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Abstract: Heating, ventilation, air-conditioning (HVAC) duct system for an automotive has a
complex geometry due to space constraints in the engine compartment. This could reduce air
pressure inside the duct, decreasing the airflow velocity at the HVAC outlets, and correspond to the
intended value prescribed by design. Higher air velocity at the ventilation outlets is desirable to
promote thermal comfort in the passenger cabin. This study aims to enhance the airflow velocity and
uniformity at each duct outlet by varying outlet geometry and duct elbow angles using the
computational fluid dynamics (CFD) method. A typical HVAC duct of a C-segment car has been
chosen as the case study. Steady-state parametric flow analyses were conducted to determine the
duct geometry that would significantly improve the airflow uniformity and velocity at the duct
outlets. It was found that a combination of circular outlets with a 65° elbow angle results in the best
improvement in the airflow velocity distribution inside the duct. It was also found that the airflow
velocity at the outlets increases between 4% to 9% compared to the baseline design. The air velocity
difference between all outlets is around 1.3%, which can be considered negligibly small.

Keywords: Automotive HVAC duct; airflow velocity; computational fluid dynamics

1. Introduction and background

Passengers' thermal comfort inside a car cabin can be
obtained by employing a heating, ventilation, and
air-conditioning (HVAC) system on the vehicle.
However, the ideal level of thermal comfort could not be
achieved if the magnitude of the airflow velocity at the
ventilation outlets was not obtained as intended by
design, at any given climatic conditions V2 % 3. This
problem is due to reduced airflow pressure at a specific
point within the duct, caused by several factors such as
HVAC duct size, duct geometry, air vents geometry, and
outlet vents arrangement. According to ASHRAE
(2011)®, an HVAC duct should have an excellent
performance when it could provide sufficient airflow
velocity to all the ventilation outlets and produce
insignificant pressure drop. At the same time, it does not
produce rush noise. Fabio et al. (2015)” have also
established that pressure losses and airflow
characteristics are the criteria to predict duct
performance. Uniformity of the airflow at the ventilation
outlets is another criterion to measure the HVAC duct®.

The flow field profile in an HVAC duct has a
significant impact on the temperature distribution and

passenger thermal comfort inside the vehicle cabin?. The
effective operation of ventilation outlets depends on
apparent details in the HVAC duct design and the flow
history in the supply channel'®. As an engine
compartment has limited space to house the HVAC duct
as intended by design, it must be based on the designated
area. Many studies were conducted to examine the
effects of various duct and vent outlets' design on the
airflow velocity. The methods used are diverse.
Experimental investigations involve airflow visualization
approach through a smoke test and airflow velocity
measurement using a hot-wire anemometer. In contrast,
the numerical approach, the majority of the studies used
the computational fluid dynamics (CFD) technique for
visualizing the airflow profile along the duct 29491011
12)13) 14)

Spalart-Allmaras is a model used for a modified eddy
viscosity, and it is not suitable for 3D flows, free shear
flows, and flows with strong separation'>. The k-¢
turbulence model offers more vigorous and reasonably
accurate tesults'®. It also feeds the elements of
compressibility, buoyancy, and combustion features.
However, it performs poorly for strong separation, large
streamline curvature, and significant pressure gradient!”.

- 163 -



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 08, Issue 01, pp163-169, March 2021

The RNG k-¢ was designed to overcome the latter
problems'®. It gives better performance compared to the
Standard k-¢ for more complex shear flow. Besides, it is
also suitable for flows with high strain rates, swirls, and
separation. The k- turbulence model gained popularity
due to its accurateness and robustness for a wide range of
boundary layer flows with a pressure gradient. It
provides several options to solve compressibility effects,
transitional flows, and shear-flow corrections. It is also
more sensitive to the free-stream condition and improved
its behavior under an adverse pressure gradient'®.
Another frequent turbulence model used in the CFD
analysis is SST k-w, categorized under the k-
turbulence family. The SST k-w model uses a blending
function to gradually transition from the standard k-
model near the wall to a high-Reynolds-number version
of the i~ model in the outer portion of the boundary
layer. Transport effects of the principal turbulent shear
stress were accounted for by using modified turbulent
viscosity formulation 3 19)20)21)22)23)24)25),

This study aims to enhance the airflow velocity and
uniformity at each duct outlet by varying outlet geometry
and duct elbow angles using the CFD method. This
method is capable of performing a rigorous analysis and
more economical when compared to experimental works.
Furthermore, it could evaluate the performance of a full
range of system configurations on the computer without
the time, expense, and disruption required to make actual
changes onsite. The technique uses numerical schemes to
solve the fundamental nonlinear differential equations
that describe fluid flow (the Navier-Stokes and allied
equations) for predefined geometries and boundary
conditions.

