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ABSTRACT

In this paper, experimental results of mixed convection heat transfer over a heated
horizontal surface within a partially open vertical channel are presented.
Experiments were carried out for different Rayleigh numbers, inlet velocities and
heights of channel inlet. Experimental results show that the heat transfer is
enhanced by decreasing the height of channel inlet, increasing the velocity and

Rayleigh number.
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KISMEN ACIK BiR KANAL iCERISINE YATAY OLARAK YERLESTIRILEN ISITILMIS
BiR PLAKA UZERINDEKI KARISIK KONVEKSIYON iLE ISI TRANSFERININ
DENEYSEL OLARAK INCELENMESI

OZET

Bu makalede, kismen agik dik bir kanal igerisine yatay olarak yerlestirilen 1sitilmig
bir plaka iizerindeki karisik konveksiyon ile 1s1 transferi deneysel olarak
incelenmistir. Deneyler farkli Rayleigh sayilari, giris hizlart ve kanal giris
yiiksekliklerinde yapilmistir. Deneysel sonuglar 1s1 transferinin, kanal giris
yiiksekliginin azalmasi, giris hizinin ve Rayleigh sayisinin artmasi neticesinde

arttigin1 gostermektedir.

Anahtar kelimeler: Karisik konveksiyon, kismi kanal, 1s1 transferi

1. GIRIS

Elektronik cihaz tasarimcilart agisindan 1s1 transferi,
tizerinde durulmasi gereken dnemli bir konudur. Is1 yayan
elektronik elemanlarin sogutulmasinda karigik
konveksiyon ile 1s1 trasferi sik¢a kullanilan bir yontemdir.
Bu konuda genel bir inceleme Peterson ve Ortega (1)
tarafindan yapilmistir. Angirasa ve Mahajan (2) kismi
kapali dikey bir kanalda karisik konveksiyon ile 1s1
transferini sayisal olarak incelenmis ve diisiik Rayleigh
sayilarinda dogal konveksiyonla 1s1 transferinin {izerine
eklenen zorlanmig konveksiyon etkisinin en yiiksek
fayday1 sagladigini tesbit etmislerdir. Bunun yanisira
Angirasa ve Mahajan (3) yatay yiizey lizerinde dogal
konveksiyonla 1s1 ve kiitle transferini numerik olarak
incelemislerdir. Nakamura ve Kamura (4) deneysel ve
sayisal olarak yaptiklari ¢aligmada bir elektronik sistem
icin degisik sayilardaki fanlarin dogal ve zorlanmig
konveksiyona etkilerini incelemislerdir. Fushinobu vd. (5)
isitilmamis  bir temel iizerindeki kiigiik bir 1siticida
sicaklik yiikselmesini belirleyen analitik bir metod
geligtirmiglerdir. Chan ve Leung (6), Harms vd. (7).,
Papanicolau ve Jaluria (8) Dehghan ve Behnia (9),
Rahman ve Raghavan (10), Zancihini (11), Jeng vd. (12),
Calmidi ve Mahajan (13), Rahman ve Carey (14), Chen
vd. (15) ve Hsu vd. (16) elektronik sistemlerin
sogutulmasi iizerine ¢aligmalar yapmiglardir.

1. INTRODUCTION

Heat transfer has been a challenging subject for
designers of electronic devices. Mixed convection is often
used to cool electronic devices dissipating heat. See
Peterson and Ortega (1) for a general review. The
numerical study about mixed convection in a partially
closed vertical channel was carried out by Angirasa and
Mahajan (2). They found out that the maximum benefit of
the forced convection in augmenting the natural
convection heat transfer occurs at the low Rayleigh
numbers. Angirasa and Mahajan (3) also presented a
numerical study of combined heat mass transfer by natural
convection over a horizontal surface. An experimental and
numerical study was carried out by Nakamura and Kamura
(4). They investigated natural and forced convection with
different numbers of fans for an electronic system. A
simple analytical method that predicts the temperature rise
of a small heater on an unheated substrate was presented
by Fushinobu et al (5). Some studies about the cooling of
electronic equipment were presented by Chan and Leung
(6), Harms et al (7)., Papanicolau and Jaluria (8) Dehghan
and Behnia (9), Rahman and Raghavan (10), Zancihini
(11), Jeng et al. (12), Calmidi and Mahajan (13), Rahman
and Carey (14), Chen et al. (15) and Hsu at al. (16).

