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Abstract: Through extensive study on hydrodynamics and heat transfer, calculation correlations of heat transfer for laminar
free/forced mixed convection on a vertical flat plate is obtained. It contains the following three research investigations: (i)
local-similarity analysis and transformation based on our developed new similarity analysis method replacing the traditional
Falkner-Skan type transformation; (ii) New governing local-similarity mathematical model, which is first applied in study of
laminar free/forced mixed convection. It is more conveniently obtained and applied compared with that based on the Falkner-
Skan type transformation for investigation of free/forced mixed convection; and (iii) New correlations on heat transfer of
laminar free/forced mixed convection. They have wide coverage of Prandtl number and mixed convection parameter, and are
suitable for all gases and important liquids including water for laminar free/forced mixed convection. The reported heat
transfer correlations are so reliably because they are produced based on combination of theoretical analysis equations with the
correlations formulated rigorously according to system of groups on accurate numerical solutions.
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. some of the studies, the finite difference method such as in
1. Introduction works of Oosthuizen [7], Chen [15], Hossain [17], Sami [20]
and Anilkumar [24], the perturbation method such as in
work of Yao [12] and Hossain [17], and the finite element
method such as in work of Rana [23] were applied. The
studies are also often found for free-forced mixed boundary
layer flow in a porous medium, such as those presented by

Free/forced mixed convective (for simplicity, hereinafter
referred to as mixed convection) is a coupled phenomenon
of free and forced convections, having even much
challenging and wide practical application background. So
far, the history of its study has over a half century. In the i . )
books of Gebhart et al. [1], Bejan [2] and Pop and Ingham [3] ~ Cheng [8], Hsich et al. [13] and Harris et al.[16], which
the detailed reviews were done for concerning the boundary brqadened the range of gppllcatlon of mixed ?OHVCCtIOH.
layer equations on mixed convective flow. Meanwhile, RaJu. [10], Chen [11], Harris et al. [16],.and Merkin ?t al. [_1 8]
numerous academic papers were published for investigation studied the boundary—lays:r flow Of_ mixed convection with
of mixed convection, and only some of them, such as refs. [4 the buoyancy forces either adding (positive flow) or
-24], are listed here for saving space. In these investigations, Opposing (negative flow) Wpe to the bulk flow. Som'e of
the combined convection in a boundary layer flow was studies, such as those by Raju [10]’_ Chen [11], gnd Aydin el
analysed. The studies, such as those of Acrivos [4], Sparrow al. [22] .developed the expressions  correlating Nusselt
et al. [5], Szeweyk [6], Chen [15], Merkin et al. [18], Ali number in terms of the related parameters for further

[21], and Aydin el al. [22] investigated the effect of the application'o'fheat transfer. . L
parameter Gr/Re,2 on mixed convection. In most of these For obtaining the correlations for heat transfer application

analyses, the stream function was induced based on the of mixed convection, this present work will use three new
Falkner-Skan type transformation for obtaining the approached. They are (i) local-similarity analysis and

governing partial differential equations. Additionally, in transformation based on our developed new similarity
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analysis method replacing the traditional Falkner-Skan type
transformation; (ii)) New governing local-similarity
mathematical model, which is first applied in study of
laminar free/forced mixed convection. It is more
conveniently obtained and applied compared with that based
on the Falkner-Skan type transformation for investigation of
free/forced mixed convection; and (iii) New correlations on
heat transfer of laminar free/forced mixed convection. They
have wide coverage of Prandtl number and mixed
convection parameter, and are suitable for all gases and
important liquids including water for laminar free/forced
mixed convection. We expect these developments will be in
favor of meeting the challenges encountered for deep
investigation of free/forced mixed convection.

