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1. Evaluation of heat transfer performance at low Reynolds number
1. 1 Introduction

Most compact heat exchangers are designed and have been optimized for flow
conditions characterized by relatively large Reynolds number (1000 and above, typically) for
which the fin designs are particularly efficient at providing enhanced heat transfer over
conventional plain fins. A very large number of studies extensively dealt with this topic (see
Kays, 1972; Sparrow el al., 1977; Kajino and Hiramatsu, 1987; Aoki et al., 1989; Suga and Aoki,
1991; Sahnoun and Webb, 1992; Goldstein and Sparrow, 1977; O’Brien and Sparrow, 1982;
Sparrow and Hossfeld, 1984) and have resulted in a wide array of manufactured products.
Tabulated data as well as empirical correlation and design guides have been collected for a large
number of surfaces over the years. Careful review of this available data reveals two relatively
universal facts. The heat transfer performance of all these surfaces degrades considerably as the
Reynolds number decreases; and consequently, very little data are available in the low Reynolds
number regime, as clearly these surfaces are not suited for this operating range.

However, there are engineering applications where the designer cannot operate the heat
exchanger in a favorable flow regime and enhanced heat transfer surfaces especially optimized
for these low Reynolds numbers are called for.

As an first step to develop and optimize a low Reynolds number heat transfer surface
to be used as an enhanced fin in a compact heat exchanger operating in the low Reynolds
number flow regime, this study details the measurement and evaluation of the heat transfer

performance of heat transfer units using a modified single-blow method.
1. 1. 1 Modified single blow method

Several experimental techniques have been developed for testing the performance of
heat transfer surfaces and heat exchangers, i.e., to determine the heat transfer coefficients
between the heat transfer surface or matrix in the heat exchanger and the flowing fluid. They
can be classified into the steady state and the transient methods.

The steady-state method employs a constant heat source to supply heat continuously to
the surface by using a hot fluid, condensing vapor on the other side of the surface or by
electrical power dissipation within the surface itself. According to Newton’s law of cooling, the
average heat transfer coefficient 4 can be determined by dividing the convective heat flux by
the average surface and the difference between fluid temperatures.

The transient method employs one fluid to either supply or remove heat from the heat



transfer surface or matrix. When the inlet fluid temperature varies with time, convective heat
transfer becomes time-dependent which results in timewise changes in the enthalpies of both the
surface and the fluid. This phenomenon can be described by an analytical model assuming that
the average heat transfer coefficient remains constant and that the surface and fluid temperatures
vary with time and position along the flow passage. Its solution is then matched with the
measured outlet temperature response curve to determine the heat transfer coefficient. A heating
screen installed upstream in the test core is commonly used as heat source.

Two typical time functions of the inlet fluid temperature have been employed; (a) a
stepwise change for the single-blow method and (b) a sinusoidal change for the periodic method.
The single-blow method is more popular since experiments would be easier to perform.

The single-blow methods are characterized by the following merits in comparison with
the steady state method: (1) the single-blow method employs a single fluid to flow over the heat
transfer surface or unit of which performance to be determined, whereas the steady state method
requires the two fluids for the hot and cold temperature sides. (2) The stead state method needs
to know the temperature of the heat transfer surface which is not required in the single-blow
method. (3) The single-blow method can directly evaluate the performance of heat transfer
surface, not being affected by fin-base plate contact resistance and fin efficiency.

In spite of its superiority to the steady state method, the single-blow technique fails to

become popular in practice due to two main difficulties: (1) it is difficult to construct an
experiment apparatus which is able to meet the surface-to-fluid heat exchange phenomenon
described in the theory. (2) The procedure for correlating test data is rather delicate.
Due to finite capacity of heating screen, the inlet fluid temperature can never, in reality, follow a
step change as assumed in the analyses. This discrepancy may result in considerable inaccuracy
in the heat transfer coefficient, especially for heat transfer surfaces or units with small values of
NTU, Number of heat Transfer Unit of an exchanger.

