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A transient numerical study is conducted to investigate the transport mechanism of forced
convection in a ﬂuid valve ﬁlled with water-CuO nanoﬂuid. The ﬂow enters from one inlet at
the left with uniform temperature and velocity Ti and Ui, respectively, but can leave the
valve through two outlets at the right. The upper and lower boundaries of the valve are
heated with constant temperature Th, while the remaining walls are perfectly insulated.
The numerical approach is based on the ﬁnite element technique with Galerkin’s weighted
residual simulation. Solutions are obtained for ﬁxed Prandtl number (Pr ¼ 1.47), Reynolds
number (Re ¼ 100), and solid volume fraction (/ ¼ 5%). The streamlines, isotherm plots,
ﬂow rate and the local Nusselt number (Nulocal) at both heated phases, the average Nusselt
number (Nu) for base ﬂuid, and nanoﬂuid with the variation of nondimensional time (s) are
presented and discussed. It is found that the rate of heat transfer in the ﬂuid valve reduces
for longer time periods.

1. INTRODUCTION
Nanoﬂuid technology has emerged as a new enhanced heat transfer technique
in recent years. Nanoﬂuid is made by adding nanoparticles and a surfactant into a
base ﬂuid and can greatly enhance thermal conductivity and convective heat transfer.
The diameters of nanoparticles are usually less than 100 nm, which improves their
suspension properties.
Investigations on natural convection of water-based nanoﬂuids are conducted
by Ogut [1] and Das and Ohal [2]. Kumar et al. [3] found the signiﬁcant heat transfer
enhancement by the dispersion of nanoparticles in the base ﬂuid. Contradictory
results were reported by Putra et al. [4] based on experimental investigation in a cylindrical enclosure ﬁlled with water-Cu or water-Al2O3 nanoﬂuids. They reported a
systematic and deﬁnite deterioration in the heat transfer for the high Rayleigh numbers, and the degree of deterioration depended on the density and concentration of
the nanoparticles. Santra et al. [5, 6] modeled the nanoﬂuids as a non-Newtonian
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NOMENCLATURE
Cp
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k
L
Nu
p
P
Pr
Re
T
t
u, v
U, V
x, y

speciﬁc heat at constant pressure,
KJ kg1K1
thermal conductivity, Wm1 K1
length of the ﬂuid valve, m
Nusselt number
dimensional pressure, Nm2
nondimensional pressure
Prandtl number
Reynolds number
dimensional temperature, K
dimensional time, s
velocity components (ms1) along x, y
directions, respectively
dimensionless velocity components along
X, Y directions, respectively
Cartesian coordinates, m

X, Y
a
b
/
h
m
n
q
s

nondimensional Cartesian coordinates
thermal diffusivity, m2 s1
thermal expansion coefﬁcient, K1
solid volume fraction
nondimensional temperature
dynamic viscosity of the ﬂuid, Kg m1s1
kinematic viscosity of the ﬂuid, m2s1
density of the ﬂuid, Kg m3
dimensionless time

Subscripts
f
base ﬂuid
h
heated wall
i
inlet state
nf
water-CuO nanoﬂuid
s
solid particle

