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I. INTRODUCTION

I.A. General Discussion

A thermodynamic analysis of the gas turbine engine cycle shows that

the performance of the gas turbine is strongly influenced by the maximum

cycle temperature, i.e. the turbine (gas) inlet temperature. While

increasing the inlet temperature will improve the power output and

efficiency of the engine, it also results in higher operating tempera-

tures for the turbine vanes and blades. Metalurgical technology has

developed new alloys to provide increased strength at higher temperatures,

but the demand for higher turbine inlet temperatures has resulted in the

development of complex turbine cooling methods.

Two different techniques to cool the turbine vanes and blades can

be used to maintain acceptable metal temperature levels. The first

involves removing the heat from the inside of the vane after it has been

transferred from the hot freestream gases through the vane surface. The

second technique reduces the amount of heat transferred to the vane by

protecting the outer surface of the vane from the hot freestream gases.

Convective cooling within turbine vanes and blades has been used to

provide the internal heat removal. The use of labyrinth channels, pin

fins, and impingement flow has enhanced the effectiveness of the internal

cooling techniques, but the demand for higher turbine inlet temperatures

has required the development of more advanced cooling methods.

Transpiration and film cooling are two ways of providing additional

cooling protection to the vanes and blades. Both processes involve

injecting a relatively cool fluid from the vane interior through the wall

and onto the external vane surface. This provides cooling in two ways,

by forced convection as the coolant passes through the wall and by

thermal protection as the coolant forms a blanket over the outer surface.

In transpiration, the coolant is injected uniformly through a porous wall.
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After passing through many passages in the wall, the coolant energes at

the surface with approximately the same temperature as the external wall.

Although transpiration cooling has been found to be an effective method

of providing extra thermal protection, the fabrication of a porous tur-

bine vane poses a complex and expensive problem. In addition, the

problems of pore obstruction due to oxidation within the porous material

have forced the operating material temperature to be lowered, thus

hampering the utilization of this scheme in turbine engines.

Film cooling is similar to transpiration in that it protects the

surface from the influence of the hot freestream by injecting a coolant

through the vane wall onto the surface. However, for film cooling, the

coolant passes through discrete slots or holes machined in the vane.

This technique makes the fabrication procedure easier and less costly.

The coolant acts like a heat sink, providing a protective layer (blanket)

of cool fluid along the surface. However, as the film flows downstream

from the point of injection, it deteriorates as it mixes with the free-

stream. Therefore, an efficient application of film cooling on a turbine

vane surface requires a thorough understanding of the film coolant

behavior after injection. A poorly designed injection configuration

could result in increased heat transfer to the surface.

A variety of ways can be used to film cool a surface. A cool,

secondary fluid may be injected onto a surface through slots, interrupted

slots, or holes as illustrated in Figure 1. Numerous studies have shown

that a continuous slot	 !vides better protection than a row of holes

because of the increased mixing that occurs between the freestream and

the coolant for hole injection. However, from a practical point of view,

while slots and interrupted slots may be excellent for use in large

components such as combustor liners, they are more difficult to use in

smaller components like turbine vanes. High thermal stresses in the

vane can cause structural problems that make the use of slots impractical,

except perhaps in the trailing edge region. Therefore, most applications

of film cooling on a turbine vane are accomplished using rows of doles

in spite of the complex three-dimensional nature of the flow Field and

the large number of parameters that must be considered in an optimal

design.
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Numerous investigations of discrete hole film cooling can be found

in the literature uescribing the effect of coolant blowing, hole geometry,

and freestream flow (pressure gradient, turbulence intensity, ...) on

the film cooling performance. A large majority of these studies have

been conducted on flat surfaces and the results have been used with

success on the pressure and suction surfaces of the turbine vane.

However, the stagnation or leading edge region of the vane, particularly

on the first stage vane, is where the heat flux reaches it highest level

and cooling protection is most crucial. A review of the literature

reveals that minimal attention has been given to film cooling measure-

ments in the leading edge region.

This study was devoted to providing film cooling data for the stag-

nation or leading edge region. The objective of this study was to

investigate multiple row coolant injection (commonly referred to as full

coverage film cooling) in the leading edge region. Using a circular

cylinder to model the leading edge, extensive measurements were made

downstream and between the injection holes to determine the ability of

the film coolant to reduce tl., surfaces heat flux. The gas turbine

environment was modeled by simulating the Reynolds number and the

freestream-to-wall temperature ratio. The investigation encompased a

study of the influence of coolant blowing distribution, coolant hole-to-

hole spacing, and freestream turbulence intensity on the film cooling

performance in the leading edge region.

I.B. Introduction to Film Cooling Parameters

This section provides a general overview of the film cooling process

and introduces r number of film cooling parameters. Film cooling in-

volves the injection of a cool fluid onto a surface to protect it from

the hot external freestream. The geometric parameters involved in

establishing a coolant film over the surface are illustrated in Figure 2.

After injection onto the surface, the coolant jets are turned downstream

in the freestream (x) direction while at the same time spreading laterally

across the surface in the z direction. If the coolant jets succeed in

coalescing, they tend to reinforce each other, thus improving the
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uniformity of the protective layer across the surface. The origin of

the coordinate system is located at the center of the hole of interest

(see Figure 2) and frequently the hole diameter, d o , or the center-to-

center hole spacing, S, are used to non-dimensionalize the x and z

coordinates. With multiple row injection, the row-to-row spacing, P,

and the staggering of the holes from row to row can improve the effec-

tiveness of the coolant film as it flows downstream. Additional rows

of holes allow consecutive downstream rows to carry on when coolant

injected upstream has lost its cooling capacity. By staggering the

holes of one row with respect to its adjacent upstream row, the gap in

the coolant film created by the hole spacing is filled in by the coolant

from the next downstream row. Consequently, multiple rows that are

properly staggered can minimize the lateral variation in cooling perfor-

mance.

With the film coolant acting as a heat sink, the magnitude of the

reduction of the surface heat flux depends strongly on the mass of

coola.,t injected (i.e., the coolant thermal capacity). The blowing

ratio, a dimensionless mass flux ratio defined as

M = PCVv
PW^m

is commonly used as a measure of the thermal capacity of the film

coolant. As the cool fluid is blown onto the surface, the hot free-

stream begins to mix with the emerging coolant jets. This results in

a deterioration of the coolant film with the extent of this interaction

being strongly influenced by the penetration of the coolant jets away

from the surface into the freestream. Two parameters frequently used

to characterize the jet penetration and trajectory are the velocity

ratio, Vc;V^., and the momentum flux ratio,

(1)

a
	

All three of the aforementioned hydrodynamic parameters are interde-

pendent. Therefore, while more blowing will increase the thermal

capacity of the coolant, excessive blowing can result in significant
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coolant jet penetration away from the surface. This penetration will

enhance the mixing process to such an extent that the net effect is a

rapid deterioration of the coolant's ability to protect the surface.

The penetration of the coolant jet into the freestream is also

strongly influenced by the injection hole angle as defied in Figure 2.

The angle made with respect to the surface is represented by B while

the angular position relative the x-axis is represented by a. There-

fore, a hole angle: at 35 0 in the streamwise direction would be

represented by a = 0% a = 35°, and a similar hole angled in the

spanwise direction would be represented by a = 90% B = 35°. In order

to minize the penetration of the coolant jet into the freestream and

the subsequent mixing that occurs, it is desirable to maintain as

shallow an angle, a, as possible. An additional benefit of using

shallow injection angles is an increase in the length-to-diameter ratio,

L/do , of the coolant hole. Larger L/do values improve the convective

heat transfer from the turbine vane wall to the cool fluid passing

through it.

Conventionally, film coolant holes on turbine vane surfaces are

angled in the freestream direction. However, in the leading edge

region, the surface curvature complicates the problem of maintaining

a shallow injection angle, S. As Figure 3 demonstrates, the minimum

injection angle for streamwise angled holes (a = 0°) is limited by the

vane wall thickness. To resolve this limitation, and to increase the

L/do ratio, coolant holes angled in the spanwise direction (a = 90°)

are frequently employed for the leading edge region.

The nature of the freestream flow can have a significant effect cn

the coolant jet penetration and the coolant-freestream mixing process.

A thin freestream boundary layer, with high velocity flow close to the

surface, improves the film cooling performance uecause of its ability

to more readily deflect the coolant back along the surface. The

boundary layer displacement thickness-to-hole diameter ratio, d*/do, is

frequently used to characterize the boundary layer at the injection

point. The coolant-freestream mixing process is also influenced by

freestream acceleration and freestream turbulence. The parameter K is

used to identify the freestream acceleration where
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v dV

K - 
m cTx
	

(3)

	

where	 voo = kinematic viscosity

VC0 = local velocity

x = coordinate along the surface

The turbulence intensity and the turbulence scale are both used to

characterize the freestream turbulence. The accelerat4on end turbulence

parameters have significant values along the leading edge of the turbine

vane and their influence on the film cooling performance can not be

overlooked.

This brief discussion was provided to give an introduction to the

film cooling process and the parameters that are prevelant throughout

the film cooling literature.

I.C. Review of the Literature

A comprehensive review of the film cooling literature has been

prepared by Goldstein [1]. Updates of this review can be round in both

Hanus and L'Ecuyer [2] and Luckey and L'Ecuyer [3]. Consequently, this

literature summary will deal with the areas of specif'Ic interest to

the application of multiple row film cooling on the leadinS edge of a

turbine vane.

I.C.1 Film Cooling Performance 70-ameters

As with all convective heat transfer analysis, film cooling re-

quires a knowledge of the heat transfer rate along the surface. A

review of the literature reveals that two different methods have been

developed for the correlation of film cooling data. The adiabatic

effectiveness method is based on the analogy between film heating and

film cooling and often a "heated" coolant jet was used in a cold free-

stream to model the film cooling process. An examination of the gov-

erning equations shows that for small temperature differences (constant

	

^	 s.
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properties) the analogy is valid [1]. Therefore it was postulated

that the heat flux to a film cooled surface could be expressed by

gw,FC	 h'(Tadw,FC - Tw,FC)

	
(4)

where	
Tadw,FC

Tw,FC

gw,FC

h'

adiabatic wall temperature with film cooling

wall temperature with film cooling

heat flux at the wall with film cooling

heat transfer coefficient with film cooling as
defined by Eqn. (4)

The adiabatic wall temperature reflects the extent that the free-

stream gas temperature near the wall has been changed by the addition

of a cool (or hot) fluid. Film cooling studies are conducted over an

adiabatic surface for selected values of the freestream (T.) and

coolant (T
r ) temperatures. The wall temperature distributions that

are measured are commonly presented in terms of the dimensionless film

cooling effectiveness.

Too - 
Tadw,FC

TI
	 T_- T

CO	 c

Results of 
nadw are given as functions of the coolant blowing ratio (M),

the injection angle (a,$), the location from injection (x/do,z/s), the

hole geometry (S/do,P/do), and the nature of the local freestream

boundary layer.

With a knowledge of the adiabatic effectiveness, the wall heat

flux for a non-adiabatic surface can be determined from Eqn. (4) if

the heat transfer coefficient (h'1 can be estimated. As a first

approximation, it is frequently assumed that h' is approximately equal

to ho , the heat transfer coefficient without film coolant flow.

To experimentally determine h', the flow conditions used to find

nadw must be applied ;o a non-adiabatic surface. By measuring the

surface heat flux with unheated coolant injection (Tc = T. = Tadw) and

	

prescribed Tw , Eqn. (4)	 be used to compute h'. The use of a heat

(5)



transfer coefficient ratio, h'/h o , provides a direct indication of the

influence of coolant mass addition on the hydrodynamic boundary layer.

Investigations of the heat transfer coefficient, h', have shown that

h'/ho approaches 1.0 far downstream of the point of injection. However,

closer to the coolant hole, studies by Hartnett, Birkebak and Eckert [4],

Metzger and Fletcher [5], and Eriksen and Goldstein [6] have all shown

a significant influence of coolant blowing on h'/h o . To model the film

cooling conditions representative of turbine blade applications,

Launder, Fish and Suo [7] conducted an experiment using film cooling

injection from two staggered rows of holes on a turbine vane. Their

results, shown in Figure 4, demonstrate the influence of coolant blowing

on the heat transfer coefficient, h', for distances of 20 or more slot

widths downstream. All of these studies demonstrate that the use of the

adiabatic effectiveness method to determine the surface heat flux near

injection requires experiments to determine both 
Tadw,FC 

and h'.

Frequently in the literature, 
rladw 

and h' data are presented in

the spanwise averaged form, 
nadw 

and F-. To determine the spanwise

averaged heat flux, 7, the term (nadwTt r) must be computed and sometimes
the approximation

F'x nadw = (7T'adw)	 (6)

is made. However, this approximation is subject to question and

further work needs to be done in this area before this question is

resolved.

Although a majority of the film cooling studies found in the

literature are based on the adiabatic effectiveness method, an alter-

nate method for correlating film cooling performance was initiated by

Metzger [8]. It involves the direct measurement of surface heat

transfer with film cooling on an isothermal surface. A heat transfer

coefficient is computed by the following equation.

gw,FC = h
r,.(T. - Tw,FC)
	

(7)
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The film cooling performance is then defined in terms of the ratio of

the heat transfer coefficients, with and without blowing, h FC/h0 , or

the Stanton Numbers, with and without blowing, St FC/St0 . An alternate

form of presenting the film cooling data is in terms of the Stanton

Number Reduction,

SNR = 1 - StFC
0

For isothermal conditions 
(Tw,FC 

z 
Tw,o), 

Eqn. (8) becomes equivalent

to

1 - AFC
0

which is commonly referred to as the isothermal film cooling effective-

ness, niso'

These two methods for measuring film cooling performance have been

shown by Choe, Kays and Moffat [9] to be directly related. By examining

the energy boundary layer equation for constant fluid properties, the

heat transfer coefficient with film cooling can be shown to be a linear

function of a dimensionless coolant temperature ratio,

Too- Tc

©c
T	 1-	

(10)
W

The linear dependence of the heat transfer coefficient allows the

followin g relationships to be derived.

h(8c) = h(ec = 0) - 6c [h(ec = 0) - h(ec = 1)]	 (11)

and
1	 T  - T.	 h(Oc = 0) - h(8c = 1)

nadw 
ec,adw Tadw,FC^^ -	

6` = 0)
(12)

(8)

(9)
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Therefore starting with Eqn. (7)

qw = h ( ec )( TOD - Tw)
	

(7)

and substituting Eqn. (11) into it, produces

qw = h(ec = 0)(1 - ec 
x nadw )(TCO - Tw,FC )	(13)

Then substitution of the definitions of 
Oc 

and 
nadw 

into Eqn. (13)

gives

qw = h(ec = 0)(T
adw,FC - Tw,FC)	

(14)

Eqn. (14) has the same driving potential as that used in Eqn. (4) and a

comparison of these equations reveals that the heat transfer coeffi-

cient with film cooling for ec = 0(i.e. Tc = T.) corresponds to h'.

Using the relationships developed, the two film cooling performance

parameters can be shown to be related in the following manner.

St 	 ho (1 - ecnadw)

St
FC = h'
	

(15)

Because of the linear variation of hFC with ec , the measurement of

the heat flux at two different coolant temperatures establishes a

straight line that can be extrapolated to determine 
nadw 

and h(ec = 0),

or h at any desired 
0  

value. Choe, et al. [9] did conclude their

discussion with one caution about comparing the values for 
nadw 

found

by extrapolating the h(ec ) - 0  curve with those values obtained by
measuring 

Tadw,FC 
on an adiabatic surface. The linearity of the

h(ec ) - 0  curve was based on a constant wall temperature boundary
condition, 

Tw,FC. 
However, for experiments to determine 

nadw 
along an

adiabatic surface, the wall temperature 
(Tadw,FC) 

is allowed to vary.

The derivative of the enthalpy thickness will not be the same in both

cases so values of 
gadw 

found from the h(e c ) - 0  plots should not be
expected to compare directly with the results from an adiabatic wall

approach.
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I.C.2. Film Cooling Geometry

To eliminate the development of "hot spots" on the vane, it is

desirable to achieve a uniform film cooling coverage across the entire

surface. Multiple row film cooling helps to build this uniform

coverage in two ways. The use of staggered rows allows the gap in the

coolant film, created by the hole spacing in an upstream row, to be

filled in by the next downstream row. In addition, the use of multiple

rows of holes allows consecutive downstream rows to carry on when up-

stream coolant injection has lost its cooling capacity.

The earlier phase of this investigation [3] represents a large

portion of the limited results that have been reported in the literature

for film cooling measurements applicable to the leading edge region.

This study involved heat flux measurements made in the stagnation re-

gion of a circular cylinder with coolant injection from a single  row

of spanwise angled holes (S/d o = 3.3). Figure 5 [3] shows a plot of

the Stanton Number Reduction versus spanwise location (hole-to-hole)

for two separate blowing ratios, and demonstrates the non-uniformity

of the film cooling performance for a single row of holes. In view of

this lateral variation, data in this study were presented in terms of

a spanwise maximum Stanton Number Reduction and a spanwise averaged

Stanton Number Reduction (see Figure 5).

Russell [10] conducted flow visualization studies for coolant in-

jection from a single row of spanwise angled holes (2 holes) in the

stagnation region of a circular cylinder. For a blowing ratio above

0.4, photographs revealed no spreading of the injected coolant from

the injection point (for injection at 15 0 , 30 0 , 45 0 ) to a distance of

about 80° from the stagnation line. With a M less than 0.4, the in-

jected coolant even "necked down" slightly. In addition, the flow was

turned quickly from the spanwise to the freestream direction. Even for

M values above 1.0, the angle the coolant made with the freestream one

diameter downstream from injection was only 10°. Consequently, the

staggering of the rows of holes can be very important in achieving a

uniform film across the surface.
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Metzger, Takeuchi, and Kuenstler [11] investigated multiple row

arrangements, using 10 equally spaced rows of holes ($ - 90 0 ) with a

pitch-to-diameter ratio of 4.8 and both staggered and in-line arrange-

rments of the holes. The in-line arrangement proved to be inferior to

the staggered array, because the cooling effect from an upstream hole

was found to be negated after flowing over two holes in-line downstream.

The staggered arrangement used the coolant from an upstream row to fill

in the gaps between the holes of the downstream row thus allowing the

coolant to pass four rows downstream before its cooling influence

became negligible.

Spanwise measurements within a multiple row configuration were

made by Mayle and Camarata [12]. They investigated film coolant in-

jection through a staggered array of strearrwise (S = 0°) angled holes

on a flat plate with S/do = 8.7 and P/do = 10.0. As Figure 6 demon-

strates, the spanwise variation of the adiabatic effectiveness behind

the first row was highly non-uniform. Even behind the tenth row where

the minimum level of 
nadw 

was 0.3, the spanwise non-uniformity was

still present.

LeBrocq, Launder, and Pridden [13] also conducted multiple row

film cooling studies on a flat plate. Using a hole and row spacing of

8.0, they found lateral variations similar to those observed by Mayle

and Camarata [12]. From their results, LeBrocq, Launder, and Pridden

[13] recommended a hole spacing (S/d o ) of 5 to eliminate the spanwise

non-uniformity. Unfortunately, spanwise variations for small hole

spacings (3 to 5) wive not been reported in the literature. Therefore,

staggering the rows in a multiple row configuration should help to

eliminate the gaps created by upstream rows, but for hole spacings of

10 do or greater, a spanwise non-uniformity in the film cooling perfor-

mance will protv,bly still be present.

The abil.;y to maintain a high level of Film cooling performance

over the entire length of the surface has also led to the use of

multiple row configurations. Figure 7 shows the results of Mayle and

Camarata [12] with the spanwise averaged adiabatic effectiveness nadw

plotted against the downstream distance, x ./do . The performance of the

film coolant is seen to continually increase in the region of the hole
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pattern. A similar trend was reported by Crawford, Kays, and Moffat

[14]. They studied film coolant injection through a staggered array

of holes on a flat plate with hole and row spacings of 5 and 10

diameters. Thus, the multiple row configuration was found to be quite

successful in maintaining a high level of film cooling performance in

the region of the injection holes.

Both of the studies, Mayle and Camarata [12] and Crawford, Kays,

and Moffat [14], investigated the influence of different hole and row

spacings. Figures 7 and 8, showing the results of Mayle and Camarata

[12], demonstrate the improvement in film cooling effectiveness when

the row spacing (S = 0.87 P) is decreased from 14 d o to 10 do.

However, a negligible effect is seen when the spacing is decreased

further to 8 do . Crawford, et al. [14] found that the Stanton Number

Ratio, StFC/St o , is significantly decreased (for the same blowing ratio,

M) as the hole and row spacing (S = P) is decreased from 10 d o to 5 do.

In summary, the multiple row staggere" configurations have been

shown to be effective in providing a protective film across a flat

plate surface. However, studies to determine the effectiveness of

applying a multiple row configuration to the leading edge region of a

turbine vane have not been presented in the literature.

I.C.3. Mass Flux Ratio and Angle of Injection

The direction and quantity of film coolant being injected onto the

surface	 be expected to have a strong effect on the film cooling

performance. As discussed previously, it is desirable to inject a

large amount of coolant onto the surface to increase the thermal

capacity of the film. However, it is necessary to keep the coolant

jets close to the surface in order to minimize the mixing that occurs

between the freestream and the coolant.

The earlier phase of this investigation [3], using a single row

of spanwise angled holes, studied the influence of the blowing ratio,

M, and the injection angle. Figure 9 shows that for all three angles

studied, the Stanton Number Reduction increased with blowing ratio

until a maximum level was reached at the optimum blowing ratio, Mopt*

Increasing the blowing ratio past Mopt resulted in a sharp decrease
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in the film cooling performance, which was attributed to coolant jet

detachment from the surface and penetration into the freestream.

Freestream-coolant mixing increases with penetration and any benefits

from additional thermal capacity were overwhelmed by the mixing process.

Excessive blowing can augment the mixing to such an extent that the

heat flux rises above the level obtained without film cooling.

Pedersen [15] conducted an investigation involving a single row of

holes at a fixed angle to study the influence of coolant-to-freestream

density ratio (1.0 - ► 4.0). He found that the maximum film cooling

performance was independent of the density ratio, dependent only on the

velocity ratio, Vc/V0., , These results were confirmed by LeBrocq, Launder,

and Pridden [13] and Launder and York [16] for a multiple row configur-

ation conducted on the same experimental a pparatus with streamwise

injection (A = 0°) along a flat plate. Three different density ratios

(1,1.6,4) were investigated and the blowing ratio for maximum film

cooling performance was found to be independent of the density ratio.

Multiple row studies [12], [16] have shown a similar trend with

blowing ratio for the first row, but farther downstream Launder and

York [16] and Mayle and Camarata [12] both have found a different trend.

After the sixth row, Launder and York [16] discovered that the film

cooling effectiveness decreased only slightly and then leveled off to

a constant value as the blowing ratio was increased past M opt . As

shown in Fiqure 8, Mayle and Camarata [12] found the save trend when

they made measurements of adiabatic effectiveness downstream of the

seventh row.

Sasaki, Takahara, Sakata, and Kumagai [17] investigated film

cooling in the stagnation region of a circular cylinder with two rows

of spanwise angled holes, one row located at 15° from stagnation and

the other located at 45 0 . Near the second row, the adiabatic effec-

tiveness increased until blowing reached an Mopt value of 0.5 to 0.6.

As the blowing ratio was increased past Mopt , the film cooling

effectiveness continually decreased. An unfortunate feature of their

results is that very few of their measurements were made in the stagna-

tion region of the cylinder.
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Except for the two row study of Sasaki, Takahara, Sakata, and

Kumagai [17], all other multiple row studies have been confined to a

uniform blowing distribution along the surface. However, the leading

edge of a turbine vane experiences a large variation in the blowing

ratio along the surface when a common plenum is used to feed all of

the coolant rows. The influence of a non-uniform blowing distribution

on the film cooling performance has yet to be discussed in the liter-

ature.

The ability of the coolant jets to remain close to the surface

depends greatly on the injection angle. The effect of both the a and

a angles on film cooling performance has been reported. Figure 9 from

the earlier phase of this investigation [3] demonstrates that increasing

the injection angle, B, causes the coolant jet to detach at a lower

blowing ratio and results in lowerlevels of film cooling performance.

Similar trends were discovered by Sasaki, Takahara, Sakata, and

Kamagai [17] for their two row study of spanwise injection in the

stagnation region. By decreasing the a angle from 90° to 30°, both the

value of Mopt and the level of the film cooling effectiveness were

found to increase.

The a angle has also been identified as a significant parameter in

determining the optimum blowing ratio. Film cooling flow visualization

studies have been conducted at the NASA Lewis Research Center for a

variety of injection configurations [10], [18], and [19]. The initial

investigation by Colladay and Russell [18] was conducted on a flat

plate using a three row staggered array with a 5 do spacing. For a

streamwise angled hole (a = 0°) with P = 30 0 , the coolant was observed

to detach from the surface at an M of 0.5. However, when a compound

angle (a = 45°, B = 30°) was employed, the jet remained attached to

the surface until the blowing ratio, M, reached 0.9. Photographs

showed a single, strong vortex filament downstream of each hole. It

was this strong vortex motion that kept the jets attached to the sur-

face at higher blowing rates than those observed for streamwise

y
	 injection.

Russell [19] continued this work by investigating the difference

between spanwise and compound angle injection. While the compound
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angle injection was found to produce a relatively tight and smooth

vortex, the spanwise injection created a loosely wound and erratic

vortex that visibly had more turbulent motion in it. Spanwise injec-

tion was observed to have more voids between the jets as they passed

downstream than that seen with compound injection. However, both

compound and spanwise injection kept the coolant jets close to the

surface up to the blowing ratio of 0.9, which is superior to the

streamwise injection case +,-;here the jets separated at a M of 0.5.

Pussell's [10] next investigation consisted of a single row of

spanwise angled holes (2 holes) on a circular cylinder. While the

film was found to penetrate farther from the surface as the injection

angle 6 was increased from 30° to 45°, photographs also revealed that

jet detachment from the surface is influenced by the location of

injection from stagnation, 0 i . Russell observed that detachment

occured at M = 1.13 for 0 i = 30 0 , but decreased to 0.86 for 0 i = 45°,

and to 0.70 for 0 i = 60°. Consequently, the optimum blowing condition

for film cooling in the stagnation region of a turbine vane has been

found to be a function of both injection angles, a and a, and the

location of injection from stagnation, 0 i , but not the density ratio,

pc/p'^.-

I.C.4. Freestream Conditions

Film cooling in the staqnation region is exposed to a large free-

stream pressure gradient that varies significantly around the leadinq

edge of a turbine vane. Film cooling studies have investigated the

influence of a pressure gradient imposed on a flat plate surface, with

the pressure gradient being characterized by an acceleration parameter,

K = (v.,/V2)(dV./dx). Liess [20], studying injection through a sinqle

row of streamwise angled holes (B = 35°, S/d o = 3.0) found that a

favorable pressure qradient (up to K = 1 : 10-6 ) resulted in a small

decrease of the film cooling effectiveness. Similar trends were dis-

covered by earlier slot film coolinq studies [21], [22], and by

Jabbari [23] who used two staggered rows of st-o-nwise angled holes.



26

Investigating a single row of streamwise (a = 0°) angled holes,

Kadotani [24] found that the lateral spreading of the coolant jets

decreased as the acceleration parameter, K. was increased. This re-

sulted in highly non-uniform spanwise profiles of the film cooling

adiabatic effectiveness. He concluded that as acceleration increased,

a decrease in the turbulent mixing within the boundary layer reduced

the lateral spreading.

Using a multiple row, streamwise angled coolant configuration,

Launder and York [16] applied a constant acceleration of K = 2 x 10-6

over their entire flat plate surface. Like Kadotani, they also observed

a decrease in the lateral spreading of the coolant. However, directly

behind the holes an increase in the adiabatic effectiveness was dis-

covered. Because the coolant jets were laminar just before they

emerged from the injection holes, Launder and York concluded that the

streamwise acceleration delayed the transition of the jet from laminar

to turbulent. This delay resulted in higher levels of adiabatic effec-

tiveness behind the holes until the coolant jets turned turbulent.

While studies have been conducted to investigate the influence of

constant acceleration on film cooling performance, the distribution of

the acceleration parameter, K, around a vane leading edge will not be

uniform, and the values of K in the front stagnation region (0° to 30°)

will be an order of magnitude greater than those studied by Launder

and York [16]. Presently, the literature is void of any results

pretaining to the influence of non-uniform acceleration across a

multiple row film cooling configuration.

The freestream turbulence intensity of the hot gases at the

combustor exit/turbine entry could be expected to have an effect on the

film cooling performance. Two-dimensional slot studies by Marek and

Tacina [25] have shown a decrease in film cooling adiabatic effective-

ness by as much as 50'. when the freestream turbulence intensity was

increased from 7 to 35". While the majority of multiple row studies

have been conducted in a low turbulence level wind tunnel, Launder and

York [16] conducted a study on their multiple row flat plate configura-

tion with a turbulence intensity of V. They concluded that the main

influence Of freestream turbulence was on the transition of the coolant
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jets from laminar to turbulent flow. Consequently, when the jet emerged

from the hole as turbulent flow, the freestream turbulence had little

effect on the film cooling effectiveness directly downstream of the

hole. They did observe a decrease of the lateral spreading in the flow

with higher turbulence intensity (6%). They reasoned that the turbu-

lent mixing at the outer edge of the boundary layer increases the

transport of coolant away from the wall, providing less coolant to be

spread laterally.

Extensive studies concerning the influence of freestream turbulence

on film cooling have been conducted by Kadotani [24] in an effort to

isolate the influence of turbulence intensity and of turbulence scale.

His investigations were run with a single row of streamwise angled

holes (a = 30°) on a flat plate. At low blowing ratios when the

coolant jets remain attached to the surface, the film cooling perfor-

mance was found to be sensitive to the turbulence intensity, which

governs the mixing process between the secondary flow and the free-

stream. For every scale size investigated, Kadotani found the

adiabatic effectiveness to continually decrease as the turbulence

intensity was increased. However, when the blowing ratio became large

enough for the coolant jets to detach from the surface, the jet pene-

tration into the freestream generated enough turbulence by itself

that the freestream turbulence intensity &d not have much effect on

the adiabatic effectiveness.

The effect of scale was established from the adiabatic effective-

ness contours measured by Kadatoni. When the scale was small, the

values of 
nadw 

were high close to the injection hole and the contours

stretched in the downstream direction. As the scale was increased, the

contours did not stretch as far downstream, but spread more laterally.

While the turbulence intensity was found to have little effect on the

lateral distribution of the adiabatic effectiveness, the turbulence

scale clearly did. As the scale was increased, the spanwise non-

uniformity of 
nadw 

became smaller and smaller. Therefore, while large

scale turbulence will promote turbulent mixing between the coolant

and mainstream, it will also promote rapid lateral spreading.
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Although the leading edge of a turbine vane will experience high

levels of freestream turbulence, the effect of the turbulence on the

film cooling process is uncertain. With multiple row film cooling,

the turbulence generated by the injection process may be large enough

that the freestream turbulence will not have any influence on the film

cooling process.

In summary, a review of the film cooling literature reveals that

most previous multi-row studies have been confined to flat plate con-

figurations and a majority of these have used negligible freestream-

to-coolant temperature ratios. The only reported work conducted in the

stagnation region of a circular cylinder or turbine vane has been the

flow visualization work of Russell [10], the work of Sasaki, Takahara,

Sakata, and Kamagai [17] for two rows of coolant holes, and the results

for a single row from the earlier phase of this investigation [3]. The

leading edge of the turbine vane experiences some unusual freestream

and coolant flow conditions that have yet to be investigated. These

include non-uniform blowing distributions around the surface, high

levels of non-uniform freestream acceleration around the surface, and

the combination of high freestream acceleration and turbulence inten-

sity levels. As will be discussed in the next section, the objective

of the present investigation was to study the influence of these

leading edge conditions on the film cooling performance.

1. D. Scope of Investigation

While almost all of the multi-row film cooling studies in the

literature have been confined to flat plate configurations, some of

the most severe heat loads are experienced by the leading edge of the

turbine vane. The purpose of this investigation was to obtain film

cooling data applicable to the stagnation region of c turbine vane

using the stagnation region of a circular cylinder, as shown in

Figure 10, to model the leading edge.

The primary purpose of the present investigation was to investi-

gate multiple row cooling configurations that are typical of present

and future turbine vane leading edge designs, and to simulate the

flow conditions typical of the turbine vane environment (e.g. Reynolds
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number, Rep, freestream-to-wall temperature ratio, T JTw , blowing level

and distribution, turbulence intensity). Hot combustion gases flowing

over the cylindrical, film cooled test surface were employed to simu-

late a Reynolds number (9 x 104 ) representative of high temperature,

high -ressure turbine designs. Internal cooling of the test cylinder

maintained the wall temperature near room temperature (294K), allowing

the use of a moderate gas temperature (500 K) to simulate a freestream-

to-wall temperature ratio of 1.7.

The film cooling experiments were conducted using either one,

three, or five rows of spanwise angled holes (S = 25 0 , a =90°). The

single row experiments were conducted to help provide an understanding

of the multiple row injection process. Hole-to-hole and row-to-row

spacings of 5 do and 10 do were used for the injection of room temper-

ature air (Tc z Tw) as film coolant. Miniature heat flux sensors

measured the local heat flux both with and without film coolant injec-

tion. The film cooling performance was determined in terms of the

Stanton Number Reduction, 1	 St
FC

 /St o.

