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Naphthalene thermosyphons are efficient heat transfer devices that operate within 250 and 400 °C. There
is a lack of literature about naphthalene thermosyphons, especially with the presence of non-condens-
able gases (NCG). Thermal circuit resistance models, considering or not NCG, are developed. NCG-vapor
flat front hypothesis is adopted. Condensation and evaporation heat transfer coefficients are obtained
from literature correlations. Thermal resistance data provided from naphthalene thermosyphon charged
with argon, is obtained using especial experimental setup. Two combinations of correlations provided
good comparison with data, for thermosyphons with and without NCG. These models are successfully
applied for heat exchanger design.
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1. Introduction

Two-phase thermosyphons are high conductance thermal de-
vices, which can present different geometries and sizes, being very
suitable for applications in compact and efficient heat exchangers.
Actually, the industry interest in such devices is increasing, as they
are reliable, robust and safe and demands low maintenance.

Basically, a thermosyphon is a hollow evacuated tube, partially
filled with working fluid. Heat is delivered to the thermosyphon in
the bottom of the tube, the evaporator. The liquid in contact with
the heat evaporates and the resulting vapor, due to the pressure
gradients, flows to the top of the tube. In this region, the condenser,
heat is removed and the vapor condensates. The resulting liquid re-
turns to the evaporator by means of gravity. Thermosyphons and
heat pipes are very similar devices; in heat pipes the liquid is re-
turned to the evaporator by means of the capillary forces provided
by a wick usually located close to the tube wall.

The heat Pipe Laboratory of the Federal University of Santa Cat-
arina, Brazil (Labtucal/UFSC) has, over the past 15 years, developed
several heat pipe and thermosyphon technology thermal equip-
ment, for different industrial or electronic cooling applications.
The research and development work includes: modeling and tests
of special heat pipes or thermosyphons; testing of small scale
equipment prototypes; design and fabrication of very small de-
vices, for electronic thermal control of earth and satellite equip-
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ment [1-3]; design of large equipment, such as heating systems
for industrial ovens [4,5] or asphalt storage tanks [6]; fabrication
and test of cryogenic heat pipes, for cooling satellites sensors
[7,8]; and high temperature thermosyphons [9].

Many of these equipment works at moderate temperature lev-
els (between 0 and 250 °C). Water has been used as the working
fluid. However, new industrial applications demands for higher
operating temperature levels, ranging between 200 and 400 °C,
where water is not appropriated. Actually, the water vapor pres-
sure for temperatures above 250 °C, is very high, and, to guarantee
the mechanical integrity of water thermosyphons operating at high
temperatures, the case walls must be thick, increasing the equip-
ment weight and cost. On the other hand, for very high tempera-
ture levels (above 600 °C), liquid metals, such as mercury and
sodium are used, as reported in the literature [10,11]. For interme-
diate temperatures, between 300 and 600 °C, organic working flu-
ids and, among them, naphthalene, has being considered as a
suitable fluid [12-14] and has been applied in many heat exchang-
ers in China. Although used naphthalene is hardly mentioned in
classical books [15-18]. Naphthalene can chemically react with
the case metal, generating non-condensable gases (NCG), which
accumulate on the extreme condenser regions, reducing the heat
transfer capacity of the thermosyphon. Not many theoretical and
experimental works deal with the thermal performance of naph-
thalene thermosyphons, especially those concerning the presence
of NCG.

Heat pipe or thermosyphon heat exchangers have been de-
signed, tested and are operating in many countries around the
world [14,19,20]. A software for the thermal design of these equip-
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Nomenclature

tube cross section area (m?)
diameter (m)

coefficient of heat transfer (W/m? K)
condenser length (m)

thermal conductivity (W/m K)
length (m)

number of moles

pressure (Pa)

thermal resistance (°C/W)
ideal gas constant
temperature (°C, K)
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Subscripts
0 initial condition
adiab adiabatic

c cross section

cond condensation

eff effective

env environment

evap evaporator

ext external

f fluid

int internal

max maximum

NCG non-condensable gas
pc cooling system wall
pool pool

v vapor

w wall

water  water

ment was developed by Borges et al. [21], which takes into account
the thermal resistances associated with the evaporation and con-
densation phenomena that happens inside the thermosyphon
and the convection heat transfer that happens outside the evapora-
tor and condenser section of the device. The coefficients of heat
transfer used to estimate the thermosyphon internal evaporation
and condensation resistances are obtained from literature correla-
tions, which are based on experimental data, usually developed for
working fluids such as water, alcohols, ammonia, etc. For the deter-
mination of outside thermosyphon convection heat transfer, liter-
ature correlations for cross flow tube bundle arrays [22] are
applied. Actually, the thermal resistances associated with the
external heat transfer mechanisms are usually much larger than
the internal resistances. Therefore, the geometry and the number
of thermosyphons are much more dependent on the capacity of
the thermosyphon tube bundle to absorb and reject heat in the
evaporator and condenser regions then the capacity of the tubes
to transfer this heat. In these softwares, the overall internal ther-
mosyphon resistance is estimated using the analogy between elec-
trical and thermal circuit [23] models. These models present very
good results for water, methanol, acetone and other well known
working fluids. But almost no comparison of traditional models
with moderate-high temperature working fluids, such as naphtha-
lene, is found in the literature.

The influence of NCG in the thermal performance of thermosy-
phons is very important information to be considered for the de-
sign of heat exchangers. NCG results from deficiencies in the
fabrication process (low vacuum inside the tube before charging,
gasses or impurities dissolved in the working fluid, etc.) or due
to the chemical reaction of the working fluid and case material.

Several theoretical models for the prediction of heat transfer
behavior of heat pipes and thermosyphons can be found in the lit-
erature. Some of them take into account the presence of NCG. The
level of complexity of these models varies from simple (electric
analogy) to sophisticated two dimensional models, which consi-
derers the presence of a non-flat vapor-NCG front in the con-
denser, usually solved using numerical methods. Obviously the
complex models describe the physical phenomena with greater
precision than the simple ones, but they are far more computa-
tional time consuming, being in many applications unsuitable for
implementation in heat exchanger design softwares.

The main objective of the present paper is to study theoretical
and experimentally the thermal performance of naphthalene ther-
mosyphons, operating in several temperature levels, without and
with the presence of NCG. Data obtained from an especial experi-
mental apparatus, able to control simultaneously the heat power

input and the thermosyphon temperature, are compared with
the present model. The thermal behavior of this experimental
apparatus is also modeled. Therefore, the present paper addresses
the question of whether literature models developed for and com-
pared with conventional working fluids can also be applied to
naphthalene thermosyphons, with or without NCG. For the present
study, a simple 1D model, based on the electric/thermal analogy,
applicable to heat exchanger design softwares, is developed for
the prediction of the thermal behavior of naphthalene
thermosyphons.

