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Abstract-A closed two-phase thermosyphon operating with Refrigerant-l 1 and with imposed convection 
boundary conditions at the heated and cooled surfaces is experimentally investigated and analytically 
modeled with a lumped parameter model for varying working fluid temperatures. The thermosyphon 
exhibits different operational modes depending on the heating and cooling fluids’ temperature difference. 
An increase of this temperature difference produces at first a maximum heat transfer rate identified with 
the flooding heat transfer limit. Beyond this limit the thermosyphon operation reverts to a different steady 
state through a transient non-equilibrium process. The new steady state, identified as the thermal blocking 
condition, produces a lower heat transfer capacity and is attributed to the simultaneous existence of: (1) 
a new flooding state near or at the exit of the adiabatic section, and (2) the dryout in the evaporator 
resulting from the transfer of liquid in the evaporator pool to the condenser during the transient process 
which leads to the thermal blocking condition. The limiting operational modes of the thermosyphon are 
modeled by a lumped parameter model that accounts for different geometrical configurations and liquid 
entrainment in the vapor. A comparison between the predicted and experimental heat transfer rates, 
prior and during the thermal blocking condition, demonstrates the model’s utility to predict complex 

thermohydrodynamic processes in a thermosyphon. 

1. INTRODUCTION 

THE ADDITION of heat to a two-phase thermosyphon 
consisting of a closed vertical tube and operating in a 
gravity field causes the liquid at the bottom of the 
tube to evaporate. The vapor rises to the top of the 
tube where it is condensed, and the condensate returns 
to the evaporator section by gravity as a falling liquid 
film. Depending on the level and manner of the heat 
addition in the evaporator and removal in the con- 
denser, on the geometry of the thermosyphon and 
on the working fluid characteristics, a thermosyphon 
may exhibit different operational modes or heat trans- 
fer limits [l-13]. 

The experimental studies which have been con- 
ducted with the controlled heat transfer rate to the 
evaporator show the existence of the dryout limit, the 
burnout limit, the flooding limit, the oscillation limit 
and the transition-to-different-flow-regime limit. The 
dryout heat transfer limit occurs when some portion 
of the evaporator surface ceases to be cooled effec- 
tively by the liquid film, whereas the burnout or critical 

heat transfer limit occurs in the liquid pool. Both of 

t Author to whom correspondence should be addressed. 

these heat transfer limits lead to the wall temperature 
excursions: the former occurs when the amount of 
working fluid is a minimum for the thermosyphon to 
have a continuous circulation of vapor and conden- 
sate, whereas the latter occurs in the liquid pool and 
is similar to the critical heat flux condition in pool 
boiling. The flooding heat transfer limit is observed 
with large liquid fillings in long thermosyphons and 
at large axial and small radial heat fluxes. This limit 
occurs due to the.instability of the liquid film gen- 
erated by the high interfacial shear produced by the 
high vapor velocity induced by high axial heat fluxes. 
A high vapor shear gives rise to the entrainment of 
liquid from the film into the vapor core that may be 
pronounced during the flooding process. When the 
heat flux is increased above the flooding limit heat flux 
in a heat transfer controlled situation, it is possible to 
obtain another limiting operation of the thermo- 
syphon called the oscillation heat transfer limit 

[lo, 111. This is characterized by high working fluid 
temperature oscillations of the order of 300°C. The 
oscillations are associated with the liquid film flow 
reversal, the accumulation of liquid in the condenser, 
falling of the accumulated liquid due to gravity into 
the evaporator, establishment of a film flow situation 
again, and the occurrence of flooding and film flow 
reversal causing the cycle to repeat itself. These flood- 
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heat transfer area R 

A,, 4, velocity profile coefficients Re 
in the interfacial and wall shear stress T 

equations T* 
velocity profile coefficients in 
equations (9)-( 12) F 

specific heat at constant pressure u 
capillary number, defined by x 
equations (24) x: 
external coil diameter in the condenser x: 
tube internal diameter, 2R z 
liquid entrainments in the adiabatic and 
condenser regions 
entrainment parameter, defined by 
equation (29) 

frictional coefficient 
heat transfer coefficient 
homogeneous enthalpy in the core 
enthalpy of evaporation 
liquid filling parameter, defined by 
equation (30)* 

kg 
gravitational constant 
thermal conductivity 

1; I* thermosyphon length; Z/R, 
M total mass of the working fluid, defined 

by equation (4) 

Ma, AI,+, kf- mass flow rate per unit area 
at sections a, c+ and c- in Fig. 7 

X0, number of coil turns 

KC two-phase Grashof number, defined by 
equations (23) 

P pressure 
Pr Prandtl number 

4 heat flux rate 
Q ; Q* heat transfer rate ; heat transfer 

parameter defined by equation (27) 

QL volumetric liquid filling 

r radial coordinate 

tube radius 
Reynolds number 
temperature 
average temperature of the working 
fluid 
average temperature of the liquid film 
axial component of velocity 
core quality 
non-dimensional length, Z/R 
non-dimensional variable, k/R 2 
length specified in Fig. 7. 

Greek symbols 
tl core void fraction 
l- mass flow rate per unit tube periphery 
s” average film thickness, see Fig. 7 

p”;p* viscosity ; pG/pL 
Pip* density ; PG/PL 

0 surface tension 
z shear stress. 

Subscripts 
a adiabatic region or section a in Fig. 7 

& 
condenser region or section c in Fig. 7 
vapor 

GZa vapor-averaged over i, 
GZc vapor-averaged over i, 
h homogeneous 
i interface 
1 laminar 
L liquid 

P liquid pool 
sat saturation condition 
t top of the thermosyphon 
W tube wall 
1 heating fluid inlet 
2 cooling fluid inlet. 

ing-triggered flow oscillations are observed for liquid 
fillings of about one third. For small and large liquid 
fillings these oscillations apparently do not occur, but 
instead the thermosyphon operation is shifted to 
different steady states at lower or higher pressures. 
The heat transfer limits associated with these flow 
regime changes are not well understood to date and 
may be called the transition-to-different-Jaw-regime 
heat transfer limits. 

The operation of a thermosyphon at imposed heat- 
ing and cooling fluid temperatures or convection 
boundary conditions allows for the control of the 
evaporator surface temperature and, therefore, does 
not readily produce the destruction or burnout of 
the heat transfer surface. Instead, the thermosyphon 
operation may be limited by the thermal blocking heat 

transfer limit [ 121 when an attempt is made to increase 
the temperature difference between the heating and 
cooling fluids beyond that which produces the 
maximum heat transfer rate. Experiments which were 
conducted on a thermosyphon as described in ref. [ 121 
demonstrate that the thermal blocking heat transfer 
limits are lower than the maximum heat transfer limits 
associated with flooding, and are independent of the 
subsequent increase of the temperature difference 
between the heating and cooling fluids. 

The purpose of this paper is to present the results 
of the more extensive experimental investigations than 
reported in the previous work [12]. These experiments 
were conducted on a closed two-phase thermosyphon 
with imposed heating and cooling fluid temperatures 
where the heat transfer is limited by the thermal block- 
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FIG. 1. Schematic of the experimental apparatus. 

ing heat transfer limit. Moreover, in an attempt to 
explain the steady-state’ conditions in the thermo- 
syphon, prior and during the thermal blocking, an 
analytical model is also presented and shown that it 
may be used to explain the limiting heat transfer rates 
of the thermosyphon at different operating tem- 
peratures. 

