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Abstract

The studies in the literature mostly focus on the curvature of the contraction cone, while
research regarding the impact of contraction length on flow characteristics is limited.
This study aims to determine the optimal length of the contraction cone, which ensures
uniform flow at the outlet section, considering the wall shear factor. Four contraction
cones of varying lengths were designed based on the hydraulic radius of the inlet.
Numerical analysis was conducted to obtain static pressure and velocity distributions for
the designed geometries. It was observed that wind tunnels designed with contraction
cone lengths 2, 3, and 3.5 times the inlet hydraulic radius exhibited similar flow patterns.
However, a longer contraction curve minimizes flow disturbances and turbulence,
thereby enhancing flow uniformity and steadiness, while thicker boundary layers result
from increased wall shears due to boundary layer growth. Consequently, it was
concluded that a wind tunnel configured with a contraction cone length of 2 times the
inlet hydraulic radius (square contraction cone) is the optimal choice, considering the
combined effects of wall shear and flow uniformity.

Keywords: Contraction cone length, wind tunnel, nozzle design, flow uniformity, CFD.

Acik devre riizgar tiinelinde daralma konisi uzunlugunun
optimizasyonu

Oz

Bu ¢alismada Literatiirdeki ¢alismalar ¢ogunlukla daralma konisinin egriligine
odaklanirken, daralma uzunlugunun akus ozellikleri iizerindeki etkisine iliskin ¢calismalar
azdwr. Calisma, duvar kesme gerilme faktoriinii birlikte dikkate alarak daralma konisinin
¢tkis boliimiinde diizgiin akis saglayan daralma konisinin optimum uzunlugunu ortaya
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ctkarmayr amaglamaktadir. Girig hidrolik yaricapimin uzunluguna bagh olarak, farkl
uzunlukta dort daralma konisi tasarlanmistir. Tasarlanan geometriler i¢in sayisal analiz
vapilarak statik basing ve hiz dagilimlar: elde edilmistir. Giris hidrolik yari¢apinin 2, 3
ve 3,5 kati daralma konisi uzunlugu ile tasarlanan riizgar tiinelinde de benzer bir akis
patterni elde edildigi bulunmustur. Bununla birlikte, daha uzun bir daralma egrisi, akis
bozukluklarini ve tiirbiilanst en aza indirir ve bu, akis diizgiinliigiine yardimct olur, oysa
st tabakasi biiyiimesi nedeniyle duvardaki kesme gerilmesi daha kalin sinir tabakasi
ile sonuglanir. Bu nedenle, duvar kesme ve akis homojenliginin birlikte etkisi géz oniine
alindiginda giris hidrolik yaricapimin (kare daralma konisi) 2 kati daralma konisi
uzunlugu ile yapilandiriimis riizgar tiinelinin en iyi se¢im oldugu sonucuna varimigstir.

Anahtar kelimeler: Daralma konisi uzunlugu, riizgar tiineli, nozul tasarimi, diiziin akas,
HAD.

1. Introduction

There are many parameters that affect the flow pattern in an open circuit wind tunnel.
Among the main parameters are the contraction curve profile, convergent angle,
contraction cone length, contraction ratio, diffuser length, diffuser angle, and diffuser area
ratio. The existing body of literature primarily directs its attention towards investigating
the curvature of the contraction cone within various flow systems. However, there
remains a notable scarcity in research concerning the influence of contraction length on
flow characteristics.

There are numerous studies in the literature focusing on the curve profile of the
contraction cone in wind tunnels. Common curves used for the contraction cone include
the Witoszynski curve [1], the bicubic curve, and the fifth-order polynomial curve [2].
The bicubic (two arc) contraction curves were initially suggested by Morel [3], while the
fifth-order polynomial was proposed by Bell and Mehta [4]. Zanoun [5] experimentally
tested three profiles (fifth-order polynomial contraction, two-cubic arcs, Witoszynski
second-order polynomial contractions) and concluded that the fifth-order polynomial
contraction performs the best in terms of flow uniformity. Lastra et al. [6] designed a new
logarithmic contraction cone profile aimed at achieving flow homogeneity and separation
of the boundary layer. Ahmed and Eljack [7] studied five different contraction geometries
using computational fluid dynamics (CFD). Hoghooghi et al. [8] (2016) numerically
examined Rouse’s [9], Bell’s [4], and Sargison’s [10] nozzle, considering the wall
pressure distribution, outlet velocity profiles, and pressure losses. Repeated studies have
consistently shown that the contraction curve formed by fifth-order polynomials is the
most effective in achieving flow uniformity [11-13].

