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NUMERICAL SOLUTION OF LAMINAR FLOW AND HEAT
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ABSTRACT
The laminar flow and heat transfer over an isothermal
fiat plate in a free stream with nonuniform velocity have
been analysed. A fully implicit numerical methed (with a
hybrid representatiuon for the convectlve term normal to the
streaawise direction) 1s used £for solving the governing
equations. Two practical cases are conasidered. In the £flrst
case, a flat plate is located in the laminar wake of an
upstream plate. In the second casa, a flat plate is lnserted
in the laminar shear layer joining a wniform stream and a
quiescent f£luld. The dependence of the boundary-layer and
heat transter on the lateral and the dowvwnstream shifts of
the plate have been investiqgated., It was found that the
nonuniformity of the free stream velocity causes reductions
in both the wall shear stress and heat transfer relative teo
the cerresponding values for uniform £ree stream. These
relative reductions decrease with Increasing downstrean
distance along the plate in the upper half of the wake. In
the lower half of the wake, these reductlons Increase wilth
distance along the plate. It wasg also found that the minimum
values for drag and overxall heat transfer rate at a certain
streanvise locatlion correspond to a slight downward shift of
the plate from the wake centreline. In the case of shear
layer, the relative reductions in the wall shear and heat
transfer are wore pronounced in the low veloclity
region.These reductions decrease wilth lncreaslng downstream
distance along the plate. It was found that both the drag
and overall heat transfer rate decreasa caontlauously with
downstream shift of the plate.
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Introduction

In the analyeis of boundary~layer over bodies, it is
usual to assume that both the velocity and temperature of
the approach-flow are uniform. However, in wmany engineering
applications, the approach-flow is nonuniform. For example,
during alrxplanes take off, the approach-flovw is nonuniform
due to wind shear. The approach-flow to the wing section
situated in the slipstream of the propeller is alsc
nonuniform. Furthermore, the rxotor blades of helicopters
operating in the wakes of the othex blades as well as the
propellers of ships operating in the wake of the stern are
examples for nonuniform approach-flow to propeller blades.
Each of these £flows are charactezrised by a transverse
velocity and temperature gradients which may vary in
magnitude depending on the particular configuratieon. Juch
transverse gradlents affect the wvelocity and temperature
boundary-layers development on the body, and conseguently
affect the body shear anrd heat transfer,

The effect of the approach-flov nronuniformlty on
laminar boundary-layer £low has been studied for many years.
However, most of the previous ilnvestigators were concerned
with a free stream velocity wvaryilng linearly Iimn the
directlon normal to the plate (1-5}. Very 1little work has
been repgrted on the case where the nonuniformities In the
aoproach-flow are nonlinear. Sparrow et al, {6] analysed the
laminar flow and heat fransfer on a flat plate situated at
the gentreline of the laminar wake of an upstream plate. The
finite-difference technigue was used. They found that the
effect of nonuniformitlies is to reduce the wall shear and
heat transfer on the downstream plate rxelatlve +to their
values for wuniform flow, El-Taher (7] investigated the
momentum laminar boundary-layer over a flat plate in a wake
or a jet using an integral method. It was found that the
boundary-layexr characteristics depend strongly an the
lateral shift of the plate from the wake or jet centreline.
El-Taher (8] extended his work to include the non-isothermal
case and to Investigate the effect of both transverse
gradient and second derivative of free stream wveloclity and
temperature at the plate leading edge on the boundary-layer
flow and heat transfer. El-Saved and El-~Taher [91
investigated the laminar flow and heat transfer over a plate
in a nonuniform £flow using the local non~similar technique.
Speciflic considerations are glven to approach-flows of
parabolic wvelocity and temperature distributions. The
results showed that for the examined range of parameters
both the wall shear stress and heat £lux depend malnly on
the magnlitude of the approach-stream velacity and
temperature at the plate leading edge. El-Taher (1¢1
investigated the effect of uniform suction an the laminar
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flow over a flat plate in a nonuniform approaching-flow.
A modified mowmentum Iintegral method was used. HNumerical
results were obtained for both linear and parabelic shear
fiovs. Sayeqd [111 used the integral techniqgue to investigate
the flow and heat transfer over a flat plate subjected to
a propeller slipstream or a submerged-jet.

