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HIGHLIGHTS

® Non-uniform incident flows reduce thermal performance of conventional heater cores.

® A lattice porous core promotes lateral dispersion of non-uniform incident flows.

® Lateral dispersion enhances thermal performance.
® Increased lateral dispersion occurs under non-uniform incident flows.
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Louvered fin-and-tube cores have been the most popular choice for enhancing the heat transfer performance of
compact heat exchangers such as automotive climate control systems (ACCS), because of their moderate heat
removal capacity with least pressure drop compared to other heat exchanger core elements. However, their
performance in such systems is debilitated if the incident coolant stream is highly non-uniform due to lateral
blockage of flow by the fins resulting from compactness of the overall system. This study demonstrates how such

lateral blockage imposed by a conventional louvered fin-and-tube core can be relieved by a “lattice porous core”
which induces three-dimensional momentum/thermal dispersion within the core under non-uniform incident
coolant streams. Especially under the highly localized non-uniform distribution of coolant streams found in a
typical ACCS, the lattice porous core thermally outperforms the conventional core by up to 35% within its

typical operational range.

1. Introduction

An automotive climate control system (ACCS) adjusts air properties
such as humidity and temperature in a cabin of ground vehicles. To heat
up an ambient air-stream before entering the passenger cabin, the ACCS
makes use of compact finned tube heat exchanger cores wherein the
forced air stream is passed over external (finned) surfaces of regularly
arranged tubes with hot liquid flowing inside them (Fig. 1). Thus, heat
is transferred by forced convection from the liquid-stream to the air-
stream across the thin tube walls, and consequently the temperature of
the air-stream is raised.

A practical method of augmenting the heat transfer rate is to modify
the fins so that the air-stream’s mixing and/or wall shear stress char-
acteristics are passively enhanced. In this connection, periodic surface
interruptions such as perforations, offset strips, or louvers are com-
monly found on the fin surfaces of virtually all compact heat exchanger
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cores. Such interruptions, however, typically result in increased form
drag (i.e., drag induced by a low-pressure region formed in the sepa-
rated flow, or wake, downstream of an interruption). Kays & London
[1] and Jacobi & Shah [2] have reported on the heat transfer and flow
friction characteristics of several interrupted fin surfaces. Their studies
concluded that, compared to other types of interrupted fins (e.g., wavy
fins, offset-strip fins, and perforated fins), louvered fins (Fig. 2(a,b))
provide a moderate heat transfer performance with a relatively low
pressure drop penalty.

Therefore, the thermo-fluidic aspects of such louvered fins have
been studied extensively, with several correlations reported in the open
literature for operation under uniform air streams [3-8]. It is under-
stood that increased heat transfer and pressure drop are associated with
the increase in the velocity component of the air-streams parallel to the
louvers (commonly referred to as “louver-directed flow”) as shown in
Fig. 2(c). This is because when air flows along the thin louver surfaces,
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Nomenclature

A, total air-side heat transfer surface area [m?]

A, total water-side heat transfer surface area [m?]

A, tube wall conduction area [m?]

b fin height [mm]

C heat capacity rate [W/K]

C, heat capacity rate ratio [-]

[ specific heat capacity [J/kg-K]

) fin thickness [mm]

D diameter [mm]

Dy, hydraulic diameter of the rectangular cooling channel
[mm]

d turbine meter diameter [mm]

Mo surface efficiency [-]

ny fin efficiency [-]

e effectiveness [-]
h heat transfer coefficient [W/m?-K]
H core height [mm]

H, flat tube height [mm]

j Colburn j-factor [-]

k thermal conductivity [W/m-K]

[ Louver pitch [mm]

Iy Louver height [mm]

4 fin ligament length [mm)]
L, tube depth [mm]

Ly fin depth [mm]

m mass flow rate [kg/s]

NTU number of transfer units [-]
Nu Nusselt number [-]

Pr Prandtl number [-]

Py fin pitch [mm]

q heat transfer rate [W ]

Q flow rate [litre/s]

P density [kg/m>]

Re Reynolds number [-]

R overall thermal performance ratio [-]
R¢ fins thermal performance ratio [-]
r tube rib thickness [mm]

Sr transverse tube pitch [mm]

St longitudinal tube pitch [mm]

S: deflection louver length [mm ]

Ss turnaround louver length [mm]

0 Louver angle [°]

t flat tube wall thickness [mm]

T temperature [K]

u local fluid velocity [m/s]

U, mean fluid velocity [m/s]

U overall heat transfer coefficient [W/m?-K]
w core width [mm]

Subscripts

a air

al aluminum

h hydraulic

in inlet

i inner

l ligament

min minimum

max maximum

Out outlet

[ outer

t tube

w water

periodic destruction and growth of the boundary layer occur with a thin
wake downstream of each louver. For such a flow system to be pre-
valent, it is generally required that the ratio of fin pitch to louver pitch
(P¢/1, as denoted in Fig. 2(c)) is small to minimize hydraulic resistance
in the preferred (louver-directed) path. Additionally, this preferred path
requires a sufficiently large Reynolds number such that boundary layer
growth over the louver surfaces does not block off the fresh main-
stream from entering the louver passages [9]. Otherwise, air-streams
parallel to the fins prevail and thick uninterrupted boundary layers
persist, resulting in a duct-like flow with relatively lower heat transfer
performance, commonly referred to as “duct-directed” flow [5,8].

