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A method is presented for calculating the efficiency of cooling of a flat surface 
with large ejection angles. The gaseous wall screen is calculated from formulas 
for tangential ejection. 

The technique of boundary cooling is one of the most effective methods of reducing the 
temperature of the blades of gas turbines. Effective methods have been developed [I, 2] for 
calculating the efficiency of boundary cooling with tangential coolant ejection onto the sur- 
face to be cooled. When ejection takes place at an angle to the surface, it is necessary to 
use empirical corrections [3]. A plane jet discharged at an angle to an entraining flow 
parallel to the surface may become reattached to it some distance from the ejection site, 
with the formation of a stagnant zone. The flow behind the reattachment point will be equiv- 
alent to the case of tangential ejection. The studies [4, 5] developed methods of calculating 
the dimensions of the stagnant zone formed under a jet discharged at an angle to a surface in 
a space filled with a stationary fluid. These methods give good agreement with experimental 
data in the absence of an entraining flow. In [3] the equations of equilibrium of the pres- 
sure, inertial, and centrifugal forces acting on an element of a jet were used to derive the 
equation of the jet axis for a jet ejected into an entraining flow. However, the results 
obtained here did not agree with the experimental data in [6] for ejection parameters greater 
than unity. 

The goal of the present article is to determine the site of reattachment of a jet and 
its dynamic characteristics at this point within a broad range of ejection parameters. We 
also want to develop a method of calculating the gaseous wall screen in the case of large 
ejection angles (greater than 45~ 

Determination of the Reattachment Region. Figure I shows the flow pattern with reattach- 
ment of the jet to the wall. A stagnant zone with fluid circulating in it is formed after the 
ejection site. For a plane jet of an incompressible fluid, the steady-state equations of 
motion, continuity, and equilibrium of the centrifugal and surface pressure forces, written 
in the system of coordinates x, y, have the form [4, 7]: 
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with the following conditions prevailing on the axis and boundaries of the jet: 

u=u~ ~ g=--b;  u=u~ ~ g=O; u=O ~ g=b. (3) 

In writing Eqs. (I), (2), we assume that the transverse pressure gradient is significantly 
f 

greater than the longitudinal gradient in the attachment region (0 < x' < Xg), that the curva- 
ture of the streamlines is explicitly considered only in the expression for turbulent friction 
T, and that the projection of the motion equation in the direction of the y axis is written 
in integral form. 

To determine the rarefaction in the stagnant zone, we take the pressure scale in the form 
of the difference in pressures in the mouth of the jet and in the entraining flow. Determin- 
ing the excess pressure in the jet at the ejection site by means of the Bernoulli integral and 
determining the pressure of the entraining flow as the stagnation pressure in its interaction 
with the jet, we obtain 
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Flow pattern with reattachment of the jet to the wall. 

Dependence of the length of the stagnant zone x~ on the ejection param- 
i) experiment [6]; 2) calculation with CD = 2.6; s0 = 60 ~ �9 

P 0 - -  Pl --  2 (1 + sin=so/m=). (4) 

Experimental data shows that recirculation of the fluid in the stagnation zone results 
in a reduction in pressure compared to the pressure in the main flow [5]. Here, the amount 
of rarefaction is affected by the degree of suction of fluid from this zone into the jet, 
which in turn depends only on the relative difference in velocities in the stagnant zone and 
in the jet. This allows us to assume that the degree of rarefaction in the zone under the 
jet compared to the excess pressure in the mouth of the jet depends only slightly on the 
velocity of the entraining flow. This is expressed by the equation 

( [ B  - -  PO)/(PO --- P~) = idem. (5) 

The expression for the dimensionless radius of curvature oi the jet axis (R = R/b0) is found 
by making Eq. (2) dimensionless. Here, Eq. (4) is used as the pressure scale. The momentum 
of the jet is the initial momentum J0 and the length is half the width of the slit b0: 

= (im~J/Jo)[--CpB (m 2 -k sin~a0) + C D sin ~ a] -~, (6) 

where  CpB = ( P B -  p l ) / ( P l ) / ( P o )  i s  t h e  p r e s s u r e  c o e f f i c i e n t  i n  t h e  c i r c u l a t i o n  zone  i n  t h e  
a b s e n c e  of an  e n t r a i n i n g  f l o w .  T h i s  c o e f f i c i e n t  c a n  be  d e t e r m i n e d  e i t h e r  by  c a l c u l a t i o n  or  
on the basis of the experimental data in [5]. The change in the dimensionless momentum J = 
J/J0 in the longitudinal direction is determined in (6) by the method of integral relations 
[8]. Here, Eq. (I) is replaced by an integral analog by integration over the thickness of 
the jet using boundary conditions (3): 

--b 

7 =  1--  l___ 1 - -  (u/uo) @ . (7) 
2 m  

There may be cases when the attachment point is within the limits of the initial or main sec- 
tions. Thus, to determine the integral in (7), we use velocity profiles valid for the ini- 
tial section of the jet 

u = u 0 at - - ~ 1  < ~] < 0, (l~ - -  L/1)/(/~/0 - -  /~1) : Q (]]) at - - b < y < - - 6 a ,  

n = (y + 61) / ( - -o  + 61) 

and its main section 

(u - -  u~)/(u~ - -  Ul) - -  Q (n) at - - b  < y < O, ~ = - -  y / b .  