2. Literature review
2.1. Thermosyphon modeling

The electrical and thermal analogy model has been widely ap-
plied for steady state conditions [18,23,24] in thermosyphons.
Many papers in the literature study the condensation and evapora-
tion processes inside thermosyphon condensers and evaporators.
Most of the condensers theoretical works are based on the Nusselt
classical model for vapor condensation over a vertical wall [25].
Two different regions are observed in the evaporator: the thin film
and the pool. For the film region, models based on Nusselt evapo-
ration, similar to those used for the condenser, were developed
[26]. For the pool region, pool boiling evaporation theory is applied
[25]. The models are compared with data and, as a result, model
based correlations were obtained, which are used for the predic-
tion of the coefficients of heat transfer for the evaporation and con-
densation inside the thermosyphon. Most of the experimental data
used for correlations are based on water, but working fluids such as
alcohols, ammonia and acetone were also tested. These models and
correlations were implemented in the software developed for the
design of heat exchangers [20,21], which has been used success-
fully for water thermosyphon equipment.

Although the condenser region plug effect of NCG in heat pipes
and thermosyphons are similar, the condensation heat transfer
phenomena are quite different for both devices, so that models
developed for heat pipes cannot be directly applied for thermosy-
phons. The presence of NCG inside heat pipes was investigated
along the years, mainly for the study of the thermal behavior of
variable conductance heat pipes, which are usually applied for
the thermal control of spacecrafts and satellites [15-18].

Edwards and Marcus (1972) [27] developed a 1D model for the
prediction of the heat transfer in heat pipes with NCG. They ob-
served that, in steady state conditions, there is a smooth decrease
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in the vapor concentration and a correspondent increase in NCG
concentration that occurs over an appreciable length of the pipe.
Also, natural convection and tube wall axial conduction can influ-
ence this vapor/NCG front. They concluded that the flat-front the-
ory applied for traditional variable conductance heat pipe, adopted
as the physical model by Marcus and Fleishman (1970) [28] does
not predict the front behavior very well. Edwards and Marcus
tested heat pipes made of the following casing materials: stainless
steel, titanium, nickel or aluminum, charged with: methanol,
ammonia or water. They verified that the conductivity of the pipe
wall has strong influence in the transition region between vapor
and NCG. They used, for the Fourier law conduction models, the
thermal effective conductivity concept, which includes the thermal
conductivity of the working fluid and of the wick material. The the-
oretical results compared quite well with the data they obtained.
Rohani and Tien, in 1973 [29], developed a steady two-dimensional
heat and mass transfer numerical analysis in the vapor-NCG region
of a gas loaded heat pipe. They applied their model to the following
combination of vapor-NCG: water-nitrogen, methanol-nitrogen,
ammonia-nitrogen, sodium-argon and water-air.

Later, in the 1980 decade, Tien and co-workers [30-32] devel-
oped more detailed theoretical and experimental studies for ther-
mosyphons with NCG. Hijikata et al. (1984) [30] considered that, in
addition to the axial mass diffusion, the radial diffusion caused
NCG to accumulate at the vapor-liquid interface, retarding vapor
condensation. They developed a 2D model applied for water ther-
mosyphons with air as NCG. The vapor-gas mixture was assumed
to follow the ideal gas law and the NCG are assumed stationary at
the top of the condenser region. The wall condensation is assumed
to follow the Nusselt type solution. The problem was solved
numerically. Later, Peterson and Tien (1989) [32] established three
levels of complexity for the theoretical treatment of the vapor-
NCG front analysis: flat front, simplified analytical formulation
and numerical calculations, which take into account the mass dif-
fuse transport in the vapor-NCG interface region. They solved the
2D problem using the integral technique, which required, accord-
ing to the authors, less computational time for the same result pre-
cision obtained by the Hijikata et al. They compared favorably their
theoretical results with data that these same authors obtained for
water in the presence of combination of the following NCGs: he-
lium, neon and argon [31].

Another analytical model was presented and solved numeri-
cally in 1992 by Juxiang and Tongming [33], who claimed the
development of a model which takes into account all the main fac-
tors that influence the gas distribution in the condenser of a gas-
loaded thermosyphon. Also, an experimental work on water and
N, thermosyphon was performed, presenting good comparison
with the model. Maezawa and Ishihara, in 1994 [34] developed a
simplified model which considered laminar filmwise condensation
based on Nusselt theory and planar vapor/NCG front. They com-
pared quite well their theoretical results with experimental data
obtained for acetone and N,. Other combination of working fluid
(acetone, water, ethanol) and NCG (N,, air and argon) were also
studied. Zhou and Collins, in 1995 [35], presented a theoretical
study for a gas-loaded thermosyphon, where the diffusion equa-
tion in the interface region was solved numerically. They also pre-
sented an experimental work where they performed accurate
measurements of the thickness of the water condensed film. In
1999, Hashimoro et al. [36] presented an experimental study of
the condensation characteristics of a NCG loaded thermosyphon,
using water and air. They also employed a flat front model for
the vapor-NCG front, in their numerical modeling.

Obviously, the 2D complete models describes better the physical
behavior of the vapor-NCG front, but, on the other hand, are com-
putational time consuming and, therefore, are not adequate to be
implemented in softwares used for the design of thermosyphon

heat exchangers. Flat front models, although very simple and less
precise, are still successfully used for these applications. It is impor-
tant to remember that there is a lack of studies which includes the
comparison between the thermal behavior of naphthalene ther-
mosyphons and theoretical models in the literature.

It is also important to note that Kaiping and Renz, in 1991 [37]
in their study about the thermal diffusion effects between the va-
por and the NCG front in turbulent partial condensation, demon-
strated numerical and experimentally that, for a mixture of two
gases which present high molecular mass difference, the thermal
diffusion effect will be of importance. They tested mixtures of air
and water vapor (molecular mass ratio of 1.6) and of iso-octane
and N, (molecular mass ratio of 8.2) and concluded that the ther-
mal diffusion for the first binary mixture was not important, but it
was relevant for the second one. The ratio of molecular mass for
naphthalene and air is 4.4, so the models developed for thermosy-
phons with NCG available in the literature, which do not take ther-
mal diffusion (only mass diffusion) into consideration, might not
be appropriate for naphthalene/air thermosyphons.

2.2. The naphthalene as a working fluid

Naphthalene is an aromatic hydrocarbon (C;oHg) with molecu-
lar mass of 128.16 g/ml. Detailed characteristics of the naphtha-
lene can be found in the work of Bruce et al. [38]. Vapor pressure
is one of the most important parameters to be considered in the
selection of the appropriated thermosyphon and heat pipe working
fluid. Fig. 1 presents the vapor pressure as a function of the con-
densation temperature for the naphthalene and for the water, for
comparison. It can be observed that the naphthalene vapor pres-
sure is more than one order of magnitude lower than that of the
water, being, therefore, more appropriated for thermosyphons
operating at higher temperature levels.

More recently, Devarakonda and Anderson [39], in 2005, pro-
posed the use of several working fluids, which present low vapor
pressure for operating at the temperature range from 127 to
427 °C: aniline, naphthalene, toluene, hydrazine and phenols. They
also stated that the heat pipe technology is mature for low and
high temperature levels, but for intermediate temperatures, re-
search still needs to be done. They suggested that the working tem-
perature should be around 100 °C below the working fluid critical
point.

