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The phenomenon of mixed convection heat transfer in a homogeneous mixture is delib-
erated thoroughly in this study for cooper-water nanofluids flowing inside a lid-driven
square cavity. By adopting the Oberbeck-Boussinesq approximation and using the single-
phase nanofluid model, the governing partial differential equations modeling the present
flow are stated mathematically based on the Navier—Stokes and thermal balance formu-
lations, where the important features of the scrutinized medium are presumed to remain
constant at the cold temperature. Note here that the density quantity in the buoyancy
body force is a linear temperature-dependent function. The characteristic quantities are
computed realistically via the commonly used phenomenological laws and the more ac-
curate experimental correlations. A feasible non-dimensionalization procedure has been
employed to derive the dimensionless conservation equations. The resulting nonlinear dif-
ferential equations are solved numerically for realistic boundary conditions by employing
the fourth-order compact finite-difference method (FOCFDM). After performing extensive
validations with the previously published findings, the dynamical and thermal features of
the studied convective nanofluid flow are revealed to be in good agreement for sundry
values of the involved physical parameters. Besides, the present numerical outcomes are
discussed graphically and tabularly with the help of streamlines, isotherms, velocity fields,
temperature distributions, and local heat transfer rate profiles.

Keywords: nanofluid, mized convection, square cavity, numerical simulation.
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1. Introduction

Heat transfer enhancement issue in nanofluid-filled enclosures via the mixed-convection process has
provided a vast scope for scientific research [1-4] due to its tremendous engineering and energy uses in
everyday life and many field of industry (e.g., cooling equipment, solar collectors, chemical processing
industries, float glass production, and drying technologies). In such a heat transfer occurrence, the
laminar convective flows of nanofluids can be described mathematically by a system of classical [5-12]
fractional [13,14] partial differential equations, which cannot be treated analytically or semi-analytically
because of its higher nonlinearity and coupling equations. This is why several researchers [15-18]
conducted similar problems numerically by applying powerful computational procedures, like the finite
element method (FEM), finite volume method (FVM), and lattice Boltzmann method (LBM).
Energetically, the conventional cooling fluids (e.g., water, methanol, and ethylene glycol) exhibit
remarkable limitations in terms of thermal energy storage and heat transfer efficiency. So, it is rec-
ommended to insert nano-sized solid particles of higher conductivity to improve the thermal features
of the usual fluids [19,20]. Various types of solid nanomaterials can be incorporated in the base flu-
ids, such as metals, metal oxides, and non-metals. In this context, Tiwari and Das [21] evaluated
numerically the heat transfer enhancement within the mixed convection flows within a square cavity
filled by the copper-water. They conclude that the occurred pattern formation and the heat transfer
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rate were greatly influenced by the higher estimation of the mixed convention parameter and by the
sense of the vertical moving walls. Several explorations have been reported in the literature for con-
vective nanofluid flows [22-26]. For example, Rana and Bhargava [27] examined numerically the heat
transfer enhancement in steady mixed convection nanofluid flow over a vertical plate in the presence
of heat source/sink. In this scrutinization, it was shown that the silver nanoparticles can improve
the cooling performance than the other used chemical species. Similarly, Zaraki et al. [28] adopted
the non-homogeneous model of Buongiorno [29] to perform a theoretical analysis on the heat and
mass transfer of the boundary layer nanofluid flows by analyzing the effects of size/shape/type of
nanoparticles, type of base fluids, and working temperature. In a non-planar geometric configuration,
Mebarek—Oudina [30] implemented an advanced FVM code to reveal the effect of different base fluids
on the thermo-hydrodynamic characteristics of titania-based nanofluids in a cylindrical annulus with a
discrete heat source. Besides, Wakif et al. [31-34| deliberated thoroughly the impacts of the haphazard
motion of solid nanoparticles and their thermo-migration on the thermal appearances of mixtures at a
nanometric scale.

Motivating by the above-discussed research works and the valuable applications of nanofluids, the
present numerical scrutinization has been carried out to disclose the mixed convection heat transfer
features in a two-sided lid-driven square cavity filled by copper-water nanofluids, in the case where the
left cold wall is moving upwards and the right hot wall is moving downwards. The prime novelty of
this study is to combine known phenomenological laws along with accurate experimental correlations
in the proposed single-phase nanofluid model to generate realistic physical results via the fourth-order
compact finite-difference method (FOCFDM).

