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One of the most influential factors of the performance of a finned-tube heat exchanger is the distribution of the air passing through it;
therefore, it must be known in order to produce a highly efficient design. We examined two different common style air-to-refrigerant,
finned-tube heat exchangers: a single-slab coil oriented at an angle of 65° to the duct wall and an A-shaped coil with an apex angle
of 34°. We used particle image velocimetry (PIV) to measure their in-situ airflow distributions. The results show that the airflow
distributions for both heat exchangers are highly nonuniform with different sections being subject to vastly different air velocities. We
also used a momentum resistance-based computational fluid dynamics (CFD) approach to model the airflow distributions through
these heat exchangers. The modeled results agreed with the measured values, with most of the simulated velocities falling within
+/-10% of the measured velocities. The results of this study show that the velocity profile for any configuration is strongly influenced
by the geometry of the heat exchanger and other features in its proximity and, therefore, each installation configuration will have
its own unique velocity distribution. The information presented in this paper documents the maldistribution of airflowing through
finned-tube heat exchangers and highlights the sources and magnitude of the nonuniformities.

Introduction

The performance of an air-to-refrigerant, finned-tube heat ex-
changer is greatly influenced by the distribution of the air pass-
ing through it. The most basic function of the heat exchanger
is to route the hot and cold fluids in such a way that they can
thermally interact with each other in the most effective man-
ner. If one of those fluids is not distributed properly in relation
to the other fluid, then the heat exchanger will not perform
this function well. To this end, there has been long stand-
ing interest in learning about air-side maldistribution. Fagan
(1980) examined its effects on the performance of small heat
exchangers used in room air conditioners. His study showed
that typical air maldistributions commonly result in quite large
velocity variations, and that the impact on performance is sig-
nificant. Kirby et al. (1998) experimentally investigated the
performance of a window air conditioner under wet and dry
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coil conditions. Their study showed that the coil face velocity
on the evaporator varied by a factor of 3. Chwalowski et al.
(1989) later showed similar results indicating large air velocity
maldistributions and went on to demonstrate as much as a
30% variation in capacity for a given evaporator when subject
to different airflow distributions.

Aganda et al. (2000) performed a numerical study of the
effects of maldistributed airflow through the evaporator of a
packaged air-conditioning unit equipped with a thermostatic
expansion valve (TXV). Their study demonstrated that al-
tering the airflow distribution could significantly change the
overall performance of the system. They also concluded that
the basis for the relationship between the airflow distribu-
tion and the system performance lies in individual circuits
of the multi-circuit evaporator. This conclusion was reached
because maldistributed air will cause each circuit to have a dif-
ferent amount of air available for heat exchange; each circuit
will perform differently resulting in different exit conditions
(degrees of superheat or two-phase quality). If liquid droplets
are present in one or more refrigerant circuit exits, the TXV
will reduce the total refrigerant mass flow rate through the
evaporator in an effort to maintain the target level of super-
heat. The resulting reduced flow rate will cause a decrease in
the total capacity.

Gong et al. (2008) studied the performance of a 50 kW
water-to-air heat pump operating with several air distribution
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patterns. Their work showed that both the refrigerant evap-
orating temperature and refrigerant mass flow rate decreased
as the level of air maldistribution increased. The overall result
was a sharp decline in the system capacity and in the coef-
ficient of performance (COP). This prior work also showed
that the rate of frost accumulation on the evaporator is posi-
tively correlated to the level of air maldistribution. The studied
system had to defrost more frequently at high levels of maldis-
tribution, which additionally degraded the heat pump’s overall
performance.

