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Abstract An approach – relaying on application of nanoﬂuid as a working ﬂuid, to improve performance of the two-phase thermosyphon heat
exchanger (TPTHEx) has been proposed. The prototype heat exchanger
consists of two horizontal cylindrical vessels connected by two risers and
a downcomer. Tube bundles placed in the lower and upper cylinders work as
an evaporator and a condenser, respectively. Distilled water and nanoﬂuid
water-Al2 O3 solution were used as working ﬂuids. Nanoparticles were tested
at the concentration of 0.01% and 0.1% by weight. A modiﬁed Peclet equation and Wilson method were used to estimate the overall heat transfer
coeﬃcient of the tested TPTHEx. The obtained results indicate better performance of the TPTHEx with nanoﬂuids as working ﬂuid compared to
distilled water, independent of nanoparticle concentration tested. However,
increase in nanoparticle concentration results in overall heat transfer coeﬃcient decrease of the TPTHEx examined. It has been observed that, independent of nanoparticle concentration tested, decrease in operating pressure
results in evaporation heat transfer coeﬃcient increase.
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k
ṁ
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p
R
t
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w
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–
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overall heat transfer coeﬃcient, W/(m2 K)
mass ﬂow rate, kg/s
heat transfer rate, W
heat ﬂux, W/m2
pressure, Pa
thermal resistance, (m2 K)/W
temperature, ◦ C
wall-to-ﬂuid temperature diﬀerence, K
water velocity, m/s
volume ﬂow rate, m3 /s

Greek symbols
α
δ
λ
ρ

heat transfer coeﬃcient, W/(m2 K)
thickness, m
thermal conductivity, W/(m K)
density, kg/m3

–
–
–
–

Subscripts and superscripts
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ev
exp
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condenser
cold ﬂuid
evaporator
experimental
intermediate working ﬂuid
hot ﬂuid
inside
exponent in Eqs. (15) and (16) dependent on ﬂow regime
outside
reference
tube
wall
Wilson
inlet
outlet

