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An analytical model is developed to analyze the thermal performance of a rectangular 
enclosure heated by two-phase thermosyphons. The model is used to predict temperatures 
and thermal resistances between the elements of the enclosure based on experimental data. 
The model is also used to estimate the relative importance of the three heat transfer modes 
inside the enclosure. The results show that, given the very isothermal characteristic of the air 
inside the enclosure, which does not lead to effective natural convection heat transfer, most 
of the heat inside the enclosure is transported by radiation and by conduction.  

Nomenclature   
A = surface area [m²]  
c = specific heat [J/kg⋅K] 
e = thickness [m] 
F = view factor 
h = convection heat transfer coefficient [W/m²⋅K] 
k = thermal conductivity [W/m⋅K] 
m = mass [kg] 
N = number of thermosyphons 
q = heat transfer rate [W] 
Rc = thermal contact resistance between the thermosyphon condenser and the fin [K/W] 
T = temperature [K] 
t = time [s] 
 
Greek Symbols 
ε = surface emissivity 
σ = 5.67⋅10-8 W/m²K4 (the Stefan-Boltzmann constant) 
 
Subscripts 
air = air inside the enclosure 
amb = external ambient 
c = thermosyphon condenser 
cav = enclosure 
cond = conduction 
conv = convection 
e = thermosyphon evaporator 
ext = external  
e.walls = external walls 
fin = fin 
ins = insulation blanket 
int = internal 
i.walls = external walls 
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v = constant volume 
p = constant pressure 
rad = radiation  
t = thermosyphon 

I. Introduction 
wo-phase thermosyphons are high efficiency heat transfer devices. Various thermosyphon configurations have 
been developed over the last decades for different applications, including high performance heat exchangers for 

nuclear energy and petroleum refinery industries, solar energy absorbers, to name a few. Faghri1, Peterson2, among 
others, present reviews on the heat pipe and two-phase thermosyphon technology and applications. The 
thermosyphon thermal resistance is very low because during liquid-vapor phase change there is no temperature 
variation. The thermal resistance of the thermosyphon is basically determined by the thermal resistances of 
conduction through the tube walls and by the thermal resistances of vaporization and condensation of the working 
fluid, which are generally very small. Apart from featuring a very low thermal resistance, another important 
characteristic of two-phase thermosyphons is a very uniform temperature distribution in the condenser section when 
the external heat transfer coefficient is small. Recently, Mantelli and co-workers3-6 have successfully applied two-
phase thermosyphons to isothermalize enclosures, such as bakery ovens. The objective of this work is to develop an 
analytical model to predict the thermal performance of this type of enclosure. A lumped temperature methodology is 
employed here to compute the temperature variations with time of each component of the system. 

T 

II. Problem Statement and Geometry 
The geometry of the enclosure under study is presented in Fig. 1. It is composed basically of two mild steel 

sheets, which constitute the top and bottom walls and two aluminum sheets (side walls) attached to each other by 
means of riveted joints (a). The sheets are assembled in the form of a rectangular enclosure (b) with dimensions 0.38 
x 0.48 x 0.61 m. Eight thermosyphons are attached internally to side walls of the enclosure (c), so the side walls act 
as fins, helping to remove the heat from the thermosyphon condensers. The thermosyphon evaporators are tilted at 
45° and are located inside a combustion chamber below the enclosure. Two metal sheets are riveted at the front and 
at the back of the enclosure (d). An insulation blanket made of glass wool is wrapped around the enclosure sheets 
and thermosyphons (e). Mild steel sheets are placed externally to protect the insulation blanket (f). A glass wool 
blanket is used to insulate the enclosure back wall (g). The front door, made of glass wool sandwiched by metal 
sheets, completes the enclosure (g). At the center of the front door there is a double glass window for inspection. 

