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SUMMARY

This study consists of the experimental investigation of the hot
surface cooling phenomenon by an impingement air jet at Reynolds numbers
5842, 8763, and 11684 and nozzle-plate spacings,H =2, 4, and 6.

The compressed air coming from the compressor, goes to nozzle after
it was set to the desired total pressure level by a regulator. This air jet
impinges to the copper plates which has heated by four cylindirical heaters.
There were sixteen channels ot measure temperature. One of them was
benefited as a reference channel and two thermocouples were used to
monitor air jet and the connection of the amplifier-thermocouples
temperatures. Thirteen thermocople wires were set up closely to the surface
to measure surface temperature. The temperature changes are monitored by
a data acquisition card and a computer.

As a result, local Nusselt number and average Nusselt number are
presented in therms of Reynolds number and nozzle surface spacings.

vii



OZET

GCARPAN HAVA JETi YARDIMIYLA DUz BiR YUZEYiN
SOGUTULMASININ DENEYSEL OLARAK iNCELEMESi

Muhendislikte yUksek sicakliklara ulasan sistemlerin sogutulmasi
probleminin verimli ve amaca uygun sekilde ¢ozulebilmesi temel arastirma
konularindan biridir. Bu problemin ¢ézimlenebilmesi i¢in sistemin yapisina
uygun olan ¢ok cesitli sogutma yéntemleri mevcuttur. Ornegin otomobil
motorlarinda yuksek sicaklklara ulasan motorlarin vantilatér yardimi ile
sicakhiginin makul dederlerde tutulmasi, klimalar yardimi ile konutlarin
sogutulmasi ve benzerleri.

Bu ¢6zUmlerden biride jet yardimi ile sogutma iglemidir. Bu yéntemin
temeli, bir veya daha fazla sayidaki lllelerden c¢ikan jetler yardimi ile
sodutuimas! istenen ylizeye carptirilarak sicakliginin disurlimesi temeline
dayanmaktadir.

Carpan jet yardimi ile sodutma igslemi bir cok mahendislik alaninda
uygulanmaktadir. Ornedin jet motorlu modern ugaklarda yuksek sicakliklara
sahip yanma gazlarinin tarbin pallerinin asirt 1sinmasini énlemek igin
sofutulmasi, cam levhalarin temperlenmesi, tekstil ve ka@it Grtnlerinin
kurutulmasi, elektonik devrelerin sogutulmasi sayilabilir.

Carpan jetin yapisi, serbest jet, durma veya carpma ve duvar jet
béligeleri olmak Gzere (¢ ana kisimdan olusur [1].

Serbest jet, temelde iki tip lUleden agida ¢ikar. Ortam ile jetin karigimi
buylk derecede olan tup tipi luleler ve kansimin sinirh olduu carpma
ylzeyine paralel olan basit bir yarik seklindeki lulelerdir [2]. LuUleden
uzakliktikca jet ile gevre arasindaki momentum transferi nedeniyle, jetin
serbest sinin genisler. Maksimum hiz profili lUle g¢ikisindan itibaren artan
mesafe ile azalir. Carpma ylzeyinin konumu bu jet alanini etkiler.

ikinci kisim olan durma veya carpma bélgesinde, akim alan:
carpmadan etkilenir akimin hizi normal dogrultuda lule ile hizli bir sekilde
azalirken yatay dogrultuda ivme kazanir. Nusselt sayisi, Lule ile ylUzey
arasindaki ve ylUzey Uzerindeki mesafeye kuvvetle baglidir. DUsUk Reynolds
sayilarindaki veya yulksek lule ile ylzey arasindaki mesafe deferlerinde,



maksimum Nusselt sayisi daima durma noktasynda meydana gelir ve lUle ile
yuzey arasindaki mesafe, lUle ¢apindan blyuUk de@erler icin Nusselt sayisi,
Reynolds sayisi ile beraber artar fakat yUzey tGzerinde jetin ¢carptigi noktadan
itibaren azalir [3].

Son kisim olan duvar jeti bélgesinde, ¢evrenin sifir momentuma sahip
olmasi nedeniyle yatay ivmelenme surekli olamaz ve durma boélgesinde
ivmelenen akis yavasglayan duvar jetine dénustr. Béylece jetin ylzeye
carptifii noktadan itbaren mesafenin artmas: ile ylzeye paralel hiz bileseni
sifirdan itibaren bir maksimuma ulastiktan sonra tekrar sifir de§erine duser
[1]. Konveksiyonla st transferi llle ile hem durma bdlgesinde hem de duvar
jeti boélgesinde meydana gelir. YUksek Reynolds sayilarinda c¢arpma
noktasindan uzakta jetin ylzeye tekrar yapisabilme egilimi nedeniyle isi
transferi levhanin ucuna dogru lokal bir artis gésterebilir [4]. Genelde durma
noktasi civarinda akis tUrbdlansh yapidadir. Bu durum lokal isi transferi
katsayisinin artmasina neden olur. LuUle ile yuzey arasindaki mesafenin
klglk degerleri icin ylizeye paralel akisin ivmelendidi belirli bir béige vardir.

Sogutulmasi istenen ylzey genis oldudu zaman birden fazla Iule
amaca uygun olarak kullanilir. Tek bir ltle ile birden fazla lile arasinda
temel farkliliklar bulunmaktadir [1]. Bunlardan birincisi jetin yUzey Gzerine
carpmasindan énce jetler arasindaki etkilesimdir. Jetlerin birbirlerine yakin
olmalan ve jet luleleri ile carpma levhasi ile yUzey arasindaki mesafe
arasindaki mesafe oldukgca genis ise bdyle bir etkilesimin olma olasiligini
arttirmaktadir. Ikinci etkilesim ise duvar jetleri arasindaki birlesimdir. Jetler
arasindaki mesafe oldukca az ve jet ltle ile hizi buyldk olduu zaman bu
birlesimler artan éneme sahip olurlar.