The objectives of the present investigation were

1) to measure the spanwise (z/S) and streamwise (x/d o ) variation

of the Stanton Number Reduction behind the row or rows of holes

during coolant injection

2) to study the influence of row-to-row (P/do ) and hole-to-hole

(S/do ) spacing on the Stanton Number Reduction

3) to study the influence of uniform blowing (from M = 0.25 to

2.0) and non-uniform blowing on the Stanton Number Reduction

when multiple rows are used

4) to study the influence of the freestream turbulence intensity

on the Stanton Number Reduction

i
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II. EXPERIMENTAL INVESTIGATION

II.A. Modeling of Gas Turbine Environment

The objective of this research program was to investigate multiple

row film cooling under conditions characteristic of the leading edge of

a turbine vane. To model the leading edge region, geometric similarity

was obtained using the front stagnation region of a circular cylinder

in crossflow. Effective modeling of the convective heat transfer

environment on a turbine vane r°^. , jires the simulation of important

dimensionless parameters that govern the flow and heat transfer

phenomena.

A dimensional analysis of the continuity, momentum, and energy

equations [3] shows that the Nusselt number depends upon the following

parameters'.

Nu = f(x,y,z,ReD,Pr,Ec,L:,T./Tw)

where

Nu = hK

Re0
u

_^Pr	 K

V2
Ec = ĉ  .

D = cylinder diameter

' Due to the larqe temperature differences characteristic of the tur-

bine environment, viscosity and conductivity were represented as

exponentially dependent on temperature (Tc).

(16)
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Therefore, under conditions where the Prandtl number and the exponent E-

do not vary significantly, and the freestream kinetic energy available

for dissipation is small compared to the thermal energy (Ec << 1.0),

the heat transfer environment at elevated temperatures and pressures

can be simulated by reduced flow conditions if the Reynolds number, ReW

and freestream-to-wall temperature ratio, T./Tw , are maintained the

same.

Dimensional analysis has also been conducted for film cooling

along a surface [26] [27] and the Nusselt or Stanton number has been

shown to be a function of additional parameters when film cooling is

employed. Thus,

St = f(M,E c ,pc/p. ,d*/do ,coolant hole geometry) 	 (17)

where

_ T - T 	 _ PcVc

^c 7^ - Tw 	
M 

P.V.

Therefore, to model the influence of film cooling on the heat transfer,

the parameters listed in Eqn. (17) must also be duplicated to simulate

the stagnation region of a film cooled turbine vane.

II.B. General Description of Experimental Apparatus

The investigation of multiple row film cooling typical of a tur-

bine vane leading edge was conducted using a cylindrical test surface

exposed to a crossflow of heated air from a gas turbine combustor.

A description of the experimental apparatus is ^..asented in the

following sections.

II.6.1. Flow System

Figure 11 is a simplified schematic of the overall flow system

used in conducting this investigation. A photograph of the test cell

is presented in Figure 12. A blow-down facility provides an air flow

rate of -1.4 kg/sec with the air storage facility permitting a typical

run time of approximately 60 minutes. The air enters a gas turbine



O V

2
_oma

r^

^I

33

0

	

v	 E
E

	

L	 0	 E

	

o	
C n0

a^

_` E
.T ' O t? y t0

	

V	 O

•N
oo

d	 E
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v

ORIGINAL PAGE IS
OF POOR QUALITY

9

N
0
LL-

a
s

4-
0
U
•r

r6
E

UN

r-

ch
•r
LL



v

N

N

3
O

Q1

'r-
O

d
i..

O

O
s
d

CV

L

Q

U-

34



35

combustor, where methyl alcohol is burned to provide the nominal free-

stream condition of T - 500 K.

Downstream of the combustor the flow is dumped into a large

settling chamber (0.9 
in
	 diameter and 1.4 

in
	 which was in-

stalled to provide some crntrol of the turbulence intensity passing

through the test flow channel. The hot flow from the combustor is

directed against the dome end of the chamber and then passes through

three stainless steel fine mesh screens (0.43 mm diameter woven wire,

14 x 14 mesh, spaced 0.18 
in
	 The flow is accelerated through a

2:1 area contraction (designed following the recommendations of Morel

[281) to the chamber exit.

At the entrance to the flow channel, a stainless steel honeycomb

flow straightener (o.06 to long, 6.4 mm hexagonal cells, from 0.10 mm

thick stock) is maintained in position by a fine screen (20 x 20 mesh,

0.41 mm wire diameter). The flow channel sections, shown in Figure

11, have an open area of 0.46 
in
	 0.30 m. The turbulence screen, see

Figure 13, can be inserted between any two flow channel sections. Two

interchangeable screens were available for use in this investigation:

(1) fine screen, 1.60 mm diameter wires and a 4 x 4 mesh, (2) coarse

screen, 3.05 mm diameter wires and 4 x 4 mesh. By using the differ-

ent size screens and by placing the screens at different distances in

front of the test cylinder, different 12vels of turbulence intensity

were generated. Using the theory for decay of isotropic turbulence

-'ownstream from screens [291 [301, the turbulence intensity approaching

the test cylinder was estimated to be as high as 11

Upstream of the test section holding the cylinder, a special flow

channel section was positioned to allow the insertion of probes into

the flow stream. A traversing mechanism attached to the outside of

the flow section (see Figure 14) allowed a probe to to traversed

across the entire depth or width of the flow field. The schematic

drawing in Figure 15 illustrates the port locations where a probe was

inserted into the flow. Followinq the recommendations of Kestin and

Wood [311, the traversing ports were located 1 112 cylinder diameters

(or 0.23 m) upstream of the leading edge of the test cylinder to

eliminate any influence of the test cylinder )n the flow field.
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Fiqure IA. Photograph of the Traversing Mechanism



U14 

1
117

i

i
i

------- - Port 

I

t
	 Port 2Port 3

38

MIVPort 4(-;',	 s 	 M"1 Port 5

M 1'

t

i

Inside Area:

0.46 m by 0.30m
I

Figure 15. Schematic of the Probe Ports

i	 ORIGINAL PAGE 1~

OF POOR QUALITY

'	 ---



39

Downstream of the traversing probe, the test cylinder was held

in the flow channel with circular flanges. Each flange consisted of

two separate pieces which were held together by machine screws. As

the machine screws were tightened, o"rings between the two flange

pieces provided a pressure seal around the cylinder. By loosening the

machine screws holding the flange together, it was possible to rotate

the cylinder with respect to the flow channel.

The hot freestream flow passed over the test cylinder and was

exhausted to the atmosphere.

II.B.2. Test Cylinder

A schematic drawing of the test cylinder is shown in Figure 16.

The 0.15 m diameter cylinder, also shown in the photograph in Figure 17,

is a scaled up model of the leading edge of a turbine vane. The large

increase in size enabled the use of film coolant holes that were large

relative to the instrumentation that measured the surface heat flux

and temperature.

Three concentric cylinders were used to fabricate the 0.41 m long

test cylinder. The inner stainless steel cylinder with a 12.7 mm wall

is shown in Figures 18 and 19 at the beginning stages of fabrication.

As Figure 18 reveals, 14 channels were milled (6.3 mm deep) alona

the outside to form coolant channels for internal cooling of the test

cylinder. Figure 18 shows 6 channels where the flow area was con-

tracted for a short length. The reg ion where these contracted channels

were located corresponds to the film cooled part of the cylinder and

the contractions were necessary to provide space for the installation

of instrumentation. The holes shown in the photograph in Figure 19

were drilled into each end of the cylinder to provide inlet and exit

ports for each coolant channel. The stainless steel tubes emerging

from the holes were connected at both ends of the test cylinder to

cylindrical liquid coolant manifolds. A centrifugal pump provided

605 liter/min of water to the coolant channels. This maintained the

cylinder at room temperature when exposed to the hot (500 K)

I Jr
	

freestream flow.
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A second stainless steel cylinder, 1.59 mm thick, was slipped

over the inner cylinder. Electron beam welds were run along the

outlines of the coolant channels to seal each coolant channel. The

third cylinder, made of berrylium copper, was slipped over the stain-

less steel inner cylindrical assembly. A copper skin was chosen to

help maintain a uniform test surface temperature. The copper and

stainless steel cylinders were over brazed toqether and then electron

beam welded along the coolant channel outlines. To obtain the 0.15 m

diameter test cylinder, the outer copper skin was turned down to a

nominal thickness of 1.59 mm.

Film coolant holes were located in removable drop-in segments that

fit into five slots that were milled into the test cylinder (see Figure

16). The cylinder with the segments removed is shown in Fi gure 20.

As will be discussed in the next section, the holes in the surface

(seen in Figure 20) were for the installation of instrumentation. An

earlier photograph (Figure 17) showed the cylinder with solid segments

in place, resulting in a smooth cylindrical test surface. Fiqure 21

shows the top and bottom view of the three types of segments used in

this investigation: (1) the smooth, solid segment, (2) segment with

coolant holes at 10 d o spacing, and (3) segment with coolant holes at

5 do spacing. The segments, made of berrylium copper, have 4.76 MM

diameter coolant holes drilled through at an angle of 25 0 from the

surface. The photograph in Figure 22 illustrates the test cylinder

with the 10 d o segments installed. This configuration with three rows

of holes represents a 10 d o hole-to-hole and rote-to-row spacing.

From the back side of the segments, the coolant holes were

counterbored to a diameter of 6.3 nun and a short length of copper

tubing (6.3 irrn OD x 4.7L min ;D x 33.1 i 7in long) was inserted into

each hole. Air film coolant r,as supplied through plastic tubing

connected to the 6.3 mm tubes. The plastic tuhino for each row

of coolant holes was run through the hollow interior of the test

cylinder and was connected to an individual plenum. The air flow to

each of five coolant plenums was individually filtered, regulated

and measured. This separate control allowed the coolant flowrate

from each row of holes to be varied independently. The plastic tubing
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Fi aure 22 . Photocraph of the Test Cylinder with a
In d	 Hnl (, -ro-Hol( .4 r- i Roy,-to-Po4, Sparing
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supplying each hole in a given row was made identical to ensure equal

coolant flow through each hole in a given row.

II.B.3. Instrumentation and Measurements

The mass flow rates of the combustion air and fuel were measured

using flat-plate orifices (see Figure 12). Vaiidyne DP15 pressure

transducers were used to measure the differential and total pressures.

The freestream flow conditions (TT ,PT ,P) were measured in a plane

perpendicular to the flow and 0.23 m upstream of the leading edge of

the test cylinder. Vertical and horizontal traverses to map the

velocity and temperature fields in that plane were made with a wedge-

shaped, pitot-static.and total temperature probe (United Sensor, 0.61 m

long, 4.75 mm dia. head, and 4.53 mm dia. reinforcement tubing). A

Meriam inclined manometer was used to measure the pitot-static pressure

differential.

A DISA 55A75 hot wire probe was used to conduct turbulence in-

tensity measurements in the freestrean. The hot wire signal was

processed through a DISA anemometer (55M10) and linearized (55D10) and

monitored on a RMS voltmeter. The 0.31 m long hot wire probe had a

4.0 mm head with 9.8 mm diameter reinforcement tubing. The sensor

consisted of a 2.21 mm long 10 um diameter platinum-rhodium wire.

The photograph in Figure 20 shows the holes drilled in the test

cylinder surface for the installation of instrumentation. A view of

the instrw!*ntation installed in the film cooled region is shown in

the photograph in Fi gure 23.

A schematic diagram showing the location of the coolant holes and

cylinder instrumentation is presented in Figure 24. The coolant holes

shown by solid lines represent the hole-to-hole and row-to-row spacing

of S/do = P/do = 10. The additional holes shown by dashed lines

represent S/d o = P/do = 5.0. The location of the rows of coolant holes

relative to stagnation is specified by 6 i where subscript i = 1,2,

3,4,5 designates the rows one through five. The location of each row

of instrumentation is shown in degrees from stagnation and in terms

of the nondimensional coordinate, (x/d o ) i , i = 1,2,3,4,5, downstream
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(or upstream.) from row i. The spanwise location of the instrumentatioi

relative to the nearest upstream coolant hole is given in terms of the

nondimensional coordinate z/S. As Figure 24 demonstrates, the spanwise

location of the heat flux gages were chosen so the heat flux would be

measured at values of z/S of 0.00, 0.33, and 0.67 for both of the hole-

to-hole spacings studied (S/d = 5 and 10). The location of all

instrumentation in the test cylinder surface is summarized in Table 1.

In designing the test cylinder, the contraction of the water

coolant channels was dictated by the closeness of the coolant channels

to the slots for the drop-in segments and the need for enough land to

drill the instrumentation holes. These contractions, previously shown

in Figure 18, fixed the locations, (x/do ) i , possible for the installa-

tion of the heat flux gaqes. As Figures 23 and 24 revealed,

instrumentation holes were drilled so that each heat flux gage would

be bordered on either side by a thermocouple

Wall temperature measurements were made using copper-constantan

thermocouples mounted flush with the cylinder surface. Four copper-

constantan thermocouples were also mounted in each drop-in segment.

Holes drilled from the bottom side of each segment allowed the thermo-

couples to be placed 3.18 mm beneath the surface. The 63 thermocouples

along the cylinder surface and the 20 thermocouples in the drop-in

sengments were monitored by an Esterline Angus (PD2064) data acquisi-

tion system. The multi-channel data logger permitted a printed record

of the large number of temperature readings to be obtained quickly.

Surface static pressure measurements were made with hyperdermic

stainless steel tubing (1.37 mm OD, 0.81 mm 1D) inserted flush

with the cylindrical surface. Surface pressure measurements were

made in a differential form relative to the freestream static pressure

upstream of the cylinder. Meriam inclined manometers were used to

measure the differential pressure. While a majority of the thermo-

couples and pressure taps were located in the film cooled region, a

limited number were positioned around the entire cylinder surface.

Direct measurements of the surface heat flux were made using

miniature, Gardon type, thin foil heat flux gages (Model No. 2000,

Thermogage, Inc.). Figure 25 illustrates the operation of the heat

{• S ltd '



c) The,	 ouples

(x/d0)1
z/s

1 -3.5 .84
2 -3.5 .26
3 -3.5 .76
4 -3.5 .26
5 -1.5 .84
6 -1.5 .26
7 -1.5 .76
8 -1.5 .26
9 1.5 .84
10 1.5 .16
11 1,5 .50
12 1.5 .90
13 1.5 .76
14 1.5 .84
15 3.S .16
16 3.5 .50
17 3.5 .90
18 3.5 .76	 1

I-- - - - - - - - -
(x/do ) 2

- - - --
z/s

19 1.5 .84

20 1.5 .16

21 1.5 .50

22 1.5 .90

23 1.5 .76

24 3.5 .84

25 3.5 .16	 I

26 3.5 .50

27 3.5 .90

- -28 - - -3.5- - - i{
76

(x/do ) 3
-	 -i

z/s

29 1.5 .84	
130 1.5 .16

31 1.5 .50	 1

`
32 1.5 .90
33 1.5 .76
34 3.5 .00
35 3.5 - _33

---- ---- - -
(x/d o ) 4 z!s

36 1.5 .84	 1
37 1.5 .16
38 1.5 .50
39 1.5 .90
40 1,5 .76
4 1 3.5 .00	 1
42 3.5 .33

-- - - - - - - - - - - - - +

I
(x/do ) 5 z/s

43 1.5 .84
1

	

44 1.5 .16
45 1.5 .50	 1
46 1.5 .90
47 1.5 .76
48 5.1 C'
49 10.0 C
50 16.3 C	 j
51 29.4 C	 I
52 42.4 C
53 50.5 C
54 54.0 L
55 54.0 C
56 54.0 R
57 50.7 L
58 60.7 C
',9 60.7 R	 I
60 64.2 C
61 70.6 L
62 70.6 C
63 70.6 R

52

Table 1. Heat Flux. Pressure and Temperature Measurement Locations for 5/dow5

r

a) Heat Flux Gages

(x/do ) 1 	 z/s

1	 -3.5	 .00

2	 -3.5	 SO
3	 -^.S	 .00
4	 -1.S	 .00
5	 -1.5	 .SO
6	 -1.5	 .00
7	 1.5	 .00

8	 1.5	 .33
9	 1.5	 .67

10	 1.5	 .33
11	 3.5	 .00
12	 3.5	 .33
13	 3.5	 .67
14	 3.5	 .33

- - - -	 - -
(x/do)2	 i/s

15	 1.5	 .00
16	 1.5	 .33
17	 1.5	 .67
18	 1.5	 .33
19	 3.5	 .00
2C	 3.5	 .33
21	 3.5	 .67
22	 3.5	 .33

- - - - (
	

-x/do ) 3 	 z/s

23	 1.5	 .00
24	 1.5	 .33
25	 1.5	 .67
26	 1.5	 .33
--------------   - 

x/do ) 4 
	
z/s

27	 1.5	 .00
28	 1.5	 .33
29	 1.5	 .67
30	 1.5	 .33
-------------

(x/do ) 5 	z/s

31	 1.5	 .00
32	 1.5	 .33
33	 1.5	 .67
34	 1.5	 .33

b) Pressure Taps

(x/do ) 1 	 z/s

1	 -3.5	 .54
1	 -1.5	 .54

3	 1.5	 .04
4	 1.S	 .50
5	 3.5	 .04
6	 3.5	 .50

7	 1.5	 .04
8	 1.5	 .50
9	 3.5	 .04

10	 3.5	 .50	 _

(xid(--	
-- 

z/s

11	 1.5	 .04
12	 1.5	 .50
13	 3.5	 .04

-14 - 3.5	 .50 -

(x/d04 - - z/s

15	 1.5	 .18

16	 1.5	 .64
17	 3.5	 .04
18	 3.5	 .64	 -

- -	
(x/do)5 - - zls

19	 1.5	 .18
20	 1.5	 .50,
21	 5.1	 C'
22	 10.1	 C
23	 16.3	 C
24	 29.4	 C
25	 42.4	 C
26	 50.5	 C
27	 $4.0	 L
28	 54.0	 C
29	 54.0	 R
30	 60.7	 L
31	 60.7	 C
32	 60.7	 R

33	 64.2
34	 70.6	 L
35	 70.6	 C
36	 70.6	 R

r Outside of the film cooled region, the spanwise
location (2/s) of the pressure taps and thermo-
couples relative to the coolant holes is no longer
relevant. Therefore, the C. L. and R designations
indicate whether the instrumentation is year the
centerline of the cylinder or the left r,r right
end of the cylinder.

ORIGINAL PAGE IS
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flux gage.	 The operation of the gage is based on the incident heat

G flux on the thin constantan foil flowing radially to the cylindrical

copper body (heat sink), establishing a parabolic temperature profile

over the foil.	 The Thermoqage heat flux gage consisted of a constantan

t foil	 (0.025 mm	 thick,	 0.508 mm dia.) silver soldered to the end of a

cylindrical, copper tube. 	 The sensor was then press fitted into a

2.54 mm	 diameter copper plug. 	 The temperature difference that is

created between the center and the edge of the foil is dependent on

the magnitude of the incident heat flux.	 A fine copper wire is fused

to the center of the coil on its underneath side, while another copper

wire is fused to the copper body and the emf from these two thermo-

couple junctions is dependent on the temperature differences across

the foil	 (i.e.	 the incident heat flux).	 Con-incidentally,	 the variation

of the thermal conductivity of constantan with temperature and the

thermoelectric power of the copper-constantan thermocouple are such

that a linear relation between the heat flux and the emf from the

copper-constantan gage is produced (assuming the gage temperature re-

mains in the 283 K - 505 K range).

Due to the small size of the gages used, a microvolt signal is

produced. Therefore, the sensor must be matched with an operational

amplifier (gain - 1000) to provide a millivolt level signal. Since 34

gages were installed on the test cylinder, two gages were matched to

one amplifier through a switch to reduce the number of amplifiers re-

quired. Therefore, seventeen gages were read simultaneously with the

output from the amplifiers fed to a multichannel oscillograph and the

Esterline Angus data logger. The oscillograph allowed a continuous

record of the heat flux to be recorded while a digital printout was

obtained from the data logger.

The film coolant air flow rate for each row of holes was measured

with a hot wire mass flow meter (Thermo Systf is, Inc. Model 1352). A

total of five hot wire flow meters allowed the flow through each row

to be measured separately. As mentioned in the previous section,

copper tubing (6.3 mm OD) was inserted into the counter bore of the

coolant holes in the back of each segment. A copper-constantan thermo-

couple was mounted in the center of the central tube in each

- _ 	 r'i_ yr rt
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segment to measure the temperature of the coolant as it emerged from

the segment.

II.C. Description of Experiment

This experimental program was conducted to investigate the reduc-

tion in the local heat flux due to film cooling from multiple row

injection on the leading edge of a cylindrical test surface with flow

conditions chosen to simulate the film cooling typical of the leading

edge of a turbine vane. To ensure that the experiment modeled repre-

sentative leading edge conditions, a survey of the engine companies

was made to determine flow conditions and hole geometry typical of

current and future leading edge designs. Table 2 shows the range of

parameters important in.film cooling the leading edge of turbine vanes

and the specific values of each parameter being matched in this

investigation.

Although the 0.15n cylinder was scaled up in size, a Reynolds

number of 9 x 104 based on the leading edge diameter closely matches

typical engine conditions. In the present study, a moderate free-

stream gas temperature (- 500 K ) and water cooling of the test cylinder

to maintain the surface near room temperature (- 294 0, provided a
freestream-to-wall temperature ratio of 1.7. The use of a copper skin

helped maintain an approximately isothermal wall condition. As the

discussion in Section II.A revealed, the Reynolds number and free-

stream-to-wall temperature ratio are important parameters in modeling

the convective heat transfer environment.

The turbulence intensity approaching the leadinq edge of the

cylinder was varied by the use of screens. The screens were sized to

increase the clear wind tunnel turbulence intensity of 4% up to as

high as 11%.

The freestream Mach number was the one parameter not simulated

in the present investigation due to the low flow velocity through the

wind tunnel (- 14.3n/sec). However, studies by Liess [20] and Papell

and Trout [32] have shown that the effect of Mach number (particularly

at low subsonic values) has no influence on the film cooling

performance.
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The film cooling geometry investigated was selected to fall within

the range for engine conditions listed in Table 2. A spanwise angle of

250 was chosen, although the versatility of the test cylinder allows

new drop-in segments to be made with a different injection angle. Two

different hole and row spacings were studied. The first, S/do a P/do

5 do , was selected to closely match engine condtions. The second

spacing, S/do = P/do = 10 do , was chosen because of the trend in

future engine designs toward larger hole spacings. The two spacings,

5 do and 10 do , also correspond to the spacings used in the numerous

investigations conducted at Stanford [14] [26] [33] for multiple row

film cooling on a flat plate.

The selection of a hole and row spacing of 5 d o permitted the use

of five rows of holes. The angular location of these rows with re-

pect to stagnation (see Figure 24) were: 6 1 = 5
0
, 62 = 22.9°,

e3 = 40.8°, 64 = 58.1 0 , 6 5 = 76.60 . The first row was positioned

slightly away from the stagnation line to avoid the problem of de-

fining the blowing ratio at the stagnation line.

The investigation of a hole and row spacing of 10 d o resulted in

3 rows of holes to cover the same area. The two intermediate slots

were filled with smooth, solid segments as illustrated in Figure 22.

The angular location of the three row configuration (see Figure 24)

were: 6 1 = 50 , 6 3 = 40.8
0
, 6 5 = 76.6°. Additional experiments with

the 10 d o spacing were conducted with two rows of holes by positioning

the cylinder with the first row at 6 2 = 22.9 0 and the second row at

04 = 58.7 0 . The third row located at 94.5 0 was not employed.

The acceleration of the freestream in the stagnation region of

the test cylinder is characterized by the acceleration parameter, K.

For each of the five injection locations, the K values i were:

Injection location
	

5°	 22.9°
	

40.80	 58.7 0	76.60

Acceleration parameter, K x 10 5 = 200	 9.4
	

2.7	 1.1	 0.37

t The values of were calculated from incompressible potential flow
for a cylinder in cross flow with a correction for blockage.
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The coolant hole diameter was selected so the local boundary

layer displacement thickness-to-coolant hole diameter ratio (d*/do)

would approach the values found on actual leading edge designs.

However, the need for internal cooling of the test cylinder and the

space required for the installation of instrumentation, the width of

the drop-in segment, and subsequently the coolant hole diameter, was

restricted. The largest possible coolant hole, 4.76 mm diameter,

was used. This resulted in a ratio d*/do of 0.032tt for the test

cylinder, while the values of d*/d o on current engines range from

0.01 to 0.025. Although the 6*/d
0
 value on the test cylinder was

somewhat larger, Liess [20] found in his investigation of single row

film cooling that for values of d*/do less than 0.1, the film cooling

performance was unaffected.

One of the most crucial parameters influencing the film cooling

performance is the blowing ratio, M. Table 2 shows the M values

typically found along a vane leading edge. All multiple row studies

conducted on a flat plate have established a uniform M distribution

along the rows of holes with M defined as the mass flux of the

coolant over the local mass flux of the freestream. The leading edge

of a vane presents a very different situation. The multiple rows in

the stagnation region are generally fed by a common plenum and the

pressure distribution around the vane surface results ir, a different

coolant mass flux at different row locations. In addition, the local

velocity of the freestream around the vane varies. Variations in the

coolant and local freestream mass velocity result in a non-uniform

distribution of M for multiple rows in the stagnation region. The

blowing ratio for rows fed from a common plenum was modeled as shown

in Appendix 1. and the blowing distribution was shown to be a function

of two parameters, the freestream total pressure-to-plenum coolant

pressure ratio (P T /PT« )and the freestream approach Mach number, Ma., o*

Selecting values for PT /PTT and Ma. 
'o 

typical of actual leading edge

designs, the non-uniform blowing distributions computed in Appendix 1

are presented in Table 3.

tt The value of b*/do was calculated for a cylinder in crossflow usiny
the integral momentum boundary layer equation [35).
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Table 3. Blowing Ratio, M, for Multiple Rows with Common Plenum
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The investigation of the influence of coolant blowing ratio was

divided into three parts. The first part involved blowing from a

single row only. Experiments were conducted using the multiple row

configurations to obtain data when each row was blowing along. The

result: for single row blowing were used to help isolate the row-to-row

interactions within the multiple row configurations. The second part

used a uniform ( i.e. constant M) plowing distribution for the m0 tiple

rows of holes with M being varied from 0 to 2.0. The third part of the

study investigated non-uniform blowing distributions representative of

a c(xrmon plenum supply.

The dimensionless coolant temperature, 0 c , listed in Table 2

varies from 1.4 to 2.0 in actual leading edge designs. The present

investigation employed reduced temperature conditions with the cylinder

surface maintained at approximately room temperature (' 70°F). To

obtain a value of 0c of 1.5 would have required a coolant temperature

of 191 K.	 The present phase of the investigation was conducted with

0c = 1.0 (Tc = Tw ! to avoid the difficulty in obtaining such low

coolant exit temperatures. This value of e  corresponds to the trans-

piration case and Colladay [34] has shown that when considering a

combination of internal convection cooling and external film cooling,

optimum cooling of the vane is achieved when 0c = 1.0. However, to

apply the results from the present investigation to actual design con-

ditions where ec :' 1.0, one would have to use the linear theory developed

by Choe, Kays, and Moffat [9] to determine the Stanton number ratio for

the pertinent value of 0 c . Usinq the data f^r h'/h o which has been

published in the literature and extrapo'ating a line through the pre-

sent results at Oc 2 1.0, it would be possible to estimate the film

cooling performance at higher values of -^ c . A follow-on phase of the

study of stagnation region film cooling currently in progress is con-

ducting experiments to obtain data for -: c > 1.0.
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f^

II.D. Data Reduction

During each experimental run, the following measurements were

recorded: a) the freestream total temperature, the freestream total

pressure, and the freestream total-to-static pressure difference,

upstream of the cylinder, b) the cylinder wall temperature and wall

heat flux distributions, c) the coolant mass flow rate and the coolant

exit temperature for each row. These values were then used to compute

the parameters needed to evaluate the film cooling performance. To

ensure that no changes occurred in the freestream or surface

conditions during a run, the dry wall heat flux was measured both

before and after the film cooling experiments as well as several

times during the experiments (between the heat flux measurements for

two different blowing conditions). This provided a check on both the

heat transfer environment and the performance of the heat flux gages.

The freestream total temperature and total-to-static pressure

ratio were used to determine the freestream Mach number, Ma.,o,

velocity, V ,, , and static temperature. The Reynolds number was
,o

calculated using the cylinder diameter. Following convention in

the gas turbine industry, a mean film temperature, TM = (T. + Tw)/2,

was used to determine the density and viscosity in the Reynolds

number. The perfect gas law was used to compute the density and

other physical properties of the freestream (u, k, y, Mol. Wt.)

were determined from Ref. 36.

The local freestream velocity around the cylinder, V im , was

computed from incompressible potential flow theory. The expression

for a cylinder in an infinite freestream was corrected to account

for tunnel blockage effects yielding

V. = C 2 Vmo sine

The tunnel blockage correction, C, was calculated by determining the

potential flow over a large number of cylinders (of same diameter)

above and below the test cylinder of interest. The spacing between

the cylinder axes was chosen to locate the mid-streamline (symmetry

line), between the test cylinder and the cylinder above, to coincide

with the upper tunnel wall. The correction for the freestream
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velocity at the location of the coolant holes was

Degrees from Stagnation e 1 = 50 6 2=22.9° 0 3=40.8° 64= 58.1° 05=76.6°

Correction Factor, C =	 1.089	 1.091	 1.093	 1.097	 1.099

For the experiments without film cooling, the surface heat flux

and the freestream-to-wall temperature difference were used to compute

the local convective heat transfer coefficient.

ho
 = T. 

T	 (18)
w,o

The subscript o designation indicates no film coolant flow (i.e. dry

wall). The thermocouples on either side of each heat flux gage were

averaged to determine the wall temperature at the gage. Therefore,

the dry wall heat transfer coefficient, h o , was computed directly from

the recorded values of heat flux, wall temperature, and freestream

temperature. Using a value of thermal conductivity evaluated at the

mean film temperature, Tm, the Nusselt number, based on the cylinder

diameter, was calculated from ho.

For the experiments with film coolant flow, the heat flux and the

freestream-to-wall temperature difference were used to compute a local

convective heat transfer coefficient with film cooling.

qII

hFC = Tw,FCT —
	

(19)
T",	 w,FC

The subscript FC designation indicates with film cooling.

The influence of film cool ina was determined by the ratio of the heat

transfer coefficients, h FC/ho . Since the freestream parameters do not

change with film cooling (i.e. p .,V. ,c p remain constant with or with-

out coolant injection), the heat transfer coefficient ratio is

equivalent to the Stanton number ratio.

h FC 	 StFC	
(20)

ho	St 
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where

St =	 h
P'J.cp00

and

V. = local freestream velocity along the cylinder

The film cooling results in this investigation are given as a percentage

reduction in the Stanton number due to film cooling which is defined as

1 -

St
StFC = the Stanton Number Reduction 	 (21)

0

Computation of the film cooling blowing parameters, M,V c/V. and I,

was based on the assumption of equal flow through all of the coolant

holes in a particular row. The mass flux of the coolant (p cVc ) was

determined from the measured coolant flow rate and the number and

diameter of the coolant holes. The local freestream mass flux, pj..

was determined from the local freestream velocity, VCO 3 at the location

of the row of coolant holes and the freestream density, p. 
'o , 

assuming

incompressible flow. The local injection blowing ratio was calculated

as M = (pcVc)/(p.V^). The freestream-to-coolant density ratio was

determined by using the perfect gas law and assuming the pressure of

the coolant emerging from the hole (P c ) equals the local static pressure

(P.). Having determined the values of M and p c/per , the coolant-to-

freestream velocity ratio (Vc/V.) and the momentum flux ratio

(Pcvc/POV.) were computed.

Each experimental test was limited to a steady state run time of

approximately 1 hour due to the capacity of the air supply facility.

The data collected from each test was inserted into a data reduction

computer program to perform all of the calculations described in this

section.

A detailed discussion of the results from the experimental

investigation is given in the next four sections.
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III. Freestream Conditions and Meat Transfer without Film Cooling

The present investigation was denoted to matching important

parameters typical of the turbine vane environment such as the Reynolds

number, Rep , and the freestream-to-wall temperature ratio, T ./Tw. For

all experimental runs, the following nominal test conditions were

maintained: (a) Reynolds number (based on leading edge diameter) of

9 x 104 (+ MIA)), and (b) freestream-to-wall temperature ratio of 1.7

(± 1.5%) using a freestream gas temperature of 500 K (+ 3 K) and a

nearly uniform wall temperature of 294 K (± 3 K). A preliminary

investigation was conducted to survey the freestream flow conditions and

the cylinder wall temperature distribution, and to determine the

cylinder pressure and heat flux distributions (without film cooling)

zharacteristic of the experimental apparatus. The results of the

preliminary investigation are presented in this section.

III.A. Freestream Conditions

All experiments were conducted with the wind tunnel exhausting

directly to the atmosphere. All freestream profile data were measured

1 112 cylinder diameters (0.23 m) upstream of the leading edge of the

cylinder following the recommendations of Kestin and Wood [31]. The

port locations where each traverse was obtained are shown in Figure 15.

