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ABSTRACT

The differential equations decribing the free convec-
tion heat transfer about an inclined plate have been solved
by a nuzerical integration method. The partial differential
equations were transformed into a coupled set of ordinary
nonlinear differential equations via a similarity transform.
These nonlinear differential equations are subject to boundary
conditions at the origin and at infinity. A suitable approxi-
mation of infinity was made and the solution was obtained via
a quasilinearization procedure.

The following conclusions are drawn :

(1) The thickness of both the hydrodynamic and thermal
boundary layers increases with the inclination to the vertical.
The maximum velocity within the boundary layer decreases with
the increasing inclination.

(2) For small and medium inclinations, there is good
agreement between the calculated results and experiment re-

sults,

(3) Boundary layer assumptions, implying that the
distance along the plate is much larger than the boundary
layer thickness, are valid for the cases of small inclination.

(L) A modified empirical Nusselt number(for the verti-

cal plate). was found having excellent correlation with numeri-

.
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cal results presented for the cases Prandtl number less
than 100, For larger Prandtl number cases, the nmodified

Eckert equation has better correlation.
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CHAPTER I
INTRODUCTION

Free convection is the phenomena of heat and mass
transfer resulting from a fluid located in a force field in
the presence of a tenmperature gradient. The density variation
with temperature causes an unbalance of the body forces re-
sulting in fluid motion. This presentation is concerned with
laminar free convgction from an isothermal inclined flat sur-
face.

The most common model previously studied is the
vertical plate immersed in an initially stationary fluid.
Pohlhausen (1) developed an exact solution for a laminar
viscous fluid. Schmidt and Beckmann (2) experimentally es-
tablished the boundary layer characteristics. which agree
with the analytical preditions of Pohlhausen (see reference
(1)). Ostrach (3) analytically investigated the vertical
flat plate for large Grashof numbers., The analysis compares
favorably with Schmidt and Beckmann's temperature distribution
but varies significantly from the measured velocity distri-
butions, Albers numerically solved the vertical plate case
(see Appendix B of reference (3)) by transforming the ordinacy
differential equations and estimating their eigenvalues.,

He then numerically integrated the equations. Improved

estimates of the eigenvalues were then made on the basis of



the preceding runs and the process was repeated successively
until a satisfactory solution was obtained. The numerical
results he obtained were for the cases of Prandtl numbers
ranging from 0.01 to 1000, Sparrow and Gregg have also made
signigicant contributions in this field. They investigated
the cases of uniform surface heat flux (4) and the problem of
variable fluid-property free convection (5) about a vertical
flat plate. The effect of other types of acceleration fields
on the free convection flow about a vertical flat plate has
also been studied, such as Emery's investigation (6) on the
effect of a magnetic field and Lemlicﬁ}s study on the problenm
of spatially varying acceleration about an isothermal flat
plate (7).

The case of the inclined plate in a gravitational
field has received little attention. An experimental study
of heat transfer from an isothermal inclined flat plate was
rnade by Rich (8). He measured the heat transfer coefficients
and the temperature distributions for the case of air at an-
gles of inclination ranging from O to 40 degrees measured
from the vertical position and with the temperature differ-
ences from the plate surface and the surrounding of 200°F to
260°F. Rich concluded that the Nusselt number for the incline
ed plate can be predicted from the vertical plate by multiply-
ing the latter a factor of (COSCb)1/4, where ¢ is the angle
of inclination from the vertical position., Prior to Rich's

experiments, Tautz ('9) had also measured the heat transfer



from a inclined square plate. According to Tautz's experi-
rents, the combined (upper angniower surfaces) heat transfer
at angles greater thap 450 is constant and equal to that from
a vertical; at angles smaller than 450 the heat transfer can
be obtained by linear interpolation between values for the
horizontal and veriical positions.

In 1963, Michiyoshi (10) proposed third-degree poly-
nomial velocity and temperature profiles for the case of free
convection flow from an inclined flat plate. Approximate
solutions were then obtained by making use of the Karman-
Pohlhausen integral method (11). The problem of inclined
flat plate has also been investigated analytically by ..eans of
perturbation to the boundary equations by Guinle (12).

In this presentation, a numerical study of free con-
vection flow as well as heat transfer from an isothermal in-
clined plate will be made by using finite difference approxi=-
rations and quasilinearization techniques for the solution

of the governing differential equations.



CEAPTER II
DEVELOPMENT OF EQUATIONS

Since all of the natural convection processes involve
de:.sity variations; any strict analyical study of natural
convection problems should include density variations. How=-
ever, most of the previous studies. of natural heat convection
model have negiected it. Such a simplification does not
appear unreasonable for gases as well as. some other commonly
ilavolved fluids, This intuitive feeling has corrorated in
a formal manner by Ostrach in his paper (3). In many cases
of engineeringAapplications, especially in many processes of
practical importance where the temperature difference between
fluid and plate is small, the error incurred by the assump-
tion is very swmall, Nevertheless, the effect of the density
variations which caused by a nonuniform temperature field
will be retained for the case presented.

The equations of motion for convection are generated
from Navier-Stokes equations. For a two dimensional, steady
state, laminar free convection flow, the general conservation
equations are:

Momentum in x-direction:

(.U U __ 3P >
S US| p= S pgess VU



Momentum in y-direction:

U 2P :
|usg+v o = -3y PISInG +UTY

<
Lo (2-1)
rdr d
[uSer ] mavi
Continuity:
dU oV _
ox t 3y 0

Gravitationg!

Field

Figure 2-1
Inclined Plate Systen

with boundary conditions:

=0 * u=0 ; U=0 ; t-=t,
Y=o =0 ; U—=0 ; t



where:

2

2

v

o/

~N
o)
V=TSR oy

[l =absolute viscosity, 1b/ft-sec

= thermal diffusivity, k/Cp P ftg/sec

¢ = angle of inclination measured from the vertical
kX = thermal conductivity, Btu/hr-ftZ-F°

Cp = specific heat, Btu/1b-F° -

The physical model and the coordinate system are
shown in Figure 2-1. The subscript " o ' indicates the pro-
perties at the outer edge of the boundary layer, of more
precisely at infinity, and subscript " w " 1indicates those
at the surface of the plate.