Isi transferi calismalarinda son zamanlarda sivi kristal ve kizilGtesi
imaj kameralarinin (Infrared Imaging Camera) ytzey Uzerindeki sicaklik
dagiimlarinin  bulunmasinda [5,6,7] kullaniimasina ragmen isi transferi
calismalarinda genelde dért tip transdtser kullaniimaktadir, bunlar;

¢ |silgiftler (Thermocouples),

¢ Sicaklik Direng Dedekidra (RTD),

¢ Thermistor,

¢ Entegre Devre Senséru (I.C-Integrated Circuit Sensor) dur.

Bunlar arasinda isigiftler sik¢a kullaniimaktadir. Tercih sebebleri basit
yapida olmalari, dayanikliklari, ekonomik oluslari, ¢esitlerinin bol olmasi ve
genis sicakiik araliklarinda kullanilabilmeleri seklinde siralanabilir.

Isil giftlerde farkli metallerden yapilan iki tel bulunmaktadir ki bu teller,
her iki ucundan birlestirildifi zaman surekli bir elektrik akimi elde edilir. lik
olarak bu olay 1821 yilinda Thomas Seebeck tarafindan gézlemlenmistir [8].
Eder bu devre ortadan kesilirse, net acik devre voltaji (Seebeck voltaji)
birlesme noktasi sicakiliginin ve iki metalin yapisinin bir fonksiyonu olur. Bu
voltaj birbirinden farkli tim metaller birlestiginde gértulmektedir.



Seebeck voltaji dogrudan dlgtilememektedir, ¢lnki itk olarak isilgiftler
bir voltmetreye baglandii zaman voltmetre uglar yeni bir elektrik devre
olusturmaktadir. Yeni olusan bu gerilimi hesaplayabiimek igin bu baglanti
noktasi bir buz banyosuna daidiriir. Dolayisi ile bu noktanin sicakhigi 0°C
degerinde olur ve referans baglanti noktasi olarak isimlendirilir. Bu baglanti
noktasi termal elektromotor kuvveti olusturmaz.

Eger amplikator ile isicift tellerinin baglanti noktalarn ayni sicaklik
degerlerinde degillerse, dlgimlerde bir hata meydana gelecektir. Hassas bir
6lcim icin bu baglanti noktalarindaki sicakliklarin da bilinmesi ve hesaplara
katiimasi gerekmektedir. Dolayisi ile bu baglanti noktalari bir izotermal blok
icine yerlestirilir ve buradaki sicaklik dlculur. Bu blogun sicakh@ énemli
degildir ¢cunk{ bu blokta akim ters yonde olugur. Voltmetrenin 6lgtiga voltaj
degeri

V=a(T-TiZO)l (1)

seklinde olmaktadir.

Carpan jet yardimi ile isitilmis bir ylzeyin sogutulmasi deneylerine
baslamadan &nce jet hizinin belirlenmesi gerekmektedir. Pitot ve statik
ttpleri ile ayn ayn toplam basing ve statik basinglar bir basing transduseri
yardimi ile jet hizi eksenel ve radyal dogrultularda o6lgtimustir. Ayrica
maksimum hiz deerinin dedisimi élctimustir. Ortalama hiz 20 m/sn, 15
m/sn ve 10 m/sn olarak alinmis, boru ¢api 8.5 mm ve kinematik viskozite, »,
1.455%x10-3 m2/sn olmak uzere deneylerin yapildigi Reynolds sayilan
11684, 8763 ve 5642 deerlerindedir. Sicaklik 6lgUmU deneylerinde hava
jetinin ¢arptiriidig) yuzey olarak kolay islenilmesi, paslanmaya karsi dayanikli
olusu nedeniyle bakir malzeme kullaniimistir.

Bakir levhanin igine 4 tane silindirik isitict, Gniform bir isi alani elde
etmek icin birbirine paralel yerlestirilmistir. Isiticilar dimerler sayesinde
gerilimleri ayarlanip bir voltmetre ile verilen voltaj kontrol edilerek bakir levha
Ozerindeki sicaklik dagilimi uniform duruma getirilmigtir. Bu dagilimin hizli bir
gsekilde Uniform hale gelebilmesi ic¢in isiticilar Dbirbirlerine seri olarak
baglanmalidir.

Isilciftlerde meydana gelen voltajin degeri dogrudan &lctmler igin cok
ufak degerlerdedir. Bu nedenle deneylerde 16 kanalll bir c¢ogaltici
(ampilificator) kullaniimistir. Cogaltici-isiigift baglanti noktalar stroafomdan
yapilan bir kutucuk ile muhafaza edilerek bu baglanti noktalarindaki sicakiik
ayrica kontrol edilmistir. Deneylerde kullanilan gogaltici, isilgiftlerdeki voltaj
degerini 50 kat arttirilabiimektedir.
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Deneylerde analog-dijital dénisum icin PCL-818H kontrol karti
kullamimistir.  Voltaj degerleri +0.625 volt arasinda O6lgeklendirilmistir.
Dolayisi ile 1 bit’lik degisim 0.305 mmVolt degerine karsilik gelmektedir.

Elektronik ¢ogalticidan  (amplifier) gelen voltaj degerlerini
algilayabilmek igin kullanilan kartin 6rnek programlarindan bir takim
modifikasyonlaria yararlaniimistir. Program, 16 kanaldan okumayi yazilim
tetiklemesi (software trigger) ile yapmaktadir.

Sicaklik degisimlerini 6lgmek icin K tipi (Ni-Cr) isilgiftler kulanilmigtir.
Olglilen voltaj degerlerine karsilik sicaklik degerleri IPTS-1968 tablosundan
yararlanarak 0°C-200°C degerleri arasinda 5°C’er derece arasinda, bu
degerlere karsilik gelen voltaj degerleri arasinda baginti regresyon analizi
sonucunda

T = 0.0233V° - 0.239V +24.996V + 0.151 |, ()

seklinde bulunmustur.

