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Abstract. This paper presents thermal characteristics of prototype of a two-phase thermosyphon heat
exchanger (TPTHEX) charged with acetone as a working fluid. The TPTHEX 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. The tested TPTHEx operates in a vacuum.

Therefore, the working liquid is boiled in temperatures ranging from 33°C to 62°C. The overall heat transfer
coefficient (OHTC) of the tested TPTHEx was estimated by the use of the Wilson method and the modified
Peclet equation. The results obtained indicate a superiority of water over acetone as a working fluid.
Moreover, it was shown that having a lower pressure in the shell-side of TPTHEX results in a higher overall
heat transfer coefficient. The Wilson method and the modified Peclet equation predict OHTC with

satisfactory agreement.

1 Introduction

A two-phase thermosyphon heat exchanger (TPTHEX) is
a special type of heat exchanger that is used in the food
industry or chemical installations [1,2]. The mechanisms
governing the heat transfer process in such heat
exchangers with shell-side boiling and condensation are
far from being completely understood [3]. Two-phase
thermosyphons can be divided into two main groups: a
thermosyphon tube with a countercurrent flow of liquid
and vapor [4-6] and a two-phase loop where the
evaporator is connected to the condenser by a riser and
downcomer [7,8]. Different aspects of the performance
of the two-phase thermosyphon have been investigated
and the state-of-the-art design is presented in [9]. The
purpose of the present study was to examine acetone as a
working fluid as well as the influence of the operating
pressure inside the shell on the overall performance of a
two-phase thermosyphon heat exchanger. Distilled water
as a reference working fluid was also used. A 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
TPTHEXx.

2 Experimental setup

The test stand consists of three main systems: the
prototype TPTHEx, heating water loops and cooling
water loops. The test facility is capable of determining
the overall heat transfer coefficient of TPTHEx. A
schematic diagram of the test stand is shown in Fig. 1.

Heating and cooling water loops each contain a
centrifugal pump, a flowmeter and a vent tank. A district
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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 magnetic flowmeters Danfoss MAG
3100 which are accurate within £0.25% of the measured
value. Pressure inside shell is measured by Trafag
NA/8891 pressure transducer accurate to +£0.3% of the
measured value. The average temperature of the heating
and cooling water at the inlet and outlet of the evaporator
and condenser tube bundles of TPTHEx was measured
using resistance temperature devices Pt100 with an
accuracy of £0.1K.
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Fig. 1. Schematic view of experimental setup; T- temperature
sensors and P- pressure sensors.

2.1 Prototype two-phase thermosyphon heat
exchanger

The prototype two-phase thermosyphon is a shell and
tube, horizontal heat exchanger in the form of a welded
1.4404 stainless steel construction. The shell consists of
two cylindrical vessels, measuring 159 mm in diameter
and 1 m in length, which are connected by two risers and
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a downcomer. The evaporator is designed as a tube
bundle consisting of 19 smooth, tubes with a triangular
arrangement and a pitch equal to s/d=2.0. The condenser
is designed as a tube bundle consisting of 31 smooth
stainless steel tubes (outside diameter was 10 mm) with
a triangular arrangement and pitch equal to s/d=1.8.

2.2 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 8 to 91 kPa, which corresponds to the
operating temperatures from 33.7°C to 61.7°C. The
heating as well as cooling water mass flow rates ranged
from 0.2 to 3.03 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 the experimental setup and procedure are
presented in [10].

3 Data reduction

3.1 Evaporator heat flux

Heat flux transferred in the evaporator was calculated
using the formula

o= (1)
T

where the heat transfer rate O, was estimated using the
measured volume flow rate and the measured hot water
temperatures at the inlet #,,.; and outlet f,0r :

Oe =Vior- Pe kot cpc’,m, ’ (tlmt,l - t[mt,2) (2)

3.2 Overall heat transfer coefficient according to
the Wilson method

The overall heat transfer coefficient according to the
Wilson method was calculated as:

1
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The overall heat transfer coefficient of evaporator
k. w was estimated as:

1
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The overall heat transfer coefficient of condenser %,
was estimated as:

](C,W: 1 +i+ 1 (5)
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Following the Wilson method, the heat transfer
coefficient inside the tube can be estimated as :
- for 71y, = const. and #itge,y = var.
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C, and C; are Wilson method constants and were
determined by the use of linear regression [11]. The pool
boiling heat transfer coefficient ay,; was predicted by the
use of Cooper correlation [12]. The condensation heat
transfer coefficient «., was calculated from the
Gutkowski correlation [13].

