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Abstract—This paper describes the characterisucs of heat transfer and flow around several spacers (a single
row of several cylindrical rods) in cross flow on a heated surface 1n a parallel plate duct Temperature
distributions are obtained by using a thermosensitive hquid crystal film and a narrow band optical filter
method that does not require human color perception Apparent local Nusselt numbers between two
cylindrical rods are expressed as a function of Reynolds number, local position and pitch of the cylindrical
rods The pitch and Reynolds number affect the wake flow patterns which are classified into three domains

INTRODUCTION

IN ORDER to examine the fundamental effects of spa-
cers set 1n fuel elements of a multi-purpose high tem-
perature gas cooled reactor, the effects of a cylindnical
rod 1in a parallel plate duct on heat transfer were
measured by using a iquid crystal sheet from a pre-
vious study [1] The present paper descnbes the
characteristics of heat transfer and flow distnibution
around several cylindrical rods 1n cross flow

There have been some studies for local and mean
heat transfer on the side surface of rods in a flow
passage [2. 3] Heat transfer and flow charactenstics
around three circular cylinders on a smooth plate.
relating to the compactness of heat exchangers, were
expenimentally obtained by changing the pitch of the
cylinders (4]. For tube banks, the influence of the
tube arrangement [5-7] and equipment size [8] on
convective heat transfer and flow resistance were
investigated experimentally. The rate of change of
these characteristics were related to changes in the
Reynolds number VanFossen (9] performed the
experiment with short pin fins to increase the heat
transfer to the coolant in the trailing edge of a turbine
blade Heat transfer data for short pin fins were found
to be lower than data for long pin fins and fell on a
single correlation line. In many cases the average heat
transfer 1n the test section and the local heat transler
on the circular rods have been examined exper-
mentally. Two-dimensional temperature distribu-
tions and the local heat transfer between two circular
rods on the wall of the flow passage are not as avail-
able in the literature

Liquid crystals have been used for indicating tem-
perature change and have been applied for heat trans-

fer research [1, 10, 11] Ireland and Jones [12] apphed
a thermochromic hquid crystal to measure the tem-
peratures of the internal wall and a cylindrical rod
itself 1n a duct. Hippensteele er al/ [I3] recently
obtamned high-resolution heat transfer coefficients on
a vane surface of a gas turbine by using a hquid crystal,
heater-element composite sheet However, human
color perception 1s included 1n these methods when
the hquid crystal sheet 1s calibrated for color vs tem-
perature.

The main purpose of the present study 1s to examine
the effects of several rods as menuoned above,
especially the apparent local heat transfer between
two rods and the relationship between heat transfer
and flow characteristics Especially., heated surface
temperatures are measured by an improved hqud
crystal thermometry, excluding human color percep-
tion, 1n which we developed a quantitative analysis of
the color distribution of a iquid crystal sheet using
the optical filter method by sharp-band-pass charac-
teristics [14)

EXPERIMENTAL FACILITY AND PROCEDURE

Experimental facility

Figure 1 shows a schematic diagram of the exper-
imental facility. The test section set on the suction side
of a blower was composed of a parallel plate duct the
length, width and height of which were 2100, 230 and
10 mm, respectively, and the bottom plate of which
was insulated. Air was used as the working fluid The
heating section contained a stainless steel foil heater
the thickness and length of which were 0 05 and 750
mm, respectively, and which was set on the upper plate
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D diameter of circular rod

hydraulic diameter, 2H

H  distance between upper and lower plate in
a flow passage

n index of 17D (equation (3))

Nusselt number. x-2H ,

pitch of rods

7] heat flux

NOMENCLATURE

T, heated surface temperature

U, average velocity across the cross-sectional area

X longitudinal distance from the center of a
rod ‘

3 distance 1n width from the center of a rod \

Greek symbols
% local heat transfer coefficient

Re Reynolds number, U, - D, v /. thermal conductivity
7. bulk temperature of fld v knetic viscosity
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Fic 1 Schematic diagram of the experimental facility

at 1025 mm from the entrance Electrical connections
werc made to a copper bus-bar soldered to the edge
of the stanless steel foil This allowed constant heat
flux to be simulated by passing an alternating current
(up to 2 V at 50 A) along the length of the stamless
steel foil Several circular rods (20 mm o.d ) were set
at a position 375 mm from the starting pownt of
heating A circular rod was always put at the center
of the width Other rods werc arranged normal to the
flow direction and locatled symmetrically aboul the
rod at the center of the width as shown in Fig 2.
Wall temperature measurements were made by using a
cholesteric type hiquud crystal sheet and pictures were
taken of the color distribution by a CCD (charge
coupled device) camera (refer to Fig 3) Entrance and
exit temperatures of the air were mcasured directly by
thermocouples