The present study deals with the steady, two~-
dimensional lncompressible laminar flow and heat transfer
over a flat plate in a free streazm of a general nonuniform
valoclty distribution. The present work employs a £fully
implicit numerical method (w#ith a hybrid representation for
the convective term normal to the strxeamwise direction). The
analysis is applied to two practiecal £low cases. In the
first case, a flat plate is located In the laminar wake of
an upstream plate. In the second case, a flat plate 1is
laserted In the laminar shear layer joining a vunlform stream
and a qulescent fluid. The dependence of the boundary-layer
parameters on the lateral and the downatream shifts of the
plate have been investigated,

Analysis ¢
Conslder an isothermal flat plate of temperature Tw

subjected to a free streaam with nonuniform velocity U and
uniform teaperature 'I'm ; refer to Fig.{1). The distribution

of velacity in the free stream is given by
T =F (x,y) (1}
o0

¥here F is a specified function and Umis a reference

veloclty. [t is assumed that the free stream pressure is
constant.

In the cartesian coordinates system shown in Fig.(1)},
the usual boundary-layer equations for a steady, two-disen-
slonal Incompressible and laminar flow aver the flat plate
are as follows :

- Continuity equation :

au v
—“a—x—-i' 0)’ = D (2}
- Momentum egquation : 2
u da + v du v a : (3)
-4 &y oy
- Energy eqguation : ”
u + v T = Lt a: {4}
ax oy p C Oy



M. 33 R.M. ELl-Taher, 5.A. El-Sayed, A.F. Abdel Azim & S.A. Salem

In Eq. (4) the thermal conductivity K 1s assumed constant
and the viscous dissipation is neglected. The appropriate
boundary conditions are :

At the wall, neither slip nor permeability 1ia allowed
and the surface temperature is specified; hence

ui{x,y=0)=0, v(x,y=0)=0, and T(x,y=0)=Tv Y]

8ince the external inviscid flow haa _been effectively
displaced by the displacement thickness & {see Fig.(2)),
the equivalent inviscig flow over the plate is
o = F (x,y - 6) (6)
o
Therefore, the boundary conditions at the outer edge of the
boundary-layer are -
uix,yy — U{x,y-& )}, Ti(X,¥) — 'I’oo for ¥y — @ (7T)

The final condltion [s to specify the initial profiles
u(x=0,y} = v (y), T{x=0,y) = T (y) (8)

Where ui(y) and Ti(y) are the initial boundary-layer
velocity and temperature profiles at the plate leading edge,

The boundary-layer equations are transformed into
similarity form in order to obtailn them in a form more

appropriate for numerical soclution, The new indepandent
variables are u

_ X - w L 1/2
7 = L ! n ¥y T x 3 {91}
¥hen the new depegdent variables
£ 0 = — (10 a)
oo
v UCD x W]

vV {I.,n) = Um { ” ) {10 b)

T-T

v

and & (f.,n) {10 <)

T T - T
o W

are introduced and the transformations are applied, the

boundary-layer equations take the following forms @

- Continuity equation :

-4 % 1 af’ v
b4 = n + =0 {11)
2
ot o an
- Momentum eqguation 2
: £ af + T ag” _ o f (12)

8t an an
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- Energy equation :

2
, 09 v 08 1 L)
¥t + v B (13,

o o o’
A new variable V has been introduced in Egs. (12) and (13}
for cgnvenienci. It is defined as
V=V~ 35— N £ (14)
The boundary conditiona Ega.. (5),{(7}, and {8) are
transformed as follows

£ (Z,0)=0, V(t,0&=0, e{Z,0)=0 {15}
£ Z,n > @ = W] = F{f,n-a), @(l,n — o =1 (16}
2]
£ (0,m) = f;(n), a(0,n) = Gitn) (173
Where A 1z the dineﬁsionless boundary-layer displacement
thickness; A = & ( = z il

The initial profiles E; and ? in the above eguation

{17} are speclfied by solving third and second order
equations obtained by intreducing Z = 0 into Egs. {11) ¢to
{13) and assuming the flow to he self-similar

1

£% ¢ —— £ £ = 0 (18)
3 12 L i
a” + —=— P £ 8 =0 113}
i 2 i i
With boundary conditions
n =0, fi = fi[f Gi =9 {20}
n — @, f; = Uh . et =1 (21)
o

Where the prime means a derivative with respect to p and Uh

is the free stream velocity at the leading edge of the
plate.