A literature survey indicates that there has been a little
number of studies on the mixed convection in partially
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Literatiir arastirmasi sonucunda kismen ag¢ik dik
kanallarda karigik konveksiyonla 1s1 transferi ile ilgili az
sayida ¢alisma oldugu goriilmiistiir. Bu makalede kismen
acik dik bir kanal igerisindeki yatay plaka tizerinde karigik
konveksiyon ile 1s1 transferi incelenmistir. Deneysel
caligmada yatay plaka uniform olarak 1sitilmistir ve dikey
kanal izole edilmistir. Kanalin st kismima, kanal
igerisinden hava emmeyi saglayacak sekilde bir fan
yerlestirilmistir. Fanin emme etkisiyle simetrik zorlanmis
giris akislari elde edilmistir. Bu zorlanmis akisin etkisiyle,
yatay plaka {lizerindeki kaldirma kuvveti etkili akis
degisime ugrayacaktir. Bu caligmanin amaci zorlanmig
akis giris yiiksekligi (kanal giris yiiksekligi)’nin ve hizinin
kismen agik bir kanal igerisindeki yatay plaka {izerindeki

konveksiyonla 1s1 transferine etkisini incelemektir.
Deneylerde  akigskan  olarak  hava  kullanilmisgtir
(Pr=0.707).

2. DENEY DUZENEGI

Bu caligmada kullanilan deney diizeneginin semas1 ve
iki boyutlu geometrisi sirasi ile Sekil 1 ve Sekil 2 de
gosterilmistir.

Secondary
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open vertical channels. This paper is concerned with an
experimental study on mixed convection heat transfer over
a horizontal plate within a partially open vertical channel.
The horizontal plate is heated uniformly while the vertical
channel is thermally insulated and unheated. A fan was
placed at the top of the channel sucking the air from the
channel. Symmetric forced inlet flows will result because
of this suction. The buoyancy-induced flow over the
horizontal plate of finite length will be modified by forced
flow from the side openings in the vertical channel. The
objective of the present investigation is to study effects of
the forced flow inlet height (height of channel inlet) and
velocity on convection heat transfer over the heated
horizontal surface in a partially open vertical enclosure.
The experiments were performed in air (Pr = 0.707).

2. EXPERIMENTAL APPARATUS

A schematic illustration and two-dimensional geometry
of the experimental apparatus designed for studying mixed
convection in a partially open vertical channel are shown
in Fig.1 and Fig 2, respectively
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Figure 1. Schematic diagram of experimental apparatus
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Figure 2. Two-dimensional geometry

Sekil 2. Iki Boyutlu Geometri

Deney  diizeneginin  etkin  pargast  elektronik
sistemlerdeki 1s1  yayan elemant temsil eden,

101.6mm x101.6mm x 2mm ebatlarindaki bakir
plakadir. Bakir plaka Kapton Heating Materials Co.
tarafindan tretilen silikonlu esnek bir 1sitic1 ile
sitilmaktadir. Isitict boyutlar1

101.6mm x101.6mm x0.1778mm olup,

dayanabilecegi en yiiksek sicaklik 200°C’dir. Isitict
eleman, bakir plaka ile

101.6mm x101.6mm x Smm boyutlarindaki
asbest levha arasma yerlestirilmistir. Isitict eleman
elektrik direncinin deney sartlarinda degismedigi deneysel
olarak tesbit edilmistir. Asbest levha izolasyon kdpiigiintin
yiiksek sicakliktan korunmasi igin kullanilmaktadir.

Bakir plaka iizerine yerlestirilien birinci dikey kanal
Smm kalinhiginda plexiglass plakadan yapilmistir. Dikey
kanal agik uglu prizma seklinde olup i¢ Olgiileri
101.6mm x101.6mm x100mm dir. Adyabatik

sartlarin saglanmast igin kanalin dis ylizeyii 20 mm
kalinligindaki képiik ile yalitilmistir.

Ikinci dikey kanal, birinci dikey kanalin {izerine
yerlestirilmistir. Kanal igerisinde uniform akis profili elde
edilebilmesi i¢in bu kanalin alt kismina 4 mm ¢apli ve 50
mm uzunlugundaki borular dikey olarak yerlestirilmistir.
Kanal igerisinden havanin degisik hizlarda emilmesi i¢in
kullanilan DC fan, kanalin {ist kismina yerlestirilmistir.

Kanal sistemi, bakir plaka iizerine W yiiksekligindeki
dort ayak kullanilarak yerlestirimistir. Zorlannus akis giris
alaninin degistirilebilmesi icin ayaklarmn yiikseklikleri
ayarlanabilmektedir. Ayaklar, yan agikliklardan giren
hava akismi etkilemeyecek kadar ince malzemeden
yapilmuslardir.

