Available online at www.sciencedirect.com

Internationszl
SCIENOE@DIREOT@ Journal oF
a0 Thermal
iences
ELSEVIER International Journal of Thermal Sciences 45 (2006) 124—137 Sele

www.elsevier.com/locatelijts

On periodic two-phase thermosyphons operating against gravity

S. Filippescht

Department of Energetic “Lorenzo Poggi”, Pisa University, Via Diotisalvi, 2, 56126 Pisa, Italy
Received 2 November 2004; received in revised form 6 June 2005; accepted 20 June 2005
Available online 5 August 2005

Abstract

Particular passive wickless two-phase loop devices are able to operate with or against gravity. In the past a lot of devices for miscellaneou
applications have been proposed each of them with its characteristics. This paper aims to analyse different kinds of equipment as speci
versions of a generic thermal device that the author has named periodic two phase thermosyphon (PTPT).

An original classification criterion for these devices is proposed, and the more than 50 PTPTs, that have been described in the literature
have been classified. The paper also deals with the characterisation of the global thermal behaviour of a generic PTPT by experimentall
analysing the results of the temperature evolutions of the loop in a single heat transfer cycle as a periodic stable regime is reached. A matt
ematical model, which had been developed in previous research by the author, is presented here in improved form; it allows us to determin
using the experimental temperature and pressure evolutions, changes over time in several parameters, such as the velocity of the liquid
different parts of the loop, the specific volume of vapour, and so on. The operations that are involved in the complex mechanisms of the hea
and mass transfer against gravity are explained in this way.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction pensive in case of micro-sized or high performance de-
vices.
In many terrestrial applications the fluid circulation In the last few years particular wickless devices able

is gravity-assisted. Although many natural heat transfer to operate against gravity have been proposed and stud-
processes in terrestrial applications place the hot sourceied: Oscillating or Pulsating Heat Pipes (OHPs or PHPSs)
below the cold sink, some cases could exist where this con-[7-9]. These devices are thermally and capillary driven be-
dition is not suitable: solar applications (source above sink), cause they consist of a long pipe with an inner diame-
aerospace devices (micro-gravity) or microelectronic cool- ter approximately equal to the bubble diameter, so that a
ing applications (very small buoyancy forces). slug flow is induced and a natural circulation is observed
The two-phase devices operating against gravity which [9]. In the evaporator section there is, therefore, an oscil-
have been studied in the past are mostly capillary driven; |ation of temperature with high frequency, which depends
these comprise conventional heat pipes [1-3], loop heaton the random motion of the vapour slugs and liquid plugs
pipes [4,5] and capillary pumped loops. The latter two [8,9].
types are characterised by good performance and are only | addition in the recent past other different wickless de-
slightly influenced by gravity [6], but need high tech- yices have been developed for miscellaneous applications.
nology to realise the capillary structures, which are ex- They transfer heat with low frequency oscillations of tem-
perature and are able to operate even against gravity. In spite
" Tel.: +39 050 2217153: fax: +39 050 2217150. of their use in different applications these devices are char-
E-mail addresss.filippeschi@ing.unipi.it (S. Filippeschi). acterised by similar operating modes. They can be, there-
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Nomenclature
cp specific heat of the evaporator .. .:kg 1.K1 p density ... kg3
D diameter ........... . ... m g thermal properties ratitisg/cp) ........... K
hig latent heat of vaporization ............ kgt w kinematic viscosity .................. st
hi modified latent heat of vaporization .. .-kg~! ¢ heat transfer efficiency
level difference accumulator-condenser .... m g, external heat losses parametérn / Mrhig)
Hy level difference evaporator-condenser ...... m o, internal heat losses paramet€lp/ Mthig)
Hy level difference accumulator-evaporator .... m g density ratiopy /1
i specificenthalpy .................... kg1 _
It specific frictionwork ................ Mgt Subscripts
L length .. ... m 1-7 measurement points
k thermal conductivity .............. wh—1.K I-VIl  control volumes
m massflowrate ....................... kot A accumulator
M MASS .« ittt ettt kg C condenser
Nu Nusselt number con condensing section
p PreSSUI vttt it e Pa E evaporator
Pr Prandtl number f heat sink of condenser
q heatflux ............... ...t W2 | liquid
0 heat = | = J oL liquid line
0 INPUEPOWEN ... ..ot W n heat sink of accumulator
Re Reynolds number 5 op period with valves open
S heat transfer surface ....................¢ m o, parasitic energy
tT Fme t ................................. ; RL return line
eMPerature .................oooiii.. ; S saturation condition
u Velocity ... 15 sub sub-cooling section
U heat transfer coefficient ......... wWi2.K-1 g
i 1 T transferred every cycle
v specificvolume ................... Skg v vapour
14 working fluid volume ................... o pour.
VL vapour line
Greek symbols w water
v temperature head (see Eq. (2)) ............. K

fore, studied as a special type of heat transfer loop, which 2. PTPT definitions, operating modes and classification
is here generically named periodic two phase thermosyphon
(PTPT). Natural circulation against gravity has always interested
This paper proposes a classification criterion of the PTPT researchers in the past, so that several studies, papers, patents
devices in the literature, considering a large number of ap- and other documents can be found in the literature and sev-
plications and aiming to provide an organic view of their €ral two phase devices have been proposed for miscellaneous
operating modes. The complex mechanisms which are in-applications such as solar heating, terr(_astrllal and space ther-
volved in the heat and mass transport against gravity in Mal control, geothermal energy exploitation, warm water
PTPT devices have been explained in this paper by using astorage_and Sow refrlgeratlon. — .
mathematical code developed in the past at the Department In spite OT various different app_llc_anons of these_ devices,
of Energetic of University of Pisa in collaboration with a some of their technical characteristics and operating modes

research team of the Moscow Power Engineering Institute are the same. In the past several names have been put for-
) ) 9 9 . ward to identify devices of this kind: “down-pumping heat
[12]. This code allows us to determine several thermofluid-