The freestream vertical and horizontal velocity profiles are

shown in nondimensional form in Figures 26 and 27, respectively. The

velocity profiles in Figure 26 are presented as a function of the wind

tunnel height. The profile at Port 1, traversing along the centerline

of the tunnel, shows a variation of less than 3r across the entire

tunnel. Within the cross-sectional region covered by the frontal area

of the cylinder (the shaded region in Fiqure 26), the variation was

less than la. The profile at Port 5, located halfway between Port 1

and the tunnel side wall, shows a slightly larger variation across
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 143

0
12

ED

0 10

w

co 8

vz
w 6
U
z

4
Q

/cr^e

MA

COD

TEMP = 500 K

o	 PORT 1
RE D = 9.0 X 104

Vi = 14,4 M /SEC

e PORT S

RE D = 9.0 X 104

Vj = 14.4 M /SEC

2

0 L-
.8
	

.9	 1.0	 1.1
	

1.2

V/Vi

Figure 26. Vertical Freestream Velocity Profiles

.•4



.^ p

V^ = 14.4 WSEC
M

1.2

1.1

cJ

^ 1.0

.9

.8

o g^

o	 ^
e	 e

e	 e	 e	 e	 e0
°e

0	 2	 4	 6	 6	 10	 12
DISTRNCE(INCHES) FROM SIDE WALL

Figure 27. Horizontal Freestream Velocity Profiles

1
.-6



a r

61

the tunnel, but never exceeded 6%. Within the cylinder frontal region,

the variation was less than 3%. Therefore, the vertical velocity pro-

file, particularly the region covered by the cylinder frontal area,

was very uniform.

The horizontal velocity profiles in Figure 21 are presented as a

function of the wind tunnel width. Refering back to Figure 15, Port 2

enabled a traverse along the centerline of the tunnel, while Port 6 is

located halfway between Port 2 and the top of the wind tunnel. The

profile at Port 2 was very flat in the center of the tunnel, and only

as it approached the walls (within 2 in.) did any variation occur.

However, this variation did not exceed 5%. Similar results were

obtained for the horizontal profile from Port 6. A flat profile was

measured in the center of the tunnel, with the variation not exceeding

2% as the side walls were approached. Figures 26 and 21 confirm that

a uniform freestream velocity approached the test cylinder.

Figures 28 and 29, showing the vertical and horizontal non-

dimensional freestream total temperature profiles are presented in the

same format as the velocity profiles. The profiles from Ports 1 and 5,

Figure 28, are in close agreement. Across the entire tunnel, the

variation of temperature never exceeded 2%. Within the region covered

by the frontal area of the cylinder, the variation was less than 1%.

The data for horizontal traverses in Figuer 29 also shows the profiles

from Ports 2 and 6 in close agreement. Again, the variation of

temperature across the entire tunnel never exceeded 2%. Figures 28

and 29 confirm that a uniform freestream total temperature approached

the test cylinder.

To complete the documentation of the freestream flow conditions,

the turbulence intensity, Tu ( u'/u), was measured under cold flow

conditions in the vertical plane (Port 1) with different types of

screens inserted into the tunnel. Figure 30 presents profiles of

turbulence intensity as a function of tunnel height with the frontal

area of the cylinder represented by the shaded region. A wind tunnel

Reynolds number per length, defined as ( pV/u).with properties
,o

evaluated at Two , identical to the wind tunnel Reynolds number used in

all of the experiments, was maintained at 1.2 x 10 5 per ft. for all
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b

r	 three profiles. With the open wind tunnel (no screen inserted), the

hot wire measurements shcw a turbulence intensity of 4.4% s 0.3% within

the region approaching the cylinder. Outside of this region, the in-

tensity droped to between 3.5 to 3.7%, but increased to - 4.5% as the

top and bottom walls were approached.

Insertion of the screens into the tunnel was made 0.11 m upstream

of the traversing hot wire. The fine screen, consisting of 1.60 em

diameter wire with a 4 x 4 mesh, was predicted to generate a turbulence

intensity of 5.5%. The hot wire measurements within the region

approaching the cylinder showed a turbulence intensity of 4.8% ± 0.1%.

Outside of this region. the turbulence intensity decreased slightly

(minimum value of 4.3%). Therefore, while the fine screen provided a

slightly higher level of turbulence intensity compared to the open

wind tunnel, the fine screen did generate a more uniform profile.

The coarse screen, consisting of 3.05 mm diameter wire with a

4 x 4 mesh, was predicted to generate a turbulence intensity of 11%.

To produce this high level of turbulence, a coarse screen with a high

area blockage ratio was used. While the profile for the coarse screen

was more non-uniform, in the region covered by the frontal area of the

cylinder the turbulence intensity was fairly uniform at 9.7% ± 0.4%.

Although this value is slightly less than the predicted value of 11%,

it still represents a substantial increase in the turbulence intensity

over that measured with the open tunnel or with the fine screen

inserted.

III.B. Cylinder Tempera ture Distribution

The fourteen internal coolant channels distributed around the

cylinder surface and the use of a copper skin and copper segments re-

sulted in a cylinder surface temperature that was approximately iso-

thermal. Thermocouples, distributed along the cylinder surface, were

used to measure the wall temperature around the circumference of the

cylinder. Figure 24 shows the location (e) of the wall thermocouples

arranged in rows at selected angular positions relative to stagnation.

In addition, four thermocouples were located in each drop-in segment

to measure the segment wall temperature in the film cooled region.

9
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For each experimental test, a nominal wall temperature, T 	 , was
w,nom

computed as the average of the temperature from the 47 wall thermo-

couples shown in Figure 24. For each row of thermocouples at a

particular 6, the temperatures were averaged to obtain a local Tavg'

Figure 31 shows the average wall temperature distribution,

(Tav - T	 )/Tw,nom, along the film cooled region of the cylinder

for one representative experimental test. For this case, the variation

of 
Tw,avg 

from 
Tw,nom 

did not exceed 1.9% (i.e. 10°R). For all exper-

imental tests, the variation of 
Tw,avg 

from 
Tw,nom 

did not exceed 2.3%

(i.e. 12 0R). For the thermocouples in a row at a particular H, the

maximum-to-minimum variation in local temperature was typically 2 to

3 K and was never greater than 7 K. 	 The four thermocouples in each

segment were averaged to compute a segment temperature. As demon-

strated in Figure 31, the segment temperatures were typically 6 - 7 K

less than the 
Tw,nom 

value. For all experimental tests, this differ-

ence was never greater than 9 K.

III.0 Cylinder Pressure Distribution

The nature of the boundary layer development on the film cooled

region of the cylinder was investigated by measurements of the pressure

distribution around the cylinder using the solid segments (i.e. no film

cooling holes). Before discussing the data from the present study, a

short review of some previous cylinder drag and pressure distribution

measurements is presented to help in understanding the relationship

to the boundary layer development.

Numerous studies concerning the drag on a cylinder (which are

summarized in Schlicting [35]) have shown that the drag coefficient,

CD , remains constant between a Reynolds number of 1 x 10 4 and 2 x 105.

However, between the Reynolds numbers of 2 x 10 5 and 5 x 105 , CD drops

rapidly, and the Re  range where this rapid drop occurs is referred to

as the critical range. Flow with Reynolds numbers less then the minimum

value of the critical range are called subcritical, while flow with Re 

values in excess of the maximum value of the critical range are called

supercritical.
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This sharp decrease in drag is related to the toundary layer

development on the cylinder. The favorable pressure Crad:,ont on the

front portion of the cylinder aids in maintaining an attached boundary

layer while the adverse pressure gradient characteristic of the rear

portion promotes boundary layer separation. As with all blunt bodies,

a laminar boundary layer develops from the front stagnation line on

the cylinder.

For a subcritical Rea, the laminar boundary layer develops until

the adverse pres=ure gradient on the rear portion of the cylinder causes

the boundary layer to separate about 80° from stagnation. This leaves

the rear portion of the cylinder in a low pressure wake, causing a high

form drag. When the Reynolds number is in the supercritical range, the

developing laminar boundary layer transitions tc a turbulent one before

experiencing the influence of the adverse pressure gradient. The tur-

bulent boundary layer subsequently remains attached further along the

surface, and the point of separation moves downstream on the cylinder

surface (beyond the 90" point) reducing the low pressure wake and re-

sulting in a lowe r drag force. Conse quently, it is the transition of

the boundary layer from laminar to turbulent that results in the sharp

decrease in drag when Re a is in the critical range.

The critical Reynolds number range listed above (2 x 10 5 to

5 x 105 ) corresponds to a smooth cylinder in 9 wind tunnel with a low

level of turbulence intensity (- 0.5%). Both surface roughness and

freestream turbulence will influence the critical Reynolds number

range where the laminar to turbulent transition occurs. An increase

in either the roughness or the turbulence will reduce the Reynolds

number defining the critical range.

The cylinder pressure distribution from this investigation is

presented in Figur3 32, Cp = (Pw - P. ,o )/(PTA P^) o , along with the

data of Achenback X37]. Achenbach's data were obtained in a wind

tunnel with a turbulence intensity of 0.7% and cylinder blockage-to-

tunnel area ratio of 1:6. The pressure data for the present

investigation were obtained in a wind tunnel with a turbulence inten-

sity of - 4.4% and A cylinder blockaqe-to-tunnel area ratio of 1:3.

IPI •_
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The potential flow pressure distribution computed for incompres-

sible flow over a cylinder is presented in Figure 32 for both an

infinite freestream and a freestream within a wind tunnel. The

potential flow solution for the infinite freestream was corrected

to account for the cylinder-to-tunnel blockage ratio, 1:3, used

in the present study. The results of Achenbach [37] are represented

by the two dashed lines. The Achenbach data for Rep = 1.0 x 105

corresponds to subcritical flow. The C  distribution is seen to

decrease continually as 6 increases from the stagnation line until

a minimum C  of -1.75 is reached at 6 z 700 . With the laminar

boundary layer separating at 6 z 80 0 , the wake region behind the

cylinder obtains a C p value of -1.15. The Achenbach data for

Rep = 2.6 x 105 , represented by the dashed line, corresponds to

flow approaching the critical range. The C  distribution follows the

trend established by the subcritical flow for the first 50° from

stagnation. However, beyond 6 = 50°, the C  for Re p = 2.6 x 105

continues to decrease reaching a minimum 
(Cp,min	

-2.25) at

6 z 75° with separation effects evident in the range of e z 100°.

The Achenbach data for subcritical flow, Re p = 1.0 x 105 , were

chosen for comparison with the data from the present study obtained

at Rep = 9 x 104 . However, the data from the present study, shown

in Figure 32, follow the trends established by the Achenbach data for

Rep = 2.6 x 105 . A minimum point (C p = -3.00) was reached at

e z 75° and the pressure rise to the constant value in the wake

occurred in the range of e z 100 0 . Although the trends are sinilar,

the experimental data do not fall along the Achenbach curve for

Re  = 2.6 x 105 . The magnitude of the C0 minimum and the C  value

in the wake region are larger than those measured by Achenbach.

This difference can be attributed to the larger cylinder blockage-

to-tunnel area ratio used in this study, 1:3, as compared with the

1:6 ratio for the Achenbach study. As Figure 32 demonstrates,

the experimental data for the first 60' from stagnation closely
3
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follow the potential flow curve when it has been corrected for the

cylinder-tunnel blockage effect. While the magnitudes of the C 

values may differ, the patterns established by the experimental

data from this investigation and the Achenbach curve for

Re  = 2.6 x 105 are the same (location of C  minimum, location of

boundary layer separation, etc.). Therefore, it was concluded

that the boundary layer development on the test cylinder in the

present investigation was typical of that observed for flow

approaching the critical range. This flow behavior at

Re  = 9 x 104 is attributed to the higher freestream turbulence

intensity and the larger cylinder-to-tunnel blockage in the

present study. The data for cylinder surface pressure distribution

confirm the existence of an attached boundary layer on the front

portion of the test cylinder covering the entire film cooled region.

Some wall pressure data also were obtained with the turbulence

screen: inserted in the wind tunnel. During these experiments, the

solid segments in the cylinder were replaced by segments with film

cooling holes with a spacing of S/d o = 5. Figure 33 shows the data

for the fine and coarse screens in addition to the open wind tunnel

results previously shown in Figure 32. The data with the turbulence

screens follows the trend previously established by the open tunnel

data.
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III.D. Cylinder Heat Flux Distribution

The next phase of the preliminary investigation was a study of

the heat transfer to the cylindrical test surface without film cooling;

hereafter referred to as dry wall heat transfer. By changing the

orientation of the cylinder, it was possible to position the heat flux

gages at different locations relative to stagnation and thereby deter-

mine the dry wall heat transfer as a function of position relative to

stagnation, e. The objectives of this phase of the study were:

1) to establish a standard calibration curve for the heat flux

gages to detect any deterioration in gage performance during

the course of the investigation

2) to compare the data from this study with previous investiga-

tions of cylinder heat transfer

3) to determine the influence of freestream turbulence intensity

on the dry wall transfer

4) to determine the influence of surface roughness on the heat

transfer due to the fit of the drop-in segments in the

cylinder and the film coolant holes drilled in the segments.

In general, the heat transfer distribution around a cylinder is

correlated with the Nusselt and Reynolds numbers, and the results are

commonly presented in the fora of NuD/A—e 
D 

as a function of the angular

position on the cylinder, 8. The Reynolds number defined earlier in

this study, which is commonly used in the gas turbine industry, was

based on the density and viscosity being evaluated at a mean temper-

ature, Tm = (T. + Tw)/2. However, past investigators of dry wall heat

transfer around a cylinder have correlated their results using a

Reynolds number based on the freestream density with the viscosity in

the Reynolds number and the conductivity in the Nusselt number

evaluated at the mean temperature. In the discussion of the dry wall

heat transfer results from this investigation, a Reynolds number based

on the freestream density, Rep, is employed. For the present investi-

gation, with Re  = 9 x 104 , the Reynolds number used to present the

dry wall results is Rep = 1.1 x 104 . The use of this alternate

definition of Reynolds number, Rep, is limited to the discussion of

the dry wail heat transfer.
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Previous investigations have measured the local heat transfer on

cylindrical test surfaces. Figure 34 presents the results from five

different studies at Reynolds numbers close to the value Rep - 7.1 x 104

characterizing the present investigation. The heat transfer data of

Seban [38], Giedt [39], and Zapp [40] were all obtained in wind tunnels

with a freestream turbulence intensity of approximately 1%. The study

by Achenbach [41] had a freestream turbulence intensity of 0.45% and the

mass transfer study by Kestin and Wood [42] had a freestream turbulence

intensity of 0.2%. The mass transfer results of Kestin and Wood [42]

were converted using the heat-mass transfer analogy where

NuD = Sh 

(7)

Pr 113(22)

^eD
D	 D

Sh = 7 , Sherwood number

Sc = U , Schmidt number

b = mass transfer coefficient

D = coefficient of binary diffusion

The results from all five investigations are in good agreement at the

stagnation line on the cylinder where the Nu D/^ ratio is approxi-

mately 1.0. The data of Seban are somewhat higher for e ' 50°. The

results represent the trend of Nu D/Xè,^ versus a characteristic of the

development of a laminar boundary layer along the front portion of

the cylinder.

The heat flux levels on the test cylinder of the present investi-

gation were measured with heat flux gages (see Section II.B.3)

permitting local heat transfer measurements on the cylindrical surface.

Experiments were condicted to verify the manufacturer's gage calibra-

tion as follows. The cylinder was tested in the wind tunnel with a

nominal Reynolds number (Re*) of 7.1 x 104 , a nominal freestream gas
F

temperature of 900°R and a nominal wall temperature of 530 0 R, to

Lam ^.• -
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measure the heat transfer rate indicated by each gage when it was

positioned at the stagnation line. The gages were installed in the

test cylinder with three or four gages located in a row (spanwise

direction) with a total of nine rows of gages covering the film cooled

region of the cylinder. A series of experiments were conducted with

each row positioned at the stagnation line, and Figure 35 shows the re-

sults obtained. The position of the gage in a row is indicated by the

different data symbols. (Refer back to Section II.B.3. for a more

detailed description of the heat flux gage locations on the cylinder

surface.)

Figure 35 shows that the results for row nine have a calibration

error and, therefore, those results were deleted from the following

discussion of gage calibration standardization. The results for the

gages in rows 1 through 8 show that 80% of them yield data in a band-

width of ±12.5% around the value Nu p/v"eD = 1.2. The cause of this data

scatter is attributed to several sources. First, while the Reynolds

number (Rep), freestream gas temperature, and wall temperature were

maintained constant for each experimental run, the reproducibility of

the results for a particular gage was determined to be ± 6%. Second,

possible errors in the manufacturer's calibration for some of the

gages could have contributed to increased data scatter. Finally, the

heat flux gages made local measurements of the heat flux to the sur-

face. Although all the gages in a row were at the stagnation line

simultaneously, any local variations in the external flow or the

cylinder surface conditions in the spanwise direction would lead to

different heat flux levels along the row of gages. It is expected

that a combination of these three factors contributed to the data

scatter seen in Figure 35.

A least squares fit of the data in Figure 35 (excluding row nine)

was conducted first of the data inside the ± 12.5% data band and second

of all the data points. The least squares value for both cases gave

a stagnation line value of Nu p/ ►^ = 1.25. To standardize the output

for all heat flux gages, the calibration factor for each gage was

adjusted so that each gage indicated a stagnation line value of
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Nup/Ae-7D - 1.25. The adjusted heat flux gage calibration was used in

all subsequent results in the present investigation.

Repositioning the cylinder on subsequent experiments allowed

each row of gages to be placed on the stagnation line. While one row

of gages was at stagnation, the other eight rows were at various e

locations around the cylinder. This provided data for Nup/^ as a

function of angular distance from stagnation, 8, as shown in Figure 36.

A least squares fit of the data yielded

Nup = 1.22 - (3.26 x 10 -3 )e + (8.48 x 10-5)82

- (1.54 x 10-6 )83	(23)

with data bandwidth of ± 7% of the stagnation value. The heat flux

distribution shown in Figure 36 provided a standard against which the

indication from each heat flux gage was checked to monitor any deterior-

ation in the performance of the gages.

Figure 37 shows the least squares fit of the dry wall heat trans-

fer from the present study compared to the results from previous

investigations. The freestream turbulence intensity in the present

study was 4.4% ± 0.3%. This is considerably above the levels (Tu < 1%)

used in the previous investigations for the data shown in Figure 34.

The Reynolds number values for the previous investigations were

selected to „etch as closely as possible the value (7.1 x 10 4 ) of the

present it	 ' tion. Consequently the results shown in Figure 37

from previou	 restigations are Lhose corresponding to elevated levels

of turbulence intensity as shown on the figure l . The results from the

present investigation are in reasonable agreement with similar data

obtained by previous investigations.

The stagnation values for Nup/AeD17 in Figure 37, 1.22 to 1.32, are

considerably larger than the value of 1.0 observed in Figure 34.

1 The freestream turbulence intensity for Seban [38] was estimated

from the screen grid site reported.
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Obviously, the freestream turbulence intensity has an effect on the dry

wall heat transfer. In the present investigation, turbulence screen

was inserted into t he wind tunnel to study the influence of freestream

turbulence intensity on the film cooling performance. This also

allowed the dry wall heat transfer rates to be measured at higher levels

of freestream turbulence intensity. The freestream turbulence intensity

for the fine screen was found to be 4.8% *- 0.1%, while the coarse

screen gas an intensity of 5.7% t 0.4 (Section III.A.) The dry wall

heat transfer results with and without the turbulence screens are

shown in Figure 38. The solid line represents the least squares fit

(egjation 23) for the data with no screen. The results clearly show

an increase in the heat transfer as the freestream turbulence intensity

increased. For the first 40° from stagnation, the fine screen pro-

duced a 5 to 7% increase in the heat transfer rate, while the coarse

screen produced a 15 to 18% increase in the heat transfer rate.

Beyond 40 0 , the increase in heat transfer was smaller.

Another consideration governing the boundary layer development

along the front portion of the cylinder is the surface roughness. The

test cylinder was designed to use drop-in segments (for coolant holes)

and this created a surface roughness when the segments were not flush

with the cylinder surface. To determine the size of the roughness

produced by the use of the drop-in segments, a dial indicator was

passed over the cylinder surface each time a new set of segments w^c

ir^talled in the cylinder, Appendix II gives a description of the

procedure used to determine the roughness height, K, and figures

showing all the measurements made. With the solid segmeots installed

(no coolant holes), the largest roughness anywhere along the cylinder

was, K/D = 5.0 x 10 -4 , where 0 is the cylinder diameter. When the

segments with i hole spacing of 10 d o were installed, the largest

roughness, K/C = 11.7 x 10-4 , was located near the end of the cylinder

(within 25.4 mm ofthe tunnel gall). Excluding this loca`ion within

25.4mm rrom e i ther sine waii, the largest roughness in the central

region instrunented for hEdt flux measurements was K/D = 6.700-4.

Finally, when the segr%n ts with a hole spacing of 5 do were installed

into the cylinder, the largest roughness of K/D = 13.3 x 10 -4 was

)
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again located within 1 in. of the tunnel side wall. Excluding this

location within 1 in. from either side wall, the largest roughness

was K/D = 8.3 x 10-4 . Therefore, in the central portion of the

cylinder instrumented for the heat flux measurements, the maximum

surface roughness due ti^ the drop-in segments varied from 5.0 to

8.3 x 10-4 for the three segment configurations used.

Achenbach [43] has conducted extensive studies on the influence

of surface roughness on heat transfer around a cylinder. The

cylinders investigated by Achenbach had emery paper attached so that

the roughness elements covered the entire cylinder surface. Pressure

and heat flux measurements, taken with a Reynolds number, Rep, of

8.3 x 104 and a sand grain roughness of Ks/D = 7.5 x 10-4 , showed

subcritical flow and no influence of the roughness elements on the

flow around the cylinder. Even for a sand grain roughness of

30 x 10-4 , the pressure and heat flux measurements for Rep = 6.3 x 10-4

showed similar results. Consequently the roughness of 5 to 8.3 x 10-4

found on the cylinder for the present investigation was not expected

to influence the cylinder heat transfer. Indeed, the dry wall heat

transfer results shown in Figure 36 revealed no discontinuities indi-

cative of the influence of local surface roughness on the heat

transfer.

An additional surface roughness effect is introduced by the

presence of film coolant holes drilled in the segments. To determine

the influence of the coolant holes, a comparison was made of the heat

transfer measurements with solid segments (i.e. no film coolant holes)

and those with segments containing drilled film coolant holes. The

comparison revealed no effect of the holes on the surface heat trans-

fer with the exception of gages located directly behind the hole. The

heat flux gage located directly behind a coolant hole (x/d o = 1.5 only)

registered approximately a 5% increase in the heat transfer rate.

Further downstream of the holes or anywhere between the holes, the

effect of the drilled coolant holes was negligible.

As a result of the preliminary experiments reported in this

section, it was concluded that the surface pressure and dry wall heat

flux measurements established the development of an attached boundary

layer over the front portion of the test cylinder, i.e. the film cooled

^ -02
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region. The dry wall heat transfer was found to increase as the free-

stream turbulence intensity increased, particularly in the region close

to the stagnation line. The influence of drop-in segments or coolant

hole roughness was found to be negligible. The next chapter presents

a discussion of the results for film cooling with injection from .:

single row of holes.

tr 1 	 kN3 ^^
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IV. SINGLE ROW COOLANT INJECTION

IV.A Introduction

The film cooling experiments were divided into three phases:

(a) single row injection, (b) multiple row injection with a uniform

blowing distribution, and (c) multiple row injection with a blowing

distribution simulating a plenum supply. While the primary purpose

of this investigation was to study multiple row film cooling typical

of the leading edge of a turbine vane, it was concluded that an in-

vestigation of the film cooling performance with injection from a

single row would be helpful in understanding the performance for

multiple row injection. Experiments were conducted with blowing from

a single row of holes with the row located at each of the positions

(60 occupied by the film coolant rows in the multiple row configura-
tions. This procedure allowed the film cooling performance in the

region of one particular row of a multiple row configuration to be

compared with the results for single row injection to determine the

effect of row-to-row interaction between the film coolant jets. Also,

the investigation of single row injection permitted a study of the

influence of injection location on film cooling performance without

the additional effects of film cooling from other rows of holes. This

chapter presents the results from the study of single row injection,

wh 4.le the results from multiple row injection with a uniform blowing

distribution and with a blowing distribution simulating a plenum supply

are presented in the following chapters. The experiments for injection

from a single row of holes were conducted with the row positioned at the

following four locations from stagnation: 5°, 22.9°, 40.8 0 and 58.70

(see Figure 24). These locations correspond to the angular positions

of the first four rows of coolant holes in the multiple row studies.

No data were obtained for single row injection from a row located at

76.6°.
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c

The experiments for single row injection were conducted with

blowing from the first row of holes in the test cylinder. By changing

the angular orientation of the cylinder, the first row of holes was

positioned at 5 0 , 22.90 , 40.80 , and 58.7°. This techique was employed

to obtain the maximum amount of heat flux instrumentation downstream

of the blowing row. For the injection locations of 22.9 0 , 40.80 , and

58.1 0 , the cylinder surface upstream from the blowing row was smooth

(i.e. without rows of holes) contrary to the multiple row configura-

tions. The absence of upstream,non^-blowing rows of holes had no

effect on the results for single row injection. The results for dry-

wall heat transfer discussed in Chapter III showed that the influence

of a non-blowing hole was negligible beyond 1.5 d o downstream from the

hole.

Reference to Figure 24 shows the use of a subscript i to

identifv: (a) the row location, A i , i = 1,2,3,4,5, (b) the distance

downstream from a specific row, (x/do ) i s i = 1,2,3,4,5, and (c) the

local blowing ratio, Mi. i = 1,2,3,4, for a specific row. At each

row location, e i , the blowing ratio, M i , was varied over the same

range as that encountered in the multiple row configurations. Two

different hole-to-hole spacing ratios, S/do = 5 and 10, were investi-

gated for the single row of spanwise angled holes, B = 250.

The film cooling results are presented in terms of the Stanton

Number Reduction defined as

Stanton Number Reduction (SNR) = 1 - 
S^FC	

(24)
0

The Stanton number ratio (StFC  /St 0 ) is equal to the heat transfer

coefficient ratio (hFC/ho ), as was discussed previously in Section

II.B. The SNR value represents the percentage reduction in the

Stanton number or heat transfer coefficient due to film cooling.

A complete listing of all SNR data for injection from a single

row of holes is presented in tabular and graphical form in Appendix

III for all of the parameters studied. A limited sample of the film

cooling results are presented and discussed in this chapter to illustrate

the important trends observed and the conclusions drawn.
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The data to be presented are divided into four sections, one

section for each of the fc,.,• row locations, e i , studied. Within each

section, the influence of hole spacing, S/do , blowing ratio, Mi,	
5

streamwise location (x/do ) i and spanwise location (z/S) is examined.

U.B.I. Spanwise Injection at e l = 5°

Figures 39 and 40 present the film cooling performance for single

row injection at e 1 = 5° showing the values of SNR at (x/do ) i - 1.5

downstream from row 1. The results in Figures 39 and 40 are plotted

with the Stanton Number Reduction (SNR) as a function of spanwise

location, z/S, for hole-to-hole spacing ratios, S/d o = 5 and 10,

respectively.' The legend in each figure shows the data :symbols

used to represent each blowing ratio.

One of the most significant features of the performance is the

highly localized affect of the film coolant on the surface. The in-

fluence of the coolant was restricted to a narrow region, leaving a

significant portion between the coolant holes unaffected, particularly

for the larger hole spacing of S/do = 10. At low values of the blowing

ratio (Ml < 1.0), the coolant injected in the spanwise direction was

turned quickly by the freestream to the streamwise direction, and the

maximum cooling effect was observed directly behind the hole.

Comparing the resu l ts for the two hole spacings, the SNR magnitude

behind the hole is found to be considerably larger for the S/d c = 10

spacing.

As the blowing ratio was increased, the location of the point

with maximum SNR shifted in the spanwise direction (direction of

coolant injection) for both hole spacings. With this trajectory of

the coolant jet, negative values of SNR were observed directly behind

the hole for M 1 > 2.0. Continued increase in the blowing ratio re-

sulted in higher negative values of SNR behind the hole. At the same

' Due to periodicity, the value of SNR at z/S - 1.0 was assumed equal
to the value at z/S a 0.

E 0

r
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time, an increase in the blowing ratio up to a certain level also

resulted in higher positive values of SNR in the region covered by

the coolant. An increase in M l above a certain level (e.g. M 1 > 4.0

in Figure 40) resulted in a decrease in the positive value of SNR as

well.

To simplify the data interpretation process, the following

definitions are introduced:

(a) the negative value of SNR located directly behind the coolant

hole is designated as SNRneg'

(b) the spanwise maximum value of SNR from the measured data

only is designated as SNRmax,

(c) the blowing ratio that produces the largest value of SNR max

is referred to as the optimum blowing ratio, Mopt,

(d) an approximate location of the trajectory of the coolant

jet was identified as the value of z/S where SNR maxwas

observed.

For both values of hole spacing, the optimum blowing ratio was observed

in the range, 3 < M1 < 4, for (x/do ) l = 1.5. Increasing the blowing

ratio beyond 4 resulted in a continual decline in the value of SNR max

for both hole spacings. The values of SNR for S/d o = 10 were con-

siderably larger than those for S/d o = 5 for a given value of M1.

For M1 z 8.2, the value of SNR negwas approximately -0.9 and

SNR ^ 0 all along the spanwise direction at (x/d o ) l = 1.5.1

Farther downstream from row 1, Figures 41 and 42 present the

results for SNR at (x/do ) l = 3.5 for the hole spacing (S/do ) = 5 and

10, respectively. The trends observed at (x/do ) l = 1.5 were repeated

at this downstream location. The influence of the coolant is still

very localized, with no noticeable spreading in the spanwise direction.

The positive values of SNR diminished with an increase in downstream

distance. However, at the same time, the large values of SNR neg be-

hind the hole also decreased in absolute magnitude. The location of

the coolant along the surface moved somewhat in the spanwise direction,

1 Large values of M, were investigated for injection at 81 since the
value of !oODVCO	 is so low.

FAgi



97

1.0

.9

.8
r .7

.6

.5

z .4
.3

U .2
C 1
w •

.0

w - 1m

-.2
z
z -.3

-.4
z
CC -.5

C -.6
-.7
-.8
-.9

-1.0

-1 2

o M1 = 0.51

O MI = 1.02

A M1 = 2.04

v	 * M1 = 3.02

C3 M1 = 4.24

X M1 = 5.19

M1 - 8.34

e
0
0

x

0.0	 .1	 .2	 .3	 .4	 .5	 .6	 .7	 .8	 .9 1.0

SPANWISE LOCATION (Z/S)
Figure 41. Spanwise Variation of the Stanton Number Reduction with

Single Row Injection (8 1 = 50 , (x/do)1=3.5, S/do 5)

4



rt
	

98

1.0

.9

.8

.7

.6

.5

z .4

o .3

= ,2

0 1
w

oc
W - 1M
z -.2

z -.3

-.4z
M -.5

-.6

-.7

-.8

-.9

-1.0

-1.1

o	 ^

v

x
*M1 =1.00
o M1 -2.00

e M1 = 2.96

M1 -4.00

o M1 = 4.75

v x M1 = 5.30
T M1 = 8.16

-E

0.0	 .1	 .2	 .3	 .4	 .5	 .6	 .7	 .8	 .9 1.0
SPRNWISE LOCATION CZ/S)

Figure 42. Spanwise Variation of the Stanton Number Reduction with

Single Row Injection (6 1 = 5 0 . (x/do)1=3.5, S/do=10)

ORIGINAL PAGE I`
OF POOR : vi'lT n



2

E 99

particularly at the higher values of M 1 , compared with the data for

the upstream location of (x/do ) 1 = 1.5. An examination of the addi-

tional data for e1 n 5° in Appendix III, Figures A7, A8 1, etc., shows that

farther downstream , (x/d o ) l > 6.5 the coolant was completely turned

to the streamwise direction and the spanwise location of the coolant tra-

jectory remained fixed as the coolant continued to flow downstream.

As the value of (x/do ) 1 increased, the positive values of SNR continued

to diminish and the magnitude of SNRneg behind the hole decreased as

well. At large values of the blowing ratio, negative values of SNR

were observed at all spanwise locations.

In the application of film cooling data to turbine vane cooling

designs, it is convenient to have film cooling performance averaged

in the spanwise direction (i.e. average hole-to-hole). Consequently

the results from this investigation (Appendix III) were used to

determine the spanwise averaged Stanton Number Reduction, SNR avg . The

value c` SNR avgfor a particular (x/do ) 1 location was computed as

follows:

(a) a series of straight line segments were fit through the

data points of SNR vs z/S for the range 0 <, z/S < 1,

(b) the value for SNR at z/S = 0 (when a heat flux gage was not

located at that point) was obtained by linear

interpolation of the data,

(c) the value for SNR at z/S - 1 was assumed equal to the value

for z/S = 0, and

(d) the value of SNR avgwas obtained by integration under the

straight line segment curve.

1
SNR avg =	SNR d(z/S)

0

A complete tabulation of the computed values of SNR avg is given in

Appendix III.

The user of spanwise averaged data should note that averaging

tends to smear out localized effects. A low value of SNRavg could

result from a urge value of SNR neg , a large value of SNR maxand a

significant portion of the span with SNP, = 0. Or the value of SNR

ry

sly 'err 4
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could be more uniform across the span with SNR avg a good represehta-

ti^d.

Figures 43 and 44 present the values for SNR 
avg

plotted as a

function of downstream distance, (x/do ) 1 , for the hole spacing of

S/do - 5 and 10, respectively. The legend in each figure defines the

blowing ratio. For both values of hole spacing, the maximum values

of SNR avgare reached at M 1 _- 1.0, but the magnitude of SNR avgis

< 0.10 exccot at ( x/do ) 1 - 1.5. For (x/do ) 1 > 1.5, the values of

SNR avgfor both hole spacings are in close agreement. As the blowing

ratio exceeds 2.0, the value of SNRavg at all (x/do ) 1 become negative

for both values of S/do . This corresponds to the development of large

values of SNR NEGbehind the hole. The data for M l - 8.2 reveals larger

negative values of SNR AVGfor the hole spacing of S/d o - 5 than for

S/do - 10.

