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Abstract

The purpose of this paper is to outline a novel passive-scalar tracking method for computational fluid dynamics optimisa-
tion studies. An example of its utility is in isolating the contributions of individual film cooling holes to overall cooling
effectiveness on a heavily film cooled component. To isolate individual cooling contributions, passive (not a physical
property of the flow, and therefore non-interacting) scalar variables are associated with the flow at each cooling hole
outlet, with the scalar variable diffusivity set equal to the effective turbulent thermal diffusivity to replicate the mixing
behaviour of the thermal field. The scalar tracking method is demonstrated by application to the optimisation of a nozzle
guide vane endwall film cooling system, allowing a highly optimised system to be designed in three to five computational
fluid dynamics simulations, orders of magnitude faster than optimisations performed using automated design space
exploration. The test case for the method is an improved design of platform cooling system in which a relatively
small quantity of high-momentum coolant is injected upstream of the vanes to reduce the total pressure deficit in
near-wall region, followed by additional film cooling in low Mach number regions deeper into the passage. The optimised
design uses half the coolant mass flow of a baseline design, while maintaining similar cooling effectiveness levels in critical

regions.

Keywords

Turbine blade cooling, turbine heat transfer, turbomachinery aerodynamics

Date received: 20 July 2014; accepted: 14 July 2015

Introduction

Film cooling involves releasing coolant flow through
holes and slots in a turbine component to form a pro-
tective film. Film cooling allows the turbine to operate
at higher temperatures, resulting in a more efficient
thermodynamic cycle and a more compact engine.
However, coolant flow is drawn from the compressor
leading to a performance penalty. Also, injection of
coolant flow in the gas path leads to aerodynamic
losses. Minimising the use of coolant flow is thus
desirable in targeting the maximum possible
efficiency.

This paper will discuss a new passive scalar-
tracking method that will allow rapid computational
optimisation of film cooling systems. This method will
be demonstrated by application to the optimisation of
a nozzle guide vane endwall film cooling system.

Scalar tracking method
Theory

The purpose of the passive-scalar tracking described
in this paper is to allow the individual contributions of
cooling holes to cooling effectiveness to be isolated.

Separation of individual contributions allows super-
position to be used, allowing rapid convergence of
optimised designs (typically within three to five com-
putational fluid dynamics (CFD) simulations). The
method requires a passive (non-physical property
that does not interact with physical variables) scalar
quantity to be associated with each cooling hole flow,
allowing the concentration in the partially mixed
out downstream flow to be determined by tracking
individual scalar variables.

CFD solutions for the momentum and continuity
equations are first obtained. The steady-state trans-
port of the scalar, ¢;, through the domain is modelled
by the advection equation, shown below

: 2.
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Here, ¢; is the concentration of a scalar, indexed i,
I" is the scalar diffusivity; u, is the velocity vector
where n is the coordinate index. To make the scalar
reproduce the mixing behaviour of the thermal field,
scalar diffusivity is set to effective turbulent thermal

diffusivity, ke That is T =ky = (k+ (%)),

where k is the laminar thermal conductivity, wr is
the eddy viscosity, and Pr, is the turbulent Prandtl
number.

The following boundary condition is set at the inlet
to cooling hole j

¢i=1, forj=i
¢ =0, forj#i

where the index i denotes the scalar variable number
and index j denotes the cooling hole number. The
boundary condition ¢; =0 is set at the freestream
inlet, for all i.i A control volume analysis is now
used to relate passive-scalar concentration, ¢;, to cool-
ant concentration (Figure 1).

Scalar concentration in the mixed condition is
given by

()

¢' _ n.ic,i X ¢i|c,[+me X ¢l|oo _ mc,i
I — B N —_ T
Zin’lc,i + m, My

(©)

since the concentration of scalar i from cooling hole i,
¢il.;=1 (equation (2)), and the concentration of
scalar 7 in the entrained freestream flow, ¢;|,,= 0.

The scalar concentration, ¢;, is the contribution to
coolant mass fraction from hole i. If the scalar con-
centrations were summed over all cooling holes, the
net coolant mass fraction is obtained

S g = 4
- 4 ﬂ"lm ( )
The continuity and energy equations are

My, = m(? -+ m, (5)
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Figure 1. Control volume analysis for scalar concentration.

mmcp, mTom = mecp,oo T(),oo + mccp,c TO,c (6)

To demonstrate the simplest possible implementa-
tion of the scalar tracking method, the following
assumptions are made: flow is incompressible, and
¢, # f(T). Improved formulations of the scalar track-
ing method with these assumptions relaxed are dis-
cussed in Appendix 2.