) , R pipes” [13], “reverse thermosyphon” [14], “passive vapour
dynamic parameters as a function of time in different parts transport systems” [15], “spontaneous downward heat trans-
of the loop. In this paper an improved version of this code port systems” [16] and so on [17-52]. In my opinion, the

is used to calculate several parameters in time by usingpest name for identifying these particular devices is periodic
experimental temperatures and pressures. These data haVleo-phase thermosyphons (PTPT), because they can operate
been collected with a generic PTPT device which is oper- with the evaporator located either above or below the con-
ating at the University of Pisa [10-12], and which allows denser, they can be seen as a special version of a heat pipe
an anti-gravity operation with heat source 2 m above heat or, more precisely, a two-phase thermosyphon and, lastly,
sink. they all operate in a periodic heat transfer regime.
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Fig. 1. Generic PTPT device diagram with definition of control volumes in right-hand side.
2.1. PTPT operating modes PTPT device these operations occur during two consecutive

time periods so that a periodic regime is reached and an anti-
A generic PTPT (Fig. 1) consists of an evaporafr gravity heat and mass transfer becomes possible. In order to
a condenseC and a tank separated from the evaporator, restore the starting condition of a single heat transfer cycle
called accumulatorA. These elements are interconnected either the pressure in the accumulator must increase or the
and constitute a loop. The connecting lines are thermally pressure in the evaporator must decrease. In terrestrial ap-
insulated and they can be named vapour\fhdevaporator-  plications there is an additional opportunity: by opening a
condenser), liquid liné.L (condenser-accumulator) and re-  connecting line between the two vapour zones of the evap-
turn lineRL (accumulator-evaporator). Two check valves are orator and accumulator, the pressure in the two vessels is
inserted in the loop, the fir€Vy in the liquid line and the  equalised and the return of the liquid is gravity-assisted, as

secondCVz in the return line. long as the accumulator is above the evaporator. This addi-
_Assingle cycle of periodic heat and mass transfer can be tjong| line inserted in the loop is called equalisation line.
divided into two main parts: a transfer time, where the liquid

is transferred from the evaporator to the accumulator through o

the condenser and a return time, where the liquid collected 2-2- PTPT classification

in the accumulator comes back to the evaporator. By con-

Sidering that the fluid inside the evaporator and accumulator According to these different modes for achieving the re-
is motionless, the kinetic terms can be considered negligi- tyrn of the liquid into the evaporator, a classification of all
ble and the heat and mass transfer operation is given by thehe devices in the literature is proposed. The PTPT devices

equation: in the literature are, therefore, divided into three different
(pe(®) — pa(®)) — [pc.i(H)g[ Hi(t) + Ha(t)] — pev(t) groups: group A, where the pressure in the evaporator falls,
c 4 group B, where the pressure in the accumulator rises and
group C, where there is no pressure difference and an equal-
x ng(’)]:/PE,V([) dlf+/pCJ(f) it (1) isation line is employed.
E c Several researchers in different parts of the world have

where H;, and H» depend on time because the levels inside Proposed passive devices to lift liquid against gravity. Some
all the three vessels vary slightly. The right-hand term of ©of these devices are only technical sketches, notes or other
Eq. (1) represents the friction work. The transfer of liquid documents without further development. By starting from
from the evaporator to the accumulator starts as the left-handheat pipes, some interesting versions capable of operating
side of Eq. (1) becomes higher than right-hand side. As soonagainst gravity have been reported in [17-20], but an initial
as a volume of liquid is transferred from the evaporator, all attempt to describe the historical development of “Passive
the liquid collected in the accumulator must return to the Pressure-Pumped Thermosyphons” was presented by Feld-
evaporator and the starting conditions must be restored. Inman [21]in 1987, where he focused his attention exclusively
a two-phase thermosyphon the two operations occur simul-on solar devices. Another partial review of these particu-
taneously and a steady state regime is reached, while in dar heat transfer systems is available in [22]. In [23] several
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schemes of Russian two-phase thermosyphons are reportedhe evaporator, connecting it with the evaporator through an
few of them were operating in anti-gravity mode. equalisation line and a hydrosyphon, as shown in Fig. 2(b).
This paper supplements the previous reviews, even if it This solution allows the return of the liquid to the over-
does not claim to be a complete review of the PTPT state heated surface to be delayed till a volume of liquid capable
of the art, but only an attempt to give an organic view of of quickly cooling the evaporator wall temperature has been
this kind of device, on the basis of the classification criterion transferred from the accumulator. Tamburini presented this
mentioned above. Lastly, the following overview of PTPT device for electronic equipment cooling applications, but no
devices is an extended abstract of the complete documenkxperiments were reported.
presented in [24]. The following discussion presents a wide  In 1980 Nasonov et al. [14] presented a “reverse ther-
variety of technical details referring to many devices, while mosyphon (RTS)” for solar heating applications; this was
some of the experimental results reported in the literature based on the Tamburini’s device, and experimentally in-
have been omitted. vestigated with various working fluids: water, ethanol and
carbon tetrachloride. They inserted an auxiliary condenser
2.2.1. Group A—decrease in pressure in the evaporator  connected with the evaporator as shown in Fig. 2(c). By
In this kind of device the condensed liquid collected inthe getting the idea from Nasonov’s work, Sasin developed a
accumulator returns to the evaporator because the pressurgyrqge number of devices for different applications in so-
inside the evaporator decreases. It has been obtained in twgg, heating, geothermal energy exploitation and refrigeration
different ways: by periodically interrupting the supply tothe  [29_34]. He developed and experimented PTPTs with two
evaporator or by emptying the liquid inside the evaporator. ¢ondensers, with an open delaying tank, with a delaying
The firstis typical of solar applications, because the solar gk inserted inside the evaporator and many other config-
heat flux is naturally discontinuous and periodic. The first |, ations.
device was patented by Bienert et al. [13] in 1977 and it e was the first to set up a mathematical model to predict
was a “down pumping heat pipe for the purpose of main- yhe pTPT thermal behaviour over time. This model, based
taining an area as a roadway free of ice and snow”. This g 5 j[umped parameter method, was built by observing the
device operated as a thermosyphon in winter and as “downgynerimental operating modes of the device [29]. Moreover,
pumping heat pipe” in summer. A sketch of this device IS gagjn has tried to combine a PTPT device with a vapour ejec-
shown in Fig. 2(a). It consists of two chambers, evaporator ;. heating [33] or a refrigeration cycle [34] (Fig. 2(d)).