2. Mathematical formulation

As sketched in Fig. 1, the problem of incompressible laminar flow of water-based nanofluid containing
copper nanomaterials of spherical shape inside a two-dimensional square cavity of length L is simulated

F=1 A appropriately with the help of Cartesian coordi-
0 of _ nates. Thermally, the right wall is heated isother-
P L oy mally at a constant temperature Ty, whereas the
Y= . .
temperature of the left side-wall is kept unchanged
at the temperature Tc = 300K (< Ty). Dy-
g namically, the studied mixed convective nanofluid
~ ~ flow is driven by the uniform motion of the ver-
T'=Tc T'=Tu  tical walls £ = 0 and # = L, their velocities
o . are expressed respectively as 9(Z = 0,7,t) = Vp
Berouiedi and (% = L,§,t) = —Vp. On the other hand,
o Filled by Cu-H,0O . .
7, the horizontal walls are selected to be immo-
| 3 - bile and insulted. By adopting the linear form
- =1L . . .
ZT,U or _ of the Oberbeck—Boussinesq approximation along
ay —

\ 25 with the single-phase nanofluid model [21], the
Y= 7Y ponlinear partial differential equations describing

Fig.1. G trical fi ti f th t - . .
'8 COMELIICAl COMABUIAtIon of Lhe Present cott the present nanofluid flow problem are written

vective nanofluid flow problem.

as [35,36]:
oun  0v
ou oYV _ 1
aaz+ag 0, (1)
@4_@@_’_@@ __@_’_ @_’_@ (2)
Pri\ i T oz Va5 )T "oz M \om "o )
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oy _0v  _Ob or 925 9% -
s (G5 475 +755) =g *+ 1o (533 * gy ) + 09usa (T 1Tc). o
or 9T _OT 02T 9T
(pcp)nf <§ + U% + ’Ua—g> = ]{Tnf <—8:ﬁ2 + —ag2 ) . (4)

Here, j is the pressure and P is the modified pressure, where P = p + Prf9y-
Those conservative equations are governed realistically by the following initial and boundary con-
ditions:

@(2,§,=0)=0, @(&=0,L,§.8)=0, a(%§=0,L1)=0,
fi(:i,g],f:O):O, @(@:O,Q,E):‘/O, @(~~:L7~7t :_‘/07 ZN}(£7ZZ:07L7£): ) (5)
T(2,5.i=0)=Tc, T(2=04.8)=Tc, T(i=L3%)=Tu, (0T/09)(; ;015 =0

Besides, the thermophysical properties of copper-water nanofluids pyf, ping, (p3),, f, (PCyp),, P and ks
are formulated explicitly as functions of the nanoparticles volume fraction x and other characteristics
by the following expressions [37-43|:

Puf = prpX + (1 = X) pf,
Mf 0.3
1—34.87(%) X108

(PB) g = (PB)px + (pB) (1 — X)),
(PCP)s = (PCP)x + (pCp); (1= X) (6)

10 0.03
kg = 1+4.4Re%4Pr0~66($—0) (";—f) xo'ﬁﬁ] ky,

Hnf =

Fr

wr(pCp) ¢
prky

20 kT
and Rep = 2L8¢
wufdnp

where Pr =

In Eq.(5), the subscripts Taple1. Thermophysical properties of the nanofluid constituents [33,44].

nf . f ,.and np are 1ncorporated Thermophysical Base fluid Solid nanoparticles
to indicate the nanofluid, the .
, ) properties Water (H20) Copper (Cu)

base fluid, and the solid nano-

ticles, respectivel More- dryy (00) 0-385 30 =60
bat e ot thy - p (Kgm3) 997.1 8933
oyel“l, e peé lneIflth ermog y(i C, (J Kg_l K_l) 4179 385
sica, t[.)tropetr ies of the nano .uld k(W m-! K1) 0.613 401
c;)nsll u.en; bzlxrei s;mglanze B (x10—4K1) 91 0.167
clearly in Table1. Furthermo- i (Pas) 89 x 10-5 o

re, the physical meanings of all
pertinent variables, quantities, and parameters are summarized and defined in the nomenclature tables.

