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a 3 ~ L
nz M3iasvinndlagldszuy RGB
a = a & a g PPN &
lunwnmwin 7 azabunefsmyienzisuufuuy RGB Tailuszuunltiaizinans
NARDIIUTINTUAUVDINUIRY n3UN 3.6 uaaIMTIURsuuUasFUULHBINaS luRnIanSaaan
g A9 9 aniwninuai ldannsseufivufudazniwuuenliegluszuui RGB
nnnwihamdaisrandazdiulsznauedd lasdmualiagluglainuiduvasd (Color

intensity) AlluaaudsiNaawannsaa lUf

___R-RB ("7 1)
Rmax - RB
G - GB
_G-GB (N7 2)
876 _—GB
,_ B~ BB (N5 3)
B,... — BB

R A8 enulduvadfuastadunminaslufnianszas
A £ a A 1 a a a >
G fa anudNIaIRITEITaILNBNasIuAaIanIRAA
B @a enudiurasdinGutadnkiuwnasluaniaasaas
Roe 8 0MIdNgIgav0IRULAI U IuAATnATadauaadluT9RaULTIEY

QURNN

9 U
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G, A8 aNUTUTIAVIFI T NUNKINaTuAAInaTadauaadluTIREULTEY

DWANN

q a
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B fo ATV TNFIFTATDIWINN WAL ﬂﬂ&lﬁﬂ%@ﬂ%ﬁé’ﬂ LL&@GI‘Wﬁ’N ROULNYU
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RB @a mwm*’ﬁmaaﬁumﬁLﬂugﬂL‘%mﬁ”umauﬁtl,siul,waﬂuﬁﬂ%ﬂ%aé’a”l,&mamﬁ
GB fa m’mn]"maa?uﬂmﬁLﬂugﬂL‘%uﬁu@auﬁLLw'umaﬂuﬁﬂ‘i@ﬂ%aﬁavl,ml,am%
BB fa mwmﬁwad%ﬁmﬁuﬁLﬂugﬂL'%&J@Tu@lauﬁLLw'umaﬂuaﬂ%ﬂ%aﬁﬂ&mam%

INENMIA (1T 1) - (17T 3) ﬁﬁ]:m@hm?ismwmﬁwaaﬁlugﬂ 3.6 movwalagldllsunsa
MATLAB®  anafilduaasluminumwin ao. 1 ansuaonmvlasliununanuaasszauaas
qmugﬁuaumuéﬁLLam@nﬂm"ﬁummmuﬂizﬂau% rgb axldmnudunniasns e lauaas
Iugﬂ‘ﬁ' n% 1

mnmwxlﬁvlﬁuam‘lugﬂﬁ Ny 1 auﬁﬂsﬁwﬁqm%gﬁﬁ 28.2°C iugrsiuriwnasla
sndansaaadslilduansd (Bdn) Wernmsusndidsznouwasd rgb daUlsznavvasEnIRIafiaz
whﬁ'ugmﬁ LwiLfiaLﬁwqmwgﬁ%umiuma%‘[uaﬂ%ﬂ%aﬁaazﬁuLLa@aﬁﬁﬂﬁmmmLLfméf'sﬂszﬂau

o & & ' ) o o A A
% rgb VL@ Gﬁ\‘ﬁnﬂwaﬂ’]S'ﬁaULﬁﬂﬂ“ﬂﬂ'ﬁu@“ﬂﬂiﬂ WUINFUNT N LR g %3@@ﬂ%ﬁqm%ﬁw
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q ( h* Nusselt |[3UAauu1%n1s | JURAIHIBAT | ANBULIFUEN
2 2 ° o o
W/m~) | (W/m °C) | Number* | Uszanann dszuanIw ** | dungaunh

191 109 69 1 |
207 118 75 1 |
224 128 81 1 |
242 138 88 1 |
260 149 94
279 159 101
299 171 108
319 182 115 1. I
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nz 1 ldsunsa MATLAB® d@wsuastensinnisuanaldsznaud rgb amwuaduewinasla

a @ =

AAIAASANE NIMNILAIITHITULALLL RGB

% crop size
p1=265; % position x
p2=257; % position y

—_ . o a o { I ] o Aa a Aa o
p3=124; % colum > SHUANDANUAAIT UM NUDILNUINDS INARAIAAS AR
p4=78; % row

rect=[p1 p2 p3 p4];