According to the concept of boundary layer theory,
for the case of free convection the flow is confined to a
very thin layer in the immediate neighborhood of the flat plate.
The thickness of this boundary layer increases along the plate
in the dovnstream direction; Figure 2-1 represents digrammat-
ically the velocity distribution and temperature distribution
in such a boundary layer. The dimensions across it are con-
siderably exagzerated, ' The fluid is considered to be still
in the region characterized by x <0,

Since the boundary leayer thickness is very small



compare with any charateristic dimensién of the plate, it
can be expected that the change of the parameters like v, u
and p characterizing the fiow is ruch more rapid in the y
direction than in the x direction. Thus an order of magni-
tude analysis (19) can be made for the simplification of the
partial differential equations.

After meking the analysis the system of equations is

reduced to the forn:

[ of el
£u75?-+ujgr]p =——~—-—p9cos¢>+u by
d P

—7———p95wv¢
(2-2)

with boundary conditions:
y=0 : u=0 ; U=0 ; T=1,

y—0@ @ U—0 ; U—=0 ; t—=1p ;P=Ps
First equation of equations (2-2) will be rearranged
by adding to and substracting from the right-hand side the
term 0 9GCOSP . Thus, it becomes:

[ uu U
L bX*U\y [p-
DL
C USROS —(P-p, I §LCOSS (5



In specifying the above equation at the outer edge of the
boundary layer where u=0, v=0 and f>::ﬁ% the following re-

sult is obtained:

e sh =
5_5“ +P,gCosP = 0 (2-4)

When the flow velocity is small compared with the
sonic velocity say, a Mach number less than 0.3, the fluid
involved 1s always considered imcompressible. Thus, for the
case of free convection, density variations will be assumed

to be temperature dependent only. The coefficient of thermal

expansion‘ﬁ} is defined as:

- -

(2-5)
where;

Vi = initial volume

AV and AT are increments of volume and temperature
respectively. For engineering purposes, an average caan be

defined as:

|
P[ - / /Dz'-pf (2-6)
R Zf""ff

where the subscript "f¥ stands for the final state and "i"

stands for the initial state.

Zquation (2-8) can be expressed as :

f-p, =BR(T L) ( 2-7)



For the case here the above expression should be:
P~Po=BPR(le-T) (2-8)

Thus the first equation of equation (2-2) can be re-

written as:

- S
UL 2 +89cosd(t-T,)

= JV,!‘ybY+9 (2-9)
here

V = kinematic viscosity, Pﬁo , ft%/sec
It is worth-while noting that for the case of a gas,

Svarrow and Gregg (5) developed a reference temperature

which was defined as :
l, =1,-038(1,-7,) (2-10)

To extend the constant property results to the vari-
able-property situations, the suggestion was made to re-
place the thermal expansion coefficient ‘ﬁQ by 1/ t, and
to evalute the other properties of the involved fluid at
the defined reference temperature tr .

From the second of equations (2-10), it is known
that & pressure variation across the boundary layer (which
is different from %%; = O for the case of vertical plate)
does exist for the inclined plate. A more rigorous

expression (see the discussion of reference (8) ) should

be:



6%
9]

9\5//7;6

7, | (2-11)

(e%
~|°

Thus, the governing equations becone:

el 3 U
u‘X*U‘eTy“ ‘V"o“z l@gco&‘cp(f to)

E p9sind B(t-1,) (2-12)

O

Y

dT 3T -~ 3%t
Cox TUgy T Xy

S

ol 2

ox Ty =0

with boundary conditions :

Y=0 ' u=0 ; Uu=0 ; [=Clw

y—»oo - U-=0 ;, U—=0 > Z-""t_oo/ P—"Poo

Quite a number of simplifications have been made to
the orginal system of partial differential equations. How-
ever, there is still a fourtg order system of equations to
be solved. It is fortunate tﬁét the similarity transfroma-
tion which Pohlhausen ( 1) ﬁas applied to the governing
partial differential equations of the case of the vertical
plate can be suitably applied to this case. Furthermore, by
examining the equafions (2-105, it is found that the depen-
dent variable, p, - which appeared in the ‘second equation of
this system does not appear in any other equations of the
systea. This implies that tiae second equation can be treat-

ed separately in the ruuerical procedures.

10
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In order to transform this system of partial
differential equations, the solution of equations (2~10) will

be written in terms of a stream funtion W, defined by the

relations :
4 . >¥
U= % ; V=-3%% (2-13)

An independent variable 7?, the - so-called similariry

variavle is also defined by:

- C 5 - (2-14)
(5

wnere ;
!

. |9t te) r
l

4y% o

New dependent variables £ and © are given by :

)= [ \i%] ;{41£c]

6 /7?) _ (f" ZLCD )- . (2‘16)
‘ (z_“/'—'z.o@)

The velocity components now become

qux“ci £l

vex A nfop -3fap)

The partial derivatives of the parameters which characterize

—

i

u
| (2-17)
1%

the flow are related to the new variables as follows :
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Zo—y-=4vc X AL

\ﬁi 2 4

cp=4vicT +7 (2-18)
-V

,!

veixA(f T -2+)

~ <

%

- 7’;)("7] 6 (Lo Tw)

5%
SLpiox (t-ts)
éy 9 w fso]
Xt

|

=0"C3 X% (TW-1,)

(0%
K

vhere each prime represents the differentiation with respect

to the new independent variable 7] .
Substituting all these partial derivatives into

equations (2-12), two simultaneous nonlinear ordinary differ-

ential equations are obtained :
. 174 : /2
Y 3FF -2(F) 0 CosP =0

5 , (2-19)
6 +3FPF6 =

where ;

Pr = Prandtl number, Cp'[l/ kx, dimensionless
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These equations are subject to the boundary conditions :
/
n=20 : f=0 ; +=0 s f=1

£ .
) — o0 r—0 . f—09
The pressure gradient normal to the surface of the plate is
now written as :

%5—=/°m9,895/}2¢(fw-i‘w> (2-20)

witn the boundary condition

Y — o : P — P,
It is observed that the pressure distribution normal
to the surface can be obtained numerically by integrating
the equation (2-20) together with equation (2-4) after

equations (2-19) have been solved.
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CHAPTEZR III
NUMERICAL PROCEDURES

The solution of a system of differential equations,
subject to appropriate initial conditions, can generally be
obtained by a forward integraticn method. The most comion
methods used for this integration are predictor-corrector
methods and Runge-Kutta methods, because of their excellent
stability and flexibility (13); For a system of equations
including higher-order terms, a simple change of variable
will usually change the system of equations into a system of
first-order equations to facilitate programming.