Levhanin ytzey sicakhk dagilimt Uniform bir hale geldikten sonra
kompresérden gelen sikistirilmis hava basing regulatérinde toplam basinci
ayarlanarak luleye génderilir. Lile 85 mm c¢apinda ve 486 mm
uzunlugundadir.

Jet yardimi ile sogutma veya isitma aragtirmalarinda Nusselt sayisinin

belirlenmesi éncelikli problemlerden birisidir. Nusselt sayisi karakteristik x
uzunlugunun &=k/h sinir tabaka kalinhgina orani olup,

Nu= = (3)

seklinde formile edilir. Nusselt sayisi ylzeyde tasinim yolu ile i1si gegisinin
iletim yolu ile 1si gegisine orani olmaktadir. Eger farkh sistemlerde Nusselt
sayllari esit ise sistemlerin ylzeylerinde 1si tasimimi ayni olmaktadir.

Carpan jet yardimi ile soutma arastirmalarinda Nusselt sayisi
genelde, Reynolds sayisina, Prandtl sayisina, lGle sayisina, lUle ile yGzey
arasindaki mesafeye, lule ile ylzey arasindaki agiya, yUzeyin purliziGlugine
bagdli olmaktadir.

Akigskanin isi gegisi 6zelligini gosteren Prandtl sayisi kinematik
viskozitenin isisal yayiima katsayisina orani olup
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Pr= =
Wecp. &

: (4)

seklinde gdsterilebilir. Eder farkl sistemlerde Prandtl sayilar ayn degerde
ise bu sistemlerdeki sicaklik dagilimlarn da ayni olmaktadir.

Sicaklik 6lgumlerinden ylzey sicakliklan, Ty, jet sicakhd, T ve
verilen enerji g belli oldugundan isi transfer katsayisi h

h=g/(Tw - T)) (5)

her bir istasyon igin bulunur. Isi transfer katsayisi Nusselt sayisi formuitinde
yerine konularak o0 noktada jet etkisi ile olusturulan konveksiyon isi
transferinin siddeti lUle ile hesaplanmis olur.

Deney sonugclarina gére maksimum Nusselt sayisi durma noktasinda
meydana gelmektedir. Reynolds sayilarinin kiguk degerlerde olmasindan
Nusselt sayilarinda ikincil maksimum noktalari gézlenmemigtir. Reynolds
sayisinin arttinimasi ile yerel Nusselt sayilarinda artis olur. Ancak Reynolds
ve lule ile yUzey arasindaki mesafeden badimsiz olan bir bdige
bulunmaktadir. Bu nokta yakiasik olarak capin 6.5 kati degerinde
baslamakta ve bu noktadan sonra tim Reynolds sayilari igin yaklasik olarak
ayni degeri almaktadir.

Reynolds sayllari ve llle-ylzey arasindaki boyutsuz mesafeye gore

yerel Nusselt ve durma noktasindaki Nusselt sayilan arasindaki oran ayni
dederdeki Re sayilan icin uyum iginde oldugdu gozlemlenmistir.
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CHAPTER 1

INTRODUCTION

1.1 The Jet Impingement Phenomenon

In many fields of industry, making convenient and productive
conditions for the cooling processes some of the main engineering problems.
Cooling process can be accomplished by various ways that are appropriate
for the goals of engineering design. One of the ways is the jet impingement
method. In this technique a jet of liquid or gas, impinges on a surface. For
an appropriate design, the impinging jet can have various jet configurations,
temperatures, angles, and various nozzle numbers. This is a very active
method so that its applications can be found in many areas of engineering.
Cooling turbine blades and vanes, tempering glass plates, annealing metals
shuts, drying textile and paper products, cooling electronic components are
some of them

The phenomenon of jet impingement consists of three parts; free jet,
stagnation or impingement, and wall jet regions [1]. A typical jet
impingement is shown in Fig. 1.1.

First region is the free jet zone. There are mainly two type nozzles
used to obtain jets [2]. One of these is the tube-type nozzles, which can
make large degree of mixing with surrounding air and the other is a simple
orifice placed to a wall parallel to the target (or impingement) surface. In the
second type, mixing of ambient air is restricted. At increased distances from
the nozzle, the momentum transfer between the jet and ambient causes the
free boundary of the jet to broaden. Downstream of the potential core, the
velocity profile is non-uniform and the maximum velocity decreases with
increasing distance from the nozzle exit. This region is affected by the
impingement surface [1]. Averaged heat transfer, while inside of the
potential core, is essentially independent of the nozzle-to-plate spacing, but



is influenced by the condition of the target plate’s surface and is inversely
proportional to the target plate [2].

In the second region, that is stagnation or impingement zone, flow is
influenced by the impingement and rapidly decelerated in the normal (z) and
the transverse (x) directions, respectively. Average Nusselt and maximum
Nusselt numbers are strongly functions of nozzle-plate spacings and lateral
distance. At lower Reynolds numbers or at higher nozzle-plate spacings,
maximum Nusselt number always occurred at the stagnation point [3]. When
nozzle-plate spacings are greater than the nozzle diameter, both average
Nusselt and maximum Nusselt numbers increase with increasing Reynolds
numbers, but decrease with lateral distance. Maximum Nusselt number is
strongly dependent on nozzle-plate spacings and lateral distance. The
value of nozzle-plate spacings corresponding to maximum Nusselt number
is a strong function of lateral distance [3].

