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This paper presents the effect of heat exchanger design on heat pump performance based on partial
load operating conditions. 3-D numerical analysis was conducted to calculate face velocity profiles for
each outdoor heat exchanger design (rectangular, cylindrical, and trapezoidal) in 10 different operating
conditions. Heat exchanger circuits were modified considering heat exchanger face velocity distributions,
and seasonal heat pump performances were calculated with modified heat exchanger design. The maxi-
mum seasonal performance enhancement of 7.07% was achieved with a modified heat exchanger design.
Air-side flow maldistribution could affect significantly refrigerant path design and heat exchanger perfor-

CFD mance as well as system performance. The analysis results also revealed that smaller refrigerant circuits

Face velocity profile
Heat pump
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at the upper part of the heat exchanger interacting with higher air velocity could further enhance the
annual system performance.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Energy and environmental issues are critical problems due to
rapid increases in energy systems around the world. The Interna-
tional Energy Agency has reported that energy systems such as
air conditioning and heat pump systems account for almost 700
million metric tons of CO, equivalent direct (7%-19%) and indirect
emissions (74%) per year, which is responsible for global warming
and ozone depletion. Direct emissions can be reduced by introduc-
ing low global warming potential (GWP) refrigerants, and indirect
emissions can be controlled using a more efficient system [1].

The finned tube heat exchanger is widely used as a condenser
or evaporator of heat pump systems, and it is one of the most im-
portant components of the systems and plays a significant role in
the system size and performance. Therefore, it is important to de-
sign more efficient, lightweight, cost-effective, and low power con-
suming finned tube heat exchangers [2,3].

Heat exchanger performance degradations are associated with
maldistribution of refrigerant and face air velocity distribution, par-
ticularly for downstream rows as airflow velocity decreases signif-
icantly on the lower side [4]. Although it is difficult to measure
the air velocity profile experimentally [5], it strongly influences
heat exchanger performance [G]. Non-uniform flow distribution has
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many disadvantages: produces wake in flow [7], changes flow pat-
tern [8], decreases overall heat transfer coefficient [9], and reduces
system capacity [10]. Consequently, it also increases pressure drop
[11] across the heat exchanger hence increases required pump-
ing power [12-15]. Performance deterioration due to non-uniform
flow is not limited to finned tube heat exchangers with louver fins
[9] and plate fins [16,17], but also occurs in concentric tube [14],
and microchannel condensers of automotive air conditioning sys-
tems [18]. These examples highlighted the problem of non-uniform
flow distribution in different applications. However, these studies
are limited to rated load conditions for specific heat exchanger de-
sign. No study has been found in literature that covers face velocity
distribution for outdoor heat exchanger under partial load operat-
ing conditions. Therefore, it is important to evaluate face velocity
profiles under off-design condition.

Many techniques have been used by researchers to improve
flow distribution uniformity. Recently Saeed and Kim [19] proposed
to replace the zigzag pathway for printed circuit heat exchanger by
smooth sinusoidal path to reduce non-uniformity and hence im-
prove performance. Similarly, employing V- rather than A-shaped
air-cooled condensers [20], adjusting condenser coil included angle
[21], inclining heat exchanger relative to fan or increasing plenum
depth [22], optimized header design [23], and triangular-shaped
air guide plates [24] can also improve uniformity and hence en-
hance heat exchanger performance. Although proposed modifica-
tions in literature are effective but limited to heat exchanger coil
adjustment with respect to flow velocity. However, airflow profiles
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Nomenclature

A surface area, m?

Gy specific heat capacity, kJ/kg

cop coefficient of performance

EER energy efficiency ratio

£ heat exchanger effectiveness

elbu required capacity of an electric backup heater, kW
F; fraction of total refrigerant mass flow rate flowing

through it" circuit

G;i refrigerant mass flux for it circuitry branch, kg/m?s

h heat transfer coefficient, W/m2K

H the number of hours the unit is considered to work
in

Hee equivalent cooling hours

Kp thermal conductivity of the tube, W/m K

m mass flow rate, kg/s

Pr Prandtl number

P the electricity consumption, kW

Pyesign,c  full load electricity consumption, kW

Q heat transfer rate or reference annual demand, kW
or kWh

R flow resistance offered by a given branch leaving a
split

SEER seasonal energy efficiency ratio

scor seasonal coefficient of performance

TOL Temperature operating limit

temperature,°C or K

corresponding temperature or bin temperature, K
overall heat transfer coefficient or turbulent veloc-
ity, W/m2K or m/s