For the boundary-value problems which do not provide
a full set of initial conditions, the straight-forward appli-
cation of numerical integration techniques used for initial
value problems is often insufficient. If the problems are
linear, superposition will yield a finite series of initial
value problems whose weighted sum will satisfy the boundary
conditions,

The governiné simultaneous differential equations
have already been derived for the case described in the pre-

ceding chapter are:

Frestf -2 F *+Gcosg = 0
C9”+~3f%'%w9/ = 0

(2-19)



with boundary conditions :
7?:0 : 7/::0 ; 7[,=0 ) 8
N—=ow: f=0 5 =0

This is a fifth-order nonlinear boundary value prob-

/

lem. In order to obtain an equivalent first-order system of

equations, equations (2-19) will be transformed by letting :

f -
T =Ta
/ -/
7[=:‘o Fi
_://~"“I/_:/=D
[ U T - 2
A/ /
-I[::_ _F - D?

o

i — L 4

—

cy= T2

il o 2 ‘

F7 35 F-25'-F, coso (3-1)
/

.

‘5— F4_

15
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with two-point boundary values :

=0 * 5=052=0 : 581

fl=c  E=0 : Fy=0

As a boundary value problem, the additional difficul-

ties are caused by the non~linearity of the system. The
guasilinearization techniques(14) will circumvent this prob-
lenm. All terms in the system will be approximated by their
Taylors expansions. For example, the nonlinear term -3 F, -,

can be approximated by :

. pou i s U R n n n n+l n
N} (3-2)

"SR (R R
where subscript "n" and "n+1" indicate the nth and (n+1)st
apoproximation. The (n+1)st approximation can be obtained
after the calculation of the nth approximation.

Therefore,the linearized recurrence relationships of

system are :

‘nri n+|
F = Fl

(3-3)

n n+i nt)
+4F (FE"-FM)+ 71 Coso
vﬁ/nf'_ n+|
°3 Fy



In matrix notation, equations (3-3) can be expressed
b

in the following compact form :

B [A]sF™ K (3-4)

where ;

[A] = 3E" 420 -3E" cosp 0 (3-5)

and
- = 1nt] i 0
— F) —_ 0
FT= | F. y  K"= |3FF-2(B"°
F's 0
_F4J ‘3%’9?2
J

The linezrized equations can be solved by superpo=
M P

sition. The general solution will be taken to have the form:

17
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- 0 < L o
Fo=F+3 5, ~ (3-6)

shere the nonzero and zero superscripts on the right hand side

revresent homogeneous and particular solutions of equation
(3-4) respectively. The superscript (j) indicates the jth
linearly in&ependeat homogeneous solution and C(j are the
arbitrary constants picked to ensure that FR¥] satisfies the
boundary conditions, .

A particular solution of the first approximation can
be obtazined by integrating equation (3-4). Because of the
incompleteness of the initial conditions, a set of initial
conditions has to be assumed for starting the numerical inte-
gration. This is done by assuming any finite initial condi-
tions.

In addition .to the initial conditions, and approxi-
mation of the solution has to be used in the first iteration
for starting the iteration. The initial approximation of the

solutions in this case will be takenAas:

e , -
_ sintEmpe”
F(n) = 0 (3-7)
= D,
- g

18



The first two elements of initial approximation (3-7)
are arproximated. on the basis of the £ profile and the non-
dimensional velocity profile, £', of the solutions of the
vertical plate (16). The third element is arbitrarily
chosen., The last two elements are approximated by the inter-
polations of the two-point boundary conditions (see equations
(3=-3)) between 7] = 0 and 7] = "go" and their derivatives.

At this point it is necessary to look at the bound-
ary conditions at infinity. Since the boundary layer thick-
ness is assumed to be very small, The properties of the fluid
at the infinite distance from the surface of the plate will
be no difference from those at a certain finite distance out-
side the boundary. layer. Thus, "co'" can be replaced by a
well chosen finite value. This value may not be too large.
For example, 7]= 10 or 7] = 15 may satisfactorily represent
infinity. The discussion and illustration of the numerical
techniques for this replacing of the boundary condition at
infinity is found in reference (15).

Instead of assuming {inite initial condition; a set
of linearly independent initial conditions have to be assumed
for the linearly independent homogeneous solutions. Usually,
the coluzns of an appropriate (of same order as the system)
non-singular matrix are assumed. Simply, and identity matrix

may be used as the initial conditions :

15
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/I 0 o0 0 o

o/ 0 0 0
ECECEI e 2l I R R (3-8)

o o 0 1 o0

0 o0 o0 o0

Along with the initial approximation (3~7) five homogeneous

: () 2(2) 2(3B) o oy .
solutions F(h), F(h), F(ﬁ), F(g) and F(i) can be obtained
by numerically integrate the homogeneous equation of ecquation

(3-4), that is :

Fop=[A]F (3-9)
The complete solution is then formed by adding to the
particular solution the arbitrary nultiplies of those five

linearliy independent homogeneous solutions, that is

—_—

= =)
F = For=24GF (3-10)

o

£11 of those solutions will be obtained as numerical
data at discrete points of the range of integration. Five
arbitrary constants have now to be determined to satisfy the
boundary conditions. By specifying equation (3-10) at the
points where the boundary con&itions are given, it will re-
sult in five simultaneous ecuations :

At 77: 0]



Eo={0)=0 = [F0)

i

’ . - < )
=,(0=1f(0)= ¢ | [;—1(0)};:%;09[5 ()],

PO=6@=1 = [F(0)] +2 o.[F o
S P sy 443 h

— _ _‘C’ _ _ - 5 D(j) !

D(@) = flw)= 0= [fl(oo)}sz:log[;l (0],
= - . 7 5 . (j)

Fy(0) = g(e) = [g(oo)u =0 [Feto],

or in matrix notation :

| e}

5l=& = @

;
where th is the coefficient matrix

o Flo. S Eo E
Fo  Fio Bl PR
Bl = | Blo Fo Ho Fo
Fuo  Fao  Flo  Efe F.(00
Fie  Eeo [ ~ Floo Fj{oo

(3=12)

21



a2

&y —-[FO(O)EP
A ~[Euo)],
O<=: & > @ =11 ‘[?4(0)]!;

}
i X, -[Fi(a))}
|

&2
|
—
»7
&

5

Thus, the solution of equation (3-12) can be expressed in
ratrix notation as :
ry oA (3-13)
& =[B] *Q | o=12

where LB] is the inverse of coefficient matrix LB] .