The thermo-fluidic performance of louvered-fin cores is generally
well established for uniform, unidirectional air streams perpendicular
to the core and without any disturbances or flow area changes upstream
and downstream of the core (referred to as “design conditions”
throughout this study). Less clearly understood phenomena in con-
temporary literature seem to be associated with the performance of
these cores under “off-design” conditions. This refers to the actual flow
conditions typically encountered in compact heat exchanger applica-
tions, such as macro-scale non-uniformity of the air-streams upstream
of the core. This off-design condition has particularly been given at-
tention by researchers [10-12], who have reported as much as 30%
overall heat transfer deterioration. However, the physical mechanisms
responsible for this deterioration are still poorly understood.

Blecich [12] alluded to favourable orientations between the air-
stream’s velocity gradient and the fin plane, reporting that the degree of
air redistribution by a straight finned core contributed to the core’s
overall thermal performance. The author mentioned that the redis-
tribution characteristics of a core may be affected by fin interruptions,
such as slits or louvers, but this was not explicitly quantified. With only

two possible flow paths through a typical louvered fin (i.e., duct- or
louver-directed), a louvered-fin core has been shown to have limited
capability to disperse (i.e., to spread out, or re-distribute) an in-
cidentally non-uniform air-stream. In this connection, flow visualiza-
tion studies [9,13-14] suggest that a streamline from an inlet deflection
louver retreats the corresponding exit louver (on the same fin), re-
gardless of whether the flow is duct- or louver-directed. As a result, the
maximum heat transfer surface area of the core becomes compromised.
This is because local concentrations of momentum in an incidentally
non-uniform flow-stream are unable to spread to different regions of the
core once the flow-stream enters the fin passages. In addition, louvered
fins do not perform optimally at low Reynolds numbers (i.e., when
duct-directed flow is prevalent) [3,9]. Thus, where the local flow ve-
locity is low, there is a local deterioration in heat transfer due to thicker
boundary layers on the fin surface. Bhaiyat et al. [15] concluded that
this limitation severely reduces the thermal performance of a louvered
fin-and-tube core when operated under certain off-design conditions
particular to ACCS units.

The overall heat transfer performance of louvered fin-tube cores is
thought to be sensitive to local distortions of the inlet velocity dis-
tribution, since they are inherently unable to disperse a local flow-
stream. Yet the flow-stream upstream of the heater core in a typical
automotive climate control system (ACCS) is usually non-uniform, due
to the unit’s compact geometry [11,15]. In fact, the incident streams to
several other heat exchangers also tend to be non-uniform, inclined,
and/or poorly distributed for the sake of compactness of the overall
systems [16,17]. Such undesired flow distributions can typically be
overcome with specially designed intakes or headers, which ideally
distribute the flow-stream before it enters a fluidic device [18,19]. In an
ACCS unit, however, there is no space for additional upstream
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components; compact fin-and-tube heater cores inevitably operate
under a non-uniform incident flow, with sub-optimal thermal perfor-
mance.

The scarcity of data supporting the fluidic mechanisms responsible
for the thermal performance deterioration of compact cores at off-de-
sign conditions presumably dissuades their ground-up design for ACCS
units. This study, however, squarely addresses the physical mechanism
behind the reported thermal performance deteriorations. Based on the
findings, a newly designed compact core is shown to mitigate the ad-
verse effects of non-uniform flow on the overall thermal performance of
a core. In particular, a “lattice porous core” with specially arranged
longitudinal and transverse circular ligaments that function respec-
tively as tubes (i.e., hollow circular tubes) and fins (i.e., solid circular
rods) provides suitable aerodynamic anisotropy [20] to facilitate lateral
dispersion of the air-stream within the core. To demonstrate its effec-
tiveness in enhancing the heat transfer performance of an ACCS re-
quiring a certain compact operation (e.g., a highly non-uniform in-
cident coolant stream), a series of experiments and design iterations
have been performed to address the following issues. Firstly, the lattice
porous core’s ability to re-distribute a non-uniform incident air-stream
was assessed relative to a conventional louvered fin-and-tube core.
Secondly, the heat transfer performance of both the louvered fin-and-
tube and lattice porous cores under uniform and non-uniform incident
streams were measured experimentally. This confirmed a possible me-
chanism for the reported heat transfer deteriorations in the louvered
fin-and-tube cores under non-uniform incident flow-streams. Finally,
the contribution of louvered and circular fins to the overall heat transfer
performance of a given core was discussed, providing insights into
enhanced thermal dispersion characteristics of the lattice porous heater
core.