To cope with the difficulty in constructing an experimental setup to match the
conditions prescribed in the theoretical analysis, and to improve the existing single-blow
method, a “modified single-blow method” was developed by Ling and Yang [1]. Its analysis
took account into the actual response characteristics, that is, the first-order response
characteristics of the inlet fluid temperature. Although theoretical results became more complex
than those of the conventional method, experimental apparatus can be constructed to achieve the
first-order time-variation curve of the inlet fluid temperature. The method represents a big step
forward in the single blow technique and has been successfully applied in the performance
measurement of plate-finned heat transfer surfaces and in the determination of heat transfer
performance of multiple disk assemblies [2]. However it is inconvenient not to include rather

low Reynolds results for pressure drop as well as heat transfer, even though they [1,2] provided

[89]



a good agreement between their experimental results and theoretical predictions over wide flow

range.
1.1.2 Analysis of modified single blow method

The formulation of heat transfer between the heat transfer surface and the fluid in heat
exchange is well known. The phenomenon can be described by the energy equations, referring

to Liang and Yang (1975).

* Solid parts

L g (1.0
86 ‘
* Fluids parts
or, oI, . . 12
—L b —L =b,(T, -T; (1.2)
oo g =R
» Initial and boundary conditions
T;(6,0)= £(6") (1.3)
T, (0,x")=T7(0,x)=0 (1.4)

7" and T, are the dimensionless solid and the fluid temperatures based on the initial

and inlet fluid temperatures, respectively. The dimensionless time 6" is defined as the ratio of
the physical time @ to the time-constant of the solid-fluid system z = (mc/hA) where

m,, c,h A are mass of solid, specific heat of solid, average heat transfer coefficients, heat
transfer area, respectively. A dimensionless position variable, x ={(hAx)/(m c L)} and is equal

to the number of heat transfer units when evaluated at the exit of the solid-fluid system.
Here 4, ¢,, L, m,, h x are heat transfer area, specific heat of fluid at constant pressure, free flow
length of test core, mass flow rate of fluid, average heat transfer coefficients, length coordinate
in flow direction, respectively. Constant b,=(v,/4, )b, where v, is a volume of fluid in test
core per unit length in flow direction, 4, is a core minimum free flow area and 5, is the ratio
of heat capacities between the solid surface and the fluid, mc /m c, , respectively.

f10") is the forcing function which describes the timewise change of the inlet fluid
temperature. f{6")=1 and sind @’ correspond to the single-blow method and periodic methods,

respectively. In the present modified single-blow method, the experimentally determined

16" ) is employed



70,0 =1-¢'" (1.5

r'is defined as z,/r_, in which r, is the time-constant of the measured inlet fluid
temperature to be determined experimentally. The time constant r depends on the heat
capacities of both the heating screen and the inlet-fluid thermocouples probe or sensor, and also
on the heat conductance between these surfaces and the incoming fluid. Only if 7, be zero,
J{8" ) is unity and the conventional single-blow method yields accurate result for the system of
any NTU . Solutions of equations (1.1) and (1.2) subjected to the appropriate initial and
boundary conditions of (1.3) and (1.4) can be obtained by means of Laplace transform technique.

The transformed differential equations and boundary conditions in time are

ST:‘ =T;—T\* (1.6)
. dT; -,
ST +by—L = by (T!=T}) (1.7)
_ . .
TR p—— as)
S(S +—)
T

where Sis the Laplace variable and the superscript ~ denotes the Laplace transform function.

The solution for 7’_/* is

- 1.9)
(S5
T

Replacing x” by NTU , the inverse Laplace transform yields the exit fluid temperature as in two

time-domains as

(I) when 8" < 1, or equivalently 9<L/V_,
T/ (6, NTUY=0 (1.10)
(II) when o' = 1" ,ie., 6= LV,

—_ o S
Tj‘ ((9 ’NTU) = _.!;J: e‘(9 1)/ T ~byt
T t

x{e*"*‘”/o[z,/bzt* (n—1)]+w, (1, NTU)}dry (1.11)

wherein
t=NTU /b



Wy (1, NTU) = JO"" eI [2(b,r E) 2 1déE

Where ¢ is dimensionless time defined as NTU/b,, V. is mean velocity based on cross-sectional
area, 4., and C, n are dummy variable.