In order to relate the heal transfer to the fluid flow
distribution, a flow visualization was performed by
using a recirculating water bath with a parallel plate
duct the width and length of which were 300 and 2000
mm. respectively The size of the circular rod used n
these studies was 14 mm high by 28 mm in diameter
to make 1t similar Lo the heat transfer flow passage
Pearl pigment (mica particles) covered by oxidized
titanium was used as the flow visualization medium

P70

195

2875

Fi16 2 Arrangement of circular rods

Temperature measurement by hquid crvstal sheet
(optical filter method by
teristics)

Liquid crystal matenal can be adhered to or painted
on a surface Two-dimensional tempecrature dis-
tributions can be easily visuahzed as a color distr-
bution However, 1t 1s sometimes insufficient for quan-
titative measurement since human color perception
must be used to evaluate lemperature from color We
studied a method that 1s based on optical filters with
sharp-band-pass charactenistlics to extract 1so-
chromatic regions corresponding to 1sothermal areas
[14] Figure 3 shows the cross section of the flow
passage and a schematic diagram of the measurement
system The color changes of the chosen hquid crystal
cover a temperature range from 27 to 39 C The color
patterns were observed by a CCD camera and the
output from the camera was recorded by a video Lape
recorder. The color obscrvalions were carried out by
changing narrow band optical filters mounted in front
of the camera The recorded images were transcribed
on the monitor connected with an image processor
(called IP-2) and the digitized images were (ransferred
to a 16-bit digital computer and were recorded on
floppy disks The relatonship between filter wave-

sharp-band-pass charac-
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FiG 3 Schematic view of the test section

Table 1 Relationship between wave-
length and temperature

Wavelength Temperature
(nm) C)
4770 349403
500.0 330+04
5240 321102
5375 315+0.1
548 5 312401
5615 307101
5770 305102
589 0 302402
598 5 30102
6270 297100
6510 295401
6720 203401
7000 289402
7295 288402
7470 287+02

length and temperature of peak bnightness and the
accuracy of the measurement temperature are listed
in Table 1

Experimental procedure

The experiment was performed systematically as
follows

After several circular rods of a given pitch had been
placed 1n a flow passage and the flow rate of air had
been controlled, an alternating current was supplied
to the stainless steel fo1l heater. The electric current,
voltage and room temperature were controlled to set
the heated surface temperature 1n the thermosensitive
range of the liquid crystal The bulk temperature of
the air at any position between the entrance and the
exit was estimated by assuming a linear increase from
the entrance to the exit The heat flux, g, was cal-
culated by dividing the net heat low by the heat trans-

fer area. Thermal conduction effects 1n the acryhc
plate, the stainless steel foil and the cylindrical rod
were not taken into account exactly. however, par-
astic heat losses were evaluated at no flow rate Appar-
ent local heat transfer coefficients and Nusselt num-
bers were calculated by the following equations

a=g/(T,.—T) (n
Nu=oa-Dyli )

The scatter of the wall temperature by the present
method 1s within +04°C as shown 1n Table | The
uncertainty of the Nusselt number is within +15%
including a heat flux error of 5% at the lowest
Reynolds number Re = 1000 It decreases Lo within
+5% at the highest Reynolds number Re = 15000
The thermophysical properties appearing in the Nus-
selt and Reynolds numbers were evaluated at the air
temperature Vanable properties were nol a sig-
nificant 1ssue since the wall-to-air temperature differ-
ences were of the order of 7 C. The Revnolds number
1s believed to be accurate to +4%

Experiments were carned out for several circular
rod pitches, namely P: = 57 5, 46 0, 38 3 and 32 86
mm, and the corresponding ratios of pitch to
diameter, Pi/D, are 2.875,2 3,1 915and | 643. respec-
tively Experimental conditions are listed 1n Table 2

Table 2 Experimental conditions

Reynolds number

Re 1000 ~ 15000

Heat flux g (Wm™?) 1159 ~ 567 5
Distance between H (mm) 10

upper and lower

plate
Pitch of Pt (mm) 575, 46, 38 3, 32 86

cyhindncal rod
Diameter of D (mm) 20

cylindrical rod
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Fi16 4 Velocity distribution

The circular rods were set at a longitudinal position
of 70 hydraulic diameters from the entrance and also
at 19 hydraulic diameters from the starting point of
heating. It was recognized that the flow was fully
developed and the local heat transfer coefficients
approached the thermally developed values for a par-
allel plate duct with one side heated [1]

Additionally, the velocity distributions across the
test section of the water recirculating loop at the meas-
uring station using flow visualization were obtained at
Re = 1000 and 10000 1n Fig 4 by a laser anemometer
These agree with that of the parabolic line for laminar
flow and one-seventh law for turbulent flow, respec-
tively Consequently, flow visualization can be related
to local heat transfer measurements.