ﬂuid, and observed a systematic decrease of the heat transfer as the volume fraction of
the nanoﬂuids increased. The possible determining factors for the heat transfer
reduction in nanoﬂuids include the variations of the size, shape, and distribution of
nanoparticles and uncertainties in the thermophysical properties of nanoﬂuids. Most
of the published articles are concerned with the analysis of natural convection heat
transfer of nanoﬂuids in square or rectangular enclosures. For example, Wong
et al. [7], Abu-Nada and Oztop [8], Ghasemi and Aminossadati [9], Muthtamilselvan
et al. [10], and Abu-Nada et al. [11].
In reality, forced convection in a differentially heated enclosure is a prototype of
many industrial applications and has received considerable attention because of its
applicability in various ﬁelds. The moderately concentrating solar energy collector
is an important example involving ﬂuid valve geometry. Because of its practical
importance, transient forced convection in valve is of great interest of the phenomenon in many technological processes, such as the design of solar collectors, thermal
design of buildings, air conditioning, and the cooling of electronic circuit boards. In
recent years, modiﬁcation of heat transfer in cavities due to the introduction of wavy
wall(s) has received sustained attention. The study of transient forced convective ﬂow
in valve geometry is more difﬁcult than that of commonly used enclosures.
Many studies have described the larruping behaviors of nanoﬂuids, such as their
effective thermal conductivity under static conditions and the convective heat transfer
associated with ﬂuid ﬂow phenomena [12, 13]. Liu and Liao [14] studied the sorption
and agglutination phenomenon of nanoﬂuids on a plain heating surface during pool
boiling. Dai et al. [12] and Chen et al. [15] investigated convective ﬂow drag and heat
transfer of CuO nanoﬂuid in a small tube. Their results showed that the pressure drop
of the nanoﬂuid per unit length was greater than that of water. The pressure drop
increased with the increasing weight concentration of nanoparticles. In the laminar
ﬂow region, the pressure drop had a linear relationship with the Re number, while
in the turbulent ﬂow region the pressure drop increased sharply with the increase
of the Re number. The critical Re number became lower while the tube diameter
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was smaller. The convective heat transfer was obviously enhanced by adding
nanoparticles. The nanoparticle weight concentration and ﬂow status were the main
factors inﬂuencing the heat transfer coefﬁcient: the heat transfer coefﬁcient increased
with the increasing weight concentration, and the enhancement of heat transfer in the
turbulent ﬂow region was greater than that in the laminar ﬂow region. Wen and Ding
[16] reported an experiment on the convective heat transfer of water–c-Al2O3 nanoﬂuid. Pfautsch [17] studied the characteristics, ﬂow development, and heat transfer
coefﬁcient of nanoﬂuids under laminar forced convection over a ﬂat plate. He concluded that there was a signiﬁcant increase in the heat transfer coefﬁcient: about a
16% increase in the heat transfer coefﬁcient for the water-based nanoﬂuid, and about
a 100% increase for the ethylene glycol-based nanoﬂuid.
Very recently, Lin and Violi [18] studied the problem of natural convection heat
transfer of nanoﬂuids in a vertical cavity where the effects of nonuniform particle
diameter and temperature on thermal conductivity were shown. Moreover, natural
convection heat transfer in a nanoﬂuid-ﬁlled trapezoidal enclosure was analyzed by
Saleh et al. [19]. They found that acute sloping wall and Cu nanoparticles with high
concentration were effective to enhance the rate of heat transfer. Raisi et al. [20]
numerically studied the forced convection of laminar nanoﬂuid in a microchannel
with both slip and no-slip conditions. Their results indicated that the heat transfer
rate was signiﬁcantly affected by the solid volume fraction and slip velocity coefﬁcients at high Reynolds number. Entropy generation due to natural convection in a
partially open cavity with a thin heat source subjected to a nanoﬂuid was performed
by Mahmoudi et al. [21]. Here, the study had been carried out for a Rayleigh number
in the range 103 < Ra < 106, and for solid volume fraction 0 </ < 0.05. In order to
investigate the effect of the heat source and open boundary location, six different
conﬁgurations were considered.
Up to now, all the nanoﬂuids in the existing research used a surfactant to help
nanoparticle suspending. Due to the stickiness of the surfactant, the sedimentation on
the tube wall became colloid and difﬁcult to clear. The nanoparticles in the sedimentation could not suspend again. This kind of nanoﬂuid would jam pipes during a
prolonged period of operation. In order to overcome this disadvantage, recently,
researchers used nanoparticle suspensions consisting of de-ionized water and nanoparticles without surfactant. During the ﬂow process, the good suspension properties
remained. So far, there is no research on the analysis of transient forced convective
heat transfer on nanoﬂuid in a ﬂuid valve. Therefore, transient forced convection also
becomes a crucial point of this study. The main issues discusse here are as follows:
comparisons of the convective ﬂow drag and heat transfer characteristics between
pure water and water-CuO nanoﬂuid in the ﬂuid valve.
It’s hoped that the theoretical prediction in this article is a useful guide for
experimentalists to study the effectiveness of forced convection in a valve ﬁlled with
nanoﬂuid to increase the rate of heat transfer.
2. PHYSICAL CONFIGURATION
Figure 1 shows a schematic diagram of the ﬂuid valve. The model describes a
valve where it is possible to direct the ﬂow into one of two channels. Flow of varying
degrees can also occur in both channels during the opening and closing stages. Flow
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Figure 1. Depiction of the geometry and the operation of the ﬂuid valve (color ﬁgure available online).