IV.8.2. Spanwise Injection at 9 2 - 22.90

The Stanton Number Reduction for injection at 6 2 = 22.90 is pre-

sented in Figures 45 and 46 for (x/do ) 2 = 1.5 and S/do	 5 and 10,

respectively. As was observed at el = 5 0 , with low blowing rates the

coolant was turned quickly by the freestream and passed directly behind

the hole. As expected, high values of SNR were found behind the hole,

with the magnitude being approximately the same for both values of hole

spacing. Even though the values of SNR reached 70% behind the hole,

the effect of the coolant gets on the entire surface was still very

localized.

When the blowing ratio was increased, the coolant trajectory

shifted in the spanwise direction. For S/do = 5, negative values of

SNR occurred directly behind the hole ((x/do ) 2 = 1.5) for M2 > 1.1 with

value of SNR 
NEG

increasing as M 2 increased. However, for S/d o - 10,

the negative values were not observed until M2 > 2.0. The data farther

downstream (x/do ) 2 - 3.5, Figure 48, reveal that for S/d G - 10,

negative values of SNR were obser ,;?d directly behind the hole for

M2 = 1.1. This peculiarity is discussed in greater detail later.
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An optimum blowing ratio yielding the highest SNR 	 was M2 0.15
i

for both hole spacings. However, for a value of the blowing ratio greater

than 1.0, the coolant with a hole spacing of 10d
0
 was able to maintain

higher values of SNR than those achieved for the smaller hole spacing

of 5do.

Downstream at (x/d
0

) 2 = 3.5, the results for SNR for the hole

spacing of 5 and 10 are presented in Figures 47 and 48, respectively.

Following the trend established at e l	 5°, the values of SNR decreased

from the upstream levels. The large negative values behind the hole

were observed for both hole spacings for (x/d o ) 2 = 3.5.

The spanwise averaged results for e 2 = 22.9° are shown in Figures

49 and 50 for S/do of 5 and 10, respectively. The data for both

spacing ratios exhibit the same trend, with the maximum value of SNRAVG

located near the hole and a continual decrease of 
SNRAVG 

in the down-

stream direction. As M 2 was increased, the best film cooling performance

was observed at M 2 z 0.50 for both hole spacings. However, the magni-

tude of 
SNRAVG 

for S/do = 5 exceeded that for S/d o = 10 at the optimum

blowing condition.

With the blowing ratio, M2 > 1.3, generally negative values of

SNRAVG were found for S/do = 5. A similar trend occurred for S/d o = 10,

except at (x/do ) 2 = 1.5 where SNR NEGwas not observed until M2 > 2.0.

As was discovered previously for e l = 5°, the negative values of SNRAVG

for S/do = 5 were larger than those for S/d o = 10. Using the spanwise

averaged results for comparison, the film cooling performance for

e2 = 22.9° shows a somewhat higher level of 
SNRAVG 

at the optimum

blowing condition, M2 :: 0.50, than for M l = 1.00 at 3 1 = 5°.

IV.B.3. Spanwise Injection at e 3 = 40.80

The trends established for the injection locations of 5 0 and 22.90

continued for injection at e3 = 40.80 . Figures 51 and 52 present the

data for SNR at (x/d o ) 3 - 1.5 for S/do = 5 and 10, respectively. Again,

	

n r
	 for low values of M 3, the coolant was turned quickly behind the hole
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giving the highly localized cooling effect found throughout this study.

The magnitude of SNR was approximately the same for both values of

hole spacing, with the optimum SNR w occurring at M3 a 0.50.

P

	

	 As the blowing ratio was increased, negative values of SNR were

observed behind the hole for M ? 0.75 for S/d o = 5. With the larger

hole spacing, the development of 
SNRNEG 

values was not observed until

M3 z 1.0. When M3 > 1.0 the coolant from the larger hole spacing

maintained higher values of SNR than that for S/d o = 5 similar to the

pattern developed at 92 = 22.90 for high blowing ratios.

The results downstream are shown in Figure 53 for (x/d o ) 3 = 3.5,

S/do = 5 and in Figure 54 for (x/d o ) 3 = 6.5, S/do = 10. To expedite

the experiment, the data for S/do = 10 were obtained with the test

cylinder in a fixed orientation. Blowing occurred from a single row

at 63 = 40.8
0 . For this orientation, there was a row of non-blowing

holes at e l = 5
0 . The influence of upstream non-blowing holes was

found to be negligible (see Section III.D). This orientation resulted

in heat flux data at (x/d o ) 3 = 1.5, 6.5, and 11.5 only for S/d o = 10

(see Figure 24).

The data for both values of S/do show SNR diminishing with in-

creasing (x/do ) 3 and SNR NEGvalues that generally decrease in

magnitude. The location of the coolant trajectory moved in the span-

wise direction from the position established at (x/d o ) 3 = 1.5, but

the location remained constant for (x/d o ) 3 ? 6.5. Figure 53 shows

that for M3 ? 1.2, the values of SNR were negative all along the surface

for S/do = 5. However, for S/do = 10, some positive values of SNR were

observed even at the highest blowing ratio investigated, M 3 = 1.75.

Figures 55 and 56 show the spanwise averaged results for the hole

spacing of 5 and 10, respectively. The heat flux data extend only to

(x/do ) 3 = 11.5 at this injection site because measurements beyond 90°

from the stagnation line were not considered. The optimum film cooling

performance for S/do = 5 occurred when M3 = 0.25, while for S/d o = 10,

the optimum was reached at M3 = 0.50 (no measurements were made at

S/do = 10 for the blowing ratio of 0.25). When M3 = 0.50, the value of

SNR AVGwas approximately the sime for both values of S/d o . Increasing
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the blowing ratio to M 3 ' 0.75 resulted in negative values of SNR AVG

along the entire surface for S/do = 5. The same pattern was observed

for S/do = 10 when M3 ? 1.15. As has been established at the upstream

injection locations of 5 0 and 22.9 0 , for high blowing ratio (M3 ' 1.4),

the smaller hole spacing (S/d o = 5) had larger negative values of

SNRAVG than for S/do = 10.

IV.B.4. Spanwise Injection at 04 = 58.70

The results for the single row injection at 04 - 58.7 0 are

illustrated in Figures 57 and 58 for (x/d0 ) 4 = 1.5 and the hole

spacings of 5 and 10, respectively. At low values of the blowing

ratio, the trends established by the previous injection locations

were repeated. The coolant was quickly turned in the freestream

direction with the coolant passing directly behind the hole producing

a very localized cooling effect. For S/d o = 5, the highest value of

SNR
MAX

 was observed for M4 z 0.50, while for S/do = 10 the optimum

blowing condition occurred with M4 z 0.75. For M4 > 1.0, negative

values of SNR were found behind the coolant hole for both hole spacings.

Contrary to the pattern established for injection at 22.9 0 and 40.80,

the smaller hole spacing (S/d o = 5) maintained a higher SNR value than

for S/do = 10 when higher blowing ratios were used.

The results downstream are presented in Figure 59 for (x/d 0 ) 4 = 3.5,

S/do = 5 and in Figure 60 for (x/d 0 ) 4 = 6.5, S/do = 10. To expedite

the experiment, the data for S/d o = 10 were obtained with blowing from

a single row a). 4 = 58.7 0 with a row of non-blowing holes located at

92 = 22.9°. The influence of upstream non-blowing holes was found to

be negligible (see Section III.D). This cylinder configuration resulted

in heat flux data at(x/d 0 ) 4 = 1.5 and 6.5 only for S/d o = 10 (see

Figure 24). The data for S/do = 5 show slightly diminished values of

SNR as (x/d0 ) 4 increased. For M4 ? 1.0, large values of SNR NEGwere

observed behind the hole.

Figures 61 and 62 present the spanwise averaged results for

e4 = 58.70 , for S/d0 2 5 and 10, respectively. The heat flux data

extend only to (x/d0 ) 4 = 8.5 at this injection site because measurements
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beyond 90° from the stagnation line were not considered.

The optimum film cooling performance occurred at M4 z 0.50 for

S/do - 5, and at M4 z 0.15 for S/do - 10. Increasing the blowing ratio

beyond 1.0 resulted in negative values of 
SNRAVG 

across the entire

surface. With M4 > 1.0 the negative values for 
SNRAVG 

for S/do - 10

exceed those for S/do - 5, contrary to the trend observed at the up-

stream injection locations of 5°, 22.9 0 , and 40.80

IV.B.5. Upstream Effects for Single Row Injection

One additional observation regarding the influence of single row

injection on surface h!at flux was the effect of coolant injection on

the surface heat flux upstream from the injection site. A review of

the data in Appendix III revealed that the heat flux levels directly

upstream from a coolant hole, (x/do ) 1 - -1.5 (and near the same span-

wise location as the coolant hole) are influenced when coolant is

blown from the hole. Figure 63 illustrates some typical results

upstream from a single row at e 3 = 40.80 . The results show that the

largest upstream effect of injection occurred near the edge of the

coolant hole in the same spanwise direction as that of the emerging

coolant. The data show SNR values of 0.10 to 0.15 for the higher

values of blowing ratio. This effect is restricted to the upstream

area close to the coolant holes.

N.C. Discussion of Results

H.C.I. Introduction

One of the most important features observed in the data for single

row injection was the highly localized influence of the coolant and the

very limited spreading of the coolant over the surface. At low values

of the blowing ratio, the coolant was turned quickly in the streamwise

direction so that the cooling effectiveness was largest directly

behind the hole. As the blowing ratio was increased, the coolant

moved somewhat in the spanwise direction and large negative values of

SNR (i.e. increased heat flux level) were observed directly behind the

coolant hole.

_^	
tixY K
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In flow visualization studies of both compound and spanwise in-

jection along a flat plate, Russell [19] observed the development of

a vortex downstream of the coolant hole. The compoud injection angle

produced a smooch, tightly wound vortex, while for spanwise injection

the vortex was less smooth, more loosely wound and more erratic. Ir

similar flow visualization experiments for spanwise injection from a

single row of holes on a cylinder, Russell [10] found that the injected

coolant was turned almost immediately in the streamwise direction

with no observable change in the width (i.e. no spreading) of the

coolant jet from the injection point to about 80 0 from stagnation.

It can be expected that the development of this complex flow pattern

around the coolant jet has an important effect on the effectiveness

of the coolant in reducing the heat flux along the surface. The

limited amount of coolant spreading and the large heat flux levels

observed behind the coolant holes are, no doubt, influenced by this

complex flow pattern.

In any discussion of film cooling results, a parameter of parti-

cular interest is the local blowing ratio, M, defined as the ratio

of the coolant mass flux to the local freestream mass flux. With a

flat plate configuration, the freestream velocity remains constant

along the surface and the blowing ratio is an indication of the

amount of coolant being blown from each row of coolant holes. However,

in the subject investigation the local freestream velocity-around the

test cylinder surface varied with the position from stagnation, A. An

alternate definition of the blowing ratio can be based on the free-

stream velocity approaching the test cylinder, thus

M=	
PCVc	

(25)
GO 0 00

110 0090

Then M00.0 for a given row of holes will vary with the amount of coolant

blown from the row. In the following discussion of results, values are

quoted for both of these blowing parameters to illustrate their utility

in correlating the results.
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IV.C.2. Coolant Jet Behavior

An examination of the film cooling data in Appendix III revealed

two features that were used to characterize the behavior of the cool-

ant jet. The first was the occurrence of negative values of SNR

(i.e. increased heat flux) directly behind the coolant hole when the

blowing ratio was increased above a certain level. The second was

the identification of the location of the coolant jet trajectory in-

dicating the region downstream between hole centerlines where the film

cooling influence was the largest.

For low values of the blowing ratio, the coolant was turned

quickly by the freestream and the largest values of SNR were observed

directly behind the holes. As the blowing ratio was increased, the

coolant jet trajectory shifted somewhat in the spanwise direction

eventually resulting in large negative values of SNR behind the holes.

Table 4 summarizes the blowing condition when negative values of SNR

behind the holes were first observed. Results are included for the

four injection locations and the two values of hole spacing studied.

With the exception of the data for 62 = 22.9
0
, S/do = 10, the results

indicate that the value of MW,o initiating SNR NEGwas independent of

S/do and the value of M.
,o
 increased as 6  increased. Moving the in-

jection location farther from stagnation allowed a higher coolant

velocity to be used before the SNR NEGvalues started to occur. Once

the blowing ratio was large enough to create the SNR 
NEG

values, any

further increase in blowing ratio resulted in excessively large SNRNEG

values, with heat flux levels directly behind the coolant holes 100

to 200% greater than they were without film cooling. Moving downstream

the large values of SNR 
NEG

diminished rather rapidly with the exception

of injection at 6 4 = 58.1°.

The data for 6 2 = 22.9
0
, S/do = 10 exhibited a peculiar ±rand at

(xido ) 2 
= i.5 with SNR NEGonly occurring when M 2 z 2.4. However, the

data for (x/do ) 2 = 3.5 were consistent with the trends shown i;: Table 4.

The trajectory of the coolant jet plays a significant roic in

determining the heat flux distribution between the coolant holes. At

low values of the blowing ratio when the coolant was turned quickly in

1
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Table 4. Blowing Ratio that Initiated Negative SNR
Behind the Coolant Note at Wdo)i n1.5

M

81 n5*	 82=22.9*
	

83=40.8*	 84=58.7°

S/do=5 2.0 1.10 0.77 0.95

S/doM lO 2.0 2.41* 0.95 1.00

M.,o

8 1 = 5*	 82=22.9*	 63=40.8*	 64=58.7*

S/do= 5 .38 .94 1.11 1.78

S/do= 10 .38 2.05* 1.36 1.88

*Although the negative values of SNR were delayed at (x/d o ) 2= 1.5 they
occurred at M=0.71 and k,o=0.65 for (x/do)2.3.5.
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the streamwise direction, the jet trajectory passed downstream directly

behind the coolant hole. As the blowing ratio was increased, the jet

trajectory was shifted somewhat in the spanwise direction. The data

from this investigation showed that the trajectory reached its maximum

spanwise location for (x/d o ) i > 6.5. Beyond this downstream distance,

the coolant continued downstream at approximately the same spanwise

location.

The coolant jet trajectory was determined at (x/d o ) 1 - 6.5 where

the maximum spanwise location was established. The data in Appendix III

were examined to determine the VS location where the measured SNR

value was a maximum. If two adjacent measurement points had approxi-

mately the same value of :NR, the location midway between them was

chosen. The results are presented in Table 5 in terms of z/d o -

(z/S) - (S/do ), which is a physical distance in the spanwise direction

independent of hole spacing. The results in Table 5 indicate a general

increase in the trajectory z/d o as the blowing ratio is increased.

Larger values of the blowing ratio provide more spanwise momentum for

the coolant jet, and as a result, the jet moves farther in the spanwise

direction. The results for S/do - 10 indicate that the trajectory

z/do approached the midpoint between the holes for 6 i - 50 , 22.9% and

40.80 . The results for S/do - 5 show similar trends for 8 i - 5° and

22.90 . However, as the distance from stagnation was increased, the

trajectory z/d o approached the next coolant hole.

IV.C.3. Film Cooling Effectiveness

FP

Although the cooling effect for single row injection was very

localized, a significant reduction in heat flux was observed on some

areas of the surface. Behind the holes large negative values of SNR

may have occurred, while at the same time a few diameters outward in

the spanwise direction the coolant was providing a 50 to 70% reduction

in the heat flux to the surface. Concentrating on the region where

the coolant was most effective, the data showed the Stanton Number

Reduction increased as the blowing ratio was increased until optimum

blowing condition was observed. The blowing ratio where the highest
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Table 5. Spanwise Location of the Coolant Jet
Trajectory (x/d0)i=6.5

Value of 2/d0 at 81=5°

M=1.0	 2.0	 4.0	 5.85
M ,0 =0.19	 0.38	 0.76	 1.11

S/d0=10 2.5 2.5 2.5 4.2

S/dQ 5 0.9 1.65 2.5

Value of z/d0 at 82=22.9°

M=0.5	 1.0	 1.3	 k.0

k,o =0.43	 0.86	 1.1	 1.7

S/do= 10 2.5 2.5 2.5 4.2

S/do= 5 0.9 2.5 2.5 2.5

Value of z/d0 at e3=40.80

M= i . .5	 0.75	 0.90	 1.20mw,
0=0.72	 1.08	 1.29	 1.72

S/d = 10
0

2.5 4.2 4.2 4.2

S/do= 5 2.5 2.5 4.2 4.2

Value of z/d0 at 64=58.1°

M=0.5	 0.75	 1.0	 1.20

moo
 ,0=0.94	 1.41	 1.88	 2.25

S/do= 10 5.8 4.2 4.2 9.2

S/do= 5 2.5 2.5 4.2 4.2

1 '	 'There was no positive value for SNR.

.9
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level of SNR was found was defined as the optimum blowing condition,

Mopt . Increasing M past Mopt resulted in a decrease in the value of

SNR. The results in Appendix III were used to determine M opt for the

different injection locations and hole spacings studied. The data

for SNR vs z/S at (x/do ) 1 = 1.5 were examined to determine the value

of SNR
MAX

 for each particular blowing ratio. Recall, the SNRMAX

value was obtained from the measured heat flux values only. No

attempt was made to curve fit and interpolate between heat flux gages.

The values of SNR
MAX

 vs M were examined to determine the optimum

blowing condition. If two values of M had similar values of SNRMAX,

an examination of the SNR vs z/S distributions at these blowing

ratios was made. If one blowing ratio had significantly higher

values of SNR, it was chosen as Mopt . If there was no clear distinc-

tion between the distributions, 
Mopt 

was taken as the average of the

two values of M. As a consequence, the values for Mopt were selected

only from the experimentally measured values of M in this investig-

gation. No attempt was made to interpolate between the measured

values of SNR
MAX

 vs M to determine the exact optimum condition.

The results are shown in Table 6 with the optimum blowing condition

given in terms of the local M and M ,o based on approach velocity.

The data for 9 i = 50 , 22.9°, and 40.8° show a continual decrease

in Mopt as the injection location was increased with no effect of the

hole spacing ratio. Use of the approach velocity to define the

blowing ratio shows that (M 
,o)opt 

was approximately constant for

6 i = 50 , 22.9 1 , and 40.80 ,particularly for S/d o=10. The data for (D4

58.7 0 do not follow the trend observed for the three other injection

locations. Instead, a larger value of Mopt and 
(M',o)Opt 

was ob-

served. This may be due to the proximity of the injection location

to the region where boundary layer separation and/or transition

effects become important. Table 6 also contains data from flow

visualization studies by Russell [10] showing the relationship between

the coolant jet separation phenomena and the injection location. At

a particular blowing ratio, the coolant jet was observed to separate

Al	 from the surface and penetrate into the freestream. The blowing ratio

^t

-=
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6
Table 6. Optimum Coolant Blowing Conditions

and Jet Separation

Mopt for SNRMAx at (x/do)i=1.5

6 1 = 5°	 02=22.9°	 03=40.80	 04=58-70

S/do=10 3.5 0.77 0.50 0.75

S/do= 5 3.5 0.50 0.38 0.50

(M.,o)opt for SNR
MAX at (x/do)i=1.5

6 1 = 50	62=22.9°	 03 40.80	 04 58.70

S/do=10 0.67 0.66 0.72 1.41

S/d
0
 = 5 0.67 0.45 0.54 0.94

Blowing Ratio Initiating Jet Separation, Russell [10]

0= 300	a=450	 6=600

M 1.18 .86 .70

Moo,o 1.18 1.22 1.21

,x:
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for jet separation is given in terms of local M and M. 
'o 

based on the

approach velocity. Russell's data show that the M for separation

decreased as the injection location increased, while the M,,,o for

separation was essentially constant. These trends are in good agree-

ment with those observed for the optimum blowing condition in the

present investigation.

The data in Appendix III also were examined to determine the

magnitude of the Stanton Number Reduction as a function of blowing

ratio, injection location, and hole spacing. Table 7 summarizes the re-

sults for 
SNRMAX 

at (x/do ) i = 1.5 for the four injection locations and

the two different hole spacings studied. The data for 6  = 5 0 , 22.90,

and 40.8 0 show that for M > Mopt (see Table 6), the values of SNRMAX

for S/do = 10 were substantially larger 	 the values for S/d o = 5.

For M < Mopt , the values of SNR
MAX 

for S/do = 10 and 5 were essentially

the same for e  = 22.90 and 40.80 . Closer to stagnation (e l = 50 ) the

value of SNR
MAX 

for S/do = 10 was always greater than for S/d o = 5.

The data for ei = 50 , 22.90 , and 40.8° also indicate a relatively

small decrease in SNR
MAX 

for S/do = 10 as M was increased while the

value of SNR
MAX

 for S/do = 5 showed a significant decrease with in-

creasing M.

The data for e4 = 58.7° show, for M ^ M opt , little difference

between the values of SNR
MAX

 for S/do = 10 and 5. However, for

M > Mopt there was a difference and, contrary to the trend for the

other three injection locations, the S/d o = 5 yielded significantly

larger values of SNRMAX.

IV.C.4. Spanwise Averaged Film Cooling Results

The spanwise averaging of the film cooling performance tends to

smear out the local characteristics of the Stanton Number Reduction

across the surface. A low value of SNR AVGcould be the result of a

high negative value of SNR behind the hole and a high positive value

of SNR between the holes. At the same time, it could be the result

of a fairly uniform, low value of SNR across the surface. Therefore,

j^	 the detail of the spanwise distribution of SNR is lost with spanwise
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Table 7. Values of SNRMAX at (x/do)i =1.5

e1=5o

M= 1.0	 2.0	 3.0	 4.0	 5.73

k,o =0.19	 0.30	 0.57	 0.76	 1.09

1[ 11

S/do 10 .57 .39 .51	 *	 .50 .28

S/dO=5 .22 .23 .29 *	 .29 .11

e2=22.9°

M=0.5	 1.1
	

1.5	 2.1	 2.4

M.,o=0.43	 0.94
	

1.28	 1.79	 2.0

S/do=10 .76	 .74 .67 .49 .47

S/do 5
*

.70 .46 .38 .22 .08

83 40.8°

M=0.5	 0.75
	

1.05	 1.20	 1.60
M.'o =0.72	 1.08
	

1.51	 1.72	 2.30

S/do= 10 .79 * .53 .50 .58 .54

S/do 5 * .58 .22 .30 .35 .09

84 58.7°

	

M=0.50	 0.75	 1.05
	

1.36	 1.50

	

moo 
0=0.94	 1.41	 1.97
	

2.55	 2.81

S/do 10 .49 .75 * .39 .10 .13

S/do= 5 .61 * .61 .37 .35 .39

*The star (*) indicates the values of M bracketing Mopt. See Table 6.
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averaging. Nevertheless, spanwise averaged film cooling performance

is convenient for the turbine vane designer when computing a mean

wall temperature as a function of streamwise distance. The a craycd

performance is also a convenient method of interpreting the general

influence of blowing ratio, hole spacing, and injection location.

An examination of the data in Appendix III shows that for four in-

jection locations, the maximum value of 
SNRAVG 

occurred at (x/d o ) i = 1.5.

Moving downstream, the value of 
SNRAVG 

continually decreased in mag-

nitude. Occasionally, a slight increase in 
SNRAVG 

was found at

(x/do ) i = 8.5 or 11.5 which was due to the fact that the value of

SNRNEG diminished faster than the values of SNR decayed.

The results for 
SNRAVG 

for the hole spacing of S/d o = 5 were

equal to or greater than 
SNRAVG 

for S/do = 10 (except for e l = 50 at

(x/do ) 1 = 1.5). The influence of the coolant jet was found to be

very localized, so that some area between the ho l es is frequently

unaffected by the coolant. This dead region with SNR z 0.0 was

larger for S/do = 10 than for S/d o = 5. When computing 
SNRAVG' 

the

dead region acted as a weighting factor that reduced the influence

of high positive values of SNR and/or large negative values of SNR.

Although the values of SNRAVG for S/d o = 5 were somewhat larger than

those for S/d o = 10, the smaller hole spacing required that twice as

much coolant mass be blown onto the surface.

The data in Appendix III were examined to determine the optimum

blowing ratio for the spanwise averaged film cooling performance. The

optimum blowing condition, 
Mopt,AVG' 

was determined as the measured

value of blowing ratio that yielded the highest value of 
SNRAVG 

for

all measurement locations downstream from injection. Table 8 shows

the conditions in terms of local M and M. 
'o 

based on approach

velocity. The results in Table 8 for 6 i = 5°, 22.9°, and 40.8° show

that 
Mopt,AVG 

was essentially the same for S/d o = 10 and 5. The value

of 
Mopt,AVG 

decreased as the injection location (e i ) was moved further

from stagnation. Host of the values of 
Mopt,AVG 

were smaller than the

values for Mopt shown in Table 6. The value of 
(Mc,, )opt,AVG was found

generally to increase with e  indicating that the coolant flow required

for maximum 
SNRAVG 

increased as the row of holes was moved away from
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Table 8. Optimum Cooling Blowing Conditions for
Spanwise Averaged Film Cooling Performance

Mopt,AVG

e 1 = 5 0	92=22.90	 e3=40.8°	 64=590

S/do 10 1.00 .50 <.50* .75

S/do= 5 1.00 .50 .25 .50

(M00 ,0 opt,AVG

6 1 = 50	e2=22.9°	 e3 40.80	e4=59°

S/do= 10 0.19 0.43 <0.72* 1.41

S/do= 5 0.19 0.43 0.36 0.94

*
Data were not obtained for S/d = 10 with M=0.25.

0

,1
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stagnation. With injection at e 4 = 58.7% the value of 
Mopt,AVG 

did

not follow the trend observed for the other injection locations; the

value of 
(M,,,o)opt,AVG 

did continue to increase.

At very high values of the blowing ratio, the data for a hole

spacing of S/do = 5 was found to have consistently larger negative

values for 
SNRAVG 

than those for S/do = 10. This is a result of the

averaging process. Even though the two values of hole spacing might

have had similar magnitudes of negative SNR values across the surface,

•	 the larger area of SNR ^-' 0.0 for S/do = 10 makes that spanwise averaged

value less negative than the value for S/d o = 5.

In conclusion, an important point factor to remember when using

spanwise averaged results is that all details of the film cooling per-

formance distribution across the surface are eliminated. The spanwise

averaging process does allow a convenient comparison of the film

cooling performance as a function of blowing ratio, hole spacing, and

injection location. While the smaller hole spacing was found to have

higher SNR 
AVG

values, the coolant flow required was twice that for

S/do = 10.

IV.D. Summary

The study of single row injection was conducted to provide an

understanding of the film cooling performance for different injection

locations and different hole spacings. One of the most significant

features of the study was the highly localized nature of the coolant

jet as it passed over the surface. The lack of spreading by the

coolant agreed with the flow visualization studies of Russell [103.

Of equal importance in the present study was the measurement of in-

creased heat flux levels behind the coolant hole when the jet began

to move outward in the spanwise direction. The blowing ratio (based

on upstream freestream velocity) that initiated the negative values of

SNR behind the hole was found to increase in magnitude as the injection

location was moved away from stagnation. This coolant jet behavior re-

sulted in large negative values of SNR behind the hole with positive

values of SNR between the holes.
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The optimum coolant blowing condition yielding the largest local

SNR was found to be independent of S/d o and to be correlated in terms

of the blowing parameter based on approach velocity, (M. O)Opt Z

constant. These trends were in agreement with flow visualization data

by Russell [10] characterizing the blowing condition for coolant jet

separation from the surface.

The magnitude of the maximum local film cooling performAnce,

SNRMAX was found to vary with hole spacing ratio when M > M opt , with

SNRmAX for S/do = 10 significantly larger than for S/d o = 5.

The spanwise averaged results showed that, for a given M.

the smaller hole spacing of S/d o = 5 gave generally higher values of

SNRAVG than those for S/do = 10. However, twice as much coolant was

injected for S/do = 5, while the corresponding 
SNRAVG 

values did not

approach a 100% increase over the S/do = 10 results.

t^f 	 +^

i _f~^
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V. MULTIPLE R0W INJECTION WITH A
UNIFORM BLOWING DISTRIBUTION

V.A. Introduction

The chapter presents the results for coolant injection from

multiple rows of holes with a uniform (i.e. constant) blowing ratio, M,

for all rows. Three different configurations were studied. The first

consisted of 5 rows with S/do = P/do = 5 and with the first row placed

at el = 5°. The other two configurations had S/d o = P/do = 10; one with

three rows of holes with the first row at e l = 5 0 . The second confi4ura-

tion had two rows of holes with the first row at e 2 = 22.9 0 . The value

of M was varied from 0.25 to 2.00 in intervals of 0.25.

As in the previois chapter, the film cooling results are introduced

in the next section and discussed only in a qualitative fashion. A

complete discussion of the data is presented in the following section.

A complete listing of the data for multiple row coolant injection with

uniform blowing is presented in tabular and graphical form in Appendix

III.

The purpose of using multiple rows of coolant holes is to improve

the uniformity of the film cooling performance across the surface by

allowing coolant from downstream holes to fill in the deficient areas

left by coolant from upstream rows. The results for multiple rote

injection are presented and comparisons are made with the data from

single row injection (Chapter IV).

V.B. Presentation of the Data

The data presented are split into three sections, one section for

each multiple row configuration studied. Within each section, the in-

fluen ,:e of injection location, e i , blowing ratio, M, and streamwise

(x/do ) and spanwise (z/S) location is examined. The film cooling

.y
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performance is presented in terms of the Stanton Number Reduction and

the spanwised averaged results are computed in a manner identical to

that outlined in the previous chapter.

V.B.1. Five Row Configuration with First Row at 4 1 . 50 , S/do•P/do•5

Figure 64 presents the film cooling performance at (x/d o ) 1 • 1.5

downstream from the first row of spanwised angled holes, showing SNR

vs z/s for selected values of M.

Downstream from the first row in the five row configuration, the

highly localized nature of the coolant jet is still evident. At low

values of the blowing ratio (M < 1.0), the coolant was quickly turned

in the streamwise direction and positive values of SNR were observed

directly behind the coolant hole. As the blowing was increased, the

coolant trajectory moved slightly in the spanwise direction. At

M = 1.50, negative values of SNR (SNRNEG ) were initiated.

The maximum local value of SNR, SNR
MAX

, was small, never exceeding

0.20 fcr all values of M. A comparison of these results with the data

for single row injection at 6 1 = 50 shows good agreement on the level

of SNR and the trends for both cases. The only exception was the

blowing ratio that initiated the SNR 
NEG

values. For the multiple row

injection, SNR 
NEG

occurred at M = 1.50, while for the single row injec-

tion, SNR 
NEG

occurred at M 1 = 2.00.

From the study of single row injection, the optimum coolant blowing

condition for 8 1 = 50 was observed when M 1 ^ 3.5. With the multiple row

configuration, there was negligible change in SNR MAXfor M = 1.01, 1.51,

2.01. The largest value of M investigated for the multiple row configur-

ation was limited to M ^ 2.0 since, with all five rows having the same

blowing ratio, to exceed this value for the first row would have caused

excessive blowing from the other downstream rows.

The results at the downstream location, (x/d o ) l = 3.5, (see Appendix

III) closelymatch those for single row injection. There was still no

noticeable spreading of the coolant across the surface although the

values of SNR diminished slightly from the level upstream at (x/do)1

= 1.5. A review of the data for SNR in Appendix III, for five row and
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single row injection, shows that the only difference for the two con-

figurations was measured by the heat flux gage at (x/d o ) l - 3.5 and

z/S - 0.67. That gage was positioned upstream of a coolant hole in the

second row (see Figure 24). A value of SNR z 0.05 to 0.10 was observed

for the five row configuration while SNR was approximately zero for

the single row study. The study of single row injection showed a com-

parable increase in the heat flux level in the region directly in front

of a hole as discussed in Chapter IV.

The spanwise averaged data for the five row configuration (see

Appendix III) showed close agreement with the results for the single

row at (x/do ) l - 1.5, with M - 1.0, yielding SNRAVG z 0.10. When the

blowing ratio was increased to M = 2.0, the value of SNRAVG for the five

row configuration (-0.06) was smaller than that for single row injection

(0.07).

Figure 65 presents the film cooling performance at (x/d o ) 2 = 1.5,

downstream from the second row (0 2 = 22.9°) in the five row configuration.

At low values of the blowing ratio (M < 0.5), the coolant was quickly

turned in the freestream direction resulting in positive values of SNR

directly behind the hole. As was discovered with single row injection

at 02 , very little spreading ,f the coolant was evident.

The largest value of SNR 
MAX

occurred with M = 0.50 compared with

the value of Mopt Z 0.50 for the single row study. As N increased, the

coolant trajectory shifted in the spanwise direction. When'the blowing

ratio reached M - 1.25 (see Appendix III), negative values of SNR

appeared behind the coolant hole. This blowing ratio was close to the

value M2 z 1.1 initiating SNR MEGfor the single row study. A comparison

of the data at (x/d o ) 2 - 1.5 for multiple and single row injection

showed the only differences occurring when M > 1.0, with the multiple

row configuration giving larger values of SNP MAX (~0.5) than those found

with single row injection (--0.3). Also, the magnitude of SNR NEGwas

smaller when the multiple row configuration was used.

The patterns developed at (x/d o ) 2 = 1.5 were repeated downstream

at (x/do
)
2 = 3.5. The magnitude of SNR was diminished, but at the same

time, the magnitude of SNR NEGalso decreased. As was discovered upstream,
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the results at (x/d o ) 2 = 3.5 were in close agreement with the results

for single row injection for M < 1.0. At the higher values of blowing

ratio, multiple row injection maintained higher values of SNR and lower

values of SNR NEGthan single row injection. While the magnitude of SNR

for single and multiple row injection differed somewhat, the spanwise

patterns established across the surface were essentially the same. One

final distinction between the data for the two configurations occurred

at the heat flux gage located upstream of a coolant hole in the third

row (see Figure 94) yielding a positive value of SNR as a result of

blowing from the hole downstream.

