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An investigation of estimation of turbulent structures of natural convection in horizontal parallel plates by the Q
criterion is studied numerically. It is difficult to adopt a definite criterion like the critical Reynolds number
adopted in forced convection to distinguish laminar and turbulent flows of natural convection in horizontal par-
allel plates because the angle between directions of the buoyancy force and main stream flow is changed in the
whole process of the flowing. The Q criterion is then used tomake up for a deficiency of the definite criterion and
examines mechanisms of the occurrence of rotation behaviors which are often regarded as turbulent structures
in detail. Methods of the Roe scheme, preconditioning and dual time steppingmatching themethod of LUSGS are
simultaneously used to solve a low speed compressible flow. As well, non-reflecting boundary conditions are
held at apertures to prevent the reflection caused by pressure waves. Under a low height situation, the shear
force is dominant, and then a few rotation behaviors are observed near the central region where flow directions
are changed. Oppositely, the space is almostfilledwith active rotation behaviors because natural convection fully
develops in a high height situation.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Until now a turbulent channel flow caused by forced [1–5] or natural
[6–11] convection is still a very important subject for both academic and
industrial research. The most apparent characteristics of the turbulent
flow are generally recognized as that the Reynolds number of the flow
is larger than the critical Reynolds number of the flow and numerous
active eddy behaviors are observed in the flow. Therefore, based upon
the criterion of the critical Reynolds number the attribution of a situa-
tion of forced convection channel flow, in which the mass flow rate of
the channel flow is a given condition, can be easily predicted whether
it belongs to a turbulent flow or not. An appropriate solution method
for the force convection channel flow can be correctly adopted accom-
panied with the prediction mentioned above.

However, under a situation of natural convection themass flow rate
is mainly induced by both thermal and geometric conditions, and it has
difficulty to assign the mass flow rate as a given condition in advance
like the situation of forced convection. Also, the buoyancy force, which
is produced by a variation of the density of the fluid because of different
heating locations, is a driving force and a function of a heating location
that leads different velocities of fluids to be induced in the flow. As a
result, observation of themixture of laminar and turbulent natural con-
vections in the flow becomes possible due to the mixture of low and
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high velocities of fluidsmentioned above. Aswell, under horizontal par-
allel plates directions of the buoyancy force and main stream flow are
vertical in regions near the inlet and outlet, and parallel in near central
regions [12]. Then the angle between both directions of the buoyancy
force and main stream flow is alternatively changed in the situation of
horizon parallel plates that causes a definitely critical criterion similar
to the critical Reynolds number proposed to distinguish laminar and
turbulent flows of natural convection to be difficult. Related numerical
and theoretic studies for investigating turbulent natural convection in
the situation of horizontal parallel plates are scarcely published.

For investigating turbulent natural convection in the horizontal par-
allel plates further, the study aims to investigate eddy behaviors of tur-
bulent natural convection in the horizontal parallel plates by a method
of the Q-criterion [13] numerically. The lateral width is elongated five
times as long as that of [12] to get rid of restriction of eddy behaviors.
Derived finite differential formulae are advanced to a higher order
than those used in [12] for catching sensitive eddy behaviors clearly.
The Q-criterion [13] can indicate locations of the rotation which can
be regarded as a kind of eddy behavior in the flow. Based upon the re-
sults, the flow inclines to a turbulent or laminar flow can be objectively
observed. For considering a situation including variable buoyancy forces
induced by variable densities of fluids, the compressibility of the fluid is
taken into consideration. Methods of the Roe scheme [14], precon-
ditioning [15], and dual time steppingmatching [15] the LUSGSmethod
[16] are simultaneously adopted to solve a compressible flow. The re-
sults show that under a situation of the highmodified Rayleigh number
the space for developing natural convection is large, and then active be-
haviors of the rotation are very apparent. This phenomenon indicates
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Nomenclature

e internal energy (J/kg)
g acceleration of gravity (m/s2)
H height of the plate (m)
J Jacobian
k thermal conductivity (W/mK)
k0 surrounding thermal conductivity (W/mK)
Nux local Nusselt number defined in Eq. (36)

Nux1
¼ H

k0 Th−Tcð Þ k Tð Þ ∂T∂x2

� �

Nu area average local Nusselt number defined in Eq. (37)