Umax maximum velocity, m/s

oot Bas

Xp thickness of the tube wall, m
Greek symbols

0] fin efficiency

w humidity ratio, (kgw/kg dry)
o ifgw (wa — ow)[(Cpa(Ta-Tw))
nw dynamic viscosity, Ns/m?2
Subscript

a air-side

c cooling

CK crankcase heater mode

f fin

h heating

i inner side of the tube, inlet or ith
j the bin number

l liquid or latent

m mean

max maximum

n the amount of bins

0 outer side of the tube

OFF OFF mode

r refrigerant side

SB standby mode

t tube

TO thermostat off mode

w wall tube or water

changes with outdoor operating condition. Hence, it is necessary to
modify the shape of the heat exchanger rather than inclining coils
in order to reduce non-uniformity in each operating condition.
Maldistribution of airflow distribution causes uneven refrigerant
mass flow which further deteriorates heat exchanger performance.

Assuming uniform refrigerant or airflow is not recommended for
most numerical models or optimization techniques as it has a sig-
nificant effect on system performance results [25-29]. There are
n! possible circuits for a heat exchanger with n tubes [30] and
the connections can be W-, U-, or Z-shaped. A more uniform tem-
perature distribution has been achieved with Z-shaped connec-
tions where the concentrated mass flow area interacted with high-
temperature zones [31]. Although this improves heat transfer per-
formance, the pumping power requirements also increase due to
longer circuits. Therefore, smaller refrigerant circuits are required
to reduce pumping power without compromising on heat transfer
in any operating conditions.

The literature review suggests that various techniques have
been developed in the past to improve air and refrigerant flow
uniformity for system performance enhancement. However, these
techniques are limited to specific designs under rated load con-
ditions which results in high energy consumption throughout
the year, especially in non-peak operating conditions. The heat
pump performance analysis based on partial load operating con-
ditions has not been carried out in literature to the best of
the author’s knowledge. Therefore, the present study proposes
an energy-efficient heat pump system under partial load op-
erating conditions. Cycle simulation is performed for 3 differ-
ent outdoor heat exchanger configurations. Face velocity pro-
files have been calculated using computational fluid dynamics
for 10 different cooling/heating conditions and used as an in-
put to the cycle simulation. The thermo-hydraulic performance
of the heat pump system is evaluated in terms of seasonal en-
ergy efficiency ratio (SEER) and seasonal coefficient of performance
(SCoP).

2. Methodology
2.1. System description

Fig. 1 shows the heat pump system considered in this study
comprised of four basic components: compressor, indoor heat
exchanger, expansion device, and outdoor heat exchanger. Out-
door and indoor heat exchangers are both finned tube heat ex-
changers comprising a bundle of tubes connected in different
patterns through which refrigerant flows. Each tube is a sin-
gle tube cross-flow heat exchanger subjected to a specific por-
tion of airflow. Three outdoor unit heat exchanger shapes were
investigated: rectangular, cylindrical, and trapezoid as shown in
Fig. 2. All other geometric and operating parameters were kept
constant for each design. Table 1 shows the simple system
specifications.

2.2. CFD modeling

Several models have been proposed in the past to predict air-
flow based on the assumption of uniform distribution which can
lead to significantly inaccurate results [32]. Domanski and Yashar
[33] emphasized finding the non-uniform flow distribution to eval-
uate finned tube heat exchanger performance.

Fig. 2 shows the three heat exchanger shapes considered in the
current study. Each heat exchanger consists of 180 staggered tube
arrays with louvered wide fins. Solving the flow profile through
the heat exchanger directly with any finite arithmetic is time-
consuming and requires prohibitively high computational efforts.
Therefore, the current heat exchanger has been modeled as a
porous medium which is numerically an efficient way to calculate
the face velocity profiles for an outdoor unit heat exchanger [34].
It reduces simulation complexities and time requirements without
compromising on the accuracy of the results. A porous medium ap-
proach is used in a variety of applications such as tube banks, per-
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Fig. 1. Simplified system description.
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Fig. 2. Heat exchanger configurations (a) rectangular, (b) cylindrical and (c) trapezoidal.