Figure 66 presents the data for SNR 
AVGat 

(x/do ) 2 = 1.5 as a func-

tion. of blowing ratio for the multiple and single row configurations.

'Is eight be expected, there is close agreement between the two configur-

ations when M < 0.75. However, when M > 1.0, multiple row injection

yielded larger values than for the single row. Beyond M = 1.5, the

value of SNR AVGwas negative. A similar pattern was repeated at the

downstream location of (x/do ) 2 = 3.5.

The film cooling performance downstream from the third row (0 3 = 40.8)

is presented in Figure 67 for (x/d o ) 3 = 1.5. At blowing ratio, M = 0.25,

the coolant was turned quickly by the freestream and the positive value

of SNR behind the hole was similar in magnitude to that for single row

injection at e 3 . However, injection from rows e l , a2 , and 0 3 provided

more uniform film coverage across the surface when M = 0.25. A value of

SNR of 0.27 was measured behind the third row at (x/d o ) 3 = 1.5,

z/S = 0.67, while the SNR for the single row configuration at 0 3 was

found to be approximately zero at (x/d o ) 3 = 1.5, z/S = 0.67.

Increasing the blowing ratio to 0.50 showed SNR NEGbehind the

coolant hole. The occurrence of SNR NEGfor single row injection at 03

was not initiated until M 3 = 0.75. A comparison of the data for the

five row and single row configurations, (x/d o ) 3 = 1.5, in the range

1.0 < M < 1.6, showed the single row data with positive values of

SNR on the surface. This was not the case with 'ejection from five

rows. For M > 1.0, only negative values of SNR were found across the

.',

	

	
surface. For M > 1.25, the negative values for SNR were evenly dis-

tributed across the surface.
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The data for 
SNRAVG 

at (x/d
o ) 3 

= 1.5 are shown in Figure 68 as a

function of blowing ratio for the multiple and single row configurations.

At the blowing ratio of 0.25, the two configurations achieved a com-

parable level of film cooling effectiveness, but at M- 0.50, data for

single row injection was higher. For M > 0.75, the value for 
SNRAVG is

negative for both configurations but the data for single row injection

are substantially lower.

Figure 69 presents the film cooling performance downstream of the

fourth row (0 4 = 55.7°) with (x/d
0
4 = 1.5. For a blowing ratio,

M < 0.5, the coolant was turned quickly in the streamwise direction

resulting in positive values of SNR behind the coolant hole with magni-

tudes similar to the data for single row injection. The optimum coolant

blowing condition was between 0.25 and 0.50 compared to a value of

M
opt ` 0.50 for single row injection at 04.

Injection with the five row configuration previously was shown to

provide good spanwise coverage downstream of the third row when M = 0.25.

However, downstream of the fourth row, at z/S = 0.67, the value of SNR

was approximately zero for M = 0.25. As the blowing ratio increased to

0.75, negative SNR was observed behind the coolant hole, and when

M > 1.25, SNR was negative across the surface. A review of the data for

single row injection showed SNR NEGinitiated at M4 z 0.95.

The spanwise averaged results for (x/d o ) 4
 = 1.5 showed positive

values for 
SNRAVG 

(-.35) occurring when M < 0.50 and negative 
SNRAVG 

for

larger M. The data for 
SNRAVG 

for the five row configuration was superior

to the single row configuration only at M = 0.25. For M > 0.50, the

single row configuration consistently had higher 
SNRAVG 

values.

The data downstream of the fifth row was limited due to a failure

of one heat flux gage (z/S = 0.67). The data from the remaining gages

(see Appendix III) show positive values of SNR behind the coolant hole

for M < 0.50. As the blowing ratio was increased to M = 0.75, SNR NEG

was initiated. With M = 1.25, only negative values of SNR were observed

for the gages that were operational. The data from the five row config-

uration are discussed in more detail in Section V.C.

.	 a,
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V.a.2. Three Row Configuration with First Row at 0 1 = 5°, S/do=P/do=10

Figure 70 presents the film cooling performance for the three row

configuration at (x/d0 ) 1 = 1.5 downstream of the first row (e 1 = 50).

For a blowing ratio, M < 2.0, the coolant was turned quickly in the

streamwise direction resulting in positive values of SNR directly behind

the coolant hole. The magnitude of the values of SNR show close agree-

ment with the data for single row injection.

As the blowing ratio increased, the coolant trajectory shifted

somewhat in the spanwise direction. The occurrence of SNR NEGwas

initiated at M z 2.5 compared with 2.0 observed for single row injection.

A comparison of the data at (x/d 0 ) l = 1.5 for single and multiple row

injection showed the magnitude of the positive values of SNR in good

agreement for all values of the blowing ratio.

Downstream from the first row at (x/d 0 ) l = 3.5 and 6.5^ the value

of SNR diminished from the levels at (x/d o ) l = 1.5, but the patterns

developed upstream were repeated. The results at (x/d o ) l = 3.5 and 6.5

showed good agreement with the data for single row injection. The values

for SNR at (x/d o ) l = 8.5, and z/S = 0.42 and 0.58, show a range from

0.05 to 0.10 for all values of the blowing ratio studied. With single

row injection, the SNR values at these two spanwise locations were

approximately zero. This difference results from the location of these

two gages in front of a coolant hole (see Figure 24). Previous results

have shown that the region in front of a coolant hole experiences a re-

duced heat flux when coolant is emerginn from the hole.

The data for SNR AVG(Appendix III) show the film cooling performance

at ( , /do ) l = 1.5 to be SNR 
AVG^ 

0.05 at M = 0.25, with SNRAVG continuously

increasing with M to a maximum of SNR AVG0.18 at M = 1.25. Further

increases in the blowing ratio resulted in a steady decrease in SNR AVGto

a level of 0.04 at M = 2.5. Moving downstream, (x/d o ) l > 3.5, the magni-

tude of SNR 
AVG

diminished to 0.06 or less for all values of M. A

comparison of the values of SNR AVGfor the three row and single row

configurations showed excellent agreement at M = 1.0. However, when

M > 2.0, the value of SNR AVGfor the three row configuration (0.08) was

larger than that for single row injection (0.04).

1 See Appendix III.
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The film cooling performance at (x/do ) 3 = 1.5 behind the second row

(83 = 40.80 ) is presented in Figure 71. For values of M < 0.75, high

levels of SNR were observed behind the hole. A comparison of the data

for the three row and single row injection shows similar results for

M < 0.75, although the positive values of SNR for the three row configur-

ation are slightly larger. Both configurations indicate a Mopt -_ 0.5.

As the blowing ratio was increased, the coolant trajectory shifted

in the spanwise direction. When M reached a level of 1.0, SNR NEGwas

initiated, in close agreement with the data for single row injection.

A comparison of the data for the three row and single row configurations

showed the values of SNR NEGand SNR
MAX

 in good agreement.

Further downstream at (x/d o ) 3 = 6.5^ the value of SNR diminished

although the spanwise trends established upstream were repeated. The

values of SNR MAXfor the three row configuration (-.65) are slightly

larger than those for single row injection (-.55).

Figure 72 presents the spanwise averaged results at (x/d o ) 3 = 1.5

for both the three row and single row configurations. The data show a

maximum SNR 
AVGof 

0.35 at M z 0.50. Increasing the blowing ratio beyond

0.50 leads to a continual decrease in SNR AVGwith negative values for

M ? 1.25. Similar trends are shown downstream at (x/d o ) 3 = 6.5.

The data downstream from the third row, 6 5 = 76.6 0 , were limited

due to an inoperable heat flux gage at z/S = 0.67. The data from the

remaining gages at (x/d o ) 5 = 1.5 show positive values of SNR (-.10)

directly behind the coolant hole for M < 0.5. As the blowing ratio was

increased, negative values of SNR behind the hole were observed, with

M > 1.0 yielding negative SNR from all operational gages.

V.B.3. Two Row Configuration with First Row at '0 2 = 22.9°, S/do=P/do=10

The film cooling performance for the two row configuration, S/d o = 10,

at (x/do ) 2 = 1.5 downstream of the first row at (0 2 = 22.9°) is presented

in Figure 73. For values of M < 0.75, the coolant was turned quickly by

the freestream resulting in large positive values of SNR behird the

coolant hole. At these values of blowing ratio, lateral s preading of

the coolant across the surface was minimal. A com parison of the data

1 See Appendix III.
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for two row injection and that for single row injection at e 2 shows

good agreement between the values of SNR along the surface. The

optimum blowing condition, M z 0.5 to 0.75, for the two row configuration

agreed well with the value (-0.15) for single row injection.

As the blowing ratio was increased, M > 0.5, the coolant trajectory

shifted but SNR
NEG

 values did not occur for values of M up to 2.0. This

corresponded exactly to the pattern found with single row injection. An

increase in the blowing ratio decreased the value of SNR
MAX

, but did not

result in negative va lues  of SNR behind the coolant hole.

Moving downstream to (x/d.) ? = 3.5, the values of SNR diminished from

the upstream levels, although they remained high (0.3 to 0.5) for M < 1.0.

Downstream from the hole, 
SNRNEG 

was found at M z 0.75. Increasing

the blowing ratio beyond this point caused the magnitude of 
SNRNEG 

to

grow. The data for single row injection demonstrated a similar pattern

with 
SNRNEG 

initiated at M2 z 1.0. A comparison of the data for two

row and single row injection shows close agreement 	 the values of

SNRmAX and 
SNRNEG 

at each blowing ratio greater than J.75.

Downstream further at (x/d o ) 2 = 6.5^ the values of SNR decreased

slightly from the level at (x/d o ) 2 = 3.5. The region covered by the

coolant showed SNR z 0.20 to 0.30 but the coolant effect remained very

localized and a large portion of the distance between the holes was

unaffected. Again the data for two row and single row injection show

good agreement for both the values of SNR MAX and
 SNRNEG'

The final downstream location, (x/do ) 2 = 8.51 before the second row

of coolant holes showed a repetition of the patterns established at

(x/do ) 2 = 3.5 and 6.5, with the exception of the data at z/S - 0.58.

With two row i njection, the heat flux gage at (x/d o ) 2 = 8.5, z/5 = 0.58

was positioned in front of a coolant hole in the next row. As previous

results have shown, the value of SNR at this location increased when

there was blowing from a downstream hole. Comparing the results for

two row and single row injection, the heat flux gage in front of the

blowing hale showed an increase in SNR of approximately 0.10.

The spanwise averaged data at (x/d o ) 2 = 1.5 is presented in

Figure 74 as a function of the blowing ratio for both the multiple and

single row configurations. The results for the two row configuration

1 See Appendix III.
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reveal a steady increase in SNR 
AVGas 

the blowing ratio is increased,

with maximum value of SNR 
AVG= 

0.28 reached at M = 0.75. Further in-

crease in the blowing ratio results in a slight decrease in SNRAVG' to a

level of approximately 0.2. Excellent agreement is found between the

data for SNR AVGfrom the two row and single row configurations.

Moving downstream to (x/d o ) 2 = 3.5, the data for the two row con-

figuration show the value of SNR AVGreduced sharply in magnitude (i.e.

-0.4 at M = 1.0 and -.30 at M =2,0) when compared to the upstream

results. This corresponds to the development of SNR NEGvalues-at

( x/do ) 2 = 3.5 that were not found at ( x/do ) 2 = 1.5. Further downstream

at (x/do ) 2 = 6.5 and 8.5, the value of SNR AVGdoes increase somewhat

in magnitude from the levels found at (x/d o ) 2 = 3.5. But it does not

come close to reaching the levels attained at (x/do) 2 = 1.5. This down-

stream trend at M = 1.0 shows SNR 
AVG= 

0.22 at (x/do ) 2 = 1.5, dropping

to -0.04 at (x/do)2 = 3.5, and increasing to 0.08 at (x/d o ) 2 = 8.5.

The film cooling performance at (x/do ) 4 = 1.5, downstream of the

second row at e4 is presented in Figure 75. For M < 0.5, positive

values of SNR cover the entire surface with the maximum value around

z/S = 0.17. The unique feature about the film cooling results in this

range of M is the nearly uniform spanwise coverage. This coverage is

apparently a result of the upstream injection at 0 2 . The data for

single row injection at e 4 did not show the film coolant covering the

region near z/5 = 0.67.

As the blowing ratio is increased to M = 0.75, the occurrence of

SNR NEGvalues behind the second row was observed. When M = 1.25, the

value of SNR was negative over the entire span. The data for single

row injection show that SNR NEGwas initiated at M z 1.0. Both the

single row and two row configurations had large values of SNR NEG

(-2.0 to -2.5) when M > 1.25.

Downstream at (x/d o ) 4 = 6.51 the value of ;NR was almost negligible

for M = 0.25. However, at M = 0.50 and 0.75, large values of SNR

(0.8 - 0.9) were observed at z/S = 0.42. Additional increase in the

blowing ratio caused the value of SNR to decrease in magnitude (-0.4)

with the location shifting spanwise to z/S = 0.92. This pattern was

also observed with single row injection at ^!4'

1 See Appendix III.
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The spanwise averaged data at ( x/do ) 4 = 1.5 is presented in Figure

76 as a function of blowing ratio for both the multiple and single row

configurations. The data for 
SNRAVG 

for the two row configurations

shows the optimum film cooling performance (0.31) occurring at M = 0.5.

Negative values of 
SNRAVG 

were observed for a blowinq ratio, M = 0.75.

The negative values of 
SNRAVG 

become excessive as the blowing is increased,

reaching a level of approximately -0.9 for M > 1.25. A similar pattern

was found for single row injection, although ore difference between the

two configurations is noticeable. The optimum film cooling performance

(0.35) for single row injection occurred at M = 0.75, and negative values

of 
SNRAVG 

did not begin until M = 1.00.

V.C. Discussion of the Results

V.C.1 Introduction

The study of single row injection demonstrated that there was very

little lateral spreading of the coolant jet across the surface. It

also showed a rapid decrease in the heat flux reduction (SNR) by the

film coolant as it passed downstream. Multiple row film cooling con-

figurations are frequently employed in an attempt to improve the

lateral coverage by the c^iolant. The injection rows are staggered with

respect to the upstream row so that the coolant can fill the gap in

coverage between the coolant holes. The placement of additional rows

downstream from the first row is intended to sustain a level of film

cooling performance along the surface in the streamwise direction.

One of the most significant features that evolved from the data

for multiple row injection was the continued lack of good film coolant

coverage across the surface (i.e. spanwise). Many areas between the

holes were still unaffected by the film coolant. Russell's [19] flow

visualization studies included an investigation of spanwise injection

on a flat plate using a three row array, S/d o = P/do = 5. His results

also showed voids between the coolant streams, particularly at higher

values of the blowing ratio (M - 0.8). For the hale spacing studied

in this investigation, S/d o = 5 and 10, multiple row injection resulted

I
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in very limited spreading of the coolant across the surface. Another

important feature observed from the data was the close agreement found

between the data for multiple row and single row injection, particularly

when S/do = 10. While there was some influence of upstream or

downstream rows on the film cooling performance for a particular row,

it was not a dominate factor. Both of these features concerning multiple

row coolant injection will be discussed in detail in the following

sections.

The discussion of the results for multiple row injection is divided

into individual sections for each of the three configurations studied.

The final two sections in this chapter discuss the spanwise averaged

results. The data for 
SNRAVG 

allows comparisons to be made between the

data for the different multiple row configurations and single row

injection.

V.C.2 Five Row Configuration (81 = 5 0 , S/do = P/do = 5)

To aid in the discussion of film cooling with five rows of holes,

three tables were compiled to compare the results for single and

multiple row injection. Table 9 lists the values of M corresponding to

the blowing ratio where 
SNRNEG 

behind the coolant hole was first

observed. Values of the blowing ratio presented in all three tables are

given for both M and M	 corresponding to local and upstream freestream
OO,o

velocities. The values of blowing ratio that- produce the optimum film

cooling performance; Mopt, are presented in Table 10. Finally, the

spanwise location of the coolant jet, i.e. where the largest SNR MAX

occurred, is presented in Table 11 for selected values of blowing ratio.

Behind the first two rows, the data for z/do are presented for (x/do)i

3.5, while behind the last two rows the data are presented for

(x/do) i = 1.5, the only measurement location downstream of these rows.

The downstream position of (x/do) i = 3.5 was selected to provide an

indication of the coolant jet location as it approached the next

downstream row.

The main feature of the results behind the first row of holes (81)

is the good agreement found with the data for a single row of holes at

8 1 . The magnitudes of SNR from these two configurations are in good
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Table 9. Blowing Ratio that Initiated SNRNEG

(x/do)i - 1.5, S/do = P/do = 5

= 50	 e2=22.90	 e3=40.80	 e4=58.10

Single Row 2.0 1.10 0.77 0.95

Multiple Row 1.5 1.26 0.50 0.75

M ",o

Single Row .38 .94 1.11 1.78

Multiple Row .29 1.08 .72 1.41

^.01
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Table 10. Blowing Ratio for Largest SNRMAX
(x/do)i - 1.5, S/do=P/do=5

Mopt

Of sc;o	 a,=99 qo	 %.an _ Ro	 Ek=SR- 70

Single Row 3.5 0.50 0.38 0.50

Multiple Row * 0.50 0.25 0.38

M
.,0opt

el =50	 e2=22.90 e3=40.80	 e4=58.70

Single Row .67 0.45 0.54. 0.94

Multiple Row _ * 0.45 0.36 .57

Data were not taken beyond M1=2.0 for the uniform blowing study.

y
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Table 11. Spanwise Location, z/do, of the Coolant,

S/do = P/do = 5

0=50 , (x/do)1=3.5

	

M=0.50	 M=1.00	 M=1.50	 M=2.00

	

M.. 0.10	 I^;, go. 19	 M^_o0.29	 M^ X0.38

Single Row 0.8 1.7 1 1.7

Multiple Row 1.7 1.7 1.7 1	 1.7

01 =22.90 , (x/do)2=3.5

	

M=0.50	 M=0.75	 11-1.5	 M=2.0

	

M =0.43	 M =0.64	 M =i.29	 M =1.71CO ' 0 .	 00.0	 00,0	 OD,0

Single Row 1.7 1.7 1.7 3.3

Multiple Row ^	 0.8	 1.7 1.7 2.5

63=40.80, (x/do)3=1.5
M=0.25	 M=0.50	 M=0.75	 M=1.25

M ^.36	 M	 72	 M =1.08	 M =1.80°°,	 °° '-00. 	 °D ' 0 	 CO' 0

Single Row 0.0 0.8 1.7 3.3

Multiple Row 0.8 1.7 1.7 t

04 =58.70 , (x/do)4=1.5

	

M=0.25	 M=0.50	 M=0.75	 M=1.00

	

M =0.47	 M =0.94	 M =1.41	 M =1.87
OO ,0 	 CO,0	 CO 20	 °O .0

Single Row 0.0 0.8 1.7 1.7

Multiple Row 0.8 0.8 1.7 1.7

"No single row measurements were taken at this blowing ratio•

tOnly negative SNR values covered the surface at this blowing ratio.

* i y
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agreement. (Appendix III) Table 9 shows approximately the same value of

M initiating 
SNRNEG 

for both cases. Also, good agreement for the coolant

Jet position along the surface is shown in Table 11 except for M - 0.5.

The first row in the configuration does not appear to be influenced

by the blowing from downstream rows. The only discrepancy occurs with

the heat flux gage positioned directly in front of the coolant hole in

the second row. This increase in SNR has been noted previously to be a

direct result of the blowing from a coolant hole in the next downstream

row. This represents the only film cooling effect in the multiple row

results not seen in the single row study. According to Table 11, the

position of the coolant jet as it approaches the second row of holes is

approximately 1.7 do from the hole centerline, while the coolant hole

in the second row is located at 2.5 do.

The results behind the second row (02) are also similar to those

found with single row injection at 62. A comparison of the multiple

and single row data for 02 shows the values of Mop t in Table 10 to be

similar. Good agreement is also shown in Table 9 where the values of

M initiating 
SNRNEG 

are approximately the same. The coolant locations

listed in Table 11 were in reasonable agreement.

Some differences between the data for single and multiple row

injection at 02 were observed when M2 > Mopt. As was mentioned in the

data presentation section, the values for SNR MAXfor the five row

configuration remained high (0.5 to 0.6) for 0.5 < M < 2.0, v lhile for

the single row SNR 
MAX

decreased steadily to ti0.2 at M2 = 2.0. For

this same ranee of blowing ratio, the magnitude of 
SNRNEG 

behind the

coolant hole was not as large for multiple row injection as that found

with single row injection. It was concluded that the results downstream

from 02 were influenced by upstream blowing when M l > 0.75.

The only other difference between the results for five row and

single row injection was the heat flux measured just upstream of a

coolant hole in the third row. As has been discussed numerous times

herein, blowing from a downstream hole reduced the heat flux in the

region immediately in front of the coolant hole.

^^	 Downstream from the third row ( 03 ) in the five row configuration,
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the influence of upstream blowing was more pronounced. Better film

coverage across the surface was achieved for M < 0.5 because of the

coolant flow from the upstream rows. For a low blowing ratio, M== 0.25,

the value of SNR behind the hole was similar to that for single row

injection. The major difference between the two configurations was the

added film cooling protection at z/S - 0.67 provided by the coolant

from upstream rows in the five row configuration.

While good film coverage across the surface was achieved for m = 0.25,

the occurrence of 
SNRNEG 

was initiated at M3 - 0.50 for multiple row

injection. Table 9 shows the blowing ratio for 
SNRNEG 

to be smaller

than that observed with single row injection. Table 10 also shows that

the value of Mop t at 63 for multiple row injection decreased from

the level found with single row injection. Apparently, the disturbance

created by upstream blowing alters the coolant jet-freestream interaction

in a manner that is detrimental to film cooling performance. The

appearance of 
SNRNEG 

values occurs at a lower blowing ratio and Mopt

is substantially reduced.

The position of the jet along the surface, listed in Table 11,

does not differ significantly from the results for single row injection,

but increasing M to 1.0 resulted in negative SNR across the surface.

The data for single row injection show that the influence of the

coolant jet produced local values of SIR > 0 up to the highest blowing

ratio studied, M3 = 1.6. For multiple row injection, an approximately

uniform distribution of negative values of SNR resulted for M > 1.0.

The magnitude of these negative values of SNR was less than the values

found for single row injection. This pattern was previously seen

downstream of the second row. At high blowing ratios, the negative

SNR values for the five row configuration were smaller in magnitude

than those for single row injection.

With only one row of heat flux gages downstream from the third row,

the estimate of the coolant jet position approaching the fourth row

was at (x/do)3 = 1.5. The results in Table 11 indicate that the coolant

centers about a spanwise position between 1.7 and 3.3 do for the higher

values of M. With the coolant hole in the fourth row positioned at

rl

W

0
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2.5 do with respect to the hole in the third row, the coolant jet is

directed toward the coolant hole in the fourth row resulting in poorer

film coverage across the surface behind the fourth row.

Downstream of the fourth row (64% the film cooling results do not

shcw many benefits from upstream blowing. For M < 0.50, the film

coverage is still very localized and the values for SNR behind the hole

are similar to those found with single row injection. By increasing M

to 0.75, the initiation of SNR
NEG

 behind the coolant hole was observed.

Table g reveals that this blowing ratio for multiple row injection was

smaller than that discovered with single row injection. Table 10 also

shows a smaller value of Mopt than that for the single row configuration.

In addition, the values of SNR behind the hole for M = 0.75 and 1.0

were approximately 30% lower for the multiple row injection. Apparently,

the flow disturbance created by upstream blowing was large enough for

M > 1.25 that the coolant jet separated from the surface resulting in

SNR < 0 at (x/do)4 = 1.5. By comparison, the data for single row

injection show the influence of the coolant still present along the

surface at (x/do ) 4 = 1.5, (i.e. SNR > 0), up to the highest blowing

ratio studied, M = 1.5.

The coolant jet location, Table 11, was relatively unaffected by

the change from single row to multiple row injection. Once again the

value of z/do in Table 11 was measured at (x/do)4 = 1.5, giving an

estimate of the coolant location approaching the fifth row.

Results downstream of the fifth row ( 6 5 ) repeat the patterns

established at the fourth row. The negative value, SNRNEG' was initiated

at M = 0.75, and at blowing ratios greater than 1.25, only negative

values of SNR were measured along the surface.

The foregoing results for injection with the five row configuration

(S,'do = P/do = 5) have shown that the performance for the first two

rows are relatively unaffected by the multiple row arrangement, indicating

good agreement with the results for single row injection. The first row

is unaffected primarily because no injection occurs upstream of it.

With a uniform distribution of M for all rows the second row feels little

influence of the first row because of the low coolant flow rate at el.
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;,

Although the performance for the first two rows was unaffected by the

multiple row arrangement, the performance for rows 3 and 4 definitely

was influenced by the effects of upstream blowing. Downstream of rows

3 and 4, the disturbance created by upstream blowing caused a reduction

in the valua of Mopt and the value of M initiating SNR NEGfrom the

levels observed with single row injection. In effect, upstream blowing

decreased the blowing range where negative values of SNR were not

present along the surface. At high values of blowing ratio, the flow

disturbance from upstream blowing apparently was large enough to result

in SNR < 0 over the entire surface downstream from rows 3 and 4.

The following two sections in this chapter discuss the data for

multiple row injection with a hole spacing,S/d - P/do - 10.

V.C.3 Three Row Configuration (`, = 5 0 , S/dp = P/do - 10)

To aid in this discussion, tables similar to those presented in

the last section, were compiled to provide a comparison between the

results for single row injection and those for 3 row injection with

S/do = P/do = 10. Table 12 lists the values of M initiating SNRNEG

while Table 13 presents the values for Mopt for the first row at 81

and the second row at 0 3 . Data for the third row at 05 are not presented.

The coolant jet location along the surface, z/do, is presented in

Table 14. The data in Table 14 are presented for ( ,^/do)i = 8.5,

(x/do ) 3 = 6.5 corresponding to the last row of heat flux gages before

the rows at 0 3 and 05 , respectively.

The most significant feature of the film cooling performance

downstream of the first row at @ 1 is the close agreement found with the

results for single row injection. When the three row and single row

data are compared, the magnitude of the SNR values and the value of M

initiating SNR NEGare approximately equal. As was discovered with the

configuration, with S!do = 5 the film coolant jet from the first row

was unaffected by the downstream blowing at other rows. The only

difference observed was for the heat flux gage located directly in front

of the coolant hole in the second row at 63, where an increase in the

magnitude of SNR was found due to blowing from the downstream hole.
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Table 12. Blowing Ratios that Initiated SNRNEG

(x/do)i=1.5, S/d o = P/do = 10

M

61=50 	63=40.80

Single Row 2.0 0.95

Multiple Row 2.5 1.25

M
00.o

^ =50	 43=40.80

Single Row .38 1.36

Multiple Row .48 1.80

e
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Table 13. Blowing Ratio for Largest SNRMAX
(x/do);=1.5. S/do*P/do-10

Mopt

^ =50 	E§n 40.80

Single Row	 3.5
	

0.50

Multiple Row	 ^`	 0.50

M^'oopt
-5°	 ^-40.80

Single Row	 .67	 0.72

Multiple Row	 "	 0.72

"Data not taken beyond M 1 =2.0 for the uniform blowing study.
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Table 14. Spanwlse Location, z/d o , of the Coolant,
S/do = P/do = 10

6l =50 , (x/du)1=8.5

	

M=0.50	 M=1.00	 M=1.50	 M=2.00

	

M, =0. 10	 Ko 0.19	 M. o 0.29	 M,. 0.38

Single Row * 2.5 * 2.5

Multiple Row 2.5 2.5 2.5 2.5

e3=40.80 , (x/do)3=6.5

	

M=0.25	 M=0.50	 M=0.75	 M=1.25

M =0.36	 M =0.72	 M = 1.08	 M =1.80
co ,0	 00,0	 00,0	 OO,o

Single Row	 *	 1	 2.5	 1	 4.2	 1	 4.2

Multiple Row	 1.7	 '	 2.5	 4.2	 ,	 4.2

No 	 row mt _a. •ements were taken at this blowing ratio.

U^
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From Table 14, the coolant jet issuing from the row at e l had a

location of 2.5 d o just upstream from the second row at 8 3 , placing the

coolant midway between the coolant holes at e l and 83.

The results downstream from the second row (83) also demonstrate

reasonable agreement viith the data from the study of single row injection.

The magnitude of SNP, and the values of M opt (Table 13) were approximately

equal for the two configurations. Table 12 reveals that the value of M

initiating SNR NEGfor the three row configuration was somewhat larger

than that for single row injection. For both configurations, the

magnitudes of SNR 
NEG

were approximately the same. For single row

injection at 8 3 with S/do = 10, SNR at z/S = 0.67 was negligible for

(x/do) 3 = 1.5. However, for injection from rows at e l and e3 with

M > 1.0, values of SNR in the range of 0.1 and 0.2 were observed at

(x/do) 3 = 1.5, z/S = 0.67. Therefore, for S/d o = 10, although the

coolant flow from the first row (8 1 ) did not alter the coolant injection

process at 83 , the coolant from the upstream row did increase the values

of SNR downstream of the second row at 0 3 . This situation differs

from the study of five row injection (S/d o = 5). With five rows, the

injection process at the third row (e 3 ) was altered by upstream blowing

from the second row (82).

V.C.4 Two Row Configuration (82 = 22.9°, S/d o = P/do = 10)

Ir this section, the results for injection from a two row config-

uration with the first row at 8 2 are presented. Results for the values

of M initiating 
SNRNEG, 

Mopt , and the coolant jet location are

summarized in Tables 15, 16, and 17 respectively. The results for the

first two multiple row configurations have shown that the performance

for the first row in the injection pattern is relatively unaffected by

downstream blowing. This trend also was observed for the two row

configuration with the first row at 0 2 . The film coo'ng performance

behind the `irst row (e 2 ) compared with the results for single row

injection at 8 2 show that the magnitudes of the value of SNR behind

the hole are in good agreement and the values of Mopt (Table 16) are

approximately equal.

.	 .

a ,-
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Table 15. Blowing Ratios that Initiated SNRNEG'
(x/do)i=1.5, S/d o = P/do = 10

M

e2 =22.90	e4=58.70

Single Row	 2.40	 1.00

Multiple Row	 >2.0	 0.75

M.,0

02 	 22.90 	 e4 =58.70

Single Row 2.05 1.88

Multiple Row >1.71 1.41



175

Table 16. Blowing Ratio for Largest SNRmx,
(x/do)i=1.5,S/do=P/do=l0

Mopt

62 =22.90	 64=58.70

Single Row	 0.77	 I	 0.75

Multiple Row	 x.625	 0.38

M

= 22.90'oopt	 84=58.70

Single Row	 0.66	 1.41

Multiple Pow	 0.55	 .57
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Table 17. Spanwise Location, z / do of the Coolant,
S/do = P/do = 10

82 =22.90 , (x/do)2=8.5

	

M=0.50	 M=1.00	 M=1.50	 M=2.00

	

I ^o0. 43 	 M , 00 . 86	 ^1 X 01.29	 M 01.71

Single Row 2.5 2.5 2.5 4.2

Multiple Row 2.5 2.5 2.5 4.2

04 =58.70 , (x/do)4=6.5

	

M=0.25	 M=0.50	 M=0.75	 M=1.00

	

N^_o0.47	 M01 ^0.94	 M =1.41	 M. =1.88

Single Row  5.8 4.2 4.2

Multiple Row 5.8 4.2 4.2 9.2

*No single row measurements were taken at this blowing ratio.

9

a
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At the highest blowing ratio studied, M = 2.0, the initiation of

SNR NEG behind the coolant hole had not occurred. This agrees with the

results for single row injection where SNR NEGwas first observed at

M 2= 2.4. Both configurations showed negative values of SNR at M - 1.0

at (x/do) 2 = 3.5. The magnitude of SNR NEGbehind the coolant hole

showed good agreement between the two row and single row configurations.

While the film cooling performance downstream from the first row (82)

is in good agreement with the results for single row injection, the heat

flux gage located in front of a coolant hole in the second row (64)

showed a positive value of SNR of 0.10 to 0.20.

The location of the coolant jet approaching the second row (Table

17) was found to be 2.5 do for M < 1.50, whereas for M > 2.0, the

coolant location was greater than 4 do, which is close to the coolant

hole in the second row. Therefore, when M < 1.5, the film coverage

between the coolant holes downstream from the second row (04) should

be aided by the blowing from the row at 02•

Behind the second row (64 ), low values of blowing ratio, M < 0.5,

produced the same level of SNR behind the coolant hole as found with

single row injection. However, the two row configuration showed a

positive value of SNR at z/S = 0.67. As expected, blowing from the

upstream row (02) aided the performance between the coolant holes. A

comparison with the results for single row injection shows SNR near

zero at this spanwise location.

It was found that upstream blowing also can have an adverse effect,

especially at the higher values of blowing ratio (M > 0.50). Comparing

the results for the single and two row configurations downstream from

04, Table 15 shows a smaller value for M initiating SNR
NEG 

and Table 16

a smaller value for Mop t for the two row configuration. While upstream

blowing can be beneficial at low values of the low blowing ratio, it

has a detrimental effect on the film cooing performance behind downstream

rows when the blowing ratio is increased.

In conclusion, the foregoing results show that some of the trends

established with the five row configuration (S /do = P/do = 5) have been

observed with the three and two row configurations (S/do = P/do = 10).