% image file input

. . U 1 a a a s v ®
name=char(filename(i)); Haunwunuinasludaiaassaainllsunsy MATLAB

image=imread(name);

o) ° o % { & '
/0 Crop PNIIAANIN AL AR AL NN LEAILT UL
imaged=imcrop(image,rect);

wmasluaninasaan

% divided to R,G,B image

R=imaged(:,:,1); YMnIueny® RGB ﬁﬂmﬂguul,mu
G=imaged(:,:,2); TaRa3ansae:

NBILURAIAAIRAR
B=imaged(:,:,3);
% RGB dimensionless ) SR ualharudsa
r=(double(R)-double(RB))./(double(RMax)-double(RB)); RGB aglustlenuilsle
g=(double(G)-double(GB))./(double(GMax)-double(GB)), [ faauilcuaasln
b=(double(B)-double(BB))./(double(BMax)-double(BB)); FUNT7T (3.10)-(3.12)

J

%RGB Average )
rtav=sum(r(:))/numel(r); Fmsmeadsvaiiiulyd RGB

glavesum(@(numel(@): [ faglugududs13a4
b1av=sum(b(:))/numel(b);
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o foed g s d{ ‘g a =
no 2 Tﬂitlﬂi&l MATLAB® ﬂ’]ﬁiﬂﬁ']ﬁ&ﬂizﬂ‘ﬂﬁﬂ’]ﬁW’]ﬂ'ﬂN%ﬁ]%U%ﬁ%N’)@T’JﬂL‘Ylﬂ%ﬂﬂ’li

FLATITRNIN NIMNILAIIEHRIZUURULY RGB

% set jet temperature / yel temperature . - = - o A A
m%mqm%gmaawwLmzqmﬁgmaamummm

Tjet=28.5; v ad Adl o A o o
(Lauawmﬂuqm%{}w%aﬁmﬂumma 3.3.3)
Tyel=30.2;

%set crop size
CX=403; o = dl I ] a =) a L
402 b ﬂ?‘lﬁu(ﬂ‘Wﬂ(ﬂVlLLﬁﬂdLﬂuﬂ’]W“HB\‘]LLN%mﬂﬂ&laﬂ’l(ﬂﬂiﬁ@]a
cy=402;

rect=[122 39 cx cy];

% set current )
current=20;

flux=current(i)*current(i)*0.023197/(0.269*0.26); >
h=flux/(Tyel-Tjet);

o = Qr v
WIANRNUTZANINIINIANTAY

IINFNNT (3.8)

J

% FIIUNAINE M ﬁﬁmmquﬁﬁy’mm ad)

%zero matrix prepared for dump data PYPIATIBIBANLTAATBNT LA AU

M=zeros(cy+1,cx+1); wihAuwavesRtafuaasdunInte Iy
wasluaniansaas

Y%image file input
name=char(filename(i)) Hawnmwukwnasluaniaadadatnllsunyy MATLAB®

image=imread(name);

o o 19./ A wd‘ :ﬂ .
%crop NINIIAANTNLALARBLRANISILLR AL LN

imaged=imcrop(image,rect); wailudninaiadn

%size of cropped image AAUAAILL TN ULNWINWIWAALTIAIWNN

[a1,b1,c1]=size(imaged); LRZANBEIIVAIMNILH NI INRATI AT FA R

%divided to R,G,B image
R=imaged(;,:,1); > #NIuuNd RGB MU INJULKENK
G=imaged(:,:,2): wmaslufninadaaa
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B=imaged(:,:,3);