Eight 12.7 mm outer diameter and 10.2 mm inner diameter stainless steel-water thermosyphons are used. The 
condenser section of the thermosyphons is 270 mm long and is located inside the enclosure, attached to the side 
walls. The thermosyphons have no adiabatic zone and the evaporators are 90 mm long. The nominal filling ratio is 
100% of the evaporator volume. A gas burner is placed bellow each row of evaporators. The evaporators and the 
burner are confined in a combustion chamber, completely separated from the enclosure. The number of 
thermosyphons was determined based on the results of previous works3-5. The geometry of the enclosure and the 
heat flux density in the evaporator section of the thermosyphons used in this study are approximately the same as in 
the bakery oven studied previously. The spacing between the thermosyphons was determined by simply dividing the 
length of the enclosure (0.48 m) by four, which is half the total number of thermosyphons. 

The details of the thermosyphon/fin attachment are shown in Fig. 2. The fin was deformed in order to 
accommodate 1/3 of the area of the condenser. The fin is sandwiched between the thermosyphon and a steel angle. 
A steel wire clamp is used to squeeze the fin against the thermosyphon. The function of the steel angle is to 
distribute the contact pressure evenly over the interface, avoiding the occurrence of gaps where there is no effective 
contact, which would increase the thermal contact resistance between the thermosyphon and the fin. An aluminum 
tape is placed between thermosyphon and the fin. Under compression, the aluminum tape deforms easily, helping to 
fill the gaps between the thermosyphon and the fin, also contributing to decrease the thermal contact resistance at 
these interfaces.  

The objective of this work is to develop a theoretical model to be used to analyze the thermal performance of the 
enclosure. By thermal performance, one means three main aspects: 

· The temperature variations of the enclosure components with time for a given initial condition and for a 
given heat power input. 

· Thermal contact resistances at the riveted joints and at the interface between the thermosyphon and the fin. 
· The percentage of each heat transfer mode (conduction, convection and radiation) from the total power input. 
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Figure 1 – Enclosure geometry 
 
 

 
Thermosyphon

Fin

120° Clamp 
(1.5mm dia. steel wire)  

 
Figure 2 - Details of the thermosyphons/fin attachment. 

 
 

III. Enclosure Theoretical Model 
The enclosure is divided into six elements: thermosyphons, fins (side walls), enclosure internal walls (back 

wall, bottom wall, top wall and door), air, insulation blanket and external walls. The temperature is assumed to be 
uniform inside each element. Each element is at a different temperature level and the elements are thermally 
connected to each other through radiation, and/or convection and/or conduction heat transfer.  

The physical model adopted for the heat transfer path is described now. The hot exhaust gases inside the 
combustion chamber heat the thermosyphon evaporators by radiation and convection. The thermosyphon transport 
the heat from the evaporator end to the condenser end. From the condensers, heat is transferred through radiation to 
the enclosure internal walls, through convection to the air inside the enclosure and through conduction and radiation 
to the fins. The fins lose heat by: radiation to the enclosure internal walls, convection to the air and conduction to the 
insulation blanket and to the enclosure internal walls through the riveted joints. The air receives heat by convection 
only, since, in the range of temperatures (below 330°C), it is transparent to thermal radiation. Heat reaches the air by 
convection coming from the fins and from the condensers. The air transports heat to the enclosure internal walls 
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(back wall, bottom wall, top wall and door) by means of convection. The enclosure internal walls receive heat by 
radiation (from the thermosyphons and the fins), by conduction (from the fins through the riveted joints) and by 
convection (from the air). The internal walls (door, back, bottom and top) transfer heat by conduction to the 
insulation blanket and also to the enclosure external walls through "thermal short circuits" between the internal and 
the external walls. These short circuits are thermal paths between the internal and external walls other than 
conduction through the insulation blanket, such as: riveted joints that attach the enclosure internal walls to the 
enclosure external walls, radiation heat losses through the glass window in the door, and ineffective door gasket 
sealing, among many others which are difficult to quantify. The insulating blanket receives heat by conduction from 
the fins and from the enclosure internal walls and loses heat also by conduction to the external walls of the 
enclosure. The external walls receive heat by conduction from the insulation blanket and also from the internal walls 
through the thermal short circuits. Finally, the external walls lose heat by convection and by radiation to the external 
environment. 

