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a b s t r a c t
In this paper, a new variant of the k-ε turbulence model (Saqr et al., CFD Letters, 1(2) pp. 87–94) is used to
compute the shear driven vortex ﬂow in an open cylindrical cavity. The results are compared with published
LDA measurements for such ﬂow conﬁguration. The modiﬁed turbulence model demonstrated good
agreement with experimental results, which further supports its validity in computing vortex dominated
ﬂows.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction
The shear driven cavity ﬂow is one of the classical ﬂuid dynamics
problems that can narrate the development of modern understanding of
ﬂuid dynamics. Literature records include research on such problem
since 1965 [1] until today [2,3]. The shear-driven cavity ﬂow has been
extensively used to validate new numerical schemes [4–6] and new
turbulence models [7–9]. In addition, the shear-driven ﬂow physics has
been of notable importance to several engineering applications [10–12].
The vast majority of these researches have considered cavities with
rectangular cross section, with different aspect ratios. The shearinduced cavity ﬂow is generally characterized by dominated vortices
in the turbulent ﬂow regime [13–16]. Bruneau and Saad [17] have
recently conducted remarkable effort to thoroughly describe the vortex
behavior in square lid-driven cavity ﬂows at a wide range of Reynolds
numbers. In addition to providing accurate benchmark data for the
problem, they reported comprehensive data on the formation of the
primary and secondary vortices.
When the shear-driven ﬂow is enclosed in a circular cavity, it
exhibits unrelenting behavior of circulation and vortical motion. Mercan
and Atalik [18] have reported such phenomenon in arc-shaped cavities
at numerous high Reynolds numbers. Recently, the shear driven ﬂow
inside a cylindrical cavity was experimentally studied by Savelsberg and
Castro [19]. Their work complimented few researches on the sheardriven ﬂow in semi-cylindrical cavities, such as [10,16,20]. The ﬁndings
of these researches commonly described the formation and sustenance
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of a dominating vortex, with a solid-body rotating core in the shear
induced ﬂow in circular cavities. However, the contemporary literature
reveals that the problem of shear-driven ﬂow inside cylindrical or semicylindrical cavities has attracted far less attention than such of ﬂow
inside square or rectangular cavities.
The present work describes the results of several numerical
computations, using a new variant of the standard k-ε, of the turbulent
shear driven vortex ﬂow in an open cylinder cavity. The work relies on
the LDA measurements published by Savelsberg and Castro [19] to
provide a comparative benchmark for the modiﬁed turbulence model
that has been recently proposed and validated by the authors for vortex
dominated ﬂows [21].

2. Flow conﬁguration
Fig. 1 shows a schematic of the actual ﬂow conﬁguration according to
[19]. Air was supplied to the ﬂow domain at different inlet velocities
ranging from 5.9 m/s to 14.03 m/s. The opening angle of the cavity
(named ϕ) was set to four different values, viz. 20°, 40°, 60° and 80°. In
the present analysis, the computations are conducted on a two
dimensional plane parallel to the XZ plane, as in Fig. 1b. This two
dimensional approximation was undertaken based on a physical
assumption that the circumferential behavior of the shear driven vortex
is relatively unaffected by the three dimensionality of the ﬂow. Point (B)
is the where the main ﬂow separates in the 2D case considered in the
present study. The opening angle was set to 40° in all computations.
Readers are advised to refer to the comprehensive analysis of Savelsberg
and Castro [19] for further details on the assembly of the experimental
rig and the Laser Doppler Anemometry (LDA) measurement
procedures.
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Fig. 1. Flow conﬁguration in the open cylinder cavity after [19]. Dimensions in mm. (a) a schematic of the 3D ﬂow conﬁguration and (b) the 2D ﬂow domain considered in the present study.

3. Governing equations
3.1. Conservation of mass and momentum
The Reynolds-averaged equations of motion, in tensor notation, for
the steady-state two dimensional ﬂow are [22]:
Conservation of mass :

∂Ui
=0
∂xi

Conservation of momentum : ρ

ð1Þ


―
∂
∂P
∂ 
ðU U + u′j u′i Þ = −
+
2μSij
∂xj j i
∂xi
∂xj

ð2Þ
―

where Ui is the mean velocity, xi is the position vector, u′j u′i is the
temporal average of ﬂuctuating velocity, P is the mean static pressure,
μ is the molecular
viscosity and Sij is the strain rate expressed as

