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AIR-SIDE PERFORMANCE OF ENHANCED
BRAZED ALUMINUM HEAT EXCHANGERS
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ABSTRACT

This paper describes a brazed aluminum heat ex-
changer developed for air-cooled heat exchangers used in
residential air conditioners and heat pumps. The brazed
aluminum design provides higher performance per unit
weight than currently used designs, Presently used indoor
heat exchangers have plate fins on round tubes, The
owtdoor heat exchanger uses round tubes with either a plate
Jfin or a spine fin geometry. The brazed aluminum heat
exchanger is made of extruded aluminum tubes having a
1.0-in. (25-4 mm) major diameter and a 0.16-in. (4.06-
mm) minor diameter. The tubes conmtain 0.031 in. (0.79
mm) thick membranes spaced at 0,194 in. (4.93 mm) to
meet the R-22, 2,200 psi (15 MPa) design pressure, The
air side uses the louvered fin geometry. Wind tunnel tests
were made on two fin geometry variants, each having 12,
15, and 18 fins/in. (472, 591, and 709 fins/m). Compared
to a 12 fpi (472 fins/m) plain plate fin with 3/8 in. (9.5
mm) diameter tubes, the brazed aluminum design gives a
90% higher heat transfer coefficient for only 25% high
pressure drop. Compared to an 18 fpi (709 fins/m) spine
fin design with 3/8 in. (9.5 mm) diameter tubes, the brazed
aluminum design gives a 44% higher heas transfer coef-
ficient and a 10% smaller pressure drop. Burst pressure
tests showed that the tube failed at 1,900 psi (13 MPa).
Increasing the membrane thickness to 0.036 in. (0.91 mm)
will meet the required 2,200 psi (15 MPa) burst pressure.

INTRODUCTION

This paper describes a brazed aluminum heat ex-
changer developed for air-cooled heat exchangers used in
residential air conditioners and heat pumps. The principal
objective is to identify designs that provide higher perfor-
mance per unit weight than currently used designs. Present-
ly used indoor heat exchangers have plate fins on round
tubes. The outdoor heat exchanger uses round tubes with
either a plate fin or a spine fin geometry. Refrigerant
evaporates on the tube side of the evaporator and condenses
on the tube side of the condenser. Because the air-side
thermal resistance is dominant, one seeks to use an
‘‘enhanced’’ surface geometry on the air side. Webb
(1987) provides a description of typically used air-side
enhancement geometries.

S.-H. Jung

Our work progressed in two stages. First, we evalu-
ated possible advanced air-side fin geometries applicable to
round tubes. Second, we conmsidered different heat ex-
changer design and construction concepts. As a result of
these evaluations, we have identified ¢ brazed aluminum
heat exchanger using ‘‘flat’* extruded aluminum tubes as
the most promising design. Such a design is currently used
in some automotive air-conditioning condensers. Webb and
Gupte (1990) present a quantitative performance com-
parison of different fin geometries on round tubes relative
to the brazed aluminum concept. That evaluation showed
that the brazed aluminum heat exchanger offers significant
weight reduction relative to currently used round-tube
designs.

Figure 1 illustrates the core geometry of the brazed
aluminum heat exchanger. It consists of a 0.16-in. (4.1-
mm) minor diameter, flat aluminum tube having internal
membranes. The air side has the louvered fin geometry.
Louvered fins provide enhancement by the repeated growth
and destruction of thin boundary layers on the short louver
flow length. The louvers are typically 0.04 in. (1.0 mm) to
0.06 in. (1.5 mm). Figure 2 illustrates two competing
concepts, both having interrupted, slit fins on 3/8-in. (9.5-
mm) round tubes.

The Figure 1 flat-tube geometry offers significant
advantages over the Figure 2 designs. They are:

1. The airflow is normal to all of the narrow strips on the
Figure 1 geometry, which is not the case for the
Figure 2a design. Further, the wake dissipation length
decreases in the direction of the fin base in the Figure
2a geometry.

2. The fraction of the Figure 2b surface that is louvered

is substantially smaller than in the Figure 1 geometry.
If a greater area distribution of louvers were provided
in the Figure 2b geometry, the fin efficiency would
substantially decrease. This is because the slits would
cut the heat conduction path from the round base tube.

3. A low velocity wake region occurs behind the tubes of

the Figure 2a and 2b geometries. The heat transfer
coefficient is substantially reduced in these regions, as
documented by Webb (1990).

4. The low projected area of the Figure 1 flat tube will

result in lower profile drag.
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Core geomerry of the brazed alummu?n héa;

Figure ]
; exchanger.
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Some automotive air-conditioning condensers and
evaporators curtently use brazed aluminum heat exchangers
having flat extruded aluminum tubes with internal mem-
braneés. The internal membranes are required to meet the
1,600-psi (11-MPa) burst pressure required for R-12 or R-
134a used in automotive air conditioners. The presently
considered application is for R-22 systems, which have
higher burst pressure requirements. An R-22 system is
designed for 2,200 psi (15 MPa). The failure mode of the
flat tube/internal membrane geometry is by-tension in the
internal membranes. Hence, the internal mémbranes must
be designed to withstand 2,200 psi (15 MPa) burst pres-
sure.

