environment

FUKASZ J. ORMAN

Kielce University of Technology,

Faculty of Civil and Environmental Engineering
al. Tysiaclecia Panstwa Polskiego 7

25-314 Kielce, Poland

e-mail: orman@tu.kielce.pl

MEASUREMENTS OF BOILING HEAT TRANSFER
ON A SINGLE FIN

Abstract

Heat exchangers are part of mechanical devices. It is often important to determine the heat transfer characteristics of
such exchangers to enable their proper design and operation. The article presents a combination of modern measuring
techniques based on infrared technology and visualisation studies of boiling heat transfer on a fin — a basic heat exchanging

element. The results obtained for distilled water are compared with a selected model of boiling from literature.
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1. Introduction

Boiling is a highly effective mode of heat transfer,
which enables to dissipate significant amounts of heat
— up to 10° W/m? and more. Consequently, attention
is now paid to research into boiling due to a need to
find efficient ways of cooling electronic or mechanical
devises. It is also possible to produce smaller and more
effective heat exchangers for refrigeration industry if
boiling on specially prepared surfaces is applied.

Measurements of boiling heat transfer are almost
always conducted on isothermal surfaces. Only a few
works deal with boiling on non — isothermal surfaces,
which are most often encountered in practical
applications. Thus, it is necessary to carry out tests on
a non — isothermal surface of a fin to determine a true
nature of heat transfer in heat exchangers working
with a change of phase of a coolant.

Boiling heat transfer is traditionally described
with a boiling curve, which is a dependence of heat
transfer coefficient or heat flux on wall superheat. The
superheat is defined as a difference between saturation
temperature of the liquid and surface temperature.

If the temperature of the heater surface is elevated
over the boiling temperature of the fluid, at first no
vapour bubbles are present and heat is transferred in
the natural convection mode. Then, when the liquid is
slightly superheated and superheat is high enough —
ca. 2 to 6°C for water [2], boiling begins and vapour
bubbles get created on the surface. It is a nucleate

boiling regime. Here, a sudden rise in dissipated heat
is observed and heat transfer is more and more intense
as the temperature of the surface is increased further.
A rise in heat flux is linked with more vapour being
produced and, consequently, neighbouring bubbles
join together to finally produce a vapour film which
insulates the surface from the liquid. It leads to a
decrease in dissipated heat flux. A new unfavourable
mode of heat transfer occurs — film boiling. Any
further rise in heat flux is attributed mainly to
radiation heat transfer [1]. From the practical point
of view the most interesting mode of heat transfer is
nucleate boiling, since it offers high heat dissipation
rate at small temperature differences.

2. Experimental set - up

Generally, for many years a common technique
to measure boiling heat transfer has been the use of
experimental stands whose electric heater increased
(or decreased) the measured temperature of the
surface several times to determine points on the
boiling curve. The temperature at every point of the
surface has had to be the same (an isothermal surface),
however, modern engineering devices are usually non
— isothermal and research needs to be performed on
finned surfaces, which is the focus of this paper.

The presented technique has been adopted from
Orzechowski [5] and used to perform measurements
on a single fin. The principal element of the
experimental set —up is a vertical fin (Fig. 1). It is part

47



environment

tukasz J. Orman

of one side of a vessel, in which liquid (in the present
project distilled water) is boiled. On the inside the fin
is in contact with the liquid and on the other side with
air — this side is observed with an infrared camera. Heat
is supplied to the base of this fin by an electric heater.
Consequently, there is a temperature gradient along the
fin. Measurements of temperature distribution have
been conducted with a long-wave (8-14 um) infrared
camera equipped with a detector of 384 x 288 pixels
whose thermal resolution is 0,08 K.

Fig. 1. Schematic of the measuring unit:
1 —fin, 2 — infrared camera [4]

Based on the temperature distribution along the
fin and its numerical differentiation, assuming
that boiling heat transfer coefficient depends
exponentially on superheat, local values of the heat
transfer coefficient are determined using a method
presented by Orzechowski [5] and described below.

The formula for temperature distribution in the fin is:

2
d_f: m2 9n+1 (1)
dx
which was analysed by Unal in [7].
Parameter m?is defined as:

2 aP

P and F stand for the circumference and area of the
fin, respectively, while A is the thermal conductivity
of the fin’s material. 0 is a difference between surface
temperature and saturation temperature of the liquid.
Constants @ and n are determined experimentally,
which leads to the formula for heat transfer coefficient,
according to the equation:

a=al" 3)

Differentiation of (1) leads to the relation for
superheat gradient along the fin, which in logarithmic
coordinates takes the form of:

2 2
1{?) =ln(2m2}r(n+2)ln0 )

n+
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For fins whose length is considerable no heat
transfer at the tip can be assumed. In this case
integration contact C is 0, as considered in (4).

