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Abstract

Numerical solutions have been obtained for a steady viscous flow induced
by a small boundary-layer blowing through three slots. The analysis is assumed
to be two-dimensional, incompressible and also laminar. The analysis is made
on the basis of the vorticity transport and energy equations in the conservation
form, and the Poisson equation for the stream function. They are solved using
the time-marching technique, together with the SOR method. The results show
that a decrease in slot dia. and pitch and velocity ratio results in a reduction of
the recirculating regions, but the present temperature field strongly is not af-
fected by a recirculating flow near the blowing slots. A blowing fluid is strongly
accelerated and heated by the cross flow at the leading edge of a plume. How-
ever, the stream-wise velocity component of the blowing fluid is almost con-
stant along the plume. Moreover an increase in slot dia. or a decrease in slot
pitch increases local Nusselt number and film cooling effectiveness on the
slotted wall. It is also indicated that the calculated recirculating zones vary with
numerical schemes used.

Nomenclature

local friction coefficient, = z/(301%°)
resultant velocity, = /( b + vz)

slot width, = &*/L*

boundary height, = 0.8 L*/L* = 0.8
flat wall length, = L*/L* =1
velocity ratio, = v¥/u%

*Present address: Mitsubishi Motors Corporation, Okazaki
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m; : mfor each slot (i= 1,2,3)
Nu : local Nusselt number
Pr :  Prandtl number
Re :  Reynolds number, = u%L*/v
s . slot distance (cf. Fig. 1), = s*/L*
t . time, = Fuk/L*
T : local temperature, = (T* — T)/(TE— T})
T; : injectant temperature, = [T] 7+=73=0
Tw : wall temperature, = [T] r==T%,
T . free-stream temperature, = [ T] 74, = 2= 1
u,v stream-wise and normal velocity components, = u*/u%, = v*/uk
U :  free-stream velocity, = uf/uf =1
v blowing velocity, = v/ u%
X,y stream-wise and normal physical coordinates, = x*/L*, = y*/L*
a weight coefficient
B constant, = T%/T%
¢ vorticity, = {*L*/uk
e local cooling effectiveness, = (T% — T%)/(TF— T%)
&n stream-wise and normal computational coordinates
0 = i/ (vx*))
v kinematic viscosity
0 density
T shearing stress, = pv(Ju*/dy*)
Y stream function, = y*/(0.8uXL*)
W : over-relaxation coefficient
Subscripts
ij & and 7 grid indices
KLKJ : maximum of iand j
Superscripts
n . time index
* : dimensional quantity

1. Introduction

The introduction of a jet of fluid transversely into a moving stream is a basic configura-
tion which finds application in many engineering fields. Thus, aerodynamic and heat-transfer
aspects of the transverse jet have been investigated in numerous experimental, theoretical and
numerical analyses. Most investigations have been made on the structure, trajectory, mixing
and diffusion of the deflected transverse jet in the flow fields except around the jet hole. Pa-
rameters that were varied, included mostly velocity, momentum and temperature ratios in the
previous investigations. However, there is little analytical investigation that includes a flow
separation and a recirculating flow formed near the jet hole. Similarly there is little informa-
tion about the effects of slot width, slot pitch and injectant split on a growth of the flow sep-
aration and the recirculating flow.

Many numerical analyses have been made on the simplified two- and three-dimensional
flow fields which simulate a flow field for the film-cooling of gas-turbine blades or for the
dilution air jets in gas-turbine-engine combustion chambers. However, there is still noticeable
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discrepancies between calculations and experiments. We need many investigations to under-
stand the basic aerodynamic natures of the complicated flow fields.

Bahl" discusses numerically the formation of the recirculating region induced by a small
transverse blowing through a single porous slot in a two-dimensional flow field. However, he
does not discuss any effects of the parameters on the recirculating flow. Jones, et al” apply a
finite-difference solution procedure to a round turbulent jet into a confined cross-flow. The
calculated results are in qualitative agreement with experiments because the standard k—e
model used is probably inadequate. They do not discuss basic aerodynamic natures of the in-
duced vortex flow and the deflected jet and the effects of the geometric configuration on the
jet and vortex flows. Bergeles, et al® use a three-dimensional finite-difference procedure to
predict the flow and thermal fields arising from discrete jets issuing transversely into an exter-
nal stream. A laminar and partially parabolic flow is assumed. Therefore, we can not know
the vortex flow field around the jet holes. Bergeles, et al” report a cooling effectiveness which
is obtained by a simulation of the injection into a hot gas cross-flow through a row of down-
stream-facing holes. A turbulent flow is assumed and is with the effect of turbulence mod-
elled in a way which allows for the anisotropies. Comparisons with measurements show good
agreement in the majority of the calculated cases for the cooling effectiveness. However, dis-
crepancies are observed at small upstream boundary layer thickness or large injection rates.
The basic aerodynamic natures are not shown.