The guantities of particular interest 1n'boundary—layar
calculatlions are the displacement thickness &6 , shear stress
at the wall r, local heat flux g, 4rag force 0 and overall
heat tranafer rate (0. Equations for determining these
quantitjes follow.

& s
[ vay = [ (-u ay (22)
o o

Where U Is gliven by equatlon (6}

ek, (23}
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T
q =K >y L'Y:o

L
D= [ vdx, a= [ q dx (25)
o D
tor a unit width of plate.

The set of governing equations for laainar boundary-
layer flow, Bgs.{1ll} through (13), are solved for the given
boundary conditions, Egs.(1l5) through (17), employing the
hybrid finite difference Scheme (12}, The boundary-layer Is

divided with a grid of size Af and An with t:ﬁ = E! + AF

and My = 1 + An. Where (I,J) i5 a typical mesh point. The

finite-difference form of the momentum and energy equations
{12) and (13) re:pectlvely are evaluated at the grid point
(1+1,J7} using a nybrid upvind/central difference formula for

the convectlve term ¥ —%%—. The finite-difference form of

the continuity equation (11} 1is written at the point
{(1+1,3-1/2) employlng central differencing. Details of the
resulting eguations and the solution procedure are given in
Ref.(161}.

Applications :

F Flat plate in the laminar wake of an upstrean plote
Fig.{3) shovs a flow with unifcrm approach velocity Um

and temperature T past an upstream plate of length L. The
temperature of the first plate is Tm. 80 the temperature of
the flovw ln the wake i3 constant and egqual to Tm. A sacond

plate of the same length ls situated in the laminar wake at
a distance S dowvnstrecam of the first plate and 1is shif:ed
a distance h from the wake centrellne.,

The maln concern is to determine the hydrodynamic and
thermal response of the second plate {whose temperature |Is
Tw) to the nonuniformity of the velocity distribution in the

laminar wake of the f£irst plate.

The wvelaclty distzribution in the laminar wake o0Ef the
first plate ls given by {141 :

u
g -1 - _0.664 : )47 exp{ _ i va; Yz} (263
© v

Where
L : Length of upstream plate.



HMansoura Engineering Journal {MEJ) Vol. 17, Mo. 2, June 1992 M.36

Um : Veloclity of flov 2nproaching upstream plate,

X,Y: Coordinate axes with origin at trailing edge of
first plate.
The preasure in the wake of the first plate s constant
{141,

Now, consldering the effective displacement of the
external inviscid flow by the diaplacement thickness, the
distribution of velocity in the eguivalent inviscid flow
over the second plate is given by 1t

L]
3 e q - 0.664 {SEx}—tfz exp{; i (skx ]{ygé fFﬁE:4H]2}
o® ¥ nr
U

L (27)

Where : Re = ., H= - yRe

L v L L
It is worthy to mention that Eq.(26) was obtalned from the
solution of the conventional boundary-layexr equations for
the wake flow. This equation 1is not able to provide an
accurate description of the flow in the immediate
neighborhood of the tralling edge of +the first plate.
Sparrow et al. [8]1 estimated that Eg.(26) 1is entirely
satisfactory provided that S/L = 1.

The numerical scluticns provide values of wall shear
stress r and local heat flux g. The total drag D and overall
heat transfer rate Q are also obtalined. The resulits were
compared with Blasius 3Similar Solution £for a plate In
a uniform free stream with wvelocity Um' The wall shear

stress T and the Jlocal heat £flux 9, ©°n a plate of
constant temperature T' subjected to a uniform flow of
velocity Um and temperature Tm are given from Blasius

solution as follows {14].