and condenser, with ammonia as working fluid. As the solar Recently Buz et al. [35] proposed a PTPT operating with
heat flux is supplied to the evaporator, the ammonia Vapor-jitie accumulation of liquid and a high functioning fre-

ises and goes down to the condenser due to the ammoniq, ,ancy (0.25-2 Hz). In this case the hydrosyphon is made

vapour puffer in the condenser. The pressure inside the Con'possible by a special conformation of the connecting pipes.

2 he presen hor an -workers pr r
the liquid coII_ect_ed in the condenser is lifted to the evapo- A-dg\(/)ii et\ feof SISeit:oilijé gqﬁip?ncsnt 200Tir1sgpvf/)i?r? Slfgfzga?p
rator. An o_scnlatmg ﬂ.OW of vapour (_downwards) or I|qU|q working fluid [36]. The device has shown high operating
(upwards) is presenF in the connecting PIPE. In order to in- temperatures, large volumes, which are difficult to shrink,
crease the pressure in the condenser an inert gas as argon can 2 :
be inserted. and a_Iow fI¢X|b|I|ty in the ope_ratlng mode; so th_at, a group

. - G . . A-device will be hardly applied to the miniaturised elec-

Other devices of similar type with discontinuous heating tronic cooling in future
of the evaporator, were patented in the 1980s [25-27] for '
solar applications.

The second way to implement a PTPT with a decrease in 2-2.2. Group B—increase in pressure in the accumulator
evaporator pressure makes possible a continuous supply of In this kind of PTPT device the pressure oscillation oc-
heat to the evaporator. The first device was patented in 1977curs inside the accumulator instead of the evaporator. These
by Tamburini [28]. Tamburini noted that a natural decrease devices show good thermal performances fully appropriate
in pressure inside the evaporator occurs once all the liquidto €lectronic equipment cooling applications, because the
has evaporated and the evaporator is empty. The pressuréemperature of the evaporator, to which the chip must be
falls until it reaches the saturation pressure relative to the connected, remains constant throughout. However, in order
temperature of the cold sink, which is lower than the pres- to generate a pressure oscillation in the accumulator, a pe-
sure in the accumulator. But this kind of device presents a riodic supply of heat to this vessel is needed (pumping by
problem. As the first droplets of cold condensed liquid return heating). The only device found in the literature and classifi-
to the empty evaporator, they fall directly on the overheated able in this group, is the PTPT tested by Ogushi et al. in 1986
surface and immediately evaporate. The pressure inside thg37], which was proposed for electronic equipment cooling
evaporator suddenly increases and the liquid collected inin space applications. In the experiments Ogushi observed
the accumulator cannot return any longer to the evaporator.that the time related to the heat pumping is approximately
One way to resolve this problem is to insert an interme- 36% of the whole heat transfer period and the thermal power
diate vessel (delaying tank) between the accumulator andrequired to make the working fluid circulate was 7-10% of
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BASELINE GROUP A: DEVICES WITH A DECREASE IN EVAPORATOR PRESSURE
CONFIGURATION

SYMBOLS
Q  Constant input power 131, [25]-[27 28 14 34
=
mg, Periodic input power GROUP B: DEVICES WITH AN INCREASE GROUP C: DEVICES WITH NO PRESSURE DIFFERENCE

IN ACCUMULATOR PRESSURE

—— [luid flow direction

=—_ Periodic flow direction

—p— Check valve

q Hydrosyphon

—<t— Expansion valve

—+=)— Ejector
—(E‘l— Electrovalve
—6— Floating valver
Inert gas
[ Vvapour
Liquid
LETTERS

A Accumulator

AC Auxiliary Condenser
C  Condenser
DT Delaying Tank

E  Evaporator
EV Evaporator (Refr. cycle)

ST Separator Tank

[43] [46] [48] [10]-[11]-[36]-[51] [50]

Fig. 2. Different versions of PTPT devices and their main technical topics.

the power supplied to the evaporator. A scheme of the appa-this device a floating valve was used to allow periodic con-

ratus is shown in Fig. 2(e). nection of the evaporator with the condenser, but no check
valves were included in the loop.
2.2.3. Group C—no pressure difference In 1977 Feldman [39] made a solar PTPT for house heat-