Here, the function Q(q) = (I - q3/2)2 is the Schlichting profile. The flow separates into 
two parts at the attachment point: the portion of fluid with the momentum Jz continues its 
motion along the surface; the portion with the momentum J2 enters the circulation zone in 
the direction of the mouth of the jet (see Fig. I). The boundary is the nominal dividing 
line with the coordinate y*. We determine J2 from the law of momentum conservation at the 
jet attachment point 

0 b Y* 
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Fig. 3. Plate cooling efficiency with ejec- 
tion of coolant at an angle to the main flow: I) 
experiment [3]; 2) calculation, ~0 = 75~ a) m = 
u . 5 ;  b) 0 . 8 ;  c) 1 .2 ;  d) 1 .5 .  

The last integral in the right-hand side of (8) is expressed through_the momentum Ji. With 
allowance for this, we write the expressions for the momenta J: and J2 in the form 

1 Jg (9)  L = J : / 7 o = - ~ ( l + c o s O )  Jg 7 ~ J 2 / J o =  1 
Jo ' ~ ( 1 - c ~  Jo 

Thus, Eqs. (6) and (9) make it possible, with a preassigned step, to calculate the curva- 
ture of the jet at all points of its path beginning from the mouth. This in turn makes it 
possible to determine the point of reattachment Xg and the dimensionless momentum of the jet 
Jg at this point. The calculated results and their comparison with the available literature 
data in Fig. 2 show that there is adequate agreement in the ejection parameter range 0.8 < 

m<3. 

Cooling Efficiency. The flow behind the reattachment point can be regarded as the propa- 
gation of a turbulent wall jet in the case of tangential ejection with the momentum J: at x' = 
Xg. The effectiveness of the gas screen under adiabatic conditions is assumed to be charac- 
terized by the dimensionless temperature of the wall ~ = (TI -- Tad)/(T: -- To) [9]. In solv- 
ing problems concerning the efficiency of a gas screen, one of the simplest and most con- 
venient methods is that based on the use of integral equations for the boundary layer of a 
turbulent wall jet. Using the equation of conservation of excess enthalpy, we represent the 
expression for cooling efficiency in the form [10] 

25 ~ 28 F 28 mt  b ' 

where ~ = Umt/U0t = 3 . 6 ( x / b o )  - ~  [ 2 ] ;  ~m = 5m/b0 i s  t he  d i m e n s i o n l e s s  t h i c k n e s s  of  t h e  b o u n d -  
a r y  layer of the semiinfinite jet. 

Equation (10) is valid at large distances from the ejection site, since it was derived 
with the use of relations that are valid for the main section of the wall jet (x' § ~). Fol- 
lowing [l], we propose the interpolation formula ~ = (1 + ~)d to expand the range of applica- 
tion of Eq. (1o). This formula embraces the entire range of efficiency of boundary cooling. 

Let us calculate the ejection parameter mt for an equivalent wall jet which is different 
from the ejection parameter of the initial jet discharged at an angle to the flow. Ignoring 
friction on the section from the ejection site to the attachment point, we find that trans- 
formation of the momentum equation and use of the condition of equality of the momenta of the 
initial and equivalent jets yields the following quadratic equation in mt: 

I 

\ u~ o 
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The width of the mixing zone b does not depend on mt [9] in the range of ejection ]parameters 
realized in actual film cooling (0.5 < m t < 2.0). This allows us to regard (11) as a quadra- 
tic equation with constant coefficients, where a positive root is chosen as the solution. 
Figure 3 shows results of calculation of cooling efficiency with ejection at an angle to the 
main flow. Also shown is experimental data from [3]. Satisfactory agreement with the ex- 
perimental data is seen in the range U.5 < m < 1.5 at a = --I, d = --0.8. An increase in m is 
accompanied by an improvement in this agreement. Ejection of coolant at an angle adversely 
affects the protective properties of the jet and leads to a reduction in efficiency compared 
to tangential ejection. 

Thus, the above physical model makes it possible to calculate the efficiency of a gas 
screen downstream from a stagnant zone with an accuracy which is sufficient for engineering 
purposes (error no larger than 20%). 

NOTATION 

x, y coordinates directed along a tangent and a normal to the jet axis; x', y', coor- 
dinates connected to the surface; u, v, longitudinal and transverse components of velocity 
in a jet with the coordinates x, y; CD, coefficient of resistance of jet to the entraining 
flow; a, angle between the vectors of velocities u and uL; 8, angle of incidence of jet at 
point of attachment; R, radius of curvature of jet axis; P0, Pl, PB, static pressures in the 
jet, main flow, and circulation zone; J0 = 2pb0u~, initial momentum of jet; y*, coordinate 
of the dividing line; m = p0u0/plul, ejection parameter; 61, boundary of potential core of 
jet within the initial section. Indices: U, mouth of jet; I, main flow; t, tangential wall 
jet. 
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