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FILM COOLING ENHANCEMENT WITH SURFACE RESTRUCTURE

Shuping Chen, PhD
University of Pittsburgh, 2008
Discrete-hole film cooling is used extensively in turbine components. In past decades, many
research works concerning this technique have been published. Recently, efforts have been
directed at seeking technologies that would increase film cooling effectiveness. Particularly,
surface reshaping through protective coatings, such as a thermal barrier coating (TBC), is very
attractive to turbine designers because extra machining work is not needed for its application. In
the present work, film cooling enhancement with surface restructure is experimentally studied

using an infrared (IR) imaging technique.

The first surface structure studied is the surface with flow-aligned blockers. The studied
configurations include single-hole and three-hole-row structures. The single-hole case is used
for studying the effects of blocker design parameters, which include blocker height (0.2D, 0.4D,
and 0.6D), distance between two neighboring blockers (0.8D, D, and 1.2D), blocker length (27,
4”, and 6”), and blowing ratio M (0.43 and 0.93). The design with the best performance is

chosen for the three-hole-row cases.

The second surface shape studied, is the so-called upstream ramp, which is placed in front
of a row of film cooling holes. Investigated geometrical parameters include upstream ramp
angles (8.5°, 15°, and 24°) and blowing ratio M (0.29, 0.43, 0.57, 0.93, and 1.36). Detailed local
film cooling effectiveness and heat transfer coefficient are measured using an IR imaging

technique.
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The third film cooling concept is the so-called trenched film cooling holes, i.e., film
cooling holes sitting in a transverse groove. The film cooling structure for this experimental test
consists of a three-hole row embedded in a trench 0.5D in depth and 2D in width, where D is the
diameter of the holes. Five blowing ratios (0.29, 0.43, 0.57, 0.93, and 1.36) are tested.

Based on the tested results, the three film cooling schemes are also compared.

To implement the experimental work, a test system, which employs a FLIR infrared system
to obtain local heat transfer characteristics of both two- and three-temperature problems, is
developed. Detailed theoretical issues of data reduction and experimental procedures are

presented.
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NOMENCLATURE

Roman L etters

A Area

D.,d Diameter of film cooling hole
h Heat transfer coefficient

H Blocker height

k Thermal conductivity

L Length of blocker

M Blowing ratio

q Heat flux

Re Reynolds number

t Time

T Temperature

W Width between two blockers
x,X Coordinate, distance from the downstream edge of film cooling holes
z Coordinate
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Greek Letters

Subscripts

av

aw

Thermal diffusivity, ramp angle

Dynamic viscosity

Density

Time

Film cooling effectiveness

cooling effectiveness

Spanwise averaged
Adiabatic wall
Coolant
Film cooling flow
Initial
Main stream
Reference, baseline, without film cooling injection case
Reference

Wall
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Abbreviations

BBAR

IR

TLC

Broad band antireflection

Infrared

Thermo-chromic liquid crystal
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1.0 INTRODUCTION

1.1  BACKGROUND

The desire to improve the thermal efficiency and power output of modern jet engines has
increased turbine inlet temperature up to 2000 K (Martini and Schulz, 2004). This operating
temperature is far above the permissible temperature of currently available thermal-resistive
materials. Therefore, a cooling technique has to be established to prevent the thermal
degradation of turbine components.

Gas turbine cooling designs can be categorized into two different approaches: internal
cooling and external cooling. In internal cooling, coolant is forced into and directed through the
cooling flow circuits inside turbine components. The coolant is normally the compressed air
bled from the compressor. Forced convective heat transfer is the dominant mechanism to
transport thermal energy from the component body into the coolant. External cooling, on the
other hand, injects or bleeds coolant from a coolant manifold inside components directly into a
hot gas stream to protect the exposed component surfaces. External cooling is designed to
mitigate heat transfer from a hot gas stream to a component. Examples of this type of cooling
include schemes such as film cooling, transpiration cooling, and trailing edge discharge cooling.
Turbine researchers always look for heat transfer designs to increase the heat transfer rate in

internal cooling but reduce the heat transfer rate in external cooling.



One of the most effective external cooling methods employed in gas turbine airfoil cooling
is film cooling. The idea is to introduce a secondary flow with a low temperature into the
boundary layer on the surface to be protected. This second flow forms a thin film, which is
expected to attach on the surface, as a buffer zone between hot gas stream and airfoil surface.
There are two ways to introduce a second flow: slot injection and discrete-hole injection (Figs.

1.1 and 1.2 (reproduced from Yu, 1993).

x @

Porous plug injection Tangential injection

% M

Angled injection Normal injection

Figure 1.1 Various slot injection configurations (Yu, 1993)
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Figure 1.2 Film cooling injection from discrete holes

The flow associated with slot injection film cooling is two dimensional; therefore, it is also
called two-dimensional film cooling. The early research work regarding film cooling started
from this relatively simple flow regime. Goldstein (1976) authored a thorough review about
two-dimensional film cooling. Slot injection film cooling, particularly tangential injection,
provides excellent coverage of the protected surface because of uniform laterally spreading
coolant and long distance streamwise attachment. However, since gas turbines operate at very
high temperatures, stress is always an issue. It is impractical to put slots in a turbine component.
In consequence, film cooling is applied through discrete-hole injection in practical applications.
Discrete-hole film cooling is also called three-dimensional film cooling, since the associated
flow is highly three-dimensional, particularly in the region near film cooling holes. It is a

commonly used technique for cooling of turbine airfoils and combustor liners.



Due to the complex flow and heat transfer phenomena in discrete-hole film cooling, there
has been extensive research on this topic for the past several decades. Factors that have
significant effects on film cooling performance include: film hole internal fluid dynamics (Obot
et al., 1979; Pietrzyk et al.,1989; Thole et al. 1998; Wilfert and Wolff, 2000); turbulence and
vortices production (Haven and Kurosaka, 1997; Goldstein and Jin, 2001); approaching flows
prior to hole entry (Gillespie et al. 1996; Burd and Simon, 1997; Gritsch et al, 1998); hole
shaping (Goldstein et al., 1974; Papell, 1984; Makki and Jakubowski, 1986; Berger and Liburdy,
1998; Cho et al., 2001); hole inclination and orientation (Foster and Lampard, 1980; Ligrani et
al., 1992; Schmidt et al., 1996; Kohli and Bogard, 1999; Jung and Lee, 2000; Ahn et al, 2000;
Lee et al., 2002); hole spacing and length-to-diameter ratio (Lutum and Johnson,1999; Hale et
al., 2000); density ratio (Pederson et al., 1977; Teekaram et al., 1989; Ammari et al., 1990; Sinha
et al., 1991; Salcudean et al., 1994); blowing ratio (Bergeles et al., 1977; Forth and Jones, 1988;
Vedula and Metzger, 1991; Ekkad et al., 1997); momentum flux ratio and mainstream turbulence
intensity (Jumper et al., 1991; Menhendal and Han, 1992; Drost et al., 1997; Saumweber et al.,
2003); mainstream acceleration (Kim et al,. 2005); external surface curvature (Schwarz et al.,
1990); and external surface roughness (Goldstein et al., 1985; Barlow and Kim, 1995; Schmidt et
al.,1996). This active research trend continues, striving for new techniques for improving film
cooling performance to approach that in an ideal tangential slot injection (Fig. 1.3, reproduced

from Bunker, 2005).
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Figure 1.3 Ideal tangential slot injection film cooling (Bunker, 2005)

Three concepts of film cooling based on surface restructure have been suggested in recent
years, though there is no concrete data. They are: (1) downstream flow-aligned blocker; (2)
upstream ramp; (3) trench. Details about these film cooling concepts are included in Section
1.3. The common advantage among them is that their structures can be formed by protective
coating, such as thermal barrier coating (TBC), without additional machining work, and
therefore no stress issue. The first two are presented via computational flow dynamics (CFD) by
Na (Na and Shih, 2006) and Shih (Shih et al., 2006), respectively. Their simulation results
indicate that the structures significantly improve film cooling effectiveness. However, the first
one has not been experimentally investigated and little research has been published on the
second. There are some literature regarding the third, but the results are far from conclusive.

The work in the present dissertation focuses on the experimental study of the
aforementioned three film cooling concepts. Particularly, the three film cooling schemes are
compared based on the experimental results. The infrared (IR) imaging technique for the
measurement of heat transfer coefficient and film cooling effectiveness is also established via

this work.



1.2 PREVIOUS STUDIES

A discrete film cooling hole is typically cylindrical or diffusion fan-shaped with 30°-35°
inclination relative to the protected surface along the streamwise direction (Bunker, 2006). Full
coverage thermal protection can prevail, if coolant flow attaches onto the protected surface and
never penetrates and dissipates in the hot mainstream. However, such an ideal film cooling
performance is always compromised because of main flow/film cooling flow interaction.
Studies of coolant jets by Fric and Roshko (1994) reported the vortical structure in the wake of a
transverse jet. As illustrated in Fig.1.4 (reproduced from Fric and Roshko, 1994), four types of
vortex structure are observed: (1) the jet shear-layer vortices; (2) the system of horseshoe

vortices; (3) the developing counter-rotating vortex (CRV) pair; and (4) the wake vortices.



Counlcr-rolaling
vortex pair

Jet shear-layer
vortuces

Wake vortces

Figure 1.4 Schematic of vortical structure associated with a jet in cross flow (Fric and Roshko,

1994)

This complex flow pattern reflexes mainstream-jet interaction and significantly affects film
cooling performance. Particularly, the CRV pair, also called “kidney vortices,” tends to lift
coolant flow off the protected surface and to entrain hot gases underneath. As a result, coolant
flow penetrates and dissipates quickly into the main flow stream, and degraded protection is
inevitable. To directly address this issue, there have been studies using altering vortices
structure, variation of the geometry of film cooling hole, or both.

Zaman and Foss (1996) studied the effect of attaching a tab over a jet nozzle on the
penetration and spreading of the jet. They found that the presence of a tab over the upstream
edge of a jet produces anti-kidney vortices, which alleviates the jet’s lift-off and penetration

effect (Fig.1.5).



Figure 1.5 Perspective views of mean velocity, which indicates the penetration height (Zaman

and Foss, 1996)

Haven and Kurosaka (1996) reported improvement in jet coverage using an approach
based on vortex cancellation. Specifically, they placed a vane producing a pair of canceling
vortices inside a jet passage. The canceling vortices weaken the kidney vortices and reduce the
coolant lift-off. Even for a completely detached jet, the cancellation brings it closer to the

surface (Fig.1.6).



cancelling vortex pair

d deflection: -2{¢

Figure 1.6 Vane introduced anti-kidney vortex reducing the lift-off effect of kidney vortex pair

(Haven and Kurosaka, 1996)

Shih et al. (1999) presented a computational work about placing a strut within each film
cooling hole to modify the vortex structure. Haven et al. (1997) and Hyams et al. (1997) studied
the effect of the vortices in a shaped hole on film cooling performance. Okita and Nishiura
(2006) proposed an arrowhead-shaped hole for improving film cooling effectiveness. Fric and
Campbell (2002) studied a so-called cratered film cooling hole whose shape near the exit region
was recessed to a shallow cylinder (Fig. 1.7). Their results revealed substantial improvement in

film cooling effectiveness.



Cratered Hole

Figure 1.7 Cratered hole (Bunker, 2005)

Bunker (2002) further modified the design into a two-dimensional trench in which film cooling
holes are embedded. The measured data suggested a 50-75% increase in film cooling
effectiveness relative to that achieved by a standard circular-hole. Also suggested was the idea
that the trench can be formed by thermal barrier coating (TBC) without additional machining
work. The study indicated that a narrow and shallow trench performs better than a deeper and
wider one.

Based on Bunker’s work, Lu et al. (2005) studied four trench configurations (Fig. 1.8)
using a transient IR thermography technique to obtain spatial distribution of film cooling
effectiveness and heat transfer coefficient. Three blowing ratios of M=0.5, 1.0, and 1.5 were
tested. They observed that Cases 2 and 4 performed better with only a slight increase in heat

transfer.
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Figure 1.8 Schematics of four trench configurations studied by Lu et al. (2005)

Waye and Bogard (2006) reported their work about nine trench configurations (Fig. 1.9) in
an airfoil cascade test. They used a steady IR thermography technique; thus, only film cooling
effectiveness was presented. They found that the vertical walls at both the upstream edge and
downstream edge of film cooling holes are crucial to improving film cooling effectiveness,
which is consistent with the observation made in Lu et al.’s (2005) work. Therefore, Case 2 is

the optimal configuration.

11
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Figure 1.9 Schematics of nine trench configurations studied by Waye and Bogard (2006)

Somawardhana and Bogard (2007) studied the effects of obstructions and surface
roughness on film cooling effectiveness with a transverse trench. The trench configuration is the
same as that shown in Fig.1.9 Case 2. They found that film cooling effectiveness with trench is
higher than that of the traditional cylindrical hole without a trench. Harrison et al. (2007)
presented the effects of a trench on the heat transfer coefficient. The configuration of the trench
is very similar to that shown in Fig.1.9 Case 2, except that its depth is 1.0D. They found that the

presence of a trench increases heat transfer coefficient overall. CFD predictions of film cooling

effectiveness for trenches were also reported by Harrison and Bogard (2007).

Na and Shih (2006) proposed placing a ramp with a backward facing step upstream of the
film cooling holes to modify the approaching boundary layer flow and its interaction with film

cooling flow. Their computational results showed very promising effects on film cooling

performance (Fig. 1.10).

12
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Figure 1.10 Spanwise averaged film cooling effectiveness with and without upstream ramp (Na

and Shih, 2006)

In the same year, Shih et al. (2006) presented another cooling concept of placing flow-aligned
blockers downstream of film cooling holes to prevent hot gases from entraining underneath
kidney vortices via computational fluid dynamics. As shown in Fig 1.11, the computation results

indicated great improvements in film cooling effectiveness.
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Figure 1.11 Spanwise averaged film cooling effectiveness with and without downstream flow-

aligned blocker (Shih et al, 2006)

Barigozzi et al. (2007) studied the effects of an upstream ramp on cylindrical and fan-shaped
hole film cooling performance. Their results indicated that the upstream ramp introduced strong
aerodynamic loss and degraded film cooling performance, except that it improved film cooling at

low blowing ratio for cylindrical holes.

