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H I G H L I G H T S

• Study explores the performance of the air-side of a traditional ACC heat sink.

• A novel 3D manifolding architecture heat sink design is implemented.

• Various manifold designs offered improved COP over traditional ACC fins.

• Results show 3D manifolds fins are a good alternative for EVAPCO ACC systems.
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A B S T R A C T

Power plants account for a high rate of freshwater utilization in the United States. Use of air-cooled condensers
(ACC) can significantly reduce or completely eliminate freshwater withdrawals for steam-electric plants but
suffer from low heat transfer of single-phase air flow. In the current study, we experimentally and computa-
tionally investigate the thermal-hydraulic performance of the air-side of a traditional ACC heat sink (EVAPCO
fins) and conduct an extensive comparative CFD study of a novel 3D manifolding architecture heat sink design. A
parametric investigation was performed on the 3D manifold heat sinks with fin height ranging from 7.3 to
15.3 mm, three fin densities with fin pitch ranging from 1 to 3 mm, and fin angles between 0° and 45°. It is
concluded that there is not a single optimal design over the range of flow rates/heat flux, and the heat sink
performances are a strong function of the target operating heat flux. Overall, various manifold designs were able
to offer improved COP over EVAPCO fins that covered a large range of the operating heat fluxes. Manifold
designs also require less fin array material, making them a good alternative for EVAPCO ACC systems if it is
desired to increase the heat flux by 3 times for the existing EVAPCO units.

1. Introduction

Water is very important to the energy sector with significant usage
seen in nuclear power, natural gas steam generation, biomass genera-
tion, and hydropower generation. During power generation, 41% of the
nation’s freshwater withdrawals and 3% of nations freshwater con-
sumption happen in steam-electric power plants [1]. An important
component to these units which sees highest water utilization is the
condenser, which relies on either once-through cooling, recirculating
wet-cooling towers, or air-cooling to condense the steam exiting the
turbine. Between these condensers, it is well-known that air-cooled

condensers (ACC) can significantly reduce or completely eliminate
freshwater withdrawals for steam-electric plants. However, due to
performance degradation on hot days (up to a 10% power production
penalty) and higher capital expenditures, their market penetration has
been limited to only 1% [2]. Fig. 1(a) and (b) show a photograph and a
schematic, respectively, of an ACC designed by Evapco, Inc., which is a
major manufacturer of various heat exchanger systems [3]. In this de-
sign, the condenser consists of a massive A-tent structure with steam in
the top pipe, 9–15 m long condenser section across the inclined walls of
the A-tent, and condensed water collected in the bottom pipes [4,5]. A
typical A-tent has an apex angle of 60°. The condenser section consists
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Nomenclature

Cp specific heat
COP coefficient of performance
g gravity
H height
Hfin height of the fin
Hch height fins in the channel
Htot total height of the channel
h overall heat transfer coefficient; height
k conductivity
Ltot total length of the channel
p fin pitch
P pressure
ΔP pressure drop
q heat transfer rate
q wall heat flux
Q volumetric flow rate
Re Reynolds number
T temperature
Tf fluid temperature
Tb temperature of fin base
u velocity of fluid

V velocity
Wch width of the channel
Wtot total width of the channel
x1 fins with p = 3 mm
x2 fins with p = 1.5 mm
x3 fins with p = 1 mm

Greek symbols

ε effectiveness of heat sink
θfin fin angle
ρ density
μ dynamic viscosity

Subscripts

avg average
b base
f fluid; fin
fine finest mesh size investigated
in inlet to heated portion of channel
max maximum
out outlet to heated portion of channel

Steam Channel

Fins (a)
(b)

(c)
Fig. 1. (a) Photograph of EVAPCO dry-cooling tower. (b) Schematic of EVAPCO air-cooled condenser (ACC) system. (c) Section of a steam condenser tube used in
ACC [3–5].
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of steam channels surrounded by the aluminum folded-fin assembly as
shown in Fig. 1(c). Airflow is generated using large 11 m diameter fans
at the bottom of the tents. To achieve good air-side heat exchange,
relatively long (~2 m) finned passages are needed due to the low heat
transfer of single-phase air flow. Even after this, ACC air-side heat
transfer coefficients are generally low (~35 W/m2 K) [6]. Therefore,
there is a need to improve air-side heat exchange that will reduce total
thermal resistance and translate into reductions in steam condensation
temperatures.