Kaern et al. (2011) performed a simulation study on the
effects of air maldistribution. They modeled an 8.8 kW resi-
dential air conditioner with a two-circuit evaporator and an
electronic expansion valve (EEV) that maintained an overall
superheat of 5 K. In the study, they fixed the total amount
of air supplied to the evaporator and examined the impact
of preferentially supplying a larger portion to one of the two
identical circuits. The simulations showed that, for small levels
of maldistribution, when one circuit received a larger portion
of the total airflow than the other, the capacity of that circuit
was larger than the baseline case where the airflow was evenly
distributed between the circuits. The capacity of the other cir-
cuit, by comparison, was penalized to a higher level and the
total capacity of the evaporator and the system COP both de-
creased. For larger levels of maldistribution, the circuit with
less airflow would lose its ability to boil all of the refrigerant,
thus resulting in two-phase refrigerant at the exit that, in turn,
caused the EEV to reduce the total refrigerant mass flow rate
through the evaporator. In the extreme case where 80% of the
air was supplied to one circuit, the cooling capacity decreased
49.9 % and the system COP decreased 43.2 % from the base-
line test case with uniform airflow. In a follow up study, Kaern
et al. (2013) examined the effects of air maldistribution on
two different common circuitry designs. This follow-up study
showed, among other things, that the capacity and COP were
influenced by the magnitude and pattern of the airflow mald-
istribution, and that a circuitry design which performs better
than another with a given airflow distribution may perform
worse than the other design if subject to a different airflow
distribution.

While the focus of these referenced studies was to directly
tie the system performance degradation with the magnitude
of air maldistribution, they all demonstrate that how well
the air and refrigerant distributions are matched through-
out the heat exchanger is the key performance issue. The
airflow distribution does not have to be uniform in order
to achieve good heat exchanger performance; however, it
does have to be well known so that the heat exchanger
can be designed with the goal of routing the refrigerant
through it in the best possible path. Recently, several re-
searchers, including Abdelaziz et al. (2008), Singh et al. (2011),
Wu et al. (2008), and Yashar et al. (2012), have demon-
strated methods to design refrigerant circuitries that enable
a heat exchanger to operate efficiently with a nonuniform air
distribution.

Several researchers have examined ways to measure and
model the airflow distribution approaching evaporators and
condensers to help understand the sources and magnitude of
air maldistribution. Lee et al. (2010) used a network of hotwire
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Fig. 1. Schematic of test setup.

anemometers to measure the flowfields near multi-slab con-
densers and showed the variation of the air distribution with
different included angles between the coils. Zhe et al. (2004)
used a series of guide channels and gas turbine meters to mea-
sure airflow distribution through a plate fin heat exchanger.
Their study showed very significant differences in local veloc-
ities through these heat exchangers, typically on the order of 2
to 1. The ultimate goal of this study is to demonstrate the im-
pact of heat exchanger geometry, installation and associated
features on the airflow distribution. Both laboratory measure-
ments and computational fluid dynamics (CFD) modeling are
used to pursue this goal.

Test setup and data acquisition

Figure 1 shows a schematic of the test setup. Airflows through
the apparatus in the direction indicated by the arrows in the
figure. Air enters from the laboratory environment and passes
through the test section, which is comprised of a finned-tube

Particle Generator
CCD Camera

Lasers

Computer

Fig. 2. PIV airflow measurement setup.
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Fig. 3. Slanted coil test section.

heat exchanger secured in an acrylic section of duct. After
the test section, the air passes through a flow straightener
and then through a venturi nozzle that is used to measure
the flow rate. A blower controlled by a variable-speed drive is
positioned downstream of the venturi nozzle; it pulls the air
through the test section and discharges it to the laboratory
environment.

We measured the airflow distribution through the test sec-
tion using particle image velocimetry (PIV), as this method
provided the means to measure the airflow without creating
disturbances. PIV uses laser generated light sheets to illumi-
nate particles entrained in the flow field and synchronized
photo snapshots to track their motion. Figure 2 shows the
PIV setup with the position of the lasers relative to the test
section, the laser-generated light sheets, and the camera. The
method resulted in velocity measurements with a relative un-
certainty typically less than 4% at 95% confidence. A thorough
description of the airflow test setup, the PIV test setup and the
associated measurement uncertainties can be found in Yashar
et al. (2007).

Slanted coil air velocity distribution
Coil description

The slanted coil is a single-slab heat exchanger positioned at
an angle of 65° to the duct wall. It is 455 mm tall, 430 mm
wide, and 65 mm deep, and had 72 tubes among 4 rows
and louvered fins. A plastic mounting bracket fastened to
the lower portion of this heat exchanger is used to main-
tain the 65°-angle between the heat exchanger and the lower
wall of the duct. A short metal sheet attached to the upper
edge of the heat exchanger fastens the top of the heat ex-
changer to the upper wall of the duct. Figure 3 shows the
position of the slanted coil within the test section. The mea-
surements were taken when subjecting the heat exchanger to
the manufacturer’s rated airflow rate of 0.35 m?*/s standard
air.