S %\mid transport
Condenser’ core

Compressor

Fin-and-tube core

Outlet header

Louvered fin

Hot water-

stream Inlet header

(b)

Fig. 1. Automotive climate control system: (a) Overall flow routes for internal
and external working fluids in an automotive climate control system (ACCS)
[21] (b) Typical heater core operation.
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2. Experiments
2.1. Test rig and setup

A heater core was furnished with a closed-loop hot water supply
system, shown schematically in Fig. 3(a), and placed inside a custom-
built wind-tunnel shown in Fig. 3(b). A 12 V brushless DC pump cir-
culates water through a plurality of electrical heaters, as well as
through the test core. The water-side flowrate (Q,,) was monitored by a
hall-effect sensor placed downstream of the exit header. Each electrical
heater (with maximum power rating indicated in Fig. 3(a) was con-
nected to an independent voltage regulator to adjust the electrical
power input. Similar to the method adopted by Shinde [22], a 2 kW urn
heater was installed to provide a backup heating system during testing
and to minimize variations of the inlet water temperature, maintained
at a constant temperature T, ;,. Using this approach, the experimental
setup was capable of maintaining temperature variations less than
0.5 °C within the range of air volume flowrates tested. A 2.4 kW cen-
trifugal fan capable of providing volume flowrates 0 < Q, < 90 L/s
blows air at ambient temperature T, ;, through a circular tube that is
connected to a turbine flowmeter (Airflow™, UK (LCA501)). Down-
stream of which, a long rectangular flow developing section (width,
W = 47.6 mm and height, H = 160 mm) with its length of 10 times the
turbine’s rotor diameter (d), was attached. Inside the channel, a hon-
eycomb layer was positioned at 2d downstream from the inlet of the
flow developing section. The test heater core of width (W) and height
(H) was attached to the end of the rectangular flow channel of the same
dimensions (W X H) as shown in Fig. 3(b). At the outlet side of the
core, another short rectangular channel was placed to avoid a sudden
expansion of the air-stream that leaves the heater core.

In investigating non-uniform streams (i.e., the off-design config-
uration), the wind-tunnel of Fig. 3(b) was modified near the test section
to simulate the inlet flow found in a typical ACCS unit. Based on the
geometry of a commercial ACCS, a right-angled wedge with height
0.625H, apex angle of 26.6°, and width W was fabricated and inserted
immediately upstream of the heater core, (in Fig. 4(b) as opposed to the
design condition in Fig. 4(a)). Downstream of the heater core, there
were no further obstructions. The effect of any flow area contractions or
expansions upstream of the heater core, as present in the ACCS were
understood to have a negligible effect on the performance and not
considered in this study [23].

2.2. Test cores

Four cores were tested in this study, whose geometries are given in
Fig. 5. The dimensions of each tube, fin, and ligament are detailed in
Table 1. Each of the flat tubes (in Fig. 5(a,b)), arranged transverse to
the convective stream, have a cross sectional internal flow area of
A. = 20.8 mm? and an external surface area of A, = 8419 mm?
whereas each of the circular tube rows (in Fig. 5(c,d)), consisting of 5
tubes in the flow direction have a total internal cross sectional area of
A, = 18.0 mm? (approximately 10% smaller water flow area than the
flat tubes) and an external surface area of A, = 7490 mm?. Both the flat
and circular tubes are of equal lengths L = 160 mm.

The louvered fins and flat tubes were manufactured using conven-
tional aluminium sheet metal having thermal conductivity
kg ~ 205 W/m-K (Hanon Systems, South Korea), while the circular
tube bank and staggered fin ligaments were manufactured by additive
laser sintering (Renishaw plc, UK) using AlISi1OMg whose thermal
conductivity is, on average, given as kg ~ 160 W/m-K.

2.3. Flow measurements
To determine the change in flow distribution caused by a given core,

time-averaged velocity profiles were measured using a Pitot tube
(KIMO, L-type, 3 mm diameter) placed at 0.75 times the tube depth
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Fig. 2. Typical louvered fin and tube configuration in an ACCS heater core: (a) Fins sandwiched between flat tubes, (b) Louvers on the fin surfaces, (c) Cut-away view

of the louvered fins and schematic representation of the louvered fin geometry.

(i.e., 0.75L,) downstream of each core as shown in Fig. 6. Two pressure
ports of the Pitot tube were connected to a digital micro-manometer
(TSI 9565). The wedge was placed immediately upstream of the core,
blocking off the lower region (i.e., 0 < y/H < 0.4). The Pitot tube was
traversed from y = O to y = H along the span-wise centerline of the
wind-tunnel with increments of 0.5 cm.

