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ABSTRACT T temperature (°C)
Experimental study on a cross-flow air-cooled plateAT» logarithmic mean temp. difference (°C)
heat exchanger (PHE) was performed. The two type$) overall heat transfer coeff. (KW7AC)

of PHEs were manufactured with single-wave platesvV volume flow rate (riihr)

and double-wave plates in parallel. Cooling aimlo W plate horizontal width (m)
through the PHEs in a crosswise direction againsis corrugation inclination angel (rad)
internal cooling water. The heat exchanger aims tog area enlargement factor
substitute open-loop cooling towers with closedsloo # viscosity (P&)

water circulation, which guarantees cleanliness ando density (kg/m)

compactness. In this study, prototype single-wank a

double-wave PHEs were designed and tested in &NTRODUCTION

laboratory scale experiments. From the tests, thdhe large capacity coolers have been required in
double-wave PHE shows approximately 50% various fields of heating, ventilating and air-
enhanced heat transfer performance compared to theonditioning (HVAC) industry. Among them, an
single-wave PHE. However, the double-wave PHEopen-loop cooling tower is popular as a vapor-to-
costs 30% additional pressure drop. For theliquid heat exchanger which discharges large
commercialization, a wide channel design for aircapacity heat to ambient. Since the open-loop

flow would be essential for reliable performance. cooling tower is easy to install and relatively
efficient, many engineers preferred to install ones
NOMENCLATURE for plant application. However, the cooling tower
A amplitude of the sinusoidal corrugation requires large installation space, and involves
b average width width between the gaskets (m) circulating water pollution easily by being exposed
G constant pressure specific heat (kW/kg°C)  to air. The contamination of cooling water degrades
De hydraulic diameter (m) heat transfer performance, reduces water flow rate,
h heat transfer coefficient (KWATC) and also arises sanitary problem.
k thermal conductivity (kWm°C) As one of the alternatives of the open-loop
m mass flow rate (kg/s) cooling towers, an air-cooled PHE is introduced in
Nol number of plate the current research. The installation of an air-
Nu Nusselt number cooled PHE will keep the circulating water clean
P pressure (Pa) since the PHE protect the deterioration problems
Q heat transfer rate (kW) which comes from direct contact of the water and
t plate thickness (m) ambient air. With scale-up of the PHE, it can be
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utilized as various applications in HVAC field whic perpendicular to single waves. As the plates were
will even replace vapor-to-liquid heat exchangers.  shaped with double-wave, the heat capacity would

In this study, single-wave and double-wave cross-be increased by the enlarged heat transfer arest. He
flow air-cooled PHEs of 30° chevron angle were transfer coefficients would also be increased ley th
tested. Each PHE was manufactured with the singleeddy motion in the sinusoidal double-waved
wave and double-wave plates of the same externahflection points. Fig. 3 shows the effect that 8ma
dimension, but has different plate number. Theand large scale eddy wave motion of air flow reacts
objective of this study is verification of the PHEs jointly between double-wave plates.

performance and to find possibility to commercializ
Large scale
eddy wave motion

INTRODUCTION

Inflection point

Cross-flow air-cooled type PHE:A general PHE
consists of two couples of inlet and outlet ports
where each couple of ports connects either side of
heat transfer fluid. The air-cooled cross-flow PHE
has only one couple of inlet and outlet ports where
hot water passes through. The one side edge of each
waved plates was alternatively welded to the next
plate in order to seal water channel, but the ot
edge left unwelded where cooling air passes in
between. Fig. 1 illustrates the cross flow architee
of the air-cooled PHE where the water flows
crosswise and air flows longitudinal.

Small scale
eddy wave motion

Figure 3 Motion of air flow in double-wave plates
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Figure 1 Flow direction of a cross-flow PHE

\\ (b) Double-wave plate

Figure 4 Drawings of the plates

(a) Single-wave plate (b) Double-wave plate
Figure 2 Magnified images of the plates Fig. 4 is drawing of the plates of prototype
PHEs. Each plate has the same projected area
Most of all heat resistance resides at the air sidg162x430 mrf). A single-wave plate is
in case of air-to-water heat exchangers. Fig. Zmanufactured with 0.6 mm thickness of stainless-
illustrates magnified images of the single-wave andsteel sheet. A double-wave plate was applied with
double-wave plates. Double-wave plates increase air18% thinner Titanium plates of 0.5 mm thickness.
side heat transfer performance by the addition ofSince double-wave shape is much more complicated
vertical corrugated waves on single-wave plate® Ththan single-wave shape, it requires higher press
additional corrugated waves are normally pressedorce and deformation rate. Thus the plate thicknes
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was determined in order to avoid sheet fracture andPROPATH Version 11.1 (1990). Water density was
provide deformability. The plate numbers of the calculated from flow meter exit temperature which
single-wave and double-wave PHEs were 38 and 32s PHE inlet temperature of water loop. Specific
respectively. heat of water and air were calculated based on mean
temperature of inlet and outlet. Because of awflo
meter located at the rear of air flow path, thetspo
pressure is reduced by the pressure drop, where the
pressure was compensated by the differential
pressure of inlet and outlet at PHE.