In the last two decades, there have been significant advancements
made in efficiencies of ACC. This work has focused on the total ACC
system designs with improvements in performance by reducing the
effects of adverse winds. Meyer [7] numerically investigated the effects
of adding a walkway at the edge of the fan platform flow or removing of
the peripheral fan inlet section. Hotchkiss et al. [8] studied the effect of
inflow losses related to the off axis inflow conditions. Bredell et al. [9]
investigated the inlet flow distortion effect on fan flow rates and its
impact on ACC performance. Liu et al. [10] numerically investigated
the effects of different wind speed and wind direction on understanding
the hot air recirculation in ACCs. Zhang et al. [11] added windbreak
mesh to increase volumetric effectiveness of the inner fans, showing
how a rectangular-mesh configuration negates the effects of wind. Liao
et al. [12] added a triangularly shaped heat exchanger bundle around a
cooling tower and showed that it improves performance in regions with
strong prevailing winds. Lu et al. [13] investigated the effects of tri-
blade-like windbreak wall in conventional large natural draft dry
cooling towers and showed an improvement in performance. Kong et al.
[14] investigated circular arranged ACCs to show a reduction in hot
plume recirculation and reverse flows. In another study, Kong et al.
[15] compared performances of five different windbreakers and showed
how it can be used under adverse wind conditions to maintain good
performance. Liu et al. [16] showed how a tower inlet cover improves
the performance in natural draft dry cooling towers under crosswind
conditions. Goodarzi and Ramezanpour [17] testes various cooling
tower shapes and suggested that cooling towers with elliptical cross
section improves cooling efficiency in comparison to the traditional
circular cross-section. In a recent study. Kong et al. [18] proposed a
horizontally in line arranged fin tube bundles inside the dry cooling
tower and vertically in line configured bundles outside the tower and
numerically investigated it to show improvement in performance.

While a lot of focus has been placed on the system design and un-
derstanding the impacts of ambient conditions like wind, the air-side
fins configurations have been maintained the same as shown in Fig. 1(c)
in most of the current ACC designs. Air-cooling has many advantages in
comparison to liquid cooling in terms of reliability, cost, and operation.

However, the heat transfer rates when utilizing air-cooling are low
which limit their thermal performance and reduces the ACC perfor-
mance. A few common ways that can be used to increase the thermal
performance on the air-side are to enhance the surface area of heat
transfer, enhance local heat transfer coefficients by surface enhance-
ments, and increase flow rates of air. Many of these enhancement
techniques when increasing the heat transfer rates also increase the
pressure drops, and therefore, the pumping power requirements of the
air-cooled system. What this means to ACC systems is that higher power
fans are needed in the A-tents which impact the capital expenditure and
operating cost. In a recent study, Bustamante et al. [6] investigated how
some emerging heat transfer enhancement techniques can be used to
achieve high-efficiency levels approaching that of a water-cooled power
plant in air-cooled systems. Some of the ways include conventional fin
enhancement techniques [19], use of vortex generators [20], jet im-
pingement configurations [21,22], and use of external flows like elec-
trohydrodynamics (EHD) [23] and ultrasound [24]. Another way to
achieving high heat transfer while limiting the pressure drop is the use
of fluid manifolding architectures that have been utilized a lot recently
in liquid-cooling systems. Past few decades have seen researchers de-
signing manifolding architectures in different ways, which includes the
tree-like or fractal-based networks [25–27] or through the more prac-
tical manifolding architecture microchannels [28]. A 3D manifold de-
sign that will be used in this study is an adaptation of the original
concept by Ohadi et al. [29]. Fig. 2 shows a section of the air side of the
heat sink and illustrates how the flow moves through the channel: (1)
Cold air travels into the “converging” manifold and distributes from
entrance to the end of the manifold to the fin array underneath (blue
arrows). (2) Air travels down inside the fin array, 90° down. (3) As air
moves laterally through the dense fins (blue/red arrows), it heats up as
it moves along the base of the fin array. The air sees a large fin surface
area while only traveling short distances within the fin channels. (4)
Then, it makes a 90° turn upwards, out of the fin array (red arrows). (5)
The heated air exits out of the “diverging” manifold section (red ar-
rows). Such 3-dimensional fluidic routing leads to lower flow velocities
experienced by the fins that reduce the pressure drop, and the devel-
oping thermal-hydraulic nature of the flow increases the heat transfer
coefficients leading to higher heat exchanger performances. The main
advantage of this design to air-cooling in our system is that the heat
transfer enhancement can be archived without the need for micro-
channels which have significant pumping requirements. In recent work,
Arie et al. [30] tested dry heat exchangers that show up to 25% increase
in heat transfer density in comparison to a similar COP traditional heat
exchanger design.

In the current study, we will first experimentally investigate the
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Cold air travels into the “converging” manifold and distributes from entrance to the 
end of the manifold to the fin array underneath (blue arrows) 
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Air travels down inside the fin array, 90o down
As air moves laterally through the dense fins (blue/red arrows), it heats up as it 
moves along the base of the fin array. The air sees a large fin surface area while 
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Fig. 2. 3D manifold architecture designed to fit in the EVAPCO fins configuration.
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thermal-hydraulic performance of the air-side of a traditional Evapco
ACC. The traditional fins investigated in this study were provided by
Evapco, Inc. and are straight aluminum fins with height of 19 mm,
thickness of 0.3 mm, and pitch of 3 mm in a total flow volume that has a
length of 203.2 mm, height of 20 mm, and width of 101.6 mm as shown
in Fig. 3. These traditional ACC fins will be labeled as EVAPCO fins
throughout this study. The experimental data will be validated by
comparing them with reduced order modeling and computational fluid
dynamics (CFD) simulation results.