Nu ¼ 1
4W2 ∫

W
0 Nux1

dx3

P pressure (Pa)
P0 surrounding pressure (Pa)
Pr Prandtl number
Q Q-criterion defined in Eq. (33) Q ¼ − 1

2 SijSij−ΩijΩij
� �

R gas constant (J/kg/K)
Ra Rayleigh number defined in Eq. (34) Ra ¼ Pr gρ2

0 Th−Tcð ÞH3

T0μ Tð Þ2
Ra⁎ modified Rayleigh number defined in Eq. (35)

Ra� ¼ Ra� 4W
H

t physical times (s)
T temperature (K)
T0 temperature of surroundings (K)
Th temperature of heat surface (K)
u1,u2,u3 velocities in x1, x2 and x3 directions (m/s)
W width of the plate (m)
x1,x2,x3 Cartesian coordinates (m)

Greek symbols
α thermal diffusivity rate (m2/s)
ρ density (kg/m3)
ρ0 surrounding density (kg/m3)
μ viscosity (N∙s/m2)
γ specific heat ratio
τ artificial times
ξ, η, ζ curvilinear coordinate

Fig. 1. Physical model.
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the flow field filled with turbulence structures, and becomes a fully
unstable situation. Oppositely, under a situation of the low modified
Rayleigh number the space for developing natural convection is
contracted, except near central regions behaviors of the rotation are
scarcely observed. Fluids usually turn directions in near central regions,
and a few indicators of the rotation are then observed.

2. Physical model

A physical model of three dimensional horizontal parallel plates is
indicated in Fig. 1. The length, height and width are 4 W, H andW, re-
spectively. Compared with the previous study [12], the width is much
wider because the turbulence structures in the spanwise direction
(x3) should be taken into consideration as well as those in the other
two directions. The temperature of the heated bottom surface is Th
(700 K), and the top plate is adiabatic. The gravity is downward and
the temperature and pressure of surroundings are T0 (298 K) and P0
(101,300 Pa), respectively. Boundary conditions on both apertures
are non-reflecting conditions and both sides of the width are periodic
conditions.
For facilitating the analysis, the following assumptions are made.

1. The work fluid is ideal gas and follows the equation of state of an
ideal gas.

2. Magnitudes of gradients of density and pressure on the whole
surfaces in the normal direction are zero.

3. Radiation heat transfer is neglected

The governing equations in which the parameters of viscosity and
compressibility of the fluid and gravity are simultaneously considered
are shown in the following equations.

∂U
∂t þ ∂F1

∂x1
þ ∂F2

∂x2
þ ∂F3

∂x3
¼ S ð1Þ

P ¼ ρRT ð2Þ

The quantities included in U and Fi are separately shown in the
following equations.

U ¼

ρ
ρu1
ρu2
ρu3
ρe

0
BBBB@

1
CCCCA ð3Þ

and

Fi ¼

ρui
ρuiu1 þ Pδi1−μAi1
ρuiu2 þ Pδi2−μAi2
ρuiu3 þ Pδi3−μAi3

ρeþ Pð Þui−μAijuj−k
∂T
∂xi

0
BBBBBB@

1
CCCCCCA
;∀i ¼ 1; 2; 3 ð4Þ

where Aij ¼ ∂uj

∂xi
þ ∂ui

∂xj
− 2

3 ∇⋅uð Þδij :

S ¼

0
0

− ρ−ρ0ð Þg
0

− ρ−ρ0ð Þgu2

0
BBB@

1
CCCA: ð5Þ
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The viscosity and thermal conductivity of the fluid are based
upon Sutherland's law

μ Tð Þ ¼ μ0
T
T0

� �3
2 T0 þ 110
T þ 110

; ð6Þ

k Tð Þ ¼ μ Tð ÞγR
γ−1ð ÞPr ; ð7Þ

where ρ0 = 1.1842 kg/m3, μ0 = 1.85 × 10−5 N∙s/m2, T0 = 298.0592 K,
γ = 1.4, R = 287 J/kg/K, and Pr = 0.72.

4. Numerical method

The numerical method used to solve flow, thermal and pressure
fields of this study is based on the previous studies of [12] and [17].