To obtain the dimensionless conservation equations, the following dimensionless variables are in-
troduced into the aforestated mathematical formulation:

T 0 o - m v 1 - T—-Tc
T A A L P, T=——"9¢ (7
AN <L> W VT o V2 e

Accordingly, Egs. (1)—(4) are altered to:

ou v

a_U+Ua_U+Va_U__8_P Hr 82U+82U
ot oz oy O  prRe, \ 022  0y2 )’
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ov ov ov._ 0P Ju 0V 0*V (pB),Ri

ot Ua_ Va—y T oy * pr Rey, (83:2 8y2> Pr T (10)
orT oT orT k. 0*°T  O0°T
ot * U% * Va_y ~ (pCp), PrRey, <8:L"2 * 8y2> (11)

In this stage, the initial and boundary conditions given by Eq. (5) are simplified as:

U(z,y,t =0)=0, U(r=0,1,9,t) =0, U(wy—Olt) 0,
V(ﬂj‘,y,t :0) =0, V(:E =0,y, ) =1, V( = ) -1, V(:an :Oylvt) =0, (12)
T(z,y,t=0)=0, T(x=0,y,t)=0, T(x 1 ) =1, (E?T/Gy)(m7y:0’17t) =0.
For more clarification, the dimensionless physical parameters and quantities appeared above are ex-
pressed as follows:

B), (Ty —Tc) gL
Ri GZ, Gr (p )f( H c)g . Re, V0L7
Rey, Vipy ) I/f( Cp) L (13)
Pnf Hnf p/é nf pPL nf nf
Pr=—1 Hr = —, pﬂr_ ) pCP r ) k?‘——-

Herein, the stream function ¢ and the vorticity w are defined as:

i
oy’

_ 9
v=-2£,
ov  oU

= Or oy’

U =

(14)

By incorporating the above expressions into Eqgs. (8)—(11), the ¢)—w formulation of the present nanofluid
flow problem is stated as follows:

Py Y
922 + — 32 = —w, (15)
Ow oY\ [ Ow o Iy Pw  Pw (pB),RioT
" <8_y> <8_x> <8w> (Z?y) "~ prRey <8x2 * 8y2> * pr Oz’ (16)
or o o - k, o*’T  0°T
E+<8y> <8x> <8x> <8y>_(pCp)TPrRew <8w2+8y2>' (17)

Generally, Egs. (16) and (17) can be rewritten as:

SHE-GE-EHaE o

in which (08 R
_ lu’T p r 1
(67 n)F:w - (pr Rew 9 pr > 9
k.
(&:m)r= <—(pcp) PrRew,0>, (19)
Y(x=0,1y,t) =0,

| (e,y=0,1,¢)=0.
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3. Solution methodology

By employing the fourth-order compact finite-difference schemes in the (z,y)-directions [45], the first
and second derivatives of a function ®(x,y,t) are approximated by:

%o, (22 (22) 4 oa,
on () () o
22712) =&, — <A$2> <g4i)> + O(Az?),
e (37) (52) ot

Under the above considerations, the steady-state of Egs. (15) and (18) leads to the following approxi-

mations: Ay 841/; A2 341/,
¢xw+7pyy_<?> <W>_< Y > <a 4>+O(A3§' Ay4):—w. (21)

elpz + €Ty, — ¢ <Al—‘;2> (%) - < > <84F> +0(Az, Ay") =, T,
e () (5) () (85) - () (3)
N <Ay )% <83r> oo 1 <A;p2> <63T> L O(Ar, AP AP, AYY) . (22)

6
Similarly, we have from Egs. (15) and (18):
Py Ow B

N

95~ 0x 90y (23)

oM O*w oM

ozt~ 9x2 0x20y?’ (24)

0% Oow Y

o oy et %)
4 2 4

0% B 0“w 0% (26)

oyt~ 9y 0y2022’

a3r_1<a2¢><ar> 1<a¢><a2r> 1<a2¢> <ar> 1<a <82P>
95 = \away) \az) T \ay ) \@az) "= \82) \ay) "= 8z ) \aaay
n
&

() (5255 (2 (232
ozt e \0x20y ) \ Oz 0xdy ) \ Ox? e \O0xdy ) \ 0z
1 o°T oY\ [or 1 (0% o0°T
= (3) (&) (5) (&) (?) (5720
(7)) (6m) - 1(5) o) -2 (55) - (o)
e \ 0z Oxdy e \ Oz 0x20y e \ O3 0x20y? )’