-
ke = 0.33206 (—— )72 {28)
2 o =
o U W
[}
q, * Um X
K(T -T ) 0.2927 (——) (29)
W [++]

Using these equatlons, the ratios T/Tw and q/qoo may be

evaluated, with both numerator and denominator corresponding
to the same streaawise location x.
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The development of momentum and thermal boundary-layer
along the downstream plate are calculated for different
values of relative plate spacing 8/L and shifting distance
H. The Prandtl number is fixed at ©.7. As expected, the
solution is nonsimilar as a result of the nonuniformity of
the upstream velocity. The variation of spacing and shifting
give rlse to signiflcant changes in the velocity and
temperature profiles across boundary layer. This is
clearly observed from Figs, {(4) and (5) which display the
distribution of wvelocity and temperature acrosgss the
boundaxy-layer.

The values of wall shear stress v and local heat flux g
over the plate are different from those of a plate located
in the main uniform stream whose velocity \is Um. This

difference is due to the following two factors :

a- The magnitude of the local free stream velocity Uh in
the wake at the plate leading edge 1is different from
Um.
b- The shape of the free stream veloc%ty profile in the
wake 1s not uniform (i.e. —22—, >y s .. REC, = 0).
oy 8yz

The ratios T/Th and q/qh are plotted in Flags.(6) and

(7)), respectively, as functlons of the dimenslianless
streamwise coordinate x/L for different values of the
shlfting dlstance H, and relative plate spacing 8/L = 2. It
is seen from the fiqures that T/Th and q/qh are greater than

unity at the wake centreline. The flgures aisg show that at
H = 0 these ratios lncrease with increasing the value of x.
At H=1l, the figures show that T/Th and q/qh are greater than

the corresponding values.at H=0. However, at H=2 a decrease
in T/Th and q/qh is observed compared to their walues at

H=1. A further decrease is observed at H = 3 and 4. These
results can be explained in the light of the conclusions of
El-Taher [8) who investigated the effect of nonuniformity of
the free stream flow on the boundary-layer and heat trxansfer
over a flat plate. One of the main conclusions of El-Taher
I8} is that the positive approach- stream shear 20/8y at the
plate leading edge increases the wall shear stress and heat
flux relative to their values for uniform £low. HNegative
approach-stream shear has an opposite effect. Likewise,

2’y

positive shear derivative of approach-flow Increases

2y
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wall shear stress and heat flux. The opposite is true for
negative shear derivative. Novw, If we examine the wake

veloclty profile at 8/L=2, it will be noticed that at H = 0,

th; stream shear M/ is zero and the shear derivative
auy

is positive, This results in values of T/Th and q/qh

greater than unity. At H = 1, both the stream shear and 1its
derivative are positive and thelr combined effect is greater
values forx r/rh and q/qh compared to their wvalues at

2
H=0. A&t H =2, —%gﬁ is positive and is zero. 8o, the

oy
ratios T/Th and q/qh are less than the corresponding raties

:U is positive but 632
Y ay

and thelr combined effect is a decrease In T/Th and q/qh

compared to thelr values at H = 1. With further a lncrease
in the value of H, the magnitude of both the free stream
shear and its derivative decrease and the resultant effect
is a decrease in T/Th and q/qh approaching unity.

at H = 1. At H = 3,

s negative

At H = -1, the free stream shear ls negative while the
shear derivative is positive. Therefore, their effects on
T/Th and q/qh is opposite to each other. This results in the

relatively small decrease in v/t and zq/q compared to
unity. At H= -2, gg is negative and U is zero. Sg, the

oy
resultant effect of negative stream shear 15 a more decrease
in r/rh and q/qh compared to the corresponding wvalues at

H=-1. At H = -3, both gg ana 22U e negative and thelr
3y

effects enhance each other resulting in the shown pronounced

decrease in r/t, and g/q, . At H = -4, both the free streanm

shear and its derivative are negative but their magnitudes
become small, therefore the curves for T/Th and q/qh starts

to get back toward unity.