Table 1

System specifications.
Item Specification
Refrigerant/oil R410A/POE
Compressor Scroll compressor

Indoor heat exchanger
Outdoor heat exchanger
Expansion device

Tube diameter ¢ = 7.0 mm, 3 rows, 56 steps, 168 tubes, 1040 mm total length
Tube diameter ¢ = 7.0 mm, 3 rows, 60 steps, 180 tubes, 1720 mm total length
Capillary (¢ = 4.76 mm, total length = 240 mm)

Fin type and pitch (Indoor/outdoor)  Slit 1.5 mm/Louver 1.7 mm

forated plates, filter papers and flow distributors [35]. An and Kim
[36] used a simple porous medium approach to calculate face ve-
locity distribution of the cross flow heat exchanger with test data
for velocity and pressure-drop.

Fig. 3 shows a simple outdoor unit and corresponding compu-
tational domain for the heat exchanger and fluid flow zones.

We then solved the governing equations for three dimensional
(3-D) steady incompressible flow using the CFD code [35]: mass

conservation,

ap
W-FV(,Oﬁ)—O,

and momentum conservation,

%(,017) + V. (pil) = -Vp+ V- (T) + pg+F.

(1)

(2)
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Air Inlet

Fluid domain

Heat exchanger

Fig. 3. Simplified outdoor unit with discretized porous medium and fluid flow zones.

where p is static pressure, v is velocity, p is density, pg and F are
gravitational and external body forces, respectively, including the
source term for porous media; and T is the stress tensor,

?:u[(vm WT)—év.m 3)

where u is the molecular viscosity, and I is the unit tensor.

The standard k-& turbulence model was utilized to resolving
turbulence in the fluid domain, the simplest two-equation turbu-
lence model in which the solution of two separate transport equa-
tions allows turbulent velocity and length scales to be indepen-
dently determined,

%(pK) +div(pKU) = div[(ﬂ ) grad 1<} + 2085 — pe.

Ok
(4)

where K is the turbulent kinetic energy, U is the turbulent veloc-
ity, ut is eddy viscosity, S;; represents a component of the rate of
deformation.

Thus, the dissipation rate for turbulent kinetic energy e can be
expressed as

d .
3t (pe) +div(peU)
T e £ g2
= CllVI:(O_—é3 )grad 8] + C15K2/,Ltsusu - CZE)OY, (5)
and turbulent eddy viscosity is derived by combining K and e,
K2
M= pCu-—. (6)

where C,, is a dimensionless constant. For turbulent flows, the fol-
lowing values [37] were adopted for the constants: C;, = 1.44,
Cpe = 192, Cy = 0.09, 0y = 1, and o, = 1.30.

Reynolds stresses were calculated from the Boussinesq relation-
ship [38],

— oU;  dU; 2 2
—pugu; = Mt(a_x;- + 8_x,1> - §,0k5ij =204S;j — §Pk3ij- (7)

The flow was assumed laminar in the porous medium and the
standard k-¢ turbulence model was used to resolve turbulence in

i [ [ [ [
1 |—®— Present work

60 +— -@- - Experiment (An and Kim, 2018) /
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Fig. 4. CFD model validation using An and Kim [36] test data.

fluid flow zones. Upstream and downstream boundaries were kept
sufficiently far from the heat exchanger, and no-slip conditions
prescribed at the solid wall. Domain elements were optimized for
accurate and computationally efficient modeling.

Table 2 compares the results obtained from different number of
grids. Pressure drops approximately 4.43% from Mesh 2 to Mesh 3.
Further grid refinement reduced this difference to approximately
1.31%. Similar results were found for face velocity. Thus, Mesh 3
was selected for optimal accuracy and computational efficiency.
Fig. 3 shows the discretized heat exchanger and fluid flow do-
mains. We created a hexahedral mesh for the porous media do-
main (heat exchanger), and the fluid flow zone has meshed with
fine tetrahedral elements. Numerical results were compared with
the published data by An and Kim [36]. Fig. 4 shows pressure drop
with respect to inlet velocity, confirming that numerical results
were in good agreement with experimental results, within 2.14%
even at higher velocities.
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Table 2
Grid independency test.