The mathematical model of the enclosure consists of a system of ordinary differential equations, obtained 
through energy balances inside each element of the enclosure. The energy transfer rate coming into the element 
minus the energy transfer rate coming out of the element must be equal to the rate of accumulation of energy inside 
the element. Energy comes into and out of the elements in the form of heat (radiation, conduction, convection). 
Energy is accumulated inside the elements in the form of internal energy, which leads to a rise of the element 
temperature with time. 

Element energy balances 
In this section, the thermal energy balance for each element is developed. 
 

1. Thermosyphons 
The following thermal energy balance equation is obtained for the thermosyphons: 

( ) ce
t

fvftpt qq
t

T
cmcmN −=

∂
∂

+ ,,
 (1)

where N is the number of thermosyphons, m  [kg] is the mass, cp [J/kgK] is the specific heat at constant pressure, cv 
[J/kgK] is the specific heat at constant volume, T [K] is the temperature and t [s] is the time. Subscripts t and f refer 
to thermosyphon and to working fluid, respectively. The rate of heat transfer from the combustion chamber to the 
thermosyphon evaporator is qe [W], while qc [W] is the rate of heat transfer out of the thermosyphon condenser and 
into the enclosure. The rate of heat transfer out of the condenser is given by: 

aircconvfinccondcavcradc qqqq −−− ++= ,,,  (2)
The subscripts rad, cond and conv refer to the mode of heat transfer: radiation, conduction and convection, 

respectively. The subscript c refers to the thermosyphon condenser, cav refers to the enclosure, fin refers to the fins 
and air to the air inside the enclosure. Thus, qrad,c-cav  means the rate of heat transfer by radiation from the condensers 
of the thermosyphons to the enclosure. Since the thermosyphon condenser surface area is much smaller than the 
enclosure surface area, the radiation heat transfer between the condenser and the enclosure can be estimated through 
the following expression: 

 
( )44

, 2 cavtt
c

cavcrad TT
A

Nq −=− σε
 (3)

where εt is the emissivity and Ac [m²] is the area of the condenser external surface. The condenser surface area is 
divided by two because approximately one-half of the area of the condenser is facing the enclosure. The other half is 
facing the fin (see Fig. 2). Since the aluminum tape between the thermosyphons and the fin deforms easily under 
compression to fill the gaps between the two contacting surfaces, there is no exchange of heat by radiation between 
the thermosyphon and the fin attached to it. The expression above is valid for a diffuse, gray and convex surface of 
small dimensions inside of a large enclosure at a uniform temperature Tcav. In this model, “enclosure” refers to the 
set of two fins and the other internal walls (door, bottom, top and back walls). Therefore, Tcav is not uniform because 
the fins and internal walls are at different temperatures. The enclosure temperature is defined as: 

cavc

wallsiwallsicfinfinc
cav F

TFTF
T
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−− +
=

4
..

4
4

 
(4)

This expression for the enclosure temperature represents a mean value between the temperatures of the fins Tfin and 
of the internal walls Ti.walls, weighed by the view factor between the thermosyphon condenser and the fin Fc-fin and 
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the view factor between the condenser and internal walls Fc-i.walls. From the rule of the summation of view factors, 
the view factor between the condenser and enclosure, Fc-cav is given by: 

1. =+= −−− wallsicfinccavc FFF  (5)

The fraction of the radiation energy that the condensers deliver to the fins is calculated as a part of the total radiation 
that the condensers lose to the enclosure. This fraction is given by the ratio between the view factors from the 
condenser to the fin Fc-fin and the view factor between the condenser and the enclosure F c-cav, that is: 

fincrad
cavc

finc
fincrad q

F
F

q −
−

−
− = ,,

 
(6)