Introduction

Two-phase thermosyphon heat exchangers (TPTHEx) are used in a variety of heat engineering applications, but mechanisms governing the heat
transfer process in such heat exchangers with shell-side boiling and condensation are far from complete understanding. The characteristic feature
of a TPTHEx is that it operates as a thermal diode, it means that the
heat can be transported only in one direction – from the evaporator to
the condenser. Two-phase thermosyphons can be divided into two main
groups: a termosyphon tube with countercurrent ﬂow of the liquid and
the vapour and a two-phase loop where the evaporator is connected to the
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condenser by a riser and downcomer [1–3]. Diﬀerent aspects of two-phase
thermosyphons performance have been investigated. Zhang et al. [4] established that the two-phase thermosyphon with a grooved evaporation surface
has a much better performance due to the increased heat transfer at the
evaporation surface. Khodabandeh and Furberg [5] found that the structured surface decreased the oscillations at the entire range of heat ﬂuxes and
enhanced the heat transfer coeﬃcient of a thermosyphon loop with R134a
as a working ﬂuid. He et al. [6] studied the eﬀect of noncondensable gases
on steady-state and startup of a loop thermosyphon. Kafeel and Turan [7]
analyzed numerically a vertical two phase closed thermosyphon. Results
obtained show in detail the overall thermal response of the thermosyphon
along with the dynamics of ﬂuid ﬂow within its core.
Quite new possibility of heat transfer augmentation gives addition of
small amount of nanoparticles to the base liquid obtaining nanoﬂuid –
new category of liquids developed at Argonne National Laboratory [8].
Nanoﬂuid is a suspension consisting of the base liquid and metallic or nonmetallic nanoparticles with a typical size less than 100 nm. The augment
of thermal conductivity provides a basis for single phase heat transfer intensiﬁcation (e.g., [9]). As regards pool boiling heat transfer mechanism –
important from the point of view of present study, contradictory statements
can be found in the open literature. Some studies report no change of heat
transfer in the nucleate boiling regime, some report heat transfer deterioration and others heat transfer enhancement e.g. [10]. Contrary to boiling
heat transfer of nanoﬂuids experimental data concerning heat transfer during condensation of nanoﬂuids are very scarce. Huminic G. and Huminic A.
[11] recorded heat transfer enhancement during condensation of water-iron
oxide nanoﬂuid at the condenser section of two-phase closed thermosyphon,
independent of the inclination angle. However, according to Yang and Liu
[12] the changes of the thermophysical properties have no meaningful eﬀect
on the condensing heat transfer coeﬃcient of nanoﬂuids and for vertical
walls condensing heat transfer coeﬃcient of nanoﬂuids is well predicted by
the well-known Nusselt correlation.
Utilization of nanoﬂuids as working ﬂuids in thermosyphons seems to be
one of their obvious applications. However, literature data are very scarce.
Xue et al. [13] observed that application of water-carbon nanotube (CNT)
nanoﬂuid as working ﬂuid in simple tube thermosyphon (STT) resulted in
the deterioration of its performance. The carbon nanotubes were treated by
a nitric/silfuric acid mixture and the volume concentration of the suspen-
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sion was 1%. Mehta and Khandekar [14] and Khandekar et al. [15] tested
STT ﬁlled with water-Al2 O3 , water-CuO and water-laponite nanoﬂuids.
The mass concentration of the nanoparticles was 1%. It was established
that thermal performance was deteriorated when nanoﬂuids were used as
working ﬂuid. Maximum deterioration was observed with laponite while
minimum inhibition was for alumina particles based nanoﬂuids. Contrary
to Xue et al. [13] and Khandekar et al. [15], Noie et al. [16] established that
the eﬃciency of STT increased up to 14.7% when water-Al2 O3 nanoﬂiud
was applied as a working ﬂuid. Furthermore, the eﬃciency of the tested
STT increased with nanoparticle concentration increase. The volume concentration of the nanoparticles ranged from 1% to 3%. Liu et al. [17] examined a miniature thermosyphon (of 6 mm internal diameter and 350 mm
long), charged with water-CNT nanoﬂuids of diﬀerent carbon nanotube
(CNT) concentrations (1.0–2.0wt%). The results show that water-CNT
nanoﬂuids augment the performance of the thermosyphon and maximum
heat transfer enhancement was achieved for 2% CNT concentration. Furthermore, the heat transfer enhancement eﬀect of water-CNT nanoﬂuids
increases with the decrease of the operation pressure (20–7.4 kPa). Paramatthanuwat et al. [18,19] studied inﬂuence of the ﬁlling ratio (30%, 50%,
and 80% by evaporator length) and aspect ratio (5, 10, and 20) on performance of STT with water-Ag nanoﬂuid as working ﬂuid. The weight
concentration of the nanoparticles was 0.5%. It was found that the ﬁlling
ratio has no eﬀect on heat transfer characteristics and the heat transfer
rate – using nanoﬂuids, at all ﬁlling ratios, was higher than with pure water. Huminic G. and Huminic A. [11] and Huminic et al. [20] revealed
that independent of inclination angle (30◦ , 45◦ , 60◦ and 90◦ ) application
of water-iron oxide nanoﬂuids improves performance of thermosyphon heat
pipe. The volume concentration of the nanoparticles was equal to 2% and
5.3%. Furthermore, the heat transfer rate increased with nanoparticle concentration increase. Firouzfar et al. [21] established that application of
methanol-silver nanoﬂuid as working ﬂuid in TPTHEx leads to energy saving around 9–31% for cooling and 18–100% for reheating the supply air
stream in an air conditioning system. Yang and Liu [12] tested rectangular
plate thermosyphon made of copper. As working ﬂuid water-SiO2 nanoﬂuids were applied. A silane of trimethyoxysilane was used to fabricate stable
(functionalized) nanoﬂuid. The weight concentration of the nanoparticles
ranged from 0.5% to 2.5%. The experiment was carried out at three steady
operating pressures of 7.38, 15.75, and 31.18 kPa. No meaningful eﬀect was
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found for the heat transfer of nanoﬂuids in the examined thermosyphon.
Recently, Buschmann [22] overviewed the very limited results of the application of nanoﬂuids in thermosyphons, heat pipes, and oscillating heat
pipes. Additionally, possible mechanisms for improvement of the thermal
performance of these devices were discussed.
The purpose of the present study was to examine the inﬂuence of the
concentration of the alumina (Al2 O3 ) nanoparticles and operating pressure
inside the shell on the overall performance of a two-phase thermosyphon
heat exchanger. Nanoparticles were tested at the concentration of 0.01%
and 0.1% by weight. A modiﬁed Wilson method was used to reduce the
experimental data. Moreover, the modiﬁed Peclet equation was applied to
estimate the overall heat transfer coeﬃcient of the tested TPTHEx.