BRAZED ALUMINUM HEAT EXCHANGERS TESTED

We have fabricated brazed aluminum heat exchangers
and have obtained wind tunnel test data-to define the.air-
side performance. In addition, tests have been conducted to
establish the ability of the heat exchanger to drain‘condén-
sate and to determine the burst pressure oF the heat éx-
changem

Figure 3 is a photograph of‘the brazed alummum heat
éxchanger with standard fids: The fin material is clad with
a braze alloy that melts at approximately 1100°F (593°C).
The cladding thickness is approximately 15% of the ‘total
0.006-in. (0.15-mm) fin stock thickness. ' A specially
designed extruded aluminum tube was ‘iiade for the heat
exchangers. The extrusion, the fins, and the heat exc_]_:la.nger
assembly and vacuum brazing were provided'by a commer-
cml supplier of similar heat exchangers for the automotive

mt.luszry Currently aviilable fin geometries’ Were " used.

“However, the fin geomdtﬁes were' ‘seleéted from a wide
“range of available choices t best meef' the design guide-
lines described by Webb and Gilpte (1990).

h
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ﬁ‘gm 2 = Core geometry. of toand tube designs.

=* (a) Spi geomenry; (b) slit fins..

Each heat exchanger has approximately 22 in. (55.9
cm) by 15°in, (38.1 cm) frontal dimensions-and contains
two tube-side flow circuits. Two basic fin geometries were
tested—the ‘‘standard’® and the ‘‘splitter fin’" types.
Figures 4a and 4b show the standard and splitter fin
surface gedmetries, respectively. The splitter fin geometry
consists of two layers of 0.340 in. (8.6 'mmi) high fin
material separated by a flat 0.0062 in. (0.16 mm) thick
aluminum strip. Each geometry was made with fin densities -
of 12, 15, ahd 18 Tins/in. (472, 591, and 709 fins/m), *
respectively. Table 1 ducnbe&tha u:temnl gbomb‘a'y of »:
each design type. « o

"'Close * mspectxon‘ of the standard fins show’ed that the
fin ‘edges tended to be burred: Such burred fins Have
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Figure 3 Photograph of the 12 fins(in., 22,5 X, i5.25
in. fromtal area, standard ﬁn geomgrry hcr?r

exchanger.
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Figure 4 1.Photo of the fin arrays for 12 ﬁn.r/t'lh
g (a) Standard fin"geometry, (b} splitter fin
geometry. Dok 4
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louvers, with thinned, ragged ;trailing edges. The.splitter
fins showed mo burrs. 3

Figure 5 shows +the cross-sectional geometry of the
tube. The tube.cross section is 0.]16 in. (4.06 mm). by 1.0
in. (25.4 mm) and has internal membranes gt 0.194 in.
(4:93 ). pitch. The thickgess.of. the: tube wal.l and the
membrane is 0.031 in. (0.79 mm).

-Nagte that.the louver pjtch of the staqdarciﬁn gegmetry
is 0.055 in. (1,40.mm), relative to 0.04 in. (1.02 mm) for.;.
the splitter fin geometry. The smaller louver pitch should
provide a higher heat transfer coefficient.

WIND j'ﬁNNél. TESTS

\

Test Procudura

Wind mnnel tests for the: six. .cores have bepn com-
pleted sand’ the heat transfer rate and pressure drop data are
presented hére, Tha heat t fer coefficient (in the format
qha,dof.éﬁ)"apd préssure ilmp or the 12- angd 18-fpi:(472-
and 709fpin) geometries tigs are cmphred With pradicted heat
transfer‘and pms;f(re dfop for: pliin and spine fin heat
exchangers with 12°and 18 fpi (472 and 709 fpm), respec
tweiy "
“The heut ‘exchaiigers ‘were tested in a draw-through
wind tunirel Using 'hvt Water on the tube side. The tunnel
has a 12 X 18.75 in. (30.48 X 47.63 cm) rectangular

TABLE 1
Geometry of Cores. Tested

tem “Standard Splitter Fin
Heat Exchanger ' e
Core height (in.) \15.25 7*,  15.25
Core width (in.) 2285 7 21.0
Tubes
Major diameter (in.) z * 1.0 1.0
Minor diameter (in.) 0.16 . 0.16
Wall thickness (in.) e . 0.031 - 0.031
Tube pitch {in.) - ; 0.9, 0.85
Number of internal membranes 4,7 4
Intarnal membrane pitch (in.) 0.194 0.194
Internal membrane thickness (in.) 0,031 .031
e y :
Fin height (in.) 0.745 Two layers
of 0.34
Fin depth (in.) 1.03 1.03
Fin thickness (in.) 0.0062 0.0062
Loqgat |.{Jm:h (in) 0.055 p.04
Létiver length/Fin height 0.8530 0.8220
Louver angle (deg) 30 30
Hydraulic diameter (in.)
12 fpi 0.138 0.121
1 15 fpi e e 5y s W 0.099
. 18 fpi _ oosg . 0.084
Contraction ratio (o) : =5
12 fpi & L 0,782°7 0,743
15 fpi EAL * 0.747 " 0.728:
18 fpi 0.732 0.714
Total heat transfer ares/ . .
Volume (8) (in.%/in.3)
12 fpi 22.23 24,72
15 fpi _ 27.15 29.43
© 18 fpi il 12 32.08 34.19
Fin area/Total hlef R -
transfer area (A/A )
12 fpi = 0.895 '0.899
15 fpi 0.914 0.9185
18 fpi 0.927 0.927
Total heat transfer area/
(Hormtal ares @ /Ag),. ' : TR Ry
12 fpi 22.90 25.46
15! fpi 27.97 30.32
3 1’9 foi_, 33.04 35.21