The PTPT devices in this group are gravity-assisted, be-ing applications, with a floating valve inserted in the accu-
cause the accumulator is placed over the evaporator. Themulator. In this device the inlet of the working fluid was on
pressure and temperature oscillations inside the evaporatokne top of the evaporator (Fig. 2(f)).
are lower than those with group A devices, so that the ther- |, 1977 Bohanon patented a device “applicable to solar
mal resistances are lower t0o. Most group C devices Werepeating installations” similar to Feldman's device [40]. In

invented in the 1980s for solar heating and water storage aP-his device a trap for the vapour is inserted in the loop af-
plications, but they have also been proposed for electronic

equipment cooling [10-12].
The main feature of these devices is that the evaporator is

connected with the accumulator by means of an equalisationI 1982 N | 142 d lar devi th th
line, which is periodically opened and closed. The opening n eeper et al. [42] presented a solar device with the

and closing of the equalisation line is achieved with valves, floating_ valve inserted in a separate vess_el called separation
which can be electrically or mechanically (floating valves) tank (Fig. 2(n)). Then De Beni et al. [43] improved the sys-
activated. tem proposed in [42] by including the floating valve in the
The first PTPT device in this group was patented by An- separate vessel modification, as shown in Fig. 2(i); their ex-
derson in 1940 [38]. It was a passive device used as anperimental results were obtained using methanol as working
air-conditioning system with the evaporator located in the fluid. In [16] and [44] De Beni et al. strengthened their orig-
room and the condenser located outdoors at a lower level. Ininal system by making other improvements, while in [45] an

ter the condenser, and two floating valves are inserted in the
accumulator. In 1981 De Beni et al. [41] presented a solar
device with a floating valve inside the evaporator (Fig. 2(g)).
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example of their system was used to produce warm water bythe condenser. In order to operate against gravity, according
solar heating in a mountain refuge. to Eqg. (1), the pressure difference between accumulator and
In 1986 Hedstrom and Neeper [46] modified their device evaporator must be higher than the hydrostatic liquid head,
previously proposed in [42] by inserting two electrovalves in so that the particular quantiffe — Ta which pushes up the
the loop, as shown in Fig. 2(j). They noted that the use of an liquid may be regarded as a “temperature he&d22] and
electrical valve improves the heat transfer and the efficiency can be expressed by:
of the device, however the apparatus is not completely pas- pcigH
sive. They also noted that a good thermal insulation of the ¢ = A’p
accumulator slightly improves heat transfer efficiency, but (z7)s
sharply increases the operating temperatures of the deviceswhere the term(Ap/AT)s is the average rate of change of
In 1988 Neeper presented a simplified analytical model [22] saturated vapour pressure with respect to temperature. As re-
that is useful in predicting the overall behaviour, the trans- ported in [22], if the energy and mass balances are expressed,
ferred energy rates and the efficiency of a solar PTPT device,the following relationship can be obtained:
but does not taken into account the operations occurringina— —
single cycle that influence the heat transfer performance. E-Tc
In 1986 Feldman [47] reported another version of his de- n
vice presented in [21], inserting an additional accumulator, where 5 is the ratio of the latent heat of vaporization to
which is at the same temperature and level as the condensethe specific heat at constant pressure=(hig/cp), & is the
In 1997 Kawabata et al. [48] proposed a PTPT to operate vapour—liquid density ratiopa is the ratio of the external
an electronic equipment thermal control based on a previ- heat loss rat® ;—hypothesising heat loss as being concen-
ous paper [49]. In this case both the opening and the closingtrated in the accumulator—to the latent energy of the liquid
of the equalisation line are controlled by one floating valve, mass transferred during each cycl+(i1g) and, lastly,wp
as shown in Fig. 2(k), while an additional check valve is in- is the ratio of parasitic to latent energ@#/ Mthig).
serted after the condenser. They tested the device under these Parasitic energy is typical of group C devices and rep-
conditions: R141b and R134 as working fluids, 2.2 m and resents a sort of internal heat losses. It is the energy that
10 m asH, and 1000 up to 3500 W as evaporator input pow- is collected in the accumulator during the opening of the
ers. valves, because a portion of the evaporator hot vapour rises
Recently, Kadoguchi et al. [50] have proposed a PTPT to the accumulator and mixes itself with the cold vapour
with a motor-operated valve located after the evaporator, which is there. The accumulator vapour is, therefore, at a
Fig. 2(m). The pressure inside the evaporator increases wherhigher temperature than the accumulator liquid: the product
the motor-operated valve is closed. They have observed thaiof this difference of temperature and the thermal capacity of
a two-phase flow in the liquid line is induced in a way de- the vapour represents the parasitic energy. The parasitic en-
pendent on the pressure inside the evaporator, as soon as thergy may be zero if the valves are activated efficiently and
motor-operated valve is opened. the time during which they are open is small with respect to
The present author together with his co-workers have the rest of the single cycle time.
studied a couple of PTPT devices since 1998 [10,12,24] Neeper concluded that if the accumulator is thermally in-
(Fig. 2(I)). In particular, a large device has been set up in or- sulated {a = 0) and the parasitic energy is zem@y(= 0),
der to study the complex heat transfer mechanism involved a difference of temperatufB: — T¢ is required even with a
in anti-gravity mass transfer. More recently, the feasibility negligible difference in level between accumulator and con-
and the performance of a miniature PTPT as thermal con-denser (“temperature head” equal to zero): this difference of
trol system for microelectronic equipment cooling have been temperature is equal tgt. Some values ofé are reported
studied [36,51,52]. in Table 1 for various working fluids in a temperature range
typical of solar and thermal control applications. In the cases
reported thereTg — Tc remains below 2 K with exception
3. Mathematical background of ammonia and HCFC141b. Ammonia presefis- Tc up
to 10 K. TheTg — Tc is therefore the minimum temperature
A simplified but effective analysis of the thermal behav- difference in a PTPT device required to make the working
iour of a PTPT can be carried out by considering only the fluid circulate.
average temperatures relative to a single heat transfer cy- Moreover, as noted above, in a PTPT the heat and mass
cle as a stable periodic regime is reached. In [22] Neeperflow depends on time. An accurate analysis requires a nu-
proposed an analysis of the thermal performances by usingmerical solution of the time-dependent differential equations
an approximate model and considering the whole systemwhich describe the complex heat and mass transfer mecha-
as operating in only two equilibrium states, which are de- nisms involved.
fined by two different temperature3g, which represents In the literature there are several mathematical models
the average temperature of the working fluid in the evapo- that resolve the time-dependent differential equations for
rator and7¢, which represents the average temperature in OHPs or PHPs; some of these are reported in [8,53,54],