2. Basic Conservation Equations
2.1. Governing Partial Differential Equations

In Fig.1 the physical model and co-ordinate system of
boundary layer with two-dimensional mixed convection are
shown schematically. A flat plate is vertically located in

parallel fluid flow with its main stream velocity w, ,. The

plate surface temperature is ¢, and the fluid bulk

w

temperature is /. Then, a coupled velocity boundary layer
is produced near the plate. If the value of 7, is different

from that of 7, a temperature boundary layer will occur
near the plate. Then, Egs. (1) to (3) can be taken as follows
for governing partial differential equations of the laminar
free/forced mixed convection boundary layer without
consideration of variable physical properties and viscous
thermal dissipation:
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Fig. 1. Physical model and coordinate system of boundary layer for laminar
free/forced convection on a vertical flat plate
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with the boundary condition equations
y=0: wx:O,Wy=0, t=t, 4)
y - o w_=w,__ (constant), t=¢_ )

where Egs. (1) to (3) are continuity, momentum, and energy
equations respectively, and the subscript f of the physical
property variables denotes that the related reference

. +
temperature is the average temperature ¢ I Ly Tlo |

3. Supposed Similarity Variables for
Local-Similarity Transformation

For laminar mixed convection, full similarity
transformation of the governing partial differential equations
can not be achieved, and the local-similarity transformation
should be done. The next work is further analysis for
supposed similarity variables. We find that there are two key
issues for mixed convection. They are: (i) The governing
equations are attributed to free convection form; (ii)) The
boundary conditions belong to forced convection form. In
this case, we select the core similarity variables with forced
convection form for coincidence to the boundary conditions.
Consulting our new similarity analysis method reported in
refs. [25], the following equations with the core similarity
variables are given for the similarity transformation of the
velocity field:

e = (0. ) ©
WS GR) T O
6(7.x) = % ®)

Here, w_(n,x) and W,(n,x) are the core similarity
variables for similarity transformation of the velocity field
respectively in x and y directions, and g(z, x) is supposed as

the dimensionless temperature variable. While, the
dimensionless coordinate variable /7 and the local Reynolds

number Re , are respectively described as

W_ X
= )

V,

Rex,f =
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(=Re, )" (10)

[7:

= <

1
2
In addition, for the local-similarity analysis of the

buoyancy term, the local Grashof number will be set as
follow:

er,f = gﬂ(th_too) (11)
' Vy

It is indicated that the independent coordinate variable /]
and x related to the supposed similarity variables ¥ (1, x),
W,(1,x) s and @(n,x) are taken to express the localn-
similarity issue, and the subscript f denotes the reference
temperature is average temperature ¢ ;= L tle

: 2
4. Local-Similarity Transformation of
the Governing Equations

For local-similarity analysis on the supposed

dimensionless coordinate variable /] for the governing
partial differential equations (1) to (3) of laminar free/forced

mixed convection, the following transformation will be done:

4.1. Transformation of Eq.(1)
With Egs.(6) we have
ow, oW, (17,x) on

AT

Ox ’ on  0Ox )

and with Egs. (9) and (10) we have

oan - 1 (l @ )V2 7302 - l”x—l
Ox 272 v, 2
Then,
% = —l W‘C oolzx_l m
Ox 2 " on
With Eq. (7) we have
0 (Lo @) 20
dy 2 on dy
Where
9 =y (l Re )% then,
oy 2 "
IS PNES S ke L SRS SR
Oy VA on 2 "
AU

x,00

077

Therefore, Eq. (1) is transformed to

ow (n,
_lwxoonx—l an(”ax) +Wrw }’(,7 x)x—l =0
2 " on o on
ow _(n, _
Y LA SR L A5 B
2 " on ’ on
i.e.
_anx(”»x)+2aWy(,7’x) -0 (12)
on on
4.2. Transformation of Eq. (2)
With Egs. (6) and (10) we have
M, _ Wx,m[aW (17, %) 6/7] - 6W oW, (17,x) —1( Re, )1/2
& on Oy o
2
av‘;x:meaW(/Z,x) —1( Re, )1/2@
dy ’ on Oy
:waaW(ﬂ,x) —2( Re )
i 6,7
Then, Eq. (2) is changed to
W W (0w, e D)
2 on
WG R W mow, P ey
B > ar-l 2 s
=upw, IO e -t
’ n

The above eq. should be

wo W, (M0~ I (%),
2 an

R 1/2
0r] ( )

+wx$m(l Re, )W, (N,x)w,.,

a W (r],X) —2

xo a2 ( Re, ) +gf(t-t,)
n

=v,w

ie.