NOZZLE
POTENTIAL —

=

CORE
— FREE JET
Y REGION

5 1 i
L ; H

SO
|  WALL JET
IMPINGEMENT
o
SURFACE IMPINGEMENT REGION
REGION

Fig. 1.1 The Structure of a Typical Jet Impingement

In the wall jet zone, since the flow continues to entrain zero
momentum fluid from the ambient, horizontal acceleration can not continue



indefinitely and thus acceleration flow in the stagnation zone is transformed
to a decelerating wall jet. Hence, with increasing r, velocity components
parallel to the surface increase from a value of zero to some maximum and
subsequently decay to zero value again [1]. Convection heat transfer occurs
surely in both stagnation and wall jet regions. In these zone, for high
Reynolds numbers, the heat transfer rate exhibits a local peak towards the
plate edge because of the tendency of the jet to reattach far from the point of
impingement [4]. In general, the flow near the stagnation point is turbulent,
resulting large local heat transfer coefficient. For small nozzle-plate
spacings, there is a certain region in which the flow parallel to the surface is
accelerated. At the end of the accelerated flow region, the disappearance of
the stabilizing streamwise pressure gradient leads to a sudden rise in the
turbulence level, causing a sharp increase in the heat transfer coefficient,
which may be higher than the one at the stagnation point [3].

Multiple nozzles may be used when larger surface is to be cooled.
There are basic differences between a single and multiple jets [1]. The first
of these is the possible interference between adjacent jets prior to their
impingement on surface. The likelihood of such interference effects is
enhanced when the jets are closely spaced and when the separation
distance between the jet orifices and the impingement plate is relatively
large. The second difference is the collision of the surface flows (i.e. wall
jets) associated with adjacent impinged jets. These collisions are expected to
be of increased importance when the jets are closely spaced, the jet-orifice
impingement plate separation is small, and the jet velocity is large.

One way to increase thrust per unit air flow is to increase the turbine
inlet temperature. Fuel consumption also improves if the increased
temperature is accompanied by an increased compressor pressure ratio.
However there is limit about the turbine inlet temperature because of the
insufficient thermal resistance of the turbine blades and vanes material.
Over the years, there has been a gradual improvement in materials,
permitting small increases in temperature in new engines but it is not
sufficient. As a result, this problem has been solved by cooling turbine
blades and vanes with impinging air jets and film jets. Fig. 1.2 shows the
trend of turbine inlet temperature over the years for the air cooled and
uncooled types.

As shown in Fig.1.2, the air-cooled turbines were introduced around
1960 with a small initial increase in turbine inlet temperature, Ti4 and



increased the rate of improvement with time. Todays commercial transport
engines such as PW 4000, GE 90 can have turbine inlet temperatures at
takeoff power near 1650°K [9]. The turbine inlet temperature is lower during
cruise. Military engines may use significantly higher values certainly.

Air, which cools the turbine blades and vanes, is bled from the
compressor and carried the aft and introduced into the turbine blades and
vanes through their roots, as shown in Fig.1.3. Impinging air cools the rim of
the turbine disc as skecthed in Fig.1.4. Impingement cooling applied to the
leading edge of a turbine blades is sketched in Fig 1.5.

2500}~
2000}
T, K :
air cooled
1500}
uncooled
500 .
] ! —

1
1950 1960 1970 1980 1990
year of first service

Fig.1.2 Trend of turbine inlet temperature with time [9)
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(2) convection

cooling
(3) film cooling
(1) jet impinging —fl’
on inside of

leading edge
(2)\
shroud or casing
. cooling air
air from compressor e >

nozzle vune—~§

oir from compressor g

Fig.1.3 Schematic of air-cooled turbine, with cross section of cooled
airfoil section at top [9]

Fig.1.4 The cooling of disk rim [10]
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Fig 1.5 Schematics of impingement cooling applied to the
leading edge of a turbine blades [9]

Cooling of the first stage turbine vanes and blades are sufficient. In
the phenomenon of the cooling turbine blades and vanes cold air coming
from the compressor, impinges to leading edge in order to decrease to
higher temperatures there. After the air being impinged, it goes to internal
blade surface chanells so that convective cooling can occur. After this
cooling, the attemp is to sheath the blade with a film of cool air which is
introduced through holes.

1.2 Basis of Temperature Measurements by Thermocouples

The temperature measurements in the researches of heat transfer is
very important. There are mainly four common temperature transducers
available; i.e

i) The Thermocouples
ii) The Resistance Temperature Dedectors (RTD)
iit) The Thermistors

iv) The Integrated Circuit Sensars (IC).



The advantages and disadvantages of these temperature sensors are
presented in Table 1.1.

When two wires composed of dissimilar metals are joined from their
ends and one of the end is heated, there occurs a continuos current which
flows through circuit as shown in Fig. 1.6.

If this circuit is broken at the center, the net open circuit voltage (the
Seebeck voltage) is a function of the junction temperature and the
composition of the two metals.

Table 1.1 Advantages and disadvantages of temperature sensors

| THERMOCOUPLE | RTD | THERMISTOR | .c |
advantages
self-powered most stable high output | most linear
simple most accurate fast highest
output
rugged more linear two wire inexpensive
than ohms
thermocouple | measurement
inexpensive
wide variety
wide
temperature
range
disadvantages
non linear expensive non linear T<200°C
low current source limited power
voltagesupply required temperature supply
required range required
reference small fragile slow
required difference of
resistance
low absolute current self heating
resistence source
required
self heating self heating limited
configuration




METAL A

<Q>%

METAL B

Fig.1.6 The Seebeck Effect

All dissimilar metals have this effect. For small changes in
temperature, the Seebeck voltage, Aepp is linearly proportional to the
temperature difference,

AeppB = aAT (1.1)

where « is the Seebeck coefficient.

It is very difficult to measure the Seebeck voltage directly because the
voltmeter creates a thermoelectric circuit when the thermocouple connected
to the voltmeter. Voltmeter-thermocouple connection is shown in Fig. 1.7.