2. EXPERIMENTAL STUDIES 

2.1. Description of the experimental apparatus 
The experimental studies of the heat transfer pro- 

cesses in a closed two-phase flow thermosyphon were 
conducted with an experimental facility as illustrated 
in Fig. 1, and with a thermosyphon design as shown 
in Fig. 2. The thermosyphon was designed for appli- 
cations to the geothermal systems and its working 
fluid is Refrigerant-l 1 with a filling charge of 0.006 
m3. The evaporator section consists of a shell-and- 
tube heat exchanger with the heating fluid (water) 
flowing through the shell side. The heat transfer area 
of the evaporator is 1.45 m’ and its length and internal 
diameter are 1.4 and 0.168 m, respectively. The evap- 
orator is connected to the adiabatic region by means 
of a truncated-cone section. The adiabatic section has 
an internal diameter of 0.032 m and a length of 3.62 
m. The connection between the adiabatic region and 
the condenser of the thermosyphon is also achieved 
by means of a truncated-cone section. The condenser 
length is 0.54 m and its internal shell diameter is 0.206 
m. The vapor condensation within the condenser is 
achieved with two helical coils with a heat transfer 
area of 0.53 m’, utilizing water as the cooling medium. 

As illustrated in Fig. 1, the heating and cooling 
water temperatures of the evaporator and condenser 
are independently controllable. Each heating and 

cooling loop consists of flow and temperature meas- 
uring stations for the determination of the heating 
and cooling heat transfer loads. The accuracy of flow 
measurement is estimated to be + 2% ; that of the 
heating and cooling fluid temperature differences 
within fO.l”C, giving an accuracy of + 5% in the 
heat transfer rate after accounting for thermal leaks. 
The temperature of the working fluid in the thermo- 
syphon can be measured at two different stations: 

ATENPERATURE PROBE 

FIG. 2. Design details of the experimental thermosyphon. 
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one just above the tubes in the evaporator, and the 
other along the axis of the cooling coil in the condenser 
(Fig. 2). The moving thermocouple probe in the con- 
denser allows for the identification and purging of 
the non-condensable gases in the thermosyphon. The 
pressure difference of the refrigerant between the 
evaporator and condenser sections can be measured 
by two absolute pressure transducers with an accuracy 
of f 10% at the lowest pressures, and + 1% at the 
highest pressures during the thermal blocking con- 
ditions. 

During the early phase of experimentation, a 
thermosyphon of a design similar to that shown 
in Fig. 2 was used [ 131, except with the controlled 
heat transfer rate in the evaporator, and constructed 
with a transparent adiabatic section for the flow 
visualization, to obtain some experience with the 
experimental facility. These preliminary experiments 
showed that the working fluid temperature remains 
almost constant and that it is not a good 
indication of the thermohydrodynamic processes 
in the thermosyphon. For this purpose, it was decided 
to measure the pressure difference between the 
evaporator and condenser, and to design the new 
facility to maintain a near-constant temperature of 
the fluid within the thermosyphon thus obtaining the 
maximum accuracy of the pressure difference 
measurements which is sensitive to this difference. 

2.2. Experimental results 

A typical experimental run with a mean working 
fluid temperature of 53.5’C in the thermosyphon is 
illustrated in Fig. 3(a). This figure shows the behavior 
of the condenser heat transfer rate Q and pressure 
difference Ap between the evaporator and condenser 
as a function of time for different increments and 
decrements of the heating fluid inlet temperature T, 

and cooling fluid inlet temperature T,. Thus, for 
example, region CD corresponds to T, = 59.5”C and 
Tz = 48°C. whereas HI to T, = 65’C and T, = 45°C. 
By referring to Fig. 3(a) it is possible to distinguish 
different regions of the thermosyphon operation : (1) 
region A-E, which is associated with a regular opera- 
tion of the thermosyphon with an increase of the 
cooling load of the condenser; (2) the transition 
region E-F to thermal blocking: (3) the thermal 
blocking region F-M; and (4) the transition region 
M-N to the thermal unblocking or resumption of the 
regular operation of the thermosyphon. 

The cooling load oscillations in Fig. 3(a) in region 
A-E are due to the heating and cooling fluid inlet 
temperature variations. These are observed to be of 
the order of +0.2”C, and result from the on-off 
controller action in the heating and cooling water 
reservoirs (Fig. 1). The pressure difference oscilla- 
tions in this region are. however, due not only to the 
cooling and heating load variations resulting from 
the thermostatic control systems, but also due to 
the progressive increase of the wave activity at the 
liquid film-vapor core interface in the adiabatic 

B 
, A 

FIG. 3(a). Timewise distribution of the condenser heat trans- 
fer rate and pressure difference between the evaporator and 
condenser for the mean working fluid temperature of 53.YC. 

region of the thermosyphon as the heat load is 
increased towards the flooding heat transfer limit. 
The difference of the working fluid temperatures in 
the evaporator and condenser is represented in Fig. 
3(b), where it is shown that in this region it was 
hardly detectable by the instruments. 

The transition region E-F in Fig. 3(a), or amplified 

in Fig. 3(b), is associated with an increase of the 
pressure difference and oscillation of this difference : 
the heat transfer rate increases up to a maximum and 
thereafter decreases to a lower value corresponding to 
that at point E. The very small temperature difference 
between the fluid in the evaporator and condenser in 
region e’-e” (Fig. 3(b)) has an associated large pres- 
sure difference drop and a maximum heat transfer 
rate. In region e”-f this temperature difference 
becomes negative and of the order of - 2°C whereas 
at point fit is again reduced to zero and it stabilizes 
at about 1°C in the thermally blocked region beyond 
point F. The maximum heat transfer rate and pressure 
difference peak at point e’ was observed to depend on 
the degree of sensitivity of the cooling load increase 
prior to and at point E. When this increase was 
gradual it was possible to maintain the heat transfer 
rate close to the maximum achievable in the thermo- 
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FIG. 3(b). Enlarged detail of the transient from Fig. 3(a). 

syphon, with pressure difference oscillations reaching 
the peak values at e’ and periods depending on the 
sensitivity of the on-off temperature control of the 
cooling and heating water reservoirs. The pressure 
difference peak at point e’ was also observed to 
depend on the liquid filling in the thermosyphon 
and its magnitude decreases with the reduction of the 
filling charge [ 121. The pressure decrease from e’ to e” 
lasts of the order of 0.5 min. 

An increase of the heating fluid temperature T, at 
point F in Fig. 3(a) does not produce a change of 
the heat transfer carrying capacity of the fluid in the 
thermosyphon, nor a change in the pressure difference 
and oscillations. The heat transfer limit in this region 
may, therefore, be called the thermal blocking heat 

transfer limit. This heat transfer limit was observed 
for a wide range of T, - T2 and up to 60°C (with the 
maximum achievable as dictated by the design of the 
experimental apparatus). During the thermal block- 
ing condition the temperatures T, and T2 affected only 

the average working fluid temperature T* computed 
on the basis of the evaporator and condenser tem- 
perature measurements (Fig. 2) and not the level of 
the thermal blocking heat transfer limit. Moreover, 
by keeping T, constant during the thermal blocking 
condition and only increasing T, did not produce a 
change in the average fluid temperature T*. An 
increase (decrease) of T2 produced an increase 
(decrease) of T*. At a certain low value of T, - T, (in 
Fig. 3(a) this point is approximated by point M with 
T, - T2 = 9’C), the thermosyphon operation reverts 
to the thermally unblocked state where beyond point 
m in Fig. 3(a) the temperature difference of the fluid 
between the evaporator and condenser is hardly 
noticeable. The attainment of the regular thermo- 
syphon operation upon the reduction of the heat 
transfer at point M is associated with the decrease of 
the pressure difference oscillations. 