It is important to mention that this fraction is related to the radiation heat transfer between the thermosyphon 
and the fin on the opposite side of the enclosure. As already mentioned, the radiation heat transfer between the 
thermosyphon and the fin on the same side of the enclosure is negligible. Despite the approximate nature of Eqs. (3) 
to (6), the amount of radiation that the condensers lose to the enclosure is very small and does not affect the overall 
result, as it will be seen later.  
 The rate of conduction heat transfer between the thermosyphon condenser and the fins qcond,c-fin   is given by: 

c

fint
finccond R

TT
Nq

−
=−,

 
(7)

where Rc  [K/W] is the thermal contact resistance between the thermosyphon condenser and the fin. The convective 
heat transfer rate between the thermosyphon condenser and the air inside the enclosure qconv,c-air  is given by: 

( )airtcarcconv TTAhNq −=− 3
2

int,
 (8)

where hint [W/m²K] is the convection heat transfer coefficient inside the enclosure. The condenser surface area is 
multiplied by 2/3 to account for the part of the condenser area that is in contact with the air, according to Fig. 2. 

 
2. Fins 

For the fins, the following energy balance equation is obtained: 

airfinconvwallsifinradwallsifincond

isolfincondfinccondfincrad
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qqq
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T
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(9)

The fins receive heat from the thermosyphon condensers by radiation (qrad,c-fin) and by conduction (qcond,c-fin), 
according to Eqs. (6) and (7). The fins lose heat to: the insulation blanket qcond,fin-ins  and the internal walls qcond,fin-i.wall 
by conduction, the internal walls qrad,fin-i.wall  by radiation and to the air qconv,fin-air by convection. These parts are 
calculated, respectively, through the following equations: 

( )insfin
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finins
insfincond TT

e
Ak

q −=−
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(10)
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(12)

( )airfinfinairfinconv TTAhq −=− 2int,  (13)
 The factor two that appears in the numerator of Eq. (10) corresponds to the number of fins, while kins [W/mK] is 
the thermal conductivity of the material of the insulation blanket, Afin [m²] is the surface area of each fin, Tins [K] is 
the mean temperature of the insulating blanket. The thermal resistance Rcond,fin-i.walls, appearing in Eq. (11), is related 
to the conduction between the fins and the internal walls through the riveted joints. Equation (12) corresponds to the 
radiation heat exchange inside an enclosure formed by two gray and diffuse surfaces (fins and internal walls). This 
expression bears the hypothesis that the thermosyphon condensers do not participate in the radiation heat exchange 
process between the fins and the internal walls. Put in another way, the amount of radiation emitted by the fins that 
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is reflected by the condensers and reaches the internal walls is very small. This hypothesis is reasonable considering 
that the dimensions of the thermosyphons are small in comparison with the dimensions of the fins and the internal 
walls. In Eq. (12), ε is the emissivity, T [K] is the temperature and the subscript i.walls refers the internal walls. 
 
3. Air 
 The heat balance for the air contained inside the enclosure is: 

wallsiairconvairfinconvaircconv
air

airpair qqq
t

T
cm .,,,, −−− −+=

∂
∂

 (14)

The air inside the enclosure exchanges heat by convection only, as already mentioned. It receives heat from the 
condensers and the fins, according to Eqs. (8) and (13) and loses heat to the internal walls qconv,air-i.walls, which is 
calculated with the following expression: 

( )wallsiairwallsiwallsiarconv TTAhq ..int., −=−  (15)
The convective heat transfer coefficient between the air and the internal walls could be different from the 

coefficient between the air and the fins, as in Eqs. (8) and (13). However, given the approximate nature of this 
model, it is reasonable to admit that these coefficients are approximately the same, that is, the local convective heat 
transfer coefficient is uniform inside the entire enclosure.  

 
4. Internal walls 
 The following energy balance is adopted for the internal walls: 

wallsewallsicondinswallsicond

wallsifincondwallsiairconvwallsifinradwallsicrad
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The internal walls receive heat by radiation from the fins (Eq. 12) and from the thermosyphon condensers, which is 
estimated through the following expression: 

cavcrad
cavc

wallsic
wallsicrad q
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q −
−
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(17)

Similarly to Eq. (6), the amount of radiation that the condensers lose to the internal walls is calculated as a fraction 
of the total radiation that the condensers lose to the entire enclosure. This fraction is given by the ratio between two 
view factors: condenser to internal walls Fc-i.walls and condenser to enclosure Fc-cav, as in Eq. (17). The internal walls 
also receive heat by convection from the air, according to Eq. (15), and by conduction from the fins through the 
riveted joints, according to Eq. (11). The internal walls deliver heat by conduction to the insulation blanket 
qcond,i.walls-ins, which is calculated through the following expression: 

( )inswallsi
ins

wallsiins
inswallsicond TT

e
Ak

q −=− .
.