enters from one inlet at the left, but can leave the valve through two outlets at the
right. The choice of outlet depends upon the position of the valve pin. In this model,
two valve pins oscillate from in front of one outlet channel to being in front of the
other. Sometimes ﬂow is possible through both outlets, depending on the position of
the pins. The valve pin moves according to a sinusoidal function of time. The inlet
ﬂuid velocity and temperature are Ui and Ti, respectivly. The upper and lower
boundaries of the valve are heated with constant temperature Th, while the remaining walls are perfectly insulated. The ﬂuid in the valve is water-based nanoﬂuid
containing CuO nanoparticles.

3. MATHEMATICAL FORMULATION
In the present problem, it is considered that the ﬂow is steady, two-dimensional,
laminar, incompressible, and there is no viscous dissipation. The radiation effect is
neglected. The governing equations under Boussinesq approximation are as follows.
qu qv
þ
¼0
qx qy

ð1Þ

!


qu
qu
qu
qp
q2 u q2 u
qnf
þu þv
þ
¼  þ mnf
qt
qx
qy
qx
qx2 qy2
!


qv
qv
qv
qp
q2 v q2 v
þu þv
qnf
þ
¼  þ mnf
qt
qx
qy
qy
qx2 qy2
qT
qT
qT
q2 T q2 T
þu
þv
¼ anf
þ
qt
qx
qy
qx2 qy2

ð2Þ

ð3Þ

!
ð4Þ
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where qnf ¼ (1  /)qf þ /qs is the density, (qCp)nf ¼ (1  /)(qCp)f þ /(qCp)sis the heat
capacitance, bnf ¼ (1  /)bf þ /bs is the thermal expansion coefﬁcient, anf ¼ knf =


qCp nf is the thermal diffusivity, mnf ¼ mf(1  /)2.5is dynamic viscosity of the
ks þ2kf 2/ðkf ks Þ
Brinkman model [22], and knf ¼ kf k þ2k þ/ k k is the thermal conductivity of
ð f sÞ
s
f
the Maxwell Garnett (MG) model [23] of the nanoﬂuid.
The boundary conditions are as follows.
At the upper and lower surfaces: T ¼ Th
At the inlet opening: T ¼ Ti, u ¼ Ui
At the remaining boundaries: qT
qn ¼ 0
At all solid boundaries: u ¼ v ¼ 0
At the outlet opening convective boundary condition: p ¼ 0
The movement of the valve is described with an analytic expression pin, which
returns the value of one in the area corresponding to the valve pin and zero elsewhere. This model describes a valve or a gate where ﬂow can be directed into one
of two channels. A large viscosity is speciﬁed in the region corresponding to the valve
pin that in effect stops the ﬂow in this region. A logical expression for the viscosity is
introduced to simulate the movement of the valve pin. The viscosity is then expressed
by mnf ¼ mf (1  /)2.5 þ pin. m1 where mf is the ﬂuid viscosity, m1is a very large
viscosity (ideally inﬁnite), and pin is described by pin ¼ xpinypin. Where xpin ¼ (x > x0)
(x < x1), ypin ¼ 1  (y > y1) þ (y > y2).
y1 and y2 depend on time, t, according to the following.
y1 ¼ y0 þ ymax Sinð2ptÞ
y1 ¼ y0 þ ymax Sinð2ptÞ
and where y0, x0, x1, and ymax are ﬁxed in time and describe the size of the valve pin
and the amplitude with which the pin moves.
The above equations are nondimensionalized by using the following dimensionless dependent and independent variables.
i
X ¼ Lx ; Y ¼ Ly ; U ¼ Uui ; s ¼ Ut i ; V ¼ Uvi ; P ¼ q pU 2 ; h ¼ TTT
h Ti
f