This paper analyzes numerically a flow induced by a small blowing through three solts
built in a stream-wise plane wall. The present flow field is a model for that associated with a
film cooling of gas-turbine blades and combustor liners. The analysis is assumed to be two-
dimensional, incompressible, and also laminar to exclude an ambiguity introduced by an un-
certain turbulence model into the analysis, because the turbulence of the present flow field is
not simple enough to be expressed by only a single model. Laminar flow predictions have at
least some practical relevance for flow over turbine blades because the very strong accelera-
tions which occur over the blade prevent or delay the boundary layer becoming turbulent.
The governing equations are solved numerically with a well known time-marching technique.
The object of the present paper is to show effects of various parameters on the flow field in-
cluding a boundary-layer separation and a recirculating flow which influence the heat trans-
fer. Parameters that are varied, include slot pitch, slot width, velocity ratio and injectant split.
Considerations are still needed for a numerical treatment of a singular point at slot edges in
order to increase a velocity ratio (=blowing velocity at exit/cross-flow velocity). However,
the present analysis gives qualitatively reasonable results.

2. Analysis

Governing Equations. The flow and temperature fields for a transverse boundary-layer
blowing (Fig. 1) are governed by the vorticity transport equation, the Poisson equation for
the stream function and the energy equation. Written in conservation law form for two-
dimensional coordinates, these equations are expressed as, in the absence of body force and
in the non-dimensional form,

9L, 0(ub) | A(wE) _ 1 (&L 9%

ot o +_?3}*_R_e(:§;?+a_y2)’ (1)
2 2

M+8 =—t, (2)
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or , oD , 90D _ 1 (Q_[+QI) 3

ot ox ay RePr\ o = 9y

where u=0/dy and v=—0vy/dx. For simplicity of the present analysis the specific heat and
the laminar viscosity are assumed to be constant.

Boundary conditions. Boundary conditions are set by referring to Fig. 1.

i) At the slotted wall “OC”,

u= oyY/loy=0, v=—0yp/ox=0m;, T=0pordT/dy=0,

where 6,=0 and 8,=1 on the wall, and §,=1 and 6,=0 at the three slots. The present analysis
is made on both isothermal and adiabatic walls. At the slots the boundary conditions are
specified by fixing all the dependent variables at their initial values which are uniform across
the slots.

ii) At the inflow boundary “OA”,

y=y(u=oy/loy=1, v=—0y/ox=0), £=0, T=1.

It is assumed that the blowing does not influence the inflow boundary conditions.
iii) At the upper boundary “AB” we assume a slip wall without a boundary layer so
that,

oplay=1, op/ox=0, at/ay=0, aT/oy=0, T=1.

iv) At the outflow boundary “BC” all dependent variables are calculated by a linear
extrapolation from the upstream values.

u=latx<0

ke h-08§ ——
L 11
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Fig. 1 Model problem for flow field affected by Fig. 2 Grid (122 X 43).

staged transverse blowing through por-
ous slots.
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Coordinate transformation. Equations (1) through (3) are transformed from the physical
domain (x,y,7) with a non-uniform grid to the computational one (&n,%) with a uniform grid
using the independent variable transformation, x=f(&) and y=g(#), which are numerically
given. Functions, x=f(£) and y=g(#) are defined to obtain the compressmn of the gnd near
the slots and the slotted wall (Fig. 2). The quantities 9&/dx, 9¢/dy, 3°¢/0x* and 9°E/ 9y’ ap-
pear in the governing equations. These are given by the following: The partial derivative
06/ 0& is equal to (9g/ ax)(dx/ d§) so that we have 9¢/ax = (df/ dé)*l(aé/ 0&). In the same
way 6@/ dy = (dg/ dn)” (8@/ 677) The second partial derivative 0°C/9E is equal to
(6 ¢/ 6x2)(dg/ d&) + (9g/ 6):)(2 f/d§ ). This becomes the expressmn otjoxr =
(dff d€) (0" £/ 9F" ~ (dfl &)™ (d’f]d&’)(9L/ 0E)), and similarly 0°L/y" = (dg/d) *[0°C/nf