.,

2  
(18)

The internal walls lose heat directly to the external walls by conduction through thermal short circuits without 
passing through the insulation blanket. This energy amount, called qcond,i.walls-e.walls, is estimated by means of the 
following expression: 

wallsewallsicond

wallsewallsi
wallsewallsicond R

TT
q

..,

..
..,

−
−

−
=

 
(19)

where Rcond,i.walls-e.walls is the conduction thermal resistance between the internal and the external walls. In other 
words, this is the short circuit thermal resistance. 
 
5. Insulation blanket 
 The following heat balance equation is obtained for the insulation blanket: 

wallseinscondinsfincondinswallsicond
ins

inspins qqq
t

T
cm .,,.,, −−− −+=

∂
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 (20)

The insulation blanket receives heat by conduction from the internal walls qcond,i.walls-ins (Eq. 18), and from the fins 
qcond,fin-ins (Eq. 10). The blanket loses heat by conduction to the external walls qcond,ins-e.walls, which is estimated as: 
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6. External walls 
 The external walls are subjected to the following heat balance equation: 

ambwallseradambwallseconvwallsewallsicondwallseinscond
wallse

wallsepwallse qqqq
t

T
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 (22)

The enclosure external walls receive heat by conduction from the insulation blanket qcond,ins-e.walls (Eq. 21) and from 
the internal walls through the thermal short circuits qcond,i.walls-e.walls (Eq. 19). The external walls lose heat by 
convection to the external air qconv,e.wall-amb and by radiation to walls of the external ambient (laboratory) qrad,e.walls-amb. 
These heat transfer rates are estimated, respectively, through the following expressions: 

( )ambwallsewallseextambwallseconv TTAhq −=− ...,  (23)

( )44
...., ambwallsewallsewallseambwallserad TTAq −=− σε  (24)

 In this model, the conduction thermal resistances through the metal sheets were neglected because they are much 
smaller than the convection resistances between air and these walls. Table 1 presents the values of the geometric 
parameters and the thermophysical properties that appear in Eqs. (1) to (24). The thermophysical properties were 
extracted from the literature7 at average temperatures between 300 and 650 K, depending on the maximum 
temperature level reached by each element. The fins are made of commercial aluminum, the internal and external 
walls are made of steel, the thermosyphons are made of stainless steel, the working fluid is water and the insulation 
blanket is made of glass wool. The properties are assumed to be constant with the temperature. The view factor 
between the fin and the internal walls was obtained from the literature7. The view factor between the thermosyphon 
condenser and the fin on the opposite wall was estimated from relations presented by Siegel and Howell8. The 
masses had been measured and the emissivities were estimated from data presented by Incropera and of De Witt7, 
for fins and thermosyphons painted black. The internal walls are coated with rough/dark enamel and the enclosure 
external walls are white. 

The convection heat transfer coefficient between the external walls and external air was estimated from the 
correlation of Churchill and Chu for natural convection from a vertical flat surface, as presented by Incropera and 
De Witt7. At steady state conditions and at maximum power, the average temperature of the external walls is 
approximately 70°C. Under these circumstances, the estimated convective heat transfer coefficient is approximately 
5W/m²K. For the horizontal wall at the top of the enclosure, available correlations in Incropera and De Witt7 for 
horizontal plates yield an approximate value of 6W/m²K. The value of hext=5 W/m²K is adopted in the analyses that 
follow. The internal convective heat transfer coefficient hint can be estimated from the same correlations of natural 
convection mentioned above (Incropera and de Witt7) and the result is approximately 4 W/m²K. The problem of 
natural convection inside enclosures is discussed by Incropera and De Witt7 and by Bejan9, among others. The 
problem is very complex and the models presented by these authors refer to boundary conditions where the heat 
source is located at one of the side walls and the heat sink is located on the opposite wall. Approximate values for 
the internal heat transfer coefficient using these correlations are within 3 and 4 W/m²K. However, these boundary 
conditions are different from the boundary conditions encountered in the present work, where the enclosure receives 
heat from the two sidewalls and loses heat to the walls of the front, back, bottom and top. An approximate value of 
hint = 4 W/m²K is adopted in the analyses that follow. 