i

After substitution of the above variables into the Eqs. (1) – (4), we get the
following nondimensional equations.
qU qV
þ
¼0
qX qY

ð5Þ

qf qP
nnf
qU
qU
qU
þU
þV
¼
þ Pr
qs
qX
qY
qnf qX
nf

q2 U q2 U
þ
qX 2 qY 2

qf qP
nnf
qV
qV
qV
þU
þV
¼
þ Pr
qs
qX
qY
qnf qY
nf

q2 V q2 V
þ
qX 2 qY 2

!
ð6Þ

!
ð7Þ
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qh
qh
qh
1
q2 h
q2 h
þU
þV
¼
þ
qs
qX
qY Re Pr qX 2 qY 2

!
ð8Þ

n
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where Pr ¼ aff is the Prandtl number and Re ¼ UnifL is the reynolds number.
The corresponding boundary conditions then take the following form.
At the upper-lower boundaries: h ¼ 1
At the inlet: h ¼ 0, U ¼ 1
At the outlet: convective boundary condition P ¼ 0
qh
At remaining boundaries: qN
¼ 0 At all solid boundaries U ¼ V ¼ 0
The local Nusselt number at the heated surface of the valve may be expressed
as follows.
 
knf qh
Nulocal ¼ 
kf qN
The average Nusselt number takes the following form
1
Nu ¼
S

ZS
Nulocal dS
0

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 qh 2  qh 2ﬃ
qh
and S, N are the nondimensional length and coordinate
¼
where qN
qX þ qY
along the heated surface, respectively.
4. NUMERICAL TECHNIQUE
The Galerkin ﬁnite element method [24, 25] is used to solve the nondimensional
governing equations along with boundary conditions for the considered problem. The
equation of continuity has been used as a constraint due to mass conservation, and this
restriction may be used to ﬁnd the pressure distribution. The penalty ﬁnite element
method [26] is used to solve Eqs. (2) – (4), where the pressure P is eliminated by a penalty
constraint. The continuity equation is automatically fulﬁlled for large values of this penalty constraint. then, the velocity components (U, V), and temperature (h) are expanded
using a basis set. The Galerkin ﬁnite element technique yields the subsequent nonlinear
residual equations. Three points Gaussian quadrature is used to evaluate the integrals in
these equations. The nonlinear residual equations are solved using Newton–Raphson
method to determine the coefﬁcients of the expansions. The convergence of solutions
is assumed when the relative error for each variable between consecutive iterations is
recorded below the convergence criterion E, such that jwn þ 1  wnj  104,
where n is the number of iteration and W is a function of U, V, and h.

4.1. Grid Refinement Test
In order to determine the proper grid size for this study, a grid independence
test is conducted with ﬁve types of mesh for Pr ¼ 6.62, Re ¼ 100, and / ¼ 5%. The
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Table 1. Grid sensitivity check at Pr ¼ 6.62, Re ¼ 100 and / ¼ 5%
Nodes (elements)
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Nu
Time (s)

3,224 (2,569)

5,982 (4,730)

8,538 (6,516)

12,666 (8,657)

20,524 (10,426)

5.52945
226.265

7.98176
292.594

9.18701
388.157

9.6566249
421.328

9.7666249
627.375

Figure 2. Grid independency study for Pr ¼ 6.62, Re ¼ 100, and / ¼ 5% (color ﬁgure available online).

extreme value of Nu is used as a sensitivity measure of the accuracy of the solution
and is selected as the monitoring variable.
Considering both the accuracy of numerical value and computational time,
the present calculations are performed with 12,666 nodes and an 8,657 elements grid
system. This is described in Table 1 and Figure 2.