%normalize r,g,b image

r=(double(R)-double(RB))./(double(RMax)-double(RB)); WA rgb T asanud
g=(double(G)-double(GBY))./(double(GMax)-double(GB)); uaasludowluluaunis
b=(double(B)-double(BB))./(double(BMax)-double(BB)); (3.10)-(3.12)
for j=1:a1 \

for k=1:b1

if (abs(r(j,k)-g(j,k))<0.01) & (b(j,k)<0.2)
jji=double(j-a1/2.0);
kk=double(k-b1/2.0);
Nu=(h*16.5/1000.0/0.02604);
imaged(j,k,:)=255;
M(j,k,:)=Nu;

v A A A '
WULFWFLNRINUINHUNUHK
masluanianssaalagring

A A o A o

Wanlafidn r Indldsenuen g
> LAILNUANRRLTAA LU
Tunuasng M lwassnuinauas

v A A
LRBRLARD
end

end

end
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no 3Tﬂ‘§LLﬂ5N MATLAB® aﬁﬁ%ﬂﬁ%ﬁﬂﬂ‘i’lﬂﬂ’ﬁtlﬂﬂﬁ')ﬂﬁzﬂaﬂa H mwmamc«'umaﬁu

a o )

a _Aa Aa 3 a
AAIAAIAAR] NIWNILAIIEKHILUUALLUY HUE

p1= position x
p2=position y
p3=distance x > fruaRnanuaadtdunmwuaiusunasluanianiaas

p4=distance y

rect=[p1 p2 p3 p4];

Hue1=imread(name);

U 1 a =) a Qs U ®
Hue2=imcrop(Hue 1 rect): > Jaunmnwuruinaslufiaiaaszaainlysunsy MATLAB

Hue3=double(Hue2)/255;
r=Hue3(:,:,1);
g=Hue3(:,:,2);
b=Hue3(:,:,3);

mIuen® RGB NMnguuuruinaslufaiaadaas

\
Angle=acos((0.5*((r-g)+(r-b)))./((sqrt((r-g).*2+(r-b).*(g-b))))); Y%angle

Hue4=Angle; %B<=G

Hue4(b>g)=2*pi-Hue4(b>g); %B>G .
> LWYRI3NNITUUR

RGB g32UyU HUE
H=Hue4/(2"pi); ¥

S=1-3.*(min(min(r,g),b))./(r+g+b);
I=(r+g+b)/3;

%HSI Average |
Have=sum(H(:))/numel(H); wWiaasgal H
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FLATITHNIN NIMNILAIIEHIZUDRUUY HUE

1=24.5;
R=0.023197;
A=0.06994; % m"2
g=(1"2)*R/A;
Tj=28.5;

D=0.0165;
Kair=0.02604;

el sn Tl un1Inasas

%crop size Background
pb1= position x .
pb2= position y > Aunannanuaadunnaaiucunasiufaiansaas
pb3=distance x
pb4=distance y

rect=[pb1 pb2 pb3 pb4];

% load figure )
Hue='figure name.jpg’; o
N _ v Haunwunwnasluaniaasaaatnldsunsy MATLAB
Hue1=imread(Hue);

Hue2=imcrop(Hue1,rect);

% divided to R,G,B Background image )

Hue3=double(Hue2)/255; |
r=Hue3(:,:,1); > NNITLENE RGB ‘Y]l]i’mg:]‘ﬂu

g=Hue3(:.: 2): wrninasluininadads

b=Hue3(:,:,3);
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% RGB to HSI
Angle=acos((0.5*((r-g)+(r-b)))./((sqrt((r-g).*2+(r-b).*(g-b))))); %angle
Hue4=Angle; %B<=G

Hue4(b>g)=2*pi-Hue4(b>g); %B>G

H=Hue4/(2*pi);

S=1-3.*(min(min(r,g),b))./(r+g+b);

I=(r+g+b)/3;

[a,b]=size(H);

Tem=zeros(a,b);

for j=1:a;
for k=1:b;
T=(22183*H(j,k)"6)-(4933*H(j,k)"5)+(43913*H(j,k)"4)
-(19914*H(j,k)"3)+(4829*H(j,k)"2)-584.5*H(j,k)+56.62;
Tem(j,k)=T;
end

end

[a,b]=size(Tem);
Nu=zeros(a,b);
for j=1:3a;
for k=1:b;
h=a/(Tem(.k)-Tj); >
Nu1=h*D/Kair;
Nu(j,k)=Nu1;

end

end
J
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A study flow and heat transfer characteristics on a surface with air jet impingement
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Abstract