One of the main purposes in the present study is to observe the
turbulence structures by Q-criterion [13]. The Q-criterion is defined
as follows

Q ¼ −1
2

SijSij−ΩijΩij

� 	
ð8Þ

where

Sij ¼
1
2

∂ui

∂xj
þ ∂uj

∂xi

 !
¼ Sym

∂ui

∂xj

 !
and

Ωij ¼
1
2

∂ui

∂xj
−

∂uj

∂xi

 !
¼ Asym

∂ui

∂xj

 !
:

When the magnitude of the Q-criterion is positive, the rotation is
dominant and overcomes the strain and shear. Thus, those surfaces
will be eligible as a vortex envelopes. Because the vorticity close to
the center of the vortex should increase, the Q is naturally expected
to remain a positive magnitude in the core of the vortex. Therefore,
positive regions of the Q are good indicators of turbulent structures.

5. Results and discussion

The heightH of parallel plates is generally regarded as a characteristic
length when the Rayleigh number is used in parallel plate problems and
defined as follows.

Ra ¼ Pr
g ρ0

2 Th−Tcð ÞH3

T0μ Tð Þ2 ð9Þ

However, the length of the heated bottom wall affects heat transfer
phenomena remarkably. In order to highlight the influence of the length
of the heated wall, a modified Rayleigh number Ra⁎ is newly defined in
the following equation.

Ra� ¼ Ra� 4W
H

ð10Þ

In the present study, two different heights which are H, named
case A, and 0.5H, named case B, are adopted to observe the effects
of the heights on the formation of the rotation calculated by [13].
The modified Rayleigh numbers based on the H and 0.5H as the char-
acteristic lengths are 6 × 106 and 1.5 × 106, respectively. The defini-
tions of an instantaneous local Nusselt number at x3 = W/2 and an
area-averaged Nusselt number are expressed as follows, respectively.

Nux1
¼ H

k0 Th−Tcð Þ k Tð Þ ∂T∂x2

� �
ð11Þ
Nu ¼ 1
4W2 ∫

W

0

∫
4W

0

Nux1
dx1dx3 ð12Þ

In Fig. 2, grid distributions in the x1x2 plane for case A and case B
are shown, respectively. In order to capture the accurate phenomena,
the grids near the wall are a little strengthened. Other parameters
which are used in calculations are tabulated in Table 1. Comparing
with [12], the grid number in x3 direction is increased to 50, which
can obtain the turbulent structures accurately. Δx2f indicates the
distance between the first grid point and the wall.

Shown in Fig. 3, area-averaged Nusselt numbers of cases of A and
B are indicated by solid and dashed lines, respectively. Both cases are
under a quasi-steady situation. Because the space of case A for the
development of natural convection is much larger than that of case
B, then area-averaged Nusselt numbers of case A are naturally larger
than those of case B.

In Fig. 4,figures of a thermalfield, velocity vectors and instantaneous
local Nusselt numbers of cases A and B at a certain instant are revealed,
respectively. Since the height of case A is high, it easily causes natural
convection to be more active and unstable [12]. A convex high temper-
ature region close to the central region is observed remarkably, and
near the left side of the central region a relatively small convex high
temperature region is observed. This phenomenon is mainly caused
by two large circulation zones distributed on both sides of the center
line. The convex high temperature region leads velocity vectors of fluids
to be upward hurriedly and violently. Upward velocity vectors of fluids
in the opposite region are then suppressed and indicate relatively weak
behaviors. Due to accumulation of heat energy on the two convex high
temperature regions, the smallest averaged Nusselt number is then
found out in one of these regions. Two large circulations mutually
squeeze that leads unforeseen large Nusselt numbers to be observed
in the middle region.

In case B, the height is low and the space for the development of
natural convection is contracted. Therefore, complicated phenomena
similar to those of case A are no longer observed. Cooling fluids
sucked from surroundings are orderly and sequentially heated by
the heated bottom surface and begin to flow upward near the central
region. Afterward, cooling fluids impinge the top surface and turn
flow directions to surroundings. This situation is relatively stable,
and then the smallest magnitudes of the thermal field, velocity
vectors and instantaneous local Nusselt numbers are found out in
the central region.