4.2. Thermophysical Properties
The thermophysical properties of ﬂuid (water) and solid CuO are tabulated in
Table 2. The properties are taken from reference [27].
Table 2. Thermo-physical properties of water-CuO nanoﬂuid
Physical properties
Cp
q
K
a  107 (m2=s)
b

Water

CuO

4,182
998.1
0.6
1.47
2.2  104

540
6,510
18
57.45
8.5  106
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Figure 3. Transient behavior of streamlines at Re ¼ 100 and Pr ¼ 6.62. (Solid lines for nanoﬂuid and
dashed lines for base ﬂuid.) (color ﬁgure available online).

4.3. Code Validation
The present numerical code is validated in the author’s previous work [28],
which is not repeated here.

5. RESULTS AND DISCUSSION
In this section, numerical results in terms of streamlines and isotherms for
transient analysis are displayed, while Reynolds number Re, Prandtl number, Pr
and solid volume fraction / are ﬁxed at 100, 6.62 and 5%, respectively. In addition,
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Figure 4. Transient behavior of isotherms at Re ¼ 100 and Pr ¼ 6.62. (Solid lines for nanoﬂuid and dashed
lines for base ﬂuid.) (color ﬁgure available online).

the values of the local and average Nusselt number, average bulk temperature,
V-velocity at a particular point, velocity ﬁeld and ﬂow rate with time have been
calculated for both water and water-CuO nanoﬂuid.
5.1. Velocity Field
The velocity ﬁeld (modulus of the velocity vector) when the valve is completely
open is displayed in Figure 3. First, the plot shows that the inlet is smaller than the
compartment that it enters, so that some distance is required before the ﬂow reaches
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Figure 5. The blue line shows ﬂow rate in the upper branch as a function of time, while the green line
shows the ﬂow rate in the lower branch (color ﬁgure available online).

another parabolic proﬁle for the main body of the inlet chamber. In the velocity
vector, some recirculation occurring at the corners of the chamber beside the inlet
is visible. Second, the structure of the outlet channels leads to a slight thinning
toward the middle of the channels. This provides a slight acceleration, and subsequentl, greater velocity magnitude in these regions.
The occurring nondimensional time of undershoot is chosen as the measure for
the development time of the convective ﬂow. Figure 3 presents the ﬂow development as
a function of time that is used for the cases of nanoﬂuid and base ﬂuid. The time instant
for undershoot is decreased, while the trough value is increased with increasing time.
At higher time, the development of ﬂow is nearly identical for both types of ﬂuids.
The deviation slightly grows as the time is decreased, such that in the case of nanoﬂuid
the ﬂow always takes the longest time to develop. As shown in Figure 3, initially the
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Figure 6. Plots of (a) V-velocity at the point (0.006, 0) in the valve, and (b) velocity as a function of time
(color ﬁgure available online).

ﬂow is laminar that is inﬂow and enters from the left and exits from the upper and the
lower phase of the ﬂuid valve. Due to increasing time, two tiny vortices are created near
the opening inlet. In addition, velocity ﬁeld changes its pattern near the lower to upper
position of the valve pin. Finally, at time s  0.1 the ﬂow becomes steady.
5.2. Temperature Field
The thermal development as a function of time used for both water- CuO
nanoﬂuid and clear water is depicted in Figure 4. At the primary stage of time,
the thermal current activities are identical for both ﬂuids. The isotherms are
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Figure 7. Plots of (a) Nulocal for nanoﬂuid, and (b) Nulocal for base ﬂuid (color ﬁgure available online).