In this study, flow and heat transfer characteristic of
impinging jet on a surface was investigated. The jet flow from
a nozzle pipe which has 16.5 mm in diameter impinges
normally to the surface. We also studied the effect of
distance between nozzle and impinged surface L/D=2, 4, 6, 8
and 10 at constant jet Reynolds number of 46,400. Flow
patterns on an impinged surface were visualized using oil film
technique. Heat transfer distributions on a surface were

measured using temperature sensitive liquid crystal (TLC)

sheet. The experimental results show that the heat transfer
rate was maximum when the distance between nozzle and
impinged surface L/D is 8.

Keywords: Impinging jet, Flow pattern, Heat transfer
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Temperature sensitive liquid crystal (TLC)
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Heat Transfer Enhancement on Surface Using Array of Impinging Swirl Jets
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Abstract

The flow and heat transfer characteristics of array of swirling
impinging jets on a surface were investigated. The jet flows were
produced by in-line arrangement of 3x3 pipe nozzles which have
16.5 mm in diameter and impinged normally to the surface. Some
twisted tapes with different length of twisted pitch were inserted in
the pipe nozzle to generate swirling jet flow with different swirl
number. The experimental parameters were the distance from
nozzle exit to impinged surface L=2D, 4D, 6D and 8D, jet-to-jet
distance S=2D, 4D, 6D and 8D, swirl number Sw=0.40, 0.62,

384

0.78, 0.94 and conventional pipe nozzle at constant jet Reynolds

number of 25,000 (mass flow rate was constant). The

distributions of temperature and convective heat transfer

coefficient on impinged surface were measured using
temperature sensitive liquid crystal (TLC) sheet with image
processing technique. Flow patterns on an impinged surface were
visualized using Oil film technique. The experimental results show
that swirling impinging jets can increase heat transfer rate on
impinged surface in cases of distance from nozzle exit to
impinged surface L=2D and jet-to-jet distance S=2D, 4D.
However, for case of L>2D, the local heat transfer rate on
impinged surface decreases and heat transfer patterns were

complex when compare with conventional impinging jets case.
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Study of flow behaviors of swirling jet impinging on a wall

using visualization method
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Abstract

In this study, the effects of Swirl number and
distance from nozzle to impinged surface on flow behavior of
swirling

jet when impinging normally to surface were

investigated for understanding heat transfer mechanism on

impinged surface. In experiment, the flow behavior of a water
swirling jet was studied in a water tank using visualization
techniques. The jet spreading behavior was visualized by
mixing jet with dye water and the flow structure in swirling jet
was visualized by injecting dye with needles setting at the
outlet of jet nozzle. A twisted plate with different twisted pitch
length was inserted in nozzle pipe to generate swirling jet
flow. The results show that the swirling jet from nozzle outlet
is divided into two of streams and then impinge on the
surface and two regions of high heat transfer rate appear on
impinged wall. When the Swirl number of jet increases, the
angle between two streams from nozzle outlet becomes
larger and the mixing between jet and ambient water
increases. When the distance from nozzle to impinged
surface increases, the impingement of swirling jet on surface
becomes weaker and the flow structure of jet becomes more
complex, so the heat transfer on impinged surface decreases
and heat transfer distribution is more complex.

Keywords: Heat transfer, Flow behavior, Impinging jet,
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Abstract

The objective of this article is to introduce measurement method of temperature and convective
heat transfer coefficient using temperature dependent characteristic of Thermochromic Liquid Crystal
(TLC) Sheet. This article describes the property of Thermochromic Liquid Crystal, temperature calibration
method, qualitative and quantitative temperature measurement method and convective heat transfer
coefficient measurement on a surface. This article also describes example in applying this method to

study heat transfer phenomena such as jet impingement on flat surface.