Anderson [40], in 2007, presented a study of intermediate
temperature fluids for heat pipes and loop heat pipes. This
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Fig. 1. Vapor pressure as a function of the temperature for naphthalene and water.
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researcher performed a 5520 h life test of a carbon steel-naph-
thalene thermosyphon at 350 °C. He showed that the naphtha-
lene did not degrade (did not produce considerable amount of
NCG), concluding, therefore, that naphthalene and carbon steel
are compatible. In this same paper, Anderson states that naph-
thalene is compatible with stainless steel, nickel-cooper alloys
and titanium, for operating temperatures above 320 °C. For low

3417

temperature levels, the naphthalene demonstrated to be compat-
ible with aluminum and low-alloy carbon steel. Also, naphtha-
lene showed to be compatible with stainless steel for high
temperatures (380 °C), in short period tests. Anderson [40] also
believes that the fluoride composites are more stable than
hydrogen composites, but this observation still needs life tests
confirmation.
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3418 M.B.H. Mantelli et al./International Journal of Heat and Mass Transfer 53 (2010) 3414-3428

3. Analytical models

The analogy between electric and thermal circuit model is usu-
ally applied for thermosyphons operating in steady state condi-
tions [18,23]. A typical thermal circuit [23,24] is presented in
Fig. 2 for thermosyphons operating without NCG. The thermal
resistances are defined as the ratio between temperature differ-
ences and the heat power transferred. In this figure, R; and Rq
are related to the external heat exchange phenomena; R, Rg and
Ry are related to the heat conduction through the tube wall in
the axial (evaporator and condenser regions) and longitudinal
directions, respectively; Rs is related to the evaporation, and has
two sub regions: the pool boiling resistance, in the evaporator rear
region where working fluid accumulates, and the liquid film in the
wall; R4 and Rg are the thermal resistances associated with the
interface liquid-vapor, for the evaporator and condenser, respec-
tively, usually neglected; and, finally, Rs is the thermal resistance
associated with the vapor flow inside the tube. The resistances
associated with the condensation and evaporation phenomena
are determined with the use of correlations obtained from the lit-
erature, as presented by Mantelli et al. [24].

The left side of Fig. 2b presents the schematic of the thermal cir-
cuit adopted, where the resistances are the same presented in
Fig. 2a, but, in the right side, the original circuit is slightly simpli-
fied, with the application of the hypothesis that the wall tempera-
ture is the same of the vapor temperature in the adiabatic section
of the thermosyphon. With this simplification, it is possible to
model the evaporator and the condenser sections separately.

The left side of Fig. 2c presents a sketch of the physical model
adopted for a naphthalene stainless steel thermosyphon operating
in vertical position, considering the presence of NCG inside the
thermosyphon. In this model, all the length of the evaporator is
considered full of working fluid. The evaporation happens in nucle-
ate pool boiling regime. No external heat transfer is considered for
the adiabatic section, which is insulated. The condensation hap-
pens below the NCG layer, located in the condenser. The vapor-
NGC front is considered flat and no mass or thermal diffusion is
considered. The two-phase flow is annular; the liquid flows from
condenser to evaporator over the internal surface of the tube, while
the vapor runs in countercurrent flux, in the central region of the
tube. Natural convection heat transfer is considered for the NCG
condenser region.

Other hypothesis are also adopted: steady sate conditions; uni-
form film condensation over the inside wall of the tube; naphtha-
lene is a Newtonian fluid; there is no significant chemical reaction
during the thermosyphon operation; all heat transfer processes are
one-dimensional; the vapor drag of small condensate drops is ne-
glected; the convective boiling of the liquid film in the upper re-
gions of the evaporator wall is also neglected and no variation of
physical-chemical properties are considered.

The calorimeter used to extract heat from the thermosyphon
during tests is also modeled using the thermal and electrical anal-
ogy. To control the power input and the thermosyphon tempera-
ture level, a thin layer of static air fills the cavity between the
tube wall and the condenser water jacket, where heat is removed
from the system. Simple classic convection heat transfer theory
[41] shows that no convection is expected through the static air
in the gap. Therefore, heat is transferred by pure conduction. In
the top of Fig. 3, the thermal resistance circuit associated with
the condenser is presented. In Fig. 3 Detail A, R;; and R;, represent
the resistances between the air and thermosyphon and between air
and cooling system walls, respectively. R,3 represents the radiation
thermal resistance between the cavity walls. In the present case,
Rq1, R12 and Ry3 were all joined in one unique thermal resistance
equivalent to the conduction through the air, considered static.
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Fig. 3. Sketch of the experimental heat removal system and the associated thermal
circuit.

Ry4 is associated with the conduction heat transfer of the cooling
system internal wall, R;s the cooling water convection resistance,
determined using literature well known convection heat transfer
coefficients. In Detail B, R is the conduction thermal resistance
in the axial direction of the thermosyphon wall and finally R;; rep-
resents the conduction resistance of the insulation material in the
adiabatic section, which is parallel to Rye. Also in this figure, H is
the length of the condenser, T is the cooling system wall temper-
ature and T,q.r is the temperature of the refrigeration water. All
the conduction heat transfer resistances are determined using clas-
sical Fourier law expressions (see following section).

The heat transfer limits (flooding, sonic, boiling, etc.) for ther-
mosyphons were calculated by Angelo [42] using the models avail-
able in the literature [18]. All the heat transfer limits were far
beyond the power input of the present study and will not be pre-
sented in this paper.

3.1. Models for the thermosyphon thermal resistances

Well known equations are used to determine the wall conduc-
tion radial resistances and the convection resistances [22], associ-
ated with the thermal circuits presented in Section 2. The main
challenge is to determine the coefficients of heat transfer.

As reported in the literature [9,11,42], the thermal performance
of high temperature thermosyphons depends strongly of the heat
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transfer mechanisms inside the evaporator. According to the heat
transfer regime in this region, different correlations can be used
to estimate the heat transfer rate. In the present case, nucleate pool
boiling is assumed. Angelo [42] verified that the experimental heat
fluxes used in the present work are well below those needed to
reach boiling crisis (critical flux), but are high enough to keep the
thermosyphon operation in nucleate boiling regime. Many correla-
tions are available to evaluate the onset of nucleate boiling. Using a
model developed by Kamil et al. [43], Angelo [42] determined that,
for the naphthalene, the onset fluxes for nucleate boiling varied be-
tween 11 and 1500 W/m?, below 5600 W/m?, the smallest heat
flux experimentally tested, showing that the nucleate boiling
hypothesis is suitable for the present model.

As already mentioned, the evaporator and pool lengths are con-
sidered equal (lpoor = levap)- This is a good approximation, as the
evaporator filling ratio (ratio between the volumes of the working
fluid and the evaporator) of the thermosyphon studied is 80% and,
during operation, the bubbles formed in the pool increases the
effective length of the working fluid in the evaporator.