From (3) the presented technique enables to determine
the boiling curve as a function of local values of
heat transfer coefficient and superheat based on the
temperature distribution along the fin.

Figure 2 presents the temperature distribution on
the smooth fin from Figure 1. It can be readily noticed
that boiling heat transfer is very effective in cooling
the element — temperature drops very close from the
base of the fin and reaches the saturation temperature.
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Fig. 2. Temperature distribution along the fin

Visualisation studies conducted from the liquid
side of the fin (Fig. 3) reveal that there are two modes
of heat transfer present on the fin. At first nucleate
boiling regime is observed, which is a highly efficient
way of dissipating heat. Here, bubbles and vapour
columns are formed as seen in the picture (Fig. 3).

liquid surface

fin

nucleate boiling  natural convection without phase change
1 ]

Fig. 3. Heat transfer modes on the fin
Then, heat is transferred through natural convection

without phase change. A few bubbles are observed only
on the edge of the sample and a sealing. Comparison
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on the temperature distribution for the smooth copper
fin and the visualisation studies of the boiling modes
leads to a conclusion that a change from nucleate
boiling into natural convection occurs at superheats
of a few Kelvin, which is in agreement with the
literature data mentioned earlier [2], so water in the
presented experiment is still slightly superheated in
the area of the fin where heat is dissipated by natural
convection (and just behind the boiling area).

3. Comparison of the experimental results with the model

The method described above enables to determine
the relationship for the heat transfer coefficient and,
consequently, for heat flux (based on the Newton
law). The obtained results will be compared with
literature data.

One of the models of boiling heat transfer is based
on the assumption of forced convention, which has
been applied by Forster and Zuber [3]. They used
their own equations for vapour bubble growth and
determined that the Reynolds number does not depend
on the bubble radius. The equation for heat flux is:

110'7900'145 p,0'49
_ D 1.24
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where indices /, v, w, sat stand for liquid, vapour,
wall and saturation, respectively, while p is dynamic
viscosity, p — density, ¢ — surface tension, » — latent
heat of vaporisation, ¢, - specific heat and AP —
difference in saturation pressure corresponding to
a difference in saturation temperature equal to the
superheat.

Another model was proposed by Rohsenow [6].
Here, heat transfer is affected by the movement of
vapour bubbles in the vessel. It is related to the suction
of liquid behind bubbles and the creation of convective
currents. Consequently, the phenomenon can be
modelled as a single phase forced convection. Heat
flux can be calculated from the following formula:

1
¢, 0033 - -2

q = ( pl J g(p-p) Py 03 (6)
Cr o

Where the values of constants C and s differ depending
on the surface morphology, its material and the kind
of the boiling liquid, while Pr is the Prandtl number.

The comparison of the experimental and calculation
results based on the Rohsenow model are presented
in Figure 4. A good congruence is observed in the
analysed superheat range.
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Fig. 4. Boiling curves for the investigated smooth surface
and Rohsenow model calculations

4. Conclusions

Boiling heat transfer can be investigated using both
temperature measurements e.g. with a thermovision
camera, or visualisation studies. Each approach gives
an insight into the physics of this phenomenon and
enables to better understand the operation of phase
change heat exchangers. It can also improve the
design of such devices.
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Badania wymiany ciepta przy wrzeniu
na pojedynczym zebrze

1. Wprowadzenie

Wymiana ciepta przy wrzeniu umozliwia odpro-
wadzanie znacznych gestosci strumienia ciepta.
W zwiazku z tym proces ten jest bardzo interesujacy
z punktu widzenia poszukiwania nowych mozliwo-
$ci odprowadzania duzych ilosci ciepta z urzadzen
elektronicznych czy mechanicznych. Mozliwe jest
rowniez wytwarzanie mniejszych i bardziej efektyw-
nych wymiennikow ciepta dla przemystu chtodni-
czego, jesli wrzenie bedzie odbywac si¢ na specjal-
nie zaprojektowanych powierzchniach.

Badania wymiany ciepta sa zwykle prowadzone na
powierzchniach izotermicznych. Niewiele prac doty-
czy powierzchni nieizotermicznych, ktore w prakty-
ce spotykane sg najczesciej. W zwigzku z tym nalezy
prowadzi¢ badania wtasnie na takich powierzchniach
zeber, celem poszerzenia wiedzy na temat analizo-
wanego zjawiska.