Then, we propose a novel 3D manifolding architecture heat sink
design, and conduct systematic CFD modeling in an attempt to improve
the performance metrics such as ACC size, footprint, weight, heat
transfer characteristic and pressure drop, compared to the Evapco ACC
heat sink design. The proposed 3D manifolding heat sinks take up the
same volume total as the traditional design with three fin heights,
h= 7.3, 11.3, and 15.3 mm, three fin pitches, p= 1, 1.5 and 3 mm, and
three fin angles, θ = 15, 30 and 45°, will be investigated computa-
tionally to perform a thorough design optimization. The schematics of
the manifold architecture depicting the parameters investigated for fin
heights, fin densities, and fin angles have been shown in Fig. 4(a), (b),
and (c), respectively. CFD investigation was also performed to see if
there are better performing fin densities of the EVAPCO fins with three
fin pitches, p = 1, 1.5 and 3 mm. CFD results will be used to estimate
the coefficient of performance (COP) of the 3D manifold fins and
compare with the traditional fin designs. Optimal designs will be re-
commended for ranges of working heat fluxes of ACC.

2. Experiment

To develop a baseline for this study, the EVAPCO fins were tested
experimentally to study the air-side thermal hydraulic performance.
The experiments were conducted by building a flow channel as shown
in Fig. 5(a) with air flowing into an inlet plenum for hydrodynamic flow
development, followed by the heated section with straight fins where
heat transfer and pressure drops are measured, and finally through an
exit plenum before exiting the flow channel. The heated section of the
channel used the straight fins with 0.3 mm thickness, 19 mm height,
and 3 mm width on a channel with a total length of 203.2 mm and a
total width of 101.6 mm as shown in Fig. 5(b). The back side of the fin
base was instrumented with 8 film-heaters, all connected in parallel
electrically, to simulate a uniform heat flux boundary condition as
shown in Fig. 5(c). T-type thermocouples were placed at three locations
along the centerline of the heated section to make wall temperature

measurements. Pressure drop was measured utilizing a differential
pressure gauge across the heated portion of the channel. Flow velocities
were measured at two locations in the test channel, one the inlet
plenum and another the exit plenum. The complete experiment as-
sembly is shown in Fig. 5(d). The operating conditions for the experi-
mental study are as follows: Air inlet temperature of
Tf,in = 19.3–20.3 °C, inlet velocity of 3.5–6 m/s, and average wall heat
flux of q = 1.9–10.2 kW/m2.

3. Computational model

In this study, CFD simulations will be performed on EVAPCO fins
and various 3D manifold architecture designs. Fig. 6(a) shows the
computational domain used in the simulations for the EVAPCO fins,
which indicates the unit-cell width and the total length of the flow
channel. Fig. 6(b) shows the computational domain used in the simu-
lations for the 3D manifold heat sink, which indicates the unit-cell
width of the manifold and the total length of the flow channel. In both
cases, a velocity inlet (ranging from 0.25 to 6 m/s) and a temperature
inlet condition (Tin = 313.15 K) were used as the inlet boundary
conditions, and a pressure outlet condition was applied as the outlet
boundary condition. For the EVAPCO fins CFD simulations, a constant
heat flux boundary condition (q″ = 1800–10200 W/m2) is applied
when the results were compared to the experimental data. For the rest
of the comparative study between the EVAPCO and proposed novel 3D
manifold, a constant temperature boundary condition is used on the
bottom wall to simulate the constant-temperature condensing water
vapor (Twall = 353.15 K). The symmetry boundary condition is used on
the side walls of both the domains. In both cases, the flow length is
extended at the exit of the domain to minimize any end effects due to
the outlet boundary conditions. The material for both configurations is
aluminum with conductivity, k = 202.4 W/mK. Commercial CFD
software, ANSYS FLUENT 17.0, was used to compute the continuity,
momentum, and energy conservation equations of the simulation do-
mains. The constitutive equations are as follows: continuity,

=u· 0, (1)

conservation of momentum,

= + +u u P µ u g( · ) ,2 (2)

and conservation of energy,

= +Cp u T k T µ( · ) ( ) . (3)

EVAPCO Geometry 3D Manifold Geometry

Dimensions 
(mm)