Keywords: Thermochromic Liquid Crystal, Visualization technique, Heat transfer coefficient
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Abstract

The objective of this article is to review of the measurement
of heat transfer coefficient using Thermochromic Liquid
Crystal with transient technique. The principle of this
technique is to consider the convection on a surface and 1-D
conduction in a semi-infinite medium. The temperature
distribution on a surface was measured from capturing the
color change of Thermochromic Liquid Crystal with time.

Then, the results were analyzed by image processing for

evaluation of heat transfer coefficient. This article also

describes the examples in applying this technique for
studying heat transfer phenomena, such as heat transfer on
jet impingement surface, heat transfer on surface with some
turbulators and heat transfer on surface with film jets.

Heat Transfer

Keywords: Thermochromic liquid crystal,

Coefficient, Transient Technique
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ABSTRACT : Heat transfer and flow characteristics of a swirl impinging jet were experimentally
examined by using some visualization techniques. Swirl jet flow was generated by inserting
twisted tape in pipe nozzle. The twisted pitch of twisted tape was changed to investigate swirl
effects on heat transfer on the impinged surface and the effect of nozzle-to-plate was also
investigated. The free jef flow was visualized by Schlieren fechnique. Thermochromic liquid
crystal sheet was used for heat transfer visualization. The Oil film technique was used fo reveal
flow patters on impinged surface .It was found that there appears two peaks of heat transfer
rate in jet impingement region for jet from pipe inserted with twisted fape. The heat fransfer
enhancement can achieved in jet impingement region for case of swirl number Sw*=0.40 at all
nozzle-to-plate distances.

1 Introduction

Impinging jets have been widely used method for the heat transfer enhancement in a variety of industrial
application such as cooling of turbine blades and ¢electronic components, heating steel plates, tempering of glass
and drying of papers and films [1]. It was also often used in rapid heating and cooling applications such as
drying or freezing of food products. In this method, the jet flow impinges directly on the heat transfer surface
and the high heat transfer rate is obtained in jet impingement region. However, the heat transfer rate decays in
wall jet region due to the development of boundary layer on impinged surface [2]. To improve the uniformity of
heat transfer on impinged surface, swirling jet flow has been used instead of non-swirling jet. Huang and El-
Genk [3] used a swirl generator made of a cylindrical plug with four narrow channels inserted in pipe nozzle to
provide swirl to air impinging jet. They found that the radial heat transfer distributions become more uniform
than conventional impinging jet. Lee et al. [4] used some vane-type swirl generators to generate swirl impinging
jet. To study the effect of swirling jet flow, the local heat transfer distribution was measured using
thermochromic liquid crystal coated on the impinged surface. They found that the average Nusselt numbers are
larger than non-swirling flow at small nozzle-to-plate distance for all swirl number, but the effect of swirling jet
is rarely seen at large nozzle-to-plate distance. Wen and Jang [5] studied impinging jet cooling on a flat surface
by using jet issuing through longitudinal swirling strips. The heat transfer and flow structure of impinging jet
were investigated for two different inserts: longitudinal swirling-strip and crossed swirling-strip at different

ISFV14 — Daegu / Korea — 2010 g



CHAYUT NUNTADUSIT, MAKATAR WAEHAHYEE, ASIBUNYAJITRADULYA, TOSHIHIKO SHAKOUCHI

nozzle-to-plate distances. The correlations of Nusselt numbers were provided for all nozzle types. However,
there are a few studies for heat transfer characteristics with a swirling impinging jet. To understand the heat
transfer enhancement mechanism, the heat transfer and flow visualization experiments are needed.

In this study, we used thermochromic liquid crystal sheet to investigate the effect of swirl number and nozzle-to-
plate distance on heat transfer characteristics of an impinging jet from twisted tape inserted pipe nozzle. And we
used flow visualization techniques to reveal the jet flow from pipe nozzle and flow on impinged surface. The
experiments were carried out for the jet Reynolds number (Re = pi’D/ 1, where 7 is the average velocity

calculated from mass flow rate and D is the pipe nozzle diameter) of Re=20,000, nozzle-to-plate distance of
L/D=2,4, 6, 8, 10 and swirl number of Sw=0.40, 0.62, 0.78, 0.94.