EXPERIMENTAL RESULTS AND DISCUSSION

Temperature distribution

The color distnbution of the liquid crystal sheet
near several circular rods 1s shown 1n Fig. 5 The
colors change from blue to yellow, brown and dark
brown with decrease of temperature The charac-
teristics of the local heated surface temperatures gen-
erated by the interaction of several circular rods can
be visualized at a glance Figures 6 and 7 represent
1sothermal lines Figures 6(a)-(c) show isothermal
lines near a circular rod at the center of the width for
Re = 1000, 4000 and 10000, and for constant pitch
P1=23. For Re = 1000, a comparatively high tem-
perature region exists behind each circular rod cor-
responding to a stagnation region similar to the situ-
ation for a single circular rod Isothermal lines
associated with a particular rod 1n a row of rods cease
in the downstream region at about 3D and move from
the center of a rod Interaction eflects of circular rods
exist between rather than behind rods

Figures 7(a)-(d) show isothermal hnes for various
pitches at Re = 2000 For Pi/D = 2875, the 1so-

IcHIMIYA ¢1 al

thermal lines around a circular rod are dumbbell 1n
shape stretching out behind the rod with the rod at
the center of one of the knuckles, having high tem-
perature on the outside and colder temperatures on
the inside The colder temperature region subdinvides
into a number of cold 1slands yust behind the rod with
one surrounding the rod Symmetrically between rods
and about 2D downstream there 1s a high temperature
1island The dumbbell pattern thins with decrcasing
Py D until at Pi/D = 1.643 11 has compiletely changed
For PuD =1 643, behind the central rod the 1so-
thermal lLines have a wide closed distribution with
three small closed low temperature regions inside. two
side by side and one with the rod at the center For
the rods either side of the central rod the 1sothermal
lines are contracted These extensions and con-
tractions of 1sothermal hnes appear alternately from
rod to rod across the row of rods for comparauvely
small pitch and depend on the wake flow The accu-
racy of these 1sothermal lines 15 improved on that of
a previous publication [I]
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{a} Re:l000

(b) Re:a000

{c ) Re:i0000

(Pi/D = 23)

FiG 6. Isothermal maps for various Reynolds numbers
(PyD=23)
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Fi6 5 Photograph of the liquid crystal Jayer showing brightness distribution
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FIG 7 Isothermal maps for various pitches (Re = 2000)
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Apparent local Nusselt number

The apparent local Nusselt numbers along the cen-
terline were examined for the longitudinal (x-direc-
uon) and the transverse ( y-direcuon) direction

Figures 8(a) and (b) show longitudinal apparent
local Nusselt numbers for various pitches Figure 8(a)
represents the distribution for the upstream direction
by expressing X as a negative value from the center
of a circular rod While the effects of pitch on local
Nusselt number are nsignificant n general for
Pi/D =1915-2 875 for each Revnolds number, the
local Nusselt number 1ncreases abruptly at
X;D= —0.7 for Pr.D =1.643 For the downstream
case the Nusselt number reaches a minimum just after
arod and then rapidly approaches the fully developed
value for Re = 2000 (Fig 8(b)) The posit:on of the
minimum value does not depend on pitch Though
less pronounced the minimum does not disappear
completely at Re = 15000 The effects of pitch are
larger 1n the downstream direction than i the
upstream one for a circular rod Figures 9(a) and (b)
show the apparent local Nusselt number as a function
of Reynolds number at constant pitch, Pi/D =23
The longitudinal gradient of local Nusselt number
becomes greater with increase of Reynolds number
for the upstream case (Fig. 9(a)). In Fig 9(b), the
Nusselt number becomes minimal at XD = | 25 for
Re = 1000 and at X/D =10 for Re = 2000. The pos-
ition tends to approach the circular rod with increase
of Re. These kinds of mimimum values do not appear
at Reynolds numbers larger than Re = 2000. within
the present accuracy

Figures [0(a) and (b) show the apparenl local Nus-
selt number between two circular rods for various
pitches (Fig 10(a)) and Reynolds numbers (Fig
10(b)) In Fig 10(a), the local Nusselt number has
munimum value midway between two circular rods
and the distribution 1s symmetncal about the mini-
mum position These minimum values increase with
decrease of pitch and the present tendency does not
depend on Reynolds number qualitatively In Fig
10(b), the effects of Reynolds number on the mag-
nitude of Nusselt number are shown