EVAPCO 3D 
Manifold

Total height 20 20

Channel height 19 19

Base thickness 1 1

Channel length 203.2 203.2

Total width 101.6 101.6

19 mm 
fin height

Hfin =7.3 mm fin height

3D-Manifold

Front View Front View

Fig. 3. A comparison between EVAPCO fins heat sink design and a configuration with 3D manifold architecture heat sink design.
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A pressure-based solver was used for these simulations. Pressure-
velocity coupling was achieved using the Semi-Implicit Method for
Pressure-Linked Equations (SIMPLE) algorithm. Gradient discretization
was done using the least-squares cell-based scheme, pressure dis-
cretization wad done using the second order scheme, momentum, and
energy discretization was done using the second upwind scheme. For all
test cases investigated in this study, Re ≤ 2000, so the laminar viscous
model was selected. Test cases at the high end of the Reynolds number

were verified by running the k-ε turbulence model and the results were
compared with the laminar viscous model. Simulations show that the
laminar viscous model was sufficient for all the test cases. ANSYS
Meshing was utilized to generate a mesh with conformal hexahedral
elements. Mesh independence was verified before selecting the final
mesh. A detailed discussion on the mesh independence study is in-
cluded in Appendix A. Because different computational domains are
being investigated, different mesh sizes were necessary for each

(a) (b) (c)

15.3 mm fin height

11.3 mm fin height

7.3 mm fin height

Hfin

Vin = 1 m/s

Vin = 1.51 m/s

Vin = 3.01 m/s

Fin/Manifold Height
• Constant overall height: 

20 mm
• Flow rates held constant

Fin Density
• Fin Pitches: 

3 mm, 1.5 mm, 1 mm
• 7.3 mm fin height

Fin Array Angle
• Fin array angles of 

15°, 30° and 45°
• Fin density x3

Hfin

Hfin

3 mm pitch

1.5 mm pitch

1 mm pitch

Manifold x1

Manifold x2

Manifold x3

Manifold x1

15°

30°

45°

Top View of fin arraySide View of Fin Array Side View of Fin Array

Fig. 4. (a) Side view of 3D manifold fin array showing three heights of manifold fins. (b) Side view of 3D manifold fin array showing three pitches of manifold fins. (c)
Top view of 3D manifold fin array showing three angles of manifold fins.

(a)

(c)

(b)

(d)

Pitot TubesFilm HeatersThermocouples

Fluid Inlet

Fins

Resistive Film 
Heaters

Fluid Outlet

19.3 mm
3 mm

Fig. 5. (a) CAD schematic of the wind tunnel experiment. (b) EVAPCO folded fins design with dimensions. (c) Heater design showing 8 film heaters spread across the
wall to achieve uniform heat flux and thermocouples assembly with thermocouples placed a three locations along the centreline. (d) Photo of the experimental setup.
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domain. In each case, the finest mesh for which the pressure drops
reached asymptotic values was used to calculate the results presented in
this study. CFD simulations used the following boundary conditions:
inlet temperature of Tf,in = 40 °C, wall temperature of Tb = 80 °C, and
inlet velocity based on the total cross-sectional area of the channel of
0.25–6.0 m/s. The inlet velocity for the manifold channel was estimated
based on the mass flow rate in the full cross-section of the channel
(20 mm in height) being restricted to the manifold channel cross-sec-
tion (height of the manifold).

4. Results and discussion

To validate the CFD simulations for the EVAPCO fins, the experi-
mental data for the wall temperature and the pressure drop across the
EVAPCO fins are compared with results from the reduced order model
and CFD simulations. For reduced order modeling, Nusselt number and
pressure drop were calculated based on correlations for rectangular
ducts provided in Shah and London [31]. Table 1 shows the correlations
used to calculate the two parameters at each axial location. In the re-
duced order model, the flow channel is sub-divided into Δz increments
and the heat transfer coefficient and pressure drop for each increment is
calculated starting from the upstream section to the downstream sec-
tion of the fins. On analysis, it was observed that 1000 subdivisions
were enough for a converged solution for both the heat transfer and
pressure drop variation. At each axial location, the wall temperatures
were computed by using a simple resistance model between the air
temperature and solid aluminum fins. A detailed description of this
approach can be found in Jung et al. [32].

(a)

Front view

Side (Section) View

Isometric View

Hch

Htot

Wch

Inlet

Extra flow volume for better 
pressure drop calculation  

Manifold Separator

Fin Array

Front view of the symmetric section of the 
3D manifold

Top view

(b)
Fig. 6. (a) Simulation domain for EVAPCO fins. (b) Simulation domain for 3D manifold design heat sink.

Table 1
Heat Transfer and pressure drop correlations for reduced-order model [30].