Mesh Number of grids  Face velocity difference (%)  Pressure drop difference (%)  CPU time per iteration (s)
Mesh 1 815,611 6.1 7.12 74

Mesh 2 1,552,816 3.8 4.43 122

Mesh 3 1,822,544 2.4 1.31 169

Mesh 4 2,286,923 2.4 1.31 232

2.3. Heat transfer calculations

The finned tube heat exchanger model can be solved through
tube by tube or section by section methods [39]. The current pro-
gram uses the tube by tube method, where outlets from the first
tube are considered as inputs to the second tube, etc. Parametric
tube details; inlet conditions, properties, and mass flow rates for
air and refrigerant are known parameters and provide input for the
first tube. Heat transfer from air to refrigerant can be expressed as

Qq = MaCpq (Toi — Ty)e, (8)

where Qq is the air-side heat transfer rate, mq is the air mass flow
rate, Cyq is the specific heat of the air, Ty; is the airside inlet tem-
perature, T,; is the refrigerant side inlet temperature, ¢ is the heat
exchanger effectiveness.

The overall heat transfer coefficient U is the sum of five serial
resistances: convective air resistance, conductive resistance as heat
transferred through the tube wall, contact resistance through water
layer in case of wet conditions, a contact resistance between out-
side tube wall and fin collar, convective resistance of the refriger-
ant. If there is a water layer on the fin and tube surface, then con-
duction resistance through that water layer will also be involved,

-1

Ay AXp l+ Ao 1
hiApi ~ ApmKp ~ hy * Apohpg ho(1+a)(1—§—f(1—¢))

(9)

where U is the overall heat transfer coefficient, A, is outside sur-
face area exposed to air, Ay is fin surface area, Ay is tube inside
surface area, Ay, is mean surface area, Ap, is tube outside surface
area, h; is inside tube heat transfer coefficient, hy thermal con-
ductance of the pipe-to-fin contact, h; is convection heat transfer
coefficient through water layer, h, is convection heat transfer co-
efficient on air-side, Xp is tube thickness, Kp is tube thermal con-

- Trm-To
ductivity, and ¢ = {72,

U=

T Ta fin efficiency, T, is air temperature, Tgy
is fin mean temperature, and Tg, is fin base temperature.

After calculating U from Eq. (9), tube wall and fin’s surface tem-
peratures can be calculated using heat transfer resistances. Finned
tube heat exchangers can have several numbers of circuits, so the
total mass flow rate of refrigerant will be divided among the cir-
cuits such that total pressure drop across the heat exchanger re-
mains the same. Thus, the fraction of refrigerant through each cir-
cuit can be expressed as Eq. (10) [39]

i 1
fi= nglt Tl 0571 (10)
Y (RyRy)”
Jj=first

where R; = AP,/AG;"" is total refrigerant flowing through the i-
th circuit, R; = AP;/AG;'"is total flow resistance for all branches
splitting from that point. The first iteration loop estimates R;. Re-
sistance in each tube is assumed to be the same regardless of flow
quality. Therefore, initial R; depends on the number of refrigerant

circuits and their paths. Subsequent iterations update R; and F; val-
ues. Iteration continues until the pressure drop across each circuit
becomes uniform.

Heat transfer and pressure drop correlations for different fin
types have been widely disseminated previously. Thus, friction fac-
tor f and colburn j factor equations for the current fin-type under
consideration can be expressed as Eqgs. (11) and (12) respectively
[40].

2Anmin AP
IOAiurnax2

f= (11)
Where A, is the minimum flow area, A; its surface area ex-
posed to air, p is the air density and upaxis the maximum velocity.

. nshePr??

= 12
PUmaxCp, (12)

where nsis the surface efficiency, he, is convection heat transfer
coefficient at the exterior surface, Pr is the Prandtl number, Cp,is
the specific heat capacity of air-side.