From the experimental data an attempt has been
made to obtain an empirical equation for apparent
local Nusselt number between two circular rods Fig-
ure 1| shows representatively the relationship between
Nu and y/D from the side surface of a circular rod
to midpitch between two rods 1n logarithmic form
According to this figure. the relaionship between Re,
y/D and Nucan be expressed by the following function
Nu ~ Re"'(y/D)" The index of /D, n.,1s a function of
Re and Pi/D and 1s represented as a parameter ol
Pi/D 1in Fig 12. The value 1s shown 1n absolute form
1n the figure since n 1s negative The absolute value ol
nchanges with Re®2*° The index n 1s expressed 1n the
following equation

n= —0223Re’*"(Py/D)" """ (3)

The index m depends on Re but not continuously It
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has been found that the apparent local Nusselt num-
ber between two circular rods can be represented by
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FiG 8 Longitudinal distribution of local Nusselt number for various pitches

the following equations

for Re < 2000,

where 1 1s expressed 1n equation (3) These equations
agree with experimental values within +15%

Flow visuahization

Nu = 0979Re® *7*(v/DY'

for Re > 2000,

Nu = 0236Re" **°(v/D)"
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In order to relate heat transfer to flow. flow visu-

(4) alization experiments were performed
Figures 13(a) and (b) show steady flow for
Re = 1000, 2000 and 6000 at P:/D = 2875 Figure
(5)  13(a) shows photographs of the mamn flow taken by
P/D=23 Re
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FiG 9 Longitudimal distnibution of local Nusselt number for various Reynolds numbers
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FiG 10. Local Nusselt number between two circular rods

illuminating the longitudinal shit ight 1n the vertical
direction across the section at midspan position The
main flow separates from the circular rods in the
downstream direction and separation regions occur
on each rod surface Figure 13(b) shows the patterns
with pearl pigments laid on the lower plate. These
flow patterns are independent for each circular rod
and correspond to the local heat transfer. This 1s called
the steady and independent case (domain A 1n Fig
16). Figure 14 shows the flow charactenstics for
Re = 1000 and 2000 at Pi/D = 1.915. Near the rear
facing surface of the circular rods, the flow pattern 1s
composed of extended or contracted wakes by inter-
ference of circular rods and does not change with time.

Re
0.15000
a 10000

6000

P/D=23

S50

Z
it

4

~a “~
~a
Loteral surface k"-\

of cylindrical rod

e 8 10 2
y/D (x107)

F1G. 11. Loganthmic relationship between Nu and y/D

This is called steady and interfering situation (domain
B 1n Fig. 16).

For Pi/D = 1.915 and Re > 3000 the flow patterns
were not clear and so hght was illuminated from a
tangential direction on the lower plate to get better
results. Figure 15 shows photographs at various times.
These figures represent the flow patterns that change
with time because of unstable interference. This 1s
called the unsteady and interfering case (domain C in
Fig 16).

Figure 16 shows the correspondence between heat
transfer and flow The ordinate 1s Re and abscissa
Pi/D. Three kinds of symbols represent temperature
regions which are independent, slight interferential or
interferential Signs A, B and C represent the domains

o

-1 . 9
e 2 ° gﬁ i
0o5p 1 g .
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F1G 12 Index of y/D
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Re=6000
(a) main stream line (b) flow pattern on the bottom plate

FiG 13 Steady and regular flow patterns (P1/D = 2 875) (a) main stream line, (b) flow pattern on the
bottom plate (PyD = 1915)

described above, and solid lines show their bound- CONCLUDING REMARKS

aries The dashed domain expresses the flow visualized

region These situations of heat transfer and flow pat- The effects of a single row of spaced circular rods
terns agree with each other. However, the complicated ~ were studied on heat transfer and flow in a parallel
mechanism should be studied 1n detail in the future plate duct.

Re=2000
(a) main stream Lline (b) flow pattern on the bottom plate

FiG 14 Steady and irregular flow patterns (a) main stream line , (b) flow pattern on the bottom plate
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Flow
direction
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(2)

(3)

FiG. 15 Unsteady and irregular pattern (P1/D = 1 915, Re = 3000)

(1) A thermosensitive iquid crystal sheet was used
to measure temperature distributions. A method
based on optical filters with sharp-band-pass charac-
tenstics was applied so that human color perception
could be avoided. This method was shown to be useful
even under high temperature gradients.