()

v
=§+(1—€)E—(wA—wp) 3
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Table 1
Producte - n for some working fluids with the boiling temperature shown in brackets, at various operating temperatures
T htg cp v ol &n
[K] [3-kg~1] K 1kg™] [kg-m—3] lkg-m—3] [K]
Ammonia 293 1186300 4758 6.723 6105 274
(239.3K) 323 1050400 5069 15824 5630 582
353 874000 5759 33992 5057 1020
HCFC141b 293 233028 8795 3157 12484 0.67
(306 K) 323 2217724 8795 8.186 11946 173
353 220209 8795 18519 11268 411
FC72 293 9436% 104189 3441 16985 0.18
(328 K) 323 86403 108822 10702 16311 0.52
353 774915 113455 26810 15714 116
Methanol 293 1210000 2460 .ano Q791 Q00
(337.7) 323 1147150 2520 .@005 0764 Q03
353 1084400 2520 .002 Q7 117
Water 293 2453800 4182 0.022 9984 0.01
(373 K) 323 2382800 4182 0.080 9879 0.05
353 2309200 4192 0.290 9720 0.16

while the models to simulate the PTPT behaviour are ex- In this way the rate of the change of energy in control
tremely rare. In general, the models developed for OHPs andvolumes | and Il over time can be expressed by:

PHP propose relations in estimating the bubble-plug flow, dM, dii diyy
which is the pressure oscillation promoter, while a semi- Q= —hfg(TE)T + Mla + My rn (4)
empirical model has been proposed by Groll et al. in [55]. while the rate of the change of mass can be expressed over

On the other hand in PTPT devices no slug flow is observed

in the evaporator and the mathematical model must be dif- time by
ferent. aM, _ dMy _ dMcon 5)
The first time-dependent mathematical model developed dr dr dr

for PTPT devices has been proposed by Sasin in [29] for where (dV/on/dr) represents the mass of vapour that con-
group A devices. It is based on the observation of the ex- denses in control volume II. This last term depends on the
perimental thermal behaviour of a generic group A device. condensing heat transfer regime and on the fluid-dynamic
He had divided the single heat transfer cycle into four parts conditions of the vapour inside the condenser. In the case
according to the different operations observed during the studied the exchanger transferring heat to the cold sink is
experiments. The model has been rearranged, tested and exa tube—tube type cooled by water at a constant temperature
perimentally validated for a group C device in [12]. The T;. This exchanger, generically termed as condenser consists
original model has been improved by the present author for of two sections: the first is occupied by the vapou €,
group C devices and is described here. In this case a singlerig. 1) and really works as a condenser, and the sedonsl (
transfer period is divided into two parts: a transfer opera- Fig. 1) works as sub-cooler.

tion with connecting valves closed and a return operation  The liquid velocity inside the condenser depends on the
with connecting valves open. In both parts, seven types of different operations occurring during the heat transfer that

one-dimensional control volumes are defined, as shown inhave been experimentally observed; it is therefore expressed
Fig. 1, right-hand side. Control volume I is the liquid inside by the relationships:

the evaporator, control volume Il is the vapour entrapped in

; . ) ) =0, < H+A
the evaporator, in the vapour line and in the section of the “.c PES pa+ p.C8H + APEA

condenser occupied by the vapour, control volume Il is the { | c= \/plic(pE —pa — (o.cgH + ApEA)) (6)
liquid inside the condenser, control volume 1V is the liquid in ’
the liquid line, control volume V is the vapour volume in the Pe > pa+ pl.cgH + Apea

accumulator, while the control volumes VI and VIl are the whereApga is the pressure drop relative to the mass trans-

liguid in the accumulator and the return line, respectively.  fer from the evaporator to the accumulator, as experimentally
This mathematical model uses a lumped capacitancedetermined and reported, together with a pressure character-

method to describe the parameters of each control vol-isation of the experimental loop, in [11].

ume, and is based on the following two hypotheses: non-  The change of rate of heat and mass over time in the

condensable gases are not present in the loop, and evaporatmondenser is given by the following relationships for the con-

and accumulator are constantly in a saturation condition densing section,

(Ive=Tie=Te pve=p.e=peandlya =Tia =Ta, dMcon

Pv.A = PILA = DA). hig(Te) dr = Qcon= Ucont DcLy,c(Te — Tt) (7)
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My + My = Ve+ Vi + ”Dczz Lvc (8) evaporator. The equations which describe the rate changes
PLE  PVE 4 ' for mass and heat over time are the same as those for the
where Qcon is the condensing heat rate,e and py g are tr_aqsfer operation that are written at_)(_)ve. A further hypothe-
the densities of liquid and vapour at the temperafireVe Sis s, hovyevgr,_ assumed; the parasitic energy and the veloc-
and Vi, are the volumes of the evaporator and liquid line Ity Of the liquid in the condenser are equal to zero.