2.4. Energy efficiency ratio and coefficient of performance

The basic vapor compression cycle was implemented in the cy-
cle simulation program [41] to calculate EER or COP for cooling
and heating modes respectively. It included indoor and outdoor
unit finned tube heat exchanger models that act as condensers or
evaporators depending on the operating mode. Finned tube heat
exchangers are the main components of the cycle, and are solved
using the tube-by-tube method. Non-uniform air flow velocity dis-
tribution was used as an input to the heat exchanger along with
other parameters given in Table 1. Each tube is a single tube cross
flow heat exchanger subjected to a specific amount of air flow.
Once heat exchanger capacity and evaporator or condenser outlet
conditions are evaluated, the refrigerant saturation temperatures
are used to solve the thermodynamic cycle. The software uses a
built-in compressor map data for the selected type of compressor
which adjusts refrigerant flow rate and compressor power. Com-
pressor isentropic efficiency and volume flow rate were calculated
for the specified saturation temperatures at compressor inlet and
outlet. Energy efficiency ratio or coefficient of performance is cal-
culated using heat exchanger capacity divided by total power in-
put, including the power required by fan of the corresponding heat
exchanger.

2.5. Seasonal energy efficiency ratio and seasonal coefficient of
performance

Heat pumps are generally designed for a peak load condition,
however this is not an ideal or efficient way to design heat pump,
as the system will only operate at these conditions 1-2.5% per year
[42]. Therefore, SEER and SCOP are expressions for how efficient a
specific heat pump can operate under cooling and heating demand
and it is necessary to design heat exchangers based on SEER and
SCOP. The actual weighting factor of the partial load operating con-
dition is difficult to determine as it depends on the application and



Table 3
Seasonal cooling operating conditions.
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Operating mode  Outdoor DB/WB temperature (°C)

Indoor DB/WB temperature (°C)

Air flow rate (m®/min)  Average face velocity(m/s)  Partial load ratio (%)

EER A 3524 27/19
EER B 30/26 27/19
EER C 25/22 27/19
EER D 20/18 27/19

182 14 100
135 1 74
112 0.9 47
65 0.5 21

Notes: DB = dry bulb, WB = wet bulb

Table 4
Seasonal heating operating conditions.

Operating mode Outdoor DB/WB temperature (°C)

Indoor DB/WB temperature (°C)

Air flow rate (m3/min)  Average face velocity (m/s) Part load ratio (%)

COP A -7/-8 20/15
COP B 2/1 20/15
COP C 716 20/15
COP D 12/11 20/15
TOL -10/-11 20/15
Heating Standard 7/6 20/15

149 1.1 88
135 1.0 54
86 0.7 35
65 0.5 15
182 1.4 -
182 1.4 -

Notes: TOL = Temperature operating limit.

Compressor map data

Expansion device

Calculating EER/COP
using Cycle simulation [

Software

i CFD Modelling

Uniform Air flow
velocity distribution

Generate geometry

Indoor unit

Heat exchanger

Calculating SEER/SCOP
analytically

Results

Outdoor unit

Heat exchanger

i !
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i :
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|
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Fig. 5. Simulation model flow chart.

environmental conditions of the AC and heat pump system which
can be expressed as Eqs. (13)-(18).

Qc
ﬁ + Hro x Pro + Hsg x Psg + He x Peg + Horr % Porr’
(13)

SEER =

where H is the number of hours in a year the heat pump is
in stated operating mode (thermostat off mode, standby mode,
crankcase heater mode, and off mode) and P is the energy con-
sumption of the heat pump in corresponding mode. Q. is defined
as the reference annual cooling demand (kWh) and is expressed as
Eq. (14).

Q= Pdesign—c X Hee, (14)

where Fyegign_c is the energy consumption in design operating
mode, and H¢ is the number of annual operating hours. By ac-
cumulating cooling demand and electricity consumption for each
temperature, SEER,, can be calculated as the accumulated electric-
ity consumption divided by the accumulated cooling demand as
given by Eq. (15).