Numerically, in:order to reduce the computational
rourd-off error Gauss-Jordan maximum pivot method (17) will
be emvloyed to.solve equation (3-12) for these arbitrary
constants ij .

As an inprovement, all these computational procedures
will be repeated again after replacing the assumed initial
approximation with the results of preceding iteration., The
iteration process will be terminated when the stable solution
is reached. Accuracy of s1x significant figures may be
obtained by terminating the iteration when the maximun
absclute value of the arbitrary constants ij is small, say,

less than 10-6.

For the case of zir, the Prandtl number is about-

0.72. Nuzmericzl solutions nave teen obtained by the proce-
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. Table 3-1
N

Kumerical Data for Pr= 0,72, ¢ = 0°

23

£ £ £u ) &1

<000  =.000000 = =,000000 e676310 1,000000 —4504760
.100 . 003217 062714 e5788326 ¢949527  -—.504641
¢ 200 .012227 .115952 e 486866 «899094  —.503849
«300 W026111 .160287 $ 400827 «848799  -.501806
« 200 < 044008 . 4196330 «321099 ¢798790 —.&96052
«500 £ 065122 0226729 « 247988 749257  ~,4G2239
« 8600 .088721 C246157 «181716 « 700418  —.484143
«700 114144 « 261305 « 122400 0652508  —e473660
<200 $ 140796 « 270870 «070048 (605766  =.460798
<910 .168155 $ 275544 e 024556 $560424  —o445573
1.000 .195764 «276003  =4014291 «516700 —<428488
1.100 $223237 $272898  —e046803 4746786  —e409519
1,200 « 250246 $266841  —4073376 434844 —.389090
14300 276526 e 258406  —e054471 ¢ 397004  —e367557
1,400 .301865 e248113  -4110597 ¢361357  —e345283
14500 $326102 W236434 —e122291 $327960 —.322626
1.400 +349119 .223785 =a130100 «296834  —=.299920
1+700 «370839 0210526  -4134563 W 267967  —427T468
1,200 .391215 c196966 —e136202 «241322  =.255532
16900 « 410231 .183364 -4135503 e216836  —.234332
2.000 427893 2169929  -4132915 W 104426  —.214041
24100 4bt227 156830 —e128844 «173993  -.194791
2.200 « 459275 W144197  —e123547 «155430 —,175672
24300 «473086 .132128 —4117637 .138619 -.159741
2,400 W485721 .1206688 —+111078 W123441 =,144021
2.500 V497246 .109923  -.104194 109774  -.129510
24600 «507729 fC99854 —4097168 097499  -,116185
2,700 0517240 WCO90489  -4090148 .086499  —,104006
24500 .525850 4081820 —+083249 076661  -.092922
2.900 «533627 4073832 —+076561 067880 -.082873
3.000 .540638 «066459  —4070150 060055 —.073792
34500 «566331 «C38510 =e043339 .032234  —,040536
4,000 .581001 $021663  =4025406 W017112 =-,021798
4,500 «589175 0011948  =—¢014402 «009028 -,011582
54000 +593654 2006500 —+007984 004747  —4006114
54500 «596079 .003502 —.004359 .002491  =-,003215
60000 «597382 001874 —.002355 001306 -.0016&8
66500 598077 ° 000997 —.001262 .000685 ~-.000885
74000 0598446 «C00529  ~+000673 000359  —,000464
74500 e558641 «000280 =4000357 000188 -.000243
8,000 « 598744 4000147  —.0C0189 .000098 =-.000127
9,000 .568827 .000041  =.000053 .000027  —.000035
10,000 «598850 .000011 —+000015 000007  =.000010
11,000 +5985856 «000003 —+00C0004 .000002  —+000003
12.C00 «598857 000001 -.000001 000001  -.0000C1
14,000 «598857 +0000C0  =+000000 000000 =-.0000C0O
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Table 3-2
Numerical Data for Pr= 0.72, ¢ = 10°
7 £ £ £ o !

+ :NC P 1819101¢19) - N00GGO «656E58 1 1.0CGUCU ~—eDGZO 31
«11C «03181 « 062016 «572584 «949720 —e502714
« 200 «012092 «114699 «481980 « 899479 —~«501933
« 200 « 025828 + 158608 «397191 «849374 -e 499521
« 200 «C43541 0194344 «318588 e 799552 -e496220
« 50 e NOLLLE e2225473 s 246475 « 750193 —+490489
« N0 « 087521 + 243264 e 181067 e 701529 -+ 482505
¢ 700 «1123012 «258985 0122432 «653776 -e472180
«31C « 139434 « 268589 « 070730 «607175 - 459463
900 166568 .273356 025712 «561958  —.444523
1.000C e 1939866 273950 -.012778 «518339 ~e42T7539
1.100 2221241 .271009  =+045039 476509  ~+408780
1.200 «248C70 «265138 —-«071456 e 436631 —e38E563
14300 «2741869 «256898 -e¢092476 +398833 —-e3572328
«&ND «299388 « 246806 ~-+108596 e2632C8 —-e2451€3
14500 «323504 «235325 -e1203490 «329213 —-e322691
1600 e 34A420 0222866 —e128242 « 298672 ~-+200182
1.70C « 368057 «209787 —~e132830 e 269775 —e21TELE
1800 «388367 « 156394 —el34614 243085 —e2560%28
2.000 e 424961 « 1695642 ~e131649 e 106067 —e214733
2.100 $441273 $156662  —e127741 «175562  =.195545
2.200 e 4563208 e 144131 —~e122702 e156921 —-e 177470
2.300 CLT0117 0132148  -—e116841 «140029  —.160565

2.40n0 e 482759 0120782 -e110421 2124768 —e 14485
2.500 4942066 »110075 —e1036564 «111018 -4120345
2.600 504796 .100054 =e096751 .098660  ~.117308
24700 «514330 .090725  ~.089831 .087578  —.10480C9
24800 522964 .082084 -.083020 (077662  —=4093698
2.500 «530769 « 074115 -«076408 «068804 -«0832617
3,000 «537809 066794  =+070060 «060906  =-.074501
24500 « 563651 + 038795 ~e043434 +032780 - 041047
44000 578449 021886  —+025544 (017448  —.022135
44500 «586718 « 0121065 -«014524 « 009229 —-«011793
54000 591261 .006604  —+008075 <004865  -.006241
54500 .593728 .003568  —.004421 .002560  =.C03291
6.000 595057 «001914  —.002395 .001346  —.001732
64500 595767 .001021  =.001287  .4000707  =.0006910"
74000 595146 «000543  —4000688 .000371  -.000478
74500 «596347 .000288  —+000366 .C00155  ~-.000251
Re Q00D +596453 + 000157 ~«200194 «000102 ~-+000132
G.NNO «556538 «00C042 ~+00C054 .000028 -+ 0C00 3¢
10.000 + 598562 +00CC1L2 —-«00C015 «GOCC0B -+ 00C010
11.00¢C «596568 «000CC3 ~-+000004 «0000C2 -.000003
12.00C « 556569 « 000001 —-+000001 « 000001 -«0C00C1
14,000 «596569 .000000  =+000000 .000000  —.0G0000