After many simplifications and rearrangements, we get finally the following fourth-order compact
formulation (FOCF):
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¢mc + ¢yy =—w+ A, (29)
(14 B)Taw+e(14+C)Tyy = (b + D) Ty — (Yp + E) T,y — (%) T, + F, (30)
1
in which Ag? A
x y
A=-— <?> Wy ( 12 > Wyy — Axyl/}xxyw (31)
1 [ Az? 1 [ Az?
B = _g <T> w:cy + 8_2 ( > wyww (32)
1 Ay? 1 [ Ay?
C= z <T> Yy + o) < ) Yz, (33)
1 [ Az? A
D - Amywmmy - E <W> ¢y7pmy + - < Y > wm¢yya (34)
1 [ Az? A
E= Amywmyy - g (1—> ¢y7pmm + = < Y > wm¢xyv (35)
1 [ Ax? Ay2 Ay
F = Awy¢yrmyy - Awy¢xrmmy - g T wmmrmy + T ¢yyrxy + T¢wwyrxy
1 /(Az?  Ay?
- <—12 -5 >r Ty — Auyloayy +1G,  (36)

. Tg sz Tg 1 sz Tg AI‘

Ty Az? 1 Ay Agy
(Tl 12 +T§ 12 )WT” T, Teyy: (37)

Az?  Ay?
Ny = —— 4+ —2
Y12 12 (38)
Mo
T, =
1 erew’ (39)
k
Yo=—0 T 40
2 (pCp), PrRey, (40)

It bears noting here that the resulting differential system along with their associated boundary con-
ditions can be integrated numerically via the alternating directions implicit iteration as explained by
Peaceman and Rachford [46]. In this framework, the system of Egs. (15) and (18) is rewritten as follow:

2 n+1 2 n+1
¢"+At<81§> +At<g f) = —Atw" + "t (41)

"4 At — At
~o(5) (3) (%) (5
92T n+1 92T n+1
() ()
According to Erturk and Gokeol [47], the solution of Egs. (41) and (42) converges always to a stationary
regime. In this respect, different residual errors can be evaluated:
).

=eAt

n+1
+ At(?i) LI (42)

n+1 n+1 n+1 n—+1 n—+1 n+1
Viey Wiy ¥y Vi T 2 PV Ant

A:E2 Ay2 [2¥) 2y

(Res1),, = max (
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Fn+1 _2Fn+1+F7L+1_ F n+1 _2Fn+1+rn+1
c (1 4 BZ;—I) i—1,5 Am i+1,j te (1 4 C;’lj—l) i,j—1 Ay i,j+1
_ wzjﬁ}l_djzjfll _|_Dn+1 F’lej F?+11]
2Ay 0, 2Ax
(Resl)l“ = max bl yntl il Fn+i1_1—xn+11 ;o (44)
- pr i > — oy
Tn+1 _Tn+1
i1, +1
o
+1
Vg — Vi
(Re sg),, = max | | ———5—"| |, (45)
Vi
rlf”rl —In.
7.7 Z?]
(Re 32 r = max < T . (46)
To reach relative accuracies of about
Ah Ah
(Res2)y = 10712 and (Resg)r = 1072, |‘—’| | ) o
the following convergence criterion is d e ! ¢ f Al
adopted: A
max ((Re 51)y» (Re s1)p) < 1076, (47) ‘ ’ ¢ k b ¢
a

As recommended by Stértkuhl et Fig. 2. Generated grid points at the (a) wall and the (b) corner.
al. [48], the singularity arising from the vorticity boundary conditions is removed at the corner and
wall points by employing the finite element bilinear shape functions, which lead to the following. In
this study, we follow Stortkuh et al. for the boundary conditions and use the next approximative
expressions:

— At the walls:

1 1 V,
— | 1/2 -4 12 |[vp+=]1/2 2 1/2 |w=—"2. (48)
2
3Ah 11 1 ) 1/4 1 1/4 Ah
— At the corner:
[ ] [ ] [ ] [ ] [ ] [ ]
1 1 Vi
o | e 2 12 Yt |e 1 1/2 fw=—5 (49)
SART o o 1/2 1/4 28h

Here, V,, represents the velocity of the considered wall. Based on the above approximations and their
schematical illustrations shown in Fig. 2, the nodal vorticity wyp is computed numerically as:

— At the walls:

IV, 3 1
wp = =5~ m(¢d+zpe+¢f) - g(2wa—|—2wc—i-wd—i-llwe-i-wf). (50)
— At the corner: oV 3 1
Wy =~ h2¢f (2wc+2we+wf) (51)