Heat Transfer Pressure Drop

=Nu 8.235(1 1.883z + 3.767 2

−5.814 3 + 5.361 4 2.0 5)
=P fGLc

D airz
2 h

h
2

where f is the fanning friction factor
= H W/c ch h Re < 2000

=fRe 24(1 1.3553 + 1.9467 2

1.7012 3 0.9564 4 0.2537 5)
2000 < Re < 20000

=f Re0.079 0.25

Re > 20000
=f Re0.046 0.2
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Fig. 7. EVAPCO fin design data based on CFD, reduced order model and ex-
periments: (a) temperature difference vs. base heat flux, and (b) pressure drop
vs. inlet velocity.
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Fig. 7(a) compares the temperature difference between the max-
imum temperature of the base and the inlet air temperature with the
heat flux. We can see that there is a reasonable agreement between the
experimental data, reduced order model and CFD simulations. The CFD
simulations do a better job at higher velocity of 6 m/s in comparison to
a velocity of 3.5 m/s, which can be attributed to the lower heat losses in
the higher flow rate test case. However, some variation from the ex-
periment is attributed to the irregularity in these EVAPCO fins that the
model and simulations cannot capture. The irregularity in fin structure
leads to the flow being more turbulent in the experiment, that will give
higher pressure drops and lower wall temperatures as observed.
Fig. 7(b) compares the pressure drop across the fins. Here, we can see
that the experimental data is underpredicted in both cases. A reason for
this behavior is the irregularity that we can see in the EVAPCO fins
shown in Fig. 5(b) that the model and simulations cannot capture.

To access the thermal-hydraulic performance of the different heat
sink designs, a COP was determined, which is expressed as,

=COP q
Q P

,
(4)

where q is the rate of heat transfer, Q is the volume flow rate, and ΔP is
the pressure drop across the fins. The COP gives us a measure of the
ratio of heat transfer to the work done across the fins. While keeping
thermal-fluidic boundary conditions and total volume of the heat sinks
constant, the three main parameters of interest, which will be discussed
in this study, are the input parameter, flow rate, and output parameters,
heat transfer rate and pressure drop. COP gives a good measure of the
combined effects of these parameters and was therefore, selected as the
choice for performance evaluation. Another parameter that will be used
to assess the performance of the heat sink is the effectiveness, which is
expressed as,

=
T T
T T

( )
( )

,f out f in

b avg f in

, ,

, , (5)

where Tf,out is the outlet air temperature, Tf,in is the inlet air tempera-
ture, and Tb,avg is the average temperature of the fin base. The effec-
tiveness is a measure of the utilization of the fluid for heat transfer. To
perform optimization on the manifold design, we change three mani-
fold heat sink parameters, namely, fin height (h = 7.3, 11.3 and

15.3 mm), fin density (p = 3 mm (Case x1), p = 1.5 mm (Case x2) and
p = 1 mm (Case x3)) and fin angle (θfin = 0°, 15°, 30° and 45°). Results
from each of these parametric studies will be discussed in detail in this
section and used to down-select fin configurations.

We start with the first parameter, fin height. While the total height
of the channel is kept constant at 20 mm, the height of the fins is varied
from 7.3–15.3 mm. Changes in fin height also change the height of the
manifold section because the total cross-section area is kept constant.
Fig. 8(a)-(c) compares the velocity contours obtained for the three cases
with fin heights h = 7.3, 11.3 and 15.3 mm where the flow rate Q was
held constant at 2.19 × 10−4 m3/s. The velocity contours show air
moving into the manifold channel, turning down into the fin channels

7.3 mm fin height 11.3 mm fin height 15.3 mm fin height

(a) (b) (c)

Vmax = 2.12 m/s Vmax = 3.14 m/s Vmax = 6.54 m/s

Fig. 8. Velocity contours obtained with a fixed flow rate of 2.19 × 10−4 m3/s for (a) fin height of 7.3 mm, (b) fin height of 11.3 mm, and (d) fin height of 15.3 mm.
[Color scales not the same for the three parts, corresponding maximum velocities stated.]

15.3 mm fin height11.3 mm fin height7.3 mm fin height

Hfin

Vin = 1 m/s Vin = 1.51 m/s Vin = 3.01 m/s

1000

10000

3100 3150 3200 3250 3300 3350

1 m/s, 4.2 Pa
Re = ~950

1.51 m/s, 8.6 Pa
Re = ~ 1450

3.01 m/s, 36.3 Pa
Re = ~ 2800 (smooth)

CO
P

Heat Flux (W/m2)

Ex) 4, 120.0

Inlet velocity      Pressure drop
(m/s) (Pa)

Case x3
Q = 2.19 x 10-4 m3/s

Fig. 9. COP vs. heat flux for three fin heights in straight (θfin = 0°) 3D manifold
design with fin pitch, p = 3 mm (Case ×1) and a fixed flow rate,
Q = 2.19 × 10−4 m3/s.
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section, crossing the fin section, and moving up into the manifold
section before exiting the heat sink. As can be seen in Fig. 8(a), the
transition of air to the fin channels is seen to be smoother for the
smallest height of the fin. As we see in Fig. 8(b) and (c), a larger height
of the fin shows extreme velocity gradients in the exit region. This
behavior is bound to impact the pressure drops across the channels
which potentially will reduce COP. Fig. 9 shows the variation of COP vs.
base heat flux for the three fin heights. The plot shows that fin heights
of 7.3 mm and 11.3 mm have similar heat fluxes, however, the COP of
7.3 mm fin is almost two times that of 11.3 mm fin which is related to
the increase in pressure drop in these channels. As expected, there is a
very sharp reduction in COP performance when we go to the fin height

of 15.3 mm. We can conclude from this that the 7.3 mm fins are optimal
to be further investigated. For all results discussed after this, we will
only use fins with a height of 7.3 mm.