2
2.1

Experiments
Experimental setup

The test stand consists of three main systems: prototype TPTHEx and
heating and cooling water loops. The test facility is capable of determining
of the overall heat transfer coeﬃcient of TPTHEx. A schematic diagram
of the test stand is shown in Fig. 1. Heating and cooling water loops
contain a centrifugal pump, a ﬂowmeter and a vent tank, each. A district
heating network and a cooling tower are used as a heat source and heat
sink, respectively. Heating and cooling water ﬂow rates are controlled by
regulating valves and are measured by the magnetic ﬂowmeters Danfoss
MAG 3100 accurate to ±0.25%. The average temperature of heating and
cooling water at the inlet and outlet of the evaporator and condenser tube
bundles of TPTHEx is measured by the resistance temperature devices
Pt100 produced by Siemens with an accuracy of ±0.1K.

2.2

Prototype two-phase thermosyphon heat exchanger

The prototype heat exchanger consists of two horizontal cylindrical vessels
of 159 mm in diameter and of 1 m long connected by two risers and a downcomer [23]. Tube bundles placed in the lower and upper cylinder work as an
evaporator and a condenser, respectively (Fig. 2). Evaporator is designed
as a tube bundle consisted of 19 smooth tubes of 10 mm outer diameter
(OD) with triangular arrangement and a pitch equal to 2.0 diameter (d).
Condenser is designed as a tube bundle consisted of 31 smooth stainless

28

J.T. Cieśliński

Figure 1: Schematic view of the experimental setup: T – temperature sensor, P – pressure sensor.

steel tubes (OD 10 mm) with triangular arrangement and a pitch equal to
1.8 d. Figure 3 illustrates ﬂow of liquid and vapour in prototype TPTHEx
against evaporator heat ﬂux.

2.3

Preparation and characterization of the tested
nanofluids

In the present study Al2 O3 was applied as nanoparticles while distilled,
deionized water was used as a base ﬂuid. Nanoﬂuids with two concentrations were prepared for the experiments. Alumina (Al2 O3 ) nanoparticles
were tested at the concentration of 0.01% and 0.1% by weight. Nanoparticles of the required amount and base ﬂuid were mixed together. Alumina
nanoparticles of spherical form have diameter from 5 nm to 250 nm; their
mean diameter was estimated to be 47 nm according to the manufacturer
(Sigma-Aldrich Co.). Tested nanoﬂuids were prepared in two steps. First,
ultrasonic vibration was used for 4 h in order to obtain concentrated solution that was next mixed with distilled, deionized water by use of homogenizer for 1 h. The measured pH values for Al2 O3 nanoﬂuids with
nanoparticle concentration of 0.01%, and 0.1% were 6.51 and 7.48, respectively. The stability of the produced nanoﬂuids was pretty good, which can
stay for a few days without visually observable sedimentation. Figure 4
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Figure 2: Axonometric view of the prototype TPTHEx.

shows photographs of the tested water-Al2 O3 nanoﬂuids after charge of the
TPTHEx.

2.4

Experimental procedure

Before the tankage of the TPTHEx with working ﬂuid an absolute pressure of 5 kPa was created inside the shell. During the tests the absolute
pressure inside the shell ranged from 5 to 20 kPa, which corresponds to the
operating temperatures of 48 ◦ C and 62 ◦ C. Heating as well as cooling water mass ﬂow rates ranged from 0.3 up to 3.5 kg/s. The monitoring of the
temperature and pressure readings was facilitated by the use of a PC-aided
data acquisition system. All data readings have been performed during
steady-states. More details concerning experimental setup and procedure
are presented in [24].
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Figure 3: Liquid and vapour ﬂow in TPTHEx: 1 – evaporator, 2 – condenser, 3 – riser,
4 – downcomer; left side picture – heat ﬂux q̇ < 15 kW/m2 , right side picture
– q̇ > 15 kW/m2 .

2.5

Data reduction

The overall heat transfer coeﬃcient for the prototype TPTHEx can be
estimated using the modiﬁed Peclet equation
kexp =

1
Aev(t̄

hf −tf )

Q̇ev

+

Ac (tf −t̄cf )
Q̇c

(1)

where:
Q̇ev – heat transfer rate transferred in the evaporator estimated using
the measured volume ﬂow rate of the hot water and the measured hot
water temperatures at the inlet thf,1 and outlet thf,2
Q̇ev = V̇hf ρhf chf (thf,1 − thf,2 ) ;

(2)

Q̇c – heat transfer rate transferred in the condenser estimated using
the measured volume ﬂow rate of the cold water and the measured
cold water temperatures at the inlet tcf,1 and outlet tcf,2
Q̇c = V̇cf ρcf cpf (tcf,2 − tcf,1 ) ;