The local heat transfer rate Nu i.e., local Nusselt number) and its averaged value Nu are scrutinized
at the vertical cold wall x = 0 in the stationary regime as follows:

Nuy) = —k, (g—Z)xzo, (52)

1
m:/o Nu(y) dy. (53)
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4. Results and discussion

Table 2. Comparison between the present nu- 10 prove the exactness of the results exhibited in
merical results and those of the existing literature ~ the present numerical outcomes, the proposed fourth-
in terms of Nu for various values of Ra. order compact finite-difference algorithm has been

Ra 103 10% 10° coded in FORTRAN language and then tested mul-

De Vahl Davis [49] 1.118 2.243 4.519 tiply with the results reported previously for the nat-
Barakos et al. [50]  1.114  2.245 4.510 ural and mixed convections by De Vahl Davis [49],
Khanafer et al. [51] 1118 2245 4.522 Barakos et al. [50], Khanafer et al. [51], Khanafer and
Present results 1.117 2.242 4922 Chamkha [35] and Waheed [36] as shown in Table 2

and Table3. As expected, it is found an admissible agreement with the comparing literature works.
Indeed, the applied implicit schemes are unconditionally stable and their convergences are assured
technically during the computational executions via the residual errors defined by Eqgs. (43)—(46).

Table 3. Comparison between the present numerical results and those of the existing literature in terms of Nu
for various values of Re,,, when Gr = 100.

Re, Present results Khanafer and Chamkha [35]  Waheed [36]

100 2.052 2.01 2.03116
400 4.083 3.91 4.02462
1000 6.599 6.33 6.48423

Table4. Numerical estimation of the effective After executing pr9perly the established FOCFDM
values of the average Nusselt number Nu and ther- code, several graphical and tabular results have been
mal enhancement Frp for various values of y, when outputted numerically in Figs.3-12 and Table4 for

Ri =8 and d,,;, = 30 nm. streamlines ¥ (x,y), isotherms T'(z,y), longitudinal

No B - (Nuxz0—Nity—0) X 100 velocity fields U(xz = 0.5,y), horizontal temperature

X " r— Nuy—o distributions T'(x,y = 0.5), and local Nusselt num-
0.00 2.6200 o ber profiles Nu. Those illustrations are done corre-
0.01 2.6683 1.8435% dinelv & d | fih bedded phvsi
002 26826 5 3893% spondingly for sundry values of the embedded physi-
0.03 2.6872 2.5648% cal parameters, namely mixed convection parameter
0.04 2.6839 2.6450% (i.e., Richardson number) Ri, nanoparticles volume

fraction x, and nanoparticles diameter size d,;,, with
default values being selected appropriately Ri = 8, x = 0.01, and d,, = 30nm. For revealing the
characteristic of the present dynamical system and its heat transfer feature towards the increasing
values of the mixed convection parameter Ri, various streamlines and isotherms are shown in Fig. 3 for
water HoO and copper-water nanofluid Cu-H0O. From the graphical illustrations of Fig. 3 (left), it is
evident that the mixed convection flow is characterized by a strong circulation motion in the middle
of the cavity with the appearance of counterclockwise rotating main cells. Also, it is perceived the
development of two clockwise secondary cells from either vertical side of the cavity, which are centrally
symmetrical spatially. Further, the deformed isotherms depicted in Fig. 3 (right) prove that the heat
transfer communicated by the mixed convection heat transfer mechanism is more important near the
lower corner of the vertical cold wall x = 0 because of the higher value of the temperature gradient.
Due to the domination of the natural convection over the forced convection, the mixed convection
parameter Ri is intensified numerically, which leads to a slight change in the flow pattern as seen in
Fig.3 (left). As the main results of this augmentation, the magnitude of the longitudinal velocity
U(x = 0.5,y) along the vertical mid-plane z = 0.5 is improved remarkably as elucidated in Fig.4 and
the horizontal temperature T'(z,y = 0.5) throughout the mid-plane y = 0.5 is enhanced near the cold
wall £ = 0 and diminished near the hot wall x = 1 as emphasized in Fig.5. Further, the distribution
of heat transfer rate through the cold wall x = 0 is estimated locally for different values of the mixed
convection parameter Ri as displayed in Fig.6. From this graphical demonstration, it is noticed a
significant upsurge in the local heat transfer rate Nu(y) near the upper corner of the cold wall x = 0
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as long as the physical parameter Ri is strengthened. However, a reverse trend is witnessed far from
the upper corner of the cold wall z = 0.