The distributions of the ratios T/Tm and q/q00 along the

plate are shown in Figs. ({8) and (9) respectively with
shifting H as curve parameter for 3/L = 2. The local free
stream velocity Uh at any lateral positive or negative shift

H i= smaller than Uoo and this reduces 7 and q relative to T
and 9. respectively. The Flgs. show that the drop in v and g
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relative to T and q, in the 1lovwer half of the wake |is

greater than the corresponding drop in the upper half. It is
seen from Flga. (8) and (9) that for H > 0, T/Tm and q/qm

increase with increasing values of x. Whereas at negative
values of H, these ratios decrease with increasing distance
% along the plate.

The effect of the nonuniformity of the approach-flaw
velocity on r and g along a plate situated at the wake
centreline (i.e. H=0) is shown in more detailis in Figs.(1l0)
and (11) respectively. It is seen from these Figs. that for
all values of 3/L the ratios T/Tm and QIqm are less than

unity. These two Fligs. also show that for a certaln value of
9/L, the effect of free stream nonuniformity on T and g
decreases with increasing distance x along the plate.
However, this effect become leas pronounced faor large values
pf 3/L. This is expected, because as S/L increases, the free
stream become more uniferm. Also, Fig.(10) compares the
obtained v with the numerical results of Sparrow et al. [6).
Agreement is remarkable for 8/Lz2. However, deviations are
observed for 8/l = 1. These deviations are expected@ because
Ref, [6] uses a numerical technique different from the one
used in the present work. Also, the present work take into
account the effect of the displacement of the free stream
due to boundary-layer while Ref. (6] dld not take this effect
into account.

Figs. (12) and (13) show the varlation of drag D and
overall heat transfer rate Q with S/L and H. It is seen from
these Figs. that the ratios D/DOo and Q/Qm are less than

vnity. As expected, the most significant effects of the
nonuniformity of velocity are evidence in the central part
of the wake (-4 <H< 4), As the magnitude of H Iincreases
{i.e. U, approaches Um}, the curves tend to lncrease towvard

D/Dclo and Q/Qw = 1. These Figs. show that minimum values for
D/Dm and Q/Qm occur at H 2 - 1. It is seen from Figs. (12)

and (13} that at some values of H (e.g. -2, -1.0, and 1},
b/D,, and Q/Q  Iincrease contlnucusly with increasing S/L. At

some other values of H{e.g. -3, 2 and 3} D/Dm and Q/Qw first

decrease with 3/L until they reach a minima, then they
increase with further increase in S§/L. The behaviour of the
curves at a certaln value of H depends on the relative
effects of the magnitude of the local free stream wvelocity

Uh and the magnitude and sign of the local stzream shear and

its derivative.
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2- Flat plate in the laminar shear Layer Joining
a unt form stream and a Qquiescent jfluid
Consider a flat plate inserted in a lamlnar shear layer
joining two parallel uniform streams of the same £fiuid and
the same temperature Tm but having different wvelocities,

FPig.(14). The flow in the shear layer will be Iiscthermal
with temperature Tm' The plate is at a distance 8 from the

start of the shear layer and 1s shifted a distance h from
the dividing streamllne.

The velocity field in the shear layer Is governed by
boundary-layer eguations with =zezro pressure gradient. HNo
closed solutlon for the velocity distribution in the shear
layer 1is known. However, solutions can be obtained
numerically using a modlified shooting method (15%.

Let us consider the specific case where the velocity of
the upper stream is UOD and that of the lower stream is zero.

This corresponds to the shear layer at the 1lip of a Jet
issulng into a 1large room. HNumerical results for the
velocity distribution in this shear layer is given in table
(1), It was found that the dlstribution of velocity inm this
shear layer can be reasonably represented by a relationship
of the following form U

5} _ o L 1rZ
T =a+hb tanh{c { % } Y + d} {30}
©
where
a,b,c, and d are constants.
X,¥Y coordinate axes with origin at the start of the

shear laver.

The following values : a = 0.512, b =0.5, ¢© =0.4 and & =0.18
were obtalned by trial and error and the resulting
relationship was found to £it the numerical results of
table (1) to withen 1% accuracy.

The distribution of wvelocity fin the shear layer
referred to axes at the plate 1ead1nguedgehé3 given by

Y _ - 0.512 + 0.5 tanh{o.4 [ (y+h) + 0.13}

w0
U u(S+x)]
[

{31}

Te take account foxr the effective displacement of the
external inviscid flow by the displacement thickness, the
equivalent_invlscid flow over the plate 1is calculated by
using (y-5 ) instead of y in Eq.(30).