2.  CFD analysis implementation

A computational fluid dynamic (CFD) method was
employed to carry out a steady-state flow analysis on the
HVAC duct. This involves constructing simplified
geometries of the computational domain, meshing the
domain, prescribing the boundary conditions, choosing a
suitable airflow model, setting the solution method, and
specifying convergence tolerances. A parametric study
was carried out to examine the effects of modifying the
duct geometry on airflow velocity and pressure
distributions inside the duct.

2.1 Geometry of the computational domain

A simplified 3D model of the HVAC duct was
developed using CAD software. It is shown in Fig. 1.
The geometry used is based on the actual duct for a
Proton Persona passenger car. It has one inlet and four
outlets. The present geometry is considered as the
baseline model.

The duct has a width of 1278 mm and a height of 387
mm. The inlet is square with a length of 276 mm and a
width of 86 mm. Dimensions of outlets 1 (same as outlet

4) and 2 (same as outlet 3) are shown in Fig. 2.
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Fig. 1: Geometry of the computational domain
395

‘_’,11’/ /
64 ‘
41 68
112
B —
46
-—
14.5

Fig. 2: Dimension of outlet ducts 1 and 2 (in mm)

2.2 Meshing of the computational domain

The geometry meshed with unstructured tetrahedral
elements. This element type was chosen because it is
suitable to be used in complex geometry. Tetrahedral
elements are also entirely accurate and stable for
steady-state flow analysis. The meshed geometry is
shown in Fig. 3.

Fig. 3: Meshed computational domain

The minimum and maximum element sizes were set
as 0.8 and 11 mm, respectively. This setting produces
639,460 elements for the domain. These numbers were
obtained from a grid-independent test (GIT) performed
on the CFD model. With this number of elements, the
mesh quality was found to be 0.8337, and the skewness
was 0.2327, indicating an excellent overall mesh quality.

2.3 Boundary conditions for baseline model

An inflow mass flux of 0.16 kg/s was specified at the
inlet of the baseline model. This is based on the car
manufacturer's data, which was based on the maximum
blower speed condition at the inlet. A wall boundary
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condition was enforced on all faces bounding the flow
domain. The wall surfaces were prescribed as a no-slip
condition. A zero-gage pressure condition was prescribed
at all four outlets of the duct. The boundary conditions
are illustrated in Fig. 4.

Outflow
Zero gauge pressure

Outlet 1

wall
No-slip
condition

[Outiet 2
' Outlet 4

wall
No-slip condition

Inflow.
Mass flux= 0.16 kg/s

Fig. 4: The prescribed boundary condition

2.4 Analysis setup for baseline model

A pressure-based solver is used as the solution method.

This solver is applicable for a wide range of flow regimes
from low-speed incompressible flow to high-speed
compressible flow. It requires less storage memory and
allows flexibility in the solution procedure. Residual
history is used to monitor the convergence of the solution.
The number of iterations was set at 1000 to ensure a
sufficient convergence of the solution. A Standard k-¢ was
used as an initial turbulence model. The most suitable
turbulence model will be determined through a model
validation process. Also, an enhanced wall function was
applied.

2.5 Grid-independent test

A grid-independent test (GIT) was carried on the
baseline model to determine the adequate number of
elements that would produce the smallest error in the
simulation results. This test was first done by carrying out
a steady-state flow simulation using a relatively coarse
meshing. The number of elements was then gradually
increased, and the flow simulation was repeated for each
element increment. Five cases were considered in the test.
In the first case, the maximum element size was set at 11
mm. Then, the element size was repeatedly reduced by 1
mm for the remaining cases. For each case, the average
airflow velocity at all outlets was observed. Figure 5
shows a plot of the average airflow velocity at all outlets
for all cases.

Let us consider the results for case 3 and case 4. It can
be seen that the difference in the airflow velocity at all
outlets is the smallest, i.e., less than 3%, between these
two cases. Thus, the number of elements for case 3, which
is 693,460, was chosen for the CFD model. It would
produce reasonably good results and requires shorter
computational time to complete the flow simulation
compared to case 4. Case 5 involves a much larger
number of elements and thus requires a much longer

computational time to complete the simulation. Therefore,
it was not considered in this study.
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Fig. 5: Airflow velocity at duct outlets for all cases

2.6 Validation of flow model

This process was carried out to identify the most
suitable turbulent flow model used in the flow simulations.
Five flow models were considered in this study: the k-&
Standard, k-¢ Realizable, k-¢ RNG, k- Standard, and k-
SST. These are two-equation models that are usually used
for internal flow analysis, especially in ducting
applications. Steady-state flow simulations were carried
out, employing each flow model. For each flow model,
the average airflow velocity at all duct outlets was
observed and compared with the manufacturer's
experimental data.