1.3 PRESENT WORK STATEMENT

The aforementioned three film cooling concepts based on surface reshaping could be useful to
turbine designers. One of the reasons is that these structures can be manufactured over the layer
of thermal-barrier coating (TBC) provided on the external surface of an airfoil, without
additional machining work. In the present work, these concepts are tested via a flat plate housed

in a rectangular channel and compared based on the experimental results.
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The idea of film cooling of flow-aligned blockers is depicted in Fig.1.12 (Shih et al., 2006).

"-=
[

Figure 1.12 Schematic of the film cooling concept of flow-aligned blockers (Shih et al. 2006)

Two blockers sit in the downstream area of the film cooling hole. It is expected that the blockers
will prevent hot stream from entraining underneath film cooling flow, thus improve film cooling
performance. The study includes two phases. The first phase investigates the effect of blocker
design parameters (height and length) and the distance between two blockers using a single film
cooling hole. The second phase considers the effects of blowing ratio via a three-hole-row
configuration, with the best performance design found in the first phase. While local film
cooling effectiveness and heat transfer coefficient for all tested cases are measured by an IR
imaging technique in the first phase, centerline and spanwise averaged film cooling effectiveness
are compared with their counterparts in each design. In the second phase, both film cooling
effectiveness and heat transfer coefficient are compared with the baseline cases. The overall heat
flux reduction is also calculated to further evaluate film cooling performance.

[lustrated in Fig. 1.13 (Na and Shih, 2006) is the upstream ramp film cooling concept.
The ramp modifies the approaching boundary layer flow and thus the mainstream/jet interaction,

which consequently increases film cooling effectiveness. The study is two-fold in scope. First
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the efficacy of the concept is experimentally validated. Second, the relationship among the
major geometrical and flow parameters in the system is examined so that the design may be

optimized.

-

F A

Figure 1.13 Schematic of the film cooling concept of upstream ramp (Na and Shih 2006)

To facilitate the study, local film cooling effectiveness 1 and heat transfer coefficient h are
measured simultaneously using an IR imaging technique. The test matrix includes three
upstream ramp angles at five different blowing ratios. For each case, the reduced heat flux
relative to its corresponding baseline value, i.e., the heat flux without coolant protection, is also
determined to assess the overall film cooling performance.

Figure 1.14 illustrates trenched film cooling holes in the experimental study. The trench is
a two-dimensional narrow and shallow groove upon which film cooling holes sit. Both film
cooling effectiveness and heat transfer coefficient are measured via a transient test. Five
blowing ratios are tested. As in the above two studies, the overall heat flux reduction is

calculated to further evaluate film cooling performance.
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Trenched Holes

Figure 1.14 Trenched film cooling holes (Bunker, 2005)
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20  FILM COOLING MEASUREMENT

2.1 INTRODUCTION

In the previous chapter, the research work of this dissertation, which covers studies on three film
cooling concepts, is introduced. In this chapter, the method for film cooling measurement, as
well as the definitions of the associated parameters, is introduced. In particular, the IR imaging
technique developed by the author in the present dissertation work for both two- and three-

temperature problems is addressed in detail.
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2.2  FILM COOLING FUNDAMENTALS

The heat transfer model associated with film cooling is a so-called three-temperature problem, as

illustrated in Fig. 2.1 (Figure is from Han et al., 1999)

Mainstream, Uy, Tp,

e
—
— Film, T,y
T K
/ T,
Coolant, Ug, T,

Figure 2.1 Schematic of film cooling concept (Figure is from Han et al., 1999)

Typically, the heat flux from flow to surface without film cooling is expressed as

q, =h (T, =T,) 2.1)
where h, is the heat transfer coefficient on the surface, T,, is mainstream temperature, and Ty, is
surface temperature. In this case, Ty-Ty is the driving potential for heat transfer; thus it is called
a two-temperature problem. While film cooling flow is injected on the surface, the flow
downstream of a film cooling hole is a mixture of mainstream and coolant. It is the temperature

of this mixed flow stream, not T, or T, that drives heat transfer. The heat flux to surface can be

described as

q=h(T,, -T,) (2.2)
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where h is the heat transfer coefficient with film cooling injection, Tay (Tm>Taw>T,) is adiabatic
wall temperature. In this case, both h and T,, are unknowns. To solve for T, a non-
dimensional temperature is defined as

_ Tm B Taw

= 2.3
T T (2.3)

n

where n is the so-called adiabatic film cooling effectiveness, T is the temperature of coolant.
Since the magnitude of T,y varies from T, to Ty, the value of m falls between from 0 to 1. When
n=0, it implies that the adiabatic wall temperature is equal to the hot gas temperature, which also
suggests that the surface is under no film protection. On the other hand, n=1 means that the
adiabatic wall temperature is the coolant temperature, which indicates complete film protection.
In practical application, turbine designers are concerned with the reduction of heat load to
the film protected surface. By combining film cooling effectiveness m and heat transfer
coefficient h, the ratio of heat flux q to a film-protected surface to that of the corresponding

baseline value without film cooling q,, can be expressed as

9/q, = (h/h,)(1-n/e) (2.4)
. . . . T, —T .
where ¢ is the overall cooling effectiveness given by ¢ = TW—Tm The typical values of ¢

in actual engines range from 0.5 to 0.7 (Yu et al., 2002) in the main-body section. The average
value of 0.6 is used in the calculation of the present studies. When film protection is effective,
the value of g/q, should be less than one. The situation of q/q, = 0 represents a limiting case in

which the local surface is fully protected by the cooling film.
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From the above analysis, it is apparent that both 1 and h are needed for the evaluation of
film cooling performance. A majority of studies focus only on film cooling effectiveness,
assuming that heat transfer coefficient is rather uninfluenced by injection. However, such an
assumption is only valid in the regions sufficiently far downstream. In the region near an
ejection hole, the situation is expected to be different. The interaction between mainstream and
coolant can significantly change the flow conditions, causing heat transfer coefficient to either
decrease (Eriksen and Goldstein, 1974) or increase (Hay et al., 1985) relative to that in a no
injection case.

As suggested in Section 1.1, the mass flow rate of coolant is one of the important factors
affecting film cooling performance. The dimensionless coolant mass flow rate, normalized by

the main stream mass flow rate, is given by the blowing ratio M

M= PV 2.5)
PV,

When the density ratio between the coolant and mainstream is about 1, which is the case in the

present study, M is equivalent to the velocity ratio of coolant flow to main flow.

2.3  TRANSIENT TECHNIQUES FOR FILM COOLING MEASUREMENT

2.3.1 Transient liquid crystal method

Transient liquid crystal technique has been one of the standard techniques for determining heat
transfer coefficient h and film cooling effectiveness 1 for turbine film cooling for several years.

Vedula and Metzger (1991) developed the two-test method for simultaneously obtaining h and
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1. Several studies have used this technique (Ekkad et al., 1997; Yu et al., 1998, 2002; Chen et
al., 2006). Details of this method are described below because the same transient heat
conduction model is used in the present IR imaging technique.

The transient liquid crystal technique is based on the one-dimensional transient heat
conduction solution over a semi-infinite solid domain (Fig. 2.2). The local heat transfer

coefficient can be inferred as the steady convective boundary condition over the surface exposed

to the flow.

hot air
ﬂ
liquid crystal T, (1)
q
channel wall
z \J
T=T(z,1)

Figure 2.2 Schematic of one-dimensional transient heat transfer model

The equation governing the unsteady heat conduction is

o°T oT
k =pC — 2.6
oz’ Po ot 26)

The associated boundary and initial conditions are

kT T, -T) 2.7)
=T, (2.8)
=T, (2.9)
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where Ti; is the initial temperature of the test section, Ty, is the local surface temperature, and T;

is the flow reference temperature. Equations (2.6)-(2.9) lead to a solution of Ty, expressed as

T -T. 2 —
T —-T. k2 k
T 1

(2.10)

In a typical heat convection system, the reference temperature T; is readily available, i.e. equal to
the temperature of the mainstream or bulk flow. As the time-varying liquid crystal images can
provide a relation between Ty, and t over the entire viewing domain, the distribution of local heat
transfer coefficient, h, can be resolved from the above equation.

While the above approach is generally valid for resolving typical two-temperature
convection problems, it is unsuitable for film cooling. As mentioned earlier, film cooling is a
three-temperature problem, its thermal transport is governed by the temperatures of two
participating streams and the surface exposed to the mixture of those streams. Thus, the
reference temperature T, in Eq. (2.10) is no longer a known quantity and needs to be solved
simultaneously with the heat transfer coefficient. T, is also termed the adiabatic wall
temperature, T,y, which is introduced to give an expression of film cooling effectiveness, as
described in Section 2.2. This implies that two relations similar to Eq. (2.10) need to be
established.

Based on the notion that the turbulent convection is predominantly controlled by flow
dynamics rather than thermal conditions, two relations can be obtained by performing two
different, but closely related, heat transfer tests under the same flow conditions. The resulting

equations for the two unknowns h and T,y are

T -T, 2 N
WL gy DO erfc{ ET‘} (2.11)
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T -T. 2 h
W12 _j_exp h~o, erfe| VT2 (2.12)
K2 k

aw 12

In reality, one of the two tests, the “hot test”, uses a film injection close to, but slightly lower

than, the heated mainstream, while the “cold test” uses an unheated or slightly heated injection.

A key criterion for selecting these test temperatures is to ensure that the two equations, Egs.

(2.11) and (2.12), are well coupled, so that when combined they yield a solution for the two
unknowns.

In an actual experiment, a perfect step change of the applied flow temperature is usually

not possible, and the reference temperature, in fact, is a function of time. This can be accounted

for by modifying the solutions via superposition and Duhamel's theorem. The solution becomes:

N
T, -T, =D U(t—1,)AT, (2.13)

i=1
where

2

U(t—-1,)=1- exp[i—2 o(t— ri))erfctg,/a(r -1, )j (2.14)

Since AT, is directly related to the variations of the mainstream temperature, Tp,, and injection
temperature, T, by the definition of film cooling effectiveness 1,

AT, =(1-n)AT,, +nAT, (2.15)
substituting Eq. (2.15) into Eq. (2.13), the unknowns for the present system become film cooling

effectiveness, 1, and heat transfer coefficient, h.
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2.3.2 The transient IR imaging technique for heat transfer measurement

The IR imaging technique involves the IR system, which can map the temperature of the surface
viewed. Details of this system can be found in the IR system operation manual. Here only the
procedures of running a test and getting solutions are introduced.

As for a two-temperature problem, the procedure for running a test is exactly the same as
that in the transient liquid crystal method. The heat transfer coefficient is solved by using Eq.
(2.10). In transient liquid crystal technique, usually only one Ty and corresponding lap time t are
obtained. However, a series value of Ty, and corresponding time t are available by using the IR
system; thus, several equations similar to Eq. (2.10) are solved. The average of those h values is
taken as the actual heat transfer coefficient so that uncertainty is minimized.

In the case of film cooling measurement, one test is sufficient for determining both n and
h. During the test, only main flow is heated, while the coolant flow is kept at room temperature.
As mentioned before, since the IR system provides local surface temperature distribution at a
certain time interval, multiple equations (number of equations >>2) similar to Eq. (2.13) can be
established via a single test. Optimal solutions of 1 and h are obtained by minimizing the
uncertainty via least square method. Ekkad et al. (2004) reported their work using transient IR
technique for film cooling measurement. However, only two frames are used for solving 1 and h
in their work. They did not use this technique to get optimal n and h with minimized
uncertainties. Details of the least square method used in the present study can be found in

Appendix A. The code developed and written in Fortran by the author is in Appendix B.
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2.3.3 The advantages and disadvantages of transient IR technique

IR imaging technique has many advantages.

1. A single test is sufficient for this technique; this reduces the number of tests and the
uncertainties related to running two different tests at different times.

2. The test is not limited by the operating point, which the liquid crystal technique has.
Liquid crystal cannot operate beyond 100°C, whereas the IR technique has no such limitation,
provided that the test plate material has low thermal conductivity to validate the transient semi-
infinite conduction model.

3. The initial temperature distribution is available via the IR technique. It is very difficult
to acquire this information in the liquid crystal technique.

4. The coolant does not need to be heated, as in the case of the two test method. This
reduces experimental complexity and saves time.

5. Liquid crystal is based on sensing the reflective light and sensitive to the angle of
illumination and viewing, while the IR technique does not need any special illumination.

6. Calibration for the IR technique is relatively more straight forward.

7. Multiple equations can be established via a single test, so that the least square method
can be used to minimize uncertainty, which is not possible for the liquid crystal method.

The disadvantage of the IR technique is that the IR transparent window must be present

for the IR camera, an unnecessary arrangement in the liquid crystal technique.
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3.0 EXPERIMENTAL APPARATUS AND PROCEDURES

3.1 OVERALL TEST SETUP

The overall test setup is shown in Fig.3.1. The tests were conducted in SB81 Benedum Hall, at

the University of Pittsburgh.

Flir system

Jossaldwo))

House air

Regulators ]

/
tal (X)ﬁ Flow-meter
IE IR camera
Inline Heaters ﬂ / \

—) Test surface
R :
Extension duct

T/C | Flow direction
7 ]
® & Plenum

Solenoid valves

<= By-Pass

Data acquisition system

Figure 3.1 Schematic of the overall test setup
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A 150-horsepower laboratory compressor provides the main flow. The flow rate is measured by
a standard ASME orifice. After being metered, the flow goes through an inline 20 kW heater
controlled by an auto-transformer, and the temperature of flow can be controlled accurately to a
desired level. The heater, made by Chromalox, has a temperature range of 366-533K (200-500F).
Upstream of the test section, there is a 762mm (30) long square duct with 89mm (3.5”) per side.
This relatively long duct serves as the developing section to ensure more uniform flow profile
before reaching the test section. Film cooling flow is provided by house air and kept at room
temperature. The flow is introduced to the filter integrated with a dryer after passing through a
regulator valve. The clean and dried airflow is then metered by a rotameter before entering film
cooling holes through a cubic shaped plenum of size 76.2x76.2x76.2mm (3”x3”x3”’). One three-
way valve is installed upstream of the extension duct in the main flow line, and another one is
installed upstream of the plenum in the film cooling line. Before a transient test starts, both

flows are diverted to bypass.