clustered near the upper and lower hot surfaces. The deviation slightly grows as the
time is increased, such that in the case of clear water the thermal ﬁeld always takes
the longest time to develop a thermal boundary layer near the heated surfaces.
Sequentially, the isotherms dissipated from the heated boundaries and occupy the
bulk of the ﬂuid valve. The thermal plume develops at the inlet rapidly for nanoﬂuid,
whereas it takes time for the base ﬂuid. This is due to the fact that inertia force
enhances ﬂuid velocity near the inlet position. After time s ¼ 0.1, there is no variation
in the isothermal lines, so that a steady state pattern is observed.

5.3. Flow Rate
Figure 5 shows a plot of the ﬂow rates (integral of the velocity vector over the
outlets) in the upper and lower channels. For both nanoﬂuid and pure water, the
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Figure 8. Plots of (a) average Nusselt number, and (b) average temperature in transient analysis (color
ﬁgure available online).

ﬁgure illustrates the periodic ﬂow due to the periodic motion of the valve pin. The
results predicted by neglecting the Brownian motion effects are compared with those
obtained by taking the Brownian motion effects into consideration.
The velocity in the vertical direction at a perticular point (0.006, 0) in the valve
and subdomain velocity as a function of time are illustrated in Figure 6a and 6b. It is
seen that the V-velocity is a sinusoidal pattern because of the periodic movement of
the valve pin. The wave amplitude for clear water is found greater than the
water-CuO nanoﬂuid; but the subdomain velocity is uniform all over the domain
for both kinds of ﬂuids, whereas the base ﬂuid has higher velocity compared to
the nanoﬂuid.
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5.4. Heat Transfer
In the present study, the local Nusselt number (Nulocal) along with the X-axis
for both nanoﬂuid (with / ¼ 0.05) and clear water are presented in Figures 7a and b.
With increasing X, the local Nusselt number decreases due to decrement of temperature difference and increment of thickness of boundary layer for both types of ﬂuids.
The local Nusselt number becomes relative maximum at the peaks, which results in
increment of compression of isotherms.
The time-averaged Nusselt number is obtained by computing the time average
of the average Nusselt number over the hot surfaces for a process given by total time
being the duration of the process of interest. Figure 8(a) expresses that the average
Nusselt number decreases with higher time for both cases, whereas the nanoﬂuid
has greater heat transfer rate than the base ﬂuid. In order to reach steady state, a
situation rate of heat transfer reduces by 58% and 64% for nanoﬂuid and baseﬂuid,
respectively. It is observed in Figure 8 b that the average ﬂuid temperature increases
for rising values of time up to s  0.03. Then, it is almost identical with the variation
of time. Initially, bulk temperature of both ﬂuids is the same but variation is
observed within them with rising dimensionless time, where a higher temperature
is found for nanoﬂuid.

6. CONCLUSION
The problem of transient analysis on forced convection heat transfer in a valve
ﬁlled with water-CuO nanoﬂuid has been studied numerically. Flow and temperature
ﬁeld in terms of streamlines and isotherms have been considered for various dimensionless time until steady state observed. The results of the numerical analysis lead to
the following conclusions.
. The structure of the ﬂuid ﬂow and temperature ﬁeld within the ﬂuid valve is found
to be signiﬁcantly dependent upon the time (s).
. Heat transfer rate diminishes by 58% and 64% for nanoﬂuid and baseﬂuid,
respectively, to reach steady state.
. The CuO nanoparticles are established to be most effective in enhancing performance of the heat transfer rate.
. The mean temperature of the ﬂuid in the ﬂuid valve increase with dimensionless
time. In comparison, water-CuO nanoﬂuids achieve a higher temperature than
the base ﬂuid.
Overall, the analysis also deﬁnes the operating range where water-CuO
nanoﬂuid can be considered effectively in determining the level of heat transfer
augmentation.
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