'i,	
_
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Blowing from a row at 61 was found to have very little effect on the

film cooling performance at the next downstream row. This was attributed

to the small amount of coolant being blown from the row at 61 when a

uniform blowing distribution (M = constant) is employed. However, the

blowing from a row at 82 did influence the performance downstream

from downstream rows. For both the five row and two row configurations,

with injection at 62, the next row downstream showed lower values for

Mopt and M initiating SNR NEGthan for single row injection at the same

downstream location. Furthermore, blowing at 62 with high values of M

(M2 > 1.0) generally resulted in only ne gative values of SNR dov.!nstrean

from the following roar.

One objective for the use of multiple row injection is to promote

more uniform film cooling performance across the surface. However, the

results from this study indicate that the disturbance created by

upstream blowing can effectively reduce the range of M available to

downstream rows before negative values of SNR appear on the surface. If

a uniform blowing distribution is held below M initiating SNRNEG, the

film cooling performance directly behind the coolant hole shows good

agreement with the results for single row injection. Therefore, within

this range of M, the data for single row injection can be used to

predict values of SNR for the multiple row configurations.

The coolant spanwise location approaching the next downstream row,

indicates whether the coolant will flow between the coolant holes or

over the top of them. The results in Tables 11, 14 and 17 show very

little difference between the value of z/do for single and multiple row

injection. Therefore, for a given blowing distribution, the results for

single row injection enable an estimate of coolant location relative to

holes in downstream rows.

When the blcA ng ratio is increased, the injection from downstream

rows is disturbed by upstream blowing. This disturbance can result in

only negative values of SNR across the surface following the downstream

rows. Thus, a large blowing ratio at one row not only affects the film

cooling performance immediately downstream of that row, but the

I'	 interference also affects the film cooling performance at other

downstream rows. The results indicate that the proper selection of a
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blowing distribution is a critical factor in the design of a multiple

row injection configuration. Although the film cooling performance

remains very localized along the surface with multiple row injection,

a carefully chosen blowing distribution and row staggering arrangement

could provide high levels of film cooling effectiveness along the

surface. At the same time, a poorly conceived blowing distribution

can result in heat transfer rates that significantly exceed the values

observed when coolant injection is not present.

V.C.5 Spanwi:p Averaged Results

As described in Chapter IV, tf,e local values of SNR vs. z/S were

averaged in the spanwise direct i an to allow comparisons to be made

between the different injection configurations. However, it should be

noted that spanwise averaging eliminates the detail of the local heat

flux variation. Predictions of wall temperatures based on 
SNRAVG 

would

not reveal the hot (or cold) spots that are typical of the local heat

flux distribution. Fi gures 77, 78, 79 and 80 present a comparison of

the data for SNR
AVG

 for multiple and single row injection. Each fiqure

presents SNR
AVG

 as a function of downstream distance, x/d o . The data

shown in Figures 77 and 78 represent coolant injection with a hole

spacing of S/do = 5, showing 
SNRAVG. 

for the 5 row configuration with

the first row at 6 1 . Data for uniform value of M = 0.25 were selected

because that corresponded to the highest level of 
SNRAVG 

for the

entire surface. The results for multiple row injection shown in

Figure 77 are compared with the values of 
SNRAVG 

for single row

injection at e l . A blowing ratio of M 1 = 1.0 was chosen for the

single row because that produced the best film cooling performance

s_
x
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from 81 1 . The results in Figure 77 demonstrate the superiority of the

multiple row configuration, however the total coolant flaw rate for

the single row is only J.12 times that for the five row configuration

(see footnote). An increase in M 1 > 1.0 would not improve 
SNRAVG 

for

the single row as shown by the data in Table A-17.

The investigation of single row injection for S/d o = 5 revealed

that injection at 0
2
 produced much larger values of SNRm

Ax
 than for

injection at 0 1 . Therefore, Figure 78 compares the data for five row

injection with data for single row injection at 0
2
 with M2 - 0.50,

corresponding to Mopt. Note, this combination of M 2 and M corresponds

to a coolant flow -rate for the single row that is 0.25 times the total

coolant flow rate for the five row configuration. Large values of

SNRAVG are observed directly behind the single row at e 2 injection.

This is primarily a result of the single row coolant flow rate being

twice as large as that from the second row in the five row configuration.

1 Note, the total coolant flow rate for the single row configuration is
significantly less than for the five row configuration. If one
considers the variation of the fr •eestream flow as defined in Section
II.D (p^V^ i = pmV^, 	2Ci e.in e i ), the ratio of single row-to-multiple

row total Coolant f4ow rates can be written as

Mc	 M	 N j C j e.ine j

M	 E F i Ci e.inei

ctot	 i=1

where	 N = number of coolant holes per row
M = uniform blowing ratio for five row configuration

t11 = blowing ratio for single row at e•
. 11c^ = coolant flow rate for single row

Mc t t = total coolant flow rate for all rows

The value of the ten { I for singlc row injection at ej is:

e j	 50	 22.90	 40.80	 58.70	 76.60

{2 rows)	 ---	 0.3521	 ---	 0.6479	 ---

{3 rows) 0.0540	 0.3383	 ---	 0.6077

{5 rows) 0.0305 0.1238	 0.2292	 0.2734	 0.3431
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However, downstream from the single row (82), the value of SNRAVG

decays rapidly while the multiple row injection maintained 
SNRAVG at

0.3 to 0.4. Figures 77 and 78 both demonstrate the ability of the

multiple row configuration to maintain a level of spanwise averaged

film cooling performance across the surface long after the effect of

single row injection has decayed to values of 
SNRAVG 

near zero.

Figures 79 and 80 compare the data for 
SNRAVG 

with coolant

injection with a hole spacing S/do - 10. The data for the three row

configuration with the first row at 81 is presented in Figure 79 for

a uniform value of M - 0.5. Also included in this figure are the

data for single row injection at 81 with M l = 1.0. Note, this

combination of I and M corresponds to a coolant flow rate for the single
row that is 0.11 times the total coo'nnt flow rate for the three row

configuration (see previous footnote). Figure 80 presents the data for

SNRAVG for the two row configuration with the first row at 82. Data

for a uniform value of M - 0.5 are shown. The data for the single row

correspond to injection at 8 2 with M2 - 0.5. This combination of -land

M2, selected because they produced the optimum, film cooling performance

for the re:.; :active configurations, corresponds to a coolant flow rate

for the single row that is 0.35 times the total coolant flow rate for

the two row configuration.

Both figures show little difference in the value of SNRAVG

downstream of the first row located at 81, or 82. This is to be

expected because of the close agreement that was found between the local

values of SNR for the multiple and single row configurations. The

beneficial effects of multiple row injection are seen downstrea, .f

the second row located at 83, or @4. These results indicate the

difficulty in maintaining film coding performance using a multiple row

injection pattern with a row spacing, P/do = 10.

The results presented in Figures 77 through 80 are reproduced in

Figures 81 through 84 to provide a direct comparison between the five row,

three row and two row configurations. The five row and three row

configurations are compared in Fig°jres 81 and 82 for uniform values of

M - 0.25 and 0.50, respectively. Figure 81 shows that the five row
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_	 configuration yields significantly better film cooling performance in

the region downstream from 62. However, the total coolant flow rate

for the five row configuration (S/do = 5) is 3.25 times that for the

three row configuration (S/do = 10) for the same value of M. The

results for M = 0.50 in Figure 82* still show generally better film

cooling performance for the five row configuration. However, the

SNR
AYG

 value downstream from the third row at 83 is low for the five

row configuration as a consequence of negative values of SNR behind

the third row beginning at M a 0.50. The negative SNR results in a low

value for 
SNRAYG' 

The three row configuration did not show SNRNEG

until M = 1.25.

The performance for the five row and two row configurations is

compared in Figures 83 and 84 for uniform values of M = 0.25 and 0.50,

respectively. For a low value of M, Figure 83, the five row

configuration yields superior film cooling performance. However, the

total coolant flow rate for the five row arrangement is 4.74 times that

for the two row. The performance for higher M, Figure 84, shows the

five row configuration somewhat better than the two except for the

region downstream from 63 as discussed previously.

The basic limitation with the row spacing, P/do = 10, is the

rapid decay of the film cooling performance after injection. The film

cooling performance decreases significantly before additional coolant

is added by the next row. However, when the blowing ratid is kept low,

the five row configuration with S/do = P/do = 5 is capable of

maintaining a level of SNR
AYG

 of 0.2 to 0.3 over the major portion of

the surface.

" Data for the five row configuration for M = 0.5, not shown previously,
were obtained from Table A-25.
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Y.C.6 Prediction of the Results for Multiple Row Injection Using
Superposition Theory

At low values of the blowing ratio, the results for multiple row

injection were in good agreement with those for single row injection.

This suggested that a superposition model might be effective in

estimating the multiple row film cooling performance with single row

injection data. Sellers [44] developed a superposition model to

predict the adiabatic effectiveness, nadw, for a multiple row configur-

ation. Figure 85 presents a schematic representation of the model.

The features of the model are outlined for two rows of holes.

It is assumed that a^iabatic effectiveness data have been obtained

for blowing from row 1 alone and from row 2 alone, with the film

effectiveness for each row defined as

- T. - T	 (27)s ' ,. - Tc,l

n2 s - T°° Tĉ-s	 (28)
^-

where the subscript s designates injection from a single row only

and 1 (or 2) identifies the region downstream from row 1 (or row 2).

The adiabatic effectiveness for two rows blowing simultaneously is

defined as

T1 	
z	

- T	 (29)
2,m 

Tmz,m " c,2

where the subscript m designates multiple row injection. In the

superposition model, it is assumed that Tad2,m - Tad2,s and To-2,m =

Tadl , s. Then equation	 (28) can be rearranged to give

Tad2,m - 112,s Te s2 + 0 - r12,$ ) Tad1 ,s (30)

Using equations (29) and (30) it can be shown that for two rows blowing

k ke
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where no,s - 0. This superposition model can also be applied to the

Stanton number ratio which is related to the adiabatic effectiveness by

the following equation (see Section I.C.1).

StFC
 = h' 0 - ecnadw)	 (i5)
o

Rearranging equation (15) gives

StFC	 h'

St	 N°o 
= n

adw	
(32)

(N;) ec

Equation (32) can be substituted for nips and nN'm in equation (31b)

to predict the Stanton number ratio for multiple rows.

The experiments for this investigation were conducted with

Oc - 1.0. For simplicity, and due to a lack of data for W /ho in the

stagnation region, it was further assumed that h'/ho -- 1.0, and then

equation (32) reduces to

0 - St0FC)i,s = (SNR) i's a ni.s	 (33)

The results for 
SNRAVG 

for single row injection were used in conjunction

with equations (33) and (31b) to predict SNRAVG for multiple row

injection. The application of the superposition theory was limited to

values of M where (SNR
AVG )

i,s > 0 due to the necessity of inforsation

z,	 -
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on h'/ho to handle negative values of SNR.

Table 18 shows the experimental results from the investigation of

injec-tion from five rags of holes compared with the predictions made

with the superposition model. For M = 0.25, the predictions from the

model cure well with the experimental data except downstream from

the fourth row where the model underpredicts the value of SNR AVG. The

predictions for M 'Y 0.50 show reasonable agreement downstream from the

first two rows. The large discrepancy downstream from the row at

e3 = 40.80 is due to large negative values (SNRAVG) 
downstream from the

third rear when M = 0.50 for the five raw configuration. With injection

from a single row, negative values of (SNRAVG)3,s did not occur until

M3 = 0.75. Therefore, the superposition model appears useful to

estimate multiple row performance when the blowing ratio is law enough

that negative values of SNR do not appear on the surface. Additional

information on realistic values of h'/ho would be required to extend

the use of the superposition model.

V.O. Summary

The foregoing discussions show that coolant injection from

multiple rows can result in attractive levels of film cooling performance

in the stagnation region when the blowing ratio is relatively low. With

a uniform distribution of M. values of M < 0.5 are needed to avoid

negative values of SNR behind the coolant holes. For low values of 11,

the best film cooling performance was obtained with the five Crow

configuration (S/do = Pjd o = 10). Although the three row and two row

configurations (S/do = Pjdo = 10) represent an improvement over

injection from a single row, the rows are spaced too far apart. The

lack of spreading by the coolant across the surface and the rapid decay

in performance downstream would suggest a closer raw spacing.

For higher values of blowing ratio (M > 1.0), large negative

values, SNRNEG , begin to dominate the film cooling performance. Heat

flux levels exceed those without film coolant flow as SNR approaches

-1.0 to -2.0 in some locations. For moderate values of the blowing

ratio, M V 0.75 - 1.0, multiple row injection creates a disturbance
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Table 18. Prediction of SNR
AVB

 from Superposition NOW

Five Row Configuration (S/do = 
P/do = 5)

R - 0.25

I

$1'SO. 82=22.9 8340.8 84=58.7

x/do 1.5 3.5 1.5 3.5 1.5 1.5

""AVG

Experiment .08 .04 .24 .17 .44 .37

SNRAVG

Predicted .07 .03 .26 .18 .42	 1 .25

M - 0.50

ul =^ - 82=22.9 83=40.8 04=58.7

xldo 1.5 3.5 1 . 5 3.5 1.5 1.5

S"AVG
Experiment .08 .07 .39 .24 .07 .33

SNRAVG

Predicted .07 .03 .43 .19 .41 .47

Values for (SNROjl s at M = 0.5 were used for the prediction
since that was Re lowest value of N investigated at 81 = 50 .
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such that the film cooling performance at downstream rows is adversely

affected. While injection at 81 n 50 was found to have little effect

on the performance downstream from the row at 62 n 22.90 , injection at

e2 had noticeable effects on the performance downstream from the row

at 83 n 40.80. When blowing was applied at 82 in the multiple row

configurations, the development of SNR NEO downstream from 63 occurred

at lower values of M than with single row injection at 93.

Multiple row injection continued to exhibit the highly localized

cooling effect found previously with single row injection. However,

by using multiple rows and by staggering them, it was possible to

achieve a more uniform coverage and an improved SNR AVG than with single

row injection. But this improvement was always contingent upon

maintaining a low blowing ratio.
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VI. MULTIPLE POW INJECTION WITH A
BLOWING DISTRIBUTION SIMULATING
PLENUM SUPPLY

VI.A. Introduction

This ch,Apter presents the results for multiple row coolant

injection with a blowing distribution typical of that resulting when

all rows are supplied from a common plenum. The three different hole

and row spacing configurations studied were (same as in Chapter V)

(a) five row configuration (S/do - P/d o - 5) with the first row at

8 1 - 50 , (b) three row configuration (S/do - P/do - 10) with the first

row at ® i - 50 , and (c) two row configuration (S/do - P/do - 10) with

the first row at 62 - 22.90.

Typical cooling configurations for the leading edge of a turbine

vane, with multiple rows of holes fed from a common plenum, result in

a nonuniform blowing distribution since the coolant flow rate per row

is governed by the plenum-to-external surface pressure difference.

In addition to the variation of the coolant flow rate row to row,

the local blowing ratio is influenced by the variation of the freestream

mass velocity (p.V.) along the surface.

A model was developed to predict the blowing ratio as a function of

the row location (e i ) for coolant holes fed by a common plenum (see

Appendix I). The blowing distribution,predicted for specified row

locations,was found to depend on two parameters, the approach Mach

number, Ma„
,o
 and the plenum total pressure-to-freestream total pressure

ratio, PTc/PT,,.	 Calculation of the blowing distribution representa-

tive of engine design conditions were performed for ?%M o - 0.1 and 0.2.

and PT /PTm- 1.010. 1.020, and 1.030. The six blowing distributions

that resulted from these combinations are listed in Section II.C.,

Table 3, for each of the three hole kpacing configurations studied.

A complete listing of the experimental values of SNR for multiple

row coolant injection with the blowing distribution simulating a plenum

supply is presented in tabular and graphical form in Appendix III. The

results are discussed qualitatively in Section VI.B. and the analysis
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of the data is presented in section VI.C.

Frequent reference is made to the data from Chapters IV and V to

illustrate the influence of the nonuniform blowing distribution.

VI.B. Presentation of the Data

The presentation of the data is divided into three sections, one

for each multiple row configuration studied. The data are examined to

illustrate the influence of the film coolinq parameters: injection

location, 0 1 , blowing ratio, M, and streamwise (x/do) and spanwise

location ( z/S). Comparisons with the results for single row injection

and multiple roar injection with uniform N are presented to determine

the influence of blowing from upstream and downstream rows on the film

cooling performance at a particular location.

VI.B.1. Five Row Conii nuration with First Row at 0 1 =5°, S/do=P/doc5

Figure 86 presents the film coolin g performance at (x/do) l n 1.5

downstream from the first roar of coolant holes showing the Star!on

Number Reduction (SNR) as a function of spanwise location, z /S. The

legend in the figure defines the blowing distribution for the six

combinations of Mam*a , PT /PT Astudied (see Table 3, Section II.C). The

blowing distribution yiei5s the lowest values of M with PT 
t 
/PT. = 1.010

and Ma ,o - 0.2. The blowing ratio then increases in magnitude as
^

PT 
c 
/PT. is increased to 1.030 (with Maw

,o
 = 0.2). By changing the Mach

number to 0.1, the blowing distribution for P T /P 	 1.010 exceeds

the largest blowing distribution for Ma i, = O.Zto	
. The blowing ratio for

Ma. to- 0.1 also increases as PTc/PToo is increased to 1.030.

Reference to Figure 86 shows, as might be expected, yhe highly

localized influence of the coolant behind the first row of the five row

configuration. Even at the lowest blowing ratio studied, M1 1 3.0,

large negative values of SNR were observed. As the blowing ratio was

increased, the magnitude of the negative SNR remained fairly constant.

However, the value of SNR at ( x/do) b = 1.5 was about one-half that found

with single row injection at O l = 5	 The positive value of SNR never

exceeded 0.21. The previous data for single row injection at e  = 50
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showed comparable levels for SNR for high values of Ml.

Downstream at (x/do)l - 3.5, the negative values of SNP, behind the

coolant hole diminished somewhat and the positive values of SNR tended

to increase slightly from the values at ( x/do)l - 1.5. Lateral

spreading of the cooland did not materialize and the trends and patterns

established by the data for single row injection were repeated behind

the first row of the five row configuration with the variable blowing

distribution. The main difference between the two configurations was

the smaller negative value of SNR that occurred with the five row

configuration at the higher values of blowing ratio.

Figure 87 presents the data for 
SNRAVG 

as a function of the blowing

ratio for the downstream locations of (x/do) 1 = 1.5 and 3.5. The

data for (x/do) l = 1.5 show SNR
AVG < 0 

for every blowing ratio

investigated with values in close agreement with the data for single

row injection for Ml < 5.7. However, for M1 = 8.2 and 10.1, the

negative values for SNR
AVG

 for single row injection were substantially

larger than those for the five row configuration. Downstream at

(x/do) 1 - 3.5, Figure 87 shows values of 
SNRAVG, 

that are also negative

at all values of the blowing ratio. Compared with the data for single

row injection at (x/do) l = 3.5, the values of 
SNRAVG 

for multiple row

injection are less negative, and the difference is most noticeable

at M = 8.2 and 10.1.

Figure 88 presents the film cooling performance at (x/d o ) 2 = 1.5

downstream from the second row of holes. For the lowest value of

blowing ratio used at the second row (M 2 = 1.08) negative values of

SNR were observed behind the cooland hole. The negative value of SNR

increased in magnitude as the blowing ratio was increased for

1.08 < M2 < 1.54 and then decreased for M 2 > 1.5. Although the film

cooling effect was highly localized, values of SNRm AX of 0.7 to 0.5 were

observed for up to M2 = 2.02. A review of the data for single row

injection shows that SNR NEGwas initiated at M2 - 1.1 and increased

in magnitude up to M2 = 2.47. The magnitude of the SNR
MAX

 for single

row injection were approximately one-half that shown in Figure 88.

Downstream of the second row for the plenum blowing simulation,
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t

negative values of SNR were observed at z/S = 0.67 for M2 = 1.08,

persisting until M2 = 1.54. The data for single row injection and

multiple row injection with uniform blowing show SNR - 0 at this

spanwise location for the same range of blowing ratio. The levels of

SNR
MAX

 for the plenum blowing simulation were somewhat larger than

that for single row injection and multiple row injection with uniform

blowing. Downstream at (x,'do) 2 - 3.5, the positive values of SNP,

decreased and were located at VS = 0.67 near the hole in the next row

downstream.

Figure 89 presents the data for 
SNRAVG 

as a function of the blowing

ratio for the downstream locations of (x/do) 2 = 1.5 and 3.5. The

spanwise averaged data at (x/d o ) 2 = 1.5 show SNRAVG > 0 for M2 < 1.08

with negative values of 
SNRAVG 

for higher blowing ratio. The data for

single row injection at (x/do) 2 = 1.5 are in good agreement with the

results for the plenum blowing simulation for M 2 < 1.54. Downstream

at (x/do) 2 = 3.5, 
SNRAVG is near zero for all values of the blowing

ratio shown. With single row injection, 
SNRAVG 

was significantly less

than zero, -0.10 to -0.34 for all values of blowing ratio studied.

The film cooling performance downstream from the third row (83)

is presented in Figure 90 for (x/do) 3 = 1.5. At this location, the study

of single row injection at 6 3 indicated that SNR < 0 for M3 > 0.75

and the study with multirow injection with a uniform blowing distribution

shoved that SNR < 0 for M 3 > 1.0. These trends are repeated by the

results for the plenum blowing simulation in Fi gure 90. The lowest

value of blowing ratio for the third row was M 3 = 0.95 and, 3s can be

seen, SNR was negative over most of the span. The value of SNR4AX

was 0.08 and increasing the blowing ratio to M3 = 1.04 resulted in

negative values of SNR over the entire span.

The magnitude of SNR NEG(behind the hole) was approximately

constant up to 14 3 = 1.17	 Increasing the blowing ratio beyond this

point actually caused SNR 
NEGto 

be less negative although a large

negative value of SNR was observed at the spanwise location, z/S = 0.33.

Figure 91 presents the data for SNR
AVG

 at (x/do ) 3 = 1.5 as a

function of the blowing ratio for both the multiple rove configuration

with the plenum blowing simulation and the single row configuration.
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The spanwise averaged results for the plenum blowing simulation reflect

the influence of generally negative values of SNR for M 3 > 0.95, with

SNRAVG varying from -0.31 for M 3 - 0.95 to -0.54 at M3 - 1.61.

However, for M3 < 0.70 the data trends suggest that SNRAVG > 0 at
this location. It is noted that negative values of SNRAVG for the

plenum blowing simulation are not as severe as for single row injection,

apparently due to upstream injection in the former case.

The film cooling performance downstream from the fourth row (94)

is presented in Figure 92 for (x/do ) 4 - 1.5. It is noted that for

the value of M4 (and M5 ) did not vary significantly as the values of

PTc/PT- and 
Ma.,o 

were changed. Therefore, a narrow range of blowing

ratio was examined for rows four and rive, 0.92 < M < 1.36.

The data for single row injection at 0 4 showed SNR NEG(SNR < 0

behind the hole) for t-14 = 0.95. The data for multiple row injection with

uniform blowing showed SNR NEGfor M4 = 0.75. Since the lowest value of

blowing ratio studied for the plenum blowing simulation was M4 = 0.93,

negative values of SNR behind the coolant hole, as shown in Figure 92,

were expected. The localized coolant effect shows SNR 
MAX% 

0.3 for

M4 < 1.05. The trends shown in Figure 92 repeat the pattern found

previously behind the second and third rows of coolant holes. With

the blowing ratio M4 = 0.98, the spanwise distribution of SNR for the

plenum blowing simulation is in excellent agreement with the results

for uniform blowing for M = 1.0. However, a review of the data for

single row injection at 04 shows some differences from the multiple row

data, with values of 
SNRNEG 

that are less negative and values of SNRMAX

that are somewhat larger (- 0.4).

For 114 > 1.24, the data for the plenum blowing simulation show

that SNR is generally negative across the span, although the value of

SNR NEG(behind the coolant hole) was less severe for M 4 = 1.36.

Figure 93 presents the data for 
SNRAVG 

at (x/do) 4 = 1.5 as a

function of the blowing ratio for both the multiple row configuration

with the plenum blowing simulation and the single row configuration.

The values of SNR
AVG were negative for all values of blowing ratio,

varying from -0.17 at M4 = 0.92 to -0.28 at M4 = 1.24. The data in

Figure 93 illustrate different trends for
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the two configurations. The results for the plenum blowing simulation

rid not change significantly as the blowing ratio was increased, but

the data for single row injection sMw a decreasing trend from SNRAVG

0.44 at M4 = 0.50 to SNRAVG a -0.51 at M4 R 1.50. The data for film

cooling performance behind the fifth row of coolant holes are limited

because of the failure of one of the heat flux gages. The data show

trends similar to those established behind the fourth row of holes.

The values of 
SNRMAX 

are approximately the same as those behind the

fourth row. The value of SNRNEG behind the fifth row was not as severe.

Negative values of SNR across the span were observed for M 5 a 1.16.

VI.6.2. Three Row C rmfiguration with First Row at 01 = 50,
S/do = P/d,; - 10

Figure 94 presents the film cooling performance at (x/do)l - 1.5

for the plenum blowing simulation for the three row configuration. The

data show that for the lowest blowing ratio studied, Pil = 2.96,

negative values (SNRNEG ) were observed behind the coolant hole.

Initially, the blowing ratio was increased (2.96 < M4,< 5.08) the

value of SNRNEG increased in magnitude; for M l Z 5.08, SNRNEG remained

relatively constant. The value of SNR
MAX approached 0.50 for the low

values of M1 ratios, far exceeding the values for SNR found with the

five row configuration (S/do - P/do - 5). As the blowing ratio was

increased beyond M l - 4.15, the value of SNR
MAX

 decreased. The values

for SNR
MAX

 and SNRNEG , and all of the values for SNR across the span

at all values of the blowing ratio show remarkably close agreement w•ith

the results for single mi injection.

Downstream at (x/do ) 1 - 3.5, the values of SNRNEG behind the tote

diminished and the values of SNRiW decreased. Very little later.0

spreading of the coolant across the surface was observed. A comparison

with the results for single row injection (S/do - 10) once again shown

excellent agreement at all spanwise locations and for all values of

blowing ratio. Further downstream at (x/do) 1 = 6.5, the trends

established upstream are repeated, and excellent agreement with the

results for single row injection was observed.
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At the final downstream location before the next row of coolant

holes (at e3) (x/do) l = 8.5, the values of SNR (positive and negative)

were approximately the same magnitude as at (x/d o) 1 n 6.5. The values

of SNR across the span showed good agreement with the data for single

row infection with one difference, at x/S = 0.58, where the heat flux

gage was located in front of a coolant hole in the next row. Blowing

from that hole caused the teat flux gage to read higher values of SNR

than those for single row infection.

The data for 
SNRAYG 

are presented in Figure 95 as a function of

the blowing ratio for the downstream locations of 
(x/do)l 

t I.S. 3.5,
6.5 and 8.5. The results show generally negative values of SNRAYG

with 
SNRAYG 

decreasing as M l increases. The largest negative value

for 
SNRAYG 

was observed immediately downstream from the infection

location at (x/do ) 1 ; I.S. The 
value
	 SNRAYG increased (became

less negative) continually as (x/do) 1 increased for any Il l . As might

be expected, the spanwise averaged data show very close agreement with

the results for single row injection. Figure 96 presents the results

downstream from the second row of tales (0 3 ). For low values of blowing

ratio (M3 < 1.04), positive values of SNR were observed behind the

coolant hole. The occurrence of negative values 
(SNRNEG) 

behind the

coolant hole was observed at M 3 = 1.14. This value of blowing ratio is

larger than thAt observed for single row injection (M : 0.95) but close

to the value found with the uniform blowing distribution (M - 1.25).

The value of SNR behind the tale decreased continually as the blowing

ratio was increased. However, the negative values (SNR NEG ) were not

as severe as that observed for single row injection. The values of

SNR
MAX

 (at x/S - 0.11) were constant over the range of M3 studied while

SNR at VS = .33 increased continuousl- as the blowing ratio was

increased, indicating local values as high as 0.4 to 0.6. This pattern

was observed previously with single row injection and multiple row

with uniform blowing.

Downstream at (x/do)3 = 6.5, the values of SNR MAX decreased from

the upstream level accompanied by a small decrease in the magnitude of

the negative values of SNR. The values of SNR
MAX

 and negative SNR
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across the span were approximately the same as those found with single

row injection and multiple row injection with the uniform blowing

distribution.

Figure 91 presents the data for 
SNRAVG 

as a function of the blowing

ratio at (x/do) 3 = 1.5 for the three row configuration with the plenum

blowing simulation and the single row configuration. The spanwise

averaged data show SNR AVGdecreasing as M3 was increased, with a level

of 0.19 at M 3 = 0.95 and SNR 
AVG^ 

0 for M3 > 1.14. The data for single

row injection show similar trends. However, for M 1 > 1.15, SNRAVG

for the plenum blowing simulation is substantially higher apparently

due to upstream blowing effects.

Further downstream at (x/do) 3 = 6.5, the values of 
SNRAVG 

were

small in magnitude, with neither positive nor negative values exceeding

0.05, which is in good agreement with the results for single row

injection.

Because of the limited number of heat flux gages behind the fifth

row of holes (at e 5 ), a complete spanwise distribution of the film

cooling performance was not to be measured. The data obtained show

only large negative values of SNR across the span at all values of the

blowing ratio studied.

VI.B.3. Two Row Configuration with First Row at 02=22.9°, S/do=P/do=10

The results for the two row plenum blowing simulation are presented

in Figure 98 for (x/d o ) 2 = 1.5 downstream from the first row of coolant

holes (at e 2 ). At the lowest blowing ratio studied, M2 = 1.08, SNR MAX

is located directly behind the coolant hole with a level of SNR - 0.60

in the region 0 < z/S < 0.2 and the remainder of the span with SNR near

zero. As the blowing was increased, the coolant jet shifted outward

from the hole, with SNR 
MAX

located near z/S = 0.17. With a blowing

ratio M2 > 1.44, negative values of SNR were observed behind the

coolant hole increasing in severity as the blowing ratio was increased.

The values of SNR IIIAXremained relatively constant, decreasing when

x•1 2 > 2.0. The spanwise distribution of the data shows good agreement

with the results for single row injectiwi and multiple row with the

uniform blowing distribution. The only difference was found behind
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the coolant hole, where for the plenum blowing simulation, SNR NEGS
was

initiated when M2 = 1.44.	 This did not occur until M 2 > 2.0 for

single row injection or multiple row injection with a uniform blowing

distribution.

Downstream at (x/do) 2 = 3.5, 
SNRNEG 

was observed behind the

coolant hole for M2 = 1.08. This trend of SNR 
NEGat 

(x/do) 2 = 3.5

occurring at a lower value of M2 than SNR 
NEGat 

(x/do) 2 = 1.5 was

also observed for the single row injection and multiple row with uniform

blowing configurations. With the plenum blowing simulation, the

magnitude of SNR 
NEG

becomes more negative as the blowing ratio was

increased. The negative values of SNR were as large or larger as the

negative values of SNR located just upstream at (x/do), = 1.5. The

values for SNR
MAX

 decreased from the upstream levels, remaining

approximately constant for M2 < 2.0. Very little lateral spreading of

the coolant was indicated.

Further downstream at (x/do) 2 = 6.5, the values of SNRt4AX remained

at approximately the same level as observed upstream at (x/do) 2 = 3.5,

but the value of SNR 
NEG

diminished. There was no evidence of

lateral spreading of the coolant. The values of SNR at each blowing

ratio showed good agreement with the data for single row injection.

At the final downstream location before the second row of holes,

(x/do) 2 = 8.5, upstream trends	 were repeated. The value of SNRMAX

decreased to - 0.3 while the negative value of SNR continued to diminish.

The values of SNR across the span showed good agreement with the results

for single row injection with the exception of data at z/S = 0.58,

corresponding to the heat flux gage directly in front of a coolant hole

in the second row.

The data for SNR AVGare presented in Figure 99 as a function of

blowing ratio for the downstream locations of (xluo) 2 = 1.5, 3.5, 6.5

and 8.5. The data illustrates SNR 
AVG

decreasing with increasing M2

for any given (x/do) 2 . For M2 S 1.54, SNR AVGis 
positive near the hole,

(x/do) = 1.5, and further downstream 6.5 < (x/do) 2 < 8.5. Negative

values of SNR AVGwere obtained at (x/do) = 3.5 for all M 2 . A comparison

with the data for SNR AVGfor single row injection shows good agreement
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for M2 < 1.28. The only differences are downstream at (x/do ) 2 = 6.5

and 8.5 where the plenum blowing simulation yielded somewhat larger

values for 
SNRAVG' 

For 1.28 < M2.< 2.0, the data for single row

injection did not show SNR
NEG 

behind the hole at (x/do) 2 = 1.5.

Consequently, the data for the single row shows SNRAVG substantially

larger (- 0.2) than that for the plenum blowing simulation (- 0.1) at

the same downstream location. When M2 - 2.4, both single row blowing

and the plenum blowing simulation result in SNR < 0 behind the coolant

hole and then the data for SNR
AVG 

for both blowing studies are again

in reasonable agreement.

The film cooling performance downstream from the second row of

holes at 04 is presented in Figure 100 for (x/do) 4 - 1.5. For the

lowest blowing ratio studied, M 4 = 0.92, large negative values 
(SNRAVG)

were observed behind the coolant hole. The results for both single

row blowing and multiple row with uniform blowing showed 
SNRNEG

initiated for M4 - 1.;. The value at 
SNRNEG 

with the plenum blowing

simulation remained fairly constant as ti was increased, which agrees

well with the results for both single row blowing and multiple row

with uniform blowing.