3.2 INFRARED (IR) IMAGING SYSTEM

The IR imaging system used in the present work is a FLIR system ThermaCAM SC40. The IR
camera in this system can be controlled by a computer through software equipped with the
system. The surface temperature data are also calculated by the software. Figure 3.2 shows an
example of the temperature distribution of a viewed surface. Inside the camera, there is a
Quantum Well Focal Plane Array (QWIP), which receives and records the infrared radiation

between 8 and 9um. Based on the radiation received, the temperature of the objects viewed is
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determined. The resolution of the camera is 320x240 pixels in a viewing domain. The internal
components of the camera are cooled to 70K by using a Stirling cooler. The camera has several
temperature ranges between -20°C and 1500°C, and the temperature range can also be extended
up to 2000°C with an optional filter. The accuracy of the camera as stated in its manual is £2%
of the chosen measurement range or +2°C (2K), whichever is larger. The temperature range of

-20°C to 80°C is used in the present study. The accuracy in this range is +2°C.

43.9°C

Figure 3.2 Surface temperature of single hole film cooling viewed by an IR camera
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3.3 IR TRANSPARENT WINDOW

The flow must be confined to a channel for any test. This means that an IR camera has to see
through the channel to measure the temperature of any inner surface. Typically, the test channel
is made of Plexiglas, which is not IR transparent. Therefore, a special window, which does not
absorb IR radiation, is needed. The special window used in the present study is a custom-
designed Zinc Selenide CVD window made by CRYSTRAN, which is polished and coated with
broad band antireflection (BBAR) on both sides. The size of this window is 101.6x152.4x8mm
(47x67x0.315”). Its transmittance is shown in Fig. 3.3 (from the website of the specification of

BBAR coated ZeSe CVD windows).

Broad Band Antireflection Coating ZnSe 8-12 um
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4 11 13 15 17
Wavelength In Microns

Figure 3.3 Transmittance of ZnSe CVD window with BBAR coated on both sides (from the

website of the specification of BBAR coated ZeSe CVD windows)
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34  TEST SURFACE PREPARATION AND SYSTEM CALIBRATION

To reduce uncertainty, large emissivity is usually preferred for IR imaging techniques.
Therefore, the test surface is painted black after being cleaned and dried. An airbrush is used to
spray ink on the surface, and the test plate is left overnight to dry completely before being
assembled into the test section.

After the test section is installed in the test rig, the emissivity of the prepared test surface is
determined through a calibration test. Temperature is measured using thermocouples attached on
the surface, as well as by the IR camera. The test surface is then heated by hot air from a blower.
The temperature is monitored during the heating up process, which subsequently achieves a
steady state. The values of the temperature indicated by the thermocouples are compared with
the temperatures obtained by the IR camera at locations very close to the thermocouple bead.
Emissivity of the test surface is then adjusted until the IR system readings match the
thermocouple readings within 0.1°C. The emissivities of the prepared test surfaces viewed

through the special window in the present study range from 0.93-0.97.

3.5 EXPERIMENTAL PROCEDURES
Temperature readings from the thermocouples for the main and coolant flows during a test are
monitored by a data acquisition system. The data acquisition system used in this study is

produced by National Instruments (NIDAQ). Before a test is started, the focus of the IR camera
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is adjusted to view the surface in the proper image size. The IR camera needs to be warmed up
before being connected to a computer, on which the software for controlling the camera is
operated.

A test begins with the main flow valve being closed, and the three-way valves switched to
the bypass mode. The film cooling flow valve is opened and adjusted to achieve the desired flow
rate. The compressor providing the main flow is then turned on, while the main flow valve is
kept closed. As the pressure upstream of the orifice, indicated by the pressure gauge, reaches
80psi, the three-way valve is opened and adjusted until the desired flow rate is reached. The
heater is then turned on to heat the main flow to the required temperature. As the temperature of
the main flow reaches the desired level, two flows are suddenly diverted to the test section.
Simultaneously, the data acquisition system is triggered to record thermocouple readings. The
recording of the temperature of the test surface by IR imaging is started before the flows are
switched to the test section. This allows the IR camera to measure the initial temperature of the
surface. To indicate the starting time of a test, a piece of aluminum paper is placed at the edge of
the viewing domain in the test section as a marker. The moment that the marker is blown away
indicates the start of a transient test. A transient test usually lasts for about three minutes. Then
the recordings of thermocouple readings and surface temperature are stopped. Flows are again
diverted to bypass, and the heater is turned off. When the temperature of the main flow is
sufficiently low, the compressor is shut down. All the data are saved for post data reduction. A

test run typically lasts 30 minutes.
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3.6 DATAREDUCTION

The least square method is used to obtain the value of both n and h in data reduction. 15 frames
of IR images are used for solving n and h in the present study. The first frame is acquired at the
sixth second after the transient test is started. Then a frame is picked up every four seconds. The
last frame is at the 62" second. As mentioned before, the initial temperature of the test surface is
obtained from the IR images recorded before the transient test is started. Several frames are used

here to obtain the average values of the local temperatures.

3.7 FLOW CONDITIONS

Film cooling performance is affected by main flow characteristics, particularly the turbulence
intensity and boundary layer thickness upstream of the film cooling injection site. Therefore, the
flow conditions need to be characterized. The main flow velocity in the present study is 34.7m/s,
which leads to a Reynolds number of 193,600 based on the hydraulic diameter of the square
duct. Five blowing ratios, which are 0.29, 0.43, 0.57, 0.93, and 1.36, are tested in the present
study. The corresponding Reynolds numbers for the film cooling flow are 3900, 5900, 7900,
13000, and 19000. The density ratio of the main flow to the film cooling flow is about 1. The
main flow turbulence intensity is approximately 1.5%. The boundary layer velocity profile close

to the position of a film cooling hole, without film cooling injection, is shown in Fig. 3.4. The

33



boundary layer thickness (where u=0.99U.,) is 13.97mm. Assuming a power law velocity profile

of the form

Aoy
] G0

the least square power regression yields n equal to 6.7. As shown in Fig. 3.4, the velocity profile
has the characteristics of a fully turbulent boundary layer. The momentum thickness and

displacement thickness are calculated to be 1.4mm and 1.8mm, respectively.
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Figure 3.4 Boundary layer velocity profile upstream of film cooling holes, without film cooling

injection
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3.8  PRELIMINARY TESTS

To verify the results of the present facility, some preliminary tests were carried out on the regular
cylindrical hole film cooling scheme, which is the baseline in the present study. Figure 3.5
shows the comparison of the present data to Kholi and Bogard (1997)’s results. The geometrical
configuration they tested are quite similar to the present one, except it has a shorter hole length

(2.8D) and a higher injection angle (35°). The comparison is very favorable.
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Figure 3.5 Comparison of the present baseline to the published data
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4.0 FILM COOLING PERFORMANCE OF DOWNSTREAM FLOW-ALIGNED

BLOCKER

41  TEST MODEL

The test model in the present experimental study of film cooling performance of downstream
flow-aligned blocker is shown in Fig.4.1. Film cooling holes are cylindrical and are inclined in
a streamwise direction at 30° related to the surface tangent. All holes are 6.35mm (0.25”) in
diameter. The length-to-diameter ratio is 10, which is significantly greater than that in a modern
turbine to allow a study exclusively focused on the effect of flow-aligned blockers without
significant effects from the hole-inlet condition. Three holes with the pitch of 3D form a film
cooling row. Prism shaped flow-aligned blockers are placed at 1D downstream of film cooling
holes. All blockers are 0.2D in thickness. In the case of parametric study with a single-hole
structure, different test plates are machined, and only the hole and blockers in the middle are
used.

The test plates are flat and made of Plexiglas, which has very low thermal conductivity
(0.187W/mK) and is suitable for a transient test. Flow-aligned blockers are formed by milling
off other parts from the plate. Figure 4.2 is a photo of the test plate for the three-hole row film

cooling study. The test area is already painted black.
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Figure 4.1 Schematics of the test model for the study on film cooling performance of

downstream flow-aligned blockers
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Test plate photo

Figure 4.2 Photo of the test plate for three-hole row study

The design parameters studied include seven cases. The parameters of the seven
different designs are shown in Table 4.1, where H and L represent the height and length of a
blocker, respectively, and W is the width or transverse spacing between two neighboring
blockers. Designs 1, 2, and 3 have different blocker heights. Designs 3, 4, and 5 possess
different widths between two adjacent blockers, and variations of blocker length exist among
Designs 3, 6, and 7. Therefore, totally, seven test pieces with different parameters of blocker are
manufactured, and one base plate is machined (Fig. 4.3). The test piece is mounted into place by
four screws in corners, which are far away from the domain of interest. The machining work is
done carefully to ensure that the surface of the assembled test plate is smooth, particularly in the
area between the film cooling hole and the leading edges of blockers. Figure 4.4 shows the

photos of test pieces and the assembled test plate.
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Table 4.1 Studied parameters

Parameter
H W L
Design No.
1 0.2D D 24D
2 0.4D D 24D
3 0.6D D 24D
4 0.6D 0.8D 24D
5 0.6D 1.2D 24D
6 0.6D D 8D
7 0.6D D 16D
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Figure 4.3 Schematic of the structure of the base plate
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Test pieces with different design parameter of blocker

Assembled test plate

Figure 4.4 Photos of test pieces and the assembled test plate
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The test section is a square Plexiglas duct of 406.4mm (16”) in length, with 89mm (3.5)
for each side. The bottom plate is removable, so that the test pieces can be assembled on it. A
portion of the Plexiglas wall opposite to the bottom plate (test plate) is replaced by a Zinc
Selenide CVD window for IR transparency. The test section is connected via flanges to the

whole test rig (Fig. 4.5).

Figure 4.5 Photo of the test section connected to the test rig

42 RESULTS AND DISCUSSION

In this section, the experimental results are presented and discussed. Two blowing ratios, 0.43
and 0.93, are tested to study the blocker design parameters. After parametric study for single-
hole film cooling, the design with the highest film cooling effectiveness is used for three-hole

row film cooling performance evaluation.
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4.2.1 The effect of blocker design parameters

The centerline and spanwise averaged film cooling effectiveness for all seven designs at two
different blowing ratios are shown in Figs.4.6 and 4.7, respectively. For the two blowing ratios
tested, Design 3 stands out in both centerline and spanwise averaged film cooling effectiveness
values. The difference in either centerline or spanwise averaged film cooling effectiveness
between the best and the worst is up to 50%. This is consistent with Shih and Na (2006)’s
simulation result.

In addition, it is observed that the height of the blocker is an important parameter in the
present study. As shown in Figs. 4.6 and 4.7, in both centerline and spanwise averaged film
cooling effectiveness distribution, Design 1 with the lowest height has the lowest value among
all the designs tested, and Design 2, with the second lowest height, has the second worst
performance among all the designs tested. The effect of blocker height is much more obvious at
the relatively higher blowing ratio of M=0.93. The film cooling effectiveness of the blocker with
0.6D in height is about 30% higher than that of the blocker with 0.2D in height at a blowing ratio
M=0.43. However, at a blowing ratio of M=0.93, the film cooling effectiveness of the blocker
with 0.6D in height is about 40% higher than that of the blocker with 0.2D in height. A 10%
difference in the enhancement of film cooling effectiveness between the two blowing ratios is

observed.
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Figure 4.6 Centerline and spanwise averaged film cooling effectiveness for different designs of

blockers at blowing ratio M=0.43
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Figure 4.7 Centerline and spanwise averaged film cooling effectiveness for different designs of
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blockers at blowing ratio M
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As mentioned earlier and outlined in Table 4.1, the only difference among Designs 3, 4,
and 5 is the width. As shown in Figs. 4.6 and 4.7, the width between two blockers has a
significant impact on film cooling effectiveness. Further evaluation of the current data suggests
the existence of an optimal value in the width between blockers, which is around 1D in the
present case. Comparative studies on designs 6, 7, and 3 reveal the effects of the blocker length
on film cooling performance. The present results indicate that the blocker length of 24D has the

highest film cooling effectiveness for both blowing ratios.

4.2.2 Film cooling performance of flow-aligned blockers

Film cooling performance of flow-aligned blockers is examined by making thermal measurement
on a flat plate with a three-hole row. Based on the results of the design parameters studied, the
geometry of Design 3, which has the best performance of single-hole test, is used for the test

model design. The film cooling performance was evaluated with five deferent blowing ratios.

Film effectiveness Figure 4.8 shows the contour plots of local film cooling effectiveness for all
five blowing ratios. The corresponding cooling effectiveness for the baseline cases without
aligned blockers is also shown for comparison. Evidently revealed in these contour plots is that
the flow-aligned blockers render higher film cooling effectiveness provided that the blowing
ratio is greater than 0.43. The aligned blockers also extend the domain of higher n further

downstream compared to the baseline cases.
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M Baseline Flow-aligned Blocker
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Figure 4.8 Local film cooling effectiveness distributions

To further quantify the effects of downstream flow-aligned blockers on film cooling
effectiveness, the centerline and spanwise averaged film cooling effectiveness along streamwise
locations with five different blowing ratios are also plotted in Figs. 4.9 and 4.10, respectively.
Centerline film cooling effectiveness shows improvement with flow-aligned blockers for all the
blowing ratios tested, except that at M=0.29, such an improvement is evident from X/D about 5
and toward downstream. The enhancement relative to the baseline case without blockers
increases with the blowing ratio, with a maximum of up to 60% at M=1.36. A similar trend also
prevails in the spanwise averaged data, as the maximum is about 45% at M=1.36. Overall, the
effect of blocker-induced enhancement is significant, provided that M is greater than 0.43 and

X/D>1. X/D =1 represents the leading edges of the aligned blockers.
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Figure 4.9 Streamwise distribution of the centerline film cooling effectiveness
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Figure 4.10 Streamwise distribution of the spanwise averaged film cooling effectiveness
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One major design concern about film cooling is the spanwise coverage or lateral spread of
coolant in the region not directly downstream to the film cooling holes. The inter-hole averaged
film cooling effectiveness, which represents the cooling effect in the region between 0.5D to
1.5D from the centerline of a film cooling hole, is shown in Fig.4.11. Similar to Fig. 4.10, the
presence of blockers also increases the film effectiveness for M>0.43. However, the level of
enhancement is lower than that of the overall spanwise averaged value. For the cases with low
blowing ratios, say M<0.43, the film effectiveness with the blockers is, in fact, lower than that of
the cases without blockers. This implies that the aligned blockers reduce the spread of coolant

toward the inter-hole region when blowing ratio is low.