Akis hizi, hassasiyeti 6lgiilen degerin yiizde +0.01 i
olan Testo-435 sicak telli anomometre kullanilarak
Olglilmiistiir.  Elektrik akimi 1sitictya  Staco-Energy
Products Co. (0-240 V, 9.5 A, 2.66 KVA) tarafindan
tiretilen degisken voltaj transformatorii ile saglanmaktadir.

Isitict elemana saglanan gii¢ yiizde 0.5 hassasiyetlli
Goldstar DM-311 dijital multimetre ile dl¢iilmiistiir. Isitict
elemanin direncide ayni dijital multimetre ile 6l¢tilmiistiir.
Sicaklik Olgilimleri i¢in 30-gage demir-konstantan 1sil
eleman ciftleri kullanilmistir. Bakir plaka ve 1s1l eleman
ciftleri arasinda iyi 1s1l temasin saglanabilmesi igin 1sil
eleman ¢iftlerinin birlesme yerleri bakir plaka iizerine
acilan deliklerin igerisine yerlestirilerek lehimlenmistir.
Biitiin 1s11 eleman ciftleri sicaklik élgiimlerinde 0.1°C dan
az hata olacak sekilde Technovate kalibrasyon cihazi
kullanilarak kalibre edilmislerdir. Isil eleman giftlerinin
cikiglar1 veri toplama kartlarina baglanmistir. Bu kartlar
Qbasic dilinde yazilmis bir bilgisayar programi tarafindan
kontrol edilmektedir. Sicaklik o&l¢limlerindeki toplam

hatanin yiizde & 1 oldugu belirlenmistir.

Sicaklik 6l¢timlerinde 34 1s1l eleman ¢ifti kullanilmigtir.
Bakir plaka sicakligi plaka iizerindeki bes farkli noktada
Olciilmiistiir. Isitict ve asbest levhalar arasma ii¢ 1s1l
eleman ¢ifti yerlestirilmistir. Diger {i¢ 1s1l eleman gifti
asbest levha ile kopiik arasina yerlestirilmistir. Bu 1s1l

The active component of the test apparatus was a copper
plate, which represented heat-dissipating components of
an electronic  system, having dimensions of

101.6mm x101.6mm x 2mm and was heated by a
silicone-laminated flexible heating element. This heating
element was manufactured by Kapton Heating Materials
Co. The dimensions of heating element were

101.6mm x101.6mm x0.1778mm and it was the
main source of energy input to copper plate. The
maximum temperature that the heating element can
withstand was 200°C. The heating element was placed
between the copper plate and the asbestos plate having

dimensions of 101.6mm x101.6mm xSmm . 1t
was determined experimentally that the electrical
resistance of the heating element was constant for the
temperature range of the experiments. The asbestos plate
was used to prevent the effects of high temperatures on the
sytrofoam insulation.

The primary vertical channel placed over the copper
plate was manufactured from 5 mm thick plexiglass plate.
The shape of the vertical channel was like an open-ended
rectangular prism having inner dimensions of

101.6mm x101.6mm x100mm . The outer surface
of the channel was insulated with 20mm thick sytrofoam
to achieve adiabatic boundary conditions.

The secondary vertical channel was placed over the
primary vertical channel. The vertical pipes of 4mm in
diameter and with a height of 50 mm were placed inside of
the bottom part of this channel to obtain a uniform flow
velocity profile in the vertical channel. A DC current fan
was placed at the top of the channel, sucking the air from
the channel with different flow velocities.

The channel system was mounted on the copper plate by
using four supports with a height of W. The height of these
supports could be changed to adjust the inlet area of forced
flow. These supports were constructed so thin that they
didn’t importantly influence the airflow through side
openings.

The flow velocity was measured by a Testo-435 hot-

wire anemometer with an accuracy of = 0.01 percent of
measured value. Electric current was supplied to the heater
through a variable-voltage transformer. The transformer
was manufactured by Staco-Energy Products Co. (0-240
V, 9.5 A, 2.66 KVA). The power supplied to the heating
element was measured by a Goldstar DM-311 digital

multimeter with an accuracy of +0.5 percent of
measured value. The resistance of the heating element was
also measured by the same digital multimeter.
Temperatures at various locations were measured using 30
gage iron-constantan thermocouples. In order to provide
good thermal contact between copper plate and
thermocouples, thermocouples were soldered into drilled
holes with junctions about 1mm. All thermocouples were
calibrated with a Technovate Calibration device, in order
to resolve temperature differences as small as 0.1°C. The
outputs of all thermocouples were connected to data
acquisition cards. These cards were controlled by a

81
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eleman ciftleri asbest levha ile kopiik arasindaki sicaklik
farkim1 6lgmek icin kullanilmustir. Ug 1s1l eleman cifti
kopiigiin alt yiizeyine yerlestirilmistir. Benzer sekilde
yirmidort 1s1l eleman ¢ifti deney diizeneginin yanal
ylizeylerindeki sicaklik farkini Olgmek igin
kullanilmiglardir. Diger 1sil eleman giftleri ise giris
havasinin sicakligin1 6lgmek i¢in kullanilmiglardir.