3.3 Overall heat transfer coefficient according to
the modified Peclet equation

Following the approach proposed by Cieslinski and Fiuk
in [10] the overall heat transfer coefficient for a two-
phase thermosyphon heat exchanger can be calculated as

1
T AT ACAT,
Oc OC

(10)

ko, P

where the heat transfer rate transferred in evaporator Q,
is given by Eq. 2 and the heat transfer rate transferred in
condenser Q. is estimated using the formula:

Oc = Veota - Pe,cold * CPC,C,;/J '(tco]d,l - tcold,Z) (11)

where the volume flow rate of cold water V.., , the
temperature of the inlet 7., ; and the temperature of the
outlet 7., of the condenser were measured values. The
mean evaporator fluid-to-wall temperature difference,
AT,, reads

AT, =ty — 7 (12)

The mean condenser fluid-to-wall temperature
difference, AT,, reads

A (13)
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where 1, and ¢, are the arithmetic means of the
measured inlet and outlet temperatures of hot and cold
water, respectively, and 7 is the arithmetic mean of
measured working fluid temperature. The detail of the
calculation procedure is given in [10].

4 Results

In order to validate the experimental apparatus and
procedure, the present results obtained for distilled water
as the working fluid were compared to the data reported
by Cieslinski and Fiuk [10] for the same configuration of
the TPTHEx (Fig. 2). The overall heat transfer
coefficient was determined using a modified Peclet
equation (Eq. 10). Keeping in mind the complexity of
the heat transfer process occurring in TPTHEX, the
agreement between the present results and the data
published in [10] is satisfactory. These results confirm
that the current facility can be used to provide highly
repeatable data.
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Fig. 2. Overall heat transfer coefficient vs. heat flux of
evaporator for distilled water as the working fluid at an
operating pressure inside the shell of about 13 kPa.

Figure 3 shows boiling curves of the TPTHEx
evaporator for two tested working fluids, i.e. distilled
water and acetone. The boiling curve for acetone is
shifted right - towards higher wall superheat. It means
that there was heat transfer deterioration. The obtained
results confirm the tendency observed in the literature
that water displays superiority over acetone during pool
boiling heat transfer [14].

Figure 4 shows the influence of the operating
pressure on TPTHEx evaporator performance with
acetone as a working fluid. A decrease of the absolute
pressure inside a shell from about 75 to 52 kPa results in
heat transfer deterioration — the boiling curve shifts left
towards higher wall superheats. Again, the obtained
results confirm the tendency observed in the literature,
that a decrease in the operating pressure results in heat
transfer deterioration during pool boiling [15,16].

Figure 5 shows the overall heat transfer coefficient
against the evaporator heat flux for water and acetone
estimated by two methods, i.e. Wilson approach and
modified Peclet equation. It is important that the Wilson
method underestimated the OHTC for water — the

difference is about 25% and overestimated the OHTC for
acetone - the difference is about 33%.
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Fig. 3. Boiling curves of the TPTHEx evaporator for water
and acetone.
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Fig. 4. Boiling curves of the TPTHEx evaporator for different
operating pressure inside a shell.
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Fig. 5. Overall heat transfer coefficient vs. evaporator heat
flux.

5 Conclusions

* It was shown that water displays superiority over
acetone as a working fluid in the tested two-phase
thermosyphon heat exchanger.

* The data obtained shows that an increase in the
operating pressure results in performance improvement
of the evaporator of the tested two-phase thermosyphon
heat exchanger.
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* The Wilson method and the approach proposed by
Cieslinski and Fiuk, which is based on the modified
Peclet equation, predict the overall heat transfer
coefficient of the tested two-phase thermosyphon heat
exchanger with satisfactory agreement.
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Nomenclature

A
CZ, C3
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— heat transfer area, m”

— constants of Wilson method

— specific heat, J/(kgK)

— diameter, m

— overall heat transfer coefficient, W/( m°K)
— mass flow rate, kg/ s

— heat transfer rate, W

— heat flux, W/m?