T]inter-hole
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Figure 4.11 Streamwise distribution of the inter-hole spanwise averaged film cooling

effectiveness
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These aforementioned results collectively suggest that flow-aligned blockers can render
significant improvement in film cooling effectiveness. This finding agrees with Shih and Na
(2006)’s simulation result, but the improvement in the present experimental study is more

evident when M>0.43.

Heat transfer coefficient The local heat transfer coefficients for downstream flow-aligned
blocker and baseline cases at all five blowing ratios are shown in Fig. 4.12. In the center region
between the two blockers, the values of heat transfer coefficient are lower than those in the
corresponding baseline cases. This suggests the effectiveness of blockers in preventing the hot
gas from entraining underneath the coolant jet. In the region near the leading edge of a flow-
aligned blocker, the heat transfer coefficient increases substantially. This is similar to a common
phenomenon of convective heat transfer with flow over an obstacle. Upstream to the leading
edge of a blocker, flow separation is expected to prevail, due to an adverse pressure gradient.
The higher turbulence level, accompanied with the flow shear generated with separation, is
responsible for the increase in heat transfer coefficient. The elevated heat transfer on the
blocker’s top surface appears to be caused by the reattachment of the flow separated from the

sharp corner to the blocker’s top surface.
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Figure 4.12 Local heat transfer coefficient distribution

To further evaluate the heat transfer variation affected by the aligned blockers, the ratio of
the heat transfer coefficient h with film cooling to its counterpart h, without film cooling is
calculated. The centerline heat transfer coefficient ratios for all the blowing ratios tested and

baseline cases are shown in Fig. 4.13.
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Figure 4.13 Streamwise distribution of the centerline heat transfer coefficient

The baseline value obtained here agrees well with that reported in the literature (Eriksen and
Golstein, 1974; Hay et al., 1985). At a low blowing ratio and near the film cooling hole region,
the heat transfer coefficient with injection is lower than that without injection. This trend
reverses at a higher blowing ratio, as film cooling injection enhances the heat transfer,
particularly in the near-hole region. There are two competing factors responsible for the above
phenomenon. First, injection adds flow mass and linear momentum normal to the wall, which
thickens the boundary layer. A thicker boundary layer presents more heat convection resistance
between mainstream and the coolant film protected wall. This is prevalent at a low blowing
ratio. Second, the interaction of main flow/coolant injection causes active momentum exchange,
along with excessive shear and turbulence generated between the participating streams. This is
especially the case when the blowing ratio or jet exit velocity is sufficiently high. When the

blowing ratio or jet exit velocity is low, the first factor is dominant near the centerline, while the
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second factor prevails along the side edge of a film cooling hole (Fig.4.14). This observation is
based on the fact that the spanwise averaged heat transfer coefficient ratios increase slightly

compared with their values at centerline (Fig. 4.15).
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Figure 4.14 Streamwise distribution of the inter-hole averaged heat transfer coefficient

55



h/hoav

0.6 —o—M:0.29,baseline ¢ M:0.29
) —A—M:0.43,baseline A M:0.43
0.4 —8— M:0.57,baseline o M:0.57
) M:0.93,baseline M:0.93
0.2 —x— M:1.36,baseline x M:1.36
0 0 Il Il Il Il [ Il Il Il Il [ Il Il Il Il [ Il Il Il Il [ Il Il Il Il [ Il Il Il Il
0 2.5 5 7.5 10 12.5 15

X/D

Figure 4.15 Streamwise distribution of the spanwise averaged heat transfer coefficient

As shown in Figs. 4.13 and 4.15, in the region sufficiently downstream to the film cooling

holes, say X/D=27.5, the presence of flow-aligned blockers reduces the magnitude of h by about

20% along the centerline. However the effect of blockers on the spanwise averaged heat transfer
coefficient is rather insignificant (Fig. 4.15). Meanwhile, in the region near the injection hole or
near the leading edge of a blocker, say X/D<5, the magnitude of the heat transfer coefficient is
substantially higher compared to the corresponding baseline case. A blocker here serves as a
surface mounted obstacle which induces boundary layer separation and reattachment, and hence
increases heat transfer coefficient. This also suggests that blockers with variations in frontal

configuration may alter the characteristics of heat transfer coefficient in the influenced region.

Reduced heat flux As mentioned in Section 2.2, the ratio of heat flux for cases with film
cooling injection to those without film cooling g/q, is an important parameter to measure the

performance of film cooling. The streamwise distributions of centerline, inter-hole averaged and
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spanwise averaged heat flux ratio are plotted in Figs. 4.16, 4.17, and 4.18, respectively. In
general, the values of g/q, on centerline are relatively low when X/D>5 for all the blowing ratios
tested. Very evident is that, the values of q/q, at centerline are relatively low when X/D>2.5 at
blowing ratio M>0.29. The heat flux ratio q/q, decreases about 70% at a blowing ratio of 1.36.
The spanwise averaged value of q/q, decreases at a blowing ratio M>0.43 when X/D>5. As the
blowing ratio increases, say M>0.57, the q/q, decreases as X/D>2.5. The largest reduction in
q/qo 1s about 20% at blowing ratio M=1.36. The inter-hole averaged value of q/q, shows a
decrease as M>0.57. One concern is about the q/q, values of centerline and spanwise averaged
in the region near the leading edge of a blocker (0<X/D<1.3). These values show some increase
compared to those in the baseline cases. This is because the film cooling effectiveness exhibits
virtually the same level, while the heat transfer coefficient increases. As suggested earlier, this

phenomenon may be alleviated by implementing more streamlined blockers.

a/do
—¢o—M:0.29,baseline ¢ M:0.29
1.0 — A M:0.43,baseline A M:0.43 —
—a— M:0.57,baseline o M:0.57
M:0.93,baseline M:0.93
—x—M:1.36,baseline x M:1.36

K >
Hxxxxxxeexxwxeﬁexmxgoﬁéé K
ooewiflw” flag:

j NGB AAAADLA
L ABE AAAA AAAAAAAA §§§§§
&"AﬁﬁxxXX§§§ﬁKKW**RNRRR
JJDDDDDDD
5 7.5 10 125 15

X/D

Figure 4.16 Streamwise distribution of the centerline heat flux ratio
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Figure 4.18 Streamwise distribution of the spanwise averaged heat flux ratio
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43  CONCLUSIONS

This study represents the first experimental work in exploring the concept of placing flow-
aligned blockers downstream of film cooling holes to temper the level of hot gas entrainment.
Blocker design parameters are studied using a single-hole configuration, and film cooling
performance is investigated using a three-hole row configuration. Local film cooling
effectiveness and heat transfer coefficient distributions are measured using an IR imaging
technique.

Seven designs are tested at two different blowing ratios. Design 3 shows the best
performance, with the highest values in both centerline and spanwise averaged film cooling
effectiveness. The single-element study suggests that the blocker’s height, length, and the space
between adjacent blockers are important design parameters, strongly affecting the convective
transport phenomena over the element- influenced region.

For the three-hole row study based on Design 3, five blowing ratios are investigated. When
M>0.43, the increase of centerline and spanwise averaged film cooling effectiveness starts from
X/D around 1, coinciding with the streamwise location of blocker’s leading edge. The
enhancement of film cooling effectiveness increases with blowing ratio, with the maximum
about 60% and 46% for the centerline and the spanwise averaged values, respectively, at
M=1.36. This suggests that implementing flow-aligned blockers can be a viable approach to
improve film cooling effectiveness as M>0.43.

The magnitudes of heat transfer coefficient with aligned blockers are at the same levels as
those in the baseline cases. However, their centerline values when X/D>7.5, i.e. sufficiently

downstream are, in fact, lower than those in the baseline cases, with a reduction up to 20%. On
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the contrary, the heat transfer coefficient in the region near the leading edge of the blocker
increases, due likely to the high turbulence level associated with flow separation and
reattachment.

The heat flux ratio q/q, decreases when blowing ratio M>0.57, with a largest reduction of
70% in centerline value and 20% in spanwise averaged value. The value of g/q, in the region
near the leading edge of the blocker (0<X/D<1.3) increases slightly, due to unchanged film

cooling effectiveness and increased heat transfer coefficient.
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5.0 FILM COOLING PERFORMANCE OF UPSTREAM RAMP

5.1 TEST MODEL

A schematic view of the test model with an upstream ramp is shown in Fig.5.1. The film cooling
hole configuration is the same as that of the study with downstream flow-aligned blockers, as
discussed previously in Chapter 4. The upstream ramp, 2D in length, is placed at a distance of
1.0D upstream to the edge of film cooling holes. To examine the effects of ramp geometry, the
present study considers three different ramp angles, i.e. 8.5°, 15° and 24°. Since all the ramps
have the same longitudinal base, the height of the backward facing step differs among different

ramps, varying with the ramp angle.
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D: Diameter of film cooling hole, 0.25”, a: 8.5°,15°,24°

Main flow

Film cooling hole configuration

O Test Area

Figure 5.1 Schematic of the test model
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The test plate is made of Plexiglas, which has very low thermal conductivity (0.187W/mK)
and is a proper material for a transient test. Ramps are made separately, by machining a shallow
groove on the test plate and tapping the ramp into the groove. Figure 5.2 shows the photos of

the test plate with ramp models detached from the test plate.

Figure 5.2 Photos of the test plate and ramps
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5.2 RESULTS AND DISCUSSION

This section presents the measured data which quantity the effects of blowing ratio and ramp

geometry on both film cooling effectiveness and heat transfer coefficient.

Film effectiveness Figures 5.3 and 5.4 show the effects of blowing ratio on the distribution of 1
along the center line and the values averaged across the span, respectively. One most distinct
feature shown in both figures is the consistently high value of the film effectiveness in the region
immediately behind the ramp and upstream to the film cooling hole (X/D ~ -2). This

phenomenon is non-existent in the baseline case without a ramp.
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Figure 5.3 Centerline film cooling effectiveness for different ramp angles at various blowing

ratios
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Figure 5.4 Spanwise averaged film cooling effectiveness for different ramp angles at various

blowing ratios
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Another distinct and probably more significant observation from both Figs. 5.3 and 5.4 is
the effectiveness of the ramp in producing higher film cooling when the angle of the ramp is
adequately large and the magnitude of the blowing ratio is sufficiently high, say M > 1. This
finding is particularly evident for the case M = 1.36, as displayed in Figs. 5.3(e) and 5.4(e),
where the ramp is of the steepest angle, 24°. The value of 1 in this case is about 50% higher than
its baseline without the ramp. On the other hand, when the blowing ratio is low, e.g. M < 0.6, in
(a) to (c) of Figs. 5.3 and 5.4, the presence of the ramp consistently results in an 1} lower than the
value without the ramp.

The flow separated from a backward-facing step has been a subject of extensive study in
the fields of fluid dynamics, heat transfer, and combustion. While the ramp angle may induce
certain differences in flow details, the general flow pattern behind a two-dimensional ramp
would be dominated by a highly turbulent, shear layer separated from the tip of the ramp and a
recirculation region immediately behind the ramp and underneath the separated shear layer.

Figure 5.5 illustrates schematically such flow characteristics.
Approaching boundary layer

—"
_ Separated shear layer
—- Reattachment
— @ R ATACet | redeveloped
— wzone -

)
Ve S

|

Recirculating region

Figure 5.5 Schematic of the characteristics of flow over an upstream ramp
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The region of recirculation diminishes as the shear layer expands in width toward downstream
and eventually reattaches to the floor. The typical distance of reattachment under a fully
turbulent flow condition is approximately 5 to 10 times the ramp height. Current geometry with
the film holes located about 1.0D downstream to the ramp suggests that the film cooling
injection would likely alter the separated flow field, particularly in the recirculating zone. With
injection, the flow in the region would no longer be two-dimensional. Additional shear layers
with elevated levels of turbulence would be generated due to the interaction between the injected
coolant and the recirculating flow. Under this condition, the flow would be more active in lateral
movement as well.

It is understandable that the aforementioned flow interaction depends strongly on the
blowing ratio and the conditions of main stream. For cases with low blowing ratios, say M =
0.29, 0.43, and 0.57, the injected coolant, which lacks sufficient momentum, is immediately
overwhelmed by the local recirculating flow at the exit of injection. As a result, the film
effectiveness is relatively low. An increase in the ramp angle, as well as the ramp height, leads
to a stronger dominance of recirculation and lower film cooling effectiveness downstream of the
injection holes. The dominance of recirculation is also responsible for the evidently high value
in 1 over the region upstream of the injection holes.

When the blowing ratio is sufficiently high, e.g., M = 1.36, the injected coolant inherits
higher momentum and is capable of penetrating into the recirculation zone, and the film
coverage could extend over the entire recirculating region. Again, the highly turbulent shear
layer atop the recirculation zone acts as a crossflow, preventing the coolant from lift-off and

leading to a better film protection in the region. Under this condition, a taller ramp typically
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strengthens the levels of momentum and turbulence associated with the separated shear layer,
which would favor coolant retention in the region.