(2) Apparent local Nusselt numbers between two
circular rods were expressed by a power relationship
of Reynolds number Re and dimensionless distance
y/D The index for y/D 1s a function of Re and dimen-
sionless pitch Pi/D.

(3) For comparatively large pitch, heat transfer and
flow charactenstics were similar to the pattern in the
case of a single rod. On the other hand, for small
pitch the flows around circular rods interact with each
other, and the wake flow region and isothermal lines
extend or contract behind circular rods Flow charac-
tenstics behund circular rods are divided into three
regions depending on the values of Reynolds number
and pitches of rods
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FiG 16. Correspondence between heat transfer and flow pattern
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UNE ETUDE FONDAMENTALE DU TRANSFERT THERMIQUE ET DE
L’ECOULEMENT AUTOUR DES ESPACEURS (UNE SEULE NAPPE DE PLUSIEURS
CYLINDRES EN ATTAQUE FRONTALE)

Résumé—On deécrit les caracténstiques du transfert therrmique et de écoulement autour de plusieurs

espaceurs (une seule nappe de plusieurs cylindres) en attaque frontale sur une surface chaude dans un

conduit a plan paralléle. Les distnbutions de température sont obtenues en utihsant un film thermosensible

a cnstal iquide et une méthode de filtre optique a bande étroite qui ne nécessite pas la perception humaine

des couleurs Le nombre de Nusselt local apparent entre deux cylindres est expnimeé en fonction du nombre

de Reynolds, de la localisation et du pas des cylindres. Le pas et le nombre de Reynolds affectent les
configurations de I’écoulement en sillage qui sont classées en trois domaines

EINE GRUNDLEGENDE UNTERSUCHUNG VON WARMEUBERGANG UND
STROMUNG IN DER UMGEBUNG VON ABSTANDSHALTERN (EINE EINZELNE REIHE
VON ZYLINDRISCHEN, QUER ANGESTROMTEN STIFTEN)

Zusammenfassung—In dieser Arbeit werden Warmeubergang und Stromung 1in der Umgebung einiger
Abstandshalter untersucht, die durch eine einzelne Reihe von zylindrischen Stiften bestehen Diese befinden
sich zwischen parallelen Platten, von denen emne beheizt 1st. und werden quer angestromt. Unter Verwend-
ung emnes temperaturempfindlichen Films aus Flussigkristallen wird die Temperaturverteilung ermittelt
Die Verwendung eines optischen Schmalbandfilters ermoglicht es, daB die Auswertung nicht aul das
menschliche Farbempfinden angewiesen 1st Die scheinbaren ortlichen Nusselt-Zahlen zwischen zwer zylin-
drischen Suften werden in Abhangigkeit der Reynolds-Zahl, der Position und des Abstandes zwischen
den Zylindern ausgedruckt Abstand und Reynolds-Zahl beeinflussen die Formen des Nachlaufs, die 1n
dret Bereiche eingeteilt werden

O®YHIAMEHTAJIBHOE UCCJIEAOBAHUE TEIJIOINNEPEHOCA U OBTEKAHHA
MPOCTABOK (MOMEPEYHOE OBTEKAHHE EAMHHUYHOI'O PAIA N3 HECKOJIBKHX
LHWIMHAPHYECKHX CTEPKHEWN)

Amnoraums—OMICHBAIOTCA XAPAaKTCPACTHEH TeIUIONEPCHOCAa M OOTEKaHWA HECKOJBKHX MPOCTAaBOK
(nmonepeaHo obTexacMpili ¢THHMYHLIA PAA A3 HECKOJBEAX WHNHMHAPHYCCKMX cTepxHeff) B ruiocxonapan-
JenbHOM KaHane PacmpencieBEs TeMmepaTyp HONY9€HHM C HCNOJNB3OBAHHCM TEPMOYYBCTBHTENLHOM
MNEHKHd M3 EMMOKHX KPHECTAUIOB NPH NOMOIUM YIXONOJOCHWX ONTHYCCKHX (PWIBTPOB, 9TO NOIBONRET
OTKa3aThLCA OT ONMpPCAC/CHAR lBeTa 4enoBexoM. JloxanbHule 3naveHns 4ucna Hyccensta B obnacru
MexAy ABYMA LMIMHAPHYCCKMMH CTCPAHSME BHPaXeHh Kak pyExumsa uucna Pefinombaca, pacnonoxe-
HHS DHWIHHADAYECKAX cTepxBell H wara Mexay HEMM. Kax war, Tax # uncno PefiHonbaca oxasbiBaroT
BJIHSHAC Ha KAPTHHY TCYCHAA B CNICie, IIc MOXHO BRIAEINTH TPh obnacTu.



