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Abstract

This work analyzes and compares the thermal characteristics of two enclosures heated using different methods: one is heated using two-phe
thermosyphons and the other is heated with a more conventional approach; hot exhaustion gases flowing into the enclosure. The first type h
been evaluated for application to baking ovens, while the second type is already commonly used for this application in some countries. The
methodology used to compare the two enclosures was developed by the present authors and is presented in the literature. The results show 1
the enclosure heated using thermosyphons has more uniform temperature and radiative heat transfer coefficient distributions compared to t
conventional approach. The conventional enclosure tends to present larger convective heat transfer coefficients than the thermosyphon assis
enclosure because of the exhaustion gases movement. The thermosyphon assisted enclosure present a very uniform temperature distribut
which causes the air to become stagnant and the heat transfer coefficients to be low. The radiation field inside the thermosyphon assisted enclos
is more uniform than the conventional enclosure. A more uniform radiation field is obviously better when applying the enclosure for cooking as
it makes the process more even.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction workers [3-5] successfully applied two-phase thermosyphons
to isothermalize enclosures. Their work was focused on appli-

Two-phase thermosyphons are high efficiency heat tran<eations to bakery ovens, especially for bread baking. The ther-
fer devices: they can transport heat at a very high rate with 810syphon condensers were placed inside the enclosure, while
relatively small temperature drop, i.e., they present a low therthe evaporators were confined in a combustion chamber be-
mal resistance. There are innumerous applications to two-pha&@V the enclosure. Heat was supplied by gas (propane-butane)
thermosyphons, from large heat exchangers for the petroleuRtrmers inside the combustion chamber. As a result, a very
industry to small water solar heaters. Faghri [1], Peterson [2]yniform temperature distribution was obtained inside the en-
among others, review the theory and the applications of the twoslosure, which translated to the bread being baked very evenly.
phase thermosyphon technology. Apart from featuring a low Another important characteristic of this approach is that the
thermal resistance, another interesting characteristic of twahermosyphons transfer the heat from the combustion chamber
phase thermosyphons is a very uniform temperature distribunto the enclosure without mixing the exhaustion gases with the
tion in the condenser section when the heat transfer coefficierir inside the enclosure. The approach normally adopted in bak-
between the condenser and the external environment is smaithg ovens in some countries is to heat the oven enclosure by
such as in baking oven applications. Recently, Mantelli and comeans of a gas (propane/butane) burner placed bellow the en-

closure bottom wall, at the centerline. The combustion gases
" _ flow into the enclosure through holes on the bottom wall and
761(;errespondmg author. Tel.: +55 48 331 9379 ext. 226; fax: +55 48 331€Xit the enclosure through holes on the back wall. The tem-

E-mail addressesnilanez@labsolar.ufsc.br (F.H. Milanez), perature distribution inside the enclosure resulting from this
marcia@labsolar.ufsc.br (M.B.H. Mantelli). approach presents considerably large variations [4]. The pres-
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Nomenclature
m MASS ottt ettt kg Greek letters
cp specific heat at constant pressure .. :kgdt.K-1 surface emissivity
T temperature ...............oeiniiiiiiiii... Ko Stefan—Boltzman constantd x 108 W.m=2.K 4
t time ............. SICITITTITTRTESTITERY S S Subscripts
h heat transfer coefficient ............ WK , rad radiation
A surfacearea ... m air enclosure air
q heattransferrate ........................... Wy enclosure walll
ence of exhaustion gases inside the cooking chamber is als @ fins (side walls)

bottom wall, which is closer to the gas burner than the othe
walls, makes the radiative heat flux distribution inside the en:

closure very uneven, as it will be seen later. The closer to thi Q [

undesirable. Furthermore, intense thermal radiation from th<§

bottom wall, the more intense is thermal radiation. (a) (b) (©  thetmosyphons
Milanez and Mantelli [6] proposed an experimental method- insulation blanket (glass wool) external sheets
ology to assess how even is the cooking inside the enclosul

without effectively cooking any food at all. The basic idea is to <
measure the spatial distribution of the heat transfer coefficier
between the enclosure and small aluminum blocks spread ir @
side the enclosure. The objective of the present work is to appl
the methodology proposed by Milanez and Mantelli [6] in the| (d)

analysis of the thermal performance of two types of enclosure "~ =
one heated by thermosyphons and one heated by hot exhausti (glass wool)
gases.

window
(double glass)