2.4. Thermal measurements

For each core, having hot water fed through at a constant water-side
Reynolds number Re,, = 1000 (based on the respective tube’s internal
hydraulic diameter) and constant water inlet temperature T,,;, — 55 °C,
the exit temperature of the water-stream, T, ., and the inlet tem-
perature of the air-stream, T,;,, were recorded at steady-state for var-
ious air-stream flowrates, which were varied systematically in the range
30 < Qq < 90 L/s. The air-stream temperature (T, ;,) was measured
using a T-type thermocouple 4L, upstream of the heater core. The bulk
mean water temperatures (T, i, Tw,ou) Were measured using T-type
thermocouples placed 4.5L, upstream of the inlet header and 4.5L,
downstream of the outlet header. All thermocouple signals (Tqin, T, ins
and T, ,,) were recorded at steady-state by a data acquisition system
(Keysight 34972A).

2.5. Data processing

The thermal performance of a compact heat exchanger core is
commonly reported in terms of the Nusselt number (Nu,), which first
requires determination of the air-side heat transfer coefficient (h,). To
obtain h,, the measured variables (T, in, Tw,out Tain» Qo and Q,) were
processed using the €-NTU method.

The heat transferred out of the water-stream (q) is given by:

q = mwcp,w (Tw,in - Tw,oul) (1)

where r,, is the mass flowrate of the water, c,,, is the specific heat
capacity, Ty, and Ty, o, respectively represent the water temperatures
at the inlet and outlet of the header tubes. The maximum theoretically
achievable heat rate is:

a,in) (2)

qmax = Lmin (Tw,in

where Cpi;m = min(C, Cy,) and Tg;, is the temperature of the air

entering the core. C, and C,, are the specific heat rates of the air and
water-streams, respectively defined as:

Co= macp,a = PaQan,a 3)

Cv= mwcp,w = pWQpr,w (C))

where m, cp, p, and Q respectively represent the mass flow rate, specific
heat capacity, density, and volumetric flow rate; the subscripts a and w
refer to the air and water-streams respectively. The effectiveness (€)
follows as:

Gmax ()

from which the number of transfer units (NTU) for single pass cross
flow conditions with both fluids unmixed can be solved iteratively using
the explicit relation:

0.22
e=1- exp(ﬂ{exp[—amw)&”] - 1})
, 6
where
C = Cmin _ min(cay Cw)
" Cper  max(Cy, Cy) %)

From the definition of NTU, one may calculate the overall heat
transfer coefficient U based on the total air-side heat transfer surface
area A, as:

_ CunNTU

U
Aq ®

The air-side heat transfer coefficient h, was then calculated using a
one-dimensional steady-state surface energy balance, assuming negli-
gible fouling resistance and constant thermo-physical properties:

-1
1(1 A
hy = _{_ — AaReona — = }
7y \U Ayhy

©)

where 7, is the fin surface efficiency, R.onqg is the conduction resistance
of the tube wall, A,, is the inner surface area of the tube, and h,, is the
water-side heat transfer coefficient. For the un-finned surfaces, n, = 1
whereas for the louvered-fin surface 7, is given by
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Fig. 3. Test setup: (a) Schematic showing supply of hot water through the header tubes of a test core with water temperature and flow measurement instruments, (b)
Blowdown rectangular wind-tunnel showing the transverse (x), lateral (y), and longitudinal (2) directions for a lattice porous heater core positioned in the test

section.
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Fig. 4. Schematic of the wind tunnel test section: (a) With uniform stream i.e.,
at design conditions, (b) With non-uniform stream caused by a wedge i.e., at
off-design conditions.

—1-Yaoy
N = A, U (10)

where A¢is the total surface area of the fins. The fin efficiency 7y is given
by:

_ tanh(ml)
i (an

where for a louvered fin geometry on the air-side [24],

m= 2ha 1+£
"\ kab Ly

and
({/b* + P2 —5)
,=7V2f

where kg is the thermal conductivity of the fin material, § is the fin
thickness, Ly is the fin length in the flow direction, b is the fin height,
and Py is the fin pitch. For a cylindrical fin geometry on the air-side we
have [25],

an,
m=
ko Dy

and

(12a)

(13a)

(12b)

2 (13b)

where D; is the fin ligament diameter and [; is the fin ligament length.
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Fig. 5. Cut-away views showing core dimensions: (a) Flat tube array without
fins, (b) Louvered fin-and-tube core, (c¢) Circular tube bank without fin liga-
ments, (d) Lattice porous core with staggered fin ligaments.

Table 1
Tubes and fin dimensions.

Component Parameter Value ( + 0.01 mm/ * 0.5°)
Louvered fin Ly 27.00
Py 0.80
S1 1.85
So 1.85
L, 0.93
0 30
) 0.04
Flat tube L, 27.00
St 7.25
H, 1.28
t 0.40
r 1.20
Circular ligament Dy 1.00
I 6.00
Circular tube St 7.25
SL 6.00
D, 2.98
D; 2.14

The tube wall conduction resistance term is dependent on the tube
geometry. For the flat tubes found in the louvered fin core, the wall
conduction was approximated as that through a plane wall
Consequently,

Applied Thermal Engineering 176 (2020) 115430

t
kalAwall

R =
cond (]. 4a)

where t is the tube thickness, k,; is the tube’s thermal conductivity, and
Ayar = L X L,. is the area of the flat surface of the tube. For the circular
tubes found in the lattice porous core, the conduction resistance is given

by:
ln(%‘i’)

27Tka1L

Rcond = (1 4b)
where D,, D;, and L respectively represent the outer diameter, inner
diameter, and the length of the tube.