Diigadd . " Lrsr cin g

crFoss section, and.a .variable-speed fan that provides air
velogities from, 200 to 4,000 fpm (61 to 1,219 m/min).
Room air is drawn in through an inlet section having a
12:1 contractiop- ratio. and passes through the test heat
exchanger. The:leaving air temperature is measured by a
grid of 24 thermogouples lpcated 4 in. (10.2 cm) down-
stream from the heat exchanger The air pressure drop.is
measured by a precision micromanometer. The air passes
through a d!ffuggr section and then to the vanable-spee,d

':fﬂ!n

T!}e Wawg cucu!auoq logp. supplies h.lgh-veloqty hot
water {9, the tube side. The water “i. heated by a 13.5-kW
electric, heater, whase power. ipppt is aﬂjliS!.Pd by a sohd-
state power controllet,. The ywater inlet/exit. temperatures
are measured by precisipn thermistors. The, watar flow rate
was measured by a calihrated mﬂgw 5"-"‘- The electric
heat input to the water was adjusted to give an air lempera—
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Figure 5

ture rise of 10°F to 20°F (5.6°C to 11.1°C), with a mini-
mum water temperature rise of 5°F (2.8°C). The heat
input to the heat exchanger was calculated as the average
received by the air and the heat loss from water. Heat
balances were typically within +2% to 4%.

The core width and height for the standard fin geom-
etries were 22.5 in. (57.15 cm) by 15.25 in. (38.74 cm),
while those for the splitter fin geometries were 21 in,
(53.34 cm) by 15.25 in. (38.74 cm). Since the core width
and height of the cores were longer than the wind tunnel
test section (12 X 18.75 in. [30.48 X 47.63 cm]), wood
frames were used to make the cores fit the wind tunnel
cross section. The frames were sealed with tape on both
sides to prevent air leakage.

Heat transfer coefficients were measured for air
velocities between 235 and 3,200 fpm (72 and 975 m/min).
The air pressure drop data were taken without heat trans-
fer.

Reduced Data

The pressure drop data were rediiced !to obtain the
Fanning friction factor. Entrance and exit losses to the core
were subtracted. These losses were determined using
Figure 5-2 from Kays and London (1984) for Rep, = oo.
The Rep, = oo condition is recommended by Kays and
London for interrupted fins, which prevent a fully devel-
oped boundary layer.

The heat transfer rate (Q) is calculated as the average
of the air- and water-side values. The UA-value was
calculated using the -effectiveness-NTU equation for
unmixed-unmixed cross-flow. The air-side heat transfer
coefficient was calculated by subtracting the water-side and
the wall resistances from the total thermal resistance,
assuming zero water-side fouling resistance. Thus,

Afl’ Afr 0 Afrrw

A “artw )
Th,A, TUA 74 Fm oy '

Cross-sectional geometry of the tube having 0.031 in. wall and membrane thickness.

The Petukhov correlation for turbulent flow in tubes
was used to calculate the tube-side heat transfer coefficient.
This equation is

[.Ji’] Rep, Pr

Nupk = (2)
1.07 +12.7 'é (P23 - 1)
with the friction factor given by
£ 1 E)

(1.581a Rep,, - 3.28)

The Reynolds number used in Equation 2 is based on
the hydraulic diameter of the internal passages in the
extruded aluminum tubé. Use of the hydraulic diameter for
turbulent flow in noncircular tubes is well-accepted prac-
tice. The tube-side Reynolds number ranged from 13,300
to 23,350. The water-side thermal resistance varied from
3.0% at the lowest air velocity to 12.5% at the highest air
velocity. The water-side membranes in the extruded tube
act as fins. The calculated fin efficiency of the 0.049 in.
(1.24 mm) high fifis was calculated to be approx:mately
89%.

The air-side thermal resistance, Aﬁ/nhaAo, was

‘‘backed out'' using Equation 1. The resulnng A A5
and pressure drop data were curve-ﬁlted as a function of
air frontal velocity. Figures 6a and 6b show nhA,/As and
Ap,;, vs. 5 (at 68°F [20°C]) for the standard and splitter
fin geometries. The air-side fin efficiency ranged from
62% to 68%. :

Figures 7 and 8 show j and f'vs. Re,p for the standard
and splitter fin cores, respectively. The air:side Reynolds
number is based on the strip length (L,) in the airflow
direction. The choice of air-side hydraulic’ diameter “0r
louver pitch for thé charagteristic dimension in the Re)t-

nolds number is arbitrary. We have chosen.to iise a-

Reynolds number based on strip length because it provides
an approxnmte correlauon of the heat lmnsfer and fncnon
data. - - w Lo

[ B
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Discussion .. . .