3. DENEYSEL CALISMA

Bu caligmanin amacit kismen agik dikey bir kanal
icerisine yerlestirilmis yatay plaka iizerindeki karisik
konveksiyon katsayist degisimine, zorlanmig akig hiz1 ve
kanal giris yiiksekliginin etkisinin incelenmesidir. Bu
amagla deneyler degisik plaka sicakliklari ve hiz
degerlerinde yapilmustir.

Deneylerde ilk olarak dikey kanal, bakir plaka iizerine
yerlestirilmis, bakir plaka ile kanal arasi yiikseklik ince
ayaklar vasitasi ile segilen W degerine sabitlenmistir.
Bakir plakayr 1sitmak igin 1sitictya elektrik akimi
verlmistir. Fan hiz1 uygun emme kosullarini saglayacak
sekilde ayarlanmigtir. Biitlin ayarlamalar tamamlandiktan
sonra sicaklik olgiimleri alinmistir. Olgiimler sistemin
yaklasik 1.5 saatte siirekli sartlara ulagtigini géstermistir.

Sicaklik, hiz ve elektriksel biiytikliiklerin ol¢timleri
siirekli sartlarda alinmigtir. Yalitim malzemesi etrafindaki
sicaklik  farklar1  ve malzemenin 1s1l iletkenligi
kullanilarak, hesaplarda dikkate alinan 1s11 kayiplar
belirlenmistir. Hesaplamalar sonucunda isitict elemana
saglanan elektrik enerjisinin biiyiik miktarinin 1s1l enerjiye
doniiserek, bakir plaka yiizeyine iletildigi ve bir
kismiminda iletim ve bakir plaka yiizeyinden 1sima ile
kayboldugu tesbit edilmistir. Bakir plaka yiizeyinden net
1s1ma 1s1 transferi, ortalama plaka sicakligi, dig ortam
sicakligt  ve diger 1smima  Ozellikleri  kullanilarak
hesaplanmigtir. Bakir plakadan 1s1 kayiplari ve 1g1ma ile 1s1
transferi hesaplandiktan sonra bakir plakadan iletilen
enerjinin geri kalani, tasinim ile transfer edilen 1s1
miktarint vermektedir. Sicak telli anemometre kullanilarak
yapilan hizolglimleri, dikey kanal kesitindeki ortalama
hava hizinin belirlenmesinde kullanilmustir.

Deneysel calisma, iki parametrenin degisik degerinde
gerceklestirilmistir. Deneyler sirasinda degistirilen temel
iki parametre vardir. Bunlar hava giris hizi, Uy ve kanal
giris yiiksekligi,W’ dur. Giris hiz1 i¢in 3 deger (0.2, 0.3
and 0.7m/s) dikkate alinmgtir. Girisi yiiksekliginin
etkisinin belirlenmesi igin ise boyutsuz kanal giris
yiiksekligi, w'=W/L, 0.08 ve 0.2 arahfinda
degistirilmistir.
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computer program written in Qbasic language. Total
experimental error in temperature measurements was

estimated to be about & 1 percent.

34 thermocouples were used for temperature
measurements. The copper plate temperature was
measured at five different locations on the copper plate.
Three thermocouples were placed between the heater and
asbestos plate. Another three were placed between
asbestos plate and sytrofoam. These thermocouples were
used to measure the temperature difference between
asbestos plate and sytrofoam. Three thermocouples were
located on the bottom surface of the sytrofoam. Similarly,

twenty-four thermocouples were used to measure
temperature difference across the sidewalls of test unit.
Additional thermocouples were used to measure

temperatures of inlet air.

3. EXPERIMENTAL PROCEDURE

The main objective of this study is to study the effects
of forced flow velocity and height of channel inlet on the
mixed convection coefficient over a heated horizontal
surface in a partially open vertical channel. For this
purpose, experiments were performed with different plate
temperatures and velocity values.

In the experiments, first the vertical channel was placed
over the copper plate. The distance between the channel
and the plate was fixed by using the thin supports with a
selected length of W. The electric current was supplied to
the heater to heat the copper plate. The fan speed was
adjusted to obtain a suitable suction in the channel. After
all adjustments were made, temperature values were
observed. The measurements showed that the system
reached to steady state conditions at about 1.5 hours.