Four correlations: Foster and Zuber [25], Kutatelaze [25], Ste-
phan and Abdelsalam [44] and Cooper [45], were used to estimate
the evaporator coefficient of heat transfer (nucleate pool boiling),
for the thermosyphon under investigation. Fig. 4a shows plots of
these coefficients as a function of the vapor temperature, consider-
ing the conditions of 100%, 50% and 10% of the maximum theoret-
ical heat flux that the apparatus, where the tests were conducted,
is able to transfer. The apparatus heat transfer capacity was used in
this study, as the thermosyphon power limits shows that this de-
vice is able to transfer far beyond the 100% of the setup maximum

g ] 4
E 1000 =
- 3 3
2 ] 3
Sy -1 <
w - -
= - z
£ 100
~ i =
(a) = E 3
o N ]
= ] 4
Y
< 103 [ o Foster & Zuber (1955) -
= 3 —— 100% Quay || ® Kutateladze (1959) 3
@ 7 == =50% Qax a Stephan & Abdelsalam (1980) | J
E N Pt 10% Quax || * Cooper (1984) b
g
< 3 =
@] 150 200 250 300 350 400
Vapor temperature [°C]

500 T T T T T T T T T

400 - ——100% Quax | [® Grow

300 e 50:/“ Quax ||o Kaminaga

10% Qumax :
4 Nusselt

200

(b)

100

M AR T FERTTTIT I

N R R RE T R

Coefficient of heat transfer [W/m?°C]|

| | | | T

150 200 250 300 350
Vapor temperature [°C]|

Fig. 4. Coefficients of heat transfer for three conditions of the maximum heat

transfer capacity of the experimental apparatus. (a) Pool nucleate boiling. (b) Film
condensation, for condenser active part.

power. One can see that the variation of the coefficient heat trans-
fer values is large (one or two orders of magnitude) for the differ-
ent correlations used and for the heat power input. As already
observed in this paper, none of these correlations were developed
for organic fluids such as naphthalene.

It is important to note that the thermodynamic and heat trans-
port properties of naphthalene are not well known, especially for
the saturated conditions. Also, when the distance between gas
molecules is large when compared to the container dimensions,
the hypothesis of continuum, usually applied to many models
available in the literature, are not valid. This situation may happen
during the start up of naphthalene thermosyphons, when vacuum
conditions at room temperature are observed. It is well known in
the literature that, when the Knudsen number (defined as the ratio
between the mean free path distance among molecules and a char-
acteristic dimension of the container) is larger than 0.01, the con-
tinuum hypothesis is valid. Angelo [42] conducted a study of the
naphthalene thermosyphons for tubes of more than 10 mm of
diameter and concluded that, for temperature levels above 30 °C,
the continuum hypothesis is valid for naphthalene.

The coefficient of heat transfer associated with the active part of
the condenser, not blocked by the NCG, is evaluated by means of
three correlations for film condensation (Groll and Rosler, Kamina-
ga and Nusselt), following the conclusions of Mantelli et al. [24],
who compared several models. Fig. 4b shows the plot of the heat
transfer coefficients as a function of the vapor temperature, for
these three correlations and for three conditions of experimental
setup heat input capacities: 100%, 50% and 10%. This figure shows
that the heat transfer coefficients obtained by the correlation of
Nusselt can be four times larger than that obtained by Kaminaga,
for low temperature levels. The behaviors of the Nusselt and Groll
correlations are similar, while the Kaminaga'’s correlation does not
follow the same trends, presenting almost constant values for all
temperature levels studied. The same observation made for the
evaporator is valid here: the correlations employed were not
developed for organic fluids such as naphthalene.

It is well known that NCG accumulate at the upper region of the
condenser section in vertical thermosyphons and that this region
does not transfer heat effectively. Therefore, it is possible to define
an effective thermosyphon operation length l.; (see Fig. 2¢), which
corresponds to the thermosyphon length where there is effective
heat transfer.

The effective length of the thermosyphon can be determined if
the amount of NCG (mass) inside a thermosyphon is known. The
pressure is assumed to be that of the vapor for the thermosyphon
operating temperature. Using the ideal gas law, it is possible to
determine the volume of the NCG, and therefore, the length this
gas occupy inside the tube. Then, the NCG length is given by

I — 1 NoRTncg
NG = g Tp

PNCG (1)
where A, is the tube cross section area, Ny is the number of moles,
Tnce is the NCG temperature, Pycc is the NCG pressure and R the
ideal gas constant. The sub-index 0 refer to the working fluid charg-
ing conditions. Therefore, to estimate the length occupied by the
NCG, the temperature and pressure must be determined.

The thermal circuit presented in Fig. 2c can be used to deter-
mine the NCG temperature. In this figure, T, is the vapor tempera-
ture, Ryg is the thermal resistance between the vapor (working
fluid) and NCG, R4 is the wall conduction resistance, h,_ycg is the
heat transfer coefficient between vapor and NCG, hycs.w is the heat
transfer coefficient between NCG and the tube wall and Angc is the
internal area of the wall occupied by the NGC.

The NCG temperature is not significantly affected by the vapor
temperature if the interface area between vapor and NCG is much
smaller than the contact area of NCG with the tube. In other words,
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Table 1

Order of magnitude of the thermal resistances (°C/W).
Ry - evaporator external resistance (contact resistance 1072 1%

experimentally obtained)

R, - evaporator radial wall conduction resistance 102 1%
R3 and R, - boiling resistances 102 1%
Rs — vapor resistance 1077 0%
Rs and R; - condensation resistances 102 1%
Rg — condenser radial wall conduction resistance 102 1%
Rio - axial wall conduction thermal resistance 10! 0%
Rg — condenser external resistance (through the calorimeter) 10° 95%

in Fig. 2¢, Ry9 is much smaller than Ryg, and therefore, the NCG tem-
perature tends to the external wall temperature. For this case, one
can assume that h,_ycc is of the same order of magnitude of hycg_w-
On the other hand, if the condenser length occupied by the NCG is
small, the cross section and the NCG tube wall areas have the same
order of magnitude and the NCG temperature turns to be very sen-
sible to the heat transfer coefficients between vapor and NCG and
NCG and wall. Also, the importance of the heat exchange by the
tube lid area is increased. Therefore, in this case, a more precise
model, which should consider the transition region between vapor
and NCG, is much more complex and is not developed in this work.
Actually, as it will be observed in Section 5, h,_ncg and hycg-w Will
not be determined in the present work. Considering both R;g and
Rq9, from the thermal circuit of Fig. 2c, the NCG temperature is gi-
ven by

(Tv - TPC)

Thce = Ty — Rig ot 270
Nee "7 (Rig + Rig + Ria)

(2)

Considering that the interface between NCG and vapor is static,
the naphthalene and the NCG pressures must be equal. Therefore,
the NCG pressures are obtained from saturated naphthalene prop-
erty tables. Table 1 shows the order of magnitude of each resis-
tance of the model presented in Fig. 2a and its contribution to
the overall thermal resistance, for the thermosyphons tested in this
work. One can note that the thermal resistances associated with
axial heat conduction (Ryo) are about 1000 times larger than the
resistances associated with the working fluid. As these resistances
are in parallel, the axial heat conduction resistances can be re-
moved from the thermal circuit with negligible effect on the over-
all thermal resistance. The same observation can be made to
resistance Rs, related to vapor pressure variations along the tube,
negligible when compared with other resistances in series. Table
1 also shows that the thermal resistance between condenser exter-
nal wall and the refrigeration liquid represents about 95% of the
overall resistance.