1.2 Experimental method and procedure
1.2.1 Experimental apparatus

Figure 1.1 illustrates a schematic of test apparatus. It consists of a suction-type open
wind tunnel and an instrumentation system. Air is induced to the wind tunnel through a
honeycomb flow straightener and flows through a heater, an upstream temperature measuring
sensor, a test section, a downstream temperature measuring sensor, an ultrasonic flow meter, a
ring blower, in turn, and finally exits into the atmosphere. The honeycomb flow straightener
serves to smooth and straighten the intake flow, and consequently undesired turbulence is
filtered out within this flow. Electrical power is stepwisely applied on the heater by means of an
electromagnetic switch, resulting in an exponential rise of the inlet air temperature with time,
that is, the inlet air temperature change with first-order response. The special temperature
measuring sensofs are made of a single platinum wire of 0.03mm diameter, which are woven
diagonally and are spread over an entire cross section at the inlet and outlet of the test core.
They directly detect the timewise histories of the bulk air temperatures at both ends of the test
section with a quick response yet without any cross-sectional integration of the flow
temperature, and records on a hard disk via a bridge circuit. A vertical test section shown in
figure 1.2 has a dimension of 150x100x300mm’ (widthxdepthxheight) which accommodates
test cores. The air velocity is controlled by the ring blower and can be varied from 0.2 to 1.2 m/s
in the test section. Pitot tubes are installed on the walls at inlet and outlet of the test section and
connected to a differential pressure transducer to determine pressure drops across the test core.
The air flow rate is measured at the far downstream test section by the ultrasonic flower meter.
All the measured quantities are fed into a digital computer which automatically performed data
processing on heat transfer and friction coefficients. The inner wall surfaces of the test section
as well as its upstream and downstream flow channels are insulated with 10mm-thick
polyethylene-foam plates to minimize heat loss through the wall.

The innovative concept is credited to the present study in analyzing and designing a
new heater suited for a low velocity flow, namely, low Reynolds number flow.
A heater has a great importance in single-blow methods as described previously. In general, it
consists of either a multiple layer of meshes of a thin metal wire or an array of metal plates.

Design of heating elements may become of primary importance when employed in a situation



where mixed convective heat transfer occurs. For example, a forced-convection involving a
fluid velocity of 30m/s would be expected to overshadow most free convection effects
encountered in ordinary gravitational fields because the velocities of the free-convection
currents are small in comparison with 30m/s. On the other hand, a forced flow situation at very
slow velocities, say 0.3m/s, might be influenced appreciably by free-convection currents. An
order-of-magnitude analysis of the free-convection boundary-layer equations will indicate a
general criterion for determining whether free-convection effects dominate. The criterion is that
when

Gr/Re* > 10 (1.12)
free convection is important.

Depending on the criterion, appropriate heater design should be determined. For
example, stainless-steel foils had been employed as heating elements in the previous research
because a relatively large Reynolds number flow regime had been targeted, resulting in a high
heat capacity of the heater. When a low velocity flow regime, however, is observed in
convection heat transfer processes, such geometry which involves large heat transfer areas may
cause a scene like free-convection dominant.

Taking the criterion into account, a new heater was made of double layer of 0.9mm

diameter nichrome wire mesh and installed at the inlet of the test section.
1.2.2 Test cores

The test core consists of 18 aluminum plates in the size of 0.3mm (thickness)
x 150mm (width) x 195.2mm (length in flow direction) to form 19 uniformly spaced parallel
channels and has a total height of 100mm.