1 2800 mm
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M\ /] Circular duct

To outdoor

Air flow meter
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Qu = Pufror,, VisCou (i = Tuvo) (1)
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Water flow meter Qa = $ Cpa (Ta,o _Ta,i ) (2)
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-

- Water pump

ot et b ﬁ P rest section) If the value of heat transfer rate calculated fi6gs.
W ée (1) and (2) were within 4%, the system was
% ¥ - ¥ regarded to be steady and data were collectede Tabl
JdF s 1 is the performance test condition.
Inverter @ g t _—_@ p
- &| Temperature control Table 1 Performance test conditions
et exehanger Parameters Unit | Range
e W__-@ A?r ir.llet temp.,Ta; °3C 20£1.0
. B Air side flow rate,\. m°/hr | 400 ~ 600
Room air Water inlet temp.Ty; °C 40+0.5, 50t0.5
Figure 5 Schematic diagram of experimental setup Water side flow ratey,, m’hr | 0.8~1.1

Experimental setup: Fig. 5 is a schematic diagram

of experimental setup for the performance test ofRESULTS AND DISCUSSIONS
cross-flow air-cooled PHEs. Air flow ductwork was

built in a series of a pre-heat exchanger, tedi®®8C  pata reduction: The heat transfer coefficient of air
an air-flow meter (0~7 LPM), and an exit centrifiga sjge was indirectly estimated by averaged thermal
blower. To control inlet air temperature, water resistance of water. First, we determined overadith
cwcglates from the constant temperature water bathyansfer coefficient, from averaged heat transfer of
to fin-tube type pre-heat exchanger. For the teshj and water side. Then the heat transfer coeffici
section, hot water bath circuits that passes &t o ir side was calculated by Eq. (3). Surface akea
air-cooled PHEs was set with circulation water .5, pe neglected since contact of air and wateeis
pumps and water flow meter (0~6,008m. The exit  game, Eq. (4) shows logarithmic mean temperature

air blower and circulation pump are controlled by jifference for cross-flow heat exchangers.
inverters. RTDs (resistance temperature detectut) a

differential pressure transducer were installedhat 1 1 (t 1

inlet and outlet of water and air side, and the =+[] +— 3)
measurements were averaged to calculate the U (K R
performance. Hot water is supplied from 200 liter Tui ~Tuo

bath with 5 kW heaters in order to set operatirayilo Too —Tai Too—Tai

to the test section. A]m ~=ln T, —TWOY_'_In fWO—Tai ()
Experimental conditions: Equations (1) and (2) Tao ~Tas Tws =Ty

present heat transfer rates for water and air. The _ _
measured volume flow rates were converted intoEd.- (5) presents the equivalent diameter of a PHE,
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0.25
De = % = \!\!nl ZSEV;\N = 2b (5) Double wave HX
- Influence by water-side HTC < 5.5 %
0.20 | \ %
P means the projected area of a plate. The distancc . 1 % %
between the plates is 5.2 mm in common. We assumet **°[ gt
water flows equally along the longitudinal direatio = g i oy T
between the plate channels. When total plate nusnber s 010 =t \
areny, Reynolds number can be presented by, 00s | : : Single wave HX
Influence by water-side HTC < 5.0 %
Re, = AP, - D M, __2_M, (6) %000 100 2000 2500 3000 300 4000

)uw :uwA an luwW I’]pl Rea

Figure 7 Uncertainty of air side heat transferffeoe

Generally, if the heat transfer coefficients oftbbtid icients by the water side heat transfer correlation

sides were unknown, Wilson plot technique (Shah,
1990) is recommended. However for solid Wilson plot Fig. 6 showed the comparison of water side heat

approximation, it requires thermal resistance ahbo yansfer coefficients with 6 different single phase
fluids to be similar like the cases of water-to@vadr  .,reations. Since the applicable flow patterns ar

air-to-air combination. In this study, practical ¢om jaminar to turbulent for the correlations, the
difficulties existed to employ the same phase 8l 4o iation shows the maximum 300%, which is very
PHE. Therefore, alternative analysis for air-toavat large. Since the correlations of Chisholm and
PHEs was carried out with the existing correlations  \nanniarachchi (1991) and Bogaert and Bolcs
The up-to-date single phase heat transfer cormelati_ (1995) in Fig. 6 were built from the database of
developed for PHE are mostly for a standard PHB wit , ent transition range, their correlations jced
longitudinal flow direction. Also, the correlatiohsve oot transfer  coefficient higher than other
great difficulties in application since they accept g ralations.