— pressure, Pa

— temperature, K

— wall-to-fluid temperature difference, K
— velocity, m/s

— volume flow rate, m’/s

Greek symbols

— heat transfer coefficient, W/(m’K)

o
0 — thickness, m

A — thermal conductivity, W/(mK)
p — density, kg/m’

Subscripts

boi — boiling

c — condenser

cold — cold water

con — condensation

e — evaporator

f — working fluid

hot — hot water

i — inside

o — outside

P — Peclet equation

t — tube

w — wall

w — Wilson method

1 — inlet

2 — outlet
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1 Introduction

A two-phase thermosyphon heat exchanger (TPTHEx) is a special type of heat exchanger that is used in the food industry or chemical installations [1,2]. The mechanisms governing the heat transfer process in such heat exchangers with shell-side boiling and condensation are far from being completely understood [3]. Two-phase thermosyphons can be divided into two main groups: a thermosyphon tube with a countercurrent flow of liquid and vapor [4-6] and a two-phase loop where the evaporator is connected to the condenser by a riser and downcomer [7,8]. Different aspects of the performance of the two-phase thermosyphon have been investigated and the state-of-the-art design is presented in [9]. The purpose of the present study was to examine acetone as a working fluid as well as the influence of the operating pressure inside the shell on the overall performance of a two-phase thermosyphon heat exchanger. Distilled water as a reference working fluid was also used. A 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 Experimental setup

The test stand consists of three main systems: the prototype TPTHEx, heating water loops and cooling water loops. The test facility is capable of determining the overall heat transfer coefficient of TPTHEx. A schematic diagram of the test stand is shown in Fig. 1. 

Heating and cooling water loops each contain a centrifugal pump, a flowmeter and a vent tank. 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 magnetic flowmeters Danfoss MAG 3100 which are accurate within ±0.25% of the measured value. Pressure inside shell is measured by Trafag NA/8891 pressure transducer accurate to ±0.3% of the measured value. The average temperature of the heating and cooling water at the inlet and outlet of the evaporator and condenser tube bundles of TPTHEx was measured using resistance temperature devices Pt100 with an accuracy of ±0.1K.

[image: ]Fig. 1. Schematic view of experimental setup; T- temperature sensors and P- pressure sensors.

2.1 Prototype two-phase thermosyphon heat exchanger

The prototype two-phase thermosyphon is a shell and tube, horizontal heat exchanger in the form of a welded 1.4404 stainless steel construction. The shell consists of two cylindrical vessels, measuring 159 mm in diameter and 1 m in length, which are connected by two risers and a downcomer. The evaporator is designed as a tube bundle consisting of 19 smooth, tubes with a triangular arrangement and a pitch equal to s/d=2.0. The condenser is designed as a tube bundle consisting of 31 smooth stainless steel tubes (outside diameter was 10 mm) with a triangular arrangement and pitch equal to s/d=1.8.

2.2 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 8 to 91 kPa, which corresponds to the operating temperatures from 33.7oC to 61.7oC. The heating as well as cooling water mass flow rates ranged from 0.2 to 3.03 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 the experimental setup and procedure are presented in [10].

3 Data reduction

3.1 Evaporator heat flux

Heat flux transferred in the evaporator was calculated using the formula 



	(1)

where the heat transfer rate Q̇e was estimated using the measured volume flow rate and the measured hot water temperatures at the inlet thot,1 and outlet thot,2  :      



	(2)

3.2 Overall heat transfer coefficient according to the Wilson method

The overall heat transfer coefficient according to the Wilson method was calculated as:



  	(3)

The overall heat transfer coefficient of evaporator ke,W was estimated as:



	(4)

The overall heat transfer coefficient of condenser kc,W was estimated as:



	(5)

Following the Wilson method, the heat transfer coefficient inside the tube can be estimated as :

- for ṁf,hot = const. and ṁf,cold = var.	



	(6)



	(7)

- for ṁf,cold = const. and  ṁf,hot = var



	(8)



	(9)

C2 and C3 are Wilson method constants and were determined by the use of linear regression [11]. The pool boiling heat transfer coefficient αboi was predicted by the use of Cooper correlation [12]. The condensation heat transfer coefficient αcon was calculated from the Gutkowski correlation [13].