The second parameter we investigate is the fin density and this was
done by varying the pitch of the fins: p = 3 mm (Case x1), p = 1.5 mm
(Case x2) and p = 1 mm (Case x3). Fig. 10(a) compares the results
obtained for COP vs. heat flux for inlet flow velocities 0.25–6 m/s. We
can see that a clear trend emerges where low fin density is optimal for
low velocities and high fin density is optimal for high velocities. Each
fin density has a region of optimal performance: x1 for q″ ≤ 1200 W/
m2, x2 for 1200 ≤ q″ ≤ 5500 W/m2, and x3 for q″ ≥ 7200 W/m2. This
trend can be explained by examining the relationship between fin

Fig. 10. For three fin pitches of the 3D manifold, (a) COP vs. heat flux and (b) pressure drop and effectiveness vs. heat flux.
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effectiveness and heat flux. Fig. 10(b) compares the pressure drops and
fin effectiveness for the three fin densities. Due to the increase in sur-
face area, the effectiveness of a given heat flux increases with fin
density. In particular, the effectiveness decreases much more rapidly for
the x1 case than for the x2 or x3 cases. The x1 case needs higher ve-
locities to reach a given heat flux, and thus, the pressure drop for a
given heat flux is larger than for the x2 or x3 cases. The rapidly de-
creasing effectiveness values and increasing pressure drop values for
the low fin density cases result in better performance for the higher
density fins at higher heat fluxes.

The third parameter we investigate is the fin angle. The top views of
the manifold channel describing how the fin angles θ are varied from 0°
to 45° in 15° intervals are depicted in Fig. 4(c). Fig. 11 compares the
results obtained for COP vs. heat flux for inlet flow velocities 0.25–6 m/
s and different fin angles of the manifold. The straight manifold x3 was
the highest performing overall at low heat fluxes but is overtaken by 30°
array due to the straight array’s higher pressure drops at high velocities
due to the sharp turn in air flow, and more rapidly decreasing effec-
tiveness. Angling the fins reduces pressure drop but also causes some
sections neat the inlet and outlet to not get enough air flow reducing
heat transfer. 30° fins were seen to give a good compromise between
these two competing effects, and therefore, this configuration provided
the best performance for higher heat fluxes. The 45° case suffers from

poor performance despite the lowest pressure drops which are a func-
tion of the easier flow transition through the manifold in comparison to
other angles. Overall, we can say that straight fins case performs well
for low heat fluxes, and 30° case performs better at high heat fluxes.

To get a full view of these optimization studies, we now compare the
performances for 8 different cases that we select based on the earlier
results: three EVAPCO fins with p = 3 mm (EVAPCO x1), p = 1.5 mm
(EVAPCO x2) and p = 1 mm (EVAPCO x3), three straight manifold
configurations with p = 3 mm (Manifold x1), p = 1.5 mm (Manifold
x2) and p = 1 mm (Manifold x3), and 30° angled manifold fins with
p = 1 mm (30° Manifold x3). Fig. 12(a) shows the COP vs. heat flux for
these eight cases. Table 2 shows the important input and output para-
meters from CFD simulations for some selected test configurations. We
can see that there is no one clear design or configuration that performs
best for the whole range of heat fluxes. The first region of interest
contains high COP values with corresponding lower heat flux values
obtained at relatively low flow rates and is shown in Fig. 12(b). At the
lowest flow rates, the straight manifolds outperform EVAPCO x1 unit.
The straight manifold x1 is the highest performing for q″ ≤ 1500 W/
m2. Above that heat flux, straight manifold x2 shows the best perfor-
mance for 1500 W/m2 < q″ ≤ 5500 W/m2. The second region of
interest contains moderate COP values. As seen in Fig. 12(a), here
geometry performance curves start to overlap, showing many different
high performing cases depending on heat flux, with EVAPCO x1 unit
maintaining very close to the highest or the highest COPs for most of
the range of 5500 W/m2 < q″ ≤ 8000 W/m2. The third region con-
tains low COP values with corresponding higher heat flux values ob-
tained at relatively high flow rates and is shown in Fig. 12(c). In this
section of the plot, the EVAPCO x1 unit originally has the highest COP
per heat flux but is overtaken at higher flow rates by the manifolds for
q″ > 8000 W/m2. The straight manifold x3 shows the best perfor-
mance for 8000 W/m2 < q″ ≤ 12000 W/m2. At the highest flow rates
with q″ > 12000 W/m2, the 30° manifold x3 outperforms the straight
manifold x3 unit. These results follow the trend seen in the earlier fin
density trials where high fin densities are suitable for higher heat fluxes
and low fin densities for lower heat fluxes. Another important para-
meter that impacts the cost and should be discussed is the material
utilization in each of these cases with EVAPCO and manifold fins.
Fig. 12(d) compares the percentage volume occupied by aluminum to
estimate the amount of material needed in each design. It can be seen
that straight manifold x1 and straight manifold x2 utilize lower mass of
aluminum in comparison to the EVAPCO x1 unit. As expected, higher
density fins increase the material utilization. In general, moving to
manifold heatsinks show there is an advantage of the lower material
unitization which will reduce initial capital investment and plant
footprint.