Traditionally, behaviors of the vortex which can be equivalently
expressed by motions of the rotation are often regarded as turbulence
structures. And the quantitative magnitude of the rotation can be
estimated by the Q-criterion [13] and calculated by Eq. (8) mentioned
above. Fig. 5 reveals indicators of the iso-surface of the Q of cases of A
and B, respectively. The instant is the same as that of Fig. 4, and the
magnitude of the iso-surface Q is equal to 500 calculated by Eq. (8).
The formation of the iso-surface of the Q validates the width in the
x3 direction to be suitable for developing complete flow structures.
In case A, the high height provides more active behaviors of natural
convection. As well, fluids heated by the heated bottom surface flow
upward near the low central region and turn flow directions close
to the upper central region. As a result, a large number of lumps of
the iso-surface of the Q are observed around the central region. As
heated fluids flow away from the central region to surroundings,
the number of lumps of the iso-surface of the Q is decreased abruptly.
This phenomenon implies, in addition to the monotonous flow direc-
tion of fluids in this region, an achievement of the influence of the
shear force caused by the top surface on fluid flows to be gained.

Fluids sucked from surroundings first flow through low regions of
entrances into the domain. Accompanying with the heating process,
these fluids flow along the bottom surface and reach the central
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region around. These entrance regions are approximately surrounded
by dashed lines and shown in case A. Due to the dominance of suction
effect, directions of fluids are almost straight in these regions that
directly cause the formation of the rotation of fluid flows to have
difficulty. Therefore, no lump of the iso-surface of Q is observed in
these regions.

In case B, the height is low and the shear force becomes strong
that seriously limits the development of natural convection in the
domain. Fluids sucked from surroundings begin to flow upward close
to the low central region and flow outward near the upper central
region. The variation of the flow direction causes the rotation of fluid
flow to happen and lumps of the iso-surface of the Q to be naturally
found out in these regions. As for the other regions, due to the strong
shear force the lump of the iso-surface of the Q is hardly found out.

In Fig. 6, distributions of the magnitude of lumps of the iso-surface
of the Q equaling to 300 of cases A and B are indicated, respectively.
The magnitude shown in this figure is smaller than that of Fig. 5
that means behaviors of the rotation shown in this figure is not active
as those shown in Fig. 5. As a result, in case A both distributions of
lumps of the iso-surface of the Q of Figs. 5 and 6 have no apparent
difference due to the relatively complete development of natural
Table 1
Cases parameters.

Case Domain size(m) Grid numbers Δx1 × Δx2f × Δx3 (m)

A 0.02 × 0.05 × 0.05 200 × 75 × 50 0.002 × 0.000276 × 0.01
B 0.02 × 0.025 × 0.05 200 × 40 × 50 0.002 × 0.000289 × 0.01
convection. However, the behavior of the smaller magnitude of the
iso-surface of the Q is relatively remarkable in the low height space,
so the distribution of the small magnitude of lumps of the iso-surface
of the Q shown in Fig. 6 case B is apparently denser than that of the
large magnitude of lumps of the iso-surface of the Q shown in Fig. 5
case B.

Oppositely, in Fig. 7 the magnitude of lumps of the iso-surface of
the Q broadly increases to 1000. The larger magnitudemeans the behav-
ior to be more active. Naturally, the cluster of lumps of the iso-surface of
the Q shown in this figure is more dispersed than those shown in Figs. 5
and 6.
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Fig. 3. Variations of time and space averaged Nusselt numbers with time.
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Fig. 4. Variations of a thermal field, velocity vectors and instantaneous local Nusselt numbers at a certain instant.
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Fig. 5. Distributions of lumps of the iso-surface of the Q, Q = 500.
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Fig. 6. Distributions of lumps of the iso-surface of the Q, Q = 300.
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Fig. 7. Distributions of lumps of the iso-surface of the Q, Q = 1000.
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6. Conclusions

An investigation of estimation of turbulent natural convection in
horizontal parallel plates by the Q criterion is studied numerically.
Rotation behaviors of natural convection indicated by the Q criterion
are first displayed. Several conclusions are drawn as follows.

1. Due to the influence of the shear force in a low height situation, a
few rotation structures are observed in the near central region
where directions of flowing fluids are changed.

2. Rotation structures are almost fully filled with the space of a high
height situation because of complete development of natural
convection.

3. The Q criterion is a powerful method to be able to examine varia-
tions of rotation structures in a wide range.
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