The measurements of temperature, velocity and
electrical values were obtained at steady state conditions.
The actual temperature difference and thermal
conductivity of the insulating material were used to
calculate the heat loss that was taken into account in the
data reduction process. It was found that essentially all of
the electrical energy supplied to heating element was
converted to thermal energy and a large portion of this
thermal energy conducted through the copper plate and
lost as conduction and radiation heat transfer from the
surface of copper plate. The net radiation from the copper
plate surface was calculated using the average plate
temperature, ambient temperature and other radiation
properties. After the calculations of the amounts of heat
losses and radiation heat transfer from the copper plate, the
remaining energy conducted through the copper plate gave
the amount of heat removed by convection. The velocity
measurements obtained by using the hot wire anemometer
were used to determine the average air velocity at a cross
section of the vertical channel.

Experimental work was carried out by changing the
values of two parameters. There were two basic
parameters, which varied during the course of
experiments. These were the velocity of inlet airflow, U,
and the height of channel inlet, W. Three values of inlet
velocity (0.2, 0.3 and 0.7m/s) were considered. To study
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4. DENEYSEL VERILER VE SONUCLARIN
ACIKLANMASI

Boyut analizi, kismen agik dikey bir kanaldaki karigik
konveksiyon ile 1s1 transferinin Rayleigh sayisi, Ra,
Reynolds sayisi, Re, Richardson sayisi, Ri, ve boyutsuz
kanal giris yiiksekligi, w', a bagli oldugunu gostermistir.
Bu nedenle deneysel sonuglar su sekilde sunulmustur:

the effecgs of inlet height, the value of non-dimensional
height, w =W/L, was varied between 0.08 and 0.2.

4. PRESENTATION OF EXPERIMENTAL
DATA AND RESULTS

Dimensional analysis indicates that mixed convection
heat transfer in a partially open vertical channel depends
on Rayleigh number, Ra, Reynolds Number, Re,
Richardson number, Ri, and the non-dimensional height,
w'. For this reason data can be presented in the form of

Nu = f(Ra,Re,Ri,w*), [1]

Buradaki parametreler;

These parameters are defined as s:

_ 3
Gy BB ~T,)!

2 > (2]

Ri= % [3]

Re = U—Ol ) (4]
14

Ra = GrPr, [5]

olarak tanimlanmistir. Burada, karakteristik uzunluk /,

isittlmis  plakanin - alaninin  ¢evresine orami  olark
tanimlanmaktadir.
Bu bagintilarda kullanilan havanin termofiziksel

ozellikleri Ty, film sicakliginda hesaplanmustir.

where, the characteristic length, 1 was defined as the ratio
of the area of heated plate to the perimeter of the same
plate.

The thermophysical properties of air, used in these
relations, were evaluated at the film temperature, T;:

T=(T,+T,)/2 [6]

Konveksiyon 1s1 transferi katsayis1 h asagidaki ifade ile
hesaplanmustir.

The convection heat transfer coefficient h is defined by the
relation

PR -
(T,-T,)
Nusselt sayis1 Nu agagidaki sekilde tanimlanmigtir: The Nusselt number Nu is defined as follows
Nu = ﬂ (8]
k
burada, k akiskanin 1s1l iletkenligidir. where, k is thermal conductivity of fluid.
Deneysel sonuglarm  dogrulugunun tesbiti  igin In order to determine the reliability of the experimental

hesaplanan degerlerin yanmisira Slgiim sonuglari iginde
belirsizlik analizi yapilmistir. Bunun sonucunda Nusselt
sayisindaki belirsizlikgin (£ 6% ) dan kiigiik oldugu,
Rayleigh sayisindaki belirsizligin  (£5%) civarinda
oldugu ve Reynolds sayisindaks belirsizligin ise (£3%)
oldugu tesbit edilmisir.

ilk olarak, adyabatik dikey plakalarin olmadig1
durumda yatay plaka {izerinde dogal konveksiyonla 1s1
transferi i¢in elde edilen deneyel sonuglar, Llyod ve
Moran (17) ‘mn korelasyonundan elde edilen sonuglarla

results an uncertainty analysis was conduced on measured
quantities as well as the quantities calculated from the
measurement results. The experimental uncertainty for the

Nusselt number was less than (6% ). It was about

(£5%) for the Rayleigh number and (£3%) for the
Reynolds number.