-1 aWX (na X)
on
an (na X) X—l
an

1
Waa Wi (N X5 W, X ]

W, W, (N, X)W, ..

anX) X2

:Vfwx,oo anz

( Re, ) +gB(t-t,)

The above equation is divided by 1 + w2, and changed
2 X,00

to
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(W, (n,x)[-n M] + zwy(n,x)%rzm]
f%( )+ 2gB(t—t,, )7
n x,oo

The above equation is changed equivalently to

2 -
_OW.(,x) | (-l

6Wx(n,x)]
F)

[W, (n.x)(- n%r;‘x)

)+2W, (n,%)

2

_OW,0 eB -t X v,
on’ v’ W, . X

The above equation is further equivalently changed to

ow._(n,x dw . (n,x
0w, (7,50 2y Loy (g, P00
on on
ie.
owW._(n, oW.(n,
(W, (1,0 29, 4oy (0 TNy
on on
2
=%+2em x) [Gr, Re,
or
oW, (1, a*w.(n,
[=7W,(17,%) + 2., (17, )] (,7 = a"”(f 2 2007,y e 13)
where
Mc =Gr, ;Re, f—z is Richardson number or called mixed

convection parameter. It demonstrates the effective rate of
the free convection in the mixed convection. Theoretically,
the value for the mixed convection parameter Mc can be in a
large range —-o<Mc<+owo . The free/forced mixed
convection is divided to two types, respectively for positive
(adding) and negative (opposing) flows. The former flow is
corresponding to Mc>0 , and the latter flow is
corresponding to Mc<0 Obviously, Mc=0 and
Mc - +w are corresponding to net forced convection and
free convection respectively.

4.3. Transformation of Eq. (3)

With Eq. (8) we have

o 000000
Ox on  Ox
Therefore,
ot 00(n,x) . 1
—=(t, ~ty) D (——
™ (1, ~1s) on ( S )
— 1 -1 ag(’?a-x)
=(ft —t _ 7 7
(t, — 1) 5K ) on
With Eq. (8) we have
ﬁ = (tw _too) 05(07X) al
oy on Oy
Therefore,
ﬁ :(tw_tw)mx‘l(l}{exw)m
dy on 2 "

1, —t,)x> -
zgﬂ( w 2oo)x Re 2

6,72 tw - too Vf x,f
0°t 1 06° (0.«
L=y (=Re,. ), ‘tm)#
0y 2 on
Then, Eq.(3) is changed to
WX,WWX (n7 X)(tw - tm)[—lnx’l M]
2 an
P GRe WA, )ae(?] S Re, )
= _2(—Rex D, —t )a G(n,x)
Prf
1e.
WX,WWX(T],X)(tW - tm)[_rl)(1 M] + 2wx,WWy(r|,X)(tw -t) Begr:;x) <
:L ( xw)(tw_t )6 G(r] x)
PI‘f V

The above equation is divided by )C_lwx,oo (t, —tw),

and transformed to

a6(17,x) 26(n.x) _ 1 9°6(n,x)
174 =L v ow b o - 2R
e T e Y "
or
69(/7,x) 1 %0,x)  (14)

[=nW.(17,x) + 2W, (17, %)]

2

Prf on

Then, with the local-summary transformation, Egs. (1) to
(3) are transformed to the following equivalent governing
ordinary differential equations:

oW, (17,x) _

_,7an(/7,)€)+2 (12)
on on
2
(=W, (17,x) +2W, (ﬂ,x)]aW @, x)] 9 Vg‘”(?’x)+29(f7,x)wc (13)
00(n7,x) _ 1 0°6(7,x)

(=W, (17,x) +2W,(17,x)] (14)

on P, an’
with the following dimensionless equations on the boundary

layer conditions:

n=0: W.(n,x)=0, W,(,x)=0, 6(n,x)=1  (15)
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- ®:W.(n,x)=1, 6(,x)=0 (16)

5. Rewriting the Second Independent
Coordinate Variable

From the defined equation of the mixed convection
parameter Mc, it is seen that the independent coordinate

variable x is included in the mixed convection parameter Mc.