For the water-side Nusselt number Nu, of the high aspect ratio flat
tubes, an analytical correlation which assumes laminar fully developed
conditions, constant axial wall heat flux, and constant peripheral wall
temperatures prevailing throughout the tube length was used [24]:

Nu,,
= 8.235(1 — 2.0421a* + 3.0853a* — 2.4765¢* + 1.0578a* — 0.1861a*)
(15a)
where
._  H-2

Here, H, is the tube height, L, the tube width, and r the center rib
thickness. For circular tubes, the laminar fully developed solution was
used [25]:

Nu,, = 4.36 (15b)

The water-side heat transfer coefficient h,, can then be extracted
using the definition of the Nusselt number:
hy, = k—wNuw

D, (16)
where k,, is the thermal conductivity of water and D, is the internal
hydraulic diameter of the tube.

Egs. (9)-(13) were solved iteratively for the finned surfaces, starting
with 7, = 1, and refining the heat transfer coefficient h, until con-
vergence of 5, was achieved to within 107°. Thereafter, the air-side
Nusselt number Nu, based on the characteristic length X was computed
using the definition:

Nu, = NeX

kq 17)
where conventionally, x = [, or X = D,, for a louvered fin core or a
cylinder bank respectively. The hydraulic diameter of the wind tunnel
Dy, is often used as a characteristic length in this study and is defined as

4WH

"TOW+ H) (18)

After calculating the Nusselt number, the air-side Colburn j-factor
was computed based on a characteristic length X using the definition:

. Nuy
5= Reprils 19)
For conventional characteristic length scales, the Reynolds number
Re, was calculated using the maximum velocity through the core’s
minimum flow-facing cross-section, i.e., the bulk air flowrate Q, di-
vided by the free-flow area through the core, which is given by the
difference between the total frontal core area (LW) and the projection
of the flow-facing fins and tubes surface areas. Otherwise, when D, was
used as a length-scale, the average bulk velocity of the air-flow up-
stream of the core was used, i.e., the bulk flowrate Q, divided by the
tunnel area (I X W).
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Fig. 6. Schematic of the wind-tunnel test section showing the downstream
traverse plane for a Pitot tube.

2.6. Uncertainty analysis

If y = f (x3, Xz..., X,) then the uncertainty propagated by x; in the
variable y is given by [26]:

Y. ( Y .Y
Ay = || A | + [ A | 4+ ZAx,

ox 0% 0x,, (20)
where Ax; is the absolute uncertainty in x;. Eq. (20) has been used to
estimate the overall experimental uncertainties associated with the
steady-state temperature and flowrate measurements. For the range of
Reynolds numbers considered in this study, the maximum relative un-

certainties were 13.0%, 2.5%, and 12.9% for the Nusselt numbers,
Reynolds numbers, and Colburn j-factors respectively.

3. Discussion of results

3.1. Thermo-hydraulic characteristics of a louvered fin core under non-
uniform flow

To determine the velocity distribution of the air-stream entering a
core, a Pitot tube was traversed laterally (fromy = 0 toy = H) along
the mid-span of the wind-tunnel having a wedge upstream of an empty
test section (i.e., without any core inserted). As shown in Fig. 7, the
wedge blockage reduces the local flow area in the upper region
(0.6 = y/H = 1.0), which results in local continuity-induced accel-
eration. Separation at the wedge apex is expected due to the sharp
angle, which results in a slow-moving re-circulating flow in proximity
with the lower region of the core, 0 < y/H < 0.6. The dip in velocity at
y/H = 0.78 followed by an increase and then gradual reduction in
velocity as y/H decreases is characteristic of a shear layer ensuing the
separation. The separation has been evidenced also by flow visualiza-
tion in previous work [15].

When relatively high momentum fluid in the region 0.6 < y/
H < 1.0 encounters the louvered-fin core, a portion of fluid travels
through the fin passages (of width Pp) to exit on the opposite side while
aerodynamic resistance in the longitudinal (z) direction causes the re-
maining portion to turn downward (in the negative y-direction). Some
of this remaining fluid is pushed through the fin passages (at a lower
longitudinal velocity) on its way down towards the bottom wall of the
wind-tunnel, but the rest either exits as a jet-like structure through a
relatively wide opening found between the bottom-most fin and the
header tube, as seen near y/H = 0.03, or gets entrained into the re-
circulating flow.

Since the exit velocity profile remains non-uniform and of a similar
shape to the inlet velocity profile, it can be concluded that the louvered
fin structure provides certain resistance to flow in the lateral (y) di-
rection. Downward dispersion of the high momentum fluid from the top
region occurs only outside of the core structure, and any fluid making it
through the lower region of the core is of relatively low velocity in the
z-direction. As a result, the flow in the top region tends to transition
from a louver-directed flow to a duct-directed flow, as illustrated in
Fig. 8. The flow cannot traverse the lateral direction within the core
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because the deflection and turnaround louvers (i.e., S; and S, respec-
tively; Fig. 2(c)) are known to direct incident air-streams along their
lengths [14].