In this way the hydrodynamic condition which allows the

and, lastly,Ucon is the condensing heat transfer coefficient i )
expressed by Chato’s correlation [56] in the case of horizon- fluid collected in the accumulator to come back to the evap-

tal tubes with an angle subtended from the centre of the tube®alor, as soon as the valves are opened, is expressed by the

to the chord forming the liquid level equal to 80 relationship:
2P E(PLE — pv E)klsEhlig pv.A+ o AgH2 > pyE+ ApaE (17)
Ucon=0. wi(Te — Ty) Dc ©) where the level differencél, is defined in Fig. 1, while

AppaEg represents the pressure drop related to the mass trans-

In Eq. (g)hég is a modified heat of vaporization according to fer between accumulator and evaporator, which has been

hig = hig + gchE_(TE —T). _ experimentally determined [11].
The changes in heat and mass over time for the sub-cooler - The velocity of the cold liquid front level in the accumu-
section are given by: lator is expressed in time by:
Usubt DcLi,c(Ti,c — Tt) A(®) — pvelt) — Apae(®)
_ A () = Hpv’ Peelt) ~ e Hz(t)>
= Osub PILA
ndon dTI C 1
= Te—Tic)+ M —= 10 2 —271/2
o cpl,c(Te — Ti,c) + My cpi.c » (10) 5 (Eﬁ ~ ) 18)
2 pL.A D2
dmy . dMcon 7TDC (11) A
d  dr ALCH.CTY This model tested on experimental data has shown predic-

where Usyp can be calculated from the following Nusselt tion errors lower than 2% for the average temperature of
numbers in case of laminar flow (Eq. (12)) and turbulent flow the accumulator, evaporator and condenser measured with

(Eq. (13)) [57] an experimental error af0.5 K. In 2003 Buz [35] proposed

a model for a group A-PTPT with a small diameter evapo-
Nu= 3.66, Re< 10" (12) rator by analysing its behaviour over time. The differential
Nu= 0.023R&"5Pr/3, Re> 104 (13) equation written for the two consecutive liquid plugs with a

single big vapour bubble inside can be solved by applying

The rate changes for heat and mass over time in the acCuy Runge—Kutta method. However in this case the capillary
mulator are expressed by Egs. (14) and (15), while Eq. (16) force cannot be neglected.

represents the rate of change of the mass inside all control
volumes within the loop [57]:

dMy, nD% dMy 4. Experimental facility

- Toc OV 14
o pL.CULC—, o (14)

The experimental facility which has been arranged in our
laboratory at the University of Pisa consists of a generic
group C apparatus and its control and measurement devices.
In Fig. 3 a scheme of the apparatus is shown. It comprises

dr dr an evaporator (internal volume of 21x 10-3 m3), a cop-
where S, is the external surface of the accumulatap, is per _tube-tube condenser comprising of three internally mi-
the heat transfer coefficient (natural convection in this case croflnned_ tubesc = 9.52 mm, L¢c = 0.7 m) and an accu-
with Ua = 5 W-m~2.K-1) and T, represents the tempera- Mmulator (internal volume of 1% 103 m3). A water flow

. St i —4 3 o1 i
ture of the heat sink, which is in contact with the external raté of 0-3< 107" m®.s™" at the inlet temperature of 293 K
surface of the accumulatofif = 293 K). cools the condenser, which is 1 m below the evaporator,

while the accumulator is 1 m above the evaporator; in this

E(M| + My + My + My + My) =0 (16) way the height of the anti-gravity liquid coluntd is 2 m.
dt The apparatus has the connection lines opened by two
It is interesting to note thatM), /dr = dMyy /dt = 0. An special valves (K, Fig. 3), which are electrically activated by
explicit Euler numerical method is used to solve all the 10 two floating level switches located in the accumulator. All
linear differential equations. the connection linesi}yy = D = Dr. = 10.4 mm) are

The second part of a single transfer period is linked to made of copper and are thermally insulated. The liquid line
the return of the collected liquid from the accumulator to the is made of glass to allow visualization of the two-phase or

2
nDC

UaSA(Tm — Ta) + p1,culc cpl,c(Tic—Ta)

di di dm
=Mv|ﬁ+MVﬂ+r(TA)FV (15)
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Fig. 3. Scheme of the experimental apparatus with the temperature measurement points (1-7).

single phase upward flow (anti-gravity flow). The evaporator 2.2 x 10~3 m3. We are assuming that a heat transfer cycle
and condenser are thermally insulated too, while the accu-starts as soon as the valves are opened and ends as soon as
mulator is cooled by the surrounding air at a temperature of the valves are opened again, after their closing.
293-295 K. The working fluid is the fluorinate HCFC141b. All the tests have been carried out for 20 hours, but the
The working fluid temperatures are monitored over time apparatus has reached a periodic stable regime after only a
by 7 thermocouples located at various points along the loop few heat transfer cycles. The temperatures are periodically
for each time step; in particulaf;; is the temperature of  repeated at each opening and closing of the valves, with a
the liquid in the evaporatdf g (Ty = Tg), T» is the vapour difference lower than 0.15 K between two consecutive cy-
temperature at the inlet of the condendggrijs the tempera-  cles.
ture of the working fluid flow at the outlet of the condenser
(T3 = Tc), T4 andTs are the temperatures of vapour and lig-
uid in the accumulatory = Ta), while T and T are the
temperatures of the cooling water at the inlet and outlet of
the condenser, respectively. The pressures in the accumula:,__).l_ Heat and mass transfer characterisation
tor and evaporator are measured by two pressure transmitters
(0-2.5 bar, accuracy 0.25% of full scale range). All the tem-

peratures and pressures of the device are sampled by a data 1h€ global thermal behaviour of a PTPT as a heat transfer
acquisition system and stored in a PC (scanning time step isdevlce can be analysed by taking into account the mean tem-