 At this stage, there are still 3 unknown parameters to complete the system of equations (Eqs. 1 to 24). They 
are:  

• The thermal contact resistance between the thermosyphons and the fins Rc,  
• The conduction resistance between the fins and the internal walls Rcond,fin-i.walls  
• The thermal resistance between the internal and the external walls Rcond i.walls–e.walls  (thermal short circuits). 

All these thermal resistances are originated at least in part by contact resistances. As discussed by Milanez10, the 
current theory on thermal contact resistance can accurately predict only a few types of contacts, such as optically flat 
surfaces (total flatness deviation less than 1 µm). Moreover, the contact pressure and the thermal and mechanical 
properties, such as conductivity and hardness, of the contacting surfaces must be well known. Otherwise, the error 
can be up to 2 orders of magnitude. For the problem under consideration, specific experimental/theoretical studies 
are necessary in order to model these contact resistances accurately. The main difficulties lie in the flatness 
deviations of the contacting sheets and the unknown thermo-mechanical properties of the enamel coat. The 
alternative approach adopted here is to estimate Rc, Rcond,fin-i.walls and Rcond,i.walls-e.walls. The model, given by the system 
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of equations (Eqs. 1 to 24) along with the experimental data of temperature as a function of time6, is used in this 
procedure. It consists of adjusting appropriate values for Rc, Rcond,fin-i.walls, and Rcond,i.walls-e.walls, so that the predicted 
temperatures agree with experiments. With the element temperatures adjusted, the radiation, conduction and 
convection heat transfer fractions between the components of the enclosure are estimated.  

The resulting system of equations (Eqs. 1 to 24) is solved numerically using the methodology of finite 
differences. The time derivatives ∂Ti /∂t are replaced by ∆Ti /∆t, where ∆t =1s and ∆Ti  is the difference between the 
temperature of element “i” at time “t” and its temperature at time “t-∆t”. The system of equations is solved at every 
time instant “t” using an implicit formulation scheme with the algebraic manipulation software Maple 8®.  

A model similar to the one presented here was developed by da Silva and Mantelli4 for a bakery oven, where 
temperature measurements are used as input parameters to the model. The radiation, convection and conduction heat 
transfer fractions are then estimated. 
 

Table 1. Geometrical parameters and thermophysical properties of the enclosure 
parameter value parameter value 
Ac [m²] 0.0112 cp,fin [J/kgK] 880 
Afin [m²] 0.1344 εfin 0.95 
Ai.wall [m²] 1.00 εt 0.95 
Ae.wall [m²] 2.50 εi.walls 0.95 
Ffin-i.wall 0.9 εe.walls 0.95 
Fc-fin 0.08 mins [kg] 1.3 
Fc-i.wall 0.92 cp,ins [J/kgK] 800 
N 8 Tamb [K] 300 
mt [kg] 0.135 mair [kg] 0.095 
mf [kg] 0.007 cp,air [J/kgK] 1010 
cv,f [J/kgK] 1550 mi.walls [kg] 5.5 
cp,t [J/kgK] 440 eins [m] 0.035 
mfin [kg] 0.544 kins [m] 0.05 

 