HVAC&R Research

P1V measurement results for slanted slab

The lasers were aimed to capture the velocity distribution at
the inlet to the test section along a vertical slice at the heat
exchanger’s midline. Figure 4 shows the component of the air
velocity profile perpendicular to the coil surface. The data set
displays a strong sinusoidal velocity pattern, which is caused
by the tubes within the first depth row of the heat exchanger.
There are 18 tubes per depth row in this heat exchanger; the
position of each tube is identifiable by a local minimum in the
velocity, as seen in Figure 4. The flow appears to have three
distinctly separate regions, which illustrates the magnitude of
the airflow nonuniformity. In the lower portion of the coil, cor-
responding approximately to the region between 0 and 50 mm
from the bottom, the airflow rapidly increases as one moves
away from the wall. The first tube near the bottom of the heat
exchanger (and those occupying the same position within sub-
sequent depth rows) receives very little airflow at all. In the
region between 50 and 250 mm from the bottom of the coil,
the flow rate is at its peak and is relatively constant. In the
upper portion of the heat exchanger, from 250 to 455 mm, the
air velocity gradually tapers because of the diminishing duct
area. The tube nearest the top of the heat exchanger receives
less than one third of airflow received by a tube positioned in
the middle.

CFD simulation results for slanted slab

We generated a CFD model of the flow domain using the tech-
nique described by Yashar et al. (2011). In order to prepare a
two-dimensional computational domain representative of the
slanted coil’s flow field, the domain was divided into three
regions with a total of seven sub-domains; there were no avail-
able symmetry planes to simplify the domain. Figure 5 shows
the representation of the flow domain, with each sub-domain
labeled with roman numerals I through VII. The flow through
the domain is from left to right.

The first region, composed of sub-domains I, II, and III,
represents the duct inlet and the flow area upstream of the heat
exchanger. The flow inlet is located at the left-most bound-
ary, the upper and lower boundaries represent the duct walls,
and the right-most boundary of sub-domain III represents the
inlet surface of the heat exchanger. The second region is en-
tirely comprised of sub-domain IV, which represents the heat
exchanger positioned at a 65°-angle to the duct. This sub-
domain was modeled using a momentum resistance modeling
approach. The third region represents the computational do-
main downstream of the heat exchanger and is comprised of
sub-domains V, VI, and VII. The airflow enters this region
through sub-domain V on the left side, and exits through sub-
domain VII on the right side. Note that sub-domain V is a
very thin portion of the region. This sub-domain is needed
to represent a short plate attached to the lower portion heat
exchanger, which collects and directs water that condenses
during operation. This plate is located at the backside of the
heat exchanger, at a distance of 19 mm downstream, and fol-
lows the heat exchanger to a height of 51 mm above the lower
duct wall.
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Fig. 4. Velocity profile for slanted coil test section.

We used constant velocity and pressure boundary condi-
tions along the domain inlet, and constant farfield velocity
and pressure boundary conditions were set along the domain
outlet. The top and bottom of the flow domain represented
the duct walls and therefore were set with no-slip boundary
conditions. The short plate downstream of the heat exchanger,
near the bottom of the duct, was modeled as a thin wall ob-
struction; therefore, no-slip boundary conditions were also
set here. The Reynolds number for the air flowing through the
duct was calculated from the total airflow rate and duct di-
mensions. Re = 45,300 was used to generate initial guesses for
the boundary conditions of turbulence intensity, turbulent ki-
netic energy, and dissipation rate for input to the CFD solver’s
k—e turbulence model.

During the laboratory measurements, we collected 10 data
points to correlate the air pressure drop through the coil to
the airflow rates. This data was regressed to determine the
quadratic and linear momentum resistance coefficients, Kg
and K, by a least squares fit of the function:

Fig. 5. Computational domain for slanted coil.

where 4L o~ 2 represents the pressure difference through the heat
exchanger divided by its thickness, p represents the density
of the air, and urepresents the average face velocity. The re-
sulting quadratic and linear coefficients for this model were
227.71 m~! and 358.67 s~!, respectively. The momentum re-
sistance model uses these coefficients to simulate the pressure
drop imparted by flow through the narrow passages of the
heat exchanger for all of the nodes within sub-domain IV.
It is important to note that these coefficients are specific to
this heat exchanger model and a coil with different fin design
and/or spacing would have significantly different resistance
coefficients.