10 s). The volume/y of working fluid transferred in every peratures of a single heat transfer period. A PTPT, in fact,

cycle has been measured by a level meter located inside th&@" P€ seen as a thermal device which exchanges heat with
accumulator: its accuracy is abati0.76 x 106 m2. a hot source (evaporator) and two heat sinks (condenser and

The input power is directly supplied to the working fluid accumulator) at two different temperaturés 4nd7m), but

in the evaporator with an electric thermo-heater. The exper- "0 WOrk is exchanged with external systems. In the case of

imental procedure which has been followed during the teststhiS experimental z_;m_alysi& = Tm. )
is described here. At the starting time a vacuum is created  1he thermal efficiency of PTPT as a heat transfer device

inside the loop in order to insert 17.5 kg of working fluid at 'S defined as the ratio of the heat supplied to the evapora-
203 K. tor to the hggt dissipated by the condenser,_and, according
In particular, a liquid mass of 10.5 kg is inserted in to the simplified model proposed by Neeper in [24], can be

the evaporator, while the other part is inserted in the ac- €XPressed by the relationship
cumulator and condenser. The evaporator filling ratio is,
therefore, about 85%, while the accumulator filling ratio is
about 50%. The working volume transferred every cycle is

5. Experimental results

:%: 14+ (Te — Tc)/n
O (L+&)(L+/n) + =

p
Thig

(19)




S. Filippeschi/ International Journal of Thermal Sciences 45 (2006) 124-137 133

(o) T PERIOD WITH VALVES OPEN
1 50 500 W
) T 48 - PERIOD WITH VALVES CLOSED
60 3 46
o - -
] A T { -
55 4 Q
A Q —
) 50 o TS o [S)
2. g T 8 11 m
L 45 1 m @ [} I L 1
x 1 Q A T E
2 404 S s i 2
< 1 Q ; 14
[ o * I3 w
w 7 o T Py é o
o 1 ' ° hd (4 2
= 30 i i
z AR :
T i A A
25 é g 2 A B .
] g ® ®
201 ® = CEE 20]
v T T T v T T T T T v T v T T T T v T T v T T 1 6
0 200 400 600 800 1000 1200 0 1000 2000 3000 4000 5000 6000
INPUT POWER [W] TIME [s]

Fig. 4. Temperatures averaged over time at various measurement pointsrig. 5. Temperature evolutions for 4 consecutive heat transfer cycles for an

along the loop against input powers. input power of 500 W.

where Qp is the parasitic energy calculated with the term 50 500 W PERIOD WITH VALVES OPEN

QP — Cp,VAMV,A(Tll _ TS) | - PERIOD WITH VALVES CLOSED
Fig. 4 shows the experimental mean temperatures of the 7S

main elements of the loop as a periodic regime has been . T S "“Tl

reached. For low input powers the parasitic energy, repre- 5
senting internal losses, is negligible, the temperatures of the;
vapour and liquid in the accumulator are approximately the %
same and the heat transfer efficiency is very high. On the'a'::
other hand, as the input power increases, the temperature o
the vapour and liquid in the accumulator diverges and the 3
parasitic energy becomes important, so that the efficiency'_
falls to 0.85 andry becomes higher thafis. From Fig. 4,
another important topic must be mentioned; the temperature

. . T T T T T T T T T T T T T T T 1
of the evaporatoff; rises at the same ratio as the tempera- 0 200 400 600 800 1000 1200 1400 1600
ture in the condensefs so that, in this caself = Ty), the TIME [s]
thermal resistance is approximately constant at various input . _ _
powers Fig. 6. Temperature evolutions during a single heat transfer cycle as a stable

. . . regime is reached for an input power of 500 W.
Moreover, in order to describe the mechanisms that are g putp

involved during the transfer of heat and mass, the thermal N )
behaviour of the apparatus over time must be considered.(Parasitic energy). The difference between the temperatures
Typical working fluid temperature evolutions in various sec- Of the cooling water at the inlet and the outlet of the con-
tions of the loop are shown in Fig. 5, where the temperatures denser {s and77) determines the heat rate dissipated by the
for 4 consecutive cycles with an input power of 500 W are co_nden;er and the sub-cooler over time according to the re-
shown, while the same temperatures are shown for a singlel@tionship:
cycle in Fig. 6. . S
The pressure evolutions of the fluid inside the evaporator Qc = Qeon+ Qsup=rmwe(T7 = To) (20)
and the accumulator are qualitatively similar to the temper- whereny is the mass flow rate, which is constant during the
ature evolutions, because in the accumulator and the evap-experiment, and is the specific heat of the cooling water.
orator the working fluid is in a saturation condition. Some At the start of the transfer period the power réke is at a
comments on the qualitative temperature evolutions must maximum; it decreases as soon as the valves are opened. On
now be made. the other hand, as soon as the valves are closed, the tempera-
As the transfer period starts, when the valves are openedture and the pressure inside the evaporator rise, no mass flow
the temperaturdy, the temperature of the vapots at the rate is still observed in the condenser, and the temperature of
inlet and of the liquidTs at the outlet of the condenser fall  the vapour at the inlet of the condenser stays constant, while
because a mass of cold liquid returns to the evaporator. Atthe temperature of the liquid at the outlet falls. This is due to
this time no mass flow rate in the condenser is observed.the thermal inertia of the liquid inside.
Moreover, the temperature of the vapdly in the accu- As soon as the pressure in the evaporator can lift the lig-
mulator increases because hot vapour leaves the evaporatanid column after the condenser £ 200 s in Fig. 6), the
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Fig. 7. (a)—(d) Temperature evolutions during a single cycle for an input power of 300 W (a), 700 W (b), 900 W (c), 1100 W (d).