2. Enclosure geometry

front door

The geometry of the enclosure assisted by thermosyphons
presented in Fig. 1. It is basically composed of two mild steel
sheets, which constitute the upper and the 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 rec-
tangular enclosure (b) with dimension88 x 0.48 x 0.61 m.
Eight stainless steel-water thermosyphons are attached inter- . . .
nally to the side walls of the enclosure (c), so the side walls ac urner are confined in a combustion chamber, completely sepa-
as fins, helping to remove the heat from the thermosyphon coff@ted from the enclosure. . _ _
densers. The thermosyphon evaporators are tiltec’aadébare The details of the thermosyphon/fin attachment is shown in
located inside a combustion chamber below the enclosure. Twoild- 2. The fin was deformed in order to accommodat@ df
metal sheets are riveted at the front and at the back of the enclthe area of the condenser. The fin is sandwiched between the
sure (d). A 50 mm thick insulation blanket made of glass woolthermosyphon and a steel angle. A steel wire clamp is used to
is wrapped around the enclosure walls and thermosyphons (&gqueeze the fin against the thermosyphon. The function of the
Mild steel sheets are placed externally to protect the insulatiogteel angle is to distribute the contact pressure more evenly over
blanket (f). A glass wool blanket is used to insulate the encloye interface, avoiding gaps where there is no effective contact,
sure back wall (g). The front door, made of a glass wool blankefy ey would increase the thermal contact resistance between

sandwiched by metal sheets, completes the enclosure (g). At ﬂt]ﬁe thermosyphon and the fin. Between thermosyphon and the

center of the front door there is a double glass window for in-_ . . .
spection fin there is also an aluminum tape. The aluminum tape deforms

Eight 12.7 mm outer diameter and 10.2 mm inner diame-“”der compression, helping to fill the gaps between the ther-

ter stainless steel-water thermosyphons are used. The conden8¥syPhon and the fin. Given the high thermal conductivity of
section of the thermosyphons is 270 mm long, there is no adidluminum, the tape also contributes to the decrease of the ther-
abatic zone and the evaporator is 90 mm long. The nominahal resistance at the contact between the thermosyphons and
filling ratio is 100% of the evaporator volume. A gas burner isthe fins.

) (h)

Fig. 1. Enclosure geometry.

Eglaced bellow each row of evaporators. The evaporators and the
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The geometry of the conventional enclosure, i.e., the one : @3 T
heated by exhaustion gases, is similar to the enclosure described | PO \\‘%" ; e
above. The basic difference is that there are no thermosyphons Lo 1‘ ST ’
. . . Ve Ve 1 =
and no combustion chambers in the conventional enclosure. The e “ !
side walls are made of mild steel sheets, like the other enclosure e AN : -
walls. The gas burner is horizontally placed underneath the bot- T

tom wall of the enclosure and in the longitudinal direction. The
burner has a cylindrical shape, with a diameter of 40 mm and a
length of 400 mm. The hot exhaustion gases flow into the enclo; o
sure through 8 holes (2635 mm each) on the bottom wall and 3.1. Temperature distribution measurements

right above the burner and exit the enclosure through 2 holes

(30 x 80 mm) on the upper end of the back wall. Fig. 3 shows The temperature distribution tests consisted of measuring the
the heating approach of the conventional enclosure in more déemperature in several points of a control volume in the form of

Fig. 5. Position of the blocks.

tails. a parallelepiped with dimensions 385240 x 170 mm as well
as at the geometric centers of the enclosure walls. The tem-
3. Experimental program peratures inside the control volume were measured with the

thermocouples fixed in a 3 mm diameter steel wire rig (see

The experimental study consisted basically of measuring thgig. 4). The thermocouples were placed in 3 sections located
temperature distribution inside the enclosures as well as thgt the bottom, middle and top of the control volume. Each sec-
heat transfer coefficient between the enclosure and small algion had 9 thermocouples, according to Fig. 4.
minum blocks spread inside it. Two different enclosures were
tested: one heated using the conventional approach, i.e., hot e > Heat transfer coefficient measurements
haustion gases flowing into the enclosure, and the other using™
thermosyphons, as described in the last section.