4. Experimental setup

A well designed experimental apparatus should represent the
actual operation conditions of the thermosyphon in industrial
applications, where power inputs ranging from 5 to 50 kW/m?
are usually found [14,20,21]. An efficient way to control the power
input is controlling the heat delivered to the evaporator, by means
of electrical resistances, for instance. On the other hand, the tem-
perature levels should be controlled by the condenser heat output.
Small heat exchangers (calorimeters), with temperature controlled
water, are usually used for heat removal. The maximum operation
temperature of these calorimeters is, for atmosphere open circuits,
100 °C. Therefore, to enable the use of thermal controlled baths to
remove the heat from thermosyphons that operate at high temper-
atures (above 100 °C), it is suggested the introduction of an addi-
tional thermal resistance between thermosyphon and the cooling

system. This effect can be obtained by a cavity filled with confined
air.

Two different controls are used to determine the amount of the
heat input and the temperature level of the device: the heat power
input and the cooling thermal bath temperature. Fig. 3 shows a
schematic of the heat removal system adopted in the present work,
where the volume between the thermosyphon and the water res-
ervoir is filled with air. Fig. 5a shows, in the right side, a view of
the water jacket cooling calorimeter system and evaporator heat-
ing block. The heat is provided by means of four cartridge type
electrical resistors of 0.4 Q each, located inside a solid cylinder. A
25 kW power source (0-224 V, 0-10 A) is used in the heat genera-
tion. The voltage and the current are measured by means of a dig-
ital multimeter. Fig. 5b shows a schematic of the setup, with all the
systems, including the heater, the cooler and the peripheral equip-
ment employed. All tests were conducted in steady state
conditions.

The temperature of the cooling water jacket is controlled by a
thermal control bath that enters the calorimeter at 9 °C and leaves
it at 50 °C, maximum. The water rate is measured by means of a 2 |
beaker and a chronometer. Also, for comparison, the weight of the
collected water is also measured using a 0.01 g precision weight
meter. The calorimeter internal wall is made of a stainless steel
AISI 316 tube, with external diameter of 38.4 mm and wall thick-
ness of 1.5 mm. The gap formed between the thermosyphon wall
and the heat meter internal wall is of 5 mm. Thermocouple wires
are accommodated through this gap. The high thermal resistance
observed through the air allows the temperature of the evaporator
to reach the high levels required (~350 °C).

Cromel-Alumel, fiber glass covered thermocouples are used to
monitor de temperatures. They are connected to the thermosy-
phon external wall by welding in the positions shown in Fig. 5a,
left side: three in the evaporator, one in the adiabatic section and
nine in the condenser section. In the adiabatic section and con-
denser, two thermocouples are installed for each axial position,
in opposite radial locations. To improve the quality of the temper-
ature measurements, the thermocouple reference junctions are
connected to an insulated copper block inside a box (reference
box), so that these junctions are isothermal. The temperature of
the cooper block is compared with the temperature of the distillat-
ed water-ice bath, which temperature (zero Celsius degree) is
checked using a high precision mercury thermometer. The thermo-
couples were calibrated by a calibration oven. The 95% uncertainty
level of the temperature measurement is 0.2 °C, for temperature
differences and 0.7 °C, for absolute temperatures.

To allow the thermocouple welding to the tube, a relatively
thick thermocouple wire (0.7 mm) was used. For the evaporator re-
gion, where the temperatures are higher, conduction heat transfer
through the thermocouple becomes important, affecting the tem-
perature readings. Thermal grounding was obtained by thermally
coupling small cooper tubes to the thermosyphon and making
the thermocouple pass through them. The small tubes are not con-
nected to the aluminum heating block and are considered isother-
mal. Therefore, the heat eventually conducted through the wires
derives from these small tubes and not from the thermosyphon it-
self, avoiding temperature reading errors.

The condenser thermocouples were welded with 5 cm of dis-
tance. The junction was electrically insulated from the tube using
sheets of mica and fiber-glass and thermally insulated (radiation)
by means of the aluminum sheets. On the other hand, the con-
denser was coupled by radiation to the refrigeration system by
black painting the external wall of the condenser tubes.

Care was taken to guarantee a good thermal insulation to the
overall system. First, the adiabatic region was insulated by means
of a thick rock wool. A wood box was constructed around the set-
up, which was filled with vermiculite.



M.B.H. Mantelli et al./International Journal of Heat and Mass Transfer 53 (2010) 3414-3428

Thermocouple Umbilical tube

position
T.13
Lix4 112
x4 T.11
x4 T.10
x4 T.09
x4 T.08
x1_-T.07
x4 T.06
x4 T.05
K‘
(a)

3421

Water outlet
-

o

Heat meter
- —

Water intlet !;"

Thermaosyphon

xr—T.04 adiabatic section
-
q-1- - Evaporator
4x#—T.03 - heating block
% .03
T.02 .-
=@—T.01
C_> T
Calorimeter - heat e
removing system Chronometer
Precision scaler Thermal bath

Standard
rotameter

=

I

(b) <

V1 : :
= Cartridge electrical
Lot resistance

Power generator

([
i B

+

Fig. 5. Experimental apparatus. (a) Thermosyphon tested. (b) Schematic of the experimental setup, including peripheral equipment.

4.1. The naphthalene thermosyphon tested

A thermosyphon, made of stainless steel tubes and with naph-
thalene as working fluid, was designed, manufactured and tested
in the laboratory. The NCG selected for the present study was ar-
gon. The thermosyphon casing is made of AISI 316, 25.4 mm exter-
nal diameter tube, with 3 mm of wall thickness and 1 m of length.
The closing lids are made from plates of the same material, using
TIG (Tungsten Inert Gas) welding. The thermosyphon was divided
into three sections: the evaporator, with 20 cm of length, an adia-
batic section, 35 cm long, and a condenser section, of 45 cm of
length. Following orientations of Pioro and Pioro (1997) [46] and
the experience of the laboratory working group, the naphthalene
was heated up to 90 °C before being charged to the thermosyphon.
The valves and the charging (umbilical) tubing (see Fig. 5a), which
connected the naphthalene reservoir to the tube, were also heated,
to avoid that the naphthalene, solid in low temperature levels, to
be trapped. Naphthalene (of 57.7 g) was introduced in the ther-
mosyphon, which corresponds to 80% of the evaporator volume,
considering the density of the naphthalene at 120 °C. The following
charging procedure was adopted: by means of a vacuum pump, the

air inside the tube was evacuated through the umbilical tube and a
needle valve, until the pressure was below 102 Pa. This valve was
closed and another needle valve, connected to the naphthalene (or
to the argon) reservoir was opened. Due to the low pressure inside
the tube, naphthalene (or argon) was sucked inside the tube, until
the desired amount of naphthalene (or argon) was inputted to the
tube. Some of the thermosyphons tested were purged after the
working fluid charging. The purging procedure consists of opening
the charging valve to remove gases from inside the thermosyphon
when its internal pressure is above 1 atm. According to Table 2, five
different charging configurations were adopted in the present
study. The amount of NCG is controlled by means of the argon ves-
sel pressure, when connected to the needle valve. Table 2 also pro-
vides the volume of the argon employed in three of the tested
configurations. The mass of argon can be calculated using the ideal
gas law, considering the pressure of the naphthalene vapor, given
the operating temperature.