— (dg/ dr)) (d g/dn )(6@/ on)}. After substituting these quantities into eqgs. (1) to (3), these
equations are expressed as,

%_gt_ N a(augé) ( gg)—l a(vg) (dg)—l
-re() 5 (d—é) &5

() 55 )

(@[ (& ¥4

dg\2 'y _ (dg\ d'gay) _ _
+(d’7) {772 (’7 n ’7] ¢ ®)
where
_(%\' oy . _ _(df\ oy
(8% -
and

oT , A(uT) (df)~l L D) ( _d_g)_l

ot " " oE \dE on \dn
_ 1 (df\2 (T _(df\rdfo
~ren() [ (#) %)
dg\~2(o0°T dg\-1 d_g_@_
(d’?) {677 (dﬂ) dy’ 5’77}‘ 2

Method of solution. The explicit, time-marching technique is used to integrate the gov-
erning equations until a steady-state solution is reached. A difference form of the convective
terms of egs. (4) and (7) is expressed by the combination of [2nd order central difference +
a (1st order upwmd difference —2nd order central difference)] for each convective term.

Assuming 7, we can obtain £, ; from the difference form of eq. (5). Substituting &}, ; into
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the difference form of eq. (4), we get C,",H Replacing n by r+1 in the difference form of eq.
(5), and expressmg explicitly y; ,H, we have the following simultaneous equations for the un-
known 1,0, y b5 to be solved through the SOR method.

et

(firr fie1) (gj+1 g/~1)

[8 {(ﬁ — fi) ¥y + (ﬁﬂ f)w?ff,}
(fi+1 _fi~1)

n+1 n+1

3 [(g/ gi-1)Win T (§+1— 8/)1/%/—1} i Cnﬂ] ‘
(8+1 — &1 )3

n+l1

l/)z/

®)

In the calculation of zp, y " we start at the slotted boundary “OC” (cf. Fig. 1) and sweep up by
rows (j’s). Thus we can replace t,/)lﬂ - and z/;, ,+1 in eq (8) by wtﬂ ;and ¥, to obtain an ap-
prox1mat10n of 1/), 7 " designated by 1/), 7 - When 1/), ; and 1/1, ¥ ! show the approximations of
v ¥ ! obtained at the k and k+1 iteration levels respectively, a SOR step becomes

~ k+1

1/)11

8 8 —i
+ .
{(fiﬂ —fi- 1)2 (&+1 _gj—l)z}
[ [(ﬁ fr) Y, t i = f)w,":?,}
(s —fimt)
43 {(gj _gj—l)wi,/ﬂ + (g,-+13‘ &)Wff—ll} n Ck+1]
(8/+1 _g,‘—z)

k+1 k+1

1/11, = 1/):] +a)(wll - wfl) .

The converging values of 1,/), y glve wl ; ! from which we can obtain corrective values of C, -
When ¢ *! can not satisfy the converging condition, At in the difference form of eq. (4) is
calculated to advance the time level n.

The energy equation (3) has the same form as the vorticity transport equation (1). The
difference representation of eq. (3) is obtained by replacing £ and Re in the difference rep-
resentation of eq. (1) by T and the product Re Pr, respectively.

To insure numerical stability, the time step A associated with the difference form of eq.
(1) is shown to be limited to at least

A< [21/([% + Al ) L K’L}_l : 9)

as shown in ref.3). However, we take the other way for the estimation of AP, Using the sta-
bility restriction deduced from FTCS differencing of eq. (1), we get

Ax2Ay2
2(AX + AY)

<

Re, (10)
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where for eq. (3) Reis replaced by the product Re Pr, and

u o v\
At < (Ax+Ay) : (11)
For simplicity we use the following instead of eq. (11),

Ax

umax

Ay ,
v (119

ax

At <

and Ar=<

OIS
[NSI=Y

where u,,, and v,,,, are the maximum u and v in the present flow field. We use as the maxi-
mum time step At,,, the factor of 0.8 times the minimum value of three Afs given by eqs.
(10) and (11"). At,,,, optimally renewed in the present code is about 3.45X10°. The AV
for eq. (3) is kept constant 3.5X107".