Wrzenie rozpoczyna sie, gdy temperatura po-
wierzchni zanurzonej w cieczy bedzie wyzsza niz
temperatura nasycenia tej cieczy. Na poczatku nie
pojawiaja si¢ pecherze, a wymiana ciepta odbywa
sic¢ w drodze konwekcji swobodnej. Pozniej, gdy
ciecz jest nieznacznie przegrzana (dla wody wy-
magane przegrzanie to ok. 2 do 6°C [2]) nastgpuje
tworzenie pecherzy parowych na powierzchni. Jest
to wrzenie pecherzykowe. W tym obszarze wymiana
ciepta jest intensywna, a wraz ze wzrostem dostar-
czanego strumienia ciepta rosnie ilos¢ wytwarzanej
pary. Sasiednie pecherze tacza si¢, az wreszcie na
powierzchni wytwarza si¢ film parowy izolujacy ja
od cieczy. Wowczas gestos¢ odbieranego strumienia
ciepta obniza si¢. Jest to wrzenie btonowe. Dalszy
wzrost gestosci strumienia ciepta odprowadzanego
z powierzchni jest zwigzany z radiacyjng wymiang
ciepta [1]. Z praktycznego punku widzenia najwick-
sze znaczenie ma wrzenie pgcherzykowe.
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2. Procedura eksperymentalna i wyniki badan

Przez wiele lat badania wymiany ciepta prowadzo-
no na stanowiskach, w ktorych grzejnik elektryczny
regulowat temperatur¢ powierzchni celem wyzna-
czenia kolejnych punkow na krzywej wrzenia, czyli
zaleznosci gestosci strumienia ciepta lub wspotczyn-
nika przejmowania ciepta od temperatury.

Zaprezentowana technika w niniejszym artyku-
le pochodzi z pracy [5]. Podstawowym elementem
jest zebro (rys. 1). Stanowi ono cze$¢ Scianki bocz-
nej naczynia z wrzaca ciecza. Zebro z jednej strony
jest w kontakcie z ciecza, a z drugiej z powietrzem
1 ta strona jest obserwowana kamerg termowizyjna.
Ciepto dostarcza si¢ do podstawy zebra. W konse-
kwencji tworzy si¢ gradient temperatury na dtugosci.
W oparciu o zmierzony kamera termowizyjng roz-
ktad temperatury wyznacza si¢ lokalne wartos$ci
wspoélczynnika przejmowania ciepta wedlug meto-
dyki zaprezentowanej przez Orzechowskiego [5].

Rysunek 2 przedstawia rozktad temperatury na
powierzchni gladkiego Zebra. Latwo mozna zauwa-
zy¢, ze wrzenie jest bardzo efektywne do chlodzenia
rozpatrywanego elementu. Temperatura spada blisko
podstawy i osigga temperature nasycenia.

Badania wizualizacyjne wykonane od strony cie-
czy (rys. 3) ujawniaja istnienie dwoch rodzajow wy-
miany ciepta na zebrze: wrzenia pecherzykowego
przy podstawie z widocznymi pgcherzami parowy-
mi, a dalej konwekcji swobodne;.

3. Poréwnanie wynikow z modelem

W oparciu o przedstawiong metod¢ mozna wyzna-
czy¢ lokalne wartosci wspotczynnika przejmowania
ciepta i por6wnanie otrzymanych wynikow z dany-
mi literaturowymi. Jednym z modeli, opartym o za-
tozenie konwekcyjnej wymiany ciepta (konwekcja
wymuszona) jest zalezno$¢ zaproponowana przez
Fostera i Zubera [3]. Mozna réwniez skorzystaé
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z modelu Rohsenowa [6], w ktorym zaktada sie, ze
na wymiang ciepta wptywa ruch pecherzy w cieczy.
Porownanie wynikow badan z obliczeniami modelo-
wymi prezentuje rysunek 4, na ktérym mozna zaob-
serwowac zgodno$¢ obydwu wielkosci.

4. Wnioski

Wymiana ciepta przy wrzeniu moze by¢ analizo-
wana w oparciu o rozklad temperatury na rozpatry-
wanym elemencie czy badaniach wizualizacyjnych.
Obydwie metody dajg poglad na zachodzace proce-
sy i umozliwiaja ich lepsze zrozumienie. W oparciu
o wyniki takich badan mozliwe jest lepsze projekto-
wanie wymiennikow ciepta, dziatajacych w oparciu
o zmiang fazy czynnika.
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