Two types of tests were conducted: transient and steady As described in Milanez and Mantelli [6], the heat transfer
state. The transient tests consisted of turning the gas burner @listribution inside the enclosure is measured by means of a steel
from thermal equilibrium at room temperature (start-up). Thewire rig containing 15< 15 x 15 mm aluminum blocks spread
steady state tests consisted of pre-heating the enclosure tarside the enclosure, according to Fig. 5. Some of the blocks
temperature level of approximately 220 before making the were painted in black while others were polished. By measuring
measurements. the temperature of the blocks as a function of time, one can
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obtain the heat transfer coefficieh{W-m2-K1] between the wheree is the block surface emissivity and= 5.67 x 108
enclosure and the blocks by means of the following expressiodV-m~2.K 4 is the Stefan—Boltzmann constant. From Egs. (2)
and (3) one gets:

AT
mcy——=hA(Tair—T) (2) ea(Tu‘)1 )
At hrad= TN (4)
(Tall' - T)
wherem [kg] is the block mass;), [3-kg~1.°C~1]is the specific Therefore, the radiation heat transfer coefficient obtained us-

heat at constant pressuf®;; [°C] is the air temperature, mea- ing this procedure is not constant with time because the temper-
sured with thermocouples positioned near the bloZkg,C]is  ature of the block varies from room temperature (beginning of
the block temperature antl[m?] is the block surface area. The the test) to the steady state temperature (approximately@R0
Biot number for the block is less than1%) which means it can  This result will be helpful in the analysis of the experimental
be assumed to be at a uniform temperature. data that follows later.

The thermocouples used are #40 and type K. The time inter-
val between two temperature readingais=5s andA7 [°C] 4. Resultsand discussion
is the increase of the block temperature between two consecu- o
tive readings. Every 5 seconds the data acquisition system reafis: Temperature distribution results
the temperatures of the blocks and stores the data in a personal

computer. Afterwards, the heat transfer coefficients at each time Figs. 6 _an(_j 7,Sh°W th_e measured threg-dimension.al ter_n-
interval were obtained by solving Eq. (L) fbr perature distributions during start up (transient test). Fig. 6 is

The procedure adopted for the transient tests consisted (t)l?e encl_osure heated using the corventional approz?\ch, .e., hot
exhaustion gases flowing into the enclosure and Fig. 7 corre-

turning on the gas burner with the enclosure at room temper: onds to the thermosvphon assisted enclosure. The tempera-
ature and with the rig containing the aluminum blocks placeasp yp ' P

inside the enclosure. The procedure adopted for the steady ste*~
tests consisted of pre-heating the enclosure to®228nd, with

the temperature stabilized, the rig with the aluminum blocks 180

was inserted into the enclosure. In both the transient and th

steady state measurements, the tests were finished when 1 190

block temperature stopped varying with time, because accor

ing to Eq. (1), the value ot can only be calculated when there

is a variation of the block temperature with time. 200
The objective of testing polished blocks and black blocks

is to measure the radiative and the convective contributions 210

the heat transfer coefficients. Due to the low absorptivity, the

polished aluminum blocks are practically subjected only to con 220

vective heat transfer. On the other hand, the blocks painted i
black absorb heat both by radiation and by convection. Assurr
ing that the effects of convection and radiation are additive, the
radiation heat transfer coefficient can be obtained by subtractig. 6. Temperature map inside the enclosure heated using the conventional
ing theh value of the polished blocks from the value of black approach.

blocks. Therefore, in this work the radiation heat transfer rate is
defined as:

grad = hradA(Tair — T) 2 180
The rate of heat transfer by radiation is not actually pro 100

portional to the difference between the temperatures of the a

and of the block, as expressed by Eq. (2). The rate of radiatio

heat transfer is proportional to the difference between the fourt 200

powers of the absolute temperatures of the walls and the block

Since the dimensions of the aluminum blocks are much smalle 210

than the dimensions of the cooking chamber, and assuming als

that the surface is diffuse and gray, the following relation car 220

be used to estimate the radiation heat transfer rate between t
walls at temperatur&,, and the block at temperatuie

qrad= €0 A(Tu‘} — T4) (3) Fig. 7. Temperature map inside the thermosyphon assisted enclosure.
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ture maps correspond to the time instant when the geometrtemperatures of the air and of the other walls reach steady state
center of the enclosure reaches 2@0during start-up from at approximately the same level (280). The bottom wall tem-
room temperature. Linear interpolation was used to calculatperature is much hotter than the rest of the enclosure because of
the temperatures between two consecutive thermocouples of titlee gas burner, which is placed underneath. As for the enclosure
rig shown in Fig. 4. The maximum temperature variation in-assisted by thermosyphons, shown in Fig. 9, the hotter elements
side the control volume is 4 for the conventional enclosure, are the side walls, which are in contact with the thermosyphon
while for the enclosure heated by thermosyphon, the maximurmondensers. One can also perceive that the maximum tempera-
temperature difference is only°&. Two hot regions can be ture difference between the walls of the conventional enclosure
clearly observed in the conventional approach: the center of this around 150C, while for the thermosyphon assisted enclo-
front-lower edge and the right-upper edge of the control vol-sure the difference is around 100.