IV. Results and Discussion 
In this section, the theoretical model developed in the previous section is compared against experimental data 

presented by Milanez and Mantelli6. The thermal resistance of the thermosyphons was experimentally obtained from 
a thermosyphon isolated from the enclosure. An electrical heater was wrapped around the thermosyphon evaporator, 
while a fan cooled the condenser. The temperatures at three points of the evaporator and at three points of the 
condensers were measured by mean of thermocouples. The temperature drop across the thermosyphon was obtained 
as the difference between the average of the evaporator thermocouples and the average of condenser thermocouples. 
By dividing the temperature drop by the heat power dissipated in the electrical heater, a value of 0.1 K/W was found 
in the ranges of temperature and heat transfer rates of interest. During operation in the enclosure, the average of the 
temperature drops between the evaporators and the condensers was found to be 16 K. Dividing this value by the 
thermosyphon total thermal resistance (0.1 K/W) one obtains the average heat transfer rate through each 
thermosyphon as 160 W. Multiplying this value by eight, which is the number of thermosyphons, one obtains the 
total power input as qe = 1304 W, which is the first input to the model. 

The next step is to search for values for the 3 unknown thermal resistances: thermal contact resistance between 
thermosyphon and the fins Rc, conduction thermal resistance between the fins and the internal walls Rcond,fin-i.walls  and 
conduction resistance between the internal and external walls Rcond,i.walls-e.walls through the riveted junctions. Figure 3 
shows the temperature measurements as a function of the time collected by Milanez and Mantelli6.  Figure 4 shows 
the graph of the theoretical temperatures as a function of time obtained for Rc = 0.11 K/W, Rcond,fin-i.walls = 0.28 K/W 
and Rcond,i.walls-e.walls = 0.18 K/W. These values were obtained by trial and error, so the theoretical and experimental 
values of temperature after 3000 s of test are approximately equal.  

For a given heat power input, the internal wall temperature is a function only of the resistance between the 
internal and external walls Rcond,i.walls-e.walls. Therefore, this is the first unknown resistance to be adjusted. Figures 5 
(a) and (b) show a parametric study of the temperature curves obtained when values of 0.15 and 0.21 K/W are used 
in the model, respectively. As one can see, increasing the value of Rcond,i.walls-e.walls, increases the temperature of the 
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internal walls. Also, the temperature curves of the internal walls, the air, the fins and the thermosyphons are 
displaced upwards, but the differences among them remain approximately constant.  

Having defined the first unknown resistance, the next one is the thermal resistance between the fins and the 
internal walls Rcond,fin-i.walls. The fin temperature depends primarily on Rcond,fin-i.walls. By matching the fin theoretical 
temperature to the experimental data, a value of Rcond,fin-i.walls=0.28 K/W was found. Figures 6 (a) and (b) show a 
parametric study of the temperature curves obtained when values of 0.18 and 0.38 K/W are used, respectively. The 
larger the value of Rcond,fin-i.walls, the higher the temperature of the fins, while the difference between the temperatures 
of the fins and the thermosyphons remains approximately constant. Finally, the thermal contact resistance between 
the thermosyphons and the fins is obtained by matching the theoretical and experimental temperatures of the 
thermosyphons. A value of Rc =0.11 K/W was obtained. Figures 7 (a) and (b) show a parametric study of the 
temperature profiles obtained when values of 0.06 and 0.16 K/W are used, respectively. The larger the value of Rc, 
the higher the temperature of the thermosyphon, while the other temperatures remain approximately constant. 

Table 2 shows the measured and the theoretical temperatures after 1000 s and after 3000 s of test. The 
experimental value of the external wall temperature was measured using an infra-red thermometer and represents an 
approximate average of the external temperature of the enclosure. The unknown thermal resistances were adjusted in 
order to match the steady state theoretical temperatures of the internal walls, fins and thermosyphons to the 
experimental data (after approximately 3000 s of test). The temperatures of the air, external walls and insulation 
blanket are calculated by the model. As one can see, the agreement is good. After 1000 s of test, the theoretical 
temperatures are only slightly higher than the experimental data. These small differences are, at least in part, due to 
the thermophysical properties, which were kept constant with temperature.  