Figure 6b shows that the air-side pressure drop data
for the standard fin geometry are almost equal or slightly
higher than for the splitter fin geometry. Since the standard
fins have a greater louver pitch than the splitter fins, one
would expect lower pressure drop. It is probable that the
higher than expected pressure drop of the standard fin is
the result of the burred fin edges. Figure 6a shows that the
nhAylAs values of the standard fins are as high as those
of the splm.er fins, except at 18 fins/in. This is unexpected,
since the standard fin geometry has approximately:10% less
A,/Az and a longer louver p:tchthnn the splitter fin cores.

ﬂaghaAoM +values for the, splitter fin geometry fall
below the stand.nrd fin values at the lower air velocities.
This behavior was unexpected:and may be due to the lower
*‘flow efficiency’” associated with the spliiter fin geometry.
The concept of. flow efficiency apphqsq to louver fin
geometry and is discussed by Webb and-Trauger (1991),
who experimentally studied this phemomenon. At low
Reynolds number and for large fin pitch-to-louver pitch
ratio (F,/L,), they show that all of the flow does not pass
over the louvers. Rather, some of the flow stream bypasses
the louvers and: flows as ‘‘duct flow’’ between the fin
channels. For a given fin pitch, the splitter fin geometry
has a larger F !LP ratio than the standard fin core. As the
alr velocity is reduced, the friction factor of the louvers
increases, which causes more of the flow to choose the
duct flow path. This causes the heat transfer coefficient to
decrease.

For a given: fin pitch, the smaller louver pitch of the
splitter fin geometry will result in smaller flow efficiency
than for the standard fin, which has 38% greater louver
pitch. However, the thermal performance of the splitter fin
geometry decreases rapidly at the lowest air frontal veloc-
ity, where the ‘‘flow efficiency’’ for the standard fin
geometry should also be low. This should also result in
fin geometry. The data for the standard fin do not show
such reduced performance. Presently, we do not understafid
why such reduced performance is not observed for the
standard fin geometry at thie lowest~air velocity. It is
possible that the burred fin edges of the standard fin
geometry may be a factor.

N

CDMPARISONS WITH
CONVENT!ONAL GEOMETRIES

- The qk-voa"Af, and.pressure drop for the present heat
exchangers were compared with those for the Figure 2
spine and plain fin heat exchangers at the.same air frontal
veiocmes The followang compansons were made
1. The 12 fins/in. (472 fins/m) standard and splitter fin

geometries were compared with a one-row, 12 fins/in.
""T(@72 Tins'm) Tin heéat exchianger having plain fins and

("

3/8-in. (9.5-mm) outside diameter round tubes. A 12
fins/in. (472 fins/m) round tube geometry is typical of
that used in indoor heat exchangers.
2. The 18 fins/in. (709 fins/m) standard and splitter fin
" geometries were compared with a one-row *‘spine fin"’
geometry having 18 fins/in. (709 fins/m) on 3/8-in.
(9.5-mm) outside diameter round tubes. The spine fin
is used in some outdoor heat exchangers.

The spine and plam fin gaometnes are snmma‘nzed in
Table 2, which provides fin geometry dlmenmons teSted by
Rabas and Eckels (1985), scaled values, and the values that
are commercially used. % 4

Correlation Used for the Spine Fin Geéometry

Rahes and Eckels (1985) tested a one-row spme fin
heat exchanger (Figure 2a) having D = 1.374 i in, (34. 9
mm) on 0.50 in. (12.7 mm) O.D. tibes with P, =1305"
in. (33.1 mm). The heat exchanger had 20 ﬁnsnn (787"
fins/m), and the louver strip width (/) was 0.050 in. (1.27"
mm) with 0.0080 in. (0.20 mm) Fm thickness. The data on
the 0.50 in. (12.7 mm) diameter tube spine fin wmnd apply
exactly to a 0.375 in. (9.5 mm) diamefer spine ﬁn if all the
finned-tube dimensions are scaled by the ratio 0. 37510 5007
The resuiting scaled dimensions are D, = 1.03 in. (26.2°
mm), P, = 0.98 in. (249mm),and! =0038m (097
mm) and 26, 7 fins/in. (1051 fins/m). These dtmt:ns:ons are
quite close to those of commercially used spine fin geom- :
etry. However, the commercial geometry uses approxi-
mately 20 fins/in. (787 fins/m).