The different states of the heat transfer rates as a 
function of T,-T2 in Fig. 3(a) may be represented 
more succinctly as shown in Fig. 4. The heat transfer 
rate corresponding to the onset of the thermally 
unblocked condition is close to the thermally blocked 

heat transfer limit (in Fig. 4 close to point LM) 
and a further decrease of T, - T, reproduces the 
thermohydrodynamic conditions of the regular 
thermosyphon operation as illustrated in Fig. 
4. The increasing and decreasing temperature 
difference T, - T2 in this figure produces, therefore, 
a hysteresis effect in the operation of the experi- 
mental thermosyphon. 

The thermal blocking condition of the experimental 
thermosyphon of Fig. 2 may also be achieved by oper- 
ating at a non-constant average temperature T* of 
the working fluid as illustrated in Fig. 5. This figure 
shows the variation of the condenser heat transfer rate 
Q and average working fluid temperature T* with the 
inlet cooling water temperature T2 for a fixed value 
of the inlet heating fluid temperature T,. With T, kept 
constant at 65”C, the thermal blocking heat transfer 
limit is achieved with the decrease of the cooling water 
temperature T, and can be maintained for varying 
levels of the average working fluid temperature T*. 
In addition, during the variation of this average 
temperature the difference between the working fluid 
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FIG. 4. Representation of the cooling heat transfer rate with 
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FIG. 5. Representation of the heat transfer rate and average 
working fluid temperature with the cooling fluid inlet tem- 
perature for a constant heating fluid inlet temperature of 

65°C. 

temperatures in the evaporator and the condenser 
was never observed to be greater than 2’C. 

2.3. Interpretation of the experimental results 
The purpose of this section is to present a possible 

interpretation of the experimental data as presented 
in the previous section. As noted before, the increasing 
level of pressure oscillations in region A-E of Fig. 
3(a) may be associated with an increasing rate of the 
wave activity on the liquid film-vapor core interface 
in the adiabatic region of the thermosyphon and an 
increasing level of the liquid entrainment from the 
film into the vapor core. Experiments [13] with a 
thermosyphon similar to that of Fig. 2. but with 
an imposed heating load in the evaporator and with 
a transparent adiabatic section, demonstrate that the 
onset of flooding triggers a large pressure difference 
between the evaporator and condenser and that the 
flooding is initiated at the tube entrance in the adia- 
batic region with a subsequent propagation of dis- 
turbances along the entire adiabatic section. The pres- 
sure difference from E to e’ in Fig. 3(b) may be, 
therefore, associated with an instability of the liquid 
film and the onset of partial film flow reversal. If the 
heat transfer rate to the evaporator were a con- 
trollable parameter, the liquid in the evaporator 
would be eventually depleted and the thermosyphon 
would exhibit the oscillation limiting behavior or one 
of the poorly understood flow regime changes as 
reported in refs. [ 10, 111. 

In our experimental apparatus the heat flux is not 
controllable and the complete film flow reversal and 
liquid depletion from the evaporator may not be 
possible. As the upward vapor mass flow rate in the 

adiabatic section of the thermosyphon exceeds the 
downward liquid mass flow rate in region E-e’ of Fig. 
3(b), the wave activity and entrainment processes begin 
to invade the entire adiabatic section with a con- 
sequential rise of pressure between the evaporator 
and condenser. From e’ to e” the wave activity and 
entrainment tend to be progressively transformed 
towards the exit of the adiabatic section, with a con- 
sequential pressure difference decrease as the two- 
phase flow activities in the tube are reduced. With the 
condenser temperature remaining constant and the 
evaporator pressure decreasing from e’ to e”, the heat 
transfer rate increases as observed in experiments. 

From the experimental observations, it was noted 
before that the evaporator temperature is below the 
condenser temperature in region e”-f (Fig. 3(b)). The 
possible causes of this behavior may be attributed to 
the non-equilibrium effects, i.e. to one or more of the 
following conditions : (1) the supersaturation of vapor 
in the evaporator; (2) the subcooling of liquid above 
the adiabatic section of the condenser : (3) to the ther- 
mal capacity effect of the apparatus during the tran- 
sient operation from E to F in Fig. 3(a). Although 
during the transient period from E to F the heating 
and cooling heat transfer rates may not be identical, 
it appears that beyond point e” there is a progressive 
dryout of the evaporator. This is caused by more and 
more liquid being transferred into the condenser until 
a new flooding state is achieved at point F cor- 
responding to the thermally blocked condition of the 
thermosyphon. This new flooding state is most prob- 
ably located close to or at the adiabatic section exit 
where the vapor must channel through the liquid above 
this region. Moreover, to maintain a considerable 
amount of liquid in the condenser this new flooding 
state should be the cause of a larger mean pressure 
difference between the evaporator and condenser, and 
of more intensive pressure difference oscillations as 
confirmed by experiments. At point F the equilibrium 
conditions in the thermosyphon are re-established, as 
evidenced by a positive temperature difference 
between the evaporator and condenser (Fig. 3(b)). 

The relative constancy of the thermally blocked 
heat transfer rate beyond point F in Fig. 3(a), as the 
heating water temperature T, is increased with T, kept 

constant, can also be associated with an evaporator 
operating in a dryout state without the liquid pool. 
As opposed to the non-equilibrium conditions leading 
to the thermal blocking heat transfer limit and a new 
flooding state at point F, the exit from the thermally 
blocked condition, from point M, is accomplished 
through a sequence of states close to equilibrium as 
may be justified by the absence of the temperature 
difference inversion and significant pressure oscilla- 
tions (Fig. 3(b)). In summary, therefore, region E-F 
in Fig. 3(a) may be associated with the transfer of 
liquid (through a sequence of the non-equilibrium 
states) from the evaporator to the condenser, where 
the thermal blocking heat transfer rate corresponds 
to a new flooding state and a dryout condition in the 
evaporator. 
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FIG. 6. Relationship between the experimental data and predictions using different flooding correlations. 

A decrease of T, - T2 below the value corres- 
ponding to the thermally blocked heat transfer limit 
reverts to the regular operation of the thermosyphon 
corresponding to the same temperature difference 
between the evaporator and condenser as in region 
EC shown in Fig. 3(a). The temperature difference 
T, - T2 drives, therefore, the thermohydro- 
dynamic conditions between the thermally blocked 
state and the regular operation of the thermosyphon. 
The hysteresis effect in the heat transfer-temperature 
difference plot in Fig. 4 is a result, therefore, of dif- 
ferent thermohydrodynamic conditions which produce 
the thermally blocked and unblocked states. 

The heat transfer limits corresponding to the tran- 
sient condition with a maximum heat transfer rate in 
region E-F, and to the steady state heat transfer limits 
corresponding to region D-E and to the thermally 
blocked condition beyond point F as shown in Fig. 
3(a) are illustrated in Fig. 6. This figure illustrates a 
plot of these heat transfer rates expressed in terms of 
the Reynolds number Re,, vs the average working 
fluid temperature T* in the thermosyphon. Shown 
also in this figure are the predictions from the flooding 
correlations of Wallis [ 151, Kutateladze-Tien [ 161, 
Bezrodnyi [6] and Liu ef al. [14]. The latter correlation 
pertains to the onset of flooding in short vertical chan- 
nels with the liquid pool above. 