From the transformed governing equations (12) to (14), it is
found that the supposed second coordinate variable x exists
in the transformed governing equations only in form of the
mixed convection parameter Mc. Then, the mixed parameter
Mc is reasonably taken as the second independent coordinate
variable to replace the independent coordinate variable x. In
this case, the transformed dimensionless governing Eqgs.(12)
to (14) are equivalent to the following ones respectively

W@ M) MO (1)
on n
W (N,M
[-NW, (N, Mc) + 2Wy(n,Mc)]M]
2 (13)*
:aLr];IVIC)‘er(n,Mc) DN[C
on
2
[0, (7. Mc) + 2, (7, My 22U MO) _ L 0701 Me) ) 4,

an Pr, on’

with the following equivalent dimensionless equations on
the boundary conditions

n=0: W,(7,Mc)=0, W,(0.Mc)=0, 617, Mc) =1 (15)*
1~ @ W,@0.Me)=1, 6(1,Mc)=0 (16)*

and the corresponding equivalent similarity variables
W.(17,x)> W,(17,x) and g(n,x) with the following relations:

wx = wx,ooVVx (’7»MC) (9)*
W, =W GRe) W, (M) (0
oun ey ==t (1

w w

6. Numerical Results

The governing dimensionless local-similarity equations
(12)* to (14)* with their boundary condition equations (15)*
and (16)* are solved by a shooting method with fifth-order
Runge-Kutta integration. For solving the nonlinear problem,
a variable mesh approach is applied to the numerical
calculation programs. It can be seen that for ignoring the
variable physical properties, the solutions of the
dimensionless velocity components

W (n,Mc) and W, (17, Mc) and the dimensionless temperature
6(n, Mc) are dependent on Prandtl number Pr f and mixed

convection parameter Mc. The accurate numerical results of
the velocity and temperature fields are obtained in the wide
ranges of Prandtl number pr ’ (03<Pr < 20) and mixed

parameter Mc ( 0<Mc <10 ). Some of the selected
numerical results for the dimensionless velocity component
W_(n, Mc) and temperature §(n, Mc) fields are plotted in

Figs. 2 to 7 with variation of the dimensionless coordinate
variable/] .

It is seen that with increasing the Prandtl number, the
velocity will decrease monotonically, and the velocity and
temperature boundary layer thickness will decrease
monotonically, too. In addition, with increasing the mixed
convection parameter Mc, the velocity will increase
monotonically. However, the wvelocity and temperature
boundary layer thickness will not obviously change with
variation of the mixed convection parameter Mc.

4
8
W (1, Mc) Pr=0.3
3]
2
W
0 T
0 1 2 3 4 /] 5 6
a
1
6(n, Mc) Pr=03
0.8 -
0.6
\/ 1
) W
0.2
g P4
0 ————
0 1 2 3 4 7 5 6

Note: Lines 1 to 8 denote Mc =0, 0.1, 0.3, 0.6, 1, 3, 6 and 10 respectively

Fig. 2. Numerical results of (a) velocity component Wy(y, Mc) and (b)
temperature 6 (n, Mc) profiles for laminar fixed convection with fluid for
Pr=0.3 on a vertical flat plate
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4
W.(17, Mc) Pr=0.6
8
3]
2]
14
W
0
0 1 2 3 4 n 5 6
a
1
8(n, Mc) Pr=0.6
0.8 \
06 \
) W
0.2 /
8 x
0 : : : "
0 1 2 3 4 n 5 6

Note: Lines 1 to 8 denote Mc =0, 0.1, 0.3, 0.6, 1, 3, 6 and 10 respectively

Fig. 3. Numerical results of (a) velocity component W.(y, Mc) and (b)
temperature 0 (1, Mc) profiles for laminar fixed convection with fluid for
Pr=0.6 on a vertical flat plate

4
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3]
8
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1]
1
0 T T
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a
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6(, Mc) Pr=1
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1

0.4
0.2 4 8

0
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Note: Lines 1 to 8 denote Mc =0, 0.1, 0.3, 0.6, 1, 3, 6 and 10 respectively

Fig. 4. Numerical results of (a) velocity component Wy(y, Mc) and (b)
temperature 6 (n, Mc) profiles for laminar fixed convection with fluid for

Pr=1.0 on a vertical flat plate
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024 g
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Note: Lines 1 to 8 denote Mc =0, 0.1, 0.3, 0.6, 1, 3, 6 and 10 respectively

Fig. 5. Numerical results of (a) velocity component Wy(y, Mc) and (b)
temperature 6 (n, Mc) profiles for laminar fixed convection with fluid for

Pr=2.0 on a vertical flat plate
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Note: Lines 1 to 8 denote Mc =0, 0.1, 0.3, 0.6, 1, 3, 6 and 10 respectively