We have used j and f vs. Rep, curve fits of the Rabas
and Eckels (1985) spine fin to prechct the performance of
the 0.375-in. (9.5-mm) O.D. spine fin geometry of mterest

here. The curve fit equnt;ons are
5P ld

R EY A o

j = 0.7728 Rep=01 . 5 % i (BE

S =30:96 Rey =B fory < 0.4, i (5)
.if = 27.88 Rep, "0 for ¢ > 0.4, (6)
xq
TABLE 2 :
; rSpm and Plain Fin Geometrias . .
Rabes Spirie : Comthercial  Plain
Item {1985) Scaled Spine Fin -, Fin_
N, 1 & 1 B
D, (in.) 0.5 0.375 0.375 0.375
D, (in.) 1.374 1.031 21323 o v oo NTA
P, (in.) 1.305 0.979 1:16 .. 0.893
Plin) .. NIA N/A . NIA T 0774
teGin)’ ~ 0.008 0.008 0.008" " 7" 0.008
Iy, (in.) obs 0.0375 0.04 - . IN/AF
fpih - 207 4-. L £ 20 ¢ .05, A2ene




where
j = haprm!G*'cpl n i
S T § T
ae f= Apd,p!zN Gm

x 1(3)

sal

Correlation Used for the Plain’ Ifin (Geor't‘ietry _'

The ] 2 and f vs. ReDh characteristics of the plain fin
geometry are based on the test &sta of Rich (1973). Rich
tested four~row plain plate ﬁ.n~and—tube heat exchangers
havmgOOOﬁ in. (0.15 mm) thick fins on 0.525 in. (13.3
mm) O.D. tubes. The tubes were equilaterally spaced on
1.25 in. (31.8 mm) centers. He tested eight different
spacings, ranging from 2.92 to 20.6 fins/in. (115°fo 811
fins/m). The j and f vs. Reﬂh curve for this geometry
would apply exactly to 0.375 in. (9. 3 Jmm) 0.D. diameter

tubes if all dimensions were reduced in the ratio of

0.375/0.525 = 0.714. This would give P,"= 0.893 in.
(22.7 mm), P, = 0,774 in. (19.7 mm), andrf= 0.0043 in.
(0.11 mm). Rxch‘s 9.17 fins/in. (361 fins/m) scales to
12.84 ﬁnalm (506 hnsfm} This is the closest fin pitch to
the desired 12 ﬁnshn (472 fins/m). To predict the heat
transfer cpefﬁcmnt for the ﬁ fins/in. (472 fins/m) core, we
used the veloclty in the minimum area of the 12 fins/in.
(472 fins/m) core to calculate the Rep, and read the j
factor for the 9.17 fins/ini. (361 firis/m) core from Figure
10 in ‘Rich’s. paper. Rich showed that the héat transfer
coefﬁclent is correlated by the veloclty in the minimum
area.

The desired 3/8 in. (9.5 mm) _O.D., 12 fins/in. (472
fins/m) corresponds to 8.57 fins/in. (337 fins/m) for Rich’s
0525 m (13.3 mm) coils. The f factors for the 9.17
fins/in. (361 fins/m) and 7.67 fins/in. (302 ﬁnsfm) were
interpolated to predict the f factor for the 8.57 fins/in. (337
fins/m) core. Note that the air pressure drop for the plain
fin geometry used in Table 4 is for a oné-row core.

Comparison with the Spine and Plain Fin.Geometries

The comparisons of the standard and splitter fin
geometries with the spine and plain fin geometries (per row
basis) were made at the same A IAﬁ. The experimental j
and f vs. for the standard and splitter fin cores were
curve-ﬁttec(r and used to calculate the nhA,/A; and
pressure drop for the standard and splitter fin geometries
with the sagme A4 /Ay, as that of plain or spine fin geometry.
The core depth-of the standard and splitter fin cores was
calculated such that the A4 ;‘Aﬁ, value of.the standard and
splitter fin cores is identical to the A o{Aﬁ_ value of the core
to be compared.

' Table 3 compares the ni,A,/Ag, and pressure drop for
thé 18 fins/in. (709 fins/m) brazed aluminum heat ex-
changers with the 3/8 in. (9.5 mm) O.D. 13 fins/in. (709
fins/m) spine fin geometry. Table 4 cog:pa:es the 12
finsfin. (472 ﬁns:'m) bramd alummum heat exchangers Wlﬂ‘l

2

the 3/8 in. (9.5 mm) O.D., 12 fins/in. (472 fins/m) plain
fin coils. The data in ‘Tables 3 and 4 are graphically
presented in Figures 9 and 10, respectively. Examination
of Tables 3 and 4 shows that the stafidard fin geometry
gives slightly higher heat transfer perﬁirmanee than the
splitter fin at 350 fpm (107 m/min). - '

° For the Table 3, 18 fins/in. (709 ﬁnslm)'ﬁompanson,
the standard fin geometry provides-1.44 ‘times higher
nh,A,/Ay than the spine fin at 350 fpr (107 m/min)
frontal velocity. The heat transfer increase, per unit
pressure drop increase, is 1.60. At 350 fpm-(107 ni/min),
the nhvofAﬁ, increase of the splitter fin geomettry is'4%
less than for the standard fin geometry. This'is‘bécauss of
the drop-off in performarice of the splittér-fin geometry at
low air velocity. Holvevtr the - splitter fin.’ g‘ebinetry

ar i .l

TABLE3 L TS
i~ Qutdoor Heat Exchanger ;.. 3 -

Spiitter (18 fpi) ve. Spine (18 fji) - - &
[Cora depth (in.): Splitter (0.521), Spine (1.031)] 1 =