As shown in Fig. 6, the existing flooding cor- 
relations embrace all the experimental data points 
pertaining to the different thermohydrodynamic con- 
ditions of the experimental thermosyphon. Clearly, 
this implies that the flooding correlations are not very 
useful to predict different operating conditions of the 
thermosyphon, and our objective in the next section 
will be to present an analytical model whereby these 
conditions may be modeled in a more physical and 
precise manner. 

3. DESCRIPTION OF AN ANALYTICAL MODEL 

OF THE THERMOSYPHON 

The detailed analytical modeling of the thermo- 
syphon illustrated in Fig. 2 is difficult due to the 
complexity of its geometry and thermohydrodynamic 
processes occurring within the device. To construct a 
simple analytical model, use will be made instead of 
the thermosyphon geometry shown in Fig. 7. This 
thermosyphon consists of length I, internal tube 
diameters D, = 2R, in the adiabatic and evapor- 
ator sections, and D, = 2R, in the condenser section. 
The lengths of the condenser and adiabatic sections 
are denoted by .?= and I, respectively. 

, LIQUID FILM 

LIQUID FILM 

VAPOR CORE WITH 
ENTRAINED LIQUID 

FIG. 7. Idealized representation of the therrnosyphon of 
Fig. 2. 
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Due to the heat addition in the evaporator, the 
liquid evaporates from the liquid pool and film 
regions ; the vapor then rises along the central core 
region of the pipe and is condensed on the wall in 
the condenser and drained by gravity along the pipe 
surface into the liquid pool. Due to the evaporation 
and condensation processes occurring within the ther- 
mosyphon, the liquid film thickness in the condenser 
and adiabatic regions is not uniform or smooth, but 
usually covered by a complex system of waves which 
are sheared off by the countercurrently flowing vapor 
giving rise to the liquid droplet entrainment in the 
central core region of the thermosyphon. For the pur- 
pose of constructing a simple model of these com- 
plicated flow phenomena, it will be assumed, however, 
that the films in the condenser and adiabatic regions 
can be modeled by average film thicknesses & and 
&, respectively, as illustrated in Fig. 7, and that the 
condenser and adiabatic core regions can be rep- 
resented by the average values of entrainments EC 
and E,, respectively. The liquid in the films of the 
condenser and adiabatic sections will be assumed to be 
at the average temperatures FL, and FL,,. respectively ; 
that in the liquid pool at an average temperature FLLp. 
The liquid temperatures at sections c and a (Fig. 7) 
are denoted by TLC and TLn. The films will be assumed 
to be thin, 8/R K 1, the properties of liquid and vapor 
constant, and the thermosyphon operation away from 
the thermodynamic critical point, po/pL << 1. 

3.1. Lumped parameter analysis 
The analytical modeling of the thermosyphon of 

Fig. 7 will be accomplished by a lumped parameter 
analysis first proposed in ref. [I 71. The following 
analysis will, however, include the additional com- 
plexities of different tube diameters of the condenser 
and adiabatic regions, as well as the presence of liquid 
entrainment in the vapor cores of condenser and adia- 
batic sections. For the purpose of this paper, the 
modeling equations given below pertain only to the 
steady state and not to the more general form that can 
be used for the transient analysis of the thermosyphon 

P81. 
Denoting by rCzL the mass flow rate of vapor con- 

densation per unit tube periphery onto the liquid film 
in the condenser, by l-C:< the mass flow rate of vapor 
condensation per unit tube periphery onto the liquid 
film in the adiabatic region, by rLC the mass flow rate 
of liquid per unit tube periphery flowing at & into the 
adiabatic region, by TLa the mass flow rate of liquid 
per unit tube periphery flowing at 1 into the liquid 
pool, by MC the mass flow rate of vapor and liquid 
droplets per unit area (xRz) at section c, and by M, 
the mass flow rate of vapor and liquid droplets per 
unit area (TcR~) in the adiabatic section at a, it may 
be shown from the control volume mass and energy 
balance equations on the liquid films, liquid pool and 
vapor-droplet cores that 

(4) 

rL% ]&~I_,, - G@‘~ - Tc,,,)l 

-r,+C,(T,,-F,)+q,& = 0 (5) 

~&dma- C,(~~,,-T,,,,)l--r,,C,(T,,-~~,,) 

+r,-C,[(T,,-T,,)+(T,,-~~,,)l = 0 (6) 

- Ma k&G3 - ‘X%Lp - Tasat II 

(8) 

where M is the total mass of the working fluid in the 
thermosyphon and where the derivation of equation 
(8) for the energy balance of the vapor and liquid in 
the core assumes a saturation condition at a single 
average pressure. Similarly, the control volume 
momentum balances give 

= s”,[plgic-(Pc-Pt)l--=(2wc+Zlc) (9) 

2 
= gPha*a ; -(pa-pc) + -zazia (12) 

R 

where the homogeneous core densities phc and pha, 
qualities x, and x,, and void fractions aC and a, can 
be expressed in terms of the liquid droplet entrain- 
ments EC and E,, i.e. 

Phc = acPG + c1 --“&k 

Pha = a.dG+(l-acc,)PL 

(13) 

(14) 
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x,=1- 
E, 2 r,+ 

__-__ 
1 -E, R, A&+ (1% 

(16) 

___ 
(17) 

(18) 

The coefficients BLc+, B,-, BLar BGc+, BGc- and B,, in 
equations (9)-( 12) represent the effect of the deviation 
of the velocity profiles of liquid and vapor at sections 
Cf , cm and a from the uniform profiles. Thus, for 
example 

271R,& 1 - $ pL R, 

B 
( 7 

Lc+ = (~zR,)‘I~~ 
s 

2nrp, U: dr 
R,Sc 

(19) 

where U, is the local axial liquid velocity. 
In the steady state the heat transfer supplied to the 

evaporator and removed in the condenser must 
balance, i.e. 

Q = -2nR,&q, = 2nR&qwp. (20) 

Using this relation, setting Uoi: = U,, and 
UGsa = Vi,, and manipulating the foregoing equations 
yields a set of 1.5 equations with 42 variables. By 
specifying the 26 variables R, R,, hLGcr hLGa, 

cL(TLc-T,sat)9 cL(TLa-Taw3t)~ cL(TLc-Tasat)~ UimPLt 

PC, 9, ~wc, tic, 9, ~wa, em, &c+, BL~, &z-r kc+, &a, 

B,,-, E,. E,, A4 and I it is then possible to combine 
the remaining 16 variables for the solution of 
Q = Q(&) or Q = Q(&). Among the 26 variables 
above the shear stresses z,,,~, z,*, ~~~ and 7ia, and the 
interface velocities Vi, and U,, may be specified as in 
ref. [17] with coefficients u, and u2 in the interfacial 
shear stresses given by 

l4 ,c = 0.2754 x 1()9-07"N~cc":12' 

ula = 0.2754 x 1()9.07&&'z) 
(21) 

4.74 
uzc= 1.63+---- 

4.74 

N&a;” 
uqa = 1.63 + ____ 

N,Ca:‘* 

(22) 

N 

Lc 

= gDdd ‘I* 
[ 1 

z 
PL 

distribution follows Nusselt’s laminar flow solution 
of condensation on a vertical surface. Hence 

G(Ksat-TL,) CLW), 

h LGC h xx 

= 7$ (2,,:943,>"l' (gp~~ck:)liJ (25) 
CL (T*sat - TL,) CLW), 

=p 

h LGZ3 h LGa . 