Table 3-3.
Numerical Data for Pr= 0.72, ¢ = 20°
a Y £ o e g!

s 0rC -+0000C0 «G000CCO e 545475 1.000CCC —e 496987
«10C «003073 « 059926 «553842 «950306 —~e 496656
200 «011688 «110940 « 467296 «900650 —-e%496110

¢ 210 24981 + 153569 «386226 «851123 —e494187

0 400 042141 «188380 «310978 « 801867 -e650647

« 500 e 052416 «215970 «241838 « 753059 ~¢485160

« 600 +C85115 «236960 «179012 « 704907 -~ 4T75CE

e 700 « 109610 «251988 «122617 « 5657634 ~a467577
800 «135336 «261699 « 072669 e 611467 -e455372

¢ GN0 261794 0266734 «029084 e 566632 -e440988
1700 « 188548 «267723 -¢008319 e5233325 ~e424608
1200 0215223 0265268 -«039211 «481768 - 406479
14200 « 241506 «259946 —a065741 « 442088 -e386903
2300 «267135 e252292 -e086519 e 40L4&25 -+36620¢
1.400 « 2919073 « 242799 ~-e102604 «368872 —e3447326
1.500 «315648 «231912 ~e114480 335492 —-e322827
1.600 «338252 0220027 - 122644 +304311 -+3030800
1700 «359632 « 207491 —-e127591 «275326 —e278947
1.6n0 «379738 «1946C0 -6129801 « 248507 ~e257525
1,900 3568549 « 181607 —e129726 «223799 —e236751
2.000 e 416063 «168717 —e127786 «201129 -e216801
2,100 e432301 « 156099 ~el24363 « 180407 ~-«197210
2.700 «Hb7297 «143883 —e119796 «161531 -«179875
2300 « 461095 «132168 -+114383 «144394 -«163059
24400 e 473749 «121025 —+108380- «128881 —~e147293
2500 « 485320 «11050C4 ~«102005 «114877 -e132E85
2600 « 495872 « 100631 —-¢095437 «e102266 -+119219
2+700 «505469 2091418 —-.(088823 «0909386 -.107254
24800 « 514177 « 082864 -.082280 «080778 -e0986076
2.900 «522063 « 074957 -+075899 «071687 -.085901%
2,000 «529189 « 067677 -¢069750 « 063565 —-e 076679
34500 «555481 « 039664 -«043702 . 034493 -e042632
£4,000 «570671 2« 022573 —-+025956 | «018511 ~+023189
L3N0 +579233 « 012562 —-+014896 «009869  —-.C12457
54000 « 283976 + 006827 —+008356 « 005243 ~e 006645
56300 «586573 « 003773 ~e004614 «002780 -+0032531
6.C00 «587983 «002040 -¢002520 «001472 -.001872
64500 «588744 + 001097 -e001366 «000779 ~+000992
7.000 «589152 «000588 —-eC00736 «000412 -.000525
76500 « 589370 «000314 -«000395 «000218 -.000278
8.000 «589487 « 000167 —«000211 +000115 ~e000147
G.0Nn0 «586581 « 000047 —-«000060 «000032 -.000041"
10.0¢0 « 589608 « 000013 -.000017 «000009 -.000012
11.0n0 +58G615 «C000C4 ~+C30005 2000003 -.000003
12.000 « 589616 « 600001 -+000001 «000001 ~-.000001
13,000 «586617 »0C00CO ~«000000G «000000 -«00000C
1440600 «589616 «00CCCO -+00000C +000000 ~-+000000



Table 3-L

Murerical Data for Pr= 0.72 , 45= 300
7 £ . 1t S 3!

NEaTale - CLOUOD —eCCOLGD sOU/128 1« COGCUOU —e&450922
«10C « 0028673 « 056452 «522636 «951310 - 4B86E20
«2N0 « 011016 « 104681 «l2729 « 502656 - 4856121
« 300 «023571 « 145164 e 367752 «854120 - 484354
« 400 «£39838 + 178408 « 298016 «805835 -~ 431077
+500 «C59C29 « 204951 «233777 e 757965 -e475990
« 600 «080593 «225354 e 175224 « 710704 —e 468881
« 700 « 103914 «240190 «122470 « 664260 -« 459639
«9Nn0 « 128465 «2500473 «075540 «618848 ~e 468250
1800 « 179436 «257106 ~+001171 «531954 —e 419416
1.100 «2C5088 e2554328 -+031324 « 490852 —e 402345
1.200 «230431 «251011 ~+056380 «451532 —e383E43
1300 ¢255215 « 244320 -s076690 « 414120 ~e364222
le400 e 279235 «235819 —e092649 «378714 —e343780
1.500 «302332 «225921 -+104683 «34538C -e3222827
14600 e324385 «2149G9 ~-+113228 «314153 -+3014695
1.7n0 « 245309 »203378 ~«118726 «285039 —.28C531
1.800 « 265047 e191341 ~e121605 «258016 —~+259894
1.900 «383571 «179130 —e122275 232042 —e239656
2.C00 « 400874 e 166947 -+121120 «2100532 —e22G215
24100 « 416967 «154955 —e118491 «188970 -+201588
2.20C «431876 «143287 —e114704 «1697C3 ~e1332921
2300 e 445638 0132044 -+110038 «152151 -.167234
24400 « 458301 «121301 ~e104737 «13621C —e151718
24500 0465917 «111111 -+099008 «121771 -a137241
2.600 « 480543 »101507 -e093027 «108726 —-e123847
2.700 «490239 « 092509 —-+086939 « 096966 -+111516
2.800 « 469065 « 084119 —+(80861 «086383 -+100212
24600 «507083 « 076333 —e074886 «076891 -.089891
3,000 «514351 «C69136 -+069085 «068379 -+ 0805C0C
3.500 0541401 «041151 —+044085 « 037644 -+045460
4,000 «557269 « 023774 -e026632 «020482 —-+025097
44,500 « 566347 « 013458 —+015530 +011069 -+C13674
56000 «571450 CC7510 -+008846 « 005959 -+007365
6000 «575843 « 002275 —e 002747 «001718 -.002140
66500 « 5766986 «00124C -+001510 «000921 -+001148
T«200 e 577161 « 000674 —«C00825 « 000494 —-«000616
7500 «e5TT412 «000365 =e¢000449 « 000265 -.000330
8.200 «e577548 «NC0197 -« 000243 000142 ~-+000177
2.000 «577661 « 000057 —-.000071 +CC00C41 -.C00051
10.000 «e577693 «000016 -+CC0021 000012 —~+000015
11.000 «577702 « 000005 —~«000006 «0000G3 -.000004
13.000 « 577705 «000000 —«000000 «00000C0 -«000000
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Tezble 2-5
Numerical Data for Pr= 0.72 , ¢ = 40°
/ £ £1 £1r o Q!