! y—

up Yive Aoy, Apglboj
(fpm) {amm-nz-vn (in. wig.) q
350 342 1.38 0.07 v 0.79
1000 612 1.55 0.33:-. 2074
2000 - 806 1.53 1.09: w077

Standatd (18 fpi) Vs. Spine (18 fpi
Icuf! depth (in.): Standard:(0. 557}. Spine (1.03%)] B,

Uy, ¥y Bp,, ﬂp..’ﬁp“
(fpm) (Btu!h-ftz-"ﬂ : {in. w.g.)
350 359 1.44 0.08 0.90
1000 515 1.30 0.33 0.75
2000 827 -2 1.19 1.10 0.85
where re

y = nhAJA,

sp-= spine fin U

(S TABLE 4 s
Indoor Heat Exchanger
b Splitter {12 fpi) vs. Plain (12 fpi)
b [Cote depth (in.); Spiitter (0.6872), Plain (0.774)]
uy, y Y¥oi Boyy  B0ulB0y
{ffom)  (Bru/h:ft2-°F) (in.'w.g.)
350 © 232 1.68 0.04 1.22
600 342 1.81 0.09 - 1.22
1000 455 1.72 0.21 1.13
2000 626 1.58 0.64 1.02
Standard (12 fpi) ve. Plain (12 fpil -,
[Core depth (in.): Standard (0.752), Plain (U 774)]

ug, y ¥1¥pi Apm Ap/Bpg
(fpm)  (Btu/h-ft2-°F)  in. w.g.) .
350 309 2.23 0.04 1.18
600 360 1.80 0.09_ 1.25
1000 434 1.63 0.22% - 1.19
2000 + 663 1.43 0.72' ‘1485
whm .- oy -

y o= ahAa, ¢

pl = plain fin R el LR W T
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Figure 9

exchangers.

actually gives higher nh A OM per unit pressure drop than
is obtained by the standard ﬁn geometry.
m/min), the air-side heat transfer increase is 75 % more
than the pressure drop increase (1.38/0.79). 'I'o obtain
equal nk A /A, the brazed standard aluminum core depth
would be only 35% that of the 3/8 in. (9.5 mm) O.D.

spine fin coil [0.521/(1.03 X 1.44)], and the pressure drop
would be 63% that of the spine fin, (0.90/1.44). At 1,000
fpm (305.m/min), the performance of the sphtter fin is
superior. to the standard fin in terms qf both heat transfer
and pressure drop.

Table 4 compares the bra.med “aluminum geometnes
against the 3/8 in. (9.5 mm) O.D. glmn__.p!atq fin geometry.
Consider the performance comparison.fqr. 600.fpm (183
m/min), which is typical of the velocity for the indoor cail.

The 7k A,/Apof the standard fin geometry is 1.90. times
that of the plain fin geometry, and the pressure drop is

1.25 times that of the plain fin coil. The heat transfer
increase, per unit pressure drop increase, is 1.52
(1.90/1.25). To obtain equal 5/2,4,/A;, the brazed stan-
dard aluminum gore depth would be on,ly 51 % lha.t of the
3/8 in. (9.5 mm) Q.D. plain plate fin cojl [0. 752!(0 774 %
1.90)], and the pressure drop would.he 66 % that of the
plain fin (1.25/1.90). : ;

Hence, we conclude that the bmzed aluminum des:gn
offers significant performance adyantage over the designs
currently,used in indoor and eutdoor heat exchangers. The
brazed aluminum hedt -exchanger may be used to obtain
either material-and size rqductton or frontal area reduction.

< e A

B

nhyA,/Ag and Ap,;. vs. ug, (at 68°F) for the
18-fpi brazed aluminum and the spine fin heat

At 350 fpm (107

T
| nh,A /A,
(o] lll'ld..l‘d fin
- A Splitter fin
o™ 10'L O Plain fin “ 4 10°
-t r 3
Ty 3 ”dr L
| @ Standard fin >
= & Splitter fin .'U
‘;- ® Plain fin 5
o =
= 410" B
= 100k - ] 1
Q'io ] ®
) = S
- N L
G ' ‘
i 41072
103 o Z = e
10? 10° 10*
u, (ft/min) Mo
r e
Sandard Splitter Plain
Core depth (in) = TTIQ752 0 0612 0TI
Mhﬂmw“mﬂ,‘*)- © 1668 16.68 16.68

Figure 10 b A /Ag and Ap,,, vs. ug, (at 68°F) for the
12-fpi brazed aluminum and the plain fin heat
exchangers.
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BURST PRESSURE TESTS Ve

The tubes were extruded from an alloy whose tensile
strength is 13,900 psi (96 MPa) and yneld stress is 4,400
psi (30 MPa). Mechanical strmgth analysis shows that the
weakest point of the heat éxchanger is the internal tube
membrane, which is under tension. The membrane thick-
ness was designed to withstand 2,200 psi (15 MPa) mterhal
pressure. The original design analysis was based on 16,000

psi (110 MPa) tensile stress, which”is l'ugher “than’'the"

13,900 psi (96 MPa) strength of the alloy fromi which the”

tubes were made. The burst pressure predicted for the alloy
used is 3,176 psi (22 MPa) for iens:le failure of the
mggmbranu It is calculated for tension on six membmnes
(four internal and two at the ends) by the equation”

13,900 x 6 x 0.831

"9
1-6 X 0.031 e

p= ='3,176 psi.