Fig. 6. Numerical results of (a) velocity component Wy(y, Mc) and (b)
temperature 6 (n, Mc) profiles for laminar fixed convection with fluid for
Pr=5.0 on a vertical flat plate
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Note: Lines 1 to 8 denote Mc =0, 0.1, 0.3, 0.6, 1, 3, 6 and 10 respectively

Fig. 7. Numerical results of (a) velocity component Wy(y, Mc) and (b)
temperature 6 (n, Mc) profiles for laminar fixed convection with fluid for
Pr=10.0 on a vertical flat plate

7. Skin-Friction Coefficient

So far, the skin friction coefficient has been analyzed by
means of Falkner-Skan type transformation for free/forced
mixed convection. In the present work, we will analyze it
based on the present new similarity analysis procedure. For
this analysis, the velocity gradient at the wall is important
characteristic of the solution, and the local skin-friction

coefficient C, ¢ 1s a dimensionless measure of the shear

stress at the wall, i.e.

T -
w,X 17
Cx,f = = ( )

Low 2 Lo
2 S x 00 2 [ x,00

According to the related derivation in section 3, we have

ow, 4,1
ay )y=0 =X 1(5 Re, )W

ow..(n7, Mc)

( on

)/7:0

Therefore, the local skin-friction coefficient C o is

expressed as

1 oW (17, Me

Hpx ' Re, , )" Wyo(—— (7. Me) V=0
C.p= 2 0n
x,f = 1 5

Elofwx,oo

v W, (7, Mc)
=\V2—L—(Re, )2 (= }
2 xwﬂ( I

ie.

an(U»MC))”:O (18)

C. :\ER. -1/2
x,f ( exxf) ( 6/7

A system of the rigorous numerical solutions on the wall

velocity gradient (M
on

numerically. The selected solutions of them are plotted in

) has been obtained
n=0

Fig. 8 with variation of Prandtl number Pr; and mixed

convection parameter Mc. Then, it is seen that the velocity

oW, (17, Mc)
on

increasing the mixed convection parameter Mec, and

gradient on the wall, ( increases with

)q:O

decreases with increasing the Prandtl number Pr; . In
addition, with increasing the mixed convection parameter
Mc, the velocity gradient on the wall, (6W x (’LMC)) o will

on g
decrease in an accelerative pace.

From Eq. (18) it is seen that the wall velocity gradient
oW, (17, Mc)

( on
evaluation of the skin-friction coefficient.

Vneo is the only one unknown variable for
=

10
oW, (17, Mc)
T)qzo

8
P
6

(

Fig. 8. Numerical results of velocity gradient on the plate surface,

(6Wx (17, Mc)

on
convection parameter Mc (Lines 1 to 8 denote Pr, = 0.3,0.6, 1,2 5,10, 15

Y=o varying with Prandtl number, Pr and mixed
[7:

and 20 respectively).

8. Heat Transfer

8.1. Theoretical Equations of heat transfer

The local heat transfer rate ¢_ , at position x per unit area

from the surface of the plate without consideration of
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variable physical properties can be calculated by Fourier’s

law as =-1 (ﬁ) _ - The subscript f denotes the case
dx.r f Y y=0
tw' + t
that the boundary layer average temperature 7, =

0 -

1S

taken as the reference temperature with ignoring the variable
physical properties.
With Egs. (8) and (10) we have

008(n, Mc) an
o ==A, -t
UEN; _f( W — an )/7 =0 dy
where
O = i Re, )1
dy 2 "
Then,
_, 06(n, M
=ty =) Re )2 (- 200

The local heat transfer coefficient a., defined as

qes = ax,f(tw -t,), will be given by

L 967, Mc)

a R 1/2 1 ~

f( €, ) x (- an )/7_0
The local Nusselt number, defined by yy, , = Ay lx

’ s
will be
Ny = e, 22800, )
¥ 2 Ly 6,7

Here, Equation on local Nusselt number(19 is heat transfer
theoretical equation.

8.2. Formulization of Dimensionless Wall Temperature
Gradient

3

a6(n, Mc) )

= an =0 8

2

ﬁl

0 2 4 6 Mc 8 10

0

Fig. 9. Numerical results of wall temperature gradient on the plate surface,

(- 08(n, Mc)

on
parameter Mc (Lines 1 to 8 denote Pr = 0.3, 0.6, 1, 2, 5, 10, 15 and 20
respectively)

Yo varying with Prandtl number Pr and mixed convection
[]:

It is seen from the heat transfer theoretical equation (19)

that the dimensionless temperature gradient
(- 05(/7,Mc)),7 as the only one unknown variable
on =0

dominates the prediction of mixed convection heat transfer.