The flow field is spanned by a finite difference grid with 122 nodes in the stream-wise
direction and 43 nodes in the normal direction (cf. Fig. 2). The grid is geometrically stretched
away from the wall, and unchanged crossflow-wise, but fine in the slot region. The relaxation
coefficient o is given by w = 2(1 — 1 — (A/4)}/(A/4), where A = [cos(7/KI) +
cos(n/KJ)}Q. We use w=1.896 for KI=122 and KJ=43 and ¢=0.65.

The local coefficient of skin friction c¢,is calculated by

6= (Dnarl (3012?) = (2/ REY(OU/ )yt (12)

on the slotted wall.
The local Nusselt number Nu is given by

Nu=aiL*/A=—(0T/0Y)war/ (1 — T,) (13)

where af shows local heat-transfer coefficient and A thermal conductivity of the wall sub-
stance.
A local film cooling effectiveness 7, is defined by

e =(T% — TH/NTr—TH=1—T,. (14)

3. Results

The validity of the program is demonstrated in a no-blowing condition. When the Bla-
sius velocity profile is given at the inflow boundary, at the outflow boundary the deviation is
within 3% from the Blasius profile. However, when the uniform velocity profile is used in-
stead of the Blasius profile, the deviation is within 7%. An average Nusselt number over the
wall agrees fairly well with the known value for the laminar flow without the blowing‘”. The
calculations of { converge perfectly after a non-dimensional time =6 to 8.

The configuration of the present flow field calculated is shown in Fig. 1, where
L*=0.4m, #=0.8, ui=1m/s. An injectant issues from the slots of d=0.08 or 0.053, and
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(a)
0.0 024y 0.4~ 0.6 —0.8 y 1.0
ds= 0_.081 s =05
1 m=m=m,= my= 0.05

(®)

.0

m = my= M= my= 0.10

(o)
0.0 —0-2g, 0.4— 0.6 —b.8 _ 1.0

Fig. 3 Streamlines for transverse blowing at various velocity-ratios, showing vortex formation.

s=0.5 or 0.41. Flow characteristics are calculated, at m=0.02, 0.05 and 0.1, and T.=1, =0
and $=0.5 in each combination of d and s at Pr=1 and Re=26666 for air.

Fig. 3 shows an example of the effects of m on the recirculating regions between the
slots. The expected features of the flow field have been predicted by the simulations. The re-
circulating region between slots is smaller in the downstream part of the wall than in the up-
stream part at a given m, but expands as m increases. The recirculating region appears up—
stream of the 1st slot, when the velocity ratio or the slot width of the 1st slot is large. Bahl"
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shows production of a recirculating region with two cells which counterrotate just upstream
of a single slot. However, the present analysis does not reveal such a sign. Parametric calcula-
tions have revealed that the recirculating regions between the slots reduce in the case of
d=0.08 and s=0.41 or d=0.053 and s=0.5 in comparison with the case of ¢=0.08 and
5=0.5. This shows that a decrease in s or d results in a reduction of the recirculating regions.

6 -t
0.0 0.00—
4 d=10.08, s =05 M= m= m=my= 0,05 0.01—
oo 0w o v o T . - e i
[ P IS T o pnr e,
L‘ R B N S ]
Vv=0
NO P T T W S o e
— L Rl e o oy - - i il P AP |
X - -0.005
> »»»»»»»»»
2 - .,.....,...;
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e afiata
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Fig. 4 Magnified velocity-vector diagram showing vortex flow.