Analysis of the heat exch#ﬁgar design showed that thie -

highest stress on the membranes exists at the transition
fitting, which is shown in Figure 11. The pressure load in
the fitting is transmitted to the, membranes, which causes
increased stress on the membranes in the vicinity qf the
transition fitting. Hence,. the heat exchanger is expected to

fail in the membranes adjacent to the transition fitting. The .
burst pressurg should be. less than that predicted. by -

Equation 9. Thus, the design of the transition fisting should
affect the b“ﬁ‘m"‘ S oum R I

+§
[T

‘. % e



0.75 in flare fitting

Figure 11  Cross-sectional geometry of the transition
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Initial burst pressure tests were performed on three of
the bmznd aluminum heat excbangers In all tests, the tube
ruptur?d in the joint of the transition fitting. The observed
burs: pressures were one at 1,800 (12 MPa) and two at
2, 000 Sl (14 MPa). ‘The 2,000-psi (14- MP&) burst pres-
sure is 63 % of d:e predlcted value. Detan!ed examination of
the failure showed that failure occurred ‘at the inlet tran-
sition fitting. 'I'he ﬁmng éxpanded to approximately 0.4 in.
(10.2 mm) over a 0.7 in. (17 8 mm) tube length. A crack
occurred m
antlclpated Lhe burst pressure was controlled by the desig

of the transition fitfing. It is possible to identify a hxgi‘xer'

strength design for the transition fitting.

- We next wished to_determine the burst pressure of the
tube separate from factors infltenced by the tramsition
fitting design. This was accomplished by clamping backing
plates to the tiibe adjacent to the transition fitting. This

removed the high stress on the intérnal membranes caused -

by pressure in the’ fitting."Two burst pressure tests were
coqgltﬁ:'ted._ In these twd'tésts, tHe tube'failed at 1,900 psi
(13 MPa) 'and ‘1,950 psi (13.4°MPa), respectively. The

failure occlrred“at the U-bend region of the aluminuin
tibe. Thess ° ‘lower thin’ préﬂtcted burst “pressures aré“

prdbablrdne? to the resitiual stres§ in the U-bénd i reg:on

If the mémbrane’thickness is iiicrézsed from 0.031"n.
(0.79 mm) to 0.036 in. (0.91 mm), the T&juited 2,200°psi
(15 MPa) burst pressure should be met.

fﬁe brage in the minor tube diameter. As

CONDENSATE DRAINAGE TESTS =

The 18-fpi splitter fin %:m was installed in a commer- ..
cial vertical air handler. The core was tilted 63 dégreés -
from the horizontal plane. The angle used is the same as
that of the originally installed heat exchanger. 4

The air frontal velocity was. abolit 350 fpm (107
m/min) dpring the tests. Condensation occurred on both the
tube and the fins. The condensation on the tube was mainly
filmwise and periodically drained along the tube minor ~
diameter. The condensatiéh-on_the fins was mainly drop- -
wise and periodically drained through the gaps between®
louvers by gravity, when the small droplets conglomerated *
and became heavy enough to overcome the surface tension.

The conderisate ~draitrage tests confirmed -that the
condensate on the brazed aluminum geometry would drain
as well as in existing evaporator geometries.

FUTURE WORK -

The present program has shown that the air-side
performance of the brazed aluminum heat exchanger
provides performance and weight advantages over the
commercially used round tube designs (Figure 2). It is
possible that the air-sidé performance can be further
improved. The potential cost advantage is yet to be deter-
mined. The heat exchanger cost is composed of the
material cost and the assembly/brazing cost. Based on
private discussions with automotive industry engineers, the
brazing cost may be dpproximately 35% of the total cost. !