Ri=6

0.055
0.045
0.035
0.025
0.015
0.005
-0.005
-0.015
-0.025

-0.035

-0.045

Ri=8

Fig. 3. Streamline shapes (left) and isotherm contours (right) of water (dashed line) and copper-water
nanofluid (solid line) for various values of Ri, when x = 0.01 and d,,, = 30 nm.

Fundamentally, the nanoparticles loading causes an increase in the effective value of the dynamic
viscosity of the nanofluidic medium. For this reason, the magnitude of the longitudinal velocity
U(xz = 0.5,y) shows a declining trend along the vertical mid-plane z = 0.5 in Fig. 7, when the nanopar-
ticles volume fraction x is increased. A dual behavior is perceived in Fig. 8 for the profiles of the hori-
zontal temperature T'(z,y = 0.5) throughout the mid-plane y = 0.5, which is dwindled near the cold
wall x = 0 and amplified near the hot wall z = 1. As a result of this nonlinear thermal distribution, an
enhancement in the local heat transfer rate Nu(y) is remarked near the upper corner of the cold wall
x = 0 with the higher estimate values of the nanoparticles volume fraction y as ascertained in Fig. 9.
Whilst, an opposite variation is witnessed near the lower corner of the cold wall z = 0. Despite this
contrast, the results of Table4 confirm that the averaged heat transfer rate Nu and its corresponding
thermal enhancement FEp are increasing functions of the nanoparticles volume fraction y. From a
physical standpoint, an increase in the nanoparticles diameter size dy,;, improves somewhat the fluidity
feature of the homogeneous nanofluidic medium and leads to a quiet escalation in the magnitude of
the longitudinal velocity U(z = 0.5,y) along the vertical mid-plane x = 0.5 as disclosed in Fig. 10.

_ —1,
The reason behind this fact is that the nanofluid viscosity p,r = pyr[1 — 34.87(dyp/dy) 0'3)(1'03] is
a decreasing function of the dimensional parameter d,,. Other thermal feature id explored in Fig.11
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0,24 1,0 . 1,0
Ri=4
Ri=6
0,8 0,8F — Ri=
0,12 Ri=8
—Ri=10
0,6 0,60
= 0,00 ~ =
0,4 04l
0,12t
02r 02k
-0,24 1 L L L 0,0" I I I I 0,0 I I I S
00 02 04 06 08 10 00 02 04 06 08 10 0 4 8 12 16 20
Y x Nu

Fig. 4. Longitudinal velocity profi- Fig.5. Horizontal temperature pro- Fig. 6. Local Nusselt number profi-
les along the mid-plane x = 0.5 for files along the mid-plane y = 0.5 for les at the vertical cold wall x = 0 for
various values of Ri, when y = 0.01 various values of Ri, when y = 0.01 various values of Ri, when x = 0.01

and dp;, = 30 nm. and dy;, = 30 nm. and dy;, = 30 nm.
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Fig. 7. Longitudinal velocity profi- Fig.8. Horizontal temperature pro- Fig.9. Local Nusselt number pro-
les along the mid-plane x = 0.5 for files along the mid-plane y = 0.5 for files at the vertical cold wall x = 0
various values of Ri, when xy = 0.01 various values of x, when Ri = 8 and for various values of x, when Ri = 8

and dy;, = 30 nm. dpp = 30nm. and dp;, = 30nm.
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Fig. 10. Longitudinal velocity pro- Fig.11. Horizontal temperature pro- Fig.12. Local Nusselt number
files along the mid-plane z = 0.5 for files along the mid-plane z = 0.5 for profiles at the vertical cold wall z =
various values of d,,, when Ri = 8 various values of dy;,, when Ri = 8 0 for various values of d,,, when
and x = 0.01. and x = 0.01. Ri =8 and x = 0.01.
concerning the effect of the nanoparticles diameter size dy, on the distribution of the temperature
T(x,y = 0.5) throughout the horizontal mid-plane y = 0.5. From this graphical representation, it is
obvious that the geometrical parameter d,, has a slight enhancing thermal impact on the nanofluidic
medium. This fact is explained by the enlargement in the surface exchange between the solid nanopar-
ticles and the surrounding base fluid, which in turn improves some bits the local heat transfer rate at
the cold wall x = 0.5 as clarified in Fig. 12.
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5.