3 h;.Pe(T))

pE)

n
>h
j=1
where T; is the bin temperature, j is the bin number, n is the
amount of bins, Pc(T;)is the cooling demand of the building for the
corresponding temperature Tj, h; is the number of bin hours occur-
ring at the corresponding temperature T;, and EERp (T;) is the EER

SEERy, = (15)

Pe(Ty)
EERp (T;)

j-
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Fig. 7. Velocity contours for the three considered geometries.
values of the unit for the corresponding temperature T;. Similarly, n h: Ph(T))
SCOP for heating case can be evaluated using Eqs. (16)—(18). ; I J
j=1
SCOPon = Ph(T,)—elbu(T;) (18)
-\ _elbu(T;
N > . ("G + elbu(T))
XOP =y Hp x Psg + Hex x Pex + Horr x P i
scon, + Hro x Pro+ Hsp x Psg + Hex x e + Horr x Porr where Ph(T;)is the heating demand of the building for the corre-
(16)  sponding temperature T;, COPp(T;) is the COP values of the unit
for the corresponding temperature Tj, and elbu(T;) is the required
where capacity of an electric backup heater for the corresponding tem-
perature T;.
Alternatively, few standards are used nowadays, for better de-
Qi = Piesign_h * He. (17) termination of the reflecting time of each load condition. One such

method adopted in the current study is to utilize the weighting
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factors of the European standard EN14825 [43] to calculate the av- T T T T T T T T T T

erage heat exchanger performance as given in Eqs. (19) and (20) for 3.04 — LER(A)
cooling and heating standards. —— EER(B)
—— EER(C
SEER = 0.03A + 0.33B + 0.41C + 0.23D (19) 25 i
= —— COP(A)
SCOP = 0.03A+ 0.24B +0.23C + 0.5D (20) -
g 2.0
where A, B, C, and D represent EER/COP under 100%, 75%, 50%, g
and 25% load conditions for cooling mode and 100%, 84%, 51%, 3 1
and 33% load conditions for heating mode respectively. European = 154
standard EN14825 provides calculations method to evaluate the <

seasonal energy efficiency ratio (SEER) and seasonal coefficient of
performance (SCOP). It specifies the outdoor and indoor operat- 1.0 4
ing conditions. The weighting coefficients are also fixed in ac-

cordance to the time of operating mode. Outdoor dry and wet

bulb temperatures for four cooling cases during summer are 35/24, 0.5+
30/26, 25/22, and 20/18 °C with comfortable indoor temperatures -—
27/19 °C. Corresponding winter temperatures for heating mode are 10 20 30 40 50
-7/-8, 2/1, 7/6 and 12/11 °C with comfortable indoor temperatures
25/15 °C. Detail operating conditions are given in Tables 3 and 4.

Data points along heat exchanger height

Fig. 5 shows the simulation flow chart to help clarify the numerical Fig. 8. Rectangular geometry airflow distribution.
methodology.
T T T T T g T j 1
3. Results and discussion 2.5 1 —— LIR(A)
—— EER(B)
3.1. Model validation T EER(C)
—— EER(D)
. . 2.0+ —— COP(A)
Simulation results for EER and COP under rated as well as par- —— COP(B)
tial load operating conditions for the rectangular geometry have
been compared with the available experimental data [44] as shown

in Fig. 6. Numerical results were found to be in good agreement
with experimental data having maximum percentage difference of
2.23% for EER and 1.97% for COP, respectively.

0 \\
3.2. Air flow velocity contours

Eight cases were studied in total with condition EER(A) as the

Air flow (m/s)

base case with rated volume flow 182 m3/min. Fig. 7(a)-(c) show 0.5+

velocity contours for the considered outdoor unit heat exchanger . ' ' ' ‘
shapes. Velocity contours fo.r the rectangular geometry are qu.ite 1'0 2'0 3'0 4'0 5'0
densely packed along the height of heat exchanger, whereas cylin- ) )
drical geometry contours are widely spread and trapezoidal geom- Data points along heat exchanger height

etry lies between the two extremes. Wider spread velocity con-
tours imply a more favorable velocity distribution due to smoother
surface. Rectangular geometry has sharp 90° bends that cause flow
separation and increase flow non-uniformity. Trapezoidal geometry
bends are 110°, reducing separation and increasing flow uniformity.

Enlarged views in Fig. 7 indicate that airflow velocity suddenly
drops to zero at the upper and lower ends for each geometry due
to the heat exchanger ceiling, consistent with Lee et al. [21].

Fig. 9. Cylindrical geometry airflow distribution.

3.3. Face velocity profiles

Figs. 8-10 compare face airflow velocity distributions for each
considered heat exchanger, respectively, where flow maps were
generated from data sets compiled for sixty points along the height
of each heat exchanger.