Table 1: Errors in airflow velocity at duct outlets

Turbulence Model

Hesition kg ke ke kw ko

Standard | Reliazable RNG Standard SST
Outlet 1 7.43 7.67 6.59 6.59 6.59
Outlet 2 6.39 5.78 5.54 3.37 2.53
Outlet 3 9.07 8.14 8.37 8.26 7.33
Outlet 4 9.24 9.24 8.42 8.30 8.19

The percent errors in the average airflow velocity at
each duct outlet compared to the experimental values are
tabulated in Table 1 for all the flow models considered in
this study. It can be observed that the errors associated
with the k-» SST flow model are the smallest, i.e., ranging
from 2% to 8%, compared to the other flow models.
Based on this finding, the k- SST turbulent flow model
was chosen for the proceeding flow simulations on the
CFD model.

2.7 Parametric analysis

A parametric analysis was carried out in this study to
examine the effects of outlet shape and elbow angle of the
duct on the airflow velocity at all the outlets. Five cases of
duct modification were considered. These cases are
summarized in Table 2 and illustrated in Fig. 6. Case 1
refers to the baseline case.
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Table 2: Duct modifications for a parametric analysis

Case Factor

1 Baseline outlet shape

Circular shape for outlet 1 and 4

Circular shape for outlet 2 and 3

Circular outlet with 70° elbow angle

2
3
4 Circular shape for outlet 1, 2, 3, and 4
5
6

Circular outlet with 65° elbow angle

A circular-shape outlet offers the least resistance in
delivering out air from the duct. An equivalent-area
concept was used in transforming the present outlet
shapes into the circular shape. In case 2, the equivalent
diameter of outlets 1 and 4 is 35.2 mm, while in case 3, the
equivalent diameter of outlets 2 and 3 is 35.4 mm.

(c) Case 4
Fig. 6: Modifications on the duct outlets shape

An appropriate elbow angle will ensure the
smoothness of the airflow through the HVAC duct.
Smooth airflow will increase the airflow velocity at the
outlets. In this parametric study, the elbow angle
corresponding to outlet 1 and outlet 4 was modified from
the current value of 75°. In case 5, the elbow was reduced
to 70°, while in case 6, the angle was reduced further to

65°. All the elbow angle modifications were based on case
4, where all outlets' shape is circular. These are illustrated
in Fig. 7.

Case 4 - Baseline Case5

Outlet1

Outletl

Top View
(a) Case 5

Case 4 - Baseline Case 6

75° 65°j 5
Outletl

Top View

(b) Case 6

Fig. 7: Modification on the elbow angle corresponding
to outlet 1 and outlet 4 (not shown)

3. Results and discussion

3.1 Airflow velocity distribution: baseline case

Figure 8 shows the airflow velocity distribution
inside the HVAC duct for the baseline case.

Velogity e —

=

Fig. 8: Airflow velocity distribution for the baseline case

It can be seen from the figure that the airflow velocity
is nearly uniform at the inlet and through the vertical
section of the HVAC duct, with a magnitude of about
5 m/s. The airflow velocity increases in magnitude along
with the horizontal elbows, i.e., around 7 m/s since there
is less resistance to the flow. The airflow velocity
magnitude gets even higher at the duct's outlets as the air
leaves the duct to a lower atmospheric pressure region. It
was found that the airflow velocity magnitude at outlets 1,
2, 3, and 4 are 7.8 m/s, 8 m/s, 8 m/s, and 7.9 m/s,
respectively. This indicates that the airflow is nearly
equally distributed to all the duct outlets, which is
desirable.
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The distribution of airflow distribution inside the duct
for case 2 is shown in Fig. 9. It can be observed that the
airflow velocity distribution inside the vertical section of
the duct remains nearly uniform with a magnitude almost
similar to the baseline case. However, the magnitude of
the airflow velocity inside the horizontal sections and at
all the outlets is higher than the baseline case. It was
found that the airflow velocity magnitude at outlets 1, 2,
3, and 4 are 82 m/s, 8 m/s, 8 m/s, and 8.2 m/s,
respectively. This indicates that the airflow is equally
distributed to all the duct outlets. The percent increase in
the airflow velocity magnitude at outlets 1, 2, 3, and 4 is
around 5%, 0%, 1%, and 4%, respectively. This finding
shows that the airflow velocity magnitude increases at
nearly similar percent at outlets 1 and 4, modified into a
circular shape.

Velocity

11.00 g ’—_—:—-...__\_

880 O

Fig. 9: Airflow velocity distribution for case 2

Figure 10 shows the airflow velocity distribution for
case 3, where the geometry of outlets 2 and 3 was
modified into a circular shape. It can be observed that the
airflow velocity distribution inside the vertical and
horizontal sections of the duct exhibits a similar pattern
as those for the baseline case. However, the airflow
velocity at outlets 2 and 3 is higher in magnitude.