1.2.3 Data reduction

In the study of heat exchanger performance the Colburn ;j factor is of interest and

defined as
P (1.13)
Re-Pr' 3
where the Nusselt number is
Ny =T Di (1.14)
kg

and as it is customarily done, Reynolds number based on the hydraulic diameter of the

individual flow passages is



Re=te D (1.15)
14

The assumption of negligible temperature gradient over the fin thickness is acceptable since
Biot number, #,5/2k,1s order of 1072,

The core friction of the heat exchanger is reduced to obtain the Fanning friction factor f. In the
present study the pressure drop equation proposed by Kays and London [3], including the

entrance and exit pressure loss, is used to evaluate the friction factor. The equation is

f:(g’l)(ij 2—Afi—2[ﬂ~l)—(1<c+l-o‘2)(—l-)+<l—62—K6>(——1~) (1.16)
4L 7\ p, Gf ‘ ) P/ £

Where D;, and L are hydraulic diameter and the length in the flow direction, respectively and s
means the ratio of the minimum flow area to the frontal area. The subscript 1 and 2 denote inlet
and outlet conditions. The entrance and exit pressure loss coefficients, K, and K., are adopted

from Fig. 5.3 given by Kays and London [3].

1. 3 Experimental results and discussion

Figurel. 3 shows the experimental results for Fanning friction factor f/ and Colburn j
factor as function of Reynolds number. Superimposed on the figure are the results obtained by
Shah [4], empirical result for flow frictional coefficient in laminar flow at the entrance region of
rectangular duct channel with approximately + 2% error; Shah [5], empirical results for Nusselt
number in both thermally and hydro-dynamically developed flows, but one for constant wall
temperature, another for constant heat flux conditions of parallel plates with = 3% and + 2.7%
prediction error, respectively. From the figure the following observations are derived: (1) For a
given flow range, the experimental result for friction f factor agree well with its theoretical
prediction, accounting for uncertainty intervals of test data. (2) But when it comes to comparing
the experimental result for Colburn j factor with theoretical results, there are a little discrepancy
that may be caused by different definitions between the experimental result and two theories for
thermal boundary conditions. Say, while the theoretical results are based on the conditions that
the fin surfaces either maintain constant temperature or supply constant heat flux at any position
along the flow passage, the experimental results are obtained by assuming the constant average
heat transfer coefficient over the entire surface and the temporal and spatial dependence of the
surface and fluid temperatures. In addition, both theoretical predictions are based on the parallel
plates and flow conditions are fully developed both thermally and hydro-dynamically yet the
test data obtained from the duct geometry with its aspect ratio « =0.033 which is closely
described by the flow conditions which is thermally and hydro-dynamically developing in the

test core. Hence taking into account these notions, such a little discrepancy in comparison

~1



between the experimental data and those theoretical predictions for heat transfer coefficient can

be acceptable.

1. 4 Concluding remarks

Evaluation of the heat transfer performance including frictional loss as well as heat
transfer coefficient for flat plates with known performance was successfully performed.
Based on the present experimental setup and technique, the next approach is to design and test

enhanced low Reynolds heat transfer surfaces and chapter 2 will include the test data and results.
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Nomenclature

a fin spacing [m]

A heat transfer area [m’]

A, core minimum free flow area [m’]

b, constant defined as (v, / 4,)/ b,

b, constant defined as myc/mc;

Bi Biot number, #,5/2k,, dimensionless

c specific heat at constant pressure, [J/(kgK)]



d nichrome wire diameter [m]

Dy, hydraulic diameter, 4A4c/P=4W xH)/2(W + H), [m]
f Fanning friction factor
G, mass velocity based on the minimum free flow area, (¥;p, ), [ kg /(m*s) ]
Gr Grashof number, Gr = 4 g 'BI;STW ~T) , dimensionless
h heat-transfer coefficient, [ W / m*k ]
A mean heat transfer coefficient, [ W / m’k ]
k thermal conductivity, [ W/ mk ]
K. abrupt contraction pressure loss coefficient
K, abrupt expansion pressure loss coefficient
L test core length in flow direction, [m]
m mass flow rate of fluid, [kg/s]

NTU  number of heat transfer units

Nu Nusselt number dimensionless

Pr Prandtl number, uC,/k,, dimensionless

Re Reynolds number dimensionless

S Laplace transform variable

T Temperature, [K]

T, nichrome wire temperature, [K]

Ty ambient temperature, [K]