Steady-state temperature measurements on heated water passing
through the louvered fin core were carried out to quantify the effect of
the foregoing off-design configuration on heat transfer. A reference case
to determine the credibility of the test setup was first established by
placing a louvered fin-and-tube heater core in a uniform, unidirectional
air-stream without any upstream or downstream obstructions
(Fig. 4(a)). The setup conformed to the experimental conditions
adopted by previous researchers [4,5,8]. Under these reference condi-
tions, measurements were taken for the range of air-side Reynolds
numbers based on louver pitch 140 < Re;, < 260, which represents a
central portion of the Reynolds number range typically encountered in
an ACCS unit (i.e., 60 < Rey, < 360). The variation of Colburn j-factor
(;p) in this range is plotted against widely accepted correlations in
Fig. 9(a). Achaichia & Cowell’s [4] prediction is in line with the current
data, with the maximum deviation being 16.7% while majority of the
points lie within the reported correlation precision of 10%. The other
correlation valid in this range [4] has a maximum deviation from the
current data of up to 14.4%, which is within the reported correlation
precision of 15%. Thus, the data are consistent with previous studies,
implying that reliable comparisons can be made against these results
within the specified range of Reynolds numbers.

The non-uniform incident stream caused by the wedge reduces the
heat transfer performance of the louvered fin core by up to 20%, as
shown in Fig. 9(b). This is due to the combined effects of (1) the sen-
sitivity of louvered fins to the incoming velocity and (2) the limited
capability of the louvered fins to laterally disperse the incoming flow. In
areas of low velocity (e.g., 0.0 < y/H < 0.6), the flow is largely duct-
directed which reduces boundary layer periodicity over the fin surfaces.
This compromises the wall shear stress and associated heat transfer.
Therefore, only the upper area of the core (0.6 < y/H < 1.0) can be
involved in significant heat transfer.

3.2. Lattice porous core concept and thermo-hydraulic performance
(a) Underlying mechanism: aerodynamic anisotropy

To overcome the heat transfer performance deterioration of a heater
core under off-design conditions, such as those caused by the wedge in
this study, it is firstly necessary that the core is insensitive to the in-
coming velocity’s magnitude and angle. Hence, the intended heat
transfer surfaces should have the same dominant mechanism for heat
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Fig. 7. Velocity profiles measured 0.75 L, downstream of a louvered fin core
with a wedge placed immediately upstream as indicated in the inset.
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transfer over a wide range of Reynolds numbers, and should be geo-
metrically isotropic to provide insensitivity to the flow angle. Secondly,
it needs to be ensured that lateral hydraulic dispersion of the flow can
be enabled within the core so that no portions of the core are short of
sufficient coolant flux. Lastly, since the available pumping power of an
ACCS unit is usually constrained by a vehicle’s engine power, mini-
mizing the pressure drop across the core is imperative

Porous materials are obvious candidates that meet the foregoing
requirements. In addition to increasing heat transfer, Barnoon &
Toghraie [27] and Arasteh et al. [28] showed that porous materials re-
distribute the velocity profile of an incident flow-stream, and the extent
of re-distribution changes with porosity. Arasteh et al. [28] also showed
that using multilayered porous materials allows one to control the
shape of the velocity profile and the associated temperature gradients.
A limiting factor, however, is the pressure drop across the porous
medium. Therefore, a highly porous truss-like structure is sought in the
current study.

A cylindrical extended surface has been shown to have aerodynamic
anisotropy (i.e., directional dependence of the level of drag incurred by
the incident stream) when arranged in a staggered bank [29]. Barratt &
Kim [20] leveraged this property of staggered cylinder banks to effec-
tively re-distribute an incidentally non-uniform fluid stream. Based on
their concept, the non-uniform incident stream caused by the wedge
would be dispersed laterally within the core if the relative aerodynamic

10° :

—_———— Achaichia & Cowell [5]
Chang & Wang [4]

100 200 p, 300 400 500

(@
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resistance between the longitudinal (z) and lateral (y) directions were
suitably tailored by changing the bank’s porosity, as illustrated in
Fig. 10. When lateral dispersion occurs within the core, the con-
centrated flow in the upper portion of the coolant channel will have a
re-distributed velocity profile after passing through the core as illu-
strated in Fig. 10(a) and (b).

