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Introduction

The direct interaction of fluid density variation inside the fluid bulk body causes
fluid buoyancy, which is a fundamental feature of natural convection [1-3]. The resulting
fluid density is a direct manifestation of the fluid spatial temperature, which induce a
fluid stream drift proportional to thermal gradient across the fluid stream [4]. An
exception tothis fluid behavioris exhibited by the water molecules, which is characterized
by peak density near 4 degrees Celsius, as shown in figure 1 [5].
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Figure 1. Water density versus Temperature [5]

This water intrinsic property is vital for the aquamarine
life in the cold seasons, which stratify the lighter ice layers
upon the water surface, by buoyancy means. In effect, the
aquatic life is preserved in the deep waters, as ice float as a
result of its lighter density. Other applications include the
magma flow within the earth’s crust, as a result of temperature
variation from the earth’s core [1, 6-7]. Another peculiar water
characteristic associated with buoyancy is the formation of
multiple whirlpools of opposing circulation direction, which is
the focus of several researches in the past decades. One study
examined the water behavior near 4 degrees Celsius under
low Rayleigh number condition, where the effect of the fluid
bulk convection was considered to be negligible [8]. The
study concluded in a qualitative correlation between the
various vortex structures and the prevalent buoyancy
phenomenon, which was described as a competition between
the fluid stream buoyancy and viscous damping from
neighboring vortex structures. The effect of buoyancy on the
degree of heat transfer was examined in a simulation study by
He et al [9], where the velocity profile was observed to have a
major impact upon the deterioration of heat transfer. The
current study investigates the influence of water density
fluctuation upon the vortex formation, where opposing wall
boundary temperatures was adapted in the current study,
ranging from 4 to 17 degrees Celsius.

Numerical Formulation

The water buoyancy flow was examined using 4 governing
equations:

X-Momentum equation

av  du - 4
dy * dx @
In addition, utilizing the B. Gebhart and J. Mollendorf

correlation, a fifth equation was used to associate spatial fluid

density with temperature, as illustrated in equation 5.

P = Pm(1-w|T-Tm|) (5) [10]

Two non-dimensional numbers were used to characterize
the water buoyancy, shown in equations 6 and 7.

Rayleigh number:

Ra = %ATE (6)
va

Nusselt number:
1

W:fNudx
0

hl _ ql o kaT
ko k(Teo1a — Thot) = ox

(7) [11]

Nu =

In the numerical Formulation, several assumptions were
imposed:

* The physical properties of water were treated as a
constant value, except in the treatment of buoyancy,
where density is subjected to the influence of temperature.
Table 1 shows the water properties utilized in the
calculation.

Table 1. Physical properties of water

Property Value

Dynamic viscosity 1.5%10-3
Kinematic viscosity 1.5%10-6
Thermal expansion coefficient 3.6*10-3
Thermal diffusivity 1.4%107

* The convective terms in both the momentum equation
and energy equation were neglected, which can be
justified by the Rayleigh number value of the current
problem:

Ra = (9.8)(3.6 ¥ 1079)
(1.5 1075)(1.4 + 1077)
The assessed Rayleigh number is less than the 658

threshold Rayleigh number for water, which is necessary for a

significant convection impact [13]. As a consequence, the

problem of water buoyancy may be considered as a pure
conduction problem. As a result, the governing equation can

be rewritten as illustrated in equations 8-10.

(273 — 281)(0.001)3 = 168

X-Momentum equation
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Numerical Procedure
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Figure 2. lllustrates the flow domain of the buoyant fluid;
lllustration of the discretized space

As shown in figure 2, the horizontal and vertical velocity
components, Ui and Vi, pertaining to pressure resolution via
continuity equation, was solved using the both x-momentum
and y-momentum equation, respectively. Other velocity
components, such as Vw and Us, were obtained by simply
taking the average between the neighboring Vi velocities and
Ui velocities, respectively. In the momentum equation
discretization, a 3 point Gauss- Seidel was utilized in the
numerical procedure, given by equations 11 and 12 [13].

oy WotVe VetV (B-R)
= (10;4) <“((0.5*ax)2+ ay? )_ ox ‘/’9> (1

. 6)/2 WtV Vs + 1, (BI_PS)
V"‘(ﬁ)(“((o.s*ax)2+ 3y? -5 _pg) (12)

Pe, Pw, Pn, and Ps refer to the pressure gradient across
the velocities Ui and Vi. The velocity components along the
water enclosure, Ub and Vb, are taken to be zero as a boundary
condition treatment to the momentum equations.

The temperature components Ti, associated with fluid
buoyancy within the y-momentum equation, were solved
using the energy equation, respectively. Other temperature
components such as Tw and Ts were obtained by simply taking
the average between the neighboring Ti. A three-point Gauss-
Seidel was utilized in the numerical discretization of the energy
equation, as was the case with the momentum equation.

_fO\f TytTe T+
L= <W> ((0.5 * 0x)? + ay? ) (13)

In the boundary condition treatment of the energy equation,
an adiabatic condition was applied to the upper and lower
sides of the enclosure, as depicted by equation 14.

aT _aT

— =0
Dy~ Do (14)

A thermal gradient was established between low temperature
T(cold), and high temperature regime T(hot), along the left and
right sides of the enclosure, respectively. T(cold) was fixed at 0°C,
while T(hot) was varied from 4°C to 17°C.