First, experimental results obtained for natural
convection over the horizontal heated plate without the
vertical adiabatic walls were compared to the correlation
of Llyod and Moran (17) as shown in Fig.3. This

&3
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karsilagtirllmistir  (Sekil 3). Bu karsilagtirma deney
diizenenginin kalibrasyonu igin kullanilmustir. Goriilldigii
gibi deneysel sonuglar kullanilarak, elde edilen en uygun
egri ile Lloyd ve Moran korelasyonu kullanilarak elde
edilen egri birbirlerine ¢ok yakindir. Buradan deneysel
sonuglarin 6nceki ¢aligmalarda elde edilen sonuglarla ¢ok
iyi bir sekilde uyum sagladigi, bu nedenle deney

G.U. J. Sci., 17(4):79-88 (2004)/ Tolga PIRASACI*, Mecit SIVRIOGLU

comparison was made to calibrate the present
experimental apparatus. It is seen that the agreement
between the best-fit line for the present experimental data
and the results of Lloyd and Moran is very good. Since the
present experimental data were in good agreement with
previous results, the experimental apparatus was
considered to be adequate to perform the present
experiments.

® present experimental 438 ¢ deneysel somaglar

present best fit . deneysel sormiglara en uygun el

Ref(1 7]

diizeneginin deneysel ¢aligma i¢in uygun oldugu
goriilmektedir.

10

— — Llovyd and Maran 171
g 4
a 4
[ ]
7
40000 50000
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Figure 3. Comparison of experimental data for natural convection over horizontal plate with the correlation of reference (17)
Sekil 3. Yatay plaka iizerindeki dogal konveksiyon i¢in deneysel sonuglarla, referans (17) deki korelasyonun karsilastiriimast

Yatay plaka lizerindeki dogal konveksiyonla 1s1 transferi
sonuglarinin karsilastirilmasindan sonra adyabatik dikey
kanalin 1s1 transferi tizerindeki etkisi incelenmistir.

Sekil 4 de gosterildigi gibi konveksiyonla 1s1 transferi
miktar1  dikey  kanalin  yatay  plaka  {izerine
yerlestirilmesiyle artmistir. Dogal konveksiyonla 1s1
transferi durumunda,dikey kanalli sistem igin dikey kanal
olmayan sisteme gére daha yiiksek 1s1 transferi degerleri
elde edilmistir. Bu sonug¢ dikey kanalin dikey yonde bir
basing gradyani olusturmasi gergegine dayandirilabilir. Bu
sartlarda havanin yukari yonli hiz1 6l¢iildiigiinde, 1sitilmig
plakanin 90°C sicaklig1 kadar olan degerleri igin hizin, 0-
0.25 m/s arasinda degistigi goriilmiistiir. Dikey kanalin
bulundugu sistemde dogal konveksiyon igin elde edilen
Nusselt sayilari, dikey kanalin bulunmadigi sistem igin
elde edilen Nusselt sayilarindan daha yiiksektir. Ozellikle
yiksek  Rayleigh sayilarinda bu fark  dahada
belirginlesmektedir. Bunun nedeni yiiksek Rayleigh
sayilarinda kaldirma kuvveti etkisinin yiikselmesi ve
bunun sonucunda dikey akis yoniinde yiiksek basing
gradyanlar1 olusmasidir. Olusan bu basing gradyani
sonucunda dogal konveksiyon 1s1 transferi miktarini
artmaktadir. Zorlanmis konveksiyonun eklenen etkisini
incelemek icin yatay plaka tlizerindeki fan ¢alistirilmustir.
Bu durumda elde edilen sonuglar, ayni sekil iizerinde
Ue=0.3 m/s ve giris yiiksekligi w*=0.2 i¢in gdsterilmistir.
Bu durum karisik konveksiyon sartlarini saglamaktadir.
Bu durum i¢in elde edilen Nusselt sayilar1 eklenen
zorlanmig akis etkisinin biitiin Rayleigh sayilarinda ayni
oldugunu gostermektedir.

After the comparison of results for natural convection
over the horizontal plate, the attention will be directed to
the effect of the presence of vertical adiabatic walls on
heat transfer.

As shown in Fig.4, the convection heat transfer rates
increase after placing the vertical channel above the
horizontal plate. The natural convection case with vertical
channel gave higher values of heat transfer rates than the
case without vertical channel. This can be attributed to the
fact that vertical channel causes a pressure gradient in the
vertical direction in air. The magnitude of upward velocity
of air was measured and found to be between 0-0.25 m/s
for heated plate temperatures of up to 90°C. Nusselt
numbers of natural convection with vertical channel are
greater than those of natural convection without vertical
channel, especially at high Rayleigh numbers. Because,
the higher the Rayleigh number, the higher the magnitude
of the buoyancy induced flow, which causes greater
pressure gradients in the direction of vertical flow. This
induced pressure gradients result in higher rates of natural
convection heat transfer. The added forced convection
effect was studied by operating the fan above the
horizontal plate. The data obtained for this case was
presented in the same figure for Uy=0.3 m/s and an inlet
height of w*=0.2. This case corresponds to the mixed
convection. Nusselt numbers obtained for this case show
that the added effect of forced convection is the same at all
Rayleigh numbers.
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Figure 4. Experimental data for cases of natural and mixed convection