By eliminating (pc-Rt) between equations (9) 
and (1 l), (J.--P,) between equations (10) and 
(12), assuming that hLCa z h - hLG, ignoring LGC - 

the subcooling of liquid in the adiabatic region 
(T,,,,- TLa = 0), and performing the non- 
dimensionalization according to 

p*+, p*=E 

l-2E, I-E, 

E= 1-2E, l-E, (29) 

I* = f, h* = M QL 
(30) 

a ==a 

(32) 

the modeling equations may be transformed into the 
following forms : 

Ca, = ” p=Cac($). (24) (x~+CL~T~,jhL~~{l-EE--BLa 
UPLD, 

The subcoolings of the liquid films may be accounted 
for in the model by assuming that the film temperature 

-2@[1-E-Z($):&, 
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(35) 

if 
16Q* 

n(x, + Cr_(A WL,) 
> 1000 

= 1 otherwise (36) 

if 
16Q* 

Jk > 1000 
n(xc + CL(AT)&) R,E ’ 

= 1 otherwise 
(37) 

x [o.oos+,,, (:N&7:/2~~] (38) 

r 

&(A% 
~ = & $Q*4/1 (&r3. h 

(40) 
LG 

Substituting equations (13)-(18) and (35)-(40) into 
(33) and (34) gives 

f, (Q*+ Parameters 
> 

= 0 (41) 

fz(Q*+$ Parameters 
> 

= 0 (42) 

from which we may solve for 

Q* = Q* 
( 

2, Parameters = 0 
> 

(43) 

where the independent parameters of this solution are 
as follows : 

Parameters = {E,, E,, N,, Ca,, I*, he/Z*, XT,, 

The velocity profile coefficients may be set equal to 
unity in view of other more critical assumptions in the 
analysis reducing equation (44) into the following 
form : 

Parameters = {E,, E,, Nk, Cu,, I*, h*/l*, XT,, 

Pr,, P*. IJ*. RJR,). (45) 

The entrainment parameters E, and E, are, clearly, 
not independent of the thermohydrodynamic pro- 
cesses in the thermosyphon (see, e.g. ref. [19]), but in 
the model they will be treated as such. The parameter 
.NLc is the ratio of gravity to viscous forces and may 
be called the two-phase Grashof number, whereas Ca, 
is the capillary number and represents a ratio of the 
viscous to the surface tension forces. The parameter 
h*/l* represents the effect of the liquid filling in the 
thermosyphon, and if it is sufficiently small the 
thermosyphon may become dry under the imposed 
thermal loading producing the dryout heat transfer 
limit [17]. To determine this limiting operation of the 
thermosyphon it may be noted from Fig. 7 that 

(46) 

which upon substitution into equation (35) yields 

Note from equations (31) and (32) that x:,/ 
xf, = 6”,/R, and that a physical solution of equa- 
tion (43) is possible only if xT,/x:, < (x:,/x&,,,, or, 
for large h*/l* where the inequality prevails, until 
dQ*/d(xFJxra) = 0 at which point the solution for 

x [O.OOs+,,. (:N&J;/~$>“] (&) 

the heat transfer Q* may be identified with the heat 

(39) transfer rate to the thermosyphon causing the flooding 
or countercurrent limiting flow operation [ 171. 



Experimental investigation and analytical modeling of a closed two-phase thermosyphon 1825 

R(m) l(m) t,(m) L,(m) Q,(m’) 

0.0085 2.50 1.0 1.0 6.63 x1Ci5- 

0.0065 2.50 1.0 1.0 
TO VERTICAL, 

1.03 

E,=O 

01 I I I I I / I I I 1 

30 40 50 60 70 60 90 

VAPOR TEMPERATURE ( C 1 

FIG. 8. Relationship between the flooding data with imposed evaporator heat transfer and model predictions 
with different entrainments. 

3.2. Verljication of the analytical model with the 

existing data from literature 
In this section the thermosyphon model presented 

above will be verified by using the data from literature 
with thermosyphons operating with imposed heat 
transfer in the evaporator. This verification is neces- 
sary in view of the many assumptions made in the 
construction of the model presented above. The ther- 
mosyphons used for the verification of the model are 
of simple designs consisting of vertical tubes closed at 
both ends where the heat is added to the evaporator 
sections at the bottom and removed in the condenser 
sections at the top. 

The comparison between the experimental data [9, 
201 and model predictions of the flooding heat transfer 
rates expressed in terms of ReL for various vapor 
temperatures is illustrated in Figs. 8 and 9. As shown 
in Fig. 8, the water data of Nguyen-Chi and Groll [9] 
can be modeled well with entrainment levels of less 
than 25%, whereas the methanol data of Reed and 
Tien [20] are overpredicted up to 40% with a model 
which assumes no entrainment. With the entrainment 
of about 25% the latter data are, however, well 
modeled. Moreover, the model prediction of the 
flooding heat transfer rates with entrainments in the 
condenser which are less than those in the adiabatic 
section do not affect this prediction. The water and 
methanol data of Prenger in Fig. 9 (as reported in 
ref. [20]) are very well modeled at the lower vapor 
temperatures without the entrainment, whereas at 
higher temperatures the model tends to underpredict 
the data by less than 30%. 

Reed and Tien [20] also presented a model for the 
single diameter thermosyphon without accounting for 

entrainment by extending the analysis of ref. [17] to 
include different film thicknesses in the condenser, 

adiabatic and evaporator regions. Their comparison 
of the model predictions with data of Figs. 8 and 9 is 
very reasonable for the data of Reed and Tien, and at 
lower temperatures overpredicts the water data of 
Prenger by about 100% and underpredicts the water 
data of Nguyen-Chi and Groll by about 25%. The 
difference in predictions between the present model 
and that of Reed and Tien may not only be attributed 
to the slightly different modeling approaches, but also 
due to the use of different constitutive equations in 
the analysis. 

From the above discussion, it may be concluded 
that the present model predicts well the available 
experimental data of flooding in single tube diameter 
thermosyphons and that the neglect of entrainment in 
the model may not always be justifiable. As noted 
previously, however, the entrainment of liquid in 
the vapor is dependent on the thermohydrodynamic 
state of the two-phase flow in the thermosyphon; its 
specification in the model in terms of independent 
parameters EC and E, serves only the purpose of 
studying its effect on the predicted flooding and 
dryout heat transfer rates in a relatively simple 
manner. In the next section, therefore, an attempt 
will be made to predict the unblocked and blocked 
limiting heat transfer rates of the experimental 
thermosyphon shown in Fig. 2 using the model 
described above. 

4. MODELING AND ANALYSIS OF DATA 

As noted in Section 2 and shown in Fig. 6, the 
available flooding correlations are individually not 
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FIG. 9. Relationship between the flooding data with imposed evaporator heat transfer and model predictions 
with no entrainment. 

suitable to predict the different heat transfer limits of 
the experimental thermosyphon. For this reason, an 
analytical model was presented in the previous section 
for the purpose of providing a more suitable means 
of predicting the thermosyphon performance with 

the imposed convection boundary conditions. The 
assumptions in the model, of the near uniformity of 
pressure, predominance of the saturation condition in 
the core and smallness of the liquid subcooling in films 
of the thermosyphon, may be justified in view of the 
fact that the maximum temperature and pressure 
difference in experiments were always less than 5°C 
and 2500 Pa, respectively. 