T dimensionless temperature defined as (7' -7,)/(7,,; - T;)

x length coordinate in flow direction, x = 0 and x = L corresponding to entrance and exit of

test core, respectively

x*  dimensionless length coordinate defined as (44x) H(mecpL)
vV velocity, [m/s]

y spanwise dimension of coordinates, (T =TTy, ~Tp)
Greek symbols

Vi thermal expansion coefficient [1/K ]

d fin thickness [m]

?P Pressure drop [Pa]

2?7 dummy variable, dimensionless

? time [s]

2" dimensionless time defined as 8/¢

SP8

? kinematic viscosity of air [ m? /s ]



? air density [ kg/m’ ]

s ratio of free flow area to frontal area, 4./4, , dimensionless
t; time constant of inlet fluid temperature [s]

Lys time constant of solid-fluid system defined as (m,c,)/(hA)

2y volume of fluid in test core per unit length in flow direction [m’/m]
Subscript

1 air-side inlet

2 air-side outlet

e exit

¥a fluid

i inlet

m average

0 initial

P pressure

s solid

w wall

8 ambient, fully developed

10
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3. Measurement of Local Heat Transfer Coefficient Using the Transient Method
3.1 Introduction

The objectives of the present study are to grasp the local heat transfer coefficients of
the fin-tube bundles with vortex generators, and to clarify that the deployment of vortex
generators successfully promotes heat transfer enhancement even for a relatively low Reynolds
number flow regime (Re < 1000, say).

This experiment reveals visual and quantitative details of local fin-surface heat
transfer distributions in the vicinity of a circular tube, and a combination of a circular tube and a
delta-winglet pair. Comparisons of local heat transfer distributions for the circular tube with and
without winglet are provided. The experimental data of fin-surface Nusselt number indicate a
significant level of heat transfer enhancement by deploying the winglets beside the circular

tubes.
3.2 Experiment apparatus

A transient heat transfer measurement technique was employed for conducting
detailed local heat transfer measurements on the model fin surface. The transient heat transfer
experiments were performed in a narrow rectangular duct designed to simulate a single passage
of a fin-tube heat exchanger. Dimensions of the duct were W=150mm, A=6mm. The duct was
made primarily out of acrylic resin. The test section length was 450mm, yielding L/H=75. The
thickness of the acrylic resin wall is 10mm. A flow development section with L/H=30 was
located upstream of the test section. Consequently, depending on Reynolds number, the flow is
approximately hydro-dynamically fully developed as it enters the test section.

In order to enable thermal visualization of the bottom surface of test section
(representing the fin surface) using an imaging infrared camera, the top wall of the flow duct in
the vicinity of the tube banks was formed by ZnSe window, 100mm x 100mm x S5mm. The
transmissivity of the ZnSe window approximately is over 90 % (in the wavelength range of 8
mm to 14 'm). The test section bottom surface was painted black in order to achieve é surface
emissivity very close to 1.0. Temperatures indicated by IR camera were calibrated with surface
temperature measured using a thermocouple embedded in a black-painted test surface.

Figure 3.1 shows a schematic diagram of the entire experimental apparatus and
instrumentations for measuring a local heat transfer coefficient by a transient technique. Inlet air
is suddenly heated to a desired set temperature using the same heater as designed in the transient

measurements of overall heat transfer. The air temperature is measured with the thermocouple
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installed in the center of flow development section. Using this apparatus, the room-temperature
inside fin-tube model is suddenly exposed to a uniformly heated airflow. Local surface
temperatures on the model surfaces increase at a rate that is dependent on the value of the local
heat transfer coefficient. This transient localized heating is quantitatively recorded with an
imaging infrared camera. Value of local heat transfer coefficients can then be determined from
an inverse heat conduction analysis.

Air temperature uniformity across the duct was verified by the images of the surface
temperature obtained by IR camera during preliminary tests with no tube in place.
Quantitative thermal visualization images were obtained using a precision imaging infrared
camera (Nippon Avionics Co., Ltd., NeoThermo TVC-610). This camera uses non-cooling two-
dimensional micro-bolometer array detector (320pixel x 236pixel). The camera can be used to
measure infrared intensities, corresponding to temperature in the ~20°C to 150°C range, with a
minimum discernible temperature difference of 0.1°C at 30°C. The binary data of radiometric
information from the camera is stored in the hard disk of PC via IEEE 1394 bus. The thermal
image data files created by the camera on board processor are in a specialized TVS format.