Sekil 4. Dogal ve karisik konveksiyon i¢in deneysel sonuglar

Zorlanmis akigin 1s1 transferi iizerindeki etkisi Sekil 5
de de gosterilmistir. Sekildede goriilecegi gibi diisiik
Reynolds sayilarinda zorlanmis akisin etkisi Onemli
degildir. Reynolds sayisindaki artigla birlikte zorlanmig
konveksiyonun etkisi 6nemli hale gelmektedir. Bununla
birlikte bu etkinin diigiik Rayleigh sayilarinda daha etkin
oldugu goriilmektedir. Bunun nedeni diisiik Rayleigh
sayilarinda kaldirma etkisinin kii¢iik olmasidir. Eklenen

The effect of forced convection on heat transfer rates is
also shown in Fig. 5. As can be seen from this figure, for
low values of Reynolds numbers, the added effect of
forced convection is not important. With the increase in
Reynolds number, the effect of forced convection becomes
important. This effect, however, is more effective at low
Rayleigh numbers. Because at low Rayleigh numbers, the
buoyancy effects are small. The additional forced flow
enhances heat transfer, effectively.

Pure natural convection!
Saf dogal konveksiyon
Nu=0077R 3™

-—

zorlanmig akig, 1s1 transferini Onemli bir sekilde
arttirmaktadir.
wer=0 2
Re=1016
= =g 400
w0 Nu=153"R 4
-
g 4
R e=424
Mu=0097R 8™
—
g |
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Mu=0217R """
7 1
30000 40000
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Figure 5. Variation of Nusselt number with Rayleigh number for differen? values of Reynolds Number
Sekil 5. Degisik Reynolds sayilarinda Nusselt sayisinin Rayleigh sayisi ile degisimi

Sekil 6, Nusselt sayisiin karistk konveksiyon
bolgesindeki  Richardson sayilart ile  degisimini
gostermektedir. Giris yiiksekligi w*=0.2 i¢in elde edilen
biitiin deneysel veriler burada gosterilmis ve verilere en
uygun egri elde edilmistir. Sekilde dogal konveksiyon
etkili bolgede (Gr/Re*>1.0) elde edilen Nusselt
sayilarinin, zorlanmis konveksiyon etkili bolgede elde
edilenlerden daha yiiksek oldugu goriilmektedir.:

Fig. 6 presents Nusselt Numbers for a range of
Richardson numbers related to mixed convection. The
overall data obtained for an inlet height of w*=0.2 are
plotted in this figure and the best line that represents the
data were obtained by curve fitting. This figure shows that
Nusselt numbers for natural convection dominated region
(Gr/Re*>1.0) are much grater than the ones for force
convection dominated region.

&5
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Figure 6. Variation of Nusselt number as a function of Gr/Re’
Sekil 6. Nusselt sayisinin Gr/Re? ile degisimi

Sekil 7 de gosterilen deneysel sonuglar, Re= 1016 igin
degisik kanal girig yiiksekliklerinde bulunan 1s1 transferi
sonuglaridir.

0,1 1

Gr/Re?

The experimental data shown in Fig.7 are the heat transfer
results for different heights of inlet for the forced flow at
Re=1016.

Re=1016

Nu=3.27*Ra’*

Nu
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Nu=1.53*Ra""’
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Figure 7. Effect of inlet height on Nusselt number
Sekil 7. Kanal giris yiiksekliginin Nusselt sayisina etkisi

Yukaridaki sekil kanal giris yiiksekligi, w*’in Nussel
sayisina  etkisini = gostermektedir. Burada w*’m
azalmasiyla Nusselt sayisinin arttig1 goriilmektedir. Bunun
nedeni w*’in azaltilamastyla giris agikliklarindan gegen
havanin kiitlesel debisinin azalmasi ve bunun neticesinde
yatay plaka yakinindaki sicaklik gradyaninin yiikselerek,
yiiksek Nusselt sayilarinin olugmasidir.