(3)
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a)

b)
Figure 4: Photographs of the tested water-Al2 O3 nanoﬂuids: a) 0.01% nanoparticle concentration, b) 0.1% nanoparticle concentration.

t̄hf – arithmetic mean of the measured inlet and outlet hot ﬂuid temperature
thf,1 + thf,2
;
(4)
t̄hf =
2
t̄cf – arithmetic mean of the measured inlet and outlet cold ﬂuid
temperature
tcf,1 + tcf,2
;
(5)
t̄cf =
2
tf – arithmetic mean of the measured working ﬂuid temperature
tf =

tf 1 + tf 2
.
2

(6)
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On the other hand the overall heat transfer coeﬃcient for the prototype
TPTHEx can be determined analyzing the thermal processes inﬂuencing
transferred heat transfer rate. It was assumed that heat transfer performance of the TPTHEx results from the following heat transfer mechanisms:
• single phase convection inside evaporator’s tube,
• heat conduction in the walls of the evaporator’s tube,
• pool boiling outside evaporator’s tube bundle,
• condensation outside condenser’s tube bundle,
• heat conduction in the walls of the condenser’s tube,
• single phase convection inside condenser’s tube.
So, the overall heat transfer coeﬃcient can be calculated as an inverse of
the overall thermal resistance
kW =

1
1
=
=
R
Rev + Rc

1
kev

1
+

1
kc

,

(7)

where:
kev – evaporator overall heat transfer coeﬃcient
1

kev =

1
αev,i

+

δt
λt

+

1
αev,o

;

(8)

kc – condenser overall heat transfer coeﬃcient
kc =

1
1
αc,i

+

δt
λt

+

1
αc,o

.

(9)

Heat transfer coeﬃcients during boiling αev,o , and condensation αc,o were
calculated as
Q̇ev
,
(10)
αev,o =
Aev ∆Tev
and
αc,o =

Q̇c
.
Ac ∆Tc

(11)
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Mean evaporator ﬂuid-to-wall temperature diﬀerence, so called wall superheat, ∆Tev , reads
∆Tev = tev,o − tf .
(12)
Mean condenser ﬂuid-to-wall temperature diﬀerence reads
∆Tc = tf − tc,o .

(13)

The details of the tev,o and tc,o calculations are given in [24].
Heat transfer coeﬃcients during single phase convection inside tubes of
the evaporator, αev,i , and the condenser, αc,i , were determined by applying
the Wilson plot technique [25]. The method is simple and has a wide
potential for applications of diﬀerent types of heat exchangers [26–31]. The
classical Wilson plot method, as well as its modiﬁcations, requires only
determination of the overall resistance in the heat exchanger and hence
an accurate energy balance, based on measurement of ﬂow rates of ﬂuids
exchanging heat and their mean temperature at inlet and outlet from heat
exchanger. In present case heat transfer coeﬃcient of hot water ﬂowing
inside evaporator tube, αev,i , was calculated as
αev,i =

C3 −

2 λδtt

or
αev,i =

1
−

1
αev

−

1
αc

for ṁhf = const. and ṁcf = var.

1
for ṁcf = const. and ṁhf = var .
C2 whn

(14)

(15)

Heat transfer coeﬃcient of cold water ﬂowing inside condenser tube, αc,i ,
was calculated as
αc,i =

1
for ṁhf = const. and ṁcf = var.
C2 wcn

(16)

1
−

(17)

or
αc,i =

C3 −

2 λδtt

1
αev

−

1
αc

for ṁcf = const. and ṁhf = var .

The constants C2 and C3 are Wilson method constants determined by use
of linear regression [32], whf and wcf are hot and cold water velocities, respectively. A pool boiling heat transfer coeﬃcient αev was predicted by use
of Cooper correlation [33] for distilled water and for water-Al2 O3 nanoﬂuids using Cieśliński and Kaczmarczyk data and correlation equation [34,35].

34

J.T. Cieśliński

Condensation heat transfer coeﬃcient αc was calculated for distilled water
and nanoﬂuids from classical Nusselt correlation [36], and as results from
Yang and Liu [12] study, it was a justiﬁed approach. The exponent n in
Eq. (15) and Eq. (16), dependent on ﬂow regime, was assumed as equal to
n = 0.8 (turbulent ﬂow).