Measuring voltage at the junction J4 is the main objective, but two
more metallic junctions J2 and J3 have to be considered. Since J3 is a
copper-to-copper junction, it creates no thermal electro-motor-force, Jo is a
copper-to-constantan junction which will add an electro-motor-force to
oppose V4. The resultant voltmeter reading V is proportional to the
temperature difference between J4 and J2. The temperature at J1 can not
be determined before the temperature at Jo is found.

In order to determine temperature at Jo> one can put the junction into
an ice bath, forcing its temperature to be 0°C and establishing Jo as a
reference junction. The voltmeter reading can be written as

V=alj, (1.2)



This method is very accurate since the ice point temperature
controlled precisely.

Thermocouples are much more rugged than thermistors. They can be
manufactured on the spot, either by soldering or welding.

Cu J3 Cu
+ O— T
i Jq
+
V1
Cu C /
. O0— I
J2
VOLTMETER

Fig 1.7 Measuring junction voltage with a
digital voltmeter

Thermocouple output voltages are very small as shown at Table 1.2

Table 1.2 The Seebeck coefficient and digital
voltmeter sensitivities required of thermocouples

Thermocouple Seebeck Digital voltmeter
coefficient sensitivity for 0.1°
Type c
(uV/°C) at 20°C
(1V)
E 62 6.2
J 51 5.1
K 40 4.0
R 7 0.7
S 7 0.7
T 40 4.0
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1.3 Literature Survey

Hrycak [2] presented experimental results for heat transfer between a
flat plate and impinging turbulent air jets, for conditions applicable both
inside and outside of the potential core, for the stagnation point heat flux as
well as for the average heat transfer obtained through integration of local
heat fluxes. The stagnation point results showed that the Nusselt number
has a tendency to peak out about seven diameters away from the target

plate, for tube-type nozzles.
Huang and El-genk [3] measured the radial variation in the local and

average Nu numbers for a uniformly heated flat plate impinged by a circular
air jet. In their experiments, Reynolds number varies from 6.103 to 6.10%,
dimensionless radial distance from stagnation point, R, from 0 to 10, and
dimensionless jet-plate distance, H from 1 to 12. They showed that the
maximum stagnation point Nusselt number occurred at H=4.7 and both
Nusselt and stagnation point Nusselt numbers very strong functions of H and
R. For H equals to 1 and Re is greater than 1.3.103, maximum Nusselt
number occurred at R=1.0-2.0 while at lower Reynolds number and higher
H, maximum Nusselt number occurred at the stagnation point. For H greater
than 1, both Nusselt and maximum Nusselt numbers increased with Re but
decreased with R.

Lyttle and Webb [5] examined experimentally the local transfer
characteristicsof air jet impingement at nozzle-plate spacings of less than
one nozzle diameter using an infrared thermal imaging technique. They
found that the outer peak in local Nusselt number move radially outward for
larger nozzle-plate spacings and higher jet Reynolds numbers

Some proturberances can be used to increase cool of the heated
plate. Hrycak [11] carry out heat transfer enhancing proturberances. His
results showed a substantial increase in stagnation point heat transfer. As
proturberances, modified surfaces can be used to increase cool. Hansen
and Webb [12] performed to characterize heat transfer to a normally
impinging jet from surfaces modified with fin type extensions.



CHAPTER 2

EXPERIMENTAL INVESTIGATION

2.1 Experimental Equipments

Experiments were carried out at Istanbul Technical University
Gumussuyu Aeronautical Laboratory. Experimental set up is shown in
Fig.2.1. The ynstruments used were explained at below sections.

ki

POWER
SUPPLY REGULATOR
COMPRESSOR
NOZZLE
DIMMERS
HEATERS
IMPINGEMENT SURFACE JET
1 , , , TEMPERATURE
[ ] THERMOCOUPLE
It THERMOCOUPLES
— it | DATA )
AMPLIFIER ACQUISITION - COMPUTER }
N REFERENCE CARD
THERMOCOUPLE _
ICE BATH

Fig. 2.1 Experimental set up.
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2.1.1 Compressor and Pressure Regulator

A piston type compressor is used in order to supply continuos air and

its features are given in Table 2.1

Table 2.1 Features of the compressor

Commercial name | Komsan
Pressure 1.4 bar
Stroke volume 0.015 m3/sec
Revolution A 1000 rpm
Engine power 7457 W

The compressed air is transferred to the pressure regulator by hose-pipe
whose length is approximately twenty meters. The pressure losses is not
important because the pressure at the regulator is taken into consideration.
Because of the long experimental time (about three hours) pressure in the
regulator is controlled continuously.

The regulator is used also to control the air coming from the
compressor. Also it filters particles and water from the air.

2.1.2 Nozzle

Schematic diagram of the nozzle used in the experiments is shown in
Fig. 2.2. 1t is made from a water pipe and is connected to the pressure
regulator by an apparatus. The nozzle was placed perpendicularly to the
heated plate by a supports made by L-profiles

@13 mm. @8.5 mm .

L | _

..........................

T

T

L 486 mm. J

Fig. 2.2 The nozzle used in the experiments
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2.1.3 Impingement Surface

Impingement surface was made of copper material. The reason of
selecting this material is due to its resistance to corrosion. Also, it can be
shaped very easily.

Ten holes were drilled to the bottom of plate surface until 1.5 mm. left
to the top in order to measure surface temperature via thermocouple wires.
The four sides and the bottom were ysolatated with bricks. Thermal
conductivity of the isolation material was 0.5 kcal/(m2h°C). There are also
four holes for heaters. The dimensions of the plate are shown in Fig.2.3 and
the positions of the thermocouple holes are given in Table 2.2.

2.1.4 Heaters

The geometrical values of the heaters used in the experiments are
presented in Fig. 2.4.