liquid condensed and collected in the condenser starts toand, according to Eq. (1), with the anti-gravity circulation

move up to the accumulator, the temperatfiyén the evap- promoter in the loop.
orator decreases (expansion), as well as the temperatures of While the temperature in the accumulat®y varies
the accumulatof, and7s. The temperature of the liquits sharply at the opening and closing of the valves (return op-

decreases at first, as the cold liquid, which before was mo- eration), 71 varies also, however, in a different way. From
tionless inside the condenser, starts to move, but after a timeFig. 8 it can be seen that for low input powers (300 W,
(r =400 s in Fig. 6) it increases again. From a certain time 500 W, 700 W),T; decreases during the period when the
(t =600 s in Fig. 6) all the temperatures stay approximately valves are open. When the valves are clos&dincreases
constant till the end of the heat transfer cycle, excepffor  sharply, after a whilel, approaches a constant value. For
which rises till the end of the cycle. Figs. 7(a)—(d) show a se- high powers (900 W, 1100 WY increases during the pe-
ries of similar temperature evolutions in the loop over time riod when the valves are open. When the valves are closed,
during a single heat transfer cycle, for input powers of 300, 71 drops sharply to approach a constant value after some

700, 900 and 1100 W. time.
In order to understand how the main parameters of the

device can influence the temperature in the evaporator, an
experimental analysis on the single heat transfer cycle has
been carried out for different input powers.

In order to understand how the single operation occurring  If Egs. (4)—(18) are written in a discrete-time form, it is
in a single cycle can influence the heat and mass transfer,possible to calculate over time the mass and volume of each
some qualitative comments on the temperature evolutionscontrol volume (I-VII), the length of the liquid inside the
for various input powers must be made. By analysing the condenser and the velocity of the liquid in the evaporator
temperature evolutions in Fig. 7, it can be noted that all the and accumulator, by assuming that the discrete time step is
temperatures in the loop except for the temperature in the equal to the experimental one (10 s), by knowing the starting
evaporatof; have very similar qualitative shapes at various condition of the working fluid in the device and by mea-
input powers. The difference of temperatufe-74 is con- suring the temperatures and the pressures in time at various
nected with the pressure difference evaporator-accumulatorpoints of the loop (1-7). The volume and the mass of all

5.2. Single heat transfer cycle analysis
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in the evaporator induces a compression of the vapour and,
therefore, an increase in pressure. As a result, as soon as the
valves are closed, an expansion of the vapour in control vol-
ume Il (see Fig. 1) is observed and, therefore, a sudden fall
of the mass and volume of liquid in the evaporator. As soon
as the expansion is finished, a constant mass flow rate of lig-
uid is noticed.

On the other hand, if the input power is low (300-700
W), during the opening of the valves a cold liquid mass re-
turns to the evaporator and the temperature inside increases,
but the pressure necessary to lift the liquid against gravity is
not reached. In this way, as soon as the valves are closed, the
mass in the evaporator starts to evaporate, but the low pres-
sure cannot lift the liquid against gravity and no mass in the
accumulator is transferred.

The working fluid temperaturg; in the evaporator there-
fore depends on the specific volume of the vapour within
control volume Il over time. If this specific volume de-

the control volumes as a function of time have been, there- creases, a compression is produced and an increase in tem-
fore, determined by using, as input data, the experimental perature is expected, while in the opposite case, a decrease
pressures and temperatures in the mathematical model prein temperature is expected if the specific volume increases.
viously described. The mass and volume of the accumulator, The specific volume within the control volume Il is shown
which are the only data directly measured with time, has over time in Fig. 10 for 5 input powers. The transient behav-
been compared with the experimental data and the errorsiour is quite analogous to the transient behaviou'pfin
are lower than 5%. A further control have been made on the Fig. 8.
mass of the working fluid calculated as the sum of the mass  In the case of large working fluid volumes transferred in
of each control volume (I-VII) calculated individually. For ~every cycle, the different behaviour @% and the specific
every time the maximum error is lower than 1%. volume of the vapour in Il at various input powers depends
Fig. 9 shows the calculated masses of the liquid in the on the ratio expressed by
control volumes | (evaporator) and VI (accumulator) over Ot
time. <E7op >0 (21)
The data in Fig. 9 show that at high input powers (900 W, €PPEIVE
1100 W) a sudden fall in the mass Mind hence in the vol- ~ where Vg is the volume of the liquid in the evaporator and
ume, of the liquid in the evaporator is observed, whereas Aty is the time with the valves open. If the right-side hand
for low input power (300—700 W) it is not noted. This de- of Eq. (21) is much lower than the “temperature head”
pends on the condition of the evaporator when the valves area decrease in the evaporator temperaflirés expected as
opened. At this moment the condenser is full of motionless the valves are opened, while in the opposite case an increase
liquid and cannot function as a condenser. The power ratein 7y is expected. A more rigorous approach should at least
removed by the condenser is quite low and the input power take into account the thermal inertia of the evaporator walls,
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Fig. 12. Liquid velocity in the condenser for a single cycle at various input
powers.

but this simple criterion, which is confirmed by other ex-
periments carried out on a differently shaped and sized mini
evaporator [36-51], can guide the design of the evaporator.
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