Fig. 8 shows the airflow velocity distribution for rectangular
geometry under different seasonal conditions. Airflow velocity is
quite non-uniform on the heat exchanger surface. The upper por-
tion interacted with more air volume leading to higher air velocity
decreasing gradually towards the lower part of the heat exchanger. y T g T g T T T y T
This flow profile is consistent with Lee et al. [21] for multi-coil 10 20 30 40 50
condenser. The gradual reduction in airflow velocity from top to Data points along heat exchanger height

bottom occurs due to the suction fan installed at the top of the
heat exchanger Fig. 10. Trapezoidal geometry airflow distribution.

Air flow (m/s)
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Figs. 9 and 10 confirm that flow velocity distributions for cylin-
drical and trapezoidal geometries are more uniformly distributed
compared to the rectangular geometry. This is because the cylindri-
cal geometry has a smooth surface without abrupt bends, whereas
trapezoidal geometry bends are less sharp than for the rectangular
geometry.

Thus, velocity distribution is strongly affected by heat ex-
changer geometry, air filter blockage, fan position, etc. The results
also suggest that outdoor air volume has a significant effect on
velocity distribution, where increased outdoor air volume will in-
crease flow distribution non-uniformity and vice versa.

Fig. 11(a) compares face velocity variation in terms of factors
for rectangular, cylindrical and trapezoidal geometries under cool-
ing conditions. The factor is defined as maximum face velocity di-
vided by minimum value [45]. Face velocity variations from top
to bottom for rectangular, cylindrical, and trapezoidal geometries
were factor of 2.58 (3.02/1.17), 1.37 (1.98/1.44), and 1.68 (1.45/0.86)
m/s under condition EER(A). Factors for other conditions were 2.44,
2.36, and 2.12; 1.35, 1.34, and 1.28; and 1.63, 1.61, and 1.46 for
EER(B), EER(C) and EER(D) conditions for rectangular, cylindrical,

and trapezoidal geometries, respectively. Higher factors imply more
non-uniform flow. Cylindrical geometry exhibits the lowest varia-
tion under all cooling conditions compared with rectangular and
trapezoidal geometries, hence it has the least flow non-uniformity,
due to surface smoothness.

Fig. 11(b) depicts factors for all three geometries under heat-
ing conditions. Similar to the cooling case (Fig. 11(a)), velocity
variation confirms rectangular geometry produces the most non-
uniform flow distribution due to abrupt bends, with trapezoidal
more favorable, and cylindrical geometries the most favorable flow
velocities.

3.4. Effect of outdoor heat exchanger shape on system performance

Calculated non-uniform airflow velocity distributions over the
heat exchanger were subsequently used as an input for heat pump
cycle calculations. Fig. 12 shows EER and COP under standard cool-
ing and heating conditions for each geometric configuration, with
average face velocities under cooling conditions 1.74, 1.28, 1.06, and
0.61 m/s; 1.61, 1.19, 0.98, and 0.57 m/s; and 1.03, 0.77, 0.64, and
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0.37 m/s for rectangular, cylindrical and trapezoidal geometries, re-
spectively. Average face velocities for rectangular geometry were
7-8% higher magnitude than cylindrical geometry. EER and COP
should increase with increasing face velocity [5]. However, in this
case, that deteriorates 2-5% in all conditions due to flow maldis-
tribution.

Trapezoidal geometry has a more uniform flow velocity distri-
bution than rectangular geometry, but its average face velocity is
very low, which deteriorates overall system performance. There-
fore, cylindrical geometry exhibits the best performance, with im-
proved flow distribution uniformity without compromising much
average face velocity magnitude.

3.5. Effect of outdoor heat exchanger shape on SEER/SCOP

SEER and SCOP are weighted formula enabling to take into ac-
count the variation of EER and COP for cooling and heating condi-
tions of heat pump systems with the load ratio and the variation
of air inlet condenser temperature. An efficient shape of outdoor
unit with more favorable velocity distribution can maximize over-
all system’s rated as well as part-load efficiency. Selecting the ap-
propriately shaped design requires an understanding of the peak
load operating points and the system’s load profile in cooling and
heating mode. To assess the seasonal performance variation of the
heat pump system, SEER and SCOP are calculated according to
Egs. (19) and (20). The results are plotted for each outdoor unit
shape as shown in Fig. 13. It can be seen from the results that
cylindrical shape outdoor unit can enhance seasonal performance
up to 3.70% due to more favorable velocity distribution. This im-
provement could provide significant energy savings throughout the
year.