4.1. Ident$cation of the model thermosyphon 
geometry 

An application of the model discussed in the pre- 
vious section requires at first a reduction of the 
geometry of the experimental thermosyphon illus- 
trated in Fig. 2 to that of the model geometry shown 
in Fig. 7. Towards this objective it should be noted 
that the model accounts for the thermohydrodynamic 
processes within the thermosyphon in an average 
manner and that the details of the heat transfer 
processes in the evaporator and condenser are not 
explicitly modeled. since the model only involves the 
heat transfer rates in these regions. Although the dis- 
tribution of heat transfer rates in the evaporator and 
condenser may not be very important in maintaining 
the heat transfer limits, they should, nevertheless, be 
important in determining the stability conditions 
between different quasi-steady states. The importance 
of maintaining as closely as possible the hydro- 
dynamic conditions between the two thermosyphons 
cannot, however. be underestimated. In our view it is 
necessary to maintain the volumes of the condensers 
and evaporators of the two thermosyphons identical, 
since these volumes provide the necessary com- 
pressible volumes for the maintenance of the therm- 

Table 1. Geometry of the model thermosyphon for use in 
the analytical model of the experimental thermosyphon 

i 
Case (2) (2) 2) 2) (;;I, (f) 

Volume 0.016 0.103 8.65 3.62 0.51 12.78 
ATConstant 0.016 0.103 14.44 3.62 1.32 19.38 

ally blocked and unblocked states. This approach of 
maintaining the volumes of the condensers and 
evaporators identical may be contrasted with a less 
plausible option which requires that the tem- 
perature difference between the heat transfer surface 
and working fluid is maintained identical. 

The geometry of the model thermosyphon in Fig. 
7 may, therefore, involve the two limiting situations 
noted above with the dimensions as given in Table 
1 and a filling charge identical to the experimental 
thermosyphon (0.006 m3). Note in Table 1 that the 
evaporator and adiabatic section diameters are 
assumed to be identical to the diameter of the adia- 
batic region of the experimental thermosyphon (Fig. 
2) and that the internal diameters of the condenser 
sections are maintained identical between the two 
thermosyphons. The lengths Z, and & pertain to the 
evaporator and adiabatic lengths, respectively, in an 
unoperating condition of the thermosyphon. For the 
case where the volumes of the model and experimental 
thermosyphon are matched (case Volume in Table l), 
the procedure for calculating & and & should be 
clear. In the case of AT Constant, however, it is 
required that 

Q/AT = A h model model - - &tua,Lua, (48) 

where A is the heat transfer area and h the heat transfer 
coefficient. For the condenser, the above equation 
may be written as follows [21] : 
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2d-E (3” = Aactual (&)‘.’ (49) 

where A,,,, = 0.53 rn’, d,, = 0.01 m, and NCOi, = 20. 
For the evaporator, the heat transfer coefficients are 
difficult to estimate reliably for the nucleate boiling 
processes in confined spaces of small tube diameters 
and different tube lengths for either the model or 
experimental thermosyphon : it will be assumed that 
they have the same order of magnitude in the two 
thermosyphons. Equation (48) gives, therefore, that 
A nmdcl = A actual = 1.45 m* from which follows the 
dimension of ?@ given in Table 1. The transformation 
of the geometry of the experimental thermosyphon of 
Fig. 2 to the model geometry of Fig. 7, for either of 
the two cases of Table 1, produces a considerable 
geometrical distortion. This implies that the actual 
temperature distributions in the experimental and 
model thermosyphons should be quite different, and 
that the replacement of the experimental thermo- 
syphon by the model thermosyphon may not be 
justifiable, particularly in the evaporator where there 
may exist a considerable temperature gradient of the 
working fluid. Realizing, however, that the model is 
a lumped parameter model and that it preserves the 
tube diameters and conservation of mass in the adia- 
batic regions of the two thermosyphons, the noted 
geometrical distortions of the evaporator and con- 
denser of the model thermosyphon should not be too 
important for large liquid fillings where the limiting 
thermosyphon operation is by flooding. 

4.2. Interpretation of data by the model 

For the case of Volume in Table 1, the relationship 
between the predicted flooding heat transfer rates, 
expressed in the form of a Reynolds number ReLa, vs 
the vapor temperature for different values of entrain- 
ments in the adiabatic and condenser sections is illus- 
trated in Fig. 10. Shown also in this figure are the 
experimental data of heat transfer rates expressed in 
the form of ReLa for the three different regions of 
operation of the experimental thermosyphon as de- 
lineated in Fig. 3(a), and the predicted values of the 
circulating working fluid volumes (the volume of 
working fluid not in the pool of the evaporator) QL 
at the flooding conditions. From the results of Fig. 10 
it may be concluded that the level of entrainment in 
the condenser of less than 30% has no effect on the 
predicted flooding heat transfer rates for all entrain- 
ment levels in the adiabatic region of less than 30%. 
Both the entrainment in the evaporator and in the 
condenser, have, however, a pronounced effect on the 
distribution of Qi, with the results being limited by 
the two bands with (0 GE, 6 0.3, EC = 0) and 
(0 ,< E, 6 0.3, EC = 0.3). 

By comparing the predicted flooding heat transfer 
rates or Re,, with the experimental data in Fig. 10 it 
may be possible to establish the entrainment levels in 
the experimental thermosyphon before the achieve- 
ment of the thermal blocking conditions. Figure 11 

illustrates the results of this matching for the heat 
transfer rates in region DE and maximum heat trans- 
fer rates in region E-F shown in Fig. 3(a). As dis- 
cussed in Section 2, the exact values of the heat trans- 
fer rates corresponding to the onset of flooding in the 
experimental thermosyphon are not well defined by 
the data, but lie somewhere between the two limiting 
values of heat transfer rates in regions DE and EF. 
For this reason, the dashed curve in Fig. 11 can be 
identified as representing an average value of the 
entrainment in the thermosyphon at the onset of 
flooding. Corresponding to these average values of 
entrainment the results for Q; in Fig. 10 may then be 
used to establish the two curves for Qt shown in 
Fig. 11 corresponding to the two possible entrainment 
levels in the condenser. 

The reason for reporting the predicted values of Qt 
will serve the purpose for the interpretation of the 
thermally blocked heat transfer data by the model. As 
interpreted in Section 2, the transient period from E 
to F in Fig. 3(a) which produces the thermally blocked 
conditions in the therrnosyphon is a result of the trans- 
fer of liquid from the pool of the evaporator into the 
condenser and the establishment of a new flooding 
state in the adiabatic region and the dryout condition 
in the evaporator. To predict the dryout state of the 
thermosyphon by the model it should only be neces- 
sary to use now the model with a new value of the 
liquid filling corresponding to QL and determine the 
corresponding dryout heat transfer rate. The result of 
this procedure is illustrated in Fig. 12 for different 
values of entrainments and corresponding to the two 
limiting values of Q k for the case Volume of Table 1. 
As seen from this figure, the thermally blocked heat 
transfer rates may be predicted within f 30% for very 
reasonable values of entrainments in the thermo- 
syphon. Moreover, the actual value of Q’,_ should 
be between Q&,, and Qt,MAX and the data should 
be predicted with quite low values of the entrainment. 
These low values of entrainment during the thermal 
blocking conditions of the thermosyphon should be 
expected in view of the low film flow rates and the 
available experimental data [22] from which the 
entrainment correlation may be deduced and used as 
a dependent variable in the model. 