In total, the computational domain consisted of 4375 nodes
and the solver computed the results in approximately 10 hours
with a 3.0 GHz processor. Figure 6 shows the velocity vector
fields upon approach to the heat exchanger at five different
locations measured from the duct inlet. The first two pictures
in this sequence show image planes that are entirely upstream
of the heat exchanger, the third picture (location 1118 mm)
shows the point where the bottom of the image plane first
touches the inlet surface of the heat exchanger, and the last
two pictures show the plane passing through a portion of the

Location: 1042 mm 1080 mm 1118 mm 1156 mm 1195 mm

Fig. 6. Velocity vector profiles for slanted coil.
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Fig. 7. Comparison of PIV and CFD data for slanted coil.

heat exchanger. In this sequence, we can see that the flow reacts
to the mounting bracket by accelerating around it, causing an
increase in the local flow rate near the lower portion of the
heat exchanger.

Figure 7 shows the comparison of the CFD simulation
results with the measured PIV data. Here, the velocity compo-
nent perpendicular to the coil inlet surface is plotted against
the position along the coil height. The predicted data and the
measured data agree well with the obvious exception of the
sinusoidal velocity component missing from the CFD results
since the tube locations were not included in the model. The
momentum resistance based CFD simulation predicts the ve-
locity over most of the coil. Specifically, the model matches the
measured data within 10% in the range of 150 mm through
the top of the coil and also in the range of 25 through 100 mm.
The model predicts slightly higher velocities in the range of
100 to 150 mm, but the predictions are within 15% of the
measured velocity. In the lowest portion of the coil, 0-25 mm,
the model predicts lower velocities, but the results are within
0.1 ms~! of the measured values.

A-shaped coil air velocity distribution

Coil description

Figure 8 shows a photograph of the A-shaped coil mounted
in the test section. The coil consists of two slabs assem-
bled in such a way that it resembled the letter ‘A’° with
an angle of 34° between the slabs. Each slab has 60 tubes
(3 depth rows of 20 tubes) giving a total of 120 tubes in
the dual-slab assembly. Each slab is 520 mm tall, 400 mm
wide, and 65 mm deep. The tube fins are of the louver

type.

This heat exchanger is designed for both vertical and hori-
zontal installation. The sheet metal visible at the lower entry
edge of the assembly is a condensate pan that was permanently
attached to the bottom of the heat exchanger, although only
truly needed for a vertical installation.

PIV measurement results for A-shaped coil

All tests were conducted at the manufacturer’s rated air-
flow rate of 0.65 m3/s standard air. PIV measurements were
taken along the lateral midline of the heat exchanger. The

Fig. 8. A-shaped coil test section.
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Fig. 10. Velocity profile for one slab of an A-shaped coil.

measurements revealed an interesting air recirculation zone
near the inlet section of the heat exchanger. Figure 9a is a
picture of the inlet portion of the lower slab with air flow-
ing from left to right. A red polygon is overlaid onto this
picture with points marked A, B, and C. The edge of con-
densate collection tray can be seen on the far left side of the
figure at the leading edge of the airflow path, point A. The
segment marked by points A and B show the lower bound
on the area where data could be collected due to the shadow
cast on the heat exchanger surface by the condensate tray;
the shadow did not affect the data along the line between B
and C.

The condensation collection tray acts as an airfoil and
causes a recirculation zone between it and the coil, which
effectively blocks the airflow to a significant portion of the
coil. Figure 9b is the air velocity vector field calculated inside
the red polygon outlined in Figure 9a.

Figure 10 shows the profile of the velocity component per-
pendicular to the inlet plane of the heat exchanger. The view of
the bottom-most 105-mm portion of the heat exchanger sur-
face was obstructed by the condensate pan and this segment
could not be illuminated by the laser; therefore, PIV data could
not be collected at that segment of the coil surface. For this rea-
son, the data in Figure 10 is partitioned into two sections sepa-
rated by a solid vertical line positioned at 105 mm from the bot-
tom of the coil. The points to the left of the line represent the
velocity data collected along a straight line between the edge of
the condensate pan to the 105-mm position (shown as line AB
on Figure 9a). The data to the right of the line represents the
air velocity measured along the inlet surface from that point to
the apex of the A-coil (line BC and extended past point C on
Figure 9b).