3.6. Effect of refrigerant circuits on SEER/SCOP

Although smart heat exchanger geometry can promote flow
uniformity, non-uniform airflow distribution cannot be totally re-
moved. The upper portion of the heat exchanger will still inter-
act with more air volume compared to the lower part. There-
fore, smart refrigerant circuit arrangement is essential to improve
heat pump performance. Three circuit designs are investigated for
each of the three outdoor heat exchanger geometries, as shown in
Fig. 14. Circuit one has the symmetric number of passes on the
upper and lower part of the heat exchanger, which is commonly
found in heat exchangers. The second circuit design had 11 of 18
inlets set at the upper part of the heat exchanger and the remain-
der spread through the lower part. The third case reversed the sec-
ond. There were 60 tubes in each heat exchanger row and 18 cir-
cuits in each heat exchanger.

Circuit 1: Same number of inlets at upper and lower part

Circuit 2: More inlets at upper part

o

Circuit 3: More inlets at lower part

Fig. 14. The different refrigerant circuit arrangements considered.
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Fig. 15 show circuit 2 improved SEER and SCOP by 3.25% and
9.97%, 1.20% and 2.27%, and 2.17% and 7.53% for rectangular, cylin-
drical, and trapezoidal geometry, respectively, compared with cir-
cuit 3. Since high air volume tends to occur in the upper part
of the heat exchanger (Figs. 8-10), shorter circuits in the upper
part causes higher refrigerant mass flow through those circuits,
and hence more balanced air and refrigerant distribution, signifi-
cantly improving heat transfer performance.

In contrast, performance deteriorated for all three geometries
when more inlets were placed in the lower part of the heat ex-
changer, due to more unbalanced air and refrigerant distributions.
Thus, smart heat exchanger refrigerant circuit arrangements are es-
sential to address flow non-uniformity.

4. Conclusion

The current study presents the effect of outdoor unit heat ex-
changer shapes and refrigerant circuit designs on heat pump sys-
tem performance improvement under partial load operating con-
ditions. Computational fluid dynamics analysis has been used to
find face velocity distribution for 10 different operating conditions,
and cycle simulations are conducted to calculate SEER and SCOP.
To find the effect of refrigerant pass on the system performance,
we also investigated three heat exchanger refrigerant circuit lay-
outs for each outdoor heat exchanger configuration. The following
conclusions can be drawn.

1 Among the considered three heat exchanger configurations,
maximum velocity variation was observed for rectangular ge-
ometry and minimum for cylindrical geometry under rated as
well as partial load operating conditions. This implies cylindri-
cal geometry performed well in all operating conditions com-
pared to rectangular and trapezoidal shapes.

2 Average face velocity magnitudes were higher for rectangu-
lar geometry than cylindrical and trapezoidal geometries, es-
pecially under rated load conditions. It is worth finding that
approximately 2-5% EER and COP enhancement were achieved
for cylindrical compared to rectangular geometry even with low
average face velocity. This implies that a more uniform distri-
bution of flow velocity could enhance heat pump performance
even by compromising face velocity magnitude to some extent.

3 The maximum seasonal performance improvement of 3.60%
was achieved for cylindrical outdoor unit heat exchanger com-
pared with rectangular geometry. This level of improvement
could potentially save considerable energy annually.

4 The maximum SEER and SCOP improvements for rectangular
(3.25% and 9.97%), cylindrical (1.20% and 2.27%), and trapezoidal
(217% and 7.53%) geometries, respectively, were achieved by
optimal refrigerant circuit arrangement relative to observed air-
flow distributions.

The current study has some limitations, in particular, the rela-
tively small range of heat exchanger shapes and refrigerant circuit
modifications. Further studies will extend the matrix by using an
optimized fan design to generate more uniform airflow distribu-
tion, with balanced air and refrigerant mass flow rates to establish
optimal refrigerant path.

Similar design criteria could also be applied to various heat ex-
changers used in commercial and industrial applications.
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