Fig. 4 shows an example of a magnified vector plot with the streamlines near the slotted
wall. We find the recirculating flows just upstream of the 2nd and 3rd slots. The recirculation
is indicated by a reversal of the velocity vectors. However, there are no two cells in the recir-
culating region shown by Bahl".

d=10.08 s =0.5
- m=0.02 —— m=0.05 — m=20.10 mo= M= my= My

0 T T T . 4 T { T v T T t T v t T ¥ T
' 1 I
0.0 0.2 slot 0.4 0.6 0.8 1.0

Fig. 5 Velocity distributions of boundary layer on slotted wall.
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Fig. 6 Variations of velocity along each streamline through leading edge of slot
exits.
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Fig. 7 Variations of velocity along each streamline through center of slot exits.
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Fig. 5 shows effects of m on the boundary-layer velocity profile. As expected, (0u/ 0Y) sy
diminishes with increasing m on and around the slots. However, (du/ 0Y) way is smaller on the
2nd and 3rd slots than on the Ist slot. At m=0.02, (9u/dy),., is nearly unchanged on and
around the three slots. At m=0.05 and 0.1, (9u/dy),,.; becomes almost zero just near the
leading edge of the 2nd and 3rd slots, but this does not appear at m=0.02. A tendency to a
flow separation is suppressed on the slots and this is clear on the 2nd and 3rd slots at
m=0.05 and 0.1. The reverse-flow regions near the wall are clearly found in the velocity dis-
tributions between the 1st and 2nd slots at m=0.05 and 0.1 and in that between the 2nd and
3rd slots at m=0.1. (0u/dy),. is large upstream of the 1st slot, but becomes nearly zero
everywhere downstream of the 1st slot.

Figs. 6 (a) and (b) and Figs. 7 (a) and (b) show variations of C and v along the stream-
lines issuing from the leading edge and center of the slots, respectively. A plot of u is not
shown here, because the plots of Cand u against x are nearly equal except a small difference
near the slot. The small difference results from that the plot of C against x starts from the
slot-exit velocity, but the plot of u against x starts from zero velocity. The velocity C'is larger
along the plume leading-edge than in its inside (cf. Figs. 6 (a) and 7 (a)). This shows that the
plume fluid is accelerated along the plume by the cross flow. There is a small effect of m on
the velocity along the plume discharged from the 3rd slot. The plot of C against x for the 1st

6 tso0—"
S d=10.08 s=05 -)5
=L mpm mgm 0,02 o
x4 7 e 151 N d=0.085 s-05
> =
2 . = N CRE R N
= J.I.D
0
!
0.5
10
j d4=0,08 5=05 - 0.0
Hegl "Mt my= my= 0.05 -2. g
B
> 6
L] w L s
M x
2: &
; . 1.0
= = =]
= =
0»‘ ! _ZM\D%T‘SXIM g.a-=1 0.6 —b.8 x ! 0.5
(b)
/// 0.0
L9
e =
/ v
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101 4=008 5-=05 s
5 mem= mg= = 0,10 T 5 1? ¢ = 0.06, 5 = 0.41
';'8‘ x m=m= m= My
> So
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| 10 blasing
b 05l nooos X\ m=ooz  TTTTTTooees
2 , m=0.10 A
N 0.0 S {
: 0 0.7 0.4~ 0.6—— 0.8 1.
0 & *
" (c)
Fig. 8 Variations of vorticity distribution with Fig. 9 Variations of local friction coefficient

increasing velocity ratio. along slotted wall.
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slot shows that after C reaches its first peak, C keeps the peak value until the effect of the
2nd slot becomes predominant. This behavior is almost the same, even though m varies. The
normal velocity component v in Figs. 6 (b) and 7 (b) does not vary between slots and is large
only at the slot exit.

Fig. 8 shows effects of m on . A peak of || occurs almost along the streamline of =0
except in the nearfield of the wall leading-edge (cf. Fig. 3), and starts from a large |&] region
near the wall leading-edge. We can assume the peak of || to be a boundary which separates
the influence region of the wall boundary layer upstream of the 1st slot from that of the injec-
tant. The large vorticity indicates a place where a strong viscous diffusion occurs. The vor-
ticity || is not necessarily large around the slot leading and trailing edges against the large {{]
upstream of the Ist slot. We can also see that a central part of the recirculating region is not
necessarily in a large ||, and that there is a relatively large || in a place where a large veloc-
ity gradient is expected.