limited geometrical information such as a chevron |, Fig. 7, the air side heat transfer coefficients

angle and the distance between plates at mosks shown. From Eq. (3) and six correlations in Fig
Actually, there are a number of the shapes ang he heat transfer coefficients are calculatdte T

structures of a plate which affects flow pattems ,ner and lower error bars present the deviation
differently, so empirically measured heat transfery.tveen the maximum and minimum values when

coefficients are varied depending on the shapesif t | qing six correlations. From Fig. 7, even if thetava

PHE very much. side heat transfer coefficients of the six corietat
deviate over 300% in Fig. 6, the air side heat
! transfer coefficients were deviates within the &ng
1999) [4 of 5~5.5%. Air side heat transfer coefficient was
Bt boks (10051 161 affected less than water because thermal resistance
25 ”im::ﬁl";ggs;"&gl999) 7] 7},: 7777777 of air side is much larger than the water side,ciwhi
‘ implies that the air side heat transfer coefficiea
be estimated with less than 5.5% cost of uncestaint
without applying Wilson plot technique. As the
purpose of this study is to observe air side heat
transfer performance for single-wave and double-
wave plate shape, it is reasonable to estimate
indirectly from existing water side correlation.
Most of the correlations for the PHE were
expressed as a function of chevron angle, andst wa
0 100 200 300 400 500 600 700 rare other geometric parameters reflecting the
Rey characteristic shapes of the double-wave PHE. Eq.
Figure 6 Comparison of water-side single phase hea (7) defines the enlargement factarof a plate sheet
transfer coefficient for a PHE with 30° chevronlang  which is in the ratio of the effective area to the

projected area.

35 T T T T

o Chisholm & Wanniarachchi (1991) [3]
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_ (effective area’ Reversely, single-wave PHE shows worse
- @) performance than flat-finned heat exchanger which
may mislead into exaggeration of the performance

Through this, double-wave shape effect can peEnhancement of double-wave PHE. Since the tube

partially considered into an applicable correlation arrangement of a flat-finned heat exchanger across

Generally wof a sinale-wave plate is known between the air flow enhances the air mixing at the back of
Y@ gle-w P the tube body, the flat-finned heat exchanger has
1.1 and 1.3, depending on the chevron shap

(Fernandes et al., 2005). Better performance than single-wave PHE.

Martin's correlation (1996) was applied here to
calculate water side heat transfer coefficient.sThi f
correlation covers the wide range of flow regiméwi
@ in the formulation. In a single-wave plate, is ] ) o )
defined by the ratio of the vertical surface lengh Fig. 9 shows a Darcy-Weisbach friction factor in
projected length. In a double-wave plate, is Eq. (8). Ob_vlou_sly, the friction factor of th(_a ddeb
calculated by the multiplication of the vertical Wave PHE is bigger about 30% than the single-wave
surface length and horizontal surface length oteer i PHE, since flow resistance increases by additional

projected area. Th@of the double-wave and single- corrugation by double-wave plate. Fig. 10 presants

wave plates in this study is calculated as 1.37 an¢hilton and Colburn’y-factor by Eq. (9) for an air-
1.17, respectively. cooled heat transfer performance. THactor is the

value of the heat transfer coefficient indexed the
heat transfer performance as dimensionless form.

(projected aree
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Figure 8 Comparison of Nusselt numbers for single- g4 | 1~ 1 778
wave and double-wave PHEs 0.002 | ©Single wave Hx
' 8 Double wave HX
i i . 0 | | | | |
Test results and discussionfig. 8 shows Nusselt 1000 1500 2000 2500 3000 3500 4000
number with regard to air side Reynolds number. The Re,
Nusselt number for a double-wave PHE shows Figure 9 Comparison of friction factor

approximately 50% heat transfer enhancement than
single-wave PHE in Fig. 8. Since the air flow in 0.016
single-wave plates is moved along the single-wavec 0014 |
chevron, the little flow mixing occurs. But for 0.012
double-wave PHE, the eddy motion in air flow by the
double-waved shape against flow direction as in Fig
3 enhances the heat transfer performance. -
Considering fin-tube heat exchanger, wavy-finned
heat exchanger shows performance enhancemer 0004
about 30% than flat-finned heat exchanger (Jung e = 0002 | 2o WAV oo oo e
al., 1997). But double-wave PHE showed much 0 ‘ ‘ ‘ ‘ 1
higher progression than single-wave PHE. This tesul 1000 1500 2000 2500 3000 3500 4000
does not present that double-wave PHE have superic. _ Re. _
performance than wavy-finned heat exchanger. Figure 10 Comparison pffactor

0.01 |
0.008
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