2 Experimental Details

2.1 Experimental apparatus

The schematic of experimental setup is shown in Fig.1. Air jet is supplied by a centrifugal blower. The flow rate
of jet flow is controlled by an inverter and is measured with calibrated orifice flow meter. The air from blower
passes through a settling chamber before enters to pipe nozzle. The pipe nozzle has inner diameter of 16.5 mm
and a length of 300 mm. Twisted tape is mserted in pipe nozzle for generating swirl flow. Electric heaters which
controlled with temperature controller are installed in the settling chamber in order to obtain a constant and
controllable temperature during experiment. The jet from pipe nozzle impinges normal to the flat wall and then
flow between confined wall and jet impinged wall.

Pi I Mozzle wall
Mesh plate ipe nozzle

/ .
Orifice. - -
- Heater | chamber \
I/ J /Camela
i Blower
| / i
\7-- /./ D/ H/ Thermecouple
SCR type K F ’V Plastic plate
| -
i Temperature Stainlgss foil
rall
Manometar ceniralier B0 Powrer
N —| Suppy [+

Fig. 1 Schematic of experimental setup Fig. 2 Swirl generators with different twisted pitch number

The swirl jet flow is generated by inserting a twisted tape in the pipe nozzle. The twisted tapes are made of 2.5
mm thick stainless strips and are twisted in counter-clockwise. Fig. 2 shows the picture of twisted tapes used in
this study. The length of twisted tape is 300 mm. The swirl intensity is varied by changing the number of pitches
per twisted tape length. The swirl intensity is represented by swirl number which is defined as follow:

Sw = Gy
RG,

where (7, is the axial flux of azimuthal momentum, (7, is the axial flux of axial momentum and R is the radius

(D

of pipe nozzle. In this study, we ignore the effect of boundary layer in pipe nozzle and assume that the axial
velocity and angular velocity are constant along the cross section of nozzle exit. So, G, and G, can be expressed
as follows:

R
G,= 271'J. pV irdr =mpV R 2)
0
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_wpV,wR*

R
G, = 271'.[,0 VV,rdr 3)
0

where V. V,and @ are axial velocity, azimuthal velocity and angular velocity respectively. The angular
velocity can be calculated from number of twisted pitch (n) and length of twisted tape (I=300mm) as follow

2mV
m = ; 4).
From Eq.(1)-(4), a modified swirl number is defined as follow
R
Sw* = % (5).

Table 1 shows the detail of the twisted tapes and modified swirl number (Sw*) for jet when using cach twisted
tapes. Twisted tape was placed inside the end of pipe nozzle as shown in Fig.3. Fig.3. also shows the coordinate
system using in this study.

Table 1 Modified swirl number for each twisted tapes

Number of pitch (n) Swirl number
0 0.00
3 0.40
8 0.62
10 0.78
4
12 0.94

Fig. 3 Twisted tape inserted in pipe nozzle

2.3 Free jet flow visualization

To reveal the effect of swirl number on flow structure of free jet, the flow visualization was carried out using
Schlieren technique. In the experiment, the air jet was heated up to 60°C and then issued to ambient at room
temperature. The visualized flow pattern was recorded using a high speed digital video camera.

2.4 Heat transfer visualization and measurement

In this experiment, the clectrical heated impinged target was cooled by jet issued from pipe nozzle. The target
plate was made of stainless steel foil (SUS304) whose sizes were 250 mm x 250 mm and 0.03 mm thick. A
liquid crystal sheet was attached with binder film onto the rear side of the impingement surface of stainless foil.
The liquid crystal sheet used in this study changed the color systematically from black, red, yellow, green and
blue between 29-36°C. Direct current was supplied to the stainless steel foil from a power supply unit via the
copper bus bar electrodes, which were attached with both ends of stainless steel foil and acrylic plate as shown in
Fig.3. So the boundary condition of uniform heat flux could be achieved on the target surface. The mput power
to the stainless steel foil was calculated from the power supply electric current and stainless steel foil resistance.
Because, the stainless steel foil used in this study was sufficiently thin, the temperature on the target plate was
obtained from the color pattern of the liquid crystal sheet in the rear side. When the temperature distribution on
impinged surface (the color pattern of the liquid crystal sheet) reached steady state, the color pattern on liquid
crystal sheet was recorded by a digital camera.
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Since the lines of constant color on liquid crystal sheet corresponded to isotherms, an isotherm showed a line of
constant heat transfer coefficient (Nusselt number) under a constant heat flux boundary condition. By changing
the input current (heat flux) on target surface, the position of the isotherm was moved and the distribution of heat
transfer coefficient could be measured by recording the position of yellow line (The calibration shows that this
isotherm line was 30.2°C.) on the liquid crystal sheet for each change of heat flux. In this study, image
processing technique was used to determine the heat transfer distribution from the isothermal line in images for
cach change of heat flux. All results arc presented in the form of Nussclt number. The local convective heat
transfer coefficient and local Nusselt number are calculated from