With the temperatures and the unknown thermal resistances calculated, the radiation, conduction and convection 
heat transfer parcels between the elements of the enclosure can also be calculated. From the total of 1306 W that is 
transferred into the enclosure by the thermosyphons, 10% is transferred by radiation to the internal walls and only 
1% is transferred by convection to the air. Almost 90% is transferred to the fins by conduction, which shows the 
importance of the fins in removing the heat from the thermosyphon. This result also shows that the fins are working 
properly and that the thermal contact resistance between the fin and the thermosyphons is small.  

From the total heat transfer rate that reaches the fins, 10% is lost to the insulation blanket by conduction, 40% is 
transferred by conduction to the internal walls through the riveted joints, 46% is transferred by radiation to the 
internal walls and only 4% is removed by the air through natural convection. Adding these components with the heat 
that the air receives directly from the thermosyphons, one observes that only 5% of the enclosure heat input is 
transferred through the air by convection. This is because the air inside the enclosure is at a very uniform 
temperature, as reported by Milanez and Mantelli6. These authors observed a maximum temperature difference of 
only 8°C in the air inside the enclosure. Under these conditions, the air behaves as a thermal insulator. Therefore the 
heat is removed from the fins mostly by conduction and radiation. 
 At steady state conditions, the thermal insulation blanket transports only 341 W of the total 1304 W power input, 
which is approximately 25%. If there were no heat leakages, i. e., no short circuits between the internal and the 
external metal sheets that constitute the enclosure, the insulation blanket would transport 100% of the heat input. 
Therefore, one concludes that the effectiveness of the enclosure insulation is approximately 25%. Approximately 
75% is transferred through the thermal short-circuits between internal and external walls. It is convenient to mention 
that the construction approach of the enclosure under study, i. e., riveted metal sheets, is commonly used in domestic 
and industrial ovens. One can then conclude that this approach is not efficient, because the thermal insulation is 
directly related to the fuel consumption. Finally, the external walls of the enclosure lose 60% of the total heat by 
radiation and 40% by natural convection to the environment. Table 3 presents a summary the percentages of the heat 
transfer modes in and out of each element of the enclosure with respect to the total heat input (1300 W). 
 

Table 2.  Theoretical and experimental temperatures [°C] 
 t=1000 s  s t=3000
 Experimental al al l Theoretic Experiment Theoretica

Thermosyphons average 273 273 3 1 32 32
Fins 254 257 6 5 30 30
Air 200 203 4 7 26 25

Internal walls 178 187 3 1 24 24
Insulation blanket - 9 - 3 12 17

External walls - 8 0 72 5 ≈7
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Figure 5 - Parametric analysis of Rcond,i.walls-e.walls. 
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Figure 6 - Parametric analysis of Rcond,fin-i.walls. 
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Figure 7 - Parametric analysis of Rc

V. Summary and Conclusions 
In this work, a theoretical model is developed in order to analyze the thermal performance

enclosure heated by closed two-phase thermosyphons. The enclosure is divided into six main ele
temperature approach is adopted for each element. The elements are thermally connected amo
means of radiation, conduction and convection heat thermal resistances.  

With the input of available experimental data, the model is used to calculate thermal re
elements of the enclosure that are difficult to estimate theoretically, such as contact resistances at 
relative importance of the three heat transfer modes between the elements that constitute the enc
assessed with the model. The results show that, given the very isothermal characteristic of 
enclosure, which does not lead to effective natural convection heat transfer, most of the heat insid
transferred by radiation and conduction. The results also showed that most of the heat transferred 
is lost through thermal short circuits between the enclosure internal walls and the external env
passing through the insulation blanket This result indicates that the riveted joint approach, gene
enclosures such as baking ovens to attach the metal sheets to each other, is thermally inefficient.  
 

Table 3.  Percentage of each heat transfer mode in and out of each element of the enclos
 

 Radiation Convection Conduction 
 In Out In Out In Out 

Thermosyphons * 10 * 1 * 89 
Fins 1 42 - 4 89 44 
Air - - 5 5 - - 

Internal walls 50 - 5 - 35 90 
Insulation blanket - - - - 25 25 

External walls - 60 - 40 100 - 
* The heat transfer modes into the thermosyphons in the combustion chamber are not calculated
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