully
functional.

This study presented a multi-pass solution which enhances the
effectiveness and the heat recovery of the HPHE for the same
footprint and overall dimensions, which is desirable when the
available space for installation is limited in industrial applications.
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