h-—1 ©)

(7

where ¢ 1s heat flux obtained by power input from power supply to impinged wall. 7, is jet temperature
measured in settling chamber, 7' is wall temperature measured by tracing the yellow line color on liquid crystal
sheet.

2.5 Wall flow visualization

In order to visualize the flow pattern on target plate, the oil film visualization technique was used in this
experiment. A transparent acrylic plate was used as the target plate nstead of stainless foil. The mixture of liquid
paraffin, titanium dioxide and oleic acid was prepared and painted uniformly on the impinged surface. When the
air jet started to impinge on the painted target plate, the oil film was removed by air jet. The change of oil film
pattern was recorded by digital camera during exposed to impinging jet.

3 Results and Discussion

3.1 Free jet flow visualization

Fig.4 shows the effect of swirl number on free jet flow patterns observed by using Schlieren visualization
technique. The experiments were conducted at constant Re=1.85x10* and T;=60°C. In this figure, the flow
patterns visualized from Y-Z plane and Z-X plane are also shown. For all of free jets, there appears no flow
region (black region in figures) near pipe exit in Z-X plane due to the edge of twisted tape. And there appears
strong twisted flow region between two flow streams from nozzle exit in Y-Z plane. From the results, it is
found that the jet spreading rate in jet radial direction tends to increase with increase of swirl number.

3.2 Heat transfer and flow visualization on impinged surface

Fig. 5 shows example of heat transfer patterns on impinged surface visualized by using thermochromic liquid
crystal sheet for swirling jet of Sw*=0.62 at L=2D. The lower temperature region appeared on liquid crystal
sheet means the higher heat transfer region. In the experiment, the jet at room temperature impinged on the
heated wall. The heat flux on impinged wall was varied in order to investigate heat transfer patterns on high and
low heat transfer rate regions on impinged surface. At small heat flux condition, the heat transfer pattern in wall
jet flow region was visualized. And the heat transfer pattern in jet impingement region was visualized when
increased the heat flux on impinged wall. For impinging jet with swirl effect, it is found that there have two
peaks of heat transfer near the impinging point. This is due to the flow from pipe with twisted tape divided into
two stream flows at nozzle exit and then swirl around the jet axis before impinging obliquely on the surface. It
can be seen the heat transfer enhancement due to two of stream flows impinging oblique to the surface.
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Fig. 4 Effect of swirl number on free jet flow patterns observed by using Schlieren visualization technique
(Re=1.85x10%, T;=60°C)
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Fig. 5 Visualization of heat transfer on impinged surface for swirling jet of Sw*=0.62 at L=2D
(T=28.5°C, Re=20,000)

Fig,6 shows time sequence of oil film patterns on impinged surface after jet impingement for swirling jet of
Sw*=0.62 at L=2D. The oil film pattern in Fig.6(a) shows that there are two streams of flow impinging on the
wall. After that oil film on surface is removed by strong wall shear flow and there appear two of black regions
(no oil film region) apart from center of jet. These regions correspond to jet impingement region. The remains of
white oil in each of jet impingement regions correspond to the stagnation region. Around jet impingement
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regions, there is wall jet region where the white oil is removed partly and appear black-white region in figure.
The wall jet region can be detected only in region behind the jet impingement region.