Additional work is required to quantify the refrigerant-
side heat transfer and pressure drop performance. It is
possible that the tube may be extruded with a ‘‘micro-fin’’
internal surface geometry. This would enhance the tube-
side performance. The incremental cost of providing the
micro-fin internal geometry ‘is very small. The Figure 2~
round tubes typically use‘the micro-fin surfasé\gecmetry. i
The micro-fin geometry consists ©f small fins of trianigular
cross section at a helix angle of 0° to 18° (meadtiféd from:
the tube ceiiter line). A 3/8:ifi. (9.5-mm) tube typically has
60 fins 0.008 in/ (0.20 mm)-high. This same fin geometry
can be provided iif thé'extruded aluminum tube with-2.0.0°
helix angle. The microfin-tube geometry and its perfor-:
minte are described by Shinohdra ‘and Tobe (1985) and™
Schlager et al. (1989). Such extrtidéd' aluminun tubes withs'i
micro-fins are used in some iutomotwe refrigerant con- .
densers. I a

" It is possible that the &dst of heat éxchanger material™
can be reduced by provudmg the brazing dlloy cladding on -
the tube rather than on'the fin material. ‘The clad fin"
material cdst is approximately $0.40/b'{$0.88/kg) more
than unclad fin material, based on $1.25/1b ($2.76/kg) or
aluminum fin strip”*Presently, all®aluminum® finried-tube
heat exchangers made with rotind aluminum tubesiuse clad
tubes rather than clad fins! The:t#bé§ are made-ftomirclad
strip, which is seam welded. Pt¢cess development:is under
way in the aléiminum industry-thit will allow cladding:on -
extrusions of the tube type used here.



Higher strength alloys are available for the extrusion.

The strength of the alloy used to make the extrusion is

approximately eqfial to that of 3003 alidy. The use of heat-
treatable alloys is also’a possibility. :

CONCLUSlONS :rrr : T

1. For 18 fins/in. (709 fins/m) and the same AOIA -as the
3/8 in. (9.5 mm) O.D. spine fin, compmson at 350
fpln (107 m/min) shows:

a. Tha qhaAoM for the splitter fingeometry is 1.38
umesthntofthespmeﬁngeomeuy The heat
hmsfermcrmels?s%morethmthepmssure
‘drop 'increase.

b. The nhA, /Ay, for the standard fin geometry is
1.44 times of !ﬁe spine' fin geometry. The
heaf transfer mcrease is 60% more than the
pressure drop increase.

2. For 12 fins/in. (472 fins/m) and the sam& A,JAs as the
3/8 in. (9.5 mm) O.D. plain plate fit, comparison at
600 fpm (183 mi/min) shows:

a. The nhaAoiA for the splitter fin geometry is 1.81

times that of the plain fin geometry. The heat
transfer increase is 48% more than the pressure

drop increase.

b. The nhA,/A; for the standard fin geometry is
1.90 times that of the plain fin geometry. The heat
transfer increase is 52% more than the pressure
drop increase.

3. The standard and splitter fin heat exchangers should
provide significant weight or frontal area reductions
compared to the presently used round-tube heat ex-
changer designs. The brazed aluminum heat exchang-
ers are applicable to both outdoor and indoor heat
exchangers.

4. The observed burst pressures were between 1,800 (12
MPa) and 2,000 psi (14 MPa). The required 2,200-psi
(15-MPa) burst pressure should be satisfied by increas-
ing the membrane thickness from 0.031 in. (0.79 mm)
to 0.036 in. (0.91 mm).

5. The proposed geometries drain condensate successful-
ly.

6. Choice of the standard or splitter fin should be based
on performance and cost considerations. Although the
column strength of the splitter fin is greater than that
of the standard fin, this increased strength is not used
because the internal tube pressure is restrained by the
tube’s internal membranes.
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NOMENCLATURE

ﬁn area (m 2)
airflow frontal area (in.2)
water-side surface area (in.2)
air-side surface area (in.?)
conduction’area in tube wall (in.?)
specific heat (Btu/lb-°F) :
diameter over spine fins.(in.)

- outside diaineter of tube (in.)
Fanning friction factor (damensmnlm)
fin pltch (m ) L
fins per méter - | 3 8l
mass velocity in nnmmum flow " e
area (Ibm/ft?-h):: ? < g
heat balance (Q Qm)!Qw,, dlmen-

sionless - & v
‘water-side  heat transfer coefficient
C@wh i F)

air-side heat transfer coeﬂictent (Btu.@l -f2- °F)
J factor defined by Equation 7 (dimensionless)

thermal conductivity of tube (Btu/h-ft-°F)

louver pitch (in.)

width of louver or spine (in.)

Nusselt number based on hydraulic diameter

(dimensionless)

number of rows in heat exchanger

pressure (Iby/in.2)

Prandtl number (dimensioniess)

subscript to identify plain fin

longitudinal tube pitch (in.)

transverse tube pitch (in.)

heat transfer rate (Btu/h)

heat transferred to air (Btu/h)

heat rejected from water (Btu/h)

Reynolds number based on fin collar diameter

(dimensionless)

Reynolds number based on hydraulic diameter
(dimensionless)

Reynolds number based on louver pitch
(dimensionless)

subscript used to identify spine fin geometry

fin thickness (in.)

tube wall thickness (in.)

air frontal velocity (fpm)

overall heat transfer coefficient (Btu/h- ft%: °F)
nh,A,/Ag. (Btu/h-ft2- °F)
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Greek Symbols

] = surface efficiency for air side (dimensionless)

m = gsurface efficiency for water side
(dimensionless)

Ap,, = air pressure drop (in. w.g.)

(] = contraction ratio (dimensionless)



Vo

B = total heat transfer area/volume (m zim )
o = deasity (Ib,/ft) S s
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