Conclusion

The main concluding remarks are itemized as follows:
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HucenbHe AOCNIAKEHHSA XapaKTEPUCTUK 3MILLIAHOT KOHBEKLIAHOI
Tennonepep,aql B MiAHO-BOAHOMY HaHOMIHOIAHOMY CepenoBuLLi, Lo

3aliMa€E KBaapaTHY reoMeTpu4Hy NMOPOXXHUHY

Baiigman M., Bakid A., Eccarip E., Cexaxi P.

Jabopamopis mexanixu, Paxysvmem nayx An-Hox,
Yuisepcumem Xacana II Kacabaanka, Mapoxko

B mpencrasieniit poboti siBuIite 3Minmanol KOHBEKITIIHO-TEIIOBOI Iepeiati B OIHOPIIHIX
CcyMillax peTesIbHO JIOCKYETHCS JIjIs BUIIAJIKY MiTHO-BOJISIHOI HAHOPIIWHH, IO MPOTIKAE
ycepeinHi KBaIpaTHOI IIOPOXKHUHU. 3acTOCoBytoun HabsmkeHHst Obepbeka—Byccinecka Ta
BUKOPHUCTOBYIOUHN OTHOMA3HY HAHOPIIKY MOJIENb, rudepeHIiaabil PIBHIHHS 31 YaCTHHHU-
MU TOXIJHUME, 10 MOJIEJIIOITH PeabHUIl TOTIK, chOpPMYIbOBAHI MATEMATUIHO HA OCHOBI
teopii Has’e-CroKkca Ta TenioBoro 6aJiancy, jie BazKJIuBi 0COOJIMBOCTI JOCIIIKYBAHOIO Ce-
PEJIOBHUIIA BBAXKAIOTHCSI IOCTIHHIUME [IPU HU3bKUX TEMIIEPATYPax. 3a3HATNMO, IO BEJIUTH-
Ha I'YCTUHH B 00’€MHiit ciTi T1aByYOCTi TisTa € JIiHiHOI0 PYHKITEO, 3aJ€KHOI0 Bij TemIe-
paTypu. XapaKTepHi BEJIMYNHA PEATICTUIHO OOUUCIIIOIOTHCS 32 JIOMIOMOTO0 3arajTbHOBXKHU-
BaHUX (PEHOMEHOJIOTITHNX 3aKOHIB Ta OLJIBIII TOYHUX €KCIIEPUMEHTAIbHNX Kopessiiiit. s
BUBEJIEHHS 0€3pO3MIpHUX DIBHSHB 30€PEXKEHHS 3aCTOCOBAHO IIPOIEAYPY 3HEPO3MipEHHSI.
Orpumani HemiHiiHI gudepeHIiajibHl PIBHAHHS PO3B’SI32HO YUCEJIBHO JJIS PealiCTUIHUX
IPAHIYHUX YMOB 32 JOIIOMOI'OI0 KOMIIAKTHOT'O CKIHYEHHO-PI3HUIIEBOIO METO/Iy IETBEPTOIO
nopsizky (KCPMYII). Ilicas npoBejieHHsl 3HAYHUX [EPEBIPOK 3 OIyOJIKOBaHUME DaHi-
e pe3yaIbTaTaMu, 3’sCOBAHO, IO JWHAMIYHI Ta TEILIOBI XapaKTE€PUCTUKU, OTPUMAHI I
JOCTIPKYBAHOIO KOHBEKTUBHOI'O TIOTOKY HAHOPIMWHU NOOpE Y3TrOMKYIOTHCS IS PI3HUX
3HaveHb 3aidHuX diznanmx mapamerpis. KpiMm Toro, mpejcrasieni uncenbHi pe3yabTa-
T 0broBopeni rpadidHo Ta TAOJUYHO 3a JOIIOMOIOI0 MOTOKOBUX JIiHIi, i30TepM, IOJIiB
MIBUIKOCTI, PO3IMOILIY TEMIIEPATYPH Ta JOKAJLHUX MPOMIIiB Teronepeaat.

Knw4osi cnoBa: nanopiduna, 3miuiara KOHEEKYiA, Keadpamma NOPOANCHUHA, YUCEAbHE
MOOEAIOBAHHA.
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