e D00 —.00000C =, 000000 e353743 T<000000 —e472209
<100 e 002643 051604 e 478954 «952781 -e4 72118
« 200 « 010078 « 095923 « 408084 « 905594 —e 471508
« 310 +021598 «133363 0341426 «858512 -+ 469929
e 4N0 « 036536 « 164358 0279240 «811652 - 467013
« 500 « 054270 + 189368 0221747 e 7165164 —-e462475
« 600 « 074226 «208870 169111 «715218 - 456115
« Q00 e 142408 e239275 « 041050 «58655%6 ~e 425294
1.0n0 166484 e 241698 « 008200 *«544700 —~e 411433
1100 «19C846 e 241072 ~+019959 « 504323 ~2395859
14200 e 214612 «237855 -+ 043654 « 465575 -~ 2378897
1300 «238145 «232481 ~«063164 « 428581 -« 32608C5
1400 «e261049 «225351 —-.078806 0393442 -6 241856
1.5800 «283169 « 216837 —+090G23 « 360229 ~e322329
146006 «204382 ¢ 2072732 —+099877 +328986 —«3024G9
14700 «324598 «196955 ~e¢106035 « 295731 ~e282620
le8n0 e 343757 « 186147 ~e109759 0272456 ~ 0262927
1e000 «361819 «e175073 ~—+111400 e 247132 ~e243625
2+.000 e 378769 ¢163925 —2111289 0223712 ~e224888
242100 e394607 e152863 —e109736 «202131 —e206858
2,200 e 4C93409 «142017 -e¢107020 «182313 -e189646
2.30C «423021 «131489 —-e¢103396 e 164171 -e173335
26400 + 435660 «121361 —¢09908¢% 147614 ~-e 157977
2.500 447308 «111689 —e094280 . 132543 -e¢143602
2600 « 458014 «102515 —-+089149 «118860 -.130222
2700 « 467829 + 093865 —-+083830 « 106465 ~-e117825
24800 4 T6805 + 085752 —+078440 «0905263 —¢1063295
2.900 ¢ 484997 « 078177 -+073071 «085156 -+095895
3.000 e 492458 «071134 -+067800 + 076054 ~-+.086286
3500 «e5205873 « 043315 ~ e 044458 «042760 ~e¢049865
44000 «537456 A + 025585 —e027542 « 023746 ~-.028139
44500 547321 « 014799 -« 016447 «013091 ~+015656
54500 « 5556200 « 004757 ~+005490 «+ 0039386 ~e 004745
6.00C «558005 + 002662 —«003107 «002153 -.002600
64500 «559012 « 001481 -«001744 « 001177 -.001422
7.000 «559571 «000821 ~+000972 « 000643 - 000777
74500 «559881 « 000453 ~+000539 « 000351 -e000425
84000 «560GC51 « 000250 -«000298 « 000162 -+000232
9.000 «560196 + 000075 ~«0C0090 «+ 000057 —-+000069
10.000 e 560240 000022 —+000027 +000017 —-.000C21
11.000 «e560252 «000007 -«000008 « 000005 -.000006
12.000 « 5560256 «000002 —+000002 + 000001 -.000C02
14.0¢0 +560256 + 0300000 «000000 -+000000

<+C00000
Y
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Table 3-6
Yumerical Data for Pr= 0.72 , @ = L5
" £ o £ o 9!