Sonug olarak w*=0.2 i¢in elde edilen deneysel veriler
kullanilarak karistk konveksiyonla 1s1 transferi icin
boyutsuz sayilar cinsinden asagidaki korelasyonlar elde
edilmigtir:

Nu=(9.23*10" +1.08* Ri*")*Re*” for
Nu=(0.059-0.058* Rio.oosss) * R "% for

40000 50000 60000 70000 80000

Ra

This figure shows the effect of inlet height w* on
Nusselt number. It is seen that Nusselt number increases
with decreasing w*. This is due to the fact that decreasing
w*, decreases mass flow rate of air through forced
convection inlet openings and resultingly the temperature
gradient in air near the horizontal plate increases, yielding
higher values of Nusselt number.

Finally, the experimental data obtained during this study
were correlated for w¥=0.2 in terms of dimensionless
parameters of mixed convection heat transfer:

Ri £0.1 [9]

Ri>0.1 [10]
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5. SONUC
Bu caligmada kismen acik dikey bir kanal igerisine
yerlestirilmis ~ yatay = plaka  {izerindeki  karigik

konveksiyonla 1s1 transferine, zorlanmis akis hizinin ve
kanal giris yiiksekliginin etkisi incelenmistir. Deneylerde
hava (Pr = 0.707) kullanilmigtir. Bu ¢alisma sonucunda
diisiik Rayleigh sayilarinda goriinen zorlanmig akisg
etkisinin yiiksek Rayleigh sayilarindakinden daha etkin
oldugu bulunmustur. Nusselt sayisinin Richardson sayisi
ile degisimi, dogal konveksiyon etkili bolgedeki Nusselt
sayilarinin zorlanmis konveksiyon etkili bolgedekilerden
daha yiiksek oldugunu gostermigtir. Kanal —girig
yiiksekliginin ~ azaltilmasinin 151 transferi miktarini
arttirdig1 tesbit edilmistir. Ayrica, elde edilen deneysel
sonucglar, Nusselt sayisinin bulunmasinda kullanilacak
korelasyonlar seklinde ifade edilmistir.
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SEMBOLLER

A yatay plaka alani [m?]

g yergekimi ivmesi [m s7]

Gr =g*ﬂ*(TW—TOO)*Z3/V2, Grashof
say1st

h 11 transfer katsayisi [W m? K]
k 1s1l iletkenlik [W m™ K]

1 =A/P, karakteristik uzunluk [m]
L yatay plaka uzunlugu [m]

Nu =h*[/k  Nusselt sayisi

P ¢evre [m]

Pr Prandtl say1st

Jeony. konveksiyon 1s1 akist [W m?]
Ra =Gr*Pr, Rayleigh sayisi

Re =Uy*l/V , Reynolds sayist

Ri =Gr/Re?, Richardson sayist

T sicaklik [K]

U hiz [ms™]

Uo giris hizi [m ']

W kanal giris yliksekligi [m]

w* =WV/L, boyutsuz yiikseklik
YUNAN SEMBOLLERI

ﬂ 1811 genlesme katsayisi [K']

14 kinematik viskozite [m® s™']
ALT INDISLER

0 girig

00 referans (dig ortam)

w duvar

UST INDISLER

boyutsuz

5. CONCLUSIONS

The effects of inlet velocity and inlet height for forced
flow on mixed convection heat transfer from a horizontal
surface within a partially open adiabatic vertical channel
have been studied. The experiments were performed in air
at a Prandtl number of 0.707. It is found that for low
Rayleigh numbers the added effect of forced convection is
more important than for high Rayleigh numbers. The
variation of Nusselt number with Richardson number
shows that Nusselt numbers for natural convection
dominated region are much greater than those for forced
convection dominated region. Decreasing the height of the
channel inlet for the forced flow substantially enhances
heat transfer rates. The experimental results obtained in
this study are also presented in the forms of correlations
for Nusselt number.
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LIST OF SYMBOLS

A area of the horizontal plate [m?]

g acceleration due to gravity [m s?]
Gr :g*ﬂ*(TW—Tw)*P/VZ, Grashof
number

h heat transfer coefficient [W m™? K™
k thermal conductivity [W m™ K]
1 =A/P, characteristic length [m]

L length of the horizontal plate [m]
Nu =h*[/k , Nusselt number

P perimeter [m]

Pr Prandtl number

Jeonv. convection heat flux [W m™]

Ra =Gr*Pr, Rayleigh number

Re =Uy*l/ v, Reynolds number

Ri =Gr/Re?, Richardson number

T temperature [K]

U velocity [m s]

Uy inlet forced velocity [m s]

W height of channel inlet [m]

w* =WV/L, non-dimensional height

GREEK SYMBOLS

ﬂ coefficient of thermal expansion [K™']
1% kinematic viscosity [m*s™']
SUBSCRIPTS

0 inlet

o0 reference (ambient)

w wall

SUPERSCRIPT

non-dimensional
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