Fig. 7 and Fig.8 show the effect of swirl number on heat transfer and wall flow patterns on impinged surface for
L=2D (Re=20,000), respectively. These figures also show the results of conventional impinging jet from pipe
nozzle without twisted tape for comparison. The heat transfer patterns in Fig. 7 correspond to the wall flow
patterns in Fig.8. It is found that the distance between two peaks of heat transfer increases with increase in swirl
number.

Oil film region : : -:- Oil film removed region
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Fig. 6 Time sequence of oil film patterns on impinged surface after jet impingement for swirling jet of Sw*=0.62
at L=2D (Re=20,000)
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Fig. 7 Effect of swirl number on heat transfer patterns Fig. 8 Effect of swirl number on wall flow patterns
on impinged surface for L=2D (Re=20,000) on impinged surface for L=2D (Re=20,000)
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Fig. 9 Effect of Swirl number and nozzle-to-plate distance on contour of Nusselt number (Re
Fig. 9 shows the effect of swirl number on local Nusselt number at different nozzle-to-plate distances. For

conventional impinging jet (no twisted tape inserted in pipe nozzle), the Nusselt number becomes maximum at
the center of pipe nozzle location on impinged surface for all L. The patterns of local Nusselt number are
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symmetry and the Nusselt number decreases from maximum point as going far from stagnation point. And at
L=4D, there appears the secondary maximum heat transfer at radial location R=3D from stagnation point. The
heat transfer rate increases with the increase of L. It may due to the turbulence intensity of jet at nozzle exit is
low, and when the nozzle-to-plate distance increase, the turbulence of jet increases before impinging on the
surface.

For swirling jet of Sw*=0.0 case, the flow from pipe is divided to two of jets by tape with no twist inserted in
pipe nozzle. At small L=2D and 4D, it appears two peaks of Nusselt number in stagnation region. But, the two of
jets combine before impinging on the surface at larger L, the heat transfer pattern becomes similar to the case of
conventional impinging jet.

For swirling jet of Sw*=0.40 case, there appears two peaks of Nusselt number in the impingement region for all
L. The heat transfer patterns in jet impingement region and wall jet region are affected by swirl effect. It is clear
that the heat transfer is enhanced in jet impingement region, when compared with conventional impinging jet.
However, there is no heat transfer enhancement in wall jet region.

For swirling jet of Sw*=0.62, there also appears two peaks of Nusselt number in the impingement region, but the
peak of Nusselt number becomes smaller when compared with case of Sw*=0.40 for all case of L. The heat
transfer rate on all region deceases when compared with conventional impinging jet. This is due to the swirl
effect induced strong mixing between the jet and ambient air before impinging.

For swirling jet of Sw*=().78, the distance between two peaks of Nusselt number increased and the impingement
region is divided into two regions clearly. The heat transfer is enhanced in wall jet region when compare with
case of Sw*=0.62 for case of L=6D, 8D and 10D.

For swirling jet of Sw*=0.94, the heat transfer patterns become more complex in jet impingement region.
However, the heat transfer enhancement can be seen in jet impingement region when compared with
conventional impinging jet for case of L=2D and 4D.

4 Conclusions

In this work, the effect of swirl number on free jet flow and heat transfer characteristics of an impinging jet was
investigated at different nozzle-to-plate distances. The main results obtained in these experiments are as follows:
(1) The jet from pipe nozzle with twisted tape is divided into two streams of flow and then flow across with an
angle depends on the flow out angle from twisted tape. The number of twisted pitch affects to the swirl number
of jet and flow out angle from twisted tape. The increase of swirl number of free jet promotes the jet spreading in
radial direction.

(2) The heat transfer patterns appear two peaks of heat transfer in jet impingement region due to two of stream
flows from pipe nozzle impinged obliquely to the impinged surface. The heat transfer enhancement can be
obtained in jet impingement region for case of Sw*=0.40 at all L.

(3) When the swirl number is increased larger than Sw*=0.40, the heat transfer rate in jet impingement region
deceased, but the heat transfer distributions on impinged surface become more uniform than in the case of
conventional impinging jet.
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