Very little work has been done on determining the optimal length of the contraction cone.
When examining the literature concerning contraction cone length, it is noted that the
length of the contraction cone varies between 0.15 and 1 times the inlet hydraulic radius
for low-cost wind tunnels [14]. Additionally, Mikhail [15] stated that the contraction
section length ranges between 2 and 2.5 times the inlet hydraulic radius. Contraction
cones designed as square (where the contraction cone length is 2 times the inlet hydraulic
radius) are quite common in the literature [16-17]. In addition to considering the
contraction cone length, the effect of the aspect ratio of the contraction cone on flow
parameters has also been studied [18]. It is claimed that, to control flow separation, the
area ratio of the diffuser should be less than 2.5, and the diffuser angle should be between
5¢ and 7° [19]. The contraction curve composed of two cubic 5th order polynomials has
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repeatedly been verified as the most effective form in achieving flow uniformity [3-4,13].
Additionally, contraction curves generated by sixth-order polynomials have also been
examined in the literature [10,20]. Passman et al. [21] studied two-stage contraction
cones, consisting of a three-dimensional section and a piece-wise section, aiming to
achieve minimal flow deviation.

Lakshman and Basak [22] studied the Brassard's transformed model using OpenFOAM,
focusing on airflow uniformity, wall shear stress, and turbulence intensity. Results
indicate the transformed model offers better uniformity and turbulence control compared
to the original polynomial design. Ismail et al. [23] optimizes the design of an open circuit
wind tunnel suction type using TEA (Task Episode Accumulation) and Computational
Fluid Dynamics (CFD) with Ansys 15.0. Variation 6 emerges as the best performer,
featuring dimensions of 5.015 m length, 15.0 m/s speed, Reynolds number of 8.1 x 10,
and turbulence intensity between 10.25-10.75%.

Abdelhamed et al. [24] studied the redesign of the three-dimensional geometry of an open
circuit wind tunnel contraction using CFD and optimization tools. The study achieves the
recommended contraction ratio, uniformity at the working section, and minimizes
boundary layer thickness. Hasselmann et al. [25] applied CFD and a geometrical approach
to optimize a piece-wise conical contraction zone in a high-pressure wind tunnel, focusing
on minimizing flow deviation and separation.

In the existing literature, the length of the constriction cone is generally taken as 2 times
the hydraulic diameter, but the justification for this is always explained based on 1 time
the hydraulic diameter; what kind of effects will occur in contraction cones with a length
of 3 or 4 times the hydraulic diameter has not been examined in the literature. Thus, the
focal objective of this study is to elucidate the optimal length parameter for the
contraction cone through a comprehensive Computational Fluid Dynamics (CFD)
analysis.

In this investigation, we have designed four distinct lengths for the contraction cones,
corresponding to specific inlet hydraulic radius profiles, utilizing a sophisticated 5th
degree polynomial approach. Subsequently, employing the ANSYS Fluent CFD Package,
we meticulously scrutinized the flow properties associated with each of these contraction
cone configurations. Through this detailed analysis, we aim to provide valuable insights
into the intricate interplay between contraction length and flow behavior, thereby
contributing to the enhancement of engineering practices and fluid dynamics
understanding.

2. Material and method

The contraction cone area ratio, contraction curve profile, contraction cone length,
diffuser length, and diffuser area ratio are the main parameters that affect the flow
properties in an open circuit wind tunnel. A schematic diagram of an open-circuit wind
channel is provided in Fig. 1. The optimum area ratio of the contraction cone (A1/A>) falls
between 6 and 9 in wind tunnels [26]. The area ratio value of the wind tunnel design used
in the current study is 8. The minimum diffuser length (Lp) is a function of the inlet
hydraulic radius (Ri) and the diffuser angle (0). Since the optimum total diffuser angle is
6°, a half angle of 3° is used in the present study. The optimum area ratio (A3/A2) ranges
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between 2 and 2.5; thus, the value of As/A: chosen for the current study is 2. The
relationship between diffuser length (Lp), hydraulic radius (Ri), optimum area ratio, and
diffuser angle (0) is given in Eq. 1.