While a value of SNRMAX was observed for M4 = 0.92, SNR decreased

as the blowing ratio was increased such that near zero or negative

values of SNR existed for ti4 > 1.05. These trends and levels are in

good agreement with the data for single row injection and multiple row

injection with uniform blowing.

Further downstream, (x/do) 4 = 6.5, values of SNRMAX near 0.7 were

found (z/S = 0.25) for M4 < 0.98 which is greater than SNRMAX at

( x/do)4 = 1.5.

Figure 101 presents the data for SNRAVG as a function of the blowing

ratio at (x/do ) 4 = 1.5 for the two row confi guration with the plenum

blowing simulation and the single row configuration. The data for the

two configurations are in reasonable agreement showing 
SNRAVG 

decreasing

as 11 was increased with SNR
AVG < 0 for M4 > 0.95. Additional data

downstream, (x/do) 4 = 6.5, indicate SNRAVG - 0.23 for M4 - 0.95 with

SNR
AVG < 0 

for M4 > 1.04
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VI.C. Discussion of the Results

Experiments were conducted with three different multiple row

injection configurations to simulate the coolant blowing distribution

for rows of holes supplied by a common plenum. A model for the plenum

blowing simulation (see Appendix I) shows that the distribution of the

blowing ratio depends on the location of the rows of holes, the

approach Mach number, Ma. 'o , and the total pressure ratio, PTc/PTA,'

Three values of PTc/PT. and two values of Ma 0 , typical of engine

idesign conditions, were selected to predict sx different blowing ratio

distributions to be investigated. The film cooling results for the six

blowing distributions and three multiple row configurations are discussed

in this section.

The most significant feature revealed in the presentation of the

data was the large negative values of SNR resulting from the large level

of the blowing ratio typical of design conditions. Even for the

distribution with the lowest levels of blowing ratio, the values of M

were large enough to produce SNR NEGbehind the coolant holes. Since

the effect of the coolant was very localized, the negative values of

SNR tended to dominate the spanwise averaged data such that SNRAVG

was generally negative.

Following the format used in Chapter V, the discussion of the

results is split into sections for each multiple row configuration.

The discussion includes comparisons with the results for single row

injection where upstream blowing was not present and multiple row

injection with the uniform blowing where upstream blowing was a factor.

VI.C.1. Five Row Configuration O 1 = 5
0
, S/do=P/do=5)

A major feature of the film cooling performance downstream from the

first row of holes at 61 is the large negative values of SNR that

result from the excessive v4`ues of blowing ratio when holes are

located so close to the stagnation point. The previous experiments with

single row injection and multiple roar injection with uniform blowing

showed that SNR NEGwas initiated at M l = 2.0 and 1.5, respectively.
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Therefore, the plenum blowing simulation with P T /PTW • 1.010 and

Ma„90 0.21 yielding N1 n 2.96, was well beyond theblowing condition

required to initiate SNRNEG behind the coolant holes. Although local

positive values of SNR were observed, the magnitude of 
SNRNEG 

dominated

the spanwise distribution resulting in generally negative values for

SNRAVG. The data downstream from the first row (00 for the plenum

blowing simulation were in close agreement with the data for single row

injection at 01 and the data for multiple row injection with uniform

blowing. There were two minor areas of difference between the data

for the plenum blowing simulation and single row injection. First,

the values for 
SN%EG 

for plenum blowing were not as large as those

for single row injection at the higher values of blowing ratio, M1 > 5.

Second, the value of SNR at (x/d o ) 1 s 3.5 in front of the downstream

coolant hole was larger for plenum blowing than for single row

injection as noted previously.

The spanwise location of the coolant jet (z/do) approaching the

second row of holes was determined as described in Chapter IV and is

listed in Table 19 compared with the values for single row injection.

Downstream from the first row, the coolant location was at z/do 3.3,

in close agreement with the data for single row injection except for

the lowest value of M 1 . Since the coolant hole in the second row is

located at z/do = 2.5 with respect to the first row, the coolant jet

flowing downstream from the first row is directed in close proximity

to the coolant jet emerging from the second row.

The results downstream from the second row of holes also reveal

values of SNR NEGbehind the coolant hole even for the minimum value of

blowing ratio (M 2 = 1.08) studied. This was not surprising since the

data for single row injection and multiple row injection with uniform

blowing showed SNR NEGfor M2 - 1.1 and 1.25, respec^ively. The

influence of the coolant jet was still ver y localized behind the secoond

row which is consistent with the location of the coolant Jet from the

first row in close proximity with the coolant jet from the second rov.

The upstream 'Injection of coolant does result in large values of SNR MAX

( V 0.70) at ( x/do ) 2 = 1.5 that remain fairly constant up to M 2 - 1.61.
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Table 19. Spanwise Location, z /d0 . of the Coolant,
S/d0=P/do=5

0 1 .5° . (x/d0)1=3.5

	

M=2.96	 M=4.15	 M=5.73	 M=8.16

	

Mm.o=0.57	 M..0=0.78 M.0=1.08 k.o=1.56

- Single Row 1.7 3.3 3.3

Plenum Blowing
Simulation

3.3 3.3 3.3 --

M=1.08
MO,'o-90.92

Single Row 11..7

Plenum Blowinĝ T
Simulation

Q2=22.9° , ( x/d0)2n3.5

	

M=1.54	 M=2.02	 M=2.41

	

M.90=1.28 M.
90

=1.71	 MW'0=2.05

1.7 
--r	

3.3	 3.3

	

1.7	 3.3	 3.3

0 3=40.8° ,	 (x/d0)3=1.5

M=0.95 M=1.14 M=1.40 M=1.61
M.,0=1.37

MW 0
=1.66 M„"0=2.02 MW '082.30

Single Row 3.3 3.3 3.3 3.3

Plenum Blowing 1.7
*

-
*

--
r
-

Simulation_

04=58.7° ,
(x/d0)4

=1.5

M=0.98 M=1.05 M=1.24 M=1.36

M. 90
=1.84

k,o
=1.97

M.10
=2.32 M.'0=2.55

Single Row 1.7 1.7 3.3 3.3

Plenum Blowing 1.7 1.7 --- -
Simulation

Only negative SNR values covered the surface at this blowing
ratio.
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In contrast, the data for single row injection showed SNRMAX

decreasing with M2 for M2 > 0.75, With multiple row injection,

the upstream jet reinforces the coolant Jet from the second row

resulting in large values of SNR
MAX

 at high values of blowing

ratio. This pattern also was observed for multiple row injection

with uniform blowing although the magnitudes of SNR
MAX 
	 0.6)

were less than those for the plenum blowing simulation (` 0.75).

This difference is attributed to the higher coolant flow rate emerqinq

from the first row for the plenum blowing simulation.

The large value of SNRt4AX for the lowest blowing ratio,

M2 - 1.08 resulted in SNRAVG , 0 at (x/do) 2 - 1.5. However, for

larger M2 , the level of SNR
MAX 

remained relatively constant, but

SNR 
NEG

increased in magnitude resulting in negative values for

SNRAVG'
A comparison of the results for the two multiple row blowing

distributions (plenum simulation vs. uniform) revealed a difference

at the spanwise location z/S - 0.67 for the second row. The plenum

blowing simulation resulted in negative values of SNR at z/s - 0.67,

a pattern not seen in the study of multiple rove injection with

uniform blowing. The negative values of SNR are attributed to the

large SNR NEGgenerated behind the hole in the first row (at

VS = 0.5 relative to holes in the second row). This flow

disturbance propagates downstream deteriorating the film cooling

performance (SNR < 0) at z/S - 0.67, (x/do) 2 = 1.5 downstream from

the second row. Farther downstream at (x"',, ) 2 - 3.5, positive

values of SNR at z/S - 0.67 are attributed to the heat flux

gage being located in front of a coolant hole in the third

row of holes. Blowing from a downstream hole has been shown previously

K_- =
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to increase the value of SNR in the region in front of the coolant

hole.

The location of the coolant jet from the second row of holes

;z/do) as it approaches the third row is listed in Table 19, A

comparison of the data for z/do for multiple and single row injection

show excellent agreement. The coolant jet, located at z/do - 1.7 to

3.3, once again is in close proximity to the coolant hole in the third

row which is located at z/do = 2.5 with respect to the second row.

The .i?num blowing simulation with the lowest values of blowing

ratio resuited in M3 = 0.95, yielding near zero or la.3e negative

values of SNR across the span downstream from row three. For M3 = 1.04,

only negative values of SNR were observed. This is in contrast with

the data for single row injection where SNR > 0 was observed over a

portion of the span for the same level of blowing from row three.

Apparently, upstream blowing creates enough of a disturbance that only

negative values of SNR are observed. However, it is noted that the

value of SNR NEGbehind the hole for the plenum blowing simulation was

not as large as for single row injection, especially at higher values

of the blowing ratio.

Downstream from the third row, large negative values of SNR were

observed at z/S = 0.67 as a consequence of the large values of SNR NEG

generated behind the coolant hole in the second row propagating downstream.

The generally negative values of SNR result in spanwise averaged data

that vary from SNR AVG -0.31 at M3 = 0.95 to -0.54 at M 3 = 1.61.

However, the negative level of SNR AVGfor the plenum blowing simulation

was riot as severe as for single row injection at e3 for a given value of

M3.

Table 19indicates that the coolant jet location downstream from the

third row is in close proximity to the holes in the fourth row zs

observed for upstream rows. Values for z/do are only shown for M 3 = 0.95

since SNR < 0 across the span for higher values of M3.

Following the pattern established by upstream rows, large values

of SNRNEG behind the coolant hole in the fourth row were observed at

the lowest blowing ratio studied, M 4 = 0.92. Only negative values of

n =



SNR across the span were found for Ma - 1.24. Negative values of SNR

were again observed at z/S = 0.67 downstream from the fourth row as a

result of the propagation of the large value of SNRNEG generated behind

the hole in the third row. Although the generally negative values of

SNR lead to SNRAVG < 0 downstream of the fourth row, the level of SNRAVG

was not as severe as found for single row injection at 0V

VI.C.2. Three Row Configuration (0 1 =5°, S/do=P/do=10)

The location of the coolant jet (z/do ) downstream from a row of

holes is shown in Table 20 for rows at 0 1 and 0 3 for the three row

configuration with S/d u=P/do=10. A comparison with the data for single

row injection shows good agreement. The coolant jet from the first row

was located at z/do = 3.3 to 5.8, in close proximity to the hole in the

second row which is located at z/d o = 0.5 relative to the first row.

The lowest value of blowing ratio studied, M1 = 2.96, was large

enough to produce negative values of SNR behind the coolant hole. The

values of 
SNRNEG 

and SNAP downstream from the first row, show close

agreement with the data for single row injection. A review of the

data for the plenum blowing simulation for the two different hole

spacings shows that 
SNRMAX 

for S/do = 10 was significantly larger than

for S/do = 5. This pattern was observed earlier with single row

injection at 81.

The film cooling performance downstream from the second row (83)

again shows good agreement with the results for single row injection.

The value of SNR behind the coolant hole was positive at the lowest

blowing ratio studied, 14 3 = 0.95. When M3 was increased to 1.14,

SNR
NEG

 behind the coolant hole was observed. This agrees well with

the results for multiple row injection with uniform blowing for

S/do = P/do = 10. Recall that the data for the five row injection



229

Table 20. Spanwise Location, t/do , of the Coolant,
S/do=P/do=10

0 1 =5° , (x/do)1=1.5

M=2.96	 M=4.15	 M=5.73	 M=8.16
M.'OU0.57 M„'0=0.78 Mm'o=1.08 M„,0=1.56

Single Row 2.5 2.5 4.2 5.8

Plenum Blowing
Simulation

3.3 4.2 4.2 5.8

03-40.8° , Wdo)3=6.5

M=0.95	 M=1.14	 M=1.40	 M=1.61
M.,0= 1.31 M,o'0=1.66 M.,0=2.02 M„,0=2.30

Single Row 4.2 4.2 4.2 4.2

Plenum Blowing
Simulation

4.2 4.2 4.2 4.2

I-
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configuration (S/do = P/do = 5) with the plenum blowing simulation

showed SNR 
NEGat 

M3 = 0.95. Thus, as was observed previously for

uniform blowing, injection at e l had little influence on the film

cooling injection process downstream, whether the second row was at

02 or 03 . However, coolant injection at e 2 apparently created a

flow disturbance such that 
SNRNEG 

downstream from the next row

occurred at a lower value of M 3 than with no blowing at e2.

Downstream from the second row (02 ), negative values of SNR were

observed at (x/do) 3 = 1.5, z/s = 0.67, corresponding to the propagation

of SNR 
NEG

initiated behind the hole in the first row (6 1 ). Similarly,

positive values of SNR were observed at (x/do) 3 = 6.5, z/s = 0.92

(when 2.96 < M1 < 5.7) corresponding ppr' •,^imately to the trajectory

of the coolant from the first row.

VI.C.3. Two Row Configuration (0 2=22.9-, S/do=P/do=10)

The location of the coolant jet (z/do) downstream from the holes

at 82 and 84 ,	 presented in Table 21, shows good agreement

with the data for single row injection. The coolant jet from the

first row was located at z/do = 2.5 to 4.2, corresponding to

z/S = 0.75 to 0.92 relative to the second row of holes (e 4). The

values of SNR downstream from the first row (62) showed good agreement

with the results for single row injection at 62 except that negative

values (SNRNEG) 
were observed behind the hole at a considerably lower

blowing ratio (M2 = 1.44) for the plenum blowing simulation.

Downstream from the second row (04), large negative values of

SNR were observed for the lowest value of blowing ratio studied,

M4 = 0.98. Only negative values of SNR across the span were found

with M4 = 1.24. When M4 < 1.24, the values of SNR NEGand SKMAX show

generally good agreement with the data for single row injection. In

the region (x/do) 4 = 6.5, the observed values for SNR were very

sensitive to changes in the blowing ratio (M4) apparently due to the

proximity of the boundary layer separation region.
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Table 21. Spanwise Location, z/do , of the Coolant,
S/dozP/doMlO

02=22.9° , (x/do)2'8'5

	

M-1.08	 M-1.54	 M-2.02	 M-2.41

M. 
'020.92 M. 

'o 
= 1.28 M.,0=1.71 M.90=2.05

Single Row	 2.5	 2.5	 4.2	 4.2

Plenum Blowing	 2.5	 2.5	 4.2	 4.2
Simulation

04=58.1°  , (x/d 
0)4 

=6.5

	

M=0.98	 M=1.05	 M=1.24	 M=1.36
M.,0=1.84 M. ,0= 1.97 M.,0=2.32 M.,0=2.55

Single Row	 i	 4.2	 9.2	 9.2

Plenum Blowing	 2.5	 9.2	 9.2	 9.2
Simulation

No measurements for single row injection were taken at this
blowing ratio.



VI.D. Summary

The dominr.tF: feature throughout all of the results for the plenum

blowing simulation was the large negative level of SNR due to the

large values of blowing ratio for typical design values of plenum-to-

freestream total pressure ratio (PT c/PTA,) and approach Mach number

(Ma. ,
o) . The patterns and trends established by the results for the

plenum blowing simulation show generally good agreement with the data

for single row injection. However, with the spanwise injection angle,

the coolant from upstream row passed in close proximity to the coolant

hole in the next row downstream resulting in very localized cooling

performance. Generally, the large values of 
SNRNEG 

observed behind

the upstream coolant hole propagated downstream resulting in negative

values of SNR downstream from the next row. For injection with

S/do = P/do = 5 and, or injection at e 2 , blowing apparently created

a flow disturbance that reduced the value of M initiating SNRNEG

at downstream rows.

Figure 102 presents the spanwise averaged data, 
SNRAVG' 

for the

three multiple row configurations studied in the plenum blowing

simulation, with PTc/PT. = 1.010 and Mam
.o 

= 0.2 yielding the

smallest values of blowing ratio. The results for the five row

configuration (S/do = P/do = 5) show SNRAVG ^ 0.13 behind the second

row and, generally, 
SNRAVG 

less than zero, for most of the surface.

The trends for the three row configuration (S/do = P/do = 10) were

similar with improved performance downstream from 8 3 . The two

row configuration was comparable. The very localized film cooling

performance and the large negative values of SNR tended to dominate

the value of 
SNRAVG' 

Increasing the value of PT c/PT. and/or

decreasing Mam,o resulted in higher values of blowing ratio, larger

negative values of SNR and, therefore, lower values (i.e. negative)

of SNRAVG'

The results from the plenum blowing simulation illustrate the

poor film cooling performance resulting from the high levels of

blowing ratio typical of leading edge designs. A reduction in the

level of blowing ratio (i.e. reduced PTc/PT.) would provide more

effective film cooling over the surface with less coolant consumption.
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VII. EFFECT OF FREESTREAN TURBULENCE INTENSITY
ON FILM COOLING PERFORMANCE

The influence of changes in freestream turbulence intensity on

the heat transfer without film cooling (dry wall) was discussed in

Chapter111. An additional study was conducted to determine the

influence of freestream turbulence intensity on the film cooling

performance. Since previous experiments [18][191 have shown that

injection of the coolant through discrete holes can generate a high

level of turbulence, it was of interest to examine the importance of

changes in the freestream intensity.

Experiments were conducted with the five row configuration

(S/do - P/do = 5) using different levels of freestream turbulence

intensity with (a) a blowing distribution simulating a plenum supply,

and (b) a uniform blowing distribution. The turbulence intensity was

changed by inserting a screen with a different mesh size and/or a

different wire diameter -in the wind tunnel. The two different

screens employed yielded turbulence intensities of 4.8% ± 0.1% for
the fine screen and 9.7% + 0.4% for the coarse screen (see Section

III.A.). The clear tunnel intensity was measured as 4.4% + 0.3",'.

The film cooling performance was measured for the three levels of

freestream turbulence intensity for the plenum blowing simulation

with PTc/PT. = 1.010 and Ma. = 0.2 and for the uniform blowing

distribution with M - 0.75. These levels of blowing ratio were

selected so that both positive and negative values of SNR across

the span were present.

The results for the plenum blowing simulation show good agreement

of the data for SNR for all three intensities investigated. Figures 103,

104 and 105 present the film cooling performance at (x/d o ) i = 1.5

downstream from the rows at 61, 83 and 04, respectively. The data

presented are representative of all of the results obtained for the

k plenum blowing simulation (see Appendix I ). Values of SNR as a

function of spanwise location, z/S, are presented for each screen

configuration.
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The experiments for No Screen and the Fine Screen had turbulence

intensities that were practically the same, and the film cooling data

for these two cases show good agreement. The data for the coarse

screen shows generally good agreement with the other two screen

configurations except for the value of SNR behind the coolant hole at

8 1 and 6 3 . The magnitude of SNRNEG was not as large for the higher

level of turbulence intensity (see Figures 103, 105). In Figure 104,

the film cooling data downstream from the third row (63) show good

agreement for the three screen configurations with the exception of

the data at VS a 0.67. A review of all the data for the plenum

blowing simulation indicates little influence of freestream turbulence

level for the range investigated.

Figures 106, 107 and 108 present the film cooling performance at

(x/do) i - 1.5 downstream from the rows at e 1 , 82, and 84, respectively

for the uniform blowing distribution. The data show good agreement

for all three screen configurations indicating little influence of

freestream turbulence intensity for the range investigated.

In general, the results for the three different turbulence screen

configurations show no significant influence of the freestream

turbulence intensity on the film cooling performance for both the

plenum blowing simulation and the uniform blowing distribution. This

finding was not surprising since previous experiments with flow

visualization [19] have shown a highly turbulent flow resulting from

the vortex pattern generated by the coolant jet - freestream

interaction. Thus, changes in the freestream turbulence level were

of little consequence at least for the range investigated.
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VIII. CONCLUSIONS

This investigation was conducted using the stagnation region

of a cylinder in cross-flow to investigate the film cooling performance

typical of a turbine vane leading rMge. Experiments were conducted

with film coolant injection from a single row and from multiple rows

of coolant holes angled in the spanwise direction with ^ = 25 0 . A

freestream -to-wall temperature ratio of T /T = 1.7 and a Reynolds

number of Rep = 9 x 104 were maintained throughout the investigation

to simulate the gas turbine environment.

The test cylinder was instrumented with miniature heat flux gages

and thermocouples to determine the local Stanton number, St, the

Stanton number ratio with film cooling, St/Sto, and the Stanton number

reduction with film cooling, SMR = 1 - (St /Sto). The data are

presented in terms of SNR as a function of the distance d wnstream

from injection ( x/do) and the location between adjacent cool nt holes

(z/S). The local values of SNR were integrated to determine the

spanwise averaged Stanton number reduction, SNR
AVG

 as well.

The primary objectives of this investigation were to study the

influence of: the coolant blowing ratio, M, the inject i on location

relative to stagnation, 0i, hole-to-hole (S/do) and row-to-row (P/do)

spacing, and the effect of multiple roN; of coolant holes. Data for

single row injection were measured at the first four rota locations,

ei = 50 , 22.90 , 40.80 , 58.70 relative to stagnation, using a hole

spacing of S/do = 5 and 10.

Date were obtained for three multiple row configurations (a) a

five row configuration with S/do = P/d o = 5 and the first row at

0 1 = 50 , (b) a three row confi guration with S/do = P/do = 10 and the

first row at 8 1 = 50 , and (c) a two row configuration with

S/do = P/do = 10 and the first row at 82 = 22.9 0 . Experiments were

conducted with the multiple row configurations using a uniform blowing

distribution and a blowing distribution simulating a plenum supply.

Experiments also were conducted to determine the influence of

freestream turbulence intensity on the film cooling performance.
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From the analysis of the data, the following observations and

conclusions were drawn concerning the effects of film cooling in the

stagnation region. This summary is divided into four sections

corresponding to the following topics: single row injection,

multiple row injection with uniform blowing, multiple row injection

with a plenum blowing simulation, and multiple row injection with

increased freestream turbulence intensity.

VIII.A. Single Row Injection

1) The data revealed a very localized influence of the film

coolant on the surface heat transfer. Lateral spreading of the

coolant as it flowed downstream was minimal and a large portion of

the region between the coolant holes remained unaffected.

2) The spanwise averaged data (SNR 
AVG) 

demonstrated a rapid

deterioration in the film cooling performance with downstream distance,

x/do.

3) The region that was covered by the coolant experiences high

levels of film cooling performance (SNR z 0.5 to 0.7). At low values

of blowing ratio, M, the coolant was turned quickly in the freestream

direction and the area directly behind the coolant hole experienced

large values of SNR. However, as M was increased, the coolant

location shifted in the spanwise direction resulting in large

negative values of SNR (i.e. increased heat flux) behind the coolant

hole. The blowing ratio that produced the negative values of SNR

behind the hole increased in magnitude as the injection location was

moved away from stagnation.

4) In the region covered by the coolant, the blowing ratio that

produced the largest value of SNRr,AX was referred to as the optimum

blowing condition, Mop t . The value of SNR 
MAX

decreased as the

blowing ratio was increased beyond tlopt . A blowing ratio defined

with the upstream approach velocity, M., 
, was found to provide the

,o
best correlation of the optimum blowing condition.

5) The effect of hole spacing on the local film cooling
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performance was small for M < Mop t , except for injection at 61 - 50

with S/do - 5. The data for S/do = 5 at 9 l exhibited very low

values of SNR when compared with the data for S/do - 10. For M > Mopt,

injection at 019 02 and 83 , produced larger values of SNR for S/do - 10

than for S/do - 5. However, for injection at e4 - 58.70 , the trend

with respect to hole spacing was reversed.

6) The spanwise averaged film cooling performance (SNR 	 )
•	 AVG

for S/do = 5 was usually larger than for S/do = 10. However, the

improvement obtained by doubling the total coolant flow rate was

typically less than 30 percent.

VIII.B. Multiple Row Injection with Uniform Blowing

1) Multiple row injection resulted in a high level of spanwise

averaged film cooling performance when the blowing ratio was

maintained at an appropriate level. With a uniform blowing

distribution, a value of M < 0.5 was necessary, for all multiple

row configurations, to avoid negative values of SNR behind the coolant

hole.

2) The five row configuration with S/do = P/do = 5 exhibited

the best film cooling performance. The three and two raw configurations

with S/do = P/do = 10 represented some improvement over single row

injection, but the lack of spreading by the coolant across the surface

and the rapid decay of the film cooling performance downstream

indicated a closer hole and row spacing is necessary to maintain film

cooling performance in the range of SNR 
AVG` 

0.3 i 0.4 .

3) The film cooling performance downstream from the first row

of all multiple row configurations showed good agreement with the

results for single row injection at the same injection location.

Although the results for the downstream rows showed reasonable

agreement with the single row data, some effects of upstream blowing

were found. Blowing from upstream rows created a flow disturbance

that reduced the optimum blowing condition and the blowing condition

that produced negative SNR behind the hole for downstream rows. At
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high values of blowing ratio, M > 1.0, the flow disturbance became

large enough such that SNR was negative across the span. This was not

observed with single row injection.

4) The staggering of holes from row-to-row used in this

investigation did not yield the spanwise uniformity in film cooling

performance expected downstream from the second and subsequent

downstream rows. The trajectory of the coolant from the first row

(inferred from the data) passed in close proximity to the hole in the

second row, and so on. The trajectory of the coolant was found to

be essentially the sans' for single row and multiple row injection.

5) A superposition method using data for SNR
AVG

 for single row

injection was used to predict results for multiple row injection

showing good agreement with measured data as long as M was restricted

such that SNR was positive across the span. The accuracy of the

prediction was poor for values of M that resulted in negative SNR

behind the hole.

VIII.C. Multiple Row Injection with a Slowing
Distribution Simulating a Plenum Supply

1) A model to predict the nonuniform blowing distribution for

multiple rows of holes supplied by a common plenum showed the blowing

distribution was primarily dependent on the plenum coolant-to-freestream

total pressure ratio, PT c/PT.,, and the approach Mach number, Mam.o.

The blowing distributions, calculated for values of P T /PT. and Ma,.,o

typical of engine conditions, resulted in very large values of M for

the first two or three rows of coolant holes. This resulted in large

negative values of SNR behind the coolant holes with moderate positive

values of SNR between the hole centerlines.



246

2) Even for the lowest values of blowing ratio (P Tc/PT. = 1.010,

14a., 
'o = 0.2), the large negative values of SNR tended to dominate the

value of 
SNRAVG' 

The results for the five row configuration

(S/do = P/do = 5) show SNRAVG ` 0.13 behind the second row and,

generally, SNR AVGwas less than zero for most of the surface. The

trends for the three row configuration (S/do = P/d o = 10) were

similar with improved performance downstream at 6 3 . The two row

configuration was comparable. Increasing the value of P T /PT.

and/or decreasing Ma,,,o resulted in higher values of blow^ng ratio,

larger negative values of SNR and, therefore, lower values (i.e. more

negative) of SNRAVG'

VIII.O. The Influence of Freestream Turbulence
Intensity on Film Cooling Performance

1) The five row configuration (S/do = P/do = 5) was used to

investigate the influence of freestream turbulence intensity on the

film cooling performance. An increase in the turbulence intensity

from 4.4% to 9.5% was found to have little influence on the film

cooling performance for either the plenum blowing simulation

(PT,c/F
T.- 

= 1.010, Ma. 
'o = 0.2) or the uniform blowing distribution

(M = 0.75).
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Appendix I	 Blowing Ratio Distribution
Simulating a Plenum Supply

Most of the multiple row film cooling studies published to date

have investigated flat test surfaces with a uniform distribution of the

blowing ratio row-to -row. With a flat surface, the constant freestream

mass velocity (p^YW) and uniform blowing distribution corresponds to

equal coolant flow rates for each row of holes. For turbine blade

cooling applications, it is common to feed different rows of holes

from a common plenum. This results in a nonuniform blowing distribution

due to (a) the variation of (p.Vj along the surface and (b) the

variation of plenum-to-freestream pressure difference governing the

flow through each hole.

Figure A-1 illustrates a diagram representing multiple rows of

holes fed from a common plenum typical of turbine vane leading edge

designs and the test cylinder- used in the present study. The mass

flow rate from each hole is governed by the ratio of the plenum coolant

total pressure, P T ^ c , to the coolant hole exit static pressure (assumed

equal to the local freestream static pressure, P..). In the leading

edge region, the freestream static pressure and velocity vary as the

flow accelerates away from the stagnation point. Therefore, each row

of holes will have a unique pressure ratio, (P Tc/P. ) i , and mass flow

rate depending on its location (8 i ). With both the coolant mass flow

rate and the local freestream mass velocity, (p.V,,) i , dependent on

O i , the blowing ratio distribution in the leading edge region will be

near,-uniform row-to-row. This appendix describes the model developed

to predict the blowin g ratio distribution for multiple rows fed from a

common plenum.

The mass rlux from a coolant hole can be expressed by the

continuity equation as

P

(,V) c
 = RCT M

cacCp	 (A-1}

cc
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where	 PC - coolant static pressure

Tc - coolant static temperature

Mc - coolant Mach number

ac - coolant speed of sound

CD - discharge coefficient

Rc - coG nt gas constant

By replacing static properties in terms of stagnation properties and

Mach number, equation (A-1) can be written as

WV) c - COP
Tf4c--T ,.

{	
M^

+1 2 -1 	
(A-2)

C 	 C [1 + (yC-1)12 MC2^ (YC )/ (^C )

where	 Yc - specific heat ratio for coolant

The coolant Mach number can be expressed in term., f pressure ratio as

Mc =	 2i' (YC-1)} { (PT /PC ) (Yc -1) /Yc - 1}	 (A-3)
c

Substituting Equation ^A-3) into Equation (A-2) gives

F

RCTTC f2/(YC-1)} {(PTc/pC)(YC-1)/YC

('V)c-COPTc
	

(YC+1)12YC	
(A-4)

(pTc /PC)

The static pressure of the coolant emerging from the hole (Pc) is

assumed equal to the local freestream static pressure (P m). Then

Equation (A-4) can be written as

YC -1	 YC -1

(,V) C = CDFPT. RcT
	

{Y} t(F) Yc (PT /P^) 
YC	 1}	

(A-5)
c Tc

(F)(YC
+1)1

2YC(P IP„)(YC+1)12YC

T„

where	 F = coolant plenum total-to-freestream total pressure

ratio, PTc/DT.-
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Therefore, the mass flux of the coolant was determined for specified

values of the coolant total temperature (TT ^ c ), freestream total

Pressure (PT.), freestream total-to-static pressure ratio, CD, and F.

Thy freestream total-to-static pressure ratio was determined

from the local Mach number distribution.

PTTIGO 	 + YH 	 M 
21YH/YH-1	

(A-6)

where	 YH = freestream gas constant

M. _ local Mach number

The local freestream velocity (Q was determined from potential

flow accounting for tunnel blockage due to the test cyl'nder as

described in Section II.D. Therefore, assuming incompressible flow

for Mac.
,o
 < 0.2 the local freestream velocity around the test cylinder

was  given as

V. = 2V,,
,0

 C i Ain 9 i	 (A-7)

where	 Ci - correction for tunnel blockage

The local surface Mach number for a given coolint hole location (Pi)

was determined from

t, Y-	 .. 2

Mm = 2 M. ,o	 + T1 W	 Ci ain 01	 (A-8)JI + -
M

The discharge coefficient, CD , with blowing through holes near

the leading edge of a turbine vane was approximated by the results of

Sasaki, Takahara, Sakata and Kamagai [17], reporting on an experimental

study of the blowing characteristics fron a single hole on a circular

in a freestream. The discharge coefficient without freestream flow

was correlated with the coolant Reynolds number based on hole diameter,

pcVcdo
( U	 ). A least squares fit of the data gave

c

C' D = 0.526 + 0.0685 (Log 10 Redo )	 (A-9)
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where	 C'D - discharge coefficient without freestream flow

With freestream flow over the cylinder surface, the discharge

coefficient was affected by the coolant-freestream interaction.

Sasaki et al defined a loss coefficient for flow through a hole as

C = Ĉ-17 - 1	 (A-10)

D

The additive loss created when the freestream flow was applied was

defined as

;o	
(A-11)

where	
Co 

=-,-^2 _ 1
D

Rearranging these equations gives

(C' ) 2 	1
CD =	 * (C , D )t + 1 ]^	 (A- 12)

Sasaki et al found that the loss coefficient, c% was a function of

the local coolant-to-freestream momentum flux ratio, I. .	 Their

data are presented in the following functional form.

For Log 10 I. < 0.080

^* = 0.0006 - 0.6414 (Loe l o I.)

0.1139 (Log 10 1 . ) 2	- 0.5562 (Log 10 I.)3

+ 0.2853 (Log l o I. ) 4	(A-13)

For Loglo I.	 > 0.080

^* = 0.0	 (A-14)

The coolant mass Flux was computed by iteration by initially setting

CD = 1, and using Equation (A-5) to estimate (pV) c . The coolant

Reynolds number, Red 
0

, and the local momentum flux ratio, I., were

approximated and Equations (A-9), (A-13) and (A-14) were used to

calculate C' D and ^*. The values for C'D and r, * were used in Equation

I e

V
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(A-12) to revise the value of C O . With a value for CD less than 1,

a revised coolant mass flux was computed from Equation (A-5) and the

procedure was repeated until the change in (pV)c was < 0.5%.

The foregoing procedure shows that the blowing ratio for a

particular row location (e i ) on the test cylinder is a fur -tion of

Ma,^^ o , F, and TT^/TTc . The values of TT^^, and TTc influence the

specific heat ratio (YH , yc ), and the values of PT .. and TT,c affect

Redo and C O , but these effects are of secondary importance. In the

present study, the ratio, TT,./TT, c was held constant so that values

if F = PTc/PT. and Ma. 0 governed the blowing ratio for a particular

row location (6i).