« 000 ~. 000000 -«000000 «521470 1.00C000 —-e 4628438
e 100 002491 «(4B8EES 4523297 «953717 - 462764
«200 « 0C95009 « 090599 « 386869 e 9074563 -e 452200
« 300 « 020398 0126167 «325142 «861307 - 460728
« 40 « 034543 0155762 0267448 « 815357 ~«458036
« 500 +051366 «179799 «213986 « 769750 -e453825
« 600 « 070332 «198706 « 164906 e 7124649 -~ 447912
0700 .OQ0951 0212930 -120307 0680228 _0440186
«£N0 e112777 «222919 «G80231 636673 -e430611
e ON0 2135408 «229127 « 044655 e5G4166 ~e419222
10000 .158491 -231998 0013498 0552886 —0406121
1100 «181711 0231969 -e013379 «512994 ~e291464
l1..20C « 204802 e229459 -e0256169 e474638 —e3T75452
1.300 02217534 0224864 -e¢055108 « 437941 —~e358314
1.400 e 249718 «218557 —-«070471 « 403004 -~ea34L03C2
1.5n0 «271169 «210880 ~-2082556 «366901 —e 221674
1600 «291858 «e202144 ~+091582 «338681 - 32026864
le700 «311602 e192631 -+098173 «309368 —e283575
1,800 «330367 «182587 —¢102352 +281662 ~e 264556
1.900 «348109 0172227 ~¢104534 e 258444 ~e 245885
2.000 «3643808 «161737 —«105022 «232773 —e 227638
2100 « 380457 «151270 ~e104096 «210896 ~+2100232
27200 «395067 «140956 —+102016 « 190744 -e193141
2.300 « 408657 «130897 -¢099018 «172240 ~«177076
2400 421258 «121176 ~-+095309 +155299 ~+161838
2.50n0 e 432906 +111853 ~+091075 «139832 ~e 147617
20600 e 4436473 « 102973 —e0B6473 «125745 —e134279
2.70C + 453516 « 094566 -+081640 «112945 ~-e121875%
2+800 e 4562573 « 086649 -«076688 «101339 —-e110391
2500 «470862 + 079229 —-eJ71712 «090837 - 4099802
3.000 478435 + 072305 -e066786 «081350 ~«090C74
3.500 +507216 «044b6T4 -e044569 +046358 -e05282C
44,000 e524731 e 026764 —e028063 «026082 ~,030225
44500 «535116 «015696 ~+017016 « 014564 -+« 017080C
5000 e541163 « 009067 -eC10060 «+ 208096 ~« 009532
54500 e HLLERT « 005181 —«005844 « 004489 -«005302
6.000 e 546615 « 002938 -+003353 « 002485 -+ 002941
6500 e 547733 « 001656 —+001507 «001375 -.001629
764000 « 548362 « 000929 -.001077 «000760 ~-+000901
76500 e 548714 «000519 —«000605 «00C420 -«000498
8,000 « 548911 «000290C -.000339 +000232 -.000275%
9.000 «549081 «200C89 —-000105 +C00071 -.000084
20eNOC «549133 « 000027 —~«000033 « 000022 -+ C00028
11.00G0 e 549149 + 000005 ~«000010 «0C0007 -« 000008
124C0C0 «e549153 «000C02 ~+000003 « 000002 -+00000C2
14,000 « 549154 «000000 -+0C0000 «000C000 -+ 000080
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Table 3-7
Nurerical Data for Pr= 0.72 , @ = 60°
£ £ £ e or
-+000000 ~+000000 + 402084 1.000000 —e&24419
« 001928 Q37744 «353146 e 957560 ~e 4243260
« 007339 « Q70706 «306492 «915139 -e423958
.015918 « 099124 0262276 «872789 -e422914
« 027071 «123248 ¢« 220639 «830587 —e 420972
«04C433 e143342 «181706 +788632 ~e417G629
« 055614 «159683 «145578 « 747043 —-e413627
« 072254 «172554 »112329 «705952 -e407962
«09C019 «182247 «+082001 « 665498 ~-+400879
«108607 «189053 «054605 «625823 ~e392374
«127743 «193265 «030118 «587069 —~e382484
«147183 «195172 «008483 +549370 ~4371292
«166710 «195054 ~+010386 512850 ~-+358911
«186135 «193183 ~«(26604 477622 -e 345486
«205297 «189817 ~«040314 443782 -+331178
«224057 «185199 -.051674 e411410 ~e316164
e 242302 »179555 ~«060860 «380567 ~«300626
«2595941 «173063 —-+068058 «351296 —e284746
«276500 «166003 ~e 073462 »323623 —~e268698
«293126 C e158454 ~e077263 «297556 6252647
«308581 «150598 -«079653 «273088 —e2306743
«323240 «142565 ~+080816 «250198 —-e221120
«337091 0134469 ~+080928 «228851 -«205893
«350135 «126409 -.080155 «209003 —e191159
«362377 «118463 —e078648 «190600 -+176995
«373833 2110699 -e076546 «173583 ~e163462
«384525 «103169 —-s073975 «157885 -6¢150603
0394476 0095916 ’0071045 0143439 ”0138447
«403718 « 088969 —e067854 «130172 -+127009
« 420199 « 076075 —¢061013 «106889 ~¢106290
« 451339 « 049920 ~e043861 « 064405 ~+066308
«&4T71451 «031718 —~e029576 «038257 -+040251
« 484087 « 019698 -.019124 «022521 -.024013
«491872 «012034 -.012018 «013184% -.014171
496601 « 007265 =+007404 «007692 -.008308
s 499444 « 004347 —e004497 « 004478 -.004851
«501139 « 002584 ~-«002703 «002604 ~.00282%6
« 502144 e001528 [ —+001612 +001513 ~e 001644
«5C2737 » 060900 ~«000956 « 000879 -.000955
«503086 « 000528 -« 000564 «000510 —«000555
«503409 «CGC3181 -+000165 «000172 -.000187
«503519 «+ 000061 ~+300067 «G05058 —«000063
«503556 «0006020 -.000023 «000019 -.0000621
«503568 « 000007 -«000008 «000006 ~+000007
»503572 «0006000 -.000001 «0000C0 ~+ 000001
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Table 3-8
Numerical Data for Pr= 0.72 , @@= 70°
7’ £ £ £u o) et

<000  —e000000 « 000000 «302416 1.000000 -+385968
0100 001456 ¢ 028553 N\ «268874 e 961404 ~¢385927
¢ 200 005601 e 053822  ".236745 «922822 -+385651
«300 .012115 « 075953 0206115 « 884289 -e384929
e 400 « 020692 « 095098 « 177066 «845857 ~¢383580
«500 + 031041 111421 149673 «807599 -e381454
« 600 042888 «125090 «123998 e 769597 ~e378429
.700 « 055976 0136280 «100092 . 731946 -e274417
«800 .070067 145169 .077988 694748 ~e369359
« 900 « 084940 «151939 « 057705 «658110 ~e363230
1.000 «100390 e 156771 2039246 « 622138 -e356033
14100 116235 «159848 e 022593 586937 -4347800
1200 «132308 0161349 «007715 «552610 -.338586
14300 e 148458 e161449  =4005437 «e519250 -e328471
1.460 «164556 «160317 —.016926 486943 ~e317548
14500 « 180486 0158117 —+026830 455764 ~¢305928
1600 «196149 «155001 ~.035235 425776 ~e293729
1700 $211461 151116  —e042237 «397033 ~e281073
1+800 0226351 146597  =4047940 ¢369573 -4268C287
14900 e 240763 0141568 =—4052451 343422 ~e25L892
2.000 «254652 136143 ~.055878 +318597 -e241607
2.100 $ 267982 130425 ~.058332 «295100 -e226342
24200 « 280730 e124506  —4059919 0272925 -.215198
24300 «292879 e118467  —.060743 «252053 -4202266
24400 6304422 112379  =.050906 0232461 -+1896256
24500 «315355 «106305 =—4C60500 e214116 -e177344
24600 «325685 100295 —.059614 «196979 -e165477
24700 «335418 0064395 -,058328 «181005 -¢154071
24800 e 344569 « 088641 -.056716 «166148 ~e143158
24900 ¢353152 «083061 -e054846 «152356 -.132764
3,000 e361187 077678 —.052776 139577 -.122904
34500 «393904 054172  —4041053 «088989 -.081659
44000 0416346 0036539  —4029754 .055866 -e052677
44500 « 431304 « 024057 —4020579 «034709 -+033310
5.000 ¢ 441066 «C15560 —.013783 021418 -.020788
56500 e 4LT340 e009933  —-.009024 «013158 ~e012863
64000 451326 « 006278 —4005812 008061 -2 007916
64500 0453837 0003938 =4003698 «004930 -+.004855
7.000 e 455407 002455  —.002332 «003011 -.002971
74500 « 456383 001524 —.001460 .001838 -.001816
84000 e 456989 «000642  —4000910 001121 -«0011C9
9,000 e 457592 « 000357 =.000349 . 000416 ~.000413
10.000 457819 «C00133  =4000132 «C00154 -.000154
11.000 e 4575073, « 000049  —=.000050 « 000057 -.000057
12.000 «457933 000017 =.000018 «000020 -.000021
144000 457946 .000001 -.000002 000002 -.000003
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Fipguré 3-2 Dimensionlcss velocity distributions for various angles of