These files can also be outputted in a BMP file format, being divided into each frame.
3.3 Experimental procedure

After the IR camera is powered up, it is positioned above the center of the observation
window. In order to avoid IR reflections of the warm camera body off the ZnSe window, the
camera is positioned at a small angle off the vertical. As shown figure 3.1, two thermocouples
for the air flow and the model surface temperatures are connected to data acquisition system
module (KEYENCE, NR-250). Flow is initiated by adjusting the blower speed until the desired
flow rate is observed. At this time, the data acquisition system of the IR camera and
thermocouples is set to begin writing data to the hard disk of the PC. The heater is then switched
on to heat the air flow quickly up to a constant temperature of about 50°C within 3 seconds. A
number of thermal images of the test section (typically 1800 frames) are acquired during the

first 180 seconds of the transient.
3.4 Data reduction

In order to obtain local heat transfer coefficients from the surface temperatures
measured during the transient heat-up of the test section, the bottom surface of the test section is
assumed to behave locally as a one-dimensional semi-infinite solid undergoing a step change in

the flow temperature. Initially the wall is at a uniform temperature 7}, and at time zero the



surface is suddenly exposed to the flow temperature of 7=T.. For constant properties, the

differential equation for the temperature distribution is

0’7 _ 107
ox*  aor
The boundary condition is
hA(T, ~T)_, = YL

X x=0

The solution for this problem is rather involved, and is worked out in detail by Schneider'".The

T*T’: =1—eif(X)—{Exp[—;P—c—+ h;;”ﬂx{l-eif[)(+ h\/&;ﬂ

result is

1, -T k k

e 1

Where X =x /(2«,/ ar )
Ti=initial temperature of solid

T.~environment temperature

Therefore, the time-dependent surface temperature is
T-T hor hat
= =]—| EXx x|1l—er
LT, { p[ e H { f( C H

This equation represents the relationship between heat transfer coefficient and surface

temperature measured at a specific time after the start of the test. It is solved by original

program of iterative calculation for 4.
3.5 Préliminary test

The IR camera was calibrated over a wide temperature range by comparing camera-
indicated temperatures with surface temperatures measured using a precision thermocouple
embedded in a black-painted test surface, as shown in figure 3.2. The calibrated temperature is

given by the following equation represented by a solid line in figure 3.2 as
Tp*=1.34T,, —96.99

T;r* . Temperature calibrated {K]

Tig : Temperature measured by IR camera [K]

3.6 Results and discussion



In order to elucidate the effect of vortex generators on the heat transfer surface for a
low Reynolds number regime, local heat transfer measurements were performed, in turn, for
each rectangular ducts representing plain fin, fin-tube and fin-tube with vortex generator type
test core, respectively. The geometrical conditions of test cores are illustrated in figure 3.3 and
table 3.1.

Figure 3.4 shows a representative local Nusselt number distribution for the channel
without and with vortex generator at a specific time after start of transient measurements by an
image infrared camera, at the Reynolds number of 500 based on two times channel height. High
Nusselt number is associated with high heat transfer. It is well observed that the onset of a pair
of vortex generators on the bottom surface of the channel effectively reduces poor heat transfer
zone behind first tube in the lower image of figure 3.4 in comparison with upper one.

Figure 3.5 shows indirectly the enhancement of span-averaged heat transfer coefficient
and Nusselt number distribution on the bottom surface of the channel with vortex generators at
x=15mm, 35mm, and 90mm, respectively. The coordinate of the test core can be seen in figure
3.3. Three left-hand side graphs are of no vortex generators and the cases of built in vortex
generators are aligned on the right-hand side. A remarkable enhancement of span-averaged heat
transfer coefficient and Nusselt number takes place at x= 35mm for the channel with vortex
generator. It can be explained that two very high peaks at x = 35mm of heat transfer coefficient
and Nusselt number are attributed to main vortices induced by vortex generators.