Barigozzi et al. (2007) recently presented similar work. They studied the effect of an
upstream ramp on cylindrical and fan-shaped hole film cooling. The comparison of the critical
parameters in their study with those in the present study is shown in Table 5.1. Figure 5.6 shows
their results. The highest blowing ratio with results they reported is M=1. Comparing their
results of cylindrical hole with the present data for the ramp angle 15°, the general characteristics
of film cooling effectiveness is rather similar, except that their results show slight improvement
with a ramp when M=0.3. When M=0.5, the film cooling effectiveness with a ramp is lower than
that without a ramp. Further increase blowing ratio to M=1, the film cooling effectiveness with a
ramp becomes comparable to that without a ramp. The general trend of the results of the fan-
shaped hole in their study is also very consistent with that of the cylindrical hole in the present
study. At all blowing ratios they tested, the ramp tends to lower film cooling effectiveness, but
the difference becomes smaller as the blowing ratio increases. When the blowing ratio reaches
1.0, film cooling effectiveness with a ramp, again, similar to the cylindrical hole case, is at the

same level as that without a ramp.
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Table 5.1 The critical parameters in Barigozzi et al.’s study and the present study

Barigozzi et al. | Present study

Injection angle a Same
Hole Hole length L/D 7 10

Pitch 6D 3D

Inclined angle 14° 8.5° 15°, 24°
Ramp Length Same

Distance from film cooling hole | 0.5D D

Uoo (m/s) 20 34
Flow Boundary layer thickness & 0.95D 2.2D
condition | Displacement thickness 0.09D 0.29D

d/ramp height 1.9 7.1, 4.1, 2.5
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Figure 5.6 Spanwise averaged film cooling effectiveness by Barigozzi et al. (2007),

Cla and Clb: cylindrical hole without and with an upstream ramp;

C2a and C2b: fan-shaped hole without and with an upstream ramp.
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Heat transfer coefficient Figures 5.7 and 5.8 exhibit the distributions of heat transfer
coefficient h measured along the center line and averaged across the span, respectively. The data
presented here represent the ratio h/h,, where h, is the heat transfer coefficient measured over the
test plate without coolant injection. The baseline shown in each figure represents the
corresponding case with film cooling but without a ramp present. The results revealed in both
figures suggest that the heat transfer coefficient for the cases with low blowing ratio, say
M<0.57, varies strongly with the ramp angle or ramp height. In contrast, the heat transfer
coefficient becomes rather insensitive to the ramp geometry when the blowing ratio is
sufficiently high, say M>0.93. In fact, the magnitudes of the heat transfer coefficient with or
without a ramp are very comparable in the region sufficiently downstream, say X/D>7.5,
provided that the blowing ratio is high, i.e., M>1.

As the heat transfer coefficient is largely a direct measure of the local, near-wall turbulence
level, the aforementioned observation implies the dominance of ramp-induced flow separation in
the regime of low blowing ratios. A higher ramp results in a more turbulent separation, hence a
higher heat transfer coefficient. On the other hand, when the blowing ratio is high, the near-wall
turbulence, as well as the local heat transfer coefficient, is dominated by the injectant and its
interaction with the boundary layer close to the wall. Accordingly, the influences of the ramp

and its geometry become insignificant.
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Figure 5.7 Centerline heat transfer coefficient for different ramp angles at various blowing ratios
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Reduced heat flux Figures 5.9 and 5.10 show the streamwise distribution of q/q, along the
center line and averaged across the span, respectively. Figures 5.11 and 5.12 present the
centerline and spanwise averaged q/q, for different blowing ratio M with a given ramp angle,
correspondingly. The protection in the region between the downstream edge of the ramp and the
upstream edge of film cooling holes is very effective, especially for cases with a low blowing
ratio. Downstream of the film cooling hole, the ramp renders no improvement in overall heat
reduction relative to the baseline case without the ramp until the blowing ratio reaches 0.93.
According to the data presented earlier, this is fully expected, as the ramp, along with a low
blowing ratio, leads to higher h and lower 1, both of which adversely affect the reduction of heat
transfer. However, the trend reverses as the blowing ratio increases. The value of gq/q, improves

nearly 20% at the blowing ratio M=1.36 with a ramp of 24° inclination.
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Figure 5.9 Centerline heat flux reduction for different ramp angles at various blowing ratios
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5.3  CONCLUSIONS

The present studies experimentally evaluate the efficacy of placing an upstream ramp to enhance
film cooling performance. Three ramp angles, 8.5°, 15°, and 24°, with five blowing ratios
ranging from 0.29 to 1.36, are tested. Local film cooling effectiveness and heat transfer
coefficient distribution are measured using an IR imaging technique.

One of the most significant findings from the present study is that the upstream ramp
increases film effectiveness only when the magnitude of the blowing ratio is sufficiently high,
say M>1. The presence of a ramp could be detrimental to film protection with higher q/q, if the
blowing ratio is lower than unity. Coolant would drift toward upstream with the recirculating
flow immediately behind the ramp, resulting in a good film protection in the region downstream
to the ramp. Lift-off of the coolant with a high blowing ratio would be tempered by the highly
turbulent, shear layer separated from the downstream edge of the ramp. Current results reveal
that placing a 24° ramp upstream with a blowing ratio M=1.36 induces a nearly 50% increase in
film effectiveness compared to the baseline case without a ramp. This implies that the efficacy
of using an upstream ramp to enhance film cooling performance depends strongly on the nature
of the interaction between the injected coolant and the separated flow field associated with the
protrusion of a ramp. Presence of a ramp slightly increases the heat transfer coefficient, due
mainly to additional shear-induced turbulence generated in the system. This, in turn, is
detrimental to the overall reduction in surface heat transfer. Therefore, to establish a favorable
cooling design with a ramp, the system must be operated in a regime where the mass flow of the
injected coolant is not insignificant to affect the thermal characteristics of the recirculation zone,
but its momentum is in-excessive, and the separated shear layer atop the recirculation zone could

temper the coolant lift off or detachment.
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6.0 FILM COOLING PERFORMANCE OF FILM COOLING HOLES EMBEDDED

IN A TRENCH

6.1 TEST MODEL

The main objective of this phase of study is to determine the effect of blowing ratio on both heat
transfer coefficient and film cooling effectiveness in an optimized film hole embedded in a
trench geometry. Figure 6.1 shows the main geometry of the test model in the present study.

The trench is 2D in width and 0.5D in depth.
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Film cooling flow

Film cooling hole configuration

Test Area

Figure 6.1 Schematic of the test model
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Film cooling holes in this case have the same configuration as those for flow-aligned
blocker and upstream ramp studied above. The length-to-diameter ratio is 9, still considerably
greater than that of a modern turbine. This arrangement, again, is to allow a study exclusively
focused on the effect of trench without much influence from the hole-inlet condition. A row of
three holes with a 3D spanwise pitch is embedded in the trench. The test plate is made of
Plexiglas. As mentioned before, the low thermal conductivity of Plexiglas (0.187W/mK) is
technically suited for the measurements of 1 and h based on the transient conduction model over

a semi-infinite solid domain. Figure 6.2 shows the photo of the test plate.

Figure 6.2 Photo of the test plate

6.2 RESULTS AND DISCCUSION

In this section, the results are presented and discussed. Similar to the cases of flow-aligned
blockers and upstream ramp, this study tested the same five blowing ratio, i.e. M=0.29, 0.43,

0.57,0.93, and 1.36.
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Film effectiveness Figure 6.3 gives the contour plots of the local film cooling effectiveness of
five blowing ratios for the trench and the corresponding baseline (without the trench). Such film
effectiveness results reveal that the trench provides better protection in the region between
neighboring holes, particularly in the near-hole region. The other notable feature is that the

trench shows increased film cooling effectiveness at greater blowing ratios, say, M>0.57.

M Baseline Film cooling hole embedded in a trench
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Figure 6.3 Local film cooling effectiveness distribution

To further characterize the film cooling performance of the trench, the streamwise
distributions of the centerline and spanwise averaged film cooling effectiveness are given in
Figs. 6.4 and 6.5, respectively. The corresponding baselines are also shown in the figures for

comparison.
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Figure 6.5 Streamwise distribution of the spanwise averaged film cooling effectiveness
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Film cooling effectiveness along the centerline shows significant improvement as the
blowing ratio M increases above 0.57. This is particularly notable for the values in the region
immediately downstream to the trench; n is about 0.8 to 0.9, an improvement of 30% to 100%
compared to the baseline. Improvement also reveals in spanwise averaged film cooling
effectiveness for all the blowing ratios tested. However, for the cases with low blowing ratios,
e.g. M<0.43, the enhancement in 1 is limited to the near-trench region, and declines further
downstream, as the value of m recovers to the same level as that of the baseline case.
Nevertheless, the enhancement is very significant in the near-trench region, nearly 180%. In
addition, as exhibited in Figs. 6.4 and 6.5, film effectiveness increases as the blowing ratio
increases, but the same magnitude appears for the two higher blowing ratios M=0.93 and
M=1.36. This phenomenon is consistent with that reported by Waye and Bogard (2006).

The trench modifies the injected coolant as the coolant spreads more laterally before
reaching the protected surface. Therefore, a more uniform laterally distributed coolant flow,
similar to that in the case of transverse slot, is obtained. At a low blowing ratio, because the
amount of coolant is low, the effect of lateral flow may, in fact, deplete the coolant concentration
sideway from the centerline. As a result, the magnitude of centerline effectiveness can be lower
than that of the baseline case. ~However, the spanwise averaged film cooling effectiveness
remains more or less the same level, and it can become even higher over the downstream portion
of the trench. The trench-induced spreading effect becomes notably favorable when the blowing
ratio increases, say M>0.6. In the baseline case without a trench, the coolant jet starts to lift off
due to the high exiting coolant momentum or velocity. On the other hand, in the case with a
trench, the coolant first fills the trench, spreading laterally, and then ejects out. This is evident

from the temperature distribution in the trench, as displayed in Fig. 6.6. Coolant jets enter the
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relatively relaxed space provided by the trench, which reduces the jet momentum, and coolant
remains attached to the surface for better protection. However, this trend reaches a plateau at an
M of about 1.0, as observed in both the present study and the work by Waye and Bogard (2006).
This is because the space permitting lateral spreading becomes insufficient when the coolant
mass increases and excessive coolant may penetrate and diffuse into the mainstream, diminishing

the trench effect.
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Figure 6.6 Contour plot of the local temperature distribution
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The comparison of the present data with those reported in the literature is shown in Fig.
6.7. The configuration of the trench in Waye & Bogard’s work is the same as the present one,
but the trench is on the suction side of a turbine vane, thus with a convex curvature. The
configuration studied by Lu et al. is different from the present one, as shown in Fig. 1.8 Case 2 in
Section 1.2. The injection angle 35° in their study is also higher than that of the present
configuration studied. Overall, the present data agrees well with those presented by both Waye

& Bogard (2006) and Lu et al. Nevertheless, the effectiveness data from Lu et al. are generally

lower when X/D<7.5.
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Figure 6.7 The comparison of the spanwise averaged film cooling effectiveness with those

reported in the literature
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Heat transfer coefficient Figure 6.8 shows the trench-affected results in heat transfer
coefficient, h, along with the corresponding baseline data. The heat transfer coefficient near the
trench shows a significant increase in magnitude, due mainly to the surface disturbance in the
near-wall region. Further downstream, the value of the heat transfer coefficient remains more or

less at the same level as that in the baseline case.
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Figure 6.8 Contour plot of the heat transfer coefficient

To further analyze the data, the ratio of the heat transfer coefficient with film cooling to its
counterpart h, without film cooling is determined. Figures 6.9 and 6.10 reveal a normalized heat
transfer coefficient distribution along the centerline and averaged across the span, respectively.
The general trend is that, the magnitudes of heat transfer coefficients in the region sufficiently
downstream, say X/D > 7.5, are of similar levels to those in the baseline cases. In the region
immediately downstream to the trench, say X/D<S, the increase of heat transfer is evident for all

the blowing ratios tested.
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Figure 6.10 Streamwise distribution of the spanwise averaged heat transfer coefficient
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The flow pattern in a trench is deemed to be more complex than that in a 2-dimentional slot
without coolant ejection. The ejection of coolant from film cooling holes to a trench is similar to
flow entering a sudden-expansion channel, except that a trench is a much shorter channel. Flow
in a sudden-expansion channel is characterized by highly turbulent shear layer along with
recirculation adjacent to the shear layer. Jet interactions further complicate the flow field, as
multiple coolant jets enter the same trench. Therefore, coolant flow exiting a trench inherits high
turbulence intensity, which is responsible for the increase of the local heat transfer coefficient.
This effect is expected to elevate with an increase in blowing ratio or jet momentum. Further
downstream, the turbulence dissipates and diminishes due to wall effects and the presence of
main flow.

The heat transfer coefficient is also compared with that reported in the literature. As
mentioned above, the configuration of the trench studied by Waye and Bogard (2006) are the
same as the present one, but they did not measure heat transfer coefficient. Therefore, Harrison
et al. (2007)’s result are chosen for comparison. The configuration they studied is the same as
that in the present study, except the depth of the trench in their study is 1.0D, deeper than that of

the present one. As shown in Fig.6.11, the present results are very consistent with theirs.
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Figure 6.11 The comparison of the spanwise averaged heat transfer coefficient with that reported

in the literature

Reduced heat flux The ratio of heat flux with film cooling injection to that without film
cooling is based on the measured film effectiveness and heat transfer coefficient. The centerline
and spanwise averaged heat flux ratios are plotted in Figs. 6.12 and 6.13, respectively.
Compared to the corresponding baseline data, the centerline values of q/q, are lower at blowing
ratios M>0.57. Particularly, q/q, is zero in the region X/D<2, which indicates a complete coolant
protection. The spanwise-averaged result shows a similar trend as that of the center line, and the
value of q/q, decreases when blowing ratio M>0.57. The improvement of film cooling
performance, measured by heat flux reduction, is rather substantial, up to 100%, regardless of a
high heat transfer coefficient existing in the region close to the trench downstream edge. Such a

reduction in heat transfer is attributable mainly to the significant increase in film effectiveness.
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6.3 CONCLUSIONS

The present study focuses on the cooling performance of film cooling holes embedded in a
trench. Local film cooling effectiveness and heat transfer coefficient distribution are revealed
by measurement using an IR imaging technique.

The experimental results show that a trench has a profound influence on increasing the
film cooling effectiveness when M>0.43. This effect is particularly significant in the region
immediately downstream from the trench, with an impressive 180% increase. This is due mainly
to the lateral spreading of coolant induced by the trench, which also reduces the momentum of
injected coolant and produces better coverage downstream. Therefore, the trench configuration
is especially effective for film cooling when the blowing ratio is sufficiently high. However, the
overall enhancement in film cooling effectiveness, based on the present study, reaches a plateau
when the blowing ratio M ~1.0.

One of the significant contributions of the present study is the attainment of detailed local
distribution of heat transfer coefficient, in addition to film effectiveness. The local heat transfer
coefficient increases sharply in the region immediately downstream of the trench. Also, the
magnitude of overall heat transfer coefficient increases with blowing ratio. At a region far
downstream of the trench, the effect of the trench on the heat transfer coefficient becomes rather
insignificant.