The electrical resistance of the heaters are choosed differently.
Heaters close to surface were selected 1970 and others were selected 1951.
The heaters were connected in a series in order to reach uniform
temperature distribution quickly. The voltage of the heaters was controlled
by two dimmers. The heat given to surface is balanced by controlling
heaters voltage.

2.1.5 Thermocouples

The K-type thermocouple wires used in this study. These wires were
made up of Nickel and Chromium. The ends of the wires were welded
carefully by on arc in a mercury bath. The diameter of the thermocouples is
imm. The connection points of the thermocouples were sticked on the plate
by epoxy-glass adhesive.

2.1.6 Amplifier

The voltage occurred on thermocouples is very low to measure
directly. For example this value is 8.137 mm Volt for 200 °C [8]. To increase
this low voltages to perceive electronic equipments, an amplifier unit is used.
The connections between the amplifier and thermocouple wires are closed
with the Styrofoam box to control temperature at these points.
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In this study, the 16 channels thermocouple amplifier was used. Their
duties were presented in Table 2.3. lts operational amplifier capability is 50.
For this reason, the voltage values read are divided by 50 to read from the
International Pressure Temperature Scale (IPTS-1968) table. The relation
between the voltages and temperatures for the range of 0 °Cand 200 °Cis
calculated from the relation

T=0.0233V3-0.239V2+24.996V+0.151, (2.1)
“ 199.7 mm. .
ISOLATOR BRICK ..» - _ ELECTRICAL WIRES
i i i ‘.‘\»\ \_’ i‘
\ '.' (,f,,f; 150 mﬁw\
|
150 mm i
180 m < 5 150 mm
198.6 mm.
150 mm
1.5 mm;is o e E e o 17 mm.
PN P 7 mm.
1.5 mm

Fig.2.3 Impingement Surface
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Table 2.2. Channel Positions on the Surface

POSITION 74 {137 | 27 33 | 40.5 | 47 54 | 60 68 87
(in mm.)
CHANNEL 4 5 6 7 8 9 10 11 12 13
NUMBER
\I/ @10 mm.
/N
L 179.5 mm. \
N 2

Fig. 24 Heaters

Table 2.3 Channel numbers and their duties

CHANNEL NO.

DUTIES

REFERENCE CHANNEL

JET TEMPERATURE

ATMOSPHERE TEMP.

SURFACE TEMP.

ISOTHERMAL TEMP.

CONTROLLING OF
DISTRIBUTION TEMP. OR
ISOLATION TEMP,
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2.1.7 Data Acquisition Card and Computer

As a data acquisition system, PCL-818H card was used. This card
has high performance quantities such as, high speed, and is appropriate for
multi-functional data acquisition and can be used with IBM compatible
computers. The computer used in this study was 486-DX-66 .

2.2 Velocity Experiments

At first, measurements of maximum nozzle exit velocity were carried
out. The pressure regulator was adjusted to different pressure levels and
thus nozzle exit velocities can be measured using a manometer.

In the experiments pressure transducer, pitot and static tubes were
used for measuring jet velocities. Static pressure was approximately
takenas atmospheric pressure.

P-Pam=poV2/2 . (2.2)

2.3 Temperature Experiments

The heat flux given to plate, surface and jet temperatures, and heat
losses must be known to research experimentally for cooling of heated
surface by impingement jet. Thus effect of the jet on cooling of the plate can
be determined.

2.3.1 Measurement of the Surface Heat Flux

The impingement surface is heated by four cylindrical heaters.
Heaters are positioned parallel to the each other to obtain a uniform surface
temperature distribution. Heaters with same electrical resistance are
selected and connected as a serial to reach quickly to the uniform surface
temperature. The electrical connections are shown in Fig. 2.6. The voltages
are balanced by two dimmers and controlled by a voltmeter. Because the
heaters are serially connected, the resistance must be added. The total
electrical resistance of first part is 197Q +197Q = 3940 and second is 195Q +
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1950 = 390Q. The power to the each heater systems can be calculated
using the relation:

P = V42/R{+Vo2/Ro (2.3)

where P is the power given to system, V is the voltage measured by the
voltmeter and R is the electrical resistance. As a result, the heat flux can
be obtained as

q=P/A, (24)

where A is the impingement surface area.

At first, the surface temperature has to come to uniform temperature
distribution . A thermocouple wire touched to the different locations on the
plate to control whether it has come to the uniform distribution. The uniform
temperature was selected as 120°C.

After the surface temperature uniformity were obtained, the jet was
impinged to the plate. Approximately three hours later, surface temperature
has come to uniform distribution and that time the voltage values were read
from the digital voltmeter. The inner and outer voltage values were
measured as V,=120 volt, V,=100 volt. As a resuit, heat flux given to the
system is g=1.6 kw/m2 using egs. 2.3 and 2.4.

There were heat losses due to conduction and radiation. Because of
the maximum surface temperature is approximately 40 °C at the uniform
condition, the radiation heat loss was insignificant. To calculate the
conduction heat loss, the isolator temperatures were measured two points
whose interval is ten milimeter for four sides of the isolator as shown in Fig.
2.6.

From the equation of heat conduction,
qcond-_- -k AT/AX (25)

can be written. Using eq.(2.5) conduction heat loss is calculated as 0.5
kw/m?2.

As a result, the net heat flux given to the system is 1.1 kw/m2.
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195 Q
197 197
a 195 Q o740
Dimmers O O
o
~\ 220 Volt
[ o Su—

Fig. 2.5 Electrical connection of heaters

276¢C
.337¢C

27ec | BT 3B 279C
. 338C
‘279¢C

Fig. 2.6 Temperatures on the isolator
2.3.2 Measurement of Wall Temperature

Until the surface temperature reaches to the uniform distribution, the
voltage given the heaters was balanced by the dimmers. This process was
accomplished by a computer software. Program was prepared using PCL-
818H demonstration programs. In this program trigger mode is software type
and collection time intervals are 10 min., while coming to the uniform surface
temperature distribution.
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The first channel was taken as reference and during the experiments
the thermocouple in this channel was put to an ice bath. Values which were
read from the other channels were removed from the value read from this
reference channel.