=0.,72)

inclination (Pr



dures described. 72= 15 was used to represent infinity and
a step size 0,05 was used in computétion. The numerical data
f, £', ', © and ©' are shown in Table 3-1 to Table 3-8.
The profiles of dimeﬁsionless temperature distribution, O,
and dimensionless velocity distribution, f', versus vdriable
7) are ploted in Figure 3-1 and Figure 3-2 respectively for
the different angles of inclination.

The velocity components can now be calculted by
following equations :

U = 4uxTcifin)
(3-14)

v = veX*[nfn) - 3fop]

for certain specified coordinates (x, y).
The method used for the numerical integration is
Runge-~-Kutta fourth order method.

" The local Nusselt number is defined as :

__hx _ -x 2T _
To express —%5; in term of known function, e'(q) , equation
(2-18) is used. Thus:
D -L
_5_;/5__7" @(72) CX* (fw—z{—m) (3-16)

Substitution of this expression into equation (3-15) yields

the local Nusselt number as :

3,
Nux==C X4 §(0) (3-17)

23
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A dimensionless heat transfer parameter may then be
defined as :

Nux

~z =00 (3-18)

The computations were also made for a wide ranées of
Prandtl numbers. The nondimensional heat transfer parameters
,=01(0), were obtained for Prandtl numbers equal to 0.01,
0.72, 0.733, 1.0, 10, 100, and 200 for the angles of incli-
nation ranging from 0° to 400. A step size of 0.05 was also
used for all these calculations.

It is found that '7z= 15 can represent infinity
satisfactory for the low Prandtl number caseé, and 7]= 10 is
very satisfactory for the high Prandtl number cases, .For very
low Prandtl cases, such as Pr = 0,01, 7] = 20 shall be used.

The numerical results of these nondimensional heat

transfer parameters are listed in Table 3-9.

According to equation (3-17), the local Nusselt num-
bers could also be computed as a function of local Grashof

number, Gr, defined as : . ... .. T

Grsﬁg(fw—fm) )yl)a

Thus, equation (3-17) becomes:

o Gr g
Nux=—010) (-Z-)A- (3-19)
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For @ = 20° and & = 40°, the Nusselt numbers are
ploted versus local Grashof number for some fixed Prandtl

numbers and are shown.in Figure 3-3 and Figure 3-4 respective-

1y



Table 3=9

"Nondimensional Heat Transfer Parameter of

Free Convection from an Inclined Isothermal Flat Plate

PP 0° 10° 20° 30° 30°

0.01 0.084149 0.083888 0.083079 0.081753 0.079814
0.72 0/504760 0.502831 0.496967 0.486922 0.472209
0.7353 6.508035 0.505985 0.500087 0.489983 0.475183
1.0 0.567307 0.565138 0.558548 0.547257 0.530719
10 1.170247 1.165740 1.152730 1.128815 1.094665
100 2.196541 2.187727 2.160292 2.118180 2.053873
200 2.633341 2.616709 2.592409 2.539658 2.4.62411

9¢
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Local Nusselt Number Versus Grashof Number (Free
Convection from a Heated Isothermal Flat Plate

Inclined 20° from Vertical)
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Figure 3-4
Local Nusselt Number Versus Grashof Number (Free
Convection from a Heated Isothermal Flat Plate

Inclined 40° from vertical)



CHAPTER IV
CONCLUSIONS

The differential equations describing the freé con-
vection heat transfer about an inclined pléte have been
solved by a numerical integration method. The partial differ-
ential equations were transformed into a coupled set of ordi-
nary nonlinear differential equations via a similarity trans-
form. These nonlinear differential equations are subject
to boundary conditions at the origin and at infinity, A
suitable approximation of infinity was made and the solution
was the obtained via a quasilinearization procedure., The
numerical solutions of these equations ére very sensitive
for large Prandtl numbers.

The following conclusions may be drawn from a careful
study of the numerical results :

(1) Influence of angle of inclination ¢ on the flow
and temperature gradient within the boundary layers is seen
from the profiles in Figure 3-1 and Figure 3-2. For a fixed
value of x, the thickness of both hydrodynamic and thermal
boundary layers increases as ¢ increases. However, the -
maximum velocity within the boundary layer decreases as ¢
increases. These conclusions were expected from the physics
of the problem because as the angle ¢ increases, the com-

ponent of the bouyant force in the y-direction increases.

29
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(2) For the cases of small and medium angles of
inclination where the fluid is air, the agreement of the
calculated Nusselt number witih Rich's experimental results
is good. A comparison of the Nusselt number versus the local
Grashof;Prandtl number is shown in Figure 4-1 for the case of
b = 20°. It was expected that the numerical results are in
error for large values of ¢ because the momentum in the y-
direction was neglected. |

(3) Boundary layer assumptions, implying that the
distance along the plate is much larger than the boundary
layer thickness, are valid for the cases of small .

(4) When the Prandtl number is less than 100, the em-
pirical Nusselt number for the vertical plate (18) can be

modified according to Rich's proposal as :

% * 4
o [BTE (F coset o
which has excellent correlation with numerical results showm
in preceding chapter. The local Nusselt number can be ap-
proximated by this equation within 2% for Grashof number from
101+ to 108. When the Prandtl number is larger, the approxi-
mation (4-1) is poor. For the cases of large Prandtl numbers,

the modified Eckert equation (8)

0508 PrZ A PTRY .
= L Gr# P )4 -
Nk [(O.952+Pr)4 or (C_’OS ) (4-=2)

has better correlation.
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