[45 /-1
Lp =Ri*——— (1)

i tan(6)
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Figure 1. Schematic diagram of an open-circuit wind channel.
The 5™ order polynomial proposed by Bell and Mehta [4] for the contraction cone

curvature is given in Eq. 2, where h is height of contraction cone, H; is the inlet height of
contraction cone, H, is the outlet height of contraction cone, and  is dimensionless length

(X/length).

h= (Hi. Ho) [-6&°+15&* — 10&3]+H; (2)
The study aimed to determine the optimum contraction cone length (Lcc) according to
the outlet velocity distribution of the contraction cone through CFD analysis. The design

properties of the wind tunnel are provided in the Table 1.

Table 1. Design properties of wind tunnel

Parameter List Value

Inlet hydraulic radius (R;) 70.71 cm
Contraction ratio (A1/Az) 8

Contraction cone lengths (Lcc) Ri, 2R;, 3R, 4R;
Contraction cone angle (20 2x10.5°

Test section height X length 0.5mX1m
Total diffuser angle (20) 6°

Area ratio of diffuser (A3/A2) 2

Diffuser length 197.59 cm

Fig. 2 displays the curves of the lower wall of the contraction cones obtained using the
5" order polynomial. Since the test length is set at 50 cm, the corresponding height of the
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contraction cone is calculated as 45.71 cm. The length of the contraction cone is
determined based on the inlet hydraulic radius (R;) and this value is 70.71 cm. During the
design process of the computer-aided drawing of the wind tunnel section, the length of
the settling chamber was set to Ri (70.71 cm), and the length of the test section was fixed
at 50 cm.
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Figure 2. Contraction cone profiles with different lengths obtained with the 5™ order
polynomial proposed by Bell and Mehta [4].

ANSYS Fluent CFD package was used for numerical simulation, while the CFD-Post
package was employed for monitoring of analysis results. The continuity equation and
conservation momentum are the primary governing equations and the governing equation
groups were discretized with second order scheme and SIMPLEC algorithm were used.
The standard k—¢ turbulence model was selected to model turbulence in wind tunnels as
it is widely used in such studies in the literature [7,12]. John et al. [27] were employed
turbulence models such as the k-¢, k-0, RSM, SST k-o, and LES. Simulation outcomes
reveal that the k-¢ model yields the lowest turbulence intensity. Therefore, in this study,
this model was deemed more appropriate to work. The convergence criterion was set to
1x10™. The mass flow inlet boundary condition was applied for settling chamber inlet
and mass flow outlet boundary condition was selected for diffuser outlet. The no slip
condition was selected as boundary for walls. A grid independence test was performed
considering the static pressure values. Mesh sensitivity test is given in Table 2. All quad
mesh options with the fine (node numbers=1200X1200), medium mesh (900X900) and
coarse (node numbers=600X600) mesh options were applied to a chosen profile
(Lcc=3Rj) and analyses were performed with the fine mesh option.

Table 2. Mesh sensitivity test.

Coarse Mesh Medium Mesh Fine Mesh
Node Number 600X600 900X900 1200X1200
Static pressure at | -516.2 Pa -514,1 Pa -513.3 Pa
midline of outlet
region of  test
section
Change in result. 0.57% 0.15% -
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Recognizing that the mesh in the near-wall region strongly affects the wall shear, a higher
density mesh near the tunnel walls was implemented. The consideration for the near-wall

mesh (y+) ensured that the first cell adjacent to the contraction cone wall remained under
1.

3. Results

In the research findings of numerical analysis, static pressure and velocity distribution
contours were obtained for four types of wind tunnels with different lengths of contraction
cones. Static pressure distributions for contraction cones of different lengths are shown
in Fig. 3. In the test section, the static pressure values decreased significantly and
recovered in the diffuser section, but due to losses it reaches a value lower than initial
value. An obvious difference was observed in static pressure changes in the vertical
direction of outlet of contraction cone. In the first design (Lcc=R;) very low static pressure
values are observed locally on the walls of the contraction cone for the and sudden
pressure losses are partially observed in the second design (Lcc=2R;). A more uniform
pressure distribution occurs in the 3™ (Lcc=3R;) and 4" (Lcc=3.5R;) design case. Average
static pressure distribution values along the symmetry (mid-section) line are similar for
the 3™ design (Lcc=3R;) and the 4™ (Lcc=3.5R)).
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Figure 3. Static pressure distribution contours in contraction cones of different lengths