2.3.3 Measurement of the Jet Temperature
A thermocouple was placed to 10 cm distance from the nozzle exit in

order to measure jet temperature. Since the velocities were low, static
temperature was approximately equal to the free-stream temperature.

r—/\,
Thermocouple

Nl

Jet Temperature

100 mm

Fig.2.7 The position of the Jet Temperature Thermocouple

2.3.4 Calculation of Nusselt Number

The Nusselt number is very important dimensionless parameter for
convection heat transfer phenomena Nusselt number can be defined as

Nu = h D/kgjr (2.6)
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where D and k show the diameter of the nozzle and the thermal conductivity,
respectively.

To acquit the voltage values coming from the ampilifier, the program
uses the software trigger. The plate temperature was controlled using this
program. The program acquits voltage values by 10 minutes interval.
Whenever the uniform surface temperature distribution was reached,

pressure regulator was opened in accordance with the previously scaled
pressure levels.



CHAPTER 3

RESULTS AND CONCLUSION
3.1 Results

Experiments were performed at three Reynolds numbers (5842, 8763
and 11684) and dimensionless nozzle-plate distance was 2, 4, and 4.

As a result the local Nusselt numbers are presented with respect to
dimensionless Iocations, R, in Fig. 3.1, 3.2 and 3.3.

In Fig.3.1, the characteristics of the local Nusselt number curves with
respect to the diamensionless locations look like bell-curves. With
increasing Reynolds number, the local Nusselt number is also increases. At
Reynolds number, 5842 and 8763, the local Nusselt number is almost equal
each other at dimensionless locations, 4.8. At dimensionless locations, 6.4,
all local Nusselt numbers are equal too each other and their values are
approximately as 41.

When the nozzle-plate distance is 4 times the nozzle diameter (Fig.
3.2) stagnation Nusselt number begin to decrease. That decreasing is lower
at 5842 Reynolds number. At Reynolds number, 5842 and 8763, Nusselt
numbers are equal at 3.8 and Nusselt numbers at all Reynolds numbers are
equal to each other at 7.2

At Fig.3.3, although increased nozzle-plate spacings, Nusselt number
is not effected significantly at Reynolds number, 5842 and 8763. Their
Nusselt numbers are equal appoximately at the same dimensionless
location, 3.8.

If the dimensionless nozzle-plate spacings is increased, Nusselt
numbers at the low Reynolds numbers (5842 and 8763), did not change
significantly. At low Reynolds numbers and high nozzle-plate distances,
these curves were broaden.
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Fig. 3.1 The local Nusselt number variations with respect to R at H=2
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Fig. 3.1 The local Nusselt number variations with respect to R at H=2
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Fig. 3.3 The local Nusselt number variations with respect to R at H=6

Because of low Re numbers, there is no significant change of the
stagnation Nu number as shown in Table 3.1. For example between the
Reynolds number 5842 and 11684 the change is 22 %.

Table 3.1 The values of stagnation point Nusselt

number
Dimensionless nozzle-plate distance,H
Re 2 4 6
5842 53.3 51.5 51.0
8763 58.6 54.6 54.0
11684 64.8 62.8 59.1

In Fig. 3.4, variation of the averaged Nusselt numbers with respect to
dimensionless nozzle-plate spacing,H is given. At Re=11684, average
Nusselt number decay is higher according to H.
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Fig. 3.4 Average Nusselt number variations with
dimensionless nozzie-plate spacings,H

As it can be seen, average Nusselt number decreases with increasing
H. The value of average Nusselt numbers is presented in Table 3.2.

Table 3.2 The values of the average Nusselt number

Re
5842 | 8763 | 11684
45.52 | 47.20 | 50.32
44.07 | 45.10 | 48.37
43.57 | 44.86 | 46.67

o | (N (I

In fig. 3.5, the ratio of local Nu to the stagnation point Nu numbers
with respect to R is presented. There is a well adaptation for same Re
numbers for H=2, 4, and 6 but for different Re numbers this adaptation take
place until R=1.6. After this point there is no adaptation to cover all values.
This can be explained that at low Re, the effect of the change of Re numbers
is more dominate than that of H.

In Fig.3.6., with increased H, the stagnation point Nusselt number
decreases. This is minimum for Re=5842. If Re number is increased, it is
higher.
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3.2 Conclusion

In this study, cooling of the air impingment phonemenon was studied
experimentally. Experiments were performed at the Re=5842, 8763, and
11684 based on the average jet velocity and dimensionless nozzle-plate
spacings,H, as 2,4, 6. Reynolds numbers were selected at low values.

As a result , for low Reynolds numbers and high nozzie-plate
spacings, the little change of the local Numbers were observed. When R is
higher than 6.5, the local Nusselt number is approximately constant and its
value is about 41. The average Nu number decreased when H was
increased.

In the cooling processes at low Reynolds numbers, the Nusseit
number is much move important than nozzle to plate spacings.

The ratio of the loical Nusselt number to the staghation point Nusselt
number is identical variations at the same Reynolds numbers and different H

Although the flow structure is important. It could not be measured
because of the lack of the experimental equipments.
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APPENDIX A

THE TEMPERATURE DATA

Experiments were carried out at Re=5842, 8763, and 11684 and
dimensionless nozzle-to-plate spacings,H=2, 4, and 6.

The power to the each heater systems can be calculated using the
eq. (2.3). The heat flux can be obtained from eq. (2.4).

At first, the surface temperature has to come to uniform temperature
distribution . A thermocouple wire touched to the different locations on the
plate to control whether it has come to the uniform distribution. The uniform
temperature was selected as 120°C.