(b) Hydraulic dispersion characteristics

To realise an aerodynamically anisotropic heater core, a lattice
porous core consisting of circular pin—fin ligaments running horizon-
tally in the transverse (x) direction were attached to laterally (y-di-
rection) running cylindrical tubes, as shown in Fig. 11. The core,
manufactured by additive laser sintering, was placed inside the test
section of the wind-tunnel having a wedge immediately upstream of it,
and a Pitot tube was traversed downstream of the core. Fig. 12 shows
that the lattice porous core with porosity of 0.71 could reverse the in-
cident velocity profile caused by the wedge. When the high momentum
fluid in the top region (0.6 < y/H < 1.0) encountered the core, the
relatively higher aerodynamic resistance of the tube-bank cross-section
in the longitudinal (2) direction forced the flow laterally, downward (in
the negative y-direction), resulting in the re-distributed exit velocity
profile. When the porosity of the core was increased to 0.79 by reducing
the cylinder diameter while keeping the fin-functioning ligaments in
the same locations, aerodynamic resistance in the longitudinal direction
was reduced and resulted in a more uniform exit velocity profile.

(¢) Thermal performance

With the wedge simulating the non-uniform off-design operation in
the ACCS, a 20% decrease is noted for the louvered fin-and-tube core as
shown in Fig. 13 where R represents a normalized performance ratio
defined as:

R= Nu at off design conditions

Nu at design conditions 21

On the other hand, with the lattice porous heater core, a uniform-
like exit velocity profile, due to hydraulic dispersion of the flow after
the wedge, suggested that equal amounts of coolant streams contacted
the core surface, which would ideally result in uniform cooling of the
entire core. The steady-state heat transfer performance of the lattice
porous core with porosity of 0.79 is plotted in Fig. 13(a). Under uniform
flow (referred to as “design conditions” in this study), the lattice porous
core performs thermally as good as the louvered fin core. A non-uni-
form incident air-stream (i.e., off-design conditions) conversely causes a

2500 - IN Design conditions
b N Off-design conditions
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<1500
Performance reduction , g a
1000 - DA AR T A
F LA al
L A D ‘
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500 r . .
[ | ACCS 3
L . . \ . . . L b . . .
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(b)

Fig. 9. Overall thermal performance: (a) Heat transfer performance of a louvered fin core at design conditions, (b) Heat transfer performance of a louvered fin core

under uniform and non-uniform flow conditions.
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Fig. 10. Typical flow paths and velocity profiles for lattice porous cores with non-uniform incident velocity (adopted from Barratt & Kim [20]): (a) Low porosity &
high lateral dispersion, (b) Critical porosity, (c) High porosity & low lateral dispersion.

A-A

Water out<—

Fin ligament

Header
tube

Tube ligament

Water in—,

y
el
(a)

Lattice porous core
Aot

0.8

0.6
T
=
049
Wedge Traverse plane
023 ——O—— With wedge only

——0—— With lattice core porosity = 0.79
——&——  With lattice core porosity = 0.71
—0—— With l‘attice porous core only

0 1 2 3 4 5
u/u

m

Fig. 12. Velocity profiles 0.75L, downstream of a lattice porous heater core
with a wedge placed immediately upstream as indicated in the inset.

13%~21% increase in heat transfer performance for the lattice porous
core.

With a uniform incident air-stream, longitudinally (z) directed
momentum in the lower region of the core (0 < y/H < 0.6) absorbs
any laterally directed momenta by the lattice porous core. Furthermore,
since the staggered bank is symmetric about the longitudinal (z) axis,

Air flow

Tube-functioning
hollow ligament
i

Fin-functioning
solid ligament

(b)

Fig. 11. Lattice porous heater core: (a) Assembled core with header tubes, (b) Cut-away view in the x-z plane (A-A).

equal amounts of z-directed momentum impinging the core surface
would entail lateral momentum of similar magnitude in both positive
and negative y-directions from the lower (y/H < 0.5) and upper (y/
H > 0.5) core regions respectively (due to the closest end-wall), whose
effects cancel on the macro-scale. Therefore, with the wedge placed
upstream of the lattice porous core, a debilitated z-directed flux of
coolant stream in the lower regions (0 < y/H < 0.6) enables hy-
draulic dispersion to be more pronounced as laterally directed mo-
mentum caused by the staggered bank is relatively less disturbed by the
low-momentum longitudinal stream found in the lower region (y/
H < 0.6). It follows that the dispersed flow-stream, traversing laterally
through the core, inevitably impinges a larger number of fin-func-
tioning ligaments before exiting the core (i.e., the flow follows a more
tortuous path) compared to when the flow merely passes through the
core purely longitudinally at design conditions. As a result, thermal
dispersion - intensive flow mixing in the vortical wake structures be-
hind the circular ligaments - within the core is augmented, which leads
to higher overall heat transfer at off-design conditions [30]. A similar
conclusion was also reached by Moradi et al. [31], where porous inserts
in a double-pipe heat exchanger were seen to increase the heat transfer
coefficient by up to 19%. It was reasoned that thermal dispersion (and
therefore the heat transfer) was enhanced, due to an increase in the

irregular and random motions of nano-particles within the MWCNT-
water nanofluid.
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Fig. 13. Overall thermal performance: (a) Heat transfer performance of cores under uniform (design) and non-uniform (off-design) conditions, (b) Off-design heat

transfer performance normalized by design performance.