Fig. 9 shows variations of friction coefficient (eq. (12)) along the wall with m, d and s,
including ¢; of the no-blowing wall calculated by the present code. There is a continuous de-
crease in ¢; upstream of the 1st slot due to blowing and the decrease becomes great with in-
creasing m. ¢; is smaller on the 2nd and 3rd slots than on the 1st one. There is a rapid in-
crease in ¢, at the leading edge of the 1st slot as m increases, but this is not found for the 2nd
and 3rd slots. ¢ is almost the same downstream of the 2nd and 31d slots at m=0.05 and 0.1,
but is very large at m=0.02. This means that the wall boundary layer reaches separation
downstream of the 2nd and 3rd slots at about m=0.1. We find the negative c;, which means
a reverse flow, in the region between the 1st and 2nd slots. ¢ plottings show it to be

!
| g=0.08 5s=0.5 Isothermal wall

i
m = my= M= my= 0,02 8= 0.5 o Te0.9— & ]9=008 5=05 Adiabatic wall Te 08—
B2 j Ty T2 {m == mpe my= 0,02
ol e — *
0.5~
>0 %@0 ; - "o
I L 1 . 0.1

(a) (a)

d=0,08 =05
m = my= my= my= 0.05 ~ S d=0085=05 fbiabatic wall s 037
. x m=m= my= my= 0.05
>

10 -
@ 1 d=0085=05 Isothermal wall / 01" d=0.08 5 =05
- 3 m = m= M= my= 0.10 8=05 s % 3 m = m= my= my= 0.10
i / g . 26
-
4 -
2 Al
0.o
Fig. 10 Temperature distributions affected by Fig. 11 Temperature distributions affected by
isothermal wall with slots at various vel- adiabatic wall with slots at various vel-

ocity ratios. ocity ratios.
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qualitatively independent of the present combinations of d and s. A comparison of Figs. 9 (a)
and (b) indicates the effects of d on ¢;. Noticeable points are: (1) When m is increased, the
decrease in ¢ is slower at ¢=0.053 than at ¢=0.08. This is obvious downstream of the 1st
slot. (2) The configuration with a small d retards separation of the wall boundary layer, or re-
sults in a small recirculation zone.

A comparison of Figs. 9 (b) and (c) indicates the effects of s on ¢, We can assume that
the variation of s has little influence on ¢;. It is consequently concluded that the magnitude of
d has a predominant effect on ¢y through the flow rate of the injectant.

Figs. 10 and 11 show isotherms of the flow field affected by the isothermal and adiabatic
walls, respectively. Fig. 3 shows the flow fields which give the temperature fields in Figs. 10
and 11. In Fig. 10 a thermal diffusion is greater in the plume issuing from the upstream slot
than from the downstream one. Penetration of isotherms increases across each slot exit from
its leading edge to its trailing one. This means that the cross flow heats the injectant. The
analysis shows a little effect of the recirculating flow on the isotherms near the slotted wall.
We can point out this little effect as follows: There is the recirculating flow in Figs. 3 (b) and
(c) but not in Fig. 3 (a). The difference between the flow fields results in a formation of the
roofshaped isotherms near the wall between the slots (cf. Fig. 10 (b) or (¢)).

Fig. 11 does not indicate clearly the effects of the recirculating flow on the isotherms.
However, it is noticeable that at m=0.1 a thermal diffusion is very slow in the plume issuing
from the 2nd and 3rd slots compared with that from the 1st slot, as indicated by the isotherm
of 7=0.001. The low thermal diffusion is attributed to an accumulation of the low-tempera-
ture injectant near the adiabatic wall.

d=0.08, s =0.5
— m=0.02 — m=0,05 m=0.10 m=m= M= My
J{Isothermal
wall
8 48=10,5
0 - T f . ? / } r T T T T }
0.0 0.2 slot 0.4 0.6 0.8 X 1.0

Fig. 12 Temperature distributions of thermal boundary layer on slotted wall.

Fig. 12 shows the expected effects of the injectant from the three slots on the tempera-
ture profile of the boundary layer on the isothermal wall at various »7’s. The temperature
profiles between the slots and in the downstream region of the 3rd slot have a low tempera-
ture part, which expands with increasing m. This part corresponds to a flow passage of the in-
jectant and the location of the minimum temperature goes away from the wall as m increases
(cf. Fig. 10). On the other hand we find that a uniform temperature core is formed in the
flow passage of the injectant near its exit. Such a uniform temperature core is larger in the
downstream slot than in the upstream one and is greater at large m than at small m.
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Fig. 13 Variations of temperature along streamline through
(a) leading edge of slot exits, and
(b) center of slot exits.