Velocity contours of contraction cones of different lengths are depicted in Fig. 4.
Regarding velocity values, the highest velocity value is observed in the test section, while
the velocity decreases slightly in the diffuser. Although the velocity magnitude values are
not locally homogeneous in the first design, depending on the sudden pressure losses, it
is possible to talk about a more uniform velocity distribution for the third design
(Lcc=3Rj) and fourth design (Lcc=3.5R;i). The velocity magnitudes values are more
regular at the outlet of the test section. However, the speed values are relatively more
irregular at the exit of the contraction cone, specifically at the entrance of the test section.
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Figure 4. Velocity distribution contours in contraction cones of different lengths

Whether the optimum contraction cone length is advantageous can be questioned based
on the uniformity of the velocity distributions at the outlet section of the contraction cone.
The distribution of the velocity components taken from the vertical axis (Y axis) at the
outlet section of the contraction cone of all cases is shown in Fig. 5. To discern the
differences between the velocity values, the image is provided with zooming. It can be
observed that the contraction cone with Lcc=3R; and Lcc=3.5R; provide more uniform
flow pattern, considering the velocity inlet profile of the test section. The results presented
in Fig. 5 align well with the findings from a study conducted by Arifuzzaman and
Mashud, specifically involving a square contraction cone, as referenced by [14].
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Figure 5. Outlet velocity profile of contraction cones with different lengths
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Furthermore, the presence of a longer contraction curve mitigates the impact of wall
shears caused by boundary layer growth. In fluid dynamics, as fluid moves along a
surface, such as the walls of a conduit, a thin layer of fluid called the boundary layer
forms [11]. This boundary layer can grow thicker as the flow progresses, leading to
increased wall shears. However, with a longer contraction curve, the boundary layer
growth is more gradual, resulting in a thinner boundary layer and reduced wall shears.
According to the computational fluid dynamics (CFD) analysis results, it appears that a
contraction length-to-diameter ratio of 3.5 times the radius of the inlet (Lcc=3.5Ri)
initially seems to offer the most favorable conditions. However, it is noted that this
configuration suffers from a disadvantageous increase in wall shear due to the thicker
boundary layer associated with its longer length. Therefore, despite its seemingly optimal
flow characteristics, the Lcc=3.5Ri design is deemed less desirable due to the heightened
wall shear. Consequently, the configuration with an Lcc of 2 times the radius of the inlet
(Lcc=2Ri), represented by a square contraction cone, emerges as the superior choice when
considering both the effects of wall shear and flow uniformity in tandem. In summary, a
longer contraction curve proves advantageous in minimizing flow disturbances and
turbulence, as well as reducing the impact of wall shears caused by boundary layer
growth. Despite initially appearing optimal, the design with the longest contraction curve
is ultimately deemed less favorable due to increased wall shear, leading to the selection
of a shorter contraction curve configuration for optimal flow uniformity and steadiness.

4. Conclusion

In the study, numerical analyzes were performed for the design of the contraction cone
with 4 different lengths in order to determine the optimum length of the contraction cone
that provides smooth flow in test section of wind tunnels. The results present pressure and
velocity distribution contours for the four design cases. The optimal geometry value is
determined based on the criterion of achieving uniform velocity distributions at the outlet
of the contraction cone. It was found that flow forms were not uniform in the contraction
cones designed with Lcc=Ri. However, uniform flow forms were obtained in contraction
cones designed with LCC=2Ri, Lcc=3 R; and Lcc=3.5 Ri. Nonetheless, a longer
contraction curve minimizes flow disturbances and turbulence, thereby enhancing flow
uniformity and steadiness. However, the increase in wall shears due to boundary layer
growth results in a thicker boundary layer. Therefore, the Lcc=2R; configuration (square
contraction cone) is considered the best choice, considering the combined effects of wall
shear and flow uniformity.

Nomenclature
Ay area of contraction cone inlet of wind tunnel
Aj area of contraction cone outlet of wind tunnel

A3 area of diffuser outlet of wind tunnel
D inlet diameter of venturi tube

d throat diameter of venturi tube

H; inlet height of contraction cone

Ho inlet height of contraction cone

Lcc  contraction cone length

Lp minimum diffuser length

R; inlet hydraulic radius

438



g D QR <
T

BAUN Fen Bil. Enst. Dergisi, 26(2), 431-440, (2024)

dimensionless near wall distance

convergent angle

Diffuser angle

dimensionless length value of contraction cone
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