In this present work, a system of rigorous solutions on the

dimensionless temperature gradient (— 65(’77MC)) have
on T°

been obtained numerically, and their selected values are

plotted in Fig. 9. It is seen that the wall temperature gradient

(- 067, MC)) - increases with increasing the mixed
a7

parameter Mc, and increases with increasing the Prandtl

number Pr,.

The system of rigorous numerical solutions of the wall

temperature gradient (- 06(17, MC))

on
means of a curve-fitting approach, and the obtained
formulated correlations are shown as follows with the wide
ranges of Prandtl number between 0.3 and 20 and the mixed
convection parameter Mc between 0 and 10:

, are formulated by
7=

06(17, Mc)

(0.3<Pr<20) (20)
on

(_ )/7 =0~ Prf

where

_ (0. 0002Mc* +0.0039Mc” - 0.0262Mc? +0.6179Mc + 0.4699)

(1+ MC)O 75
(0< Mc<10) (21)
b (0.00009Mc* - 0.0018Mc> +0.0117Mc? +0.2771Mc + 0.3433)
1+ Mc
(0 < Mc <10) (22)

Here, Eqs.(19) to (22) are heat transfer correlations of
laminar mixed convection on a vertical flat plate.

If Mc =0, Egs. (21) to (23) will be attributed to the forced
convection issue as follows:

06(17, Mc)

— 0.3433 *
oy o = 04699 Pr, (20)

(_

It is seen that Eq. (20)* is equivalent to Eq. (5.12) derived

in [26] for laminar forced convection, and obviously is

corresponding to well-known Pohlhausen equation [26].

Obviously, forced convection is only a special case of mixed
convection.

9. Conclusions

In this work, the heat transfer correlations of laminar
mixed convection on a vertical flat plate are obtained by
combination of the theoretical heat transfer equations with
the formulization correlations based on the system of
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accurate numerical solutions of dimensionless temperature
gradient, which contains the following three novel
approaches:

First, a new local-similarity analysis method is provided
for extensive studies on laminar mixed convection to replace
the traditional Falkner-Skan type transformation.

Second, a novel governing local-similarity model is
derived based the above local-similarity analysis method for
extensive study on laminar mixed convection. This model is
easier to be derived and can be more conveniently applied
than that based on the Falkner-Skan type transformation.

Third, the novel correlations of heat transfer are devoted
for heat transfer application of laminar mixed convection.
The correlations have so wide coverage berceuse with the
ranges of Prandtl number from 0.3 to 20 and mixed
convection parameter from 0 to 10 they are suitable for
prediction of heat transfer of mixed convection of all gases
and some important liquids including water. In additions, the
heat transfer correlations are produced rigorously because
they are based on combination of heat transfer theoretical
equation with formulization correlations created according
to a system of reliable numerical solutions of dimensionless
temperature gradient.

The present work provides a foundation on theoretical
methodology and governing mathematical model for our
further investigation of challenge issue on mixed convection
heat transfer with consideration of coupled effect of variable
physical properties.

Nomenclature
b exponent in equation
Cr. local skin-friction coefficient
g Gravity acceleration, /s>
Gr, local Grashof number, Gr, p
Mixed convection parameter,
Mc _ -2
Mc=Gr, ;Re, ,
Nu, , local Nusselt number
Pr Prandtl number
Re, , local Reynolds number
S width, m
t temperature, °C
t, wall temperature, °C
to bulk temperature, °C
tLr mean temperature, ‘C
X,y coordinate variables, m
velocity components in x and y
WX’ WV . . .
’ directions, respectively, m/s
dimensionless similarity variables on
W W, velocity components W, o W, s
respectively

Weoo velocity of bulk flow, m/s
7 dimensionless coordinate variable
£ expansion coefficient, 1/K
4 kinetic viscosity, m? /s
6 dimensionless temperature variable
Tyx local wall skin shear force, N /m?>
(- 96(1, MC)) dimensionless temperature gradient
on "  onthe wall
Subscript
f average value
w wall surface
00 far from the wall surface
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