Figure 3.6 compares the span-averaged Nusselt number along the stream-wise
direction of the channel with vortex generators to those of plain channel and the channel without
vortex generators. Here, it is also observed that the main vortices induced by vortex generators
consistently enhance well the dead wake zone behind the first tube between x/D=1 and
x/D=3.
" Figure 3.7 shows the ratio of averaged Nusselt numbef enhancement on the bottom
surface of the channel with vortex generators, Nu/Nu,, as function of Reynolds number.
Here Nu is the span-averaged Nusselt number at any x for the case of a channel with built-in

circular tubes and vortex generators, and N, is the span-averaged Nusselt number at any

Go
axial location X for the case of a channel with circular tubes and without vortex generators. As

well indicated in the figure 3.7, the rate of heat transfer enhancement, in terms of Nu/ Nu,,,

shows the nearly constant increase of 9% to 13% for the Reynolds number from 200 to 600.

3.7 Conclusions

(1) Local Nusselt number distributions on the bottom surface of the channel with built-in tube-
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bundles with winglet-pairs simulating a single passage of a fin-tube heat exchanger were
obtained using an infrared camera by a transient heat transfer measurement technique,
especially for low Reynolds number flow ranging Re=200 to Re=600.

(2) For two rows of tube bundles with a single front row of winglet pair, the details of the heat
transfer enhancement distribution were obtained. The heat transfer enhancement of span-
averaged Nusselt number reaches the maximum value at the trailing edge of the vortex
generators and persists on the poor heat transfer zone behind the first tube row called dead
wake zone.

(3) Consequently, the deployment of vortex generators beside the first tube row with the
proposed configuration in the measurement of overall heat transfer augments the averaged

heat transfer coefficient by 9%to 13% as Reynolds number varies from 200 to 600.
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Fig. 3.3 Geometric conditions of test core with built-in tube bundles and vortex

generators

Variables Descriptions Values Unit
D Tube diameter 27 mm
T Thickness of V.G. ‘ 0.3 mm
X Length of V.G 27 mm
h Height of V.G 4.5 nm
H Height of channel 6 mm
T See diagram 21.294 mm

? See diagram 102.52 ©

a See diagram 15 °

Table 3.1 Summary of geometrical arrangements of test-core and vortex generator
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Fig.4-5 Tracking of Particles
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PIV Measurement of Flow across Fin-Tube Bundle with Vortex Generator
(Supervisor Prof. Kahoru TORII)

02GB135 Koji HATA

Whole field measurements of complex flows around finned tubes with vortex generators have been performed with a
view to optimizing the performance of air-cooled condensers for geothermal power plants. A direct cross-correlation PIV
technique is used for the measurements because of its efficiency and reliability for complex flow diagnostics. One of the

flows studied here is a water channel flow between parallel plates with three transverse rows of the circular tubes and
triangular vortex generators around the first transverse row of tubes in the flow passage. And another is a flow with two
transverse rows of the tubes and vortex generators around the first transverse row of tubes. In the absence of vortex
generators, a large dead water region causing pressure-loss increase and heat-transfer degradation appears behind the tubes,
especially at low Reynolds numbers.

Keywords : PIV, Finned Tube, Vortex Generator, Heat-Transfer Enhancement
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Table 1 Summary of experimental conditions in 3-row staggered with VG. without VG.
wlo VG 1st row 2nd row 3rd row Fie: 3 Distributi : locity in 2nd s " g
Water temperature [C] 20.0 200 200 g 3 Dis ions of mean velocity in 2nd row of 3-row staggere
Mean velocity [mm/s] 10.7 126 11.7
Reynolds number 191 225 210
~(1/5)
w/ VG 1st row 2nd row 3rd row 1 00E-03
Water temperature ['C] 19.0 19.0 19.0 84604
Mean velocity [mmy/s] 116 104 11.8 6.92E-04
Reynolds number 208 186 211 ggg E:gj
2.31E-04
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