As a combined result of film cooling effectiveness and heat transfer coefficient, the
reduced heat flux, q/q,, decreases when blowing ratio M>0.57. Apparently the trench-induced
enhancement in film effectiveness overwhelms the increase in heat transfer coefficient in the

near-hole region. Up to a 100% reduction in the q/q, is observed.
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7.0 COMPARISON OF THE THREE FILM COOLING CONCEPTS

In this chapter, the three film cooling enhancement approaches investigated in this study are
compared based on film effectiveness, heat transfer coefficient ratio and reduced heat flux. The
comparison is made based on the same five blowing ratios tested. For the upstream ramp cases,
only the results with 24° angle inclination are selected for comparison, since it is the only ramp
configuration that promises potential improvement in film cooling downstream from the

injection holes.
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7.1  COMPARISON OF FILM COOLING PERFORMANCE AT DIFFERENT

BLOWING RATIO

Figures 7.1 and 7.2 presents the spanwise averaged film cooling effectiveness and heat transfer
coefficient ratio of the three film cooling schemes at five blowing ratios, respectively. At all the
blowing ratios tested, the trench provides the highest 1.y, and the upstream ramp gives the lowest
Nav, among the three approaches. Except for the highest blowing ratio, M=1.36, the presence of
an upstream ramp, in fact, produces a lower film effectiveness than the baseline case. This is
particularly evident for low blowing ratio, i.e. M<0.6. As for heat transfer coefficient ratio, the
upstream ramp renders the highest h for blowing ratio M < 1.0. The heat transfer coefficient
ratio of the trench is slightly higher than that of flow-aligned blocker except at the low blow ratio
M~ 0.3. In general, all three approaches lead to higher heat transfer coefficients than the

corresponding baseline cases.
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Figure 7.1 The spanwise averaged film effectiveness for the three different approaches
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Figure 7.2 The spanwise averaged heat transfer coefficient ratio for the three different

approaches



The inter-hole and spanwise averaged heat flux ratios of the three different approaches at
five blowing ratios are shown in Figs.7.3 and 7.4, respectively. The corresponding baseline data
are also given for comparison. Overall, the performance of these three film cooling concepts

improves with the blowing ratio.

Low range blowing ratio (M: ~ 0.3) (Figs. 7.3 and 7.4(a)) None of these three approaches
offers any advantage at this low blowing ratio. In fact, film cooling performance is substantially
degraded compared to the corresponding baseline case of cylindrical hole over a smooth plate.
Specifically, upstream ramp gives the highest heat flux ratio, implying ineffective coolant
protection. The performance of a trench is comparable to that of a cylindrical hole, with slightly
higher heat flux ratio. The flow-aligned blocker renders a lower heat flux ratio than the upstream

ramp does, yet higher than that of the trench.

Mid-range blowing ratio (M: 0.4 ~ 0.6) (Figs. 7.3 and 7.4(b) (c)) The performances of the
three new film cooling concepts improve at this range of blowing ratio compared to those at the
low range blowing ratio. However, there is still not any obvious advantage of using these new
concepts, except that a trench improves lateral spreading of coolant. Particularly, flow-aligned
blockers and a trench show comparable performance to that of the baseline. An upstream ramp

has the worst performance, with an increase of 40~60% in q/q,, compared to the baseline case.
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Figure 7.4 The spanwise averaged heat flux ratio distribution for the three different approaches
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High range blowing ratio (M: 0.9 ~ 1.4) (Figs. 7.3 and 7.4(d) (e)) The inter-hole and spanwise
averaged heat flux ratios for the trench are much lower than the baseline, with a reduction of
20~100%. It suggests that the trench greatly improves film cooling in this high range blowing
ratio. As for flow-aligned blockers, heat flux ratios are reduced by about 20% when X/D>1.2,
but increased in the near-hole region, compared to the baseline. As described in the previous
chapter, the reason is that leading edges of flow-aligned blockers cause heat transfer coefficient
to increase in this region. The decrease of heat flux ratio for the upstream ramp is limited in the
region X/D<5 when M=0.93, although it has the same level as that of flow-aligned blockers
when M=1.36. Therefore, the trench concept appears to be a viable choice for film cooling
improvement with high blowing ratios. Flow-aligned blockers may be used if the frontal
configuration is modified to temper the high heat transfer coefficient near the leading edge

regime. An upstream ramp could also be considered if the blowing ratio M >1.4.

7.2  CONCLUSIONS

The three approaches for improving film cooling performance are compared at all five different
blowing ratios. The present data suggest that, the trench consistently provides the highest 1,y,
and the upstream ramp gives the lowest 1,,. The upstream ramp also renders a rather undesirable
performance in heat transfer coefficient, which has the highest heat transfer coefficient until M
reaches 1.4. The heat transfer coefficient of the trench is higher than that of flow-aligned

blockers except at low blow ratio M ~ 0.3.
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At low range blowing ratio (M: ~0.3), the heat flux ratios for all three methods are not
lower than the baseline cases. This implies that these new concepts offer virtually no advantage
in film cooling performance, and thus, should not be considered when the blowing ratio is low.
At mid-range blowing ratio (M: 0.4 ~ 0.6), the spanwise averaged heat flux ratio for the trench is
at the same level as the baseline cases, but the inter-hole averaged value is reduced. Thus, a
trench is a good choice if the lateral spreading of coolant is of concern. The three new film
cooling concepts show advantages at high range blowing ratio (M: 0.9 ~ 1.4). Particularly, the
trench significantly decreases the heat flux ratio, up to 100%. It is a very good choice for
improving film cooling performance. Flow-aligned blockers with modified leading edge
configuration may be used for improving film cooling performance. An upstream ramp can also

be considered if the blowing ratio M > 1.4.
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8.0 CONCLUSIONS AND FUTURE WORK

8.1 MAJOR ACCOMPLISHMENTS

This dissertation presents experimental studies on three film cooling concepts with moderate
surface reshapes. Experimental procedures, data analysis, and data reduction methodology for
measurement of local heat transfer coefficient and film cooling effectiveness using IR imaging
technique are established and documented via this work. The major findings are summarized

below.

Film cooling performance of downstream flow-aligned blockers Downstream flow-aligned
blockers seem to be effective in preventing the hot gas from entraining underneath the kidney
vortices. The resulting film cooling effectiveness significantly improves when the blowing ratio
M>0.43. The heat transfer coefficients are nearly identical to those in the baseline cases without
blockers, except in the region near centerline, where a 20% reduction is observed. Heat transfer
in the region near the leading edges of blockers increases, likely due to the high turbulence
associated with flow separation and reattachment. Overall, flow-aligned blockers improve film
cooling performance when the blowing ratio M>0.43.  Several geometrical parameters of
blocker design are expected to affect film cooling performance. The height of a blocker would be
a significant factor, depending on the blowing ratio. Other parameters, such as a blocker’s length

and the space between two adjacent blockers, could also be important.
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Effect of upstream ramp on film cooling performance The idea of placing a ramp with a
back-facing step upstream of film cooling holes for film cooling enhancement is examined
experimentally. The test matrix includes three ramp angles, i.e. 8.5°, 15° and 24°, and five
blowing ratios. The extent of the upstream ramp to improve film cooling effectiveness strongly
depends on the angle (height) of a ramp and blowing ratio. Film cooling data measured in the
present study suggest that large angles combined with high blowing ratios are most favorable.
Of the three ramp angles studied, the angle of 24° at blowing ratio M=1.36 provides a 50%
improvement in film cooling effectiveness and 20% of the reduced heat flux, q/q,. However, the
present ramp data with low blowing ratios show virtually no advantage, or even detrimental
effects on overall film cooling performance.

The characteristics of flow over a ramp are responsible for the film cooling performance.
Typically, the flow over a two-dimensional ramp is characterized by three different zones:
recirculation region right behind the step, reattachment zone, and redeveloped boundary layer.
At low blowing ratios, the coolant flow drifts upstream along with the recirculation flow and
does not have enough momentum to penetrate into the recirculation zone. However, when the
blowing ratio is high, the coolant penetrates into the recirculation zone, and the separated shear
layer on top of it presses it down to the wall, leading to good protection. This complex flow
phenomenon, in conjunction with the rather limited cooling enhancement observed in the present
study, suggests that implementation of upstream ramp concept must be pursued with great

caution.
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Film cooling hole embedded in a transverse trench While previous studies have shown that a
shallow and narrow trench greatly improves film cooling effectiveness, very limited heat transfer
data exists. The use of an IR imaging technique reveals detailed distributions of both film
cooling effectiveness and heat transfer coefficient for a shallow and narrow trench configuration.
Particular emphasis is directed to characterize the effect of blowing ratio on both | and h. Film
cooling effectiveness improves when blowing ratio M>0.43. A noticeable enhancement, up to
180% at M=1.36, is observed in the region near a trench exit. In addition, it is observed that the
increase of film cooling effectiveness with blowing ratio reaches a plateau when M ~ 1.0.

The magnitudes of heat transfer coefficient vary rather insignificantly far downstream from
a trench, but they rise sharply in the near-trench region. This level of augmentation in local heat
transfer coefficient increases with the blowing ratio. The elevated turbulence associated with
coolant blowing out of the trench may be responsible for this increase.

The reduced heat flux q/q, decreases when the blowing ratio M>0.57. A reduction of up to
100% 1s observed at M=1.36, even though the heat transfer coefficient in the near-trench region

is rather high.

Comparison of the performance of the three different approaches at different blowing ratio
The performance of the three different approaches studied is compared at all five blowing ratios
tested. At low range blowing ratio (M: ~0.3), all three methods render no advantage, and in fact,
degrade film cooling performance. However, such an undesirable trend reverses as the blowing
ratio increases. At mid-range blowing ratio (M: 0.4 ~ 0.6), the trench and flow-aligned blockers
show comparable film cooling performance to the baseline case, while the upstream ramp still

reveals rather inferior performance. At high range blowing ratio (M: 0.9 ~ 1.4), all three
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concepts render an improvement in overall cooling performance, with the trench being the most
significant. The present data suggests that upstream ramp can be effective only when M~1.4 or

higher.

Development of the IR imaging technique for heat transfer measurement As part of the
major effort of this dissertation research, the experimental system, test procedures, and data
reduction method for characterizing heat transfer for both two- and three- temperature problems
using an IR imaging technique are developed. The framework of data reduction is a least square

method for obtaining both nj and h with minimized uncertainty for three-temperature problem.

8.2 FUTURE WORK

A significant level of research on three film cooling concepts has been accomplished in the
present work. Further investigations may be directed towards a thorough study and maturity of

the technologies for implementation in the state-of-the-art gas turbines.

The shape of flow-aligned blocker As discussed in Chapter 4, the blockers studied in the
present work are prism-shaped with sharp corners. As a result, the heat transfer coefficient
increases in the region near the leading edges of blockers. This leads to an increase in heat flux
ratio, which is somewhat unexpected when the present blocker geometry was designed.
Therefore, modification of the blocker shape is worthwhile, and research on optimal blocker

geometry is recommended.
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Data obtained from this study suggest that the height of the blocker is an important design
parameter, as its effect on jet penetration height depends on the blowing ratios. Therefore,

further studies and systematical exploration on this geometric parameter would be beneficial.

The height of a ramp relative to approaching boundary layer thickness The nature of flow
separation depends strongly on the relative heights of obstacle and approaching boundary layer.
The present study was performed with a boundary layer thickness 6 about 2D, and the height of
the steepest ramp is about 0.420. This overall suggests the present separation over a ramp occurs
with a relatively thick approaching boundary layer. Further studies with a range of

representative values of boundary layer thickness to ramp height ratio may be desirable.

Airfoil cascade test The present study on the film cooling performances of the three film
cooling concepts is conducted via flat plate test. Tests on an airfoil streamlined surface and/or
with a cascade similar to real engine configurations would be a reasonable extension of the

current study.

109



APPENDIX A

THE LEAST SQUARE METHOD

The non-linear optimization problem is described as

f(x,,X,,°5%,)=0,1i=1L2--mym=>n (A.1)
where, X, X, ..., X, are independent variables, m is the number of equations, and n is the
number of variables. When m=n, the equation represents a non-linear system of equations.
Specifically, for the three-temperature problem, n=2, which includes film cooling effectiveness n

and heat transfer coefficient h, and m depends on the number of frames used. In this dissertation,

15 frames are used, which gives m=15.