The points to the left of the line were collected along a
straight line that is not parallel to the heat exchanger surface;
therefore the data collected along this segment is not directly
scaled to the air mass flow into the coil, but it provides good
insight to the recirculation generated by the pan and was in-
cluded in this figure for completeness. The data to the left of
the solid line is organized into several strands. Each strand
represents data that was collected along a straight line paral-
lel to the lowest edge of the illumination plane (e.g. the first
strand was measured at the lowest edge and the second mea-
sured directly above it). The large velocity gradients provide a
one-dimensional representation of the air swirling between the
condensate pan and the coil. This data shows that the steepest
velocity gradients occur in the vicinity of the third tube from
the bottom of the coil, with flow away from the coil at the
nearest measured point. This figure indicates that the bottom
most 3 or 4 tubes in both slabs of the heat exchanger do not
receive a significant amount of airflow and, therefore, cannot
provide much heat transfer.

The observed large inefficient portion of the heat exchanger
further emphasizes the importance of knowing the airflow

Fig. 11. Computational domain for A-shaped coil.
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Location: 829 mm 983 mm 1173 mm 1353 mm 1570 mm

Fig. 12. Velocity vector profile for A-shape coil.

distribution for designing heat exchangers. In this case, ap-
proximately 20% of the entire heat exchanger provides little
or no functionality. If the designers were aware of this air-
flow pattern, they could have developed a design that would
accommodate this distribution while saving material costs.

CFD simulation results for A-shaped coil

The CFD simulations for the A-shaped coil involved a rather
intricate geometry for the flow field. We began by preparing
the geometrical domain for the solver in the same manner
as for the slanted heat exchanger, two-dimensional and in
alignment with the PIV measurement slice. The A-shaped coil
did provide an opportunity for a simplification in the domain
due to symmetry; therefore, only one slab of the heat exchanger
was modeled in this domain.

Figure 11 shows a segment of the computational domain
used for A-shape coil simulations. We divided the computa-
tional domain into three regions with a total of seven sub-
domains as shown. Sub-domains I through IV are upstream
of the heat exchanger slab, sub-domain V represents the heat
exchanger itself, and sub-domains VI and VII represent the
flow domain downstream of the heat exchanger. The line seg-
ments that span the top portion of this figure represent the
symmetry line that divides the two slabs of the heat exchanger.
The lines along the lower portion of the figure represent the
duct walls and the rigid obstructions connected to the heat
exchanger slab. The rigid boundaries in this figure, specifi-
cally the duct wall and the condensate pan, are represented
by the thick lines. The layout indicates that the flow coming

Condensate Pan

Fig. 13. Recirculation zone for A-shaped coil simulated by the
CFD model.
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from sub-domains I and IT must accelerate around the edge of
the condensate pan and approach the heat exchanger through
sub-domain III. All flow into the heat exchanger must, there-
fore, pass through sub-domain III then through sub-domain
IV before entering sub-domain V.

We next determined the parameters for use in the CFD
solver’s k-¢ turbulence model. We used measured laboratory
data to determine the Reynolds number for the flow (82,900),
and then generated initial guesses for the boundary conditions
of turbulence intensity, turbulent kinetic energy, and dissipa-
tion rate. We also determined the momentum resistance co-
efficients for sub-domain V based on curve fitting a series of
10 measured data points of pressure drop through the coil vs.
airflow rate; the values were 435.99 m~! and 95.42 s~! for the
quadratic and linear resistance coefficients, respectively.

In total, the computational domain consisted of 7350 nodes
and the solver computed the results in approximately 18 h with
a 3.0-GHz processor. Figure 12 presents the simulation results
in the vector form in depicting a series of velocity distribution
patterns along the length of the computational domain. The
first velocity distribution pattern shown upstream of the heat
exchanger is a typical pattern found in unobstructed turbu-
lent flow. At the second position, the velocity distribution gets
quite interesting. Along this line, most of the locations realize
forward moving flow; however, the region between the conden-
sate pan and the heat exchanger slab is flowing backwards. The
third and fourth position show how the flow passes through
the heat exchanger and then changes the course to flow down
the duct towards the exit plane. The fifth position shows the
flow adjusting itself to the full open duct with some backwards
flow caused by recirculation downstream of the coil’s apex.