3.3. Role of fins in thermal dispersion

It is of interest to quantify the effects of the circular fin-functioning
ligaments on the overall heat transfer of the lattice porous core. For an
inline tube bank, which represents the lattice porous core structure
without any fin-functioning transverse ligaments, the heat transfer be-
haviour is not affected significantly by off-design conditions as shown
in Fig. 14(a). Flow over the in-line circular tube bank used in this study
is comparable with the correlation reported by Zukauskas [30], which
characteristically shifts abruptly at Rep = 1000 due to the growth and
interaction of the wake region of a preceeding cylinder with the ad-
jacent downstream cylinders. This causes a shift in the location of la-
minar to turbulent boundary layer transition over the fore surface of
downstream cylinders, producing the observed shift in Nusselt number.

With the fin-functioning ligaments, the overall thermal performance
of the lattice porous heater core is doubled within the range of ACCS
unit flowrates when performing at design conditions as shown in
Fig. 14(b). This is attributed to the increased heat transfer surface area
and promoted thermal dispersion over the extended surface comprising
a staggered cylinder bank. At off-design conditions, there is a further
13-21% enhancement of heat removal performance attributable to
lateral hydraulic dispersion of the coolant-stream across the height (H)
of the core. This results in extension of the coolant-stream’s flow path
through the core followed by increased interaction with fin-functioning

Zukauskas [30]
Design conditions
~ Off-design conditions

/ Do

ligaments before exiting the core. Therefore, with lateral hydraulic
dispersion, the inclusion of the present fin-functioning ligaments is
more advantageous under off-design conditions than under design
conditions.

3.4. Summary

Louvered fins typically fail to disperse an incidentally non-uniform
air-stream in certain directions, since the fin passages tend to restrict
movement of air stream in these directions. Thus, a non-uniform in-
cident air-stream is unable to reach all parts of a louvered fin-and-tube
core with sufficient momentum to “activate” the louvers (i.e., to induce
louver-directed flow) for heat transfer enhancement. The thermal per-
formance of a louvered fin-and-tube heater core is therefore reduced
when operating under non-uniform coolant flow-streams, which are
typically found inside compact systems such as an ACCS unit. To
overcome this thermal performance deterioration, associated with
coolant flow-stream maldistribution, a lattice porous core can be used.
This core allows the incident flow-stream to traverse through the lat-
eral, transverse, and longitudinal directions within the core. The overall
geometry and porosity of the core can be tuned to control the flow for
different applications. For the specific case of an ACCS unit’s flow
conditions, the non-uniform incident velocity profile was redistributed
within the core to produce a uniform-like flow-stream. Consequently,

2500 o Lattice porous core at design conditions
r ° Lattice porous core at off-design conditions
L v Circular tube bank at design conditions
2000 v Circular tube bank at off-design conditions
r ACCS °
[ ; 3 e}
51500 ; 1321% ¢— ¢
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Fig. 14. Heat transfer in a lattice porous heater core: (a) Design/off-design heat transfer performance of a circular tube bank without horizontal fin-functioning
ligaments, (b) Contribution of fins to the overall heat transfer in a lattice porous heater core.
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the heat transfer performance was enhanced due to increased thermal
dispersion within the core. The lattice porous core thermally performed
better under a non-uniform incident flow-stream than under a uniform
flow-stream. Thus, the need for upstream components to re-distribute
the incident coolant stream was eliminated. This ensured that the
compactness of the overall system is maintained while the core’s
thermal performance is significantly augmented.

4. Conclusions

The present study has demonstrated the thermo-fluidic character-
istics of a newly developed lattice porous heater core for compact op-
erations, relative to a conventional louvered fin-and-tube heater core.
The lattice porous core was designed to mitigate highly localized
cooling by non-uniform incident coolant streams which typically leads
to the deterioration of designed heat transfer performance. The newly
drawn conclusions are as follows. A physical obstruction characteristic
of overall compactness of the system causes a non-uniform incident
coolant stream, resulting in up to 20% thermal performance reduction
relative to the designed thermal performance under uniform incident
coolant streams. With the lattice porous heater core, conversely, up to
15% improvement in heat transfer was achieved due to enhanced lat-
eral dispersion. Under the highly non-uniform incident coolant streams,
the staggered arrangement of fin-functioning ligaments promotes lat-
eral dispersion of momentum within the lattice core via aerodynamic
anisotropy, which acts to increase the total heat transfer surface area.
The present results conclusively show that although the deterioration of
thermal performance of compact thermal systems (e.g., highly non-
uniform incident coolant streams) is inevitable, such deteriorated
thermal performance can be overcome by allowing the incident coolant
stream to be laterally dispersed within the core.

The present work encompasses a proof of concept. Further con-
siderations for future work include optimization of the lattice porous
core geometry for maximum heat transfer, minimum pressure drop, and
minimum noise production. Moreover, since the manufacturing method
used in this study (i.e., laser sintering) is difficult and expensive, it
would be worthwhile to explore other materials and methods more
suitable for a commercial production line.
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