3.3 Overall heat transfer coefficient according to the modified Peclet equation

Following the approach proposed by Cieśliński and Fiuk in [10] the overall heat transfer coefficient for a two-phase thermosyphon heat exchanger can be calculated as



	(10)

where the heat transfer rate transferred in evaporator  Q̇e is given by Eq. 2 and the heat transfer rate transferred in condenser Q̇c is estimated using the formula:



	(11)

where the volume flow rate of cold water V̇cold , the temperature of the inlet tcold,1 and the temperature of the outlet tcold,2 of the condenser were measured values. The mean evaporator fluid-to-wall temperature difference, ΔTe, reads



	(12)

The mean condenser fluid-to-wall temperature difference, ΔTc, reads



     	(13)

[image: ]where t̅hot and  ̅tcold are the arithmetic means of the measured inlet and outlet temperatures of hot and cold water, respectively, and t̅f is the arithmetic mean of measured working fluid temperature. The detail of the calculation procedure is given in [10].

4 Results

[image: ]In order to validate the experimental apparatus and procedure, the present results obtained for distilled water as the working fluid were compared to the data reported by Cieśliński and Fiuk [10] for the same configuration of the TPTHEx (Fig. 2). The overall heat transfer coefficient was determined using a modified Peclet equation (Eq. 10). Keeping in mind the complexity of the heat transfer process occurring in TPTHEx, the agreement between the present results and the data published in [10] is satisfactory. These results confirm that the current facility can be used to provide highly repeatable data.

[image: ][image: ]Fig. 2. Overall heat transfer coefficient vs. heat flux of evaporator for distilled water as the working fluid at an operating pressure inside the shell of about 13 kPa.

Figure 3 shows boiling curves of the TPTHEx evaporator for two tested working fluids, i.e. distilled water and acetone. The boiling curve for acetone is shifted right - towards higher wall superheat. It means that there was heat transfer deterioration. The obtained results confirm the tendency observed in the literature that water displays superiority over acetone during pool boiling heat transfer [14].

Figure 4 shows the influence of the operating pressure on TPTHEx evaporator performance with acetone as a working fluid. A decrease of the absolute pressure inside a shell from about 75 to 52 kPa results in heat transfer deterioration – the boiling curve shifts left towards higher wall superheats. Again, the obtained results confirm the tendency observed in the literature, that a decrease in the operating pressure results in heat transfer deterioration during pool boiling [15,16].

Figure 5 shows the overall heat transfer coefficient against the evaporator heat flux for water and acetone estimated by two methods, i.e. Wilson approach and modified Peclet equation. It is important that the Wilson method underestimated the OHTC for water – the difference is about 25% and overestimated the OHTC for acetone - the difference is about 33%.

[bookmark: _GoBack]Fig. 3.  Boiling curves of the TPTHEx evaporator for water and acetone.

Fig. 4. Boiling curves of the TPTHEx evaporator for different operating pressure inside a shell.

Fig. 5. Overall heat transfer coefficient vs. evaporator heat flux.

5 Conclusions

• It was shown that water displays superiority over acetone as a working fluid in the tested two-phase thermosyphon heat exchanger. 

• The data obtained shows that an increase in the operating pressure results in performance improvement of the evaporator of the tested two-phase thermosyphon heat exchanger. 

• The Wilson method and the approach proposed by Cieśliński and Fiuk, which is based on the modified Peclet equation, predict the overall heat transfer coefficient of the tested two-phase thermosyphon heat exchanger with satisfactory agreement.
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Nomenclature

A		–	heat transfer area, m2

C2, C3		–	constants of Wilson method

cp		–	specific heat, J/(kgK)

d		–	diameter, m

k		–	overall heat transfer coefficient, W/( m2K)

ṁ		–	mass flow rate, kg/ s

Q̇		–	heat transfer rate, W

q̇		–	heat flux, W/m2

p		–	pressure, Pa

t		–	temperature, K

ΔT		–	wall-to-fluid temperature difference, K

w		–	velocity, m/s

V̇		–	volume flow rate,  m3/s

Greek symbols

α		–  heat transfer coefficient, W/(m2K)

δ		–  thickness, m

λ		–	thermal conductivity, W/(mK)

ρ		–	density, kg/m3

Subscripts

boi		–	boiling

c		–	condenser

cold		–	cold water

con		–	condensation

e		–	evaporator

f		–	working fluid

hot		–	hot water

i		–	inside

o		–	outside

P		–	Peclet equation

t		–	tube

w		–	wall

W		–	Wilson method

1		–	inlet

2		–	outlet
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