For the test configuration B thermosyphon (see Table 2), after a
few operating hours and with the thermosyphon at 300 °C, the
purging procedure was performed. The needle valve, connected
to the upper regions of the condenser, is opened for about 3 s. At
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Table 2
Charging configurations of the thermosyphons.
Test configuration  Test conditions Volume (m?) argon at Comments
250 °C
A No purge, no argon 0 Evacuated, charged with naphthalene
B Purged, no argon 0 NCG eventually formed or left during charging procedure were
removed
C Purged, with argon at 2 bar, absolute 9.119 x 10> A purged tube is charged with argon at 2 bar, at room temperature
pressure
D Purged, with argon at 3 bar, absolute 10.220 x 10~ The 2 bar argon tube receives an extra argon charge of 3 bar
pressure
E Purged, with argon at 11 bar, absolute 16.51 x 10> The 3 bar argon tube receives an extra argon charge of 11 bar
pressure

this temperature level, the thermosyphon internal pressure is
higher than the atmosphere pressure and the NCG eventually
formed or not eliminated during the charging procedure, is re-
moved until a small amount of naphthalene is also eliminated. This
procedure guarantees that the working fluid remaining is only
naphthalene. The thermosyphon thermal performance in this con-
figuration is very high. Therefore, the lower performance of the
thermosyphon before purging, described as “no purge, no argon”
test condition is credited to the remaining NCG. To study the influ-
ence of NCG, a controlled amount of argon, an inert gas, was in-
serted into the tube in three different amounts as described in
the last three lines of Table 2.

5. Results
5.1. Condenser external resistance

Fig. 6a shows the theoretical external thermal resistance of
the condenser as a function of the adiabatic section tempera-
ture, obtained from the model represented by the thermal
circuit of Fig. 2a, which are compared with experimental data,
for all cases listed in Table 2. The temperature of the adiabatic
section is obtained from a thermocouple located at TO4 position
(see Fig. 5a), which represents the temperature level of the ther-
mosyphon and is used as the naphthalene vapor temperature in
the models.

From Fig. 63, one can see that most of the points are next to the
analytical result curve, shown in dashed line. Only two points, rel-
ative to the thermosyphon with a large amount of argon (configu-
rations D and E bar) presented larger external thermal resistance
than expected, when the system operates at temperature levels
under 300 °C. For these cases, the amount of heat transferred is
low, resulting in higher uncertainties in the heat measurements.
In a general sense, the thermal circuit shown in Fig. 3 Detail A
proved to be a good model for the prediction of the external con-
denser thermal resistance.

5.2. Evaporator internal resistance

Fig. 7a shows the results for the theoretical (Ri.evap in Fig. 2D,
right side) and experimental evaporator internal thermal resis-
tance as a function of the adiabatic temperature, for all the tests
listed in Table 2. As already mentioned, correlations from the liter-
ature were used for the estimation of the convection heat transfer
in the evaporator section inside the thermosyphon. Most of the
experimental points are located between the models that use the
heat transfer correlations of Stephan and Abdelsalan and Foster
and Zuber [24]. The highest thermal resistances were found for
thermosyphons working with a large amount of NCG (configura-
tions D and E, Table 2) for temperature levels under 300 °C. For
low temperature levels, and therefore low pressures, the NCG
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Fig. 6. Condenser thermal resistances and coefficients of heat transfer as a function
of the adiabatic section temperature. (a) External resistances, all cases tested. (b)
Theoretical and experimental internal thermal resistances, for configuration B. (c)
Theoretical and experimental coefficients of heat transfer, for configuration B.

expand, occupying a large region of the condenser, affecting the
performance of the whole device. One should remember that
the model does not take into account any influence of the NCG in
the evaporator region, which is considered completely full of the
working fluid. The influence of the NCG in the condenser section
will be presented later in this paper.
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The evaporator internal coefficient of heat transfer can be ob-
tained subtracting the wall heat conduction from the thermal
resistance. The plot of this coefficient is shown in Fig. 7b. One
can see from this figure that most of the data is between the curves
obtained from the Stephan and Abdelsalan and Foster and Zubber,
correlations, as observed in Fig. 7a. This is obvious, as the convec-
tion is the main resistance of the evaporator. It is interesting to
note that, according to Bejan [41], the experimental values ob-
tained for the coefficient of heat transfer lay within the range
where most of the heat transfer coefficients of liquids, in boiling re-
gime, are found, confirming that the boiling regime hypothesis is
correct.

5.3. Condenser internal resistance

Fig. 6b presents the theoretical condenser internal resistance
as a function of the adiabatic section temperature, which is com-
pared with the data obtained for the thermosyphon test configu-
ration B, according to Table 2. This configuration can be
considered free of NCGand its data was selected for this compar-
ison because the model used for the theoretical curves presented
in this figure does not consider the presence of NCG. As already
mentioned, three different literature correlations were used for
the estimative of the heat transfer coefficients used in the theo-
retical models. One can note from this figure that the experimen-
tal thermal resistances are lower than the theoretical predictions,
except for the low temperature data. One can also see that the
best comparison is with the model which employs the Kaminaga
correlation [25], considering both the temperature level and the
curve trends (behavior of the resistance curve with the adiabatic
section temperature).

Following the same procedure of the last section, the condenser
internal heat transfer coefficient is obtained subtracting the wall
radial conduction heat transfer from the thermal resistance, result-
ing in the curves presented in Fig. 6¢. Again, in this case, the Kami-
naga correlation showed the best comparison.

5.4. Effective length

To determine the tube effective length, the temperature distri-
bution data is adjusted, by means of the Least Square Method, to
a function, resulted from two superposed sigmoid (S shaped) func-
tions, one relative to the region with no NCG (evaporator and part
of condenser) and the other to the NCG condenser region. The sig-
moid curve, in its most simple form, is [47]

1

yx) = m 3)

The superposition of functions results in the temperature profile
equation:

Teona—T
T(X) _ cond NCG
(";"u—NCG) (";"agiab )
1+ e\ whE 1+ e\ Padiab

where Teond, Tnce, Tevap are the temperatures of the condenser, NCG
and evaporator, respectively (obtained from the averages of the
temperature data in these regions), X, ncc and X.giq» are the positions
of the interface vapor-NCG and of the adiabatic section and $,.ncg
and Sggiqp are parameters which rule the curve inclination in the con-
cavity change point. A typical temperature distribution curve ob-
tained from Eq. (4) is presented in Fig. 8a. The point of concavity
change in the condenser is considered the NCG position, xycc. This
data is employed in the thermal resistance models that consider
the presence of NCG, which are compared with data, later in this
work. This function presents and excellent comparison with data,
as shown in Fig. 8b, for configuration A.