∂uj
1 ∂ui
.
+
2 ∂x
∂x
j

i

The local air density was calculated based on a ﬁxed value for the
operating pressure, which equals to the ambient pressure. In other
words, the air ﬂow was assumed to be incompressible. This assumption
was made after ensuring the inlet Mach number is particularly less than
0.3 in all cases [23].
3.2. The Rε/k-ε turbulence model
In fact, the standard k-ε model has been reported to provide good
predictions of vortex/swirl dominated ﬂows, such as in swirl combustors [24–33] and hydrocyclones [34], despite all the theoretical
objections on its performance in such cases. However, several attempts
have been carried out to enhance the predictability of the standard k-ε
model with vortex dominated ﬂows. These attempts have been recently
reviewed by the authors in [21]. One modiﬁcation that has been
reported to yield satisfactory results in vortex ﬂows is the RNG/k-ε
model. The model was presented by Yakhot and Orszag based on the
application of the Renormalization group (RNG) theory [35,36]. They
have used a sophisticated scale elimination procedure to derive the
modiﬁed two k-ε equations model, and its constants. These constants

were the topic of strict criticism such as that presented by Nagano and
Itazu [37]. They have proved that all the constants in this model are
invalid. Further research by Nagano and Itazu has highlighted other
erroneous aspects of the RNG/k-ε model, such as the use of the εexpansion technique [38]. They have also proved that the model is based
on scale removal procedure rather than a Renormalization Group
theory. This was also supported by the ﬁndings of Eyink [39]. Several
fundamental errors of the RNG/k-ε model were also reported by more
than a few careful mathematical discussions. The most rigorous of these
discussions have been proposed by Teodorovich [40], Sukoriansky [41]
and Wang and Wu [42].
Nevertheless, the RNG/k-ε model was reported to be successful in
modeling different conﬁgurations of vortex/swirling ﬂow. In the matter
of fact, virtually all of the successful simulations with the RNG/k-ε model
for vortex ﬂows are reported by researchers who utilize the FLUENT®
CFD solver [43–52]. In these simulations, two reasons were given for
such prevalence of the RNG/k-ε model. The ﬁrst is the swirl modiﬁcation
proposed by FLUENT® Inc. for their commercial solver, which is a
software advantageous modiﬁcation of the turbulent viscosity equation.
The essence of such modiﬁcation is based on empirical correlations
which are not revealed to users. The second reason is a new additional
production of dissipation term in the ε equation. The new term, Rε, can
be written in the following form:
―

Rε = 2ν0 Sij

∂ul ∂ul
:
∂xi ∂xj

ð3Þ

In order to solve the ε equation, the Rε term had to be evaluated. It
was shown that such closure cannot be achieved using the methods
based on ε expansion procedure, as described in [36]. Yakhot and
Smith [53] postulated an expression for Rε based on the additional
expansion parameter η which is the ratio of the turbulent to mean
strain time scale. The resulting expression is:
3

Rε =

νT S ð1−η = η0 Þ
1 + βη3

–
Where η = S k =ε–, S = (2SijSij)1/2, and η0 ≈ 4.38.

ð4Þ
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The constant β was chosen such as β = 0.012 which results in a
value for the Von Karman constant of 0.4; a recommended value for
turbulent channel ﬂows. The Rε /k-ε turbulence model presented by
the authors adopted the Rε term in the standard k-ε formulation. The
transport equations of the Rε /k-ε turbulence model can be expressed
as [21]:
Equation for the turbulence kinetic energy (k):
∂k
∂U
∂
ρUj
= τij i −ρε +
∂xi
∂xj
∂xj

2

∂ε
ε ∂U
ε
∂
= Cε1 τij i −Cε2 ρ
+
k
k ∂xj
∂xj
∂xj

"
μ+

ð5Þ

 #
3
μ T ∂ε
ν S ð1−η = η0 Þ
− T
σε ∂xj
1 + βη3

ð6Þ
The eddy viscosity is expressed as μ T = ρCμ

Re
Uin

5.285 × 104
5.60

9.155 × 104
9.70

1.191 × 105
12.62

1.302 × 105
13.80

Table 2
Details of the four grids used in the grid independency study.

"
 #
μ
∂k
μ+ T
σk ∂xj

where Ui is the mean velocity, xi is the position vector, τij is the Reynolds
stress, μ T is the eddy viscosity, σk is a closure coefﬁcient that has a unity
value, and ε is the dissipation rate.
Equation for the dissipation rate of turbulence kinetic energy (ε):
ρUj

Table 1
Values of Reynolds number and corresponding inlet velocity for the present analysis.

k2
ε

ð7Þ

The model constants Cε1, Cε2, Cμ and σε values are 1.44, 1.92, 0.09
and 1.3, respectively, as reported in [54,55].

Grid
G1
G2
G3
G4
G5

Number of grid cells
9190
16,169
36,796
93,341
145,466

Minimum cell area (m2)
−6

4.57 × 10
2.76 × 10−6
1.16 × 10−6
4.9 × 10−7
8.8410−8

Maximum cell area (m2)
2.80 × 10−5
1.87 × 10−5
8.44 × 10−6
3.27 × 10−6
3.22 × 10−6

5. Grid independency study
The solution was ensured to be independent from the grid quality
and cell size by performing a grid independency study on four different
grids. The convergence criteria was reached when the residuals was
reduced four orders of magnitude. The details of the four grids, which
were all of the hexahedral structure, are given in Table 2. The velocity
and pressure proﬁles on line DE for the four computations are shown in
Fig. 2. The grid independency computations were performed at
Re = 9.876 × 104.