Figs. 13 (a) and (b) show variations of temperature along the streamlines issuing from
the leading edge and center of the slots, respectively. Fig. 13 (a) shows that the injectant is
rapidly heated by the cross flow after issuing from the leading edge of the 1st slot, and then
keeps a nearly constant temperature. However, there is an asymptotic change of temperature
along the streamlines issuing from the 2nd and 3rd slots. Fig. 13 (b) shows that the injectant
from the 1st slot is slowly heated by the cross flow in comparison with the case of Fig. 13 (a).
This is attributed to the fact that the cross flow cannot quickly heat the inner part of the
plume.

Temperature along both the streamlines diminishes with the increase in m, except along
the streamlines from the 1st slot in Fig. 13 (a).
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Fig. 14 Variations of Nu along isothermal wall Fig. 15 Variations of 7. along adiabatic wall
with slots. with slots.

Figs. 14 (a) to (c) show variations of Nu (eq. (13)) on the isothermal wall with d, s and
m. Generally speaking, an increase in m increases Nu, but an increase in Nu saturates at a
value of m. Nuis very large near the leading and trailing edges of all the slots except near the
leading edge of the 1st slot, and is larger near the slot trailing-edges than near the slot lead-
ing-edges. The regions of the large Nu have the good correlation with those of the large .
However, Nu is smaller in the central part between the slots than near the leading and trailing
edges of each slot. Figs. 14 (a) to (b) also indicate that an increase in d or a decrease in s in-
creases Nu, and a negative Nu grows in the regions among the three slots at a small d
(=0.053), but it only occurs in the region between the 1st and 2nd slots at ¢=0.08 (cf. Figs.
14 (b) and (c)).

Figs. 15 (a) to (c) show variations of 7, (eq. (14)) on the adiabatic wall with 4, s and m.
Figs. 15 (a) and (b) show that an increase in d increases #,. Figs. 15 (b) and (c) show that a
decrease in s also increases 7. This is reasonable, because we know empirically that 7,
becomes high at a large d and a small s. We see also that #, is large near the slot trailing-
edge, and is small near the slot leading-edge.
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The present simulation is carried out at small velocity ratios m’s (<0.1~0.2). This
comes from a difficulty of convergence in the iteration process for the calculation of . The
situation is directly attributable to a great cross-flow-wise change of the v component at the
slot leading and trailing-edges from a small value within the cross flow to a large value in the
blowing flow, because we use the boundary condition which gives a uniform blowing velocity
at slot exit. Such a boundary condition also is not correct experimentally. However, this situ-
ation can be improved, when it is taken that the velocity of the blowing fluid is uniform far
upstream of the slot exit. This treatment reduces the great cross-flow-wise change of the v
component at the leading and trailing edges of the slot exit, because the boundary layer grows
on the blowing-pipe wall and the blowing velocity vector changes its direction in the blowing-
pipe upstream of the slot exit by the action of the cross flow. This will bring about an increase
in m more than 0.1 ~0.2. It is believed that this improved boundary condition is near an ac-
tual situation.

We try to obtain the increase in m by other finite-difference scheme without using the

y—_C system.

4. Conclusions

It is revealed that the present analysis gives qualitatively reasonable results, but the re-
sults must be verified experimentally. Results are summarized as follows.

1. When m is fixed, the recirculating region between the slots is smaller in the downstream
part of the wall than in the upstream one. An increase in m expands the recirculating re-
gion. A decrease in s or d results in a reduction of the recirculating regions.

2. The acceleration of the plume fluid due to cross flow is greater at the leading edge of the
plume than in the inside. This shows the progress of the mixing of the injectant and the
cross flow.

3. There is a large decrease in ¢;on the slotted wall, as m increases, and the boundary-layer
velocity profiles have a tendency to separation in every place on the slotted wall. The
magnitude of d has a predominant effect on ¢, through the flow rate of the injectant.

4. Effects of the recirculating flow are clearer in isotherms near the isothermal wall than
near the adiabatic wall. The adiabatic wall causes the injectant to accumulate near the
wall.

5. The local heat transfer coefficient is very large near the leading and trailing edges of the
slots. There is the minimum heat transfer coefficient between the slots.

6. An increase in d or a decrease in s increases Nu and 7, on the slotted wall.
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