The findings of this study demonstrate that the existing design of the
ACC air-side heat sinks (EVAPCO fins) performs well over a specific
range of heat fluxes. However, by performing a series of optimizations,
we have shown that for a large range of heat fluxes, the innovative fin
array with 3D manifolding architecture can be used to replace the
EVAPCO heat sink and achieve better thermal-hydraulic performance.
It should be noted that optimization of the manifold design is not
complete because only a select few parameter variations were in-
vestigated in this study. A future study with more fin heights, fin
densities, and fin angles can be used to refine and improve the per-
formance achieved by the manifold heat sinks. Also, as no experimental
tests of the 3D manifold designs were conducted, future studies should
involve the full experimental validation of the CFD simulation results
obtained in this study.

5. Conclusions

In the current study, we investigated computationally the thermal-
hydraulic performance of the air-side of a traditional ACC heat sink
(EVAPCO fins) and developed 3D manifolding architecture heat sink

Fig. 11. COP vs. heat flux for four fin angles (θfin = 0°, 15°, 30° and 45°) in the
3D manifold with fin pitch fixed at 1 mm (Case x3). Inlet velocities varied from
0.25 to 6 m/s for all the fin angles.
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designs to replace the traditional heat sinks without significantly in-
creasing the ACC size and fan power consumption. A parametric in-
vestigation was performed to optimize the manifold design for a range
of flow and thermal conditions of the condenser. Key findings from the
study are as follows.

(1) EVAPCO heatsinks were tested experimentally and the data were
validated with CFD simulations and reduced order modeling. While
wall temperatures were predicted well, the pressure drop was un-
derpredicted in both cases.

(2) 3D manifold architectures provide special fluidic routing that leads
to lower pressure drop and higher heat transfer coefficients in
comparison to traditional heat sinks. 3D manifold heat sinks were
designed to have the same form factor as the EVAPCO heat sinks.

(3) The parametric investigation was performed with three fin heights
between 7.3 mm and 15.3 mm, three fin densities with fin pitches

3 mm, 1.5 mm, 1 mm, and four fin angles between 0° and 45°. A fin
height of 7.3 mm was seen to provide optimal COP performance.
For the fin densities, we saw a clear trend where low fin density is
optimal for low heat fluxes and high fin density is optimal for high
heat fluxes. Between the fin angles, we saw that straight fins with 0°
angle performed better for low heat fluxes and fins with 30° angle
performed better for high heat fluxes.

(4) It is seen that there is not one single optimal design, and the heat
sink performances are a strong function of the operating heat flux.
Different fin configurations provide regions of optimal perfor-
mance: Straight manifold with fin pitch of 3 mm for q″ ≤ 1500 W/
m2, straight manifold with fin pitch of 1.5 mm for
1500 < q″ ≤ 5500 W/m2, EVAPCO fins with fin pitch of 3 mm for
5500 < q″ ≤ 8000 W/m2, straight manifold with fin pitch of 1 mm
for 8000 < q″ ≤ 12000 W/m2, and 30° manifold with fin pitch of
1 mm for q″ > 12000 W/m2.
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(5) Results show that different manifold designs offer improved COP
over EVAPCO fins over a large range of operating heat fluxes while
also requiring significantly less fin array materials, making them an
alternative for ACC systems.
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Appendix A. Mesh independence study

To confirm that the CFD simulation results are accurate, a mesh independence study was conducted for the different computational domains
including the EVAPCO fins and the manifold fins. A combination mesh including tetrahedral dominant cells, surface topology mapping cells, and
finer cell sizes at the wall boundaries was implemented to accurately resolve the heat transfer and pressure drop in the computational domain.
Because multiple computational domains were generated in this study based on the fin parameters, every domain was verified separately before
finalizing the results. Here we will discuss results for two of the cases investigated in this study, one with the EVAPCO x1 fins (p = 3 mm) and other
with the straight manifold x1 fins (p = 3 mm). For the EVAPCO x1 fins, Fig. A1(a) shows the mesh sizes tested for a case of inlet velocity of 6 m/s,
and Fig. A1(b) shows the pressure change with the mesh size. Results show that for the highest velocity case tested here, the pressure has reached
asymptotic value and therefore, the results are mesh independent. The computational domain for the manifold heat sinks is a little bit more involved,
and the mesh independence for this domain is shown in Fig. A2(a)-(d). Fig. A2(a) shows the result for a velocity contour moving along the manifold
to explain how the flow moves across the manifold channel from the inlet to the exit. Fig. A2(b) shows the mesh sizes tested for a case of inlet
velocity of 6 m/s in the manifold heat sink. As seen in Fig. A2(c), an important difference that was observed in the velocity results was the
development of flow “dead” zones in the coarse mesh which showed that the flow was not continuous and may not be converged. On the other hand,
the fine mesh showed a continuous flow through the manifold fins. Fig. A2(d) shows the pressure change with the mesh size for the three mesh sizes
tested on the manifold. Results show that for the highest velocity case tested here, the pressure has reached asymptotic value and therefore, the
results are mesh independent. For all the results discussed in this study, the finest mesh that showed asymptotic values for pressure drop was selected
for calculating the final parameters.