ume. The lower-front edge corresponds to the exhaustion gases

exiting from the burner. 4.2. Heat transfer coefficient results
Milanez and Mantelli [6] present the temperature distribu-

tion measurement results in more details, including the tests Table 1 presents the average of the measured values of the
ur;fder steadfy statc:, WE'Ch resulte_d ml a m|aX|mum tem;f)eraturl;?eat transfer coefficients for all cases tested. As one can see,
difference of 27C for t_ e conventional enclosure andQ@for o average heat transfer coefficient between the polished bocks
the t.hermosyphon assisted enclosure. i and the enclosure, which is controlled primarily by convection,
Figs. 8 and 9 show the temperature of the geometric centeig i conventional approach is larger than for the enclosure
of the enclosure walls as a function of time during start-up for,ith thermosyphons. This is because the air temperature dis-
the two enclosures tested. The temperatures of the air at SOm&g, tion of the enclosure assisted by thermosyphons is more
locations inside the enclosure are also presented in these figurgsitorm than the conventional enclosure. as presented in the
for comparison purposes. As one can see on Fig. 8, which o[zt section. The more uniform is the temperature distribution

responds to the conventional enclosure, the temperature of thg the air inside the enclosure, the less intense is the natural
bottom wall reach very large values (beyond 4Q0) while the
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convection induced air flows inside the enclosure and, as a con-
sequence, the smaller is the convective heat transfer coefficient.
The convection heat transfer coefficients are larger during tran-

sient than under steady state due to the same reason. During
transient, the air temperature gradients are larger than during
steady state, as mentioned previously. The air flow due to nat-

ural convection is more intense and consequently the convec-
tion heat transfer coefficients during transient are larger than

under steady state.

Yovanovich’s correlation for external natural convection
around a cube, with the dimensions of the aluminum blocks
used in this study, in an environment with stagnant air [7] yield
a value of 13.5 Wn—2.K~1, which agrees quite well with the
average of the measured value for the thermosyphon assisted
enclosure under steady state condition (14.6W-K—1). It

Fig. 8. Measured temperature variation with time during start-up for the concan be concluded that the air inside the thermosyphon assisted
ventional enclosure.

temperature [°C]

450

Thermosyphon assisted enclosure

400

350

300

250
200 4

150

side wall
air

air

air
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upper wall

enclosure under steady state is predominantly stagnant. As for
the conventional enclosure, air movement induced by the flow
of the exhaustion gases lead to larger values of convection
heat transfer coefficients (17.1 W~2.K~1) than predicted

by Yovanovich’s correlation (stagnant air). Both enclosures
presented similar convection heat transfer coefficients during
start-up (18.9-19.0 Wh—2.K~1) and are larger than the stag-
nant air value obtained by Yovanovich’s correlation. This result

Table 1
100 back wall .
Average values of the measured heat transfer coefflmentmlWK—l]
50 1
o 4 Test Polished Black Black-polished
0 560 10‘00 15‘00 20‘00 2500 Thermosyphon assisted  steady state .614 282 136
time [s] transient 1® 272 83
. L L ) Conventional approach  steady state .117 362 191
Fig. 9. Temperature variation with time during start-up for the thermosyphon transient 1D 294 104

assisted enclosure.
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once more shows that the natural convection is more intensgde the enclosure assisted by thermosyphons presents a more
during start-up. uniform distribution than the enclosure heated with the conven-
Regarding to the radiation heat transfer coefficients, whichional approach.
are given by the difference between the values of the black As already mentioned, the convection heat transfer coeffi-
and the polished surfaces, the conventional enclosure presemients present larger values during transient than during steady
larger mean values, as it can be verified in the last column of Testate because the air temperature distribution is more uniform
ble 1. This happens because in the conventional approach, te&ring steady state than during transient, and larger temperature
floor of the enclosure reaches very high temperatures (abo\@adients lead to more intense natural convection. On the other
400°C) due to the vicinity of the flames of the gas burner placedand, the average radiation heat transfer coefficient, which is
underneath. This fact can be clearly observed in Fig. 10, whickalculated from the difference between the average of the black
presents the heat transfer coefficient distribution between thlocks and the polished blocks, present larger values during
blocks and the enclosures during steady state. As one can séteady state in both enclosures tested, as itcan be qbserved from
the heat transfer coefficient measured from the black blocki€ data of the last column of Table 1. This behavior can eas-
placed close to the floor of the conventional enclosure are mudly P& explained under the light of Eq. (4), which shows that
larger than the rest. As for the enclosure with thermosyphoné,he radiation coefficient is strongly affected by the temperature