Velocity
11.00

Fig. 10: Airflow velocity distribution for case 3

The magnitude of airflow velocity at outlets 1, 2, 3,
and 4 is 8 m/s, 8.6 m/s, 8.5 m/s, and 8 m/s, respectively,
which again indicates that the airflow is distributed
equally to all the duct exit. Compared to the baseline case,
the percent increase in the airflow velocity at outlet 1, 2, 3,
and 4 is about 2%, 6%, 7%, and 1%, respectively.

The airflow velocity distribution for case 4, in which
all outlets' geometry was modified into a circular shape, is
shown in Fig. 11. It can be seen that with the outlet's
modification, the airflow velocity inside the horizontal

Velacity
11.00

8.80 (ﬂﬁf-r ;:-:k- ==

6.60

Fig. 11: Airflow velocity distribution for case 4

sections of the duct increase dramatically, i.e., in the range
of 8 to 10 m/s in magnitude. The airflow velocity at
outlets 1, 2, 3, and 4 was 8.4 m/s, 8.6 m/s, 8.6 m/s, and 8.4
m/s, respectively, indicating that the airflow is equally
distributed to all the duct outlets. Compared to the
baseline case, the percent increase in the airflow velocity
at outlets 1, 2, 3, and 4 is 8%, 6%, 8%, and 7%,
respectively. This case can be considered the best, which
involves changing its geometry from the original shape to
a circular one.

The distribution of airflow velocity inside the duct
when its elbow angle was modified from the original
value of 75° to 70° is shown in Fig. 12. This
modification was based on the duct of case 4, in which
all outlets have a circular shape. With this modification,
the airflow velocity at outlets 1, 2, 3, and 4 was 8.5 m/s,
8.4 m/s, 8.6 m/s, and 8.5 m/s, respectively. Compared to
case 4, it is clear that the reduction of the elbow angle
from 75° to 70° does not result in an appreciable increase
in the airflow velocity at all the duct outlets.

Velocity

Fig. 12: Airflow velocity distribution for case 5

Figure 13 shows the airflow velocity distribution for
the last case, i.e., case 6, in which the elbow angle for the
duct of case 4 was modified further to 65°. It was found
that the airflow velocity at outlets 1, 2, 3, and 4 is 8.5 m/s,
84 m/s, 8.6 m/s, and 8.5 m/s, respectively. When
compared to the corresponding values for case 4, it is
seen that the elbow angle modification does not produce
any insignificant changes in the airflow velocity
magnitude at all the duct outlets.

A steady-state airflow analysis through a simplified
model of an HVAC duct for a Proton passenger car was
carried out using a computational fluid dynamic (CFD)
method. The duct's CFD model was validated based on
the experimental data of airflow velocity at the outlets.
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Fig. 13: Airflow velocity distribution for case 6

It was found that for the baseline case, corresponding
to the original duct geometry and outlets shape, the
airflow velocity distribution at the inlet and vertical
section of the duct is nearly uniform at around 5 m/s. The
airflow velocity magnitude increases as the airflow
through the horizontal sections, i.e., around 7 m/s, and
becomes slightly higher, i.e., around 8 m/s, at the outlets.
Modifications were made on the shape of the outlets and
the elbow angle of the original duct. It was found that
when the shape of all outlets was changed to a circular
shape, the airflow velocity magnitude at the outlets
increases by around 6% to 8%, compared to the baseline
case. Changing the elbow angle of the modified duct, i.e.,
when all the outlets have a circular shape, does not
produce appreciable changes in the magnitude of the
airflow velocity at all the outlets.

4. Conclusions

A steady-state airflow analysis through a simplified
model of an HVAC duct for a Proton passenger car was
carried out using a computational fluid dynamic (CFD)
method. The duct's CFD model was validated based on
the experimental data of airflow velocity at the outlets. It
was found that for the baseline case, corresponding to the
original duct geometry and outlets shape, the airflow
velocity distribution at the inlet and vertical section of
the duct is nearly uniform at around 5 m/s. The airflow
velocity magnitude increases as the airflow through the
horizontal sections, i.e., around 7 m/s, and becomes
slightly higher, i.e., around 8 m/s, at the outlets.
Modifications were made on the shape of the outlets and
the elbow angle of the original duct. It was found that
when the shape of all outlets was changed to a circular
shape, the airflow velocity magnitude at the outlets
increases by around 6% to 8%, compared to the baseline
case. Changing the elbow angle of the modified duct, i.e.,
when all the outlets have a circular shape, does not
produce appreciable changes in the magnitude of the
airflow velocity at all the outlets.
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