To find the optimal solutions of the unknowns in the above problem, first calculate its

Jacobi matrix, which is written as

of, o, of, |

_1 0X, 0x,

of, of, of,
A=|ox, o, o, | (A2

of . of of

The iteration formula for obtaining the least square solutions is
X =X9 —0, 29 (A3)

where Z" is the least square solution for the linear system of equations
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APPENDIX B

FORTRAN CODE FOR THE LEAST SQUARE METHOD

B.1 Main program

C
C
C EXTERNAL F,FJ

PARAMETER (JLINE=88, INUM=223, NUMT=180, NFILE=15,

& THOL1=12,JHOU1=30,JHOL1=10,JHOU1=20,ITTS=20,

& THOL2=12,JHOU2=30,JHOL2=40,JHOU2=48,

& THOL3=12,JHOU3=30,JHOL3=67,JHOU3=77)

DIMENSION TWA(NFILE,INUM,JLINE), TAO(NUMT),TC(NUMT),TM(NUMT),

&  TINI(INUM,JLINE), TIMTW(NFILE)

C

DIMENSION X(2), P(NFILE,2), D(NFILE), PP(2,NFILE), DX(2),
&  U(NFILE\NFILE), V(2,2), TW(NFILE)
DIMENSION S(NFILE+1), E(NFILE+1), WORK(NFILE+1), ETA(INUM,JLINE),
&  HTC(INUM,JLINE)
COMMON AK,ALFA,NUMTM,TM,TC,TAO
DATA X/ 0.01, 150 /
XINT1=X(1)
XINT2=X(2)
NUMTM=NUMT
M=NFILE
N=2
KA=NFILE+1
EPS1=0.001
EPS2=0.00001

WRITE(*,*) 'Please input thermal conductivity of substrate’'
AK=0.187

WRITE(*,*) 'Please input thermal diffusivity of substrate'
ALFA=1.073E-7

Crmmmmmmmmeee Frame lines (JLINE) number of data in one line (INUM) ---

OPEN (1,FILE=1916fc11.csv")
OPEN (2,FILE=1916fc12.csv")
OPEN (3,FILE=1916fc13.csv")
OPEN (4,FILE=1916fc14.csv")
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OPEN (5,FILE='t916fc15.csv")
OPEN (6,FILE='t916fc16.csv")
OPEN (7,FILE='t916fc17.csv")
OPEN (8,FILE='t916fc18.csv")
OPEN (9,FILE='t916fc19.csv")
OPEN (10,FILE='t916fc110.csv")
OPEN (11,FILE='t916fc111.csv")
OPEN (12,FILE="t916fc112.csv")
OPEN (13,FILE='t916fc113.csv")
OPEN (14,FILE='t916fc114.csv")
OPEN (15,FILE='t916fc115.csv")
OPEN (16,FILE="TESTRE.TXT")
READ (1,*) ( (TWA(L,ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
READ (2,*%) ( (TWA(2,ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
READ (3,*%) ( (TWA(3,ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
READ (4,*%) ( (TWA(4,ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
READ (5,*%) ( (TWA(5,ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
READ (6,*) ( (TWA(6,ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
READ (7,*) ( (TWA(7,ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
READ (8,*) ( (TWA(8,ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
READ (9,*%) ( (TWA(9,ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
READ (10,*) ( (TWA(10,ITEJJTE), ITE=1,INUM), JTE=1,JLINE)
READ (11,%) ( (TWA(11,ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
READ (12,%) ( (TWA(12,ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
READ (13,%) ( (TWA(13,ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
READ (14,*) ( (TWA(14,ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
READ (15,*) ( (TWA(15,ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
CLOSE(1)
CLOSE(2)
CLOSE(3)
CLOSE(4)
CLOSE(5)
CLOSE(6)
CLOSE(7)
CLOSE(8)
CLOSE(9)
CLOSE(10)
CLOSE(11)
CLOSE(12)
CLOSE(13)
CLOSE(14)
CLOSE(15)
TIMINI=20.42
TIMTW(1)=25.625-TIMINI
TIMTW(2)=30.697-TIMINI
TIMTW(3)=35.72-TIMINI
TIMTW(4)=40.841-TIMINI
TIMTW(5)=45.913-TIMINI
TIMTW(6)=50.983-TIMINI
TIMTW(7)=56.055-TIMINI
TIMTW(8)=61.127-TIMINI
TIMTW(9)=65.131-TIMINI
TIMTW(10)=70.203-TIMINI
TIMTW(11)=75.273-TIMINI
TIMTW(12)=80.346-TIMINI
TIMTW(13)=85.684-TIMINI
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TIMTW(14)=90.756-TIMINI
TIMTW(15)=95.828-TIMINI

C
¢ DO 1ITE=1,INUM
c DO 1 JTE=1,JLINE
¢c1 TINI(ITEJTE)=28.3
C
OPEN (21,FILE='9916fc10.csv')
READ (21,%) ( (TINI(ITE,JTE), ITE=1,INUM), JTE=1,JLINE)
CLOSE(21)
(O —

OPEN (22,FILE="tmc09161.txt")
DO 1005 ITIME=1,NUMT
READ (22,*) TAO(ITIME), TM(ITIME), TC(ITIME)
1005 CONTINUE
CLOSE(22)
OPEN (23,FILE='ETAFILE.TXT')
OPEN (24,FILE="HFILE.TXT')
WRITE(23,*)
WRITE(24,%)
WRITE(23,*)eta’
WRITE(24,*)'h'
WRITE(23,*)INUM,JLINE
WRITE(24,*)INUM,JLINE

DO 1010 JTT=1,JLINE
DO 1020 ITT=ITTS,INUM
IFJTT.GT.1) THEN
X(1)=ETA(ITT,JTT-1)
X(2)=HTCATT,JTT-1)
IF (JTT.EQ.(JHOU1+1)).AND.(ITT.GE.IHOL1.AND.ITT.LE.IHOU1)) THEN
X(1)=XINT1
X(2)=XINT2
ENDIF
IF (JTT.EQ.(JHOU2+1)).AND.(ITT.GE.IHOL2.AND.ITT.LE.IHOU2)) THEN
X(1)=XINT1
X(2)=XINT2
ENDIF
IF (JTT.EQ.(JHOU3+1)).AND.(ITT.GE.IHOL3.AND.ITT.LE.IHOU3)) THEN
X(1)=XINT1
X(2)=XINT2
ENDIF
GOTO 1015
ELSE
IF(ITT.GT.ITTS) THEN
X(1)=ETA(ITT-1,JTT)
X(2)=HTC(ITT-1,JTT)
ENDIF
ENDIF
1015  TO=TINIITT,JTT)
DO 1000 I=1,NFILE
1000  TW()=TWA(LITT,JTT)
IF (ITT.LT.IHOL1.OR.ITT.GT.IHOU1.OR.
&  JTT.LT.JHOLI.ORJTT.GT.JHOU1) THEN
IF (ITT.LT.IHOL2.OR.ITT.GT.IHOU2.OR.
&  JTT.LT.JHOL2.ORJTT.GT.JHOU2) THEN
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IF (ITT.LT.IHOL3.OR.ITT.GT.IHOU3.OR.
&  JTT.LT.JHOL3.OR.JTT.GT.JHOU3) THEN
CALL NLGIN(M,N,X,EPS1,EPS2,L,P,.D,PP,DX,U,V,KA,S,E,WORK, TW,
&  TIMTW,TO,NFILE)
ELSE
L=0
X(1)=1.
X(2)=0.
ENDIF
ENDIF
ENDIF
WRITE (*,*)
WRITE (*,5)L
5 FORMAT (1X,L=", 14)
WRITE (*,*)
¢ IF(L.EQ.0) THEN
WRITE (*,20) ITT,JTT
¢ WRITE (16,*) ITT,JTT
WRITE (*,10) X(1), X(2)
WRITE (16,)ITTJTT,L, X(1), X(2)
ETA(TT,JTT)=X(1)
HTCATT,JTT)=X(2)
IF (ETA(ITT,JTT).LE.0.) THEN
ETA(ITT,JTT)=0.01
ENDIF
IF (ETA(ITT,JTT).GT.1.) THEN
ETA(ITT,JTT)=0.99
ENDIF
IF (HTC(ITT,JTT).LE.0.) THEN
HTC(TT,JTT)=150.
ENDIF
WRITE (*,*)
WRITE(23,%)ETA(ITT,JTT)
WRITE(24,*)HTC(ITT,JTT)
¢ ENDIF
10 FORMAT (1X, 'X(1)=, E13.6, 3X, 'X(2)=, E13.6)
20  FORMAT (IX, TTE=, I5, 3X, 'JTE=, I5)
1020 CONTINUE
1010 CONTINUE
C
¢ DO 1030 JTT=1,JLINE
c DO 1030 ITT=1,INUM
¢1030 CONTINUE
CLOSE(23)
CLOSE(24)
STOP
END

INCLUDE "SUB-F-DF-CSP.FOR"
INCLUDE "SUB-LEAST-SQUARE.FOR"
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B.2 Subroutine "SUB-LEAST-SQUARE.FOR"

C
C

SUBROUTINE EROFUN (W, ERFW, ERFDEW)

DIMENSION WI(54), ERFWI(54)

DATA ERFW1/0.00000,0.02256,0.04511,0.06762,0.09008,0.11246,0.13476
,0.15695,0.17901,0.20094,0.22270,0.24430,0.26570,0.28690
,0.30788,0.32863,0.34913,0.36936,0.38933,0.40901,0.42839
,0.46622,0.50275,0.53790,0.57162,0.60386,0.63459,0.66378
,0.69143,0.71754,0.74210,0.76514,0.78669,0.80677,0.82542
,0.84270,0.85865,0.87333,0.88679,0.89910,0.91031,0.93401
,0.95228,0.96611,0.97635,0.98379,0.98909,0.99279,0.99532
,0.99814,0.99931,0.99976,0.99992,0.99998/

1(1)=0.0
DO 2000 12,21
WI1)=WI(I-1)+0.02
2000 CONTINUE
DO 2010 1=22,41
WI(D)=WI(I-1)+0.04
2010 CONTINUE
DO 2020 1=42,49
WI(D)=WI(I-1)+0.1
2020 CONTINUE
DO 2030 1=50,54
WI(D)=WI(I-1)+0.2
2030 CONTINUE
DO 2040 I=1,53
IF (W.GT.WI(I).AND.W.LE.WI(I+1) ) THEN
ERFW=ERFWI(I)+(W-WI(I))/(WI(I+1)-WI(I))*(ERFWI(I+1)-ERFWI(I))
ERFDEW=2.0/(3.1415926)**0.5*EXP(-W**2)
ELSE
ENDIF
IF (W.GT.3.0) THEN
ERFW=1.0
ERFDEW=2.0/(3.1415926)**0.5*EXP(-W**2)
ELSE
ENDIF
2040 CONTINUE
RETURN
END

shrRRrRrR

SUBROUTINE F(M,N,X,D,TW,T0,TIMTW,NN)
DIMENSION TW(NN), TIMTW(NN),X(N),D(M)

VH=X(2)

VETA=X(1)

DO 1000 I=1,NN

TIM=TIMTW(I)

TEMP=TW(I)

CALL FF(VH,VETA,VF,TIM,TEMP,T0)
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D(I)=VF

1000 CONTINUE

C

C

RETURN
END

C

SUBROUTINE FJ(M,N,X,P,T0,TIMTW,NN)
DIMENSION X(N),P(M,N), TIMTW(NN)

VH=X(2)

VETA=X(1)

DO 1050 I=1,NN

TIM=TIMTW(I)

CALL FFJ(VH,VETA,VDFH,VDFETA,TIM, T0)

P(L,1)=VDFETA

P(1,2)=VDFH

1050 CONTINUE

RETURN
END

10

20

30

40

SUBROUTINE NLGIN(M,N,X,EPS1,EPS2,L,P,D,PP,DX,U,V,KA,S,E,WORK,
&  TW,TIMTW,TO,NN)

DIMENSION TW(NN), TIMTW(NN)

DIMENSION X(N), P(M,N),D(M),PP(N,M),DX(N), WORK(KA)
DIMENSION U(M,M), V(N,N),Y(10),B(10), S(KA), E(KA)

L=500
ALPHA=1.0

CALL F(M,N,X,D,TW,T0,TIMTW,NN)
CALL FI(M,N,X,P,TO,TIMTW,NN)

CALL GINV(M,N,P,D,PP,DX,LL,EPS2,U,V,KA,S,E,WORK)
IF(LL.NE.0) THEN
L=1
RETURN
ENDIF
J=0
IF(J.LE.2) THEN
Z=ALPHA+J*0.01
ELSE
Z=H2
ENDIF
DO 20 I=1,N
V(I,1)=X(1)-Z*DX(I)
CALL F(M,N,X,D,TW,T0, TIMTW,NN)
Y1=0.0
DO 30 I=1,M
Y1=Y 1+D(I)*D(I)
DO 40 I=1,N
V(I,1)=X(I)-(Z+0.00001)*DX(I)
CALL F(M,N,X,D,TW,T0,TIMTW,NN)
Y2=0.0
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50

60

70

80

DO 50 I=1,M
Y2=Y2+D(I)*D(I)
YO0=(Y2-Y1)/0.00001
IF (ABS(Y0).GT.1.0E-10) THEN
H1=Y0
H2=Z
IF(J.EQ.0) THEN
Y(1)=H1
B(1)=H2
ELSE
Y(J+1)=H1
KK=0
DO 60 K=1,]
IF(KK.EQ.0) THEN
IF(ABS(H2-B(K))+1.0.EQ.1.0) THEN
KK=1
ELSE
H2=(H1-Y(K))/(H2-B(K))
END IF
ENDIF
CONTINUE
B(J+1)=H2
IF(KK.NE.0) B(J+1)=1.0E+35
H2=0.0
DO 70 K=J,1,-1
H2=-Y(K)/(B(K+1)+H2)
H2=H2+B(1)
ENDIF
J=I+1
IF(J.LE.7) GOTO 10
Z=H2
ENDIF
ALPHA=Z
Y1=0.0
Y2=0.0
DO 80 I=1,N
DX(I)=-ALPHA*DX(I)
X(D)=X(1)+DX(I)
Y1=Y1+ABS(DX(I))
Y2=Y2+ABS(X(I))
CONTINUE
IF (Y1.LT.EPS1*Y2) THEN
L=0
RETURN
ENDIF
L=L-1
IF (L.GE.0) GOTO 5
RETURN
END

SUBROUTINE GINV (M,N,A,B,AA X,L,EPS,U,V.KA,S,E,WORK)
DIMENSION A(M,N), UM,M), V(N,N), B(M), AA(N,M), X(N)
DIMENSION S(KA), E(KA), WORK(KA)

CALL UAV(A,M,N,U,V,L.EPS,KA,S,E,WORK)

IF (L.EQ.0) THEN
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10

30
40

70
80

K=1
IF(A(K,K).NE.0.0) THEN

K=K+1

IF(K.LE.MIN(M,N)) GOTO 10

ENDIF

K=K-1

IF (K.NE.0) THEN

DO 40 1=1,N

DO 40 I=1,M

AA(1LT)=0.0

DO 30 11=1,K
AALD=AALI)+VIL)*U,IT)/ACLID)
CONTINUE

END IF

DO 80 I=1,N
X(1)=0.0

DO 70 I=1,M
X(D)=X()+AA(LJ)*B(J)
CONTINUE

ENDIF

RETURN

END

10

20

30

SUBROUTINE UAV(A,M,N,U,V,L.EPS,KA,S,E,WORK)
DIMENSION A(M,N), UM,M), V(N,N), S(KA), E(KA), WORK(KA)

IT=600

K:

IF(M-1.LT.N) K=M-1

L=M

IF(N-2.LT.M) L=N-2

IF(L.LT.0) L=0

LL=K

IF(L.GT.K) LL=L

IF(LL.GE.1) THEN

DO 150 KK=1,LL

IF (KK.LE.K) THEN

D=0.0

DO 10 [=KK,M
D=D+A(LKK)*A(LKK)

S(KK)=SQRT(D)

IF(S(KK).NE.0.0) THEN

IF (A(KK,KK).NE.0.0) S(KK)=SIGN(S(KK),A(KK,KK))