The adopted procedure for the prediction of heat 
transfer rates of the thermally blocked conditions in 
the thermosyphon for the case of Volume in Table 1 
may be repeated for the case of AT Constant. Thus 
Fig. 13 corresponds to Fig. 10 and illustrates the 
experimental data together with the predicted flood- 
ing heat transfer rates and circulating working fluid 
volumes as a function of the vapor temperature for 
different values of entrainment. By matching the data 
with the corresponding entrainment values in this 
figure, it is then possible to generate the results in Fig. 
14 (which is equivalent to Fig. 11) and determine the 
two possible limits of Q;,,,rN and Q&x. With these 
values of liquid fillings the model can then be used to 
establish the dryout heat transfer limits for different 

am 31:9-P 
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FIG. 10. Relationship between the predicted heat transfer rates and circulating volumes of the working 
fluid at flooding with the vapor temperature for different entrainments for the case Volume. 
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FIG. Il. Estimated entrainment and circulating volumes of the working fluid at the onset of flooding for 
the case Volume. 

values of entrainments, and the results can be com- 
pared with data of the thermal blocking heat transfer 
rates as illustrated in Fig. 15. Note that by comparing 
the results of Figs. 10 and 13 there is essentially no 
difference in the prediction of flooding heat transfer 
rates at different entrainment values ; but there is a 
significant and important difference in the prediction 
of the circulating working fluid volumes at flooding. 
This difference manifests itself clearly in Fig. 15 as 
may be seen by comparing the results with those of 
Fig. 12. The prediction of the experimental data can 
be achieved only with a non-zero value of the entrain- 
ment for all values of Qk in the range from Q&,IN 
to QL,MAX. Moreover, high values of the circulating 

working fluid volumes require quite high values of 
entrainments to achieve a good prediction of data. As 
discussed previously, the actual value of Q; should be 
somewhere between QL,M,N and Q&AX which, when 
compared with the results in Fig. 12 for the case 
Volume, implies that the case of AT Constant is not 
as suitable for predicting the thermally blocked heat 
transfer rates. 

It should be noted in Fig. 15 that the lowest value 
of Qi and entrainment values of E, = EC = 0.15 tend 
to produce a flattening of Re,, at higher temperatures. 
To investigate this effect more thoroughly, shown in 
Fig. 16 is a study of the effect of some limiting values 
of entrainments on the Re,,-vapor temperature 
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FIG. 12. Relationship between the experimental data of thermal blocking heat transfer rates and model 
predictions of the dryout heat transfer rates for the case Volume. 

3000 

0 2 

4 

F 2000 
N 

z 
.Y 
,I 
,d 

ct 
1000 

0 I I 1 I I I 
20 30 40 50 60 70 80 

I I / I 

CASE : AT CONSTANT 
I I 

VAPOR TEMPERATURE ( C ) 

FIG. 13. Relationship between the predicted heat transfer rates and circulating volumes of the working 
fluid at flooding with the vapor temperature for different entrainments for the case AT Constant. 

relationships at the dryout for the two cases of Table 
1 and Ql.M,N corresponding to Figs. 11 and 14. The 

conclusion from this figure is that a low value of Qi 
and the entrainment of liquid in the vapor core may 
not only produce a flattening noted above, but also 
a maximum in Re,. Moreover, this effect is more 
pronounced for the higher entrainment values in the 
condenser. Note, however, that in the model the 
entrainment is specified as an independent parameter 
and that the maximum in ReL, may not exist. 

In concluding this section on the modeling and 

analysis of data, it should be noted that the prediction 
of the thermally blocked heat transfer rates of the 
experimental thermosyphon was modpIed only by the 
dryout in the evaporator and not with the sim- 
ultaneous occurrence of a new flooding state in the 
thermosyphon as evidenced by the interpretation of 
the data. The present model is, clearly, too simple to 
be able to predict these simultaneous processes and 
has required, in effect, the elimination of the liquid 
from the pool of the evaporator at the occurrence of 
the flooding condition for the subsequent utilization 
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FIG. 14. Estimated entrainment and circulating volumes of the working fluid at the onset of flooding for 
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FIG. 15. Relatitinship between the experimental data of thermal blocking heat transfer rates and model 
predictions of the dryout heat transfer rates for the case AT Constant. 

ANALYTICAL RESULTS 

CASE : AT CONSTANT i 

of the model in order to achieve a correspondence 
between the predicted dryout and the experimental 
thermally blocked heat transfer rates. 

5. SUMMARY AND CONCLUSIONS 

Experiments were conducted with Freon- 11 in a 
closed two-phase thermosyphon with imposed heat- 
ing and cooling fluid inlet temperatures in the evap- 
orator and condenser. By increasing the temperature 
difference between the heating and cooling fluids it 
was discovered that the thermosyphon may exhibit 
different operational modes depending on this tem- 

perature difference. With an increasing heat transfer 
rate the thermosyphon at first exhibited a maximum 
heat transfer carrying capacity which was identified 
with the flooding heat transfer limit. Beyond this heat 
transfer limit the thermosyphon operation reverted to 
a new steady state with a lower heat transfer rate. This 
latter state was identified as the thermal blocking heat 
transfer limit, since any further increase in the tem- 
perature difference between the heating and cooling 
fluids did not produce a further change in the heat 
transfer capacity of the working fluid in the thermo- 
syphon. The value of the thermal blocking heat 
transfer rate lower than that prior to the transition to 
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FIG. 16. Predicted dryout heat transfer rates for low values of the circulating working fluid volumes for 
the cases of Volume and AT Constant. 

this state (flooding) was attributed to the simul- 
taneous occurrence of the dryout in the evaporator 

and the establishment of a new flooding state in the 
adiabatic region. This resulted from the transfer of 
liquid from the evaporator to the condenser during the 
transient non-equilibrium process from the flooding 
state to that of the thermally blocked state. In the 
thermally blocked state the therrnosyphon exhibited 
higher amplitude pressure oscillations and upon a 
decrease in the temperature difference of the heating 
and cooling fluids it reverted smoothly to the normal 
operation at a lower heat transfer rate. 

The operation of the thermosyphon at different 
working fluid temperatures was modeled by a lumped 
parameter model which accounts for different geo- 
metric configurations of the evaporator and con- 
denser regions, and includes the effect of the liquid 
droplet entrainment in the vapor cores of these 
regions. The model predictions of the flooding heat 
transfer rates was first verified with the uniform dia- 
meter thermosyphon data using water and methanol 
as working fluids. The prediction of flooding heat 
transfer rates prior to the change of state to the therm- 
ally blocked condition of the present experimental 
investigation was also shown to be very reasonable 
with the expected values of entrainment in the ther- 
mosyphon. By assuming a minimum and maximum 
value of the entrainment, the model was then used to 
predict the dryout heat transfer limits and the pre- 
dictions were compared with the thermally blocked 
heat transfer data. This comparison turned out to be 
very reasonable if the model employs a small, but non- 
zero, value of the entrainment in the vapor core. 