After the surface temperature uniformity were obtained, the jet was
impinged to the plate. Approximately three hours later, surface temperature
has come to uniform distribution and that time the voltage values were read
from the digital voltmeter. The inner and outer volitage values "were
measured as V=120 volt, V,=100 volt. As a result, the net heat flux given to
the system is g=1.1 kw/m? using egs. 2.3 and 2.4. Heat transfer cogftici_ehi
.h, and Nusselt number, Nu, are calculated from eq. (2.5). |
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Table A1 The values of Nu, h and AT variations with Re=5842,
Tj=20.4°C, Tatm=23.5°C, and H=2
{ R | Nu | h | AT |
0 53.29 146.10 7.50
0.87 53 145.28 7.54
1.61 52.23 143.17 7.65
2.47 51.29 140.62 7.79
3.71 48.5 132.94 8.24
4.01 47.29 129.65 8.45
4.76 45.59 124.99 8.77
6.39 42.20 115.67 9.47
7.12 41.09 112.66 9.73
8.06 40.29 110.46 9.92
10.44 40.20 110.19 9.95
Table A.2 The values of Nu, h and AT variations with Re=5842,
Ti=20.4°C, Tatm=24.5°C, and H=4
[ R [ Nu [ h | AT |
0 51.64 141.57 7.74
0.87 51.20 140.34 7.81
1.61 50.5 138.42 7.92.
2.47 49.5 135.68 8.08
3.71 46.99 128.82 8.51
4.01 45.83 125.63 8.72
4.76 4 44.18 121.12 9.05
6.39 40.89 112.09 9.78
7.12 39.82 109.16 10.04
8.06 39.05 107.04 10.24
10.44 39.10 108.22 10.25
Table A3 The values of Nu, h and AT variations with Re=5842,
Tj=20.6°C, Tatm=23.5°C, and H=6
| R ! Nu | h i AT ]
0 51 139.80 7.84
0.87 50.79 139.25 7.87
1.61 49.70 136.23 8.04
2.47 48.59 133.22 8.23
3.71 46.20 126.64 8.65
4.01 45.04 123.48 8.87
4.76 43.42 119.04 9.21
6.39 40.20 110.19 9.95
7.12 39.59 108.55 10.10
8.06 39 106.90 10.25
10.44 39 106.90 10.25




Table A4 The values of Nu, h and AT variations with Re=8763,
Ti=20.4°C, Tatm=22.5°C, and H=2

R T A YN
0 58.59 160.63 6.82
0.87 58.20 159.53 6.87
1,61 56.29 154.32 7.10
2.47 54.40 149.12 7.35
3.71 51.20 140.34 7.81
4.01 49.59 135.96 8.06
4.76 46.20 126.64 8.65
6.39 42.09 115.40 9.50
7.12 41.20 112.93 9.70
8.06 40.59 111.29 9.85
10.44 40.20 110.19 9.95

Table A5 The values of Nu, h and AT variations with Re=8763,
T{=21.4°C, Tatm=21.9°C, and H=4

[ R | Nu | h = AT }

0 54.59 149.66 7.32
0.87 54.22 148.64 7.37
1.61 52.45 143.79 7.62
2.47 50.68 138.93 7.89
3.71 47.70 130.76 8.38
4.01 46.21 126.67 8.65
4.76 44.20 121.16 9.05
6.39 40.79 111.83 0.80
7.42 40.5 111.01 9.87
8.06 40.20 110.19 9.95
10.44 40 109.64 10.00

Table A6 The values of Nu, h and AT variations with Re=8763,
Tj=19.5°C, Tatm=22.5°C, and H=6

[ R | Nu 1 h T AT |
0 53.98 147.93 7.41
0.87 53.77 147.40 7.43
1.61 52.88 144.98 7.56
247 50.28 137.85 |  7.95
a7 47.33 129.74 8.45
4.01 .~ 4585 125.68 8.72
4.76 43.87 120.26 9.1
6.39 40.90 112.11 9.78
712 40.5 111.01 0.87
8.06 40 109.64 10.00
10.44 40 109.64 10.00
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Table A7 The values of Nu, h and AT variations with Re=11684,
Tj=18.8°C, Tatm=22.5°C, and H=2

[ R ] Nu [ h [ a1 1]

0 64.80 177.62 6.17
0.87 64.19 175.98 6.23
1.61 63.20 173.24 6.32
247 61.79 169.40 6.47
3.7 57.20 156.79 6.99
4.01 53.59 146.92 7.46
4.76 50.29 137.88 7.95
6.39 42.29 115.85 9.45
7.12 41.20 112.93 9.70
8.06 40.79 111.83 9.80
10.44 40.20 110.19 9.95

Table A8 The values of Nu, h and AT variations with Re=11684,
Tj=19.4°C, Tatm=23.9°C, and H=4

[ R [ Nu | h [ At ]

0 62.79 172.12 6.37
0.87 62.29 170.77 6.42
1.61 61.5 168.58 6.50
247 59.5 163.10 6.72
3.71 55.29 151.58 7.23
4.01 54.09 148.29 7.39
4.76 475 130.20 8.42
6.39 435 119.24 9.19
7.12 40.59 111.28 9.85
8.06 40.5 111.01 9.87
10.44 40.5 111.01 9.87

Table A9 The values of Nu, h and AT variations with Re=11684,
Tj=18.9°C, Tatm=23.5°C, and H=6

[ R T N T n T ar ]

0 50.04 161.85 6.77
0.87 58.57 160.55 6.82
1,61 57.32 157.13 6.97
247 56.05 153.65 713
3.71 51.88 142.21 7.70
4.01 50.66 138.88_ 7.89
4.76 4562 125.06 8.76
6.39 41.04 112.51 9.74
7.12 39.04 107.03 10.24
8.06 38.66 105.99 10.34
10.44 38.28 104.94 10.44
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