Since we have computationally solved the entire flow do-
main, we can readily extract the velocity at any point within
the domain, unlike with the PIV measurements where we are
limited by the line of sight. Figure 13 shows the computed
vector field for the lower portion of sub-domain IV. The CFD
simulation predicted a very similar recirculation zone to that
indicated by the PIV measurements.

Figure 14 shows the perpendicular component of the ve-
locity field entering the lower slab of the heat exchanger, as
computed by the CFD model. The simulation results concur
with the measurements in that a large portion of this heat ex-
changer is starved for air along the very bottom-most portion
of the coil, between 0 and 21 mm from the edge. Between 21
and 80 mm, the airflow is actually moving away from the coil.
Above about 80 mm, a somewhat conventional airflow pattern
is established.

Figure 14 also shows the PIV measured data for compar-
ison with the simulation results. The data agree well for the
middle portion of the heat exchangers with some deviations
at the low region and, to a smaller degree, at the upper region
of the heat exchanger near the coil’s apex. The apparent sig-
nificant differences between the computed velocity field and
the measurements in the lower region can be explained by the
very large velocity gradients in the region near the conden-
sate pan, which make the results very sensitive to the location.
For this reason, Figure 14 shows two strands of CFD data.
The first set is the velocity computed at 0.2 mm upstream of
the heat exchanger inlet, and the second set is the profile for
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Fig. 14. Comparison of PIV data with CFD simulation results at 0.2 mm and 10 mm upstream of A-shaped coil.

the location10 mm upstream. While best efforts were taken
to consistently collect PIV data at the same distance from
the coil inlet, the data were collected 4 + 2 mm upstream of
the coil. The data at the coil surface was not useable due to
the heat exchanger’s mounting rail causing light reflections
that corrupted the PIV data in that vicinity; the reflections
were unavoidable. Regardless, the two sets of CFD data do
bound the PIV measurements. Overall, the CFD and PIV re-
sults agree within 5% of the measured value over 90% of the
coil surface.

Summary and conclusions

We examined the inlet air distribution for two common finned-
tube heat exchangers. We measured the air velocity profile us-
ing PIV and performed CFD simulations for the tested setups
and replicated the measured airflow velocity distribution pat-
terns. We have observed a few consistencies for both tested
heat exchangers. The most important point is that the air-
flow is generally nonuniform. The fins and tubes of the heat
exchanger provide significant resistance to the airflow, which
typically has the effect of evening out the distribution; how-
ever, it seems that other factors are more influential on the
airflow distribution. The presence of any irregularities in the
duct boundaries or heat exchanger mounting significantly al-
ters the airflow and has a much more profound impact than
the flow resistance due to the fins.

The slanted single slab heat exchanger showed a very
nonuniform airflow distribution pattern because the heat ex-
changer was positioned at an angle and abrupt area changes
were introduced by the mounting brackets. The measurements

for this test subject showed that there was a high flow region
caused by the acceleration of the airflow around the lower
mounting bracket. Also, the measurements showed that po-
sitioning the coil at an angle caused about half of the coil to
be subject to a somewhat linearly declining air velocity pro-
file. The A-shaped coil had some similarities to that of the
slanted coil. The A-shaped coil showed a relatively linearly
declining air velocity profile as we moved closer towards the
apex, although not as pronounced as seen on the slanted coil.
More significantly, though, the condensate pan attached to
this coil was an obstructive feature, which severely reduced
the air supply to approximately one-fifth of the entire heat
exchanger.

This study also shows that a simple momentum resistance
based CFD model can be used to generate a reasonable pre-
diction of the airflow velocity distribution through a finned
tube heat exchanger. However, it must be noted that the two-
dimensional approach described in this work was verified
for flow situations where significant three-dimensional effects
were not introduced to the test setup; therefore, the meth-
ods may not carry over directly to model systems with large
three-dimensional flow fields.
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