2.6

Error analysis

The uncertainties of the measured and calculated parameters were estimated using the mean-square method. The maximum overall experimental
heat ﬂux error limits for the evaporator ranged from ±1.4% (maximum
heat ﬂux) to ±27% (minimum heat ﬂux), while the average evaporator
heat transfer coeﬃcient maximum error was estimated at ±27%, and the
wall superheat maximum error was estimated at ±25%.

3

Results and discussion

In order to validate experimental apparatus and procedure, present results obtained for distilled water as working ﬂuid were compared to the
data reported by Cieśliński and Fiuk [24] for the same conﬁguration of the
TPTHEx. Overall heat transfer coeﬃcient in [24] was determined using
modiﬁed Peclet equation (1). As it is seen in Fig. 5 satisfactory agreement
has been obtained for operating pressure 12 kPa. However, for present data,
the values of the overall heat transfer coeﬃcient estimated using modiﬁed
Peclet equation are lower than the values of the overall heat transfer coeﬃcient predicted by applying the Wilson approach. The results were obtained
for the case where ṁcf = const. and ṁhf = var .
Figure 6 shows boiling curves of the TPTHEx evaporator for three
tested working ﬂuids, i.e., distilled water and nanoﬂuid water-Al2 O3 with
two nanoparticle concentrations: 0.01% and 0.1%, for operating pressure
inside a shell of about 3 kPa. Boiling curves for both nanoﬂuids are shifted
left towards lower wall superheat and decrease in nanoparticle concentration
results in better performance of the tested TPTHEx. Present data are in
agreement with previously obtained results for pool boiling of water-Al2 O3
nanoﬂuid on single tube [34].
Figure 7 illustrates the inﬂuence of operating pressure on TPTHEx
evaporator performance for nanoﬂuid water-Al2 O3 with nanoparticle concentration 0.01%. Decrease of absolute pressure from about 8 to 4 kPa
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Figure 5: Overall heat transfer coeﬃcient vs. evaporator heat ﬂux for distilled water as
working ﬂuid at operating pressure inside shell of about 12 kPa.

Figure 6: Boiling curves of the TPTHEx evaporator at operating pressure inside shell of
about 3 kPa.

inside a shell results in distinct heat transfer augmentation. Obtained results conﬁrm tendency observed in the literature [17,37].
Figures 8 and 9 illustrate eﬀect of Al2 O3 nanoparticle concentration on
TPTHEx overall heat transfer coeﬃcient (OHTC) for absolute pressure inside the shell of 10 kPa and 4 kPa, respectively. Both methods of the OHTC
estimation used in present study indicate that addition of nanoparticles results in higher OHTC in comparison with distilled water as working ﬂuid.
Additionally, increase in nanoparticle concentration causes decrease of the
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Figure 7: Inﬂuence of pressure on TPTHEx evaporator performance for nanoﬂuid waterAl2 O3 with nanoparticle concentration 0.01%.

Figure 8: TPTHEx overall heat transfer coeﬃcient vs. evaporator heat ﬂux at operating
pressure inside shell of about 10 kPa.
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Figure 9: TPTHEx overall heat transfer coeﬃcient vs. evaporator heat ﬂux at operating
pressure inside shell of about 4 kPa.

OHTC. Satisfactory agreement between the values of OHTC obtained by
use of both proposed methods of data reduction. Nevertheless, Wilson approach Eq. (7) overestimates OHTC in comparison with method relied on
energy balance Eq. (1), with maximum diﬀerence below 20%, independent
of the tested working ﬂuid and operating pressure.
As an example Fig. 10 illustrates the eﬀect of nanoparticle sedimentation
on TPTHEx evaporator performance with nanoﬂuid water-Al2 O3 as working ﬂuid with nanoparticle concentration of 0.1%. Boiling curves for run
just after tankage and after six days out of TPTHEx operation practically
overlap. It proves that prepared nanoﬂuids were stable.

4

Conclusions
• Addition of Al2 O3 nanoparticles results in a higher overall heat transfer coeﬃcient in comparison with pure water as working ﬂuid.
• Increase in nanoparticle concentration causes a decrease of the overall
heat transfer coeﬃcient of the TPTHEx.
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Figure 10: Eﬀect of nanoparticle sedimentation on TPTHEx performance for waterAl2 O3 nanoﬂuid as working ﬂuid with nanoparticle concentration 0.1%.

• Decrease of absolute pressure from about 8 to 3 kPa inside a shell
results in distinct heat transfer augmentation.
• Negligible eﬀect of sedimentation on TPTHEx performance after six
days out of operation was observed.
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