The blowing ratio for each of the five coolant hole locations

(e l , ..., 85 ) was computed for three values of PT,c/PTA. (1.01, 1.02

and 1.03) and two values of Ma. ,o (0.1 and 0.2) representative of

values typically found in leading edge designs. The blowing ratio

distributions were calculated for; (a) the experimental conditions

in this study,

PT A ,,, = 101 KPa,	 TT,00 = 500 K, TT./TTc=1.7,do = 4.76 mm

and (b) typical engine conditions,

PT 'C0 = 862 KPa, TT.- = 1610 K, TT./TT
c
 = 1.7, do = 0.51 mm

A comparison between the blowing ratio distributions for both cases

showed the largest margin of difference to be 4%. The blowing ratio

distributions computed for the typical engine conditions were chosen

for use in this investigation.

The computed values of blowing ratio, Mi, (typical engine

conditions) were compared with the blowing ratio distributions for

selected leading edge turbine vane designs for the same PT,c/PT,^

and Ma.,The values for Hi computed for the present study were

approximately 15 4k, higher than the design comparisons, possibly due

to a difference in the value of C D when going from a single hole

configuration to a multiple row configuration. Consequently, the

values of M i calculated using data from Sasaki, Takahara, Sakata,

and Kamagai t17] data for CD were reduced by 15". to arrive at the
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blowing ratio distribution used in the present study. Table A-1

summarizes the values of the blowing ratio for each multiple row

configuration and for each combination of PT , c/PT ,m and 
Mam.o 

used

in the study of film cooling with a blowing distribution simulating

a plenum supply (see Chapter VI).
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Table A-1. Blowing Ratio, M. for Multiple Rows with Common Plenum
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Appendix II Surface Roughness of the Test Cylinder

The test cylinder was machined with five slots to allow for the

placement of removable drop-in segments. The segments were

incorporated to permit a variation of the coolant hole spacing (S/do)

and row-to-row spacing (P/do) while still using the same instrumented

cylinder. Since surface roughness affects the boundary layer

development on the test cylinder, precautions were taken to measure

and control the surface roughness due to the misalignment of the

drop-in segments and the cylindrical test surface.

The surface roughness produced by the drop-in segments was

measured each time a new set of segments were installed in the

cylinder. A dial indicator (0.0121 mm divisions) was used to

measure the roughness of each segment at selected locations along the

span. Figures A-2, A-3, and A-4 show the roughness measurements, K

(in millimeters) when the cylinder was equipped with solid segments

(i.e., no holes), with segments having a hole spacin g of

S/d o = P/do = 10, and with segments having a hole spacing of

S/do = P/do = 5, respectively. Each figure indicates the location of

the heat flux gages along the surface.

The data in Figure A-2 shows, when the solid segments were

installed, the largest roughness on the test surface was K = -0.076 mm

corresponding to a dimensionless roughness height of K/D = 5.0 x 10-4,

where D is the cylinder diameter. It is note(' that the largest

roughness occurs approximately 50.8 mm from the wind tunnel wall. In

the central region near the heat flux instrumentation, K < 0.0635 mm,

K/D < 4.1 x 10-4.

When the film cooling experiments were initiated, the solid

segments S 1 , S 3 , S 5 were replaced with segments having coolant holes

drilled at a spacing of S/do = 10. The surface roughness measurements

shown in Fi gure A-3 indicate the largest roughness, K = -0.178 mm,

K/D = 11.7 x 10 -4 , located 25.4 mm from the wind tunnel wall and

K < +0.101 mm, K/D < 6.7 x 10 -4 , in the central region.
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with Drilled Segments (S/do = P/do = 10)
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0	 150 mm	 300 mm

Wind	 3 2 1	 Wind
Tunnel	 O 00	 Tunnel
Wall	 6 5 a	 ___	 Wall

S	 +.051	 +.038	
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--152	 -.064	 _ ,. ,.	 -•038	 -.025
^6 15

22 21 20 19
	000	 +.013	 O 000+_013 	 +.025	 +_013

	

S ^	 +.025 +.b25	
S/do - 

5	 I

-.025 -.013

	

+ •0 0	 -•013	 ..	 -•013	 -•025	 -•051
29' 215 A23

	000	 +.013	 +,013 +,013	 +.000	 +.000	 +.013

S4	 +.000 -.013	
S/do = 5

	

-.013	 +•013	 +.800	 -.013	 -•025
30 2^ Y827

	

.064	 +.038	 +,051 +.025	 +.025	 +.013	 +.00C

S 5 	 -.038 -.013	 S/do = 5

	

- .038	 - .038 _	 - .025	 - .013	 - _013
0 3Y r31

0 - Heat Flux Gage

	

	 t Step Increase Between Surface
and Segment

S - Drop-In Segment	 - Step Decrease Between Surface
and Segment

Figure A-4. Surface Roughness of Test Cylinder
with Drilled Segments (S/do = P/do s 5)
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The test configuration with S/do - P/do - 5 required a row of

coolant holes at all five segment locations. The drilled segments

at 01, 63, 85 (S/do - 10) were removed and drilled for a hole spacing

of S/do - 5. The solid segments at 82, e4 were replaced with

segments drilled for S/do - 5. The surface roughness measurements

shown in Figure A-4, indicate the largest surface roughness,

K = - 0.216 mm, K/D = 13.3 x 10 -4 , near the tunnel wall, and

K < 0.127 mm, K/D < 8.3 x 10- 4 in the central region.

The foregoing measurements show that for all the experiments,

the surface roughness was K/D < 5.0 x 10 -4 to 8.3 x 10-4 in the

central region of the test cylinder where the heat flux measurements

were made. The influence of roughness size on heat transfer was

investigated by Achenbach [34] using a cylindrical test surface with

emery paper to create a selected sand grain roughness. Heat flux

measurements made at a Reynolds number, Re D* = 8.3 x 104 and a sand

grain roughness of Ks/D = 7.5 x 10- 4 showed no influence of the

roughness on the heat transfer when compared with the results for a

smooth cylinder. Experiments at Re D* = 6.3 x 104 with Ks/D = 30 x 10-4

also showed no influence of the roughness on the heat transfer.

Therefore, for the present investigation conducted at Re D* = 7.1 x 104,

it was concluded that the surface roughness, K/D < 5.0 x 10 -4 to

8.3 x 10 -4 , had no influence on the measured heat transfer in the

central region of the test cylinder. Further evidence in support of

this conclusion is indicated b y the dry wall heat transfer data

presented in Figure 36 where N uD/3Rep decreases monotonically with

a in good agreement with published data for smooth cylinders [38]

[39][40].
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Appendix III. Experimental Data from the Film
Cooling Experiments

The purpose of this appendix is to document the values of

Stanton Number Reduction, SNR, measured during the present investigation.

A complete listing of the values of SNR is presented in a tabular and

graphical form for each heat flux gage location (z/s, x/do), for all

parameters investigated (S/do, P/do, M i , ei). The spanwise averaged

Stanton Number Reduction, 
SNRAVG' 

calculated as described in Chapter

also is presented.

An index of the tables and figures follows.

Single Row Injection

Table or Figure	 Condition

Figures A-5 -+ A-11 Single Row Injection

Table A-2, Table A-17 (SNR
AVG ) (01	 = 50 , S/do = 5)

Figures A-12 -• A-18 Single Row Injection

Table A-3, Table A-18
(SNRAVG) (81	 = 50 , S/do = 10)

Figures A-19 -^ A-24 Single Row Injection

Table A-4, Table A-19
(SNRAVG) (82 = 22.90 , S/do = 5)

Figures A-25 4 A-30 Single Row Injection

Table A-5, Table A-20
(SNRAVG) (82 = 22.90 , S/do = 10)

Figures A-31 ^ A-35 Single Row Injection

Table A-6, Table A-21 (SNR
AVG ) (g3 -

40.80 , S/do = 5)

Figures A-36 a A-39 Single Row Injection

Table A-7, Table A-22 (SNR
AVG ) (83 =

40.80 , S/do = 10)

Figures A- 40 - A-43 Single Row Injection
Table A-8, Table A-23

(SNRAVG) (e4 = 58.70 , S/do = 10)
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Table or Figure
	

Condition

Figures A-44, A-45
	

Single Row Injection

Table A-9, Table A-24 (SNRAVG)
	

( 04 = 58.70 , S/do n 10)

Multiple Row Injection with Uniform Blowing

Table or Figure	 Condition

Figures A-46 - A-52	 Five Row Injection with

Table A-10	 Uniform Blowing (0 1 = 50,

Table A-25 (SNRAVG )	 S/do = P/do = 5)

Figures A-53 - A-59	 Three Row Injection with

Table A-11	 Uniform Blowing (e l = 50^

Table A-26 
(SNRAVG)	

S/do = P/do = 10)

Figures A-60 - A-65	 Two Row Injection with

Table A-12	 Uniform Blowing (82 = 22.90,

Table A-27 
(SNRAVG)	

S/do = P/do = 10)

!iu' tiple Row Injection with Blowing Distribution

Simulating Plenum Supply

Table or Figure
	

Condition

Figures A-66 -► A-72
	

Five Row Injection with

Table A-13
	

Plenum Blowing Simulation

Table A-28 (SNRAVG)
	

(81 = 50 , S/do - P/do = 5)

Figures A-73	 A- 79
	

Three Row Injection with

Table A-14
	

Plenum Blowing Simulation

Table A-29 (SNRAVG)
	

( B1 = 50, S/do = P/do = 10)
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f

Table or Figure
	

Condition

Figures A-80 -,- A-85
	

Two Row Injection with

Table A-15
	

Plenum Blowing Simulation

Table A-30 (SNRAVG)
	

(02 - 22.90 , S/do = P/do = 10)

Influence of Turbulence Intensity

Table or Figure	 Condition

Figures A-86 + A-92

Table A-16

Table A-31 (SNRAVG)

Figures A-93 - A-99

Table A-16

Table A-31 (SNRAVG)

Influence of Turbulence

Intensity on SNP, with Plenum

Blowing Simulation (Five

Rows, 0 1 = 50,

S/do = P/do = 5)

Influence of Turbulence

Intensitv on SNR with Uniform

Blowing (Five Rows, 01 = 50,

S/dcl = P/do = 5)
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Table A-5. Stanton Number Reduction for Single Row Injection,

0 2 = 22.90 	S/do = 10

M	 0,50 1.08 1.28	 1.50 -7-.02J--2-.-4FJ
2

^Xldo)2

1.5
1.5
1 , 5

1.5

t/s

.00

.17
,33

.67

.00

.17

.76

.42
-.17
-.07
.05
.43

.58

.74
-.O1
-.01
-.57
.48

.22

.71

.01
- .02
-.87
.22

.37

.67

.06
-.01
-1.21

.09

.50

.49

.13
_ ,O1

-.08

-1.65
.47
.19

-.01

-.363.5
3.5
3.5 .33 -.02 .05 .08 .14 •23

106 6
3.5 -- -,67 X05

.19
06 _
.24

- - ^1-
.26

..04

.28 .09 -.16
6.5
6.5

.25

.42 .04 .09 .15 .17 .21 .23

6.5 .58 -.07 -.06 -.04
23

-.01
`.23_

.02

-..1

.08
- .17_

6.5 _
8.5

92
.25

-	 2
.12

- .24
.30

-
.31 .30 .09 -.20

8.5 .42 .06 .07 .08 .12
.07

.18

.08
.23
.11

8.5
8.5

.58

.92
.06
.01

.06
-.15

.06
-.17

11.5 .50 -.03 -.O1 .01 -.06 -.05 -.06

11.5 .67 .02 -.02 .01 -.13
-.10

-.10
-.08

-.09
-.17

11.5
11.5

.83
1_.17

.01

.24
-.02

.10
-.05

.07 _11 ._ --.-51- -36 
r

16.5

_
4 .15 .O1 .01 -.04 .O1

-.03

-.O1

•GO

.03

-•Q216.5
16.5

.92
1.08

-.03
.17

-.05
-.09

.00
-,23 -.15 -.3E -.36

16.5 1.42 -.04 -.04 -.O1 .18 .18 .20
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Table A-7. Stanton Number Reduction for Single Row Injection,
e 3 = 40.80	,	 S/do = 10

M3 0.50 0.75 0.95 1.04

x d	 4	 z s

1.5	 .00 .56 .43 -.07 -.31

1.5	 1	 .17 .79 .53 .52 .50

1.5	 .33 .06 .12 .15 . 15

1.5	 .67 .02 .06 -.02 -.03

6.5	 .25 .08 .08 -.10 -.03^

6.5	 .42 .05 .17 .13 .18

6.5

*

 58 .03 .12 .10 -.01

6.5	 .92 -.01 .01 -.02	 _ _._ . 00 ._
. 1.50 -.16 .0 .09^

11.5 .67 .06 .01 -.04 -.09

11.5 1.17 -.06 -.45 -.55 -.52

M3 1.15 1.40 1.61 1.75

(x/do) 3 z/s

1.5 .00 -.73 -1.51 -1.95 -2.50

1.5 .17 .58 .59 .54 .55

1.5 .33 .22 .36 .45 .53

1.5 7 4_
6.5 .25 -.04 -.07 -.10 -.15

6.5 .42 .11 .14 .25 .49

6.5 .58 -.01 -.04 -.01 .08

,5 -.l -.10 - 44

11.5 .50 .08 .07 .07 .14

11.5 .67 -.02 -.03 .01 .09

11.5 1.17 -.0 -.95 -1.07 -1.18



O f' MN ON 0000rr00 ; N 0LnCm WtorN
to t^ r MO to tD M Ln Rr r Or N 0 a+0
r r	 l	 i^	 1	 1	 1	 1'	 1	 I r	 t 1	 1	 t	 tt	 1
t0 fl- d tn r^Mr0 tntn Mf'.rr 00f^ N
M tt9OM aw U"l0dNrOrrCD a,
r r	 •	 ^ 1	 1	 I I 1	 r 1	 11	 1

d nf--r-WItn ^ OO t0N000t0 tn a w rN rrNrQ1
•

MrMIrNCOMON OtN
r '	 •)r 1	 1	 I 1	 1 t	 i

t
I

tIt I^f,Mf^inr00to^MrrMC-JO t0 M r M O N M r O N t0 N O N O N

1

U-) Odr-f^ CD 	 - Lnfl. o+ 00► OtDOf^CP% r d Od 0%O M Or O d O N17rl e-.
O

.	 .	 .	 .
1

.	 .	 .	 .
1	 1	 1

.	 .	 .	 .
1

.	 .	 .
1

In n r r N to N r r d 0 t- r Ot t0 N P,
N tO r tD t)r N M r O to CD

C .	 . ; .	
1	 1	 1

.	 .	 ;	 .

O r-- 00M%00MMITONLn0tn Mrr0
to %Otnr tn rtl9rdrNdN rtnr
O ^ 1	 1	 1 i	 1	 1

to r t0 00 tD M M kn CIN M  N Q1 MN d r Or-- O N O MN d Cr d M d M
O 1 1	 1	 I 1	 1	 I

lA OMf*- MOMf^MOM M 0 Mf- M\ OM%OMOMtOMtnCOr00 OOr00
IV .

h r-- r r r r r

S d
O to to to to to to to to LO In to to to to In

p .	 .

•\ r r rr M M M Mt0 t0 to%o  0000 COXv

CO

U
•nC
.-r

O

QJ
r

Q1 tn
C

'r 11
N
Si -o

4- N
C
O
r
4
U

OJ
cr
O

L f`
QJ
A CQ
E to

Z if

c d
O m
4JC
10
41N

00IQ
OJ

A
Iv
H

273



274

Table A-9. Stanton Number Reduction for Single Row
Injection , 8 4 = 58.70 , S/do = 10

M4 = 0.50 0.75 1.00 1.25 1.36 1.50

(x/d0 ) 4 Z/5

1.5 .00 .45 .75 -1.75 -2.30 -2.34 -2.30

1.5 .17 .49 .52 .39 -.12 -.25 -.16

1.5 .33 .30 .27 -.35 -.64 -.82 -.89

1.5 .67 .01 .03 .06 .04 .10 .13

6.5 .25 -.80 -.43 -.30 -.90 -1.15 -1.75

6.5 .42 -.04 .89 .83 -.24 -.45 -.14

6.5 .58 .08 .22 .29 .00 .01 -.26

6.5 .92 .02 .13 .16 .20 .18 .17
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Table A-10. Stanton Number Reduction for Multiple Row
Injection with Uniform Blowing,
Five Rows , 8 1 = 50 , S/do - P/do - 5

M1-5 
7-

5 0.50 0.7-5 1.01 1.26 1.51 1.76 2.01

Wd0 ) l z/S

1.5 .00 .15 .15 .17 .11 .03 -.09 -.21 -.36

1.5 .33 .07 .08 .12 .16 .15 .17 .16 .17

1.5 .67 .01 .01 .04 .01 .00 .00 -.02 .00

1.5 1.33 .06 .08 .13 .13 .14 .15 .16 .15

3.5 .00 .05 .05 .0 .05 .02 -.05 -.10 -.12

3.5 .33 .07 .10 .14 .14 .11 .17 .18 .17
3.5 .67 .01 .05 .07 .09 .06 .06 .09 .07
3.5 1.33 .07 .07 .12 .14 .10 .15 .22 .18

Wd0 ) 2 Z/S

1.5 .00 .58 .77 .62 .16 -.37 -.77 -1.11 -1.28
1.5 .33 .17 .43 .59 .65 .61 .57 .51 .46

1.5 .67 -.01 -.02 .06 .10 .05 .04 .04 .02

1.5 1.33 .17 .44 .59 .65 .57 .53 .50 .42

3.5 .00 .32 0 - -. -. -
3.5 .33 .17 .34 .47 .46 .42 .37 .30 .23

3.5 .67 .03 .08 .14 .16 .20 .21 .26 .26

3.5 1.33 .20 .35 .45 .43 .38 .33 .28 .20

(x/d0 ) 3 Z/S

1.5 .00 .47 -.38 -1.16 -.81 -.44 -.28 -.38 -.51

1.5 .33 .58 .41 .43 -.02 -.30 -.31 -.30 -.31

1.5 .67 .27 .16 .18 -.05 -.30 -.42 -.38 -.38

1.5 1.33 .60 .40 .39 -.01 -.31 -.36 -.34 -.36

Wdo ) 4 Z/S

1.5 .00 .58 .53 -.52 -.60 -.41 -.21 -.17 -.19

1.5 .33 52 .47 .45 .26 -.34 -.98 -1.57 -1.72

1.5 .67 .00 -.01 -.32 -.19 -.14 -.17 -.27 -.43

1.5 1.33 .51 .47 .48 .28 -.32 -1.01 -1.61 -1.74

(x/do ) 5 Z/S

1.5 .00 .36 .40 -.07 -.26 -.11 -.13 -.22 -.28

1.5 .33 .27 .44 .39 .14 -.44 -1.11 -1.73 -2.15

1.5 1.33 .24 .46 .40 .12 -.44 -1.20 -1.74 -1.99
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Table A-11. Stanton Nu4er Reduction for Multiple Row injection with Uniform Blowing,
Three Rows , e l a 50 	P	 S/do n P/do • 10

M1.3.5
0.25 0.50 0.75 1.00 1.50 1.75 2.00 2.25 2.50

(x/d)1_ z/s

J1.2S

1.5 .00 .17 .29 .43 .58 .45 .36 .15 .06 -.05
1.5 .17 .06 .09 .14 .12 .25 .23 .25 .30 .31
1.5 .33 .00 .00 .00 -.01 ,00 .02 .02 .01 .01 .02
1.5 .67 00 .00 -.02 .00 .01 -.01 .00 .00 .02 .00

-_-Z13, .00 .077 1- b
3.5 .17 .06 .08 .12 .14 .22 .24 .19 .20 .26 .24
3.5 .33 .02 .03 .01 -.03 -.02 .02 .03 -.01 -.01 .02
,'),=S _,61 --d0- -.01- -. 02- .00 - __1-03 - _,02 .00 -.02 _ . ,,j03 ^. ,0
6.5 .25 .05 .05 .11^ .04 09 .16i .10 V .10 .13- .09
6.5 .42 .00 .01 .01 .02 .04 .00 01 .02 ,03 .00
6.5 .58 .01 -.02 -.03 .00 .00 .03 .03 .01 .02 .01

-6.5-_ -92_ _., 00_ X00- .(11 X02_ _-^01- _.,07^ =.12... -_,00--- -:.10-- x.13
8.5 .25 U5 .05 .06 .06 .06 ,10 .09 .05 .07 .05
8.5 .42 .07 ,04 .03 .05 .06 .05 .12 .09 .08 .015
8.5 58 .02 .03 .05 .06 .08 .08 .11 .09 .08 .08
8.5 .92

z/s .
.03 .03 .01 .01 .00 -.04 -.06 -.03 -.02 -:04

(x/d

1.5 .00 .61 .74 ,4H .02 -.58 -1	 14 -1.86 -2.37 -2.90 -3.04
1.5 .17 .46 .91 .73 .63 .63 bO .56 .41 .00 -.28
1.5 .33 .00 .01 .06 .17 .29 .43 S7 .43 .14 -.07

^ 05 _,01- _.07 ._..09-_ - .11- _,lb -20_. _-.15-_ _a 12
6.5 .25 -,01 .14 .11 -.05 -.06 -.06 -.02 -.29 .45 .63
6.5 .42 .02 .02 .27 .24 .23 .25 .33 .31 .03 -.30
6.5 .58 .02 .08 .09 .09 .12 .13 .20 .17 .18 .20
6.5 .92 .04 .02 -.13 .07 -.09 ,05 .11 .10 .10 .)3

(x/d0)5
x/s

1.5 .00 .74 .72 .39 12 -1.53 -,89 -.52 -.584 -.68 -.60
1.5 .17 .75 .24 -.21

1-2^
-01 -1.69 -1.92 -1.98 -2.02 -1.47 -1.85

1.5 .61 .07 -.21 -.31 .56 -.72 -1.14 -.79 -.53 -.68 -.65

OFXLN r4, PAGE I6
OF POUh ;wAury
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Table A-13. Stanton Yw^ber Oeductirn for "ultiple Raw ln!ection witn

Blowing Distribution, Simulating Plenum Supply,
Five Rows ,	 i	 50 ^	 Sido • Pj'do 	 5

	

Na „ o/(PT ^IPT ,)	 0.211.010 i	 0.2/1.020	 0.211.030	 0.'./1,010	
0.111.020	 0.1;1.030

	

M
1 
• 2.96 I	 4.15	 5.08	 5.73	 9.16	 10.05

	

 1	 i

	

!	 M2 . 1.08	 1.27	 1.44	 1.54	 2.02	 2.42

i	 I	M 3 . 0.95	 1.04	 1.14	 1.17	 1.40	 1.61

M4	 0.92 ;	 -9A	 1.04	 1.C^	 1.24	 .36

M	 p • 42	 0.96	 1.01	 11	 1.16	 i	 1.21

(K/d0 )1 	z!s	 5 

1.5	 OC	 -.56	 -.49	 -.54	 -.54	 -.44	

V'-

	

1.5	 .33	 i	 .18	 '	 .01	 -.25	 -.53	 -.%c	 -.73

	

1.5	 .67	 .05 	 06	 .07	 .10	 .21	 ;	 .16

	

1.5	 1.3' i	 16	 ^ _	 '9	 _ -.52	 _-.79---- 11

	

1	 - 

	3.5	 .33	 !	 -.06	 I	 -.30	 -.47	 -.4E	 -.21	 !	 -.10

	

3.5	 .67	 15	 '	 15	 .13	 .14	 -.11	 !	 -.13

	

3.5	 1.33	 .02	
i	

26	 a2	 .45	 .22	 1^

(^1d0'2	
z/s	

- - -	 - ---	 - - - } -	 -
	1.5	 -- .00	 --- _.20	 -•75 -	 -1.07	 !	 1.C8	 93	 I	 52

	

1.5	 .33	 .74	 `	 ,74	 I	 ,12	 .72	 .56	 ,14

	

1.5	 -67	 -.16	 i	 -.1C	 -.13	 -.12	 .00	 1	 -.01

	

115 	 1.33-:- - - .71 r --=1
	 6d-_^	 69- - ,5k-

0	 -.55	 -.27 
i ----.^

	3.5	
-	

10	 -.34	 -.53	 -.6	 '	 0

	

3.5	 .33	 .49	 .49	 .42	 .39	 .02	 - 29

	

3.5	 .67	 .05	 C6	 17	 .21	 .36	 .30

	

3.5	 1.33	 50	 SC	 .40	 .39	 .02	 -.30

	

(x; d 	 21S

?	 .00	 -.73	 -.6C	 -.60	 -.62	 -.55	 34

	

1.5	 .33	 .08	 -.01	 -.09	 -.08	 -.3C	 (

	

1.5	 .67	 -.'0	 -.50	 -.59	 i	 -.59	 -•44	 -,37

	

i. 5 	 1.33	 0'.01	 0	 -.08	 :0	 -.94

o 
Z

1.5 - -- --
	 E9 '	 -.ls	

-^	
_.dZ	 1

	27 	 °	 u	 ^7

	

1,5	 1.33	 33	 ?9	 (	 23	

15	 of	 I	 C6

	

n	 _-	 4	 "0	
-3	

1^

	1.5	 -	 -- .33	 .3'	 i	 -.29	 .19	 i	 .18	 _.06	 !	 a`-

	

1.5	 1.33	 .3.	 .30	 .17	 .19	 --48 -

')JUGINA&L PACE 14
)F P(x)k QUALM'
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Table A-14.	 Stanton Nufter Reduction for Multiple Row In jection with
Blowing Distribution Simulating Plenum Supply,

Three Rows ,	 01 • 50 ,	 S/do . P;do - 10

^a•.o1( PT,/ PT..)	
0.2/1.010	 I	 0.211.020	 I	 0.2/1.030	 0.1/1.010	 0.1/1.010 0.111.030

j	 M l - 2.96 1.15	 5.08

(

5.73 8.16 10.05

M3 - 0.95 1.04	 1.14 1.17 1.40 (	 1.61

(n/d0 ) 1 2/S	 MS - 0.92 0.96	 1.01 1.01 1.16 4	 1.27

i	 1,5	 DO -.70
1.5	 .17	 ' .45 50
t	 5	 .33	 I .33 .08

•67 -.01
3.5	 .00 -.39^
3.5	 .11 .I 	18 -.09
3 5	 33 .05	 ! .13	 I
3.5	 .67 -.03 T .C2^
6.5	 25 .09 C3
6.5	 .41 .02	 ! CS
6.5	 .58	 " .03 .04	 !

5	 25 38 .01^
8.5	 .42 .07	 I .il
8.5	 .58 .10 .14
3.5	 .92 .04 .03

-1.15 -1.05 -.85	 1 -.97
.33 .16 .36 -.40
10 .13 '8	 ( .02

-:01 G us- --__._00
-.36 -.	 4 -.25 -.31
-.47 -.61	 i -.99 -1.09	 I

.22 .2` 01 -.06
I

'3  66 -^ - -	 -78--.27
12	 ! .15 .05	 I .07

.01	 j 03	 i .08 .05

13 .14 22 22

-.02 00 -.01 .00

1.5	 .00 23 .07 -.2E -.2 -.47 -J6
1	 5	 .17 .62 .60 .63 .63 .64 .67

1 .5	 .33 06 15 27 .15 40 .46

1 .4	 .67 05	 i 11 24 28 .25 .24-
TT

0; .5 	 .42 .11 .16 .27 .23 .21 .37
65	 .58 .07 Oi -.31 -.06 AS -.02	 i
6.5	 .92	 `, .JO 08 it .01 -.25 17

i.'_	 )C -1.51 1. 1,.6 -1.-8 .98 94
1.5 5 ?4 CS ?6 -1.50 1'-

o' 6, '3 -.8E .99 .77 9E

OMIIVAi., ; '16 E I;
OF POOR tt ?- iLITY



6.5
6.5

58
92

12
32

10
4'

01
41

C3
47

-.09
.43

-.16
.3l

Stanton Number Reduction for Multiple Row injection with
Blowing Distribution Simulating Plenum Supply#

Twn RMn . F) • 22 . 90 .	 Std. • Pld.. • 10

Maw	/(Pl IPT	 i^} 0.2?1.010 - 0.2/1,020 0.211.030 0.111.010 0.1/1.020 0.1/1.030

M 2 a  1.08 1.617 1.44	 I 1.54 2.02 2.42

(m/do ) 2 z/s My • 0.92 0.98 1.04 1.05 1.24 1.36

1.5 .00 .61 .19 -.19 -.12

-

I	 1.03

-

I	 1.78

1.5 .17 .67 .62 .61
I	

.56 .72 '	 .41

1.5
1.5

.33

.67

.04

-. 01

(	 D4
-.03

.07

.00

i	 .09
.01

I	 .13
.02

= T:^--t-

.25
01

1^
^l0

i
• 
.49

i	 - ii	 3.5 .17 .40 .33 .19 .15 -7-.0( j	 -.

3.5 .33	 I 05 04 I	 10 (	 .13 I	 .20 I	 25

3.5 .67 .02 -.01 .03 -	 l

! ,20,	 •.1G

6.5 .42 1	 .04 I	 .06 i	 .10 (	 .10 I	 .13	 (	 .14	 '

6.5 S8 -.O1 .02 .02 .03 06	 15	
i6.5 .92 18 -	 17^ 	-	 17 .17

^-^3̂̂ . 32
1616 14	 18r'^ 5_	 Z"

8.5 30
8.5 .42 I	 .08 (	 .09 .13 12 .i5	 .21

8.5 .58 .16 i	 18 (	 18 (	 19 .23	 j	 27	 I

8.5 .92 (	 10 ii 09 09 p8^.07

I ^

1.5 OG -1.77 -1.96 -1.1,7 -2.04 -2.00	 1	 -1.53

1.5 .17 i	 .41 .25 .10 .10 1	 -.34	 I	 -.59

'.5 .33 j	 -.25 -.33 -.42 -.40 62	 -.78

I	 1.5 .67 .15 .04 .03 1t -	 41	 -	 -.84	 !

6.5 .42 .51 i	 .69 i	 .74 .7R .31	 1	 .31
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T4ble A-16. Influence of Turtulence Intensity on
Stanton Number Reduction

SCRM time fine	 I Coarse	 1 None Fine _ C04rse

Sldo • D/do • 5; pienum Plenum	 i Qlenum	 { Uniform uniform uniform

i Blowing owing!t	 i slowing	 , slowing slowing slowing
5 Rows with the	 I ? {

First Row 4t :1( Me^a/( 11l. 	 / pT..)

i • tda ) 1 	tJs 0.211.010 * J.75	 f

.11 .18	 ( 19
1.5	 ^	 -.56	 -.53	 !	 -.25	 !

1,
.QD

I	 1.5	 .33 .18 1	 .20 .27 112	 i .09	 1 :08

1.5	 .67	 i .05 1	 .06 15 04	 (
13

.02

^__ _ --.LL_^	 _ -Os_.
00-L.2 Lfi_ . 24 2-9_2-9 ^__-

3.5	 .00	 i -.12 j	 •.14	 ( -.13 (	 07 10 .10

3.5 .33 -.96 I	 -.ii	 { -.08 t	 .14 .11 .09	 i

3.5	 .67 15 .11 .19 1	 .07 .07 09

w	 3.5	 1.33	 i -.02 j	 -.09	 1 -.07
^t

{	 12 I	 13 09

i	
(xtao l 2	zls I ^

I

1.5	 1.00 -.20 i	 -.27	 4 -.17 j	 .62 .75 12

1.5	 .33 .14 .69	 1 .65 1	 .59 62 .50

1.5	 .67 -.16 -.19	 ( -.09 i	 .06 }	 -.01

1.5	 1.33
i.S	 0

Ii
-.34 j -.	 4 I	 2 .60

`

1̀.t62-

3.5	 .33
3.5 .E7

.49

{	 As

- .S2I
.07

j	 . 48
^	 .08

.47

.14

. 43

. 16

.32	 I
-.01

3.5	 1.33 I	 .50 j	 4fl 49 f	 4S I	 .38 i	 .31	 I

Ixldo i 3 	z!s ! { 1 i l

1.5 .00
•

!	 .73 - .74 -.81 {	 -1.16 j	 -1.16 t	 -'.38

1.5	 .33
1.5	 .67

.08
I	 •.30

.13

(	 -.E5

i	 14

-.04

i	 .43

(	 18
1	

.19
{	 .26(	

I
5	 1.33 .08 .11 I	 IS {	 .39 (	 .40 1 - -.42

_	 (+cJaa ` 4	 _ tls 1 i ^ ^

1.5 .00 -.69 •.74 -.29 -.S2 -.35 -.27

1.5 .33 .33 .36 .39	 ! .45 .40	 1 AS

1.5 .67 -.15 -.07 -.OS -.32 i	 •.26	 i -.22

1.5 1.33 .33 '	 .39 .42 .48 41 40

1.5 W -.24 -.28	 1 -.05	 i -.07 .01	 :. .07

I. S .33 .37 (	 .45	 1 .46 .39 .93 .39

1.5 1.33 .36 .43 .43	 l 40 38	 j 37

1---
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s M1=S.11.M2-1.45.M3_1.15.M4s1.O5.M5=1.02
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SPANWISE LOCATION (Z/S)

Figure A- 72. Spanwise Variation of the Stanton Number Reduction
with Plenum Blowing from a Five Row Configuration
(01 = 50 , 02 =22.90 , 03=40.80 , 04 =58.70 . 05=16.60,
s/do=P/do=5, (x/do)5=1.5)
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