40
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From numerical calculations, the wvalues o0of boundary
layer parameters T and q over the plate are different from
those of a plate situated in the main uniform stream whose
velocity is Um. This difference 1is due to the same two

factors which have been mentioned in the flrst case (i.e.
wake case); namely, the magnitude of the local free straam
velocity and the nonuniformity of the free stream velocity
profile,

The distribution of the ratios T/Tm and q/qOo along the

plate are shown in Figs.(15) and (18) respectively with
shifting distance H as curve parameter for 8/L = 5. The
local free stream velocity U, decreases with decreasing the

value of H and this regults in a continucus decrease in T
and q relative to To and 9o respectively. It is seen from

these Figs. that for all values of H, ratios T/Tm and q/qcn

are less than unity. The Figs. also show that for all values
of H these ratios increase with increasing wvalue of x.
Figs.(17) and (18) show the effect of nonuniformity of Gthe
approach flow veloclity on v and g along a plate located at
the dividing streamline of the laminar shear layer (i.e.
H=0). These Figs. indicate that for all values o¢f 3/L,
ratios T/Tm and q/qm are less than unity. It is remarkable

that for all values of 3/L the ratlos T/Tm and a/q, start

with constant values at the plate leading edge (x = @). This
is explained by the fact that along the line H = 0, U/Um is

constant and egual 0.58% for all values of 8/L. The Figs.
"also show that for a certaln value of 8/L, r/rm and q/qOD

increase with increasing distance x along the plate. It is
seen from Filg.(l1l7} that as 8/L decreases T/Tm increases.

This s explaired by the fact that although the local free
stream velocity U s censtant for all values of S/L, the

free stream shear increases as $/L decreases.

& u
gy
Figs.{19) and (20) plot the wvarliatien of drag D and

overall heat transfer rate Q with 3/L and H. It is seen fzrom
these Flgs. that the ratlos D/Dw and Q/Qcn are less than

unity. As expected, the most signiflcant effects of the neon-
uniformity of velocity are in evidence at H = -2. As H

increases (i.e. Uh approaches Um), D/Dm and Q/QGD increase

toward unity. It is also seen f£xom the two figures that at
(H > -1}, D/Dm and Q/Qm decrease continuously vith



Mansoura Engineering Journal {MEJ) Vol. 17, No. 2, June 1992 H.42

increasing §/L. For all values of H, Uh increases with S/L
causing an increase in D/Dw and Q/QcD . On other hand, the

magnitude of the stream shear and 1its derivative decrease
with 8/L, causing a decrease in D/Dw and Q/Qcn ., The combined

effect 1Is a decrease in D/DOID and Q/Qm with S/L.

Conclusions @

Solutions for the boundary-layer eguations for a flat
plate in a free stream wlth nonuniform velocity and wuniform
temperature were obtained using the hybrid wupwind/central
difference scheme. The results of the present analysls
demonstrate the effects of the nonuniformity of the free
stream velocity on the laminar flow and heat transfer on an
isothermal flat plate in two cases. In the first case, the
plate is located in the laminar wake of an upstream plate.
In the second case, the plate s Jlocated in the laminar
shear layer Jjoining a uvwniform stream and a quiescent fluid.
These effects are summarised as follows =

1- It was found that the boundary-layer parameters depend
mainly on the lateral and the downstream shifts of the
plate.

2= Upward or downward shift of the plate £rom the wake

centreline causes a reduction in the local wall sheax
stress and local heat flux relative teoc their values for
a unitform free stream. However, the drop Iln wall shear
and heat £lux in the lower half of the wake I3 greater
than the corresponding drop in the upper half.

3- Reductions in wall shear and heat flux in the upper
half of the wake relative to those for a uniform flow
decrease wlth increasing downgstream distance along the
plate. In the lower half of the wake, these reductlons
increase with distance along the plate.

4- It .vas found that the wminimum values for drag and
overall heat transfer rate correspond to a slight
downward shift of the plate from the wake centreltine.