4. Numerical procedures
4.1. Spatial discretization
A two dimensional, ﬁnite volume solver [56,57] was used to
discretize the 2D ﬂow domain through a ﬁrst-order order upwind
scheme. Several quadrilateral grids were generated for the purpose of
ensuring that the solution is grid-independent, as detailed in Section 5.
The SIMPLE algorithm was used to achieve the mass conservation
between the pressure and velocity terms in the discretized momentum
equation. Because the pressure variation between the discretized grid
cells was expected to be irregular, a pressure staggering scheme [58] was
used to interpolate the pressure values at the cell faces.
4.2. Operating and boundary conditions
The operating pressure and temperature were set to 1.013 bar and
290 K, respectively. These operating conditions were applied to the inlet
air to calculate the density and viscosity, which was assumed to remain
constant along the ﬂow domain. Air was computationally supplied to
the ﬂow domain with a constant velocity and fully developed velocity
proﬁle. The pressure at the outlet section of the ﬂow domain was
constrained to the ambient pressure. Heat transfer due to viscous shear
within the ﬂow domain, and due to convection from the ﬂow domain to
ambient environment were both neglected. The Reynolds number of the
ﬂow inside the cavity was calculated based on the inlet velocity and
cavity diameter as:
Re =

ρUin D
μ

ð8Þ

where Uin is the inlet velocity to the domain, D is the cavity diameter
and ν is the kinematics viscosity of air. Since the diameter of cavity is
held constant in the present analysis, the Reynolds number was varied
according to the inlet velocity solely. Four different values of Reynolds
number were examined in comparison with the LDA measurements of
[19]. The values of the Reynolds number worked in the present study,
and their corresponding inlet velocities are detailed in Table 1.

Fig. 2. Line (DE) grid-independency proﬁles of (a) velocity and (b) static pressure.
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6.2. The cavity ﬂow
The basic intuition of the shear driven ﬂow inside the cavity implies
that such ﬂow should exhibit a vortical shape. Several aspects of such
ﬂow were demonstrated and discussed experimentally in the original
article [19]. It was reported, in such article, that the ﬂow inside the cavity
is a complete vortex ﬂow with a core that has very small values of

Fig. 3. Normalized computed X velocity component in comparison with measurements.

The grid independency study reveals rather slight differences
between the ﬁve grids. There is approximately no difference between
the velocity and pressure proﬁles predicted by G4 and G5. Thus, in order
to optimize the computations for resources and quality, the grid G4 was
adopted for the study.

6. Results and discussion
6.1. Flow separation at the cavity tip
The separated ﬂow at the cavity tip (i.e. at point B) is indicated in
Figs. 3 and 4 by the normalized velocity components in X and Y
directions, respectively, in comparison with measurements at
Re = 9.876 × 104. The predicted velocity in the X direction, UX, is in a
very good agreement with measurements. However, in the near-wall
region, the velocity seems to have some disagreement with
measurement. The maximum deviation of the predictions from the
measured values at such region is in the order of 34% of the inlet
velocity value. This disagreement in the near-wall region is attributed
to the near-wall treatment of the geometry.
In Fig. 4, the predicted velocity in the Y direction has better
agreement with measurements near to the wall. The location where the
computations have the maximum disagreement with measurements is
at a vertical distance of 20 mm, where the disagreement is up to 3.8% of
the inlet velocity value.

Fig. 4. Normalized computed Y velocity component in comparison with measurements.

Fig. 5. Comparison between measured [19] and computed normalized tangential
velocity along line BC in the cavity for (a) Re = 5.285 × 104 (b) Re = 9.155 × 104 and
(c) Re = 1.302 × 105.

1076

K.M. Saqr et al. / International Communications in Heat and Mass Transfer 37 (2010) 1072–1077

turbulence quantities. The core was suspected to be laminar or
exhibiting minimized unsteadiness that produce the measured levels
of turbulence. The focus of the present section, however, is to show that
the modiﬁed turbulence model has successfully captured the main
features of the vortex ﬂow in the cavity.
As depicted in Fig. 5(a–c), the Rε/k-ε turbulence model provided
predictions that agree with measurements qualitatively. At all examined
Re values, the modiﬁed model successfully predicted the vortex motion
in the cavity which is evident when observing the altering proﬁle of
normalized tangential velocity in Fig. 5. However, there is some
quantitative difference between the predicted and measured values.
The model underpredicts the tangential velocity in the cavity. When the
Re number increases the quantitative deviation of the predictions from
the measurement is reduced, as revealed by comparing the three Re
values in Fig. 5.
7. Conclusion
Numerical computations of the shear driven vortex ﬂow in a
cylindrical cavity were performed using the recently proposed Rε/k-ε
turbulence model. A review of the eddy viscosity turbulence models
used for computing vortex ﬂows was presented to justify the
formulation of the modiﬁed model. The results of the computations
were compared to recently published LDA measurements for the case,
and the model demonstrated good agreement with such measurements
at different values of Reynolds number. Such agreement included the
predictions of the velocity over the separation point and inside the
cavity. It was shown that the shear-driven vortex ﬂow inside the cavity
was successfully predicted. Future work should focus on the ﬁne tuning
of the model constants to achieve enhanced quantitative predictions
and faster solution convergence. Some special formulation of the nearwall treatment in vortex ﬂows has to be proposed for the model as well.
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