+ Tevap - Tcand (4)

5.5. Temperature distribution

Fig. 8b shows the temperature distribution as a function of the
thermosyphon length, where the position zero corresponds to the
evaporator beginning and 100 cm to the condenser end, for the test
configuration A (see Table 1), for several working temperature lev-
els, in steady state conditions. The square points represent the
temperature data, the full square symbols refer to the temperature
of the adiabatic section. The test temperature was considered that
of the adiabatic section, therefore, the maximum temperature for
this test was 350 °C. As no purge is applied to the thermosyphon,
NCG, resulting from some previous contamination of the working
fluid and/or by insufficient vacuum in the tube before charging,
are observed. Obviously, the NCG influence strongly the tempera-
ture distributions along the naphthalene thermosyphon, especially
for lower temperature levels, as the NCG accumulate in the top re-
gion of the condenser. The NCG volume increases with the de-
crease of the internal pressure. From these curves, the effective
length of the thermosyphon, important information for the design
of heat exchangers, can be extracted from data, using Eq. (4) func-
tion. The diamond full symbol shows the effective length of the
thermosyphon.

Fig. 8c shows the temperature distribution of configuration test
B (see Table 2), which is equivalent to the same configuration of
test A, after purging process. The data shows excellent temperature
uniformity, especially for tube operating above 200 °C. For temper-
atures under this level, a temperature drop is observed, close to the
condenser extremity. In this case, this temperature drop is attrib-
uted to the production of a low amount of vapor, which conden-
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no argon).

sates in a limited area of the condenser, decreasing the active
length of the condenser.

Fig. 9 shows the temperature distribution for four configura-
tions tested: (a) same configuration presented in Fig. 8c, (b) test
configuration C, (c) test configuration D and (d) test configuration
E. The same observations of Fig. 8c are also valid for this figure.

Fig. 10a presents the thermosyphon effective length as a func-
tion of the adiabatic section temperature for all the five configura-
tions tested. The effective length is around the total length (100%)
only for the free of NCG test configuration B, especially for higher
working temperature levels. On the other hand, for configuration
E and for low temperature levels, argon occupies all the condenser
length, preventing the heat transfer. For the intermediate cases,
(configurations C and D), the thermosyphon effective length is
approximately the same and the device can still work properly
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Fig. 9. Temperature distribution as a function of the thermosyphon length, for test
configurations (see Table 1): (a) B, (b) C, (¢) D and (d) E.

for higher temperature levels. It is interesting to note that for high
temperature levels, the naphthalene thermosyphon purge is not so
important, as the configuration B (no purge, no argon) presents
thermal behaviors only slightly better than the test configuration
C.

The effective condenser length obtained from the configuration
C (2 bar of argon) data is compared with the theoretical model, in
Fig. 10b. The temperature of the NCG was not measured even
though it was the input information for the determination of the
effective length theoretical model. Therefore, two theoretical
curves are presented: one considering the NCG temperature the
same of the average condenser temperature (neglecting Ryg and
R1o in Fig. 2c thermal circuit) and the other considering the NCG
temperature the same of the adiabatic section temperature
(neglecting Ryg and considering Rqg very large, in Fig. 2c). Theoret-
ically, the Fig. 10b hachured area between these two curves repre-
sents the region where the experimental data should lie. But this
figure shows that both models under predict the effective length
of the thermosyphon. This discrepancy may be attributed to the
transition region between naphthalene vapor and NCG, considered
flat in the model, while the temperature data (and the literature as
well) suggests that this transition is smooth. The configuration C
case was considered typical and the comparison of model with
other data will not be presented in this work.

A glass tube naphthalene thermosyphon was constructed to
visualize the two-phase flow inside the tube and it was observed
an intense liquid drag by the vapor. The dragged liquid penetrates
the NCG region, creating a mixing region, where some condensa-
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Fig. 10. Thermosyphon effective length as a function of the adiabatic section
temperature. (a) Experimental, for all configurations presented in Table 1. (b)
Theoretical and experimental for configuration C (2 bar).

tion is still verified. Actually, this dragging effect, together with the
mass diffusion effects in the vapor/NCG transition region, increases
the effective length of the thermosyphon. In this work, the mixing
region was not modeled. Therefore, the theoretical model applied
for the condenser internal thermal resistance with NGC was the
same of the model applied for the NCG thermosyphon, considering
the effective length of the condenser.

The experimental condenser thermal resistances are deter-
mined as the ratio between the temperature drop (between the
condenser and the vapor temperatures) and the power input, for
the effective length of the device. The temperatures used in the cal-
culation of these resistances are obtained from the integration of
the adjusted sigmoid temperature profile curve, over two different
lengths: the total and the effective. Fig. 11 presents the experimen-
tal condenser thermal resistance as a function of the adiabatic sec-
tion temperature for the total condenser length (square symbols)
and for the effective length (circles), for the 2 bar case. As expected,
the condenser resistances, considering the total length, are higher
as part of the condensation area is inactive due to the presence of
NCG.

5.6. Thermosyphon thermal resistance

In this section, the overall thermal resistance, defined as the ra-
tio between the difference of temperatures of the evaporator and
of the condenser walls and the heat power transferred through
the thermosyphon, is presented. As already stated, the internal
coefficients of heat transfer for the evaporator and for the con-
denser are input data for the thermal resistance model and are ob-
tained from literature correlations. The experimental effective
lengths are, in turn, used as input data for these correlations.
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Fig. 11. Thermal resistances determined using the integral average of the sigmoid
temperature profile curve, over the total (square symbols) and the effective (circles)
condenser lengths, for the test configuration C.

Fig. 12a shows a comparison of the experimental thermal resis-
tance for the test configuration B (no NCG, with purge) with the
model, for all the combinations of correlations used for the estima-
tive of the evaporator and condenser internal coefficients of heat
transfer. From this plot one can see that the data always under pre-
dict the models, for temperature levels above 200 °C. For this tem-
perature range, the best comparison is obtained using the thermal
resistance model with the correlations of Groll and Rosler (con-
denser) and Foster and Zuber (evaporator). An average difference
of around 51% is obtained, considering all experimental data; this
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ature for configuration B (purged and no argon tube) data. (a) Comparison with
models resulting from the combination of all literature correlations. (b) Experi-
mental data and uncertainties observed.
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difference drops to 38% if the data for the lowest temperature level
is removed from the calculation. The lowest temperature data
clearly do not follow the model trends. As the heat conduction
models are very precise and as the thermophysical properties of
steel (thermosyphon casing) are well known, one can conclude
that the difference between data and model can be mainly attrib-
uted to the literature correlations employed or to the determina-
tion of the effective length. Actually, the comparison between
data and model can be considered reasonable, especially if one
remembers that the correlations employed in these models were
not developed for naphthalene. If the external resistances were in-
cluded in the model, the average difference between model and
data would decrease very much, as the contribution of these exter-
nal resistances is about 95% of the overall resistance (see Table 1).