5= In the inner part of the wake, drag and overall heat
transfer rate increase continuously with spacing
between the two plates. In the outer part of the wake,
drag and overall heat transfer rate £irst decrease
until they reach minima, then they lncrease with
further increase in spacing between the two plates.

G- In the shear layer case, At all lateral shifts of the
pltate from the dlviding streamline the wall shear
stregg and local heat €flux are swmaller than the
corresponding values for a uniform stream. Reductions
in wall shear and heat flux ztrelative to those for
a uniform flow are moxe pronounced in the low wvelocity
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region of the shear layer. Also, the extent of these
reductions decrease with increasing downstream distance
along the plate,.

It was found that at all lateral shifts of the plate
from the dividing streamline, drag and c¢overall heat
transfer rate decrease continuously with downstream
shift of the plate.
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Nomerlature
Cp gpecific heat at constant pressure
D Drag force
F S8pecified function for approach-flow velocity
£ Dimensiconless stream function
£’ Streamwise velocity component, ufUm
h Normal distance of the plate from wake centreline oz
from shear layer dividing streamline
K thermal conductivity
L Length of upstream plate, also plate characteristic
length
0( } Order of ¢ u
Pr Prandtl number, __BE__
q Local heat flux Um L
Re Reynolds number, ”
3 Sparing between plates, also distance between plate and
the start of the shear layer
T Temperature
Tv Wall temperature
'I'm Approach-£flov temperature {(uniform), also temperature
of upstream plate
u Approach-flow velocity {nonuniform)
Um Velocity of flow approaching wupstream plate, also
reference velocity
u,v Velocity components parallel ¢to the x and y axes
respectively U
v mx 1/2
v Dimensionless normal velocity, g { > )
fa
X,Y Coordinate axes with origin at traliling edge of the
upstream plate also with origin at the staxt of the
shear laver
x,y Coordinate axes with origin at plate leading edge.
Greek Symbols
- Umuz
& Dimensionless displacement thickness, & {—;«;-)
AY ,An Jtep sizes in £ and v direction, respectively
&, Boundary-layer thickness
& Displacement thickness of boundary-layer U w2
n Dimensionless independent variable, y ( > : )
T - T
-] Dimensionlaess temperature, —?—:—?!—
o W
u Dynamic viscosity
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v Kinematic viscoaity

¥ Streamvise coordinate, x/L

P Density of f£luid

T Shear stress at the wall

¢ Generalized dependent variable, £- for
and & for energy.

Subscripts

i Initial profiles

v At the plate

] Outer edge of boundary-layex, also value for

uniform £flow with velocity Um.

M.48
momentum
plate In
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Table (1D Yelocity Profile ~%5 of the laminar Shear Layer

Joining a Uniform Stream and a qulescent fluid

r

AT | e IS S| ®
5.0 0.%9%83 1.6 0.8664 -1.8 0.2702
4.8 0.35990 1.4 0.8391 -2.0 0.2439
4.6 0.9%86 1.2 ¢.8091 -2.2 0.2157
1.4 0.9980 1.¢ 0.7763 -2.4 0.1974
4.2 0.9370 G.8 0.7413 -2.6 0.1771
4.0 0.9960 0.6 0.7043 -2.8 0.1585
3.8 0.993e 0.4 D.6659 -3.0 0.1417
3.6 0.99190 0.2 0.6265 =i 0.12564
3.4 0.9873 0.0 0.5866 -3.4 Q.1127%
3.2 0.9824| -0.2 0.5467 -3.6 0.1003
3.0 G.9761| -0.4 0.5072 ~-3.8 0.0891
2.8 0.9880( -0.8 0.4687 -4.0 0.0791
2.6 0.9577| -0.8 0.4313 ~4.2 0.0701L
2.4 0.3450| -1.0 0.3953 -4.4 0.0621
2.2 0.9293).~1.2 0.3612 -4.6 0.0549
2.0 0.9117) -1.4- 0.3288 -4.8 0.0485
1.8 0.8905| -1.8 0.2985 -5.0 0.0428
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approach~flow velociby on overall heat
transfer rate for a plate in the
laminacv shear layer Jjoining a unlform
stream and a gulescent fluld.