DO 20 I=KK.M
A(LKK)=A(LKK)/S(KK)

A(KK,KK)=1.0+A(KK,KK)

END IF

S(KK)=-S(KK)

ENDIF

IF (N.GE.KK+1) THEN

DO 50 J=KK+1, N

IF ((KK.LE.K).AND.(S(KK).NE.0.0)) THEN

D=0.0

DO 30 I=KK,M
D=D+A(LKK)*A(LJ)
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D=-D/A(KK,KK)
DO 40 [=KK,M
40 ALH=ALI)+D*A(LLKK)
ENDIF
E(J)=A(KK,J)
50 CONTINUE
ENDIF
IF(KK.LE.K) THEN
DO 60 [=KK,M
60 U(I,KK)=A(ILKK)
ENDIF
IF(KK.LE.L) THEN
D=0.0
DO 70 I=KK+1, N
70 D=D+E(D)*E(I)
E(KK)=SQRT(D)
IF (E(KK).NE.0.0) THEN
IF (E(KK+1).NE.0.0) E(KK)=SIGN(E(KK),E(KK+1))
DO 80 [=KK+1, N
80 E(D)=E()/E(KK)
E(KK+1)=1.0+E(KK+1)
ENDIF
E(KK)=-E(KK)
IF((KK+1.LE.M).AND.(E(KK).NE.0.0)) THEN
DO 90 [=KK+1, M
90 WORK(I)=0.0
DO 110 J=KK+1,N
DO 100 [=KK+1,M
100  WORK(D)=WORK(D+EJ)*A(LJ)
110 CONTINUE
DO 130 J=KK+1,N
DO 120 [=KK+1,M
120 A(ILJ=AJ)-WORK(D)*E(J)/E(KK+1)
130 CONTINUE
ENDIF
DO 140 [=KK+1, N
140 V(I KK)=E()
ENDIF
150 CONTINUE
ENDIF
MM=N
I[F(M+1.LT.N) MM=M+1
IF(K.LT.N) S(K+1)=A(K+1,K+1)
IF(M.LT.MM) S(MM)=0.0
IF(L+1.LT.MM) E(L+1)=A(L+1,MM)
E(MM)=0.0
NN=M
IF(M.GT.N) NN=N
IF(NN.GE.K+1) THEN
DO 190 J=K+1,NN
DO 180 I=1,M
180 U(1,J)=0.0
U, J))=1.0
190 CONTINUE
ENDIF
IF (K.GE.1) THEN
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DO 250 LL=1,K
KK=K-LL+1
IF (S(KK).NE.0.0) THEN
IF(NN.GE.KK+1) THEN
DO 220 J=KK+1, NN
D=0.0
DO 200 I=KK,M
200 D=D-+U(L,KK)*U(LJ)/UKK,KK)
D=-D
DO 210 I=KK,M
210 U(L)=U(LJ)+D*U(LKK)
220 CONTINUE
ENDIF
DO 225 I=KK,.M
225 U(LKK)=-U(LKK)
U(KK,KK)=1.0+U(KK,KK)
IF(KK-1.GE.1) THEN
DO 230 I=1, KK-1
230 U(LKK)=0.0
ENDIF
ELSE
DO 240 I=1,.M
240 U(LKK)=0.0
U(KK.KK)=1.0
ENDIF
250 CONTINUE
ENDIF
DO 300 LL=1,N
KK=N-LL+1
IF((KK.LE.L).AND.(E(KK).NE.0.0)) THEN
DO 280 J=KK+1,N
D=0.0
DO 260 I=KK+1,N
260 D=D+V(LKK)*V(LJ)/V(KK+1,KK)
D=-D
DO 270 I=KK+1,N
270 V(LI)=V(LI)+D*V(LKK)
280 CONTINUE
ENDIF
DO 290 I=1,N
290 V(LKK)=0.0
V(KK,KK)=1.0
300 CONTINUE
DO 305 I=1,M
DO 305 J=1,N
305 A(1LJ)=0.0
MI1=MM
IT=60
310 IF(MM.EQ.0) THEN
L=0
IF(M.GE.N) THEN
=N
ELSE
=M
ENDIF
DO 315 J=1,I-1
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AIL=SQ)
A(JJ+1)=EQ)
315 CONTINUE
ALD=S(I)
IF(M.LT.N) A(LI+1)=E(I)
DO 314 I=1, N-1
DO 313 J=I+1,N
D=V(L]J)
V(IL)=V(I.D)
V(J,I)=D
313 CONTINUE
314 CONTINUE
RETURN
ENDIF
IF (IT.EQ.0) THEN
L=MM
IF(M.GE.N) THEN
=N
ELSE
=M
ENDIF
DO 316 J=1,I-1
ALI=SA)
A(JJ+1)=EQ)
316 CONTINUE
ALD=S(])
IF (M.LT.N) A(LI+1)=E(])
DO 318 I=1,N-1
DO 317 J=I+1,N
D=V(L]J)
V(LI)=V(J.D)
V(J,I)=D
317 CONTINUE
318 CONTINUE
RETURN
ENDIF
KK=MM
320 KK=KK-1
IF (KK.NE.0) THEN
D=ABS(S(KK))+ABS(S(KK+1))
DD=ABS(E(KK))
IF (DD.GT.EPS*D) GOTO 320
E(KK)=0.0
ENDIF
IF (KK.EQ.MM-1) THEN
KK=KK+1
IF(S(KK).LT.0.0) THEN
S(KK)=-S(KK)
DO 330 I=1,N
330 V(LKK)=-V(LKK)
ENDIF
335 IF (KK.NE.M1) THEN
IF (S(KK).LT.S(KK+1)) THEN
D=S(KK)
S(KK)=S(KK+1)
S(KK+1)=D
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IF (KK.LT.N) THEN
DO 340 I=1,N
D=V(LKK)
V(LKK)=V(L,KK+1)
V(LKK+1)=D
340 CONTINUE
ENDIF
IF (KK.LT.M) THEN
DO 350 I=1,M
D=U(L,KK)
U(LKK)=U(LKK+1)
U(LKK+1)=D
350 CONTINUE
ENDIF
KK=KK+1
GOTO 335
ENDIF
ENDIF
IT=60
MM=MM-1
GOTO 310
ENDIF
KS=MM+1
360 KS=KS-1
IF (KS.GT.KK) THEN
D=0.0
IF (KS.NE.MM) D=D+ABS(E(KS))
IF (KS.NE.KK+1) D=D+ABS(E(KS-1))
DD=ABS(S(KS))
IF(DD.GT.EPS*D) GOTO 360
S(KS)=0.0
ENDIF
IF (KS.EQ.KK) THEN
KK=KK+1
D=ABS(S(MM))
IF (ABS(S(MM-1)).GT.D) D=ABS(S(MM-1))
IF (ABS(E(MM-1)).GT.D) D=ABS(E(MM-1))
IF (ABS(S(KK)).GT.D) D=ABS(S(KK))
IF (ABS(E(KK)).GT.D) D=ABS(E(KK))
SM=S(MM)/D
SM1=S(MM-1)/D
EMI1=E(MM-1)/D
SK=S(KK)/D
EK=E(KK)/D
B=((SM1+SM)*(SM1-SM)+EM1*EM1)/2.0
C=SM*EM1
C=C*C
SHH=0.0
IF ((B.NE.0.0).0OR.(C.NE.0.0)) THEN
SHH=SQRT(B*B+C)
IF (B.LT.0.0) SHH=-SHH
SHH=C/(B+SHH)
ENDIF
F=(SK+SM)*(SK-SM)-SHH
G=SK*EK
DO 400 I=KK,MM:-1
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CALL SSS(F,G,CS,SN)
IF (LNE.KK) E(I-1)=F
F=CS*S(I)+SN*E(I)
E(I)=CS*E(I)-SN*S(I)
G=SN*S(I+1)
S(I+1)=CS*S(I+1)
IF ((CS.NE.1.0).0R.(SN.NE.0.0)) THEN
DO 370 J=1,N
D=CS*V(J,[)+SN*V(J,I+1)
V(I,I+1)=-SN*V(J,[)+CS*V(J,I+1)
V(I,)=D
370 CONTINUE
ENDIF
CALL SSS (F,G,CS,SN)
S(I)=F
F=CS*E(I)+SN*S(I+1)
S(I+1)=-SN*E(I)+CS*S(I+1)
G=SN*E(I+1)
E(I+1)=CS*E(I+1)
IF (LLT.M) THEN
IF ((CS.NE.1.0).0R.(SN.NE.0.0)) THEN
DO 380 J=1,M
D=CS*U(J,1)+SN*U(J,[+1)
U(J,I+1)=-SN*U(J,))+CS*U(J,1+1)
U(J,)=D
380 CONTINUE
ENDIF
ENDIF
400 CONTINUE
E(MM-1)=F
IT=IT-1
GOTO 310
ENDIF
IF (KS.EQ.MM) THEN
KK=KK+1
F=E(MM-1)
E(MM-1)=0.0
DO 420 LL=KK,MM-1
[=MM+KK-LL-1
G=S(I)
CALL SSS (G,F,CS,SN)
S(=G
IF (LNE.KK) THEN
F=-SN*E(I-1)
E(I-1)=CS*E(I-1)
ENDIF
IF (( CS.NE.1.0).0R.(SN.NE.0.0)) THEN
DO 410 J=1,N
D=CS*V(J,)+SN*V(J,MM)
V(I,MM)=-SN*V(J,1)+CS*V(J,MM)
V(1,)=D
410 CONTINUE
ENDIF
420 CONTINUE
GOTO 310
ENDIF
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KK=KS+1
F=E(KK-1)
E(KK-1)=0.0
DO 450 I=KK,MM
G=5(I)
CALL SSS (G,F,CS,SN)
S()=G
F=-SN*E(I)
E(I)=CS*E(I)
IF (( CS.NE.1.0).0R.(SN.NE.0.0)) THEN
DO 430 J=1,M
D=CS*U(J,1)+SN*U(J,KK-1)
U(,KK-1)=-SN*U(J,[)+CS*U(J,KK-1)
U(J,)=D
430 CONTINUE
ENDIF
450 CONTINUE
GOTO 310
END

SUBROUTINE SSS(F,G,CS,SN)

IF (( ABS(F)+ABS(G)).EQ.0.0) THEN

CS=1.0

SN=0.0

D=0.0

ELSE

D=SQRT(F*F+G*G)

IF (ABS(F).GT.ABS(G)) D=SIGN (D,F)

IF (ABS(G).GE.ABS(F)) D=SIGN (D,G)

CS=F/D

SN=G/D

ENDIF

R=1.0

IF (ABS(F).GT.ABS(G)) THEN

R=SN

ELSE

IF (CS.NE.0.0) R=1.0/CS

ENDIF

F=D

G=R

RETURN

END
C
B.3 Subroutine "SUB-F-DF-CSP.FOR"

C

SUBROUTINE FF(VH,VETA,VF,TIMTW1,TW1,T0)
PARAMETER NUMT=180
DIMENSION TM(NUMT), TC(NUMT),TAO(NUMT)
COMMON AK,ALFA,NUM,TM,TC,TAO

VCON=(VH/AK)**2*ALFA
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UTTAO=0.0
DO 1010 ITIME=2,NUM
IF(TAO(ITIME).LT.TIMTW1) THEN
DTTAO=TIMTW1-TAO(ITIME)
DTC=TC(ITIME)-TC(ITIME-1)
DTM=TM(ITIME)-TM(ITIME-1)
W=VH/AK*SQRT(ALFA*DTTAO)
CALL EROFUN(W, ERFW, ERFDEW)
UT=1-EXP(VCON*DTTAO)*(1-ERFW)
UT=UT*( VETA*DTC+(1-VETA)*DTM )
UTTAO=UTTAO+UT
ELSE
ENDIF
1010 CONTINUE
C
DTTAO=TIMTW1-TAO(1)
DTC=TC(1)-TO
DTM=TM(1)-T0
W=VH/AK*SQRT(ALFA*DTTAO)
CALL EROFUN(W, ERFW, ERFDEW)
UT=1-EXP(VCON*DTTAO)*(1-ERFW)
UT=UT*( VETA*DTC+(1-VETA)*DTM )
UTTAO=UTTAO+UT
VF=TW1-T0-UTTAO
RETURN
END

SUBROUTINE FFJ(VH,VETA,VDFH,VDFETA, TIMTW,T0)
PARAMETER NUMT=180
DIMENSION TM(NUMT), TC(NUMT), TAO(NUMT)
COMMON AK,ALFANUM,TM,TC,TAO
VDFETA=0.
VDFH=0.
VCON=(VH/AK)**2*ALFA
DO 1010 ITIME=2,NUM
IF(TAO(ITIME).LT.TIMTW 1) THEN
DTTAO=TIMTW1-TAO(ITIME)
DTC=TC(ITIME)-TC(ITIME-1)
DTM=TM(ITIME)-TM(ITIME-1)
W=VH/AK*SQRT(ALFA*DTTAO)
CALL EROFUN(W, ERFW, ERFDEW)
P11=1-EXP(VCON*DTTAO)*(1-ERFW)
P12=EXP(VCON*DTTAO)*(2*VH/AK**2*ALFA*DTTAO)*(1-ERFW)
&  -EXP(VCON*DTTAO)*ERFDEW/AK*SQRT(ALFA*DTTAO)
VDFETA=-P11*(DTC-DTM)+VDFETA
VDFH=VDFH+P12*(VETA*DTC+(1-VETA)*DTM)
ELSE
ENDIF
1010 CONTINUE
DTTAO=TIMTW1-TAO(])
DTC=TC(1)-T0
DTM=TM(1)-T0
W=VH/AK*SQRT(ALFA*DTTAO)
CALL EROFUN(W, ERFW, ERFDEW)
P11=1-EXP(VCON*DTTAO)*(1-ERFW)
P12=EXP(VCON*DTTAO)*(2*VH/AK**2*ALFA*DTTAO)*(1-ERFW)
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&  -EXP(VCON*DTTAO)*ERFDEW/AK*SQRT(ALFA*DTTAO)
VDFETA=-P11*(DTC-DTM)+VDFETA
VDFH=VDFH+P12*(VETA*DTC+(1-VETA)*DTM)
RETURN
END
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