the heat transfer coefficients of the black blocks present a mo the enclosure walls. In steady state, the temperatures of the

uniform distribution. In the thermosyphon assisted enclosureWaIIS are approxm:_itely at the same .Ievel of the air (see Elgs.
and 9) and remain constant with time. As for the transient

the flames of the combustion chamber are not in contact wit L .
est (start-up), the walls are initially at room temperature. Ini-

the walls of the enclosure. The heat generated in the combu%

: . 1ally, the walls are cold and therefore the radiation coefficient
tion chambers is spread over the lateral walls of the enclosure

through the thermosyphons. As a result, the radiation field int> small. As the wall temperatures increase with time, the radia-

tion heat transfer coefficient also increases. Fig. 11 (a) presents
a graph of the heat transfer coefficient, calculated form Eq. (1),

A T2l 33
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Fig. 10. Distribution of heat transfer coefficients inside the enclosure undeFig. 11. Measured heat transfer coefficient versus time (a). Measured tempera-
steady state [Wn—2.K 1], tures of a typical black block and surrounding air during transient (b).
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of a typical black block as a function of time, which illustrates fer coefficients than the thermosyphon assisted enclosure be-
this effect. Fig. 11(b) shows the temperatures of the block andause of the exhaustion gases movement. The thermosyphon
the surrounding air as a function of time during transient. It carassisted enclosure present a very uniform temperature distribu-
be observed that, initially, the temperatures of the cube and dfon, which makes the air stagnant and the heat transfer coeffi-
the air are close to each other. The oscillations of temperaturgients small. This aspect could pose a problem when applying
readings due to the uncertainty of the thermocouples make thbe thermosyphon assisted enclosure to baking ovens, because
first few i data points of Fig. 11(a) to present a large varia-small heat transfer coefficient means larger cooking time and
tion. These first few points should be ignored as they bear higher fuel consumption. However, a small fan placed inside
large experimental error. A few seconds later, the values stabthe enclosure can solve this problem by artificially inducing the
lize around 25 Wm—2.K~1 and then start to go up smoothly necessary air movement.
with time as the temperatures of the walls increase. The values The radiation field inside the thermosyphon assisted enclo-
presented for the black blocks on Table 1 correspond to the beure is more uniform than the conventional enclosure. The con-
ginning of the test, when the walls are still cold. By the time ventional enclosure has the bottom wall very hot because of the
t = 1600 seconds, approximately, the temperatures of the bloaas burner, which is placed underneath. As a consequence, the
and of the surrounding air get close to each other again, whicthermal radiation is much more intense from the bottom than
leads to a large scattering éfvalues once again. Even neg- from the remaining walls. The thermosyphons help spreading
ative values are calculated because the black block eventualtite heat over a larger area of the side walls. A more uniform
reaches temperatures higher than the air due to intense radiaticadiation field is obviously better when applying the enclosure
absorption. These final points should also be ignored becauser cooking as it makes the process more even.
they do not correspond to the real physics of the problem. The methodology used here has proven to be very effective
The heat transfer coefficient between the enclosure and tha assessing the thermal performance of heated enclosures. It
polished aluminum blocks, on the other hand, which is con€an be used to predict and compare the cooking characteristics
trolled by convection, is almost constant with time. From theof prototype ovens in laboratory before submitting the final pro-
classical theory of convection heat transfer, one should expecttatype to tests with actual food. In the near future, the method-
slight variation of the heat transfer coefficient with time, as theology is gong to be employed in the development of ovens for
air thermal properties and the Grashoff number, which is propizza and cookies.
portional to the block temperature, vary with time. However,
this variation is small under the conditions tested, so that th@ cknowledgements
convection heat transfer coefficient between the air the blocks

is practically constant with time. The authors would like to acknowledge the support of CEN-
. PES/PETROBRAS, FINEP and CNPq during this project.
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