As already mentioned, from Fig. 6b one can see that the best
comparison of the condenser internal thermal resistance is ob-
tained using Kaminaga’s correlation for the estimative of the coef-
ficient of heat transfer. On the other hand, the overall thermal
resistances obtained using Groll and Rosler or Kaminaga (both
for condenser), coupled with Foster and Zuber model (for evapora-
tor), are very similar, as observed in Fig. 12a. Actually, the model
with correlations of Groll and Rolser together with Foster and Zu-
ber, adjusted better to the data distribution, and therefore these
models are recommended for the prediction of the thermal behav-
ior of the naphthalene thermosyphons without NCG.

A similar study was conducted for the configuration C ther-
mosyphon, which data are compared with model obtained from
all the combinations of correlations in Fig. 13a). The effective
length was used in the correlations. One can see from this figure
that both the model and data present a sharp increase in the ther-
mal resistance as the temperature decreases, but the model is not
able to capture exactly this variation. Actually, the largest differ-
ences between models and data are found in the low temperature
levels and this difference decreases as the temperature level in-
creases. For temperatures above 225 °C, all the models present a
relative good comparison with data. A zoom, highlighting the high-
er temperature level data, is presented in Fig. 13b, where one can
observe that, in this case, the models tend to under predict the data
and that the best comparison is obtained for the combination of
Nusselt correlation for evaporator and Cooper correlation for con-
denser. Fig. 13c presents the comparison of data with the model for
two combinations of correlations: Groll and Rosler plus Foster and
Zuber (the same of configuration B) and Nusselt plus Cooper. The
percentage difference between model and data is around 145%
for both models for the temperature level around 200 °C. For high-
er temperature levels, this difference is about 72% for the Groll and
Rosler plus Foster and Zuber model and 13% for the Nusselt plus
Cooper model. Actually, this last model lies within the data uncer-
tainty as it was observed for the configuration B case (Fig. 12a).

Actually, the two phase flow physical phenomena observed are
different for naphthalene thermosyphons with or without NCG and
so are the models that compare better with the data.

It is believed that the model worse performance for thermosy-
phons operating at low temperature levels is due to the uncer-
tainty in the determination of the effective length. As the length
occupied by the NCG is large for these temperatures and the uncer-
tainty of the model used for the determination of this length is also
large, the uncertainty of the overall thermal resistance model in-
creases. Actually, as naphthalene thermosyphons are designed to
operate at higher temperature levels, these uncertainties are not
expected to affect significantly the prediction of the thermal per-
formance of the thermosyphon equipment. Furthermore, the ther-
mosyphon external resistances are much larger than the internal
resistances and these uncertainties are diluted when the overall
thermal resistance is determined. Similar results were found for
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the other configurations tested in this work and they will not be
presented.

Concluding this section, one should note that the flat vapor-
NCG interface model is precise enough for the determination of
the overall thermal resistance of thermosyphon with or without
NCG, and have been applied for the design of heat exchangers
[20,21]. On the other hand, it should be emphasized that, if one
needs more precise information about the thermal behavior of
naphthalene thermosyphons, heat transfer correlations for the
evaporation and condensation of this working fluid inside the
thermosyphon must be carefully determined, or else, literature
numerical 2D models can be employed.
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5.7. Uncertainty analysis

The main sources of uncertainties observed in the experiment
are due to the measurement of the temperatures and of the heat
transferred by the tube. The maximum uncertainty observed for
temperature differences is 1.3 °C in evaporator and 1.9 °C in con-
denser. The maximum uncertainty associated with the heat trans-
fer rate is 24.12 W. This uncertainty is a combination of the
uncertainties of the calorimeter temperatures of inlet and outlet
refrigeration water and of the uncertainties in the measurement
of the water mass flux. It represents around 5% of the maximum
heat transfer rate used in purged thermosyphon experimental
tests. Fig. 12b shows, in vertical bars, the uncertainties observed
for the internal thermal resistances for the test configuration B
(Table 1), as a function of the adiabatic section temperature. The
uncertainties associated with the adiabatic section temperature
measurements are represented in horizontal bars, in this same fig-
ure. This figure also shows that the better the system works, the
lower are the associated uncertainties.

The uncertainties associated with the NCG thermosyphon are
higher, especially for lower temperature levels. In this case, the
NCG blocks a large region of the condenser, limiting the heat trans-
ferred and increasing the uncertainties associated with the location
of the effective length of the tube. More details of the uncertainty
analysis and of the experimental work, which data is employed for
comparison in the present paper, is found in the work of Angelo
[42].

6. Conclusions

A naphthalene thermosyphon study was conducted in this pa-
per. Although these devices has been employed in industrial heat
exchangers that operates at temperatures above 250 °C, not much
material is found in the literature about heat transfer modeling and
data for naphthalene thermosyphons. Especial attention was given
to modeling the thermal performance of naphthalene thermosy-
phons with NCG. A especial experimental setup, able to control
the power input and the working temperature level of the device
was designed, constructed and used in this work, to test a naphtha-
lene thermosyphon, charged with different amounts of argon
(NCG). This data was used for comparison with the modeling re-
sults. The experimental apparatus was also modeled and its ther-
mal performance used in the analysis of the results.

It was observed that the presence of NCG deteriorates the ther-
mal performance of the thermosyphon, as the NCG block the rear
region of the condenser. This effect is more evident at the low tem-
perature levels, as the NCG expand, occupying larger regions of the
condenser. However, at high temperature levels, the naphthalene
thermosyphon still works even with the presence of a considerable
amount of NCG, which are compressed in small regions of the con-
denser not affecting very much the heat transfer capacity of the de-
vice. The purging process proved to be important, as NCG were
observed during the thermosyphon operation, even when vacuum
is provided before the working fluid charging.

To predict the thermal behavior of naphthalene thermosy-
phons, thermal circuit analogy models were developed. As no
coefficient of heat transfer correlations based on naphthalene
data are available, literature correlations were employed in this
study. The several thermal resistances were individually deter-
mined theoretically and experimentally and compared with data.
Therefore, information about the coefficients of heat transfer of
the condensation and evaporation naphthalene process, useful
for the design of this device, was collected.

Furthermore, the overall thermal resistance was also modeled
and compared with data. At higher temperature levels, this com-

parison is better and so is the thermal performance of the device.
From this study, the best combinations of literature correlations
for the condensation and evaporation of naphthalene working flu-
ids were selected. The model used for thermosyphons with or
without NCG is basically the same, considering the effective length
of the device. For the device operating without NCG in steady state
conditions, the correlations of: Groll and Rosler (for the condenser
internal coefficient of heat transfer) and Foster and Zuber (for
evaporator), shown to be the best combination. On the other hand,
for thermosyphons with NCG, the correlations of Nusselt (for con-
denser) and of Cooper (for evaporator) presented the best results.

As the naphthalene thermosyphons usually operates at high
temperature levels (above 250 °C), where the precision of the mod-
el is good, the models developed can be considered good for heat
exchanger design applications and are successfully implemented
in software for the design of such equipment.

On the other hand, it is important to note that, if one needs pre-
cise information about the thermal behavior of naphthalene ther-
mosyphons, correlations especially obtained for this working
fluid or 2D numerical work must be developed.
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