Table 2
Important input and output parameters from CFD simulations for selected test configurations.

Case Vin

(m/s)
Q
(m3/s)

Tout

(K)
q″
(W/m2)

q(W) ΔP
(Pa)

COP h
(W/m2K)

ε

Manifold x1 0.25 5.48E−05 352.09 635.26 2.69 0.33 149234.62 15.88 0.9735
0.95 2.08E−04 349.16 2263.21 9.57 3.15 14599.97 56.58 0.9002
2.5 5.48E−04 344.47 5265.15 22.27 18.68 2176.06 131.63 0.782975
4 8.77E−04 342.42 7615.23 32.21 45.12 814.50 190.38 0.7318
6 1.32E−03 339.43 10198.40 43.14 100.60 326.14 254.96 0.657

EVAPCO x1 0.25 1.28E−05 353.15 1128.56 0.69 2.24 23924.93 28.21 1
1 5.13E−05 352.30 4091.18 2.49 9.66 5028.75 102.28 0.97865
2.5 1.28E−04 346.72 8326.04 5.07 26.64 1484.15 208.15 0.839225
4 2.05E−04 342.13 10986.70 6.69 45.91 710.17 274.67 0.72455
5.5 2.82E−04 338.90 12922.60 7.87 66.54 419.21 323.07 0.64375

Manifold x2 0.25 5.36E−05 353.13 639.69 2.71 0.44 114703.08 63.65 0.9995
1 2.14E−04 353.01 2545.98 10.77 3.77 13323.08 63.65 0.996425
2 4.29E−04 352.38 4978.84 21.06 12.51 3930.69 124.47 0.98065
4 8.57E−04 350.14 9233.28 39.06 46.01 990.63 230.83 0.9248
5 1.07E−03 349.18 11122.80 47.05 69.04 636.24 278.07 0.9007

EVAPCO x2 0.25 5.70E−06 353.15 1115.13 0.34 8.47 7030.80 27.88 1
2.5 5.70E−05 353.09 9271.18 2.82 89.15 555.57 231.78 0.9985
4 9.12E−05 352.61 14578.10 4.44 146.75 331.69 364.45 0.986475
5.5 1.25E−04 351.59 19417.30 5.91 205.60 229.33 485.43 0.961

Manifold x3 0.25 5.36E−05 353.05 625.18 2.64 0.81 60539.71 15.63 0.997475
2.5 5.36E−04 352.55 6217.50 26.26 21.12 2322.21 155.44 0.9849
4 8.57E−04 352.02 9806.42 41.42 46.08 1049.08 245.16 0.9718
5.5 1.18E−03 351.17 13169.00 55.63 84.69 557.43 329.22 0.950575

EVAPCO x3 0.25 3.33E−06 353.15 1090.47 0.22 24.48 2719.57 27.26 1
2.5 3.33E−05 353.15 8158.29 1.66 249.98 199.25 203.96 1
4 5.32E−05 353.14 12976.50 2.63 405.39 122.14 324.41 0.999825
5.5 7.32E−05 353.10 17788.50 3.61 565.74 87.26 444.71 0.9988

30°Manifold x3 0.25 5.36E−05 353.14 624.12 2.64 1.13 43457.48 98.16 0.999625
2 4.28E−04 352.59 4987.85 21.10 14.62 3367.49 656.04 0.986075
4 8.57E−04 351.80 9859.80 41.71 40.63 1197.94 1178.42 0.966325
6 1.29E−03 350.33 14508.10 61.37 77.04 619.72 1589.58 0.929475
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Fig. A2. (a) Two views showing a velocity streamline moving along the 3D manifold channel. (b) Velocity contours showing dead zone predictions for coarse mesh
simulations. (C) Mesh sizes for the 3D manifold domain tested in this study, (d) Pressure drop predictions with mesh size.
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Fig. A1. (a) Mesh sizes used for the computational domain for EVAPCO fins. (b) Pressure drop predictions with mesh size.

C.R. Kharangate, et al. Applied Thermal Engineering 167 (2020) 114700

12



Appendix B. Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.applthermaleng.2019.114700.
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