The water density associated with buoyancy is resolved
using Gebhart and J. Mollendorf correlation, given by equation
5. The correlation constants in equation 5 are:

o =9.297173 x10°6C-9; p,, = 999.972 kg/m3,
T, =4.0293°C, q = 1.894816 [3].

In the pressure field treatment, the continuity equation
was utilized to ensure mass conservation within the pressure
cell vicinity, entailed by equation 15.

(Gt CHR)
e ) (15)

y in equation 15 is a relaxation factor embedded for
solution convergence purposes and P* is the initial or the
previous pressure value.

The discretized algebraic equations from the governing
equations are solved iteratively starting with an initial guess,
where the attained solution from each iteration step is used
as the new initial guess for the next iteration procedure.

The residuals at each iteration step are used to monitor
the solution convergence, based on equations 16-19.

ResM, = (uw — 2wt Us =20+ Ly (7. —R)|
esM, = max | |u v @s+a2 ) ax | (16)
Rosh. — —Witly G- Witk (R R)
esM,, = max (U = dx)z 3’ ) g pg 17
T—2T.+ T, T—ZT[-+T"|
AEsh= m‘“"( (05 + 0x)? 3y ) (18)
(_uw -+ ue) (_Vs + Vu))D
sP = —P+ P —
ResP 'mmc(‘ : + ( % + o (19)
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Figure 3. Solution residual plot, (a) 273K-277K, (b) 273K-280K, (c)
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Figure 4. Flow vector field plot, (a) 273K-277K, (b) 273K-280K,
(c) 273K-281K, (d) 273K-282.5K, (e) 273K-290K

Discussion

Figure 3 indicate a general solution convergence for the
examined range of temperature gradients. One peculiar
observation pertains to x-momentum convergence, which

spans the largest range of residuals unlike the other governing
equations that remain primarily static. Regarding the velocity
field depicted in figure 4, a single clockwise vortex is dominant
within a temperature gradient between 273K and 277K. Such
phenomenon is directly affiliated with the density difference
arising from going down the slope from the water maximum
density at 277K. Anincrease in the right boundary temperature
crossing the pinnacle density of water brings about the
formation of a secondary counterclockwise vortex. This
secondary vortex become of equal strength to the clockwise,
as the right boundary temperature approaches 281K, further
away from the waters maximum density temperature. At this
boundary, temperature range water stream arises along both
enclosure sides, as a result of the water down drift around the
central regime. Further increase of the hotter enclosure
boundary escalates the water buoyancy around the
counterclockwise vortex, due to the corresponding drop in
water density. As a consequence, the clockwise vortex
structure is deteriorated under the influence of the
anticlockwise increased buoyancy, corresponding to the
temperature gradient between 273K and 282.5K. Within the
boundary temperature range of 273K to 290K, the degraded
clockwise vortex collapses completely as it is overpowered by
the lighter anticlockwise circulation. Compared to the other
studies in the literature, the average Nusselt number attained
from the current numerical simulation was evaluated to be
0.8, which is close to the Nusselt number value acquired by
Nansteel et al [8], corresponding to the pure condition case
equivalentto 1. With respect to the observed vortex formation,
Alawadhi [10] emphasized on the prominent role of wall
cooling in driving the flow among different regimes, where a
recirculation cell has formed between the cooling wall
boundary condition and the adiabatic wall boundary
condition. Such result is consistent with the current study, a
whirlpool like structure formed between the dissimilar wall
condition. Below the maximum water density condition (4°C),
Alawadhi [10] described the relation between temperature
and density to be of reversed nature, where multiple vortices
tend to incur within the simulated envelop. In the current
study, a similar result was observed for the case where the
wall temperature boundary conditions were above and below
the temperature condition, corresponding to the maximum
water density. One implication of such result is given by a
study of Kandaswamy et al [11], which involves transient
natural convection of water within a square enclosure. In
Kandaswamy et al study, the heat transfer rate was observed
to decrease in the regime with the maximum water density,
which is in agreement with the result observed within He et al
[9] work.

Conclusion

The water buoyancy near 4 degrees Celsius was examined
in a numerical study as a pure conduction heat transfer, based
on the formulation of low Rayleigh number. Nusselt number
correlation was used to validate the numerical model. One of
the prominent results from the study pertains to the influence
of buoyancy upon the structure of the circulating vortex. A
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direct manifestation of the water density characteristics is its
potential to generate a double whirlpool with opposing
circulation direction, as a result of the water stream down drift
around its pinnacle density temperature regime. The size of
the formed vortex is directly affiliated with its regime’s
corresponding temperature, relative to the water maximum
density temperature, which hinders the formation of the
opposing vortex and lead to its dismissal. One gap area which
was not examined in depth in the current study is effect of
counter current vortices upon heat transfer, relative to the
surrounding regime. Such studies might bring further insight
into the dynamics of subsurface interaction within cold water
regions.
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