The imposed convection boundary conditions in 
the evaporator and condenser of a thermosyphon 

demonstrated that the thermosyphon may exhibit the 
operational modes which are different from the 
boundary condition of the imposed heat transfer rate 

to the evaporator. The lumped parameter modeling 
of the thermosyphon demonstrated not only its utility 
in modeling the experimental observations but also its 
efficiency and flexibility. As such, the model should 
prove to be a very useful tool for the prediction of 
thermosyphon performance with different geometries, 
boundary conditions and working fluids. 
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ETUDE EXPERIMENTALE ET MODELE ANALYTIQUE DUN THERMOSIPHON 
DIPHASIQUE AVEC DES CONDITIONS DE CONVECTION AUX LIMITES 

R&um&Un thermosiphon diphasique fermt operant avec du R-l 11 et des conditions convectives aux 
limites sur les surfaces chaudes et froides est etudie experimentalement et mod&list analytiquement pour 
les temperatures du fluide. On observe differents modes optratoires qui dependent de la difference de 
temperature entre chauffage et refroidissement du fluide. Un accroissement de cette difference produit 
d’abord un taux de transfert thermique maximal identifiable a la limite d’engorgement. Au dell de ce point, 
le fonctionnement du thermosiphon se renverse en un &tat stationnaire en passant par un mecanisme 
transitoire hors d’equilibre. Le nouvel &tat stationnaire, identifie avec la condition de blocage thermique, 
produit un transfert plus faible et il correspond a l’existence simultanee (1) dun nouvel &tat d’engorgement 
prts de la sortie de la section adiabatique et (2) d’un asdchement dans l’evaporateur qui resulte du transfert 
du liquide de l’evaporateur vers le condenseur, ce qui conduit a la condition de blocage thermique. Les 
modes operatoires limitants du thermosiphon sont modelises par un modele qui tient compte des differentes 
configurations geomttriques et de I’entrainement du liquide dans la vapeur. Une comparaison entre les 
flux de chaleur predits et exptrimentaux, avant et pendant la condition de blocage thermique, montre 

I’utilite du modtle pour predire les mecanismes thermohydrauliques complexes dans un thermosiphon. 

EXPERIMENTELLE UND ANALYTISCHE UNTERSUCHUNGEN AN EINEM 
GESCHLOSSENEN ZWEIPHASEN-THERMOSYPHON BE1 KONVEKTIVEN 

RANDBEDINGUNGEN 

Zusammenfassung-Ein mit Klltemittel Rl 1 betriebener geschlossener Zweiphasen-Thermosyphon wurde 
bei konvektiven Randbedingungen an der beheizten und gekiihlten Oberflache experimentell untersucht 
und analvtisch mit einem Model1 mit verteilten Parametem fur unterschiedliche Arbeitsmitteltemperaturen 
nachgebidet. Der Thermosyphon weist verschiedene Betriebszustlnde auf, die von der Temperaturdifferenz 
zwischen dem Heiz- und Kiihlfluid abhangt. Eine Zunahme dieser Temperaturdifferenz ruft zuerst ein 
Maximum der iibertragenen Warme hervor;das gleichzusetzen ist mit der Warmeiibertragungsgrenze beim 
“Flooding”. Oberhalb dieser Grenze kehrt der Thermosyphon fiber einen transienten Vorgang zu einem 
neuen, stationaren Zustand zuriick. Dieser neue stationare Zustand, als “Thermal Blocking” bezeichnet, 
zeigt ein niedrigeres Wlrmeiibertragungsvermogen und wird zuriickgefiihrt auf die gleichzeitige Existenz 
von: (1) “Flooding” in der Nlhe oder am Ausgang des adiabaten Bereichs, (2) Austrocknen des 
Verdampfers, der aus einem Fltissigkeitstransport vom Verdampfer in den Kondensator wahrend des 
transienten Vorgangs resultiert. Die Betriebsgrenzen des Thermosyphons werden durch ein Model1 mit 
verteilten Parametern nachgebildet. das verschiedene geometrische Anordnungen und Entrainment von 
Fliissigkeit im Dampf zulagt. Ein Vergleich zwischen berechnetem und gemessenem Wlrmeiibergang vor 
und wahrend des “Thermal-Blocking” zeigt die Niitzlichkeit des Modells zur Berechnung komplexer 

thermohydrodynamischer Vorglnge in einem Thermosyphon. 
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3KCIIEPMMEHTAJIbHOE HCCJIEAOBAHME M AHAJWTM~ECKOE MOJJFUIkiPOBAHHE 
3AMKHYTOTO ABYX@A3HOI-0 TEPMOCWDOHA I-IPM 3AmHHbIX KOHBEKTMBHbIX 

I-PAHWIHbIX YCJIOBWIX 

hEOTtUW---~POBeneliO 3KClI~HMWTUlbH~ HCCJIWOBaHHe 3aMKHyTOTO nByX&3HOrO TepMOCH@OHa, B 

KOTOPOM B KavecTBe pa6orleii zmimmcrH HcnonbsyeTCn @.oH-11, a Ha Xi~peLUeMOfi H OXJIaXCJJaeMOk 
nOBepXHOCTKX 3aEUOTCK KOHBeKTliBHbIe I’paHH’lHbIe yCJIOBH% kiCllOJlb3yK KyCO'iHbIe napaMqbI !UIK 

0nHcaHwnHshsewnoueircnTebsnepaTypar pa6oqefi FORTH, paspa60TatiaaHanHrHnecKan Monenbnpo- 
necca.B 3amicUMm OT pa3HocTa TeMnepaTyp hfercsy HarpesaloqeP B 0xnwaIoruefi ~OCTKMH 

HMeJlH MeCTO pa3Jlli'lHbIe peKCSiF.fbJ pa6oTbl TeJMJCH~OHa. npH yBeJlH~eH&iEi 3TOii pa3HOCTH HHTWCHB- 

H0crb TennonepeHocacHa~anan0cwranahfaKcwr4ybfa, ~~~~ptioTo~~q~n~KeTcKcnpe~e~bHoii BenA- 

'WHO% TenlIOBOrO nOTOKa npH 3aTO,,.,IeHHH. &lTeM Yepe3 HeCTaWiOHapHOe HepaBHOBeCHOe COCTORHHe 

TepMOCE@OH BblXO,lH,, Ha HOBblii CTaI(iiOHaPHb&i PCWiM. B 3TOM pe;itWhie, IIpHpaBHHBaeMOM K B03HHK- 

HOBeHWIO yCJIOBHff TeWlOBOfi 6JIOKHpOBKH, OTMeYaeTCR CHHxeHHe TellJIOne~~alOlIlefi CnOCO6HOCTH 

83-3a O~OBp%feHHOrO BO3AeiiCTBHKCJIeAytoWiX I$aKTOpOB: (l)Oqeperu~Oe 3aTOIlJleHHeB6JIH3H arura6a- 
THWCKOrO y'iaCTKa HJIH Ha BbIXOIIe H3 Her0 El (2) KpH3HC TelIJlOO6MeHa B HCnapHTene B p3yJlbTaTe 

nepeToKa XEiAKOCTA B KO~eHCaTOp,npEBOJVlIWii K nOBBneHEiE0 yCJIOBHK TenJlOBOii 6JlOKHpOBKli.~~- 

aeJTbHbIe pa6oqHe peXCHMbI TepMOCHI$OHa MOneJIHpOBaJIHCb C nOMOIlW0 KyCOWibIX napaMeTpoB, yYH- 

Tbwamwx pa3nHsHyro reoMeTpHIo annapaTa H yHoc *mOcTH napoM. CpaeHeHwe pacwTH61x H 

3KCIbZpHMeHTaJTbHbIX 3Ha'leHHii HHTeHCHBHOCTEi TCJIJIOlle~HOCa A0 TenJIOBOii 6lIOKEipOBKH H BO BpehU 
eSnOKa3aJIO,'fTO n~~OlKeHH~MO~eJIbMO~eTHCnOJIb3OBaTbCK AJISI paC'IeTaCJIOXSE.IX TepMOrHpOiVi- 