For ¢, # f(T),1.e. ¢y = Cpoo = Cp, dividing equa-
tion (6) by m1,,, eliminating 71, using equation (5) and
substituting Y ¢; from equation (4), the following
expression is obtained

Tom = Toeo — (Z ¢,~><To,oo ~ To) M

In incompressible flow, the adiabatic wall tempera-
ture, 7T,,, is equal to the near-wall mixed total tem-
perature. Setting 7,, =Ty, in equation (7), the
following expression is obtained

TO,OO - Taw

Z = =
¢I TO,oo - TO,(? ne[f

®)

where 7. is the adiabatic cooling effectiveness. The
sum of scalar concentration, X¢;, is thus a proxy for
Nes- In particular, the contribution of an individual
hole (of index i) to 5.y is given by ¢;, the concentra-
tion of the scalar associated with the hole.

The incompressible definition of 7. is chosen to
illustrate the simplest possible implementation of the
new passive-scalar tracking method. In situations
dominated by high Mach number flow, it is simpler
to work with near-wall total temperature, 7o, as an
optimisation target, rather than .. This implemen-
tation is discussed in Appendix 2.

The variation of specific heat with temperature was
neglected in this formulation. In a gas turbine engine,
¢, varies by about 10% over the range of tempera-
tures between coolant and mainstream. An improved
derivation accounting for this variation is provided in
Appendix 2.

The effect of varying hole diameters is now con-
sidered. For small changes in the diameter of hole
i, D;, coolant flow rate, m,;, varies as D?. Thus the
cooling effectiveness contribution can be scaled for
small changes in hole diameter using the following
equation

D} ew
¢i,new = 512 d)i (9)
i

where the suffix ‘new’ corresponds to the new diam-
eter hole. 7 distributions can thus be estimated for
cooling systems of different diameter distributions,
but with holes at the same locations, using the
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Table I. Vane cascade geometrical details.

Vane geometry

Tangential chord length (at midspan) 227 mm
Axial chord length (at midspan) 110 mm
Inlet and outlet angle 0° and 74°
Pitch/tangential chord 1.0
Inlet span/tangential chord 1.2
Outlet span/tangential chord 1.0
superposition equation
D?
o ) o i,new
Neffinew = Z ¢1,new = Z D2 oF (10)

i 1

This offers a tool for optimisation of film cooling
systems.

Implementation of scalar tracking method in CFD

CFD methods. The test cascade and CFD methods used
are now discussed. A two-passage CFD domain was
used to simulate flow through a test cascade. The
geometry of the cascade is that used in a large-scale
platform cooling test facility in Oxford University,'
which includes a linearised NGV geometry from a
recent commercial engine. Geometric details of the
cascade are provided in Table 1.

The CFD domains used are shown in Figure 2.
Separate CFD domains were used to simulate casing
(a) and hub (b) film cooling configurations to minim-
ise cell count. Geometrical details for the baseline
cooling hole configuration are given in Table 2.

Periodic boundary conditions are used on either
side of the two-passage domain. The double-row
film cooling hole pattern occupies the central 1.8
vane pitch lengths (V) replicating the configuration
in the test facility. Cooling holes are not included
within 0.1 V' of the periodic boundary to simplify
mesh generation (results from the central passage
are used for analysis).

The simulations described in this study were per-
formed at test facility representative flow conditions.'
The boundary conditions used are given in Table 3.
Adiabatic conditions were prescribed on all wall
surfaces.

Tetrahedral meshes were generated in ICEM-CFD.
Flow solutions were obtained using the FLUENT
solver. Mesh independence was judged by comparing
Ner on lines on the endwall surface for solutions
of increasing mesh sizes — 0.3 million, 1.2 million,
1.7 million, 4.25 million, 8 million cells. The difference
in n,; between the solution for 4.25 million and
8 million cells was less than 5%. Meshes of approxi-
mate cell count of 8 million cells were thus used for all

@] coolant plenum

Film
Film cooling
cooling holes
holes
Vane fillets
Side view Top view
(b) ,
Film
cooling
Film holes

holes

Coolant plenum Vane fillets

Side view Top view

Figure 2. CFD model schematics: (a) casing endwall: CFD
model; (b) hub endwall: CFD model.

Table 2. Geometrical details.

Baseline cooling hole geometry

Casing Hub
Number of rows 2 2
Diameter 8 mm 5.6mm
Hole inclination to endwall 40° 40°
Hole pitch/diameter 2.0 3.6
Row axial spacing/diameter 2.8 3.8
Hole length/diameter 3.8 6.5

the solutions described in this paper. The mesh reso-
lution on the cooled endwall is shown in Figure 3.

The realisable k- ¢ model was used with standard
wall functions, because of its ability to predict mixing,
shear layers and boundary layer separation with rea-
sonable accuracy.” Mesh sizes were prescribed to
ensure 30 <y <300 on the endwall.

Thomas et al.,' describe experimental validation of
the CFD methods presented in this study: experimen-
tal maps of endwall n,; obtained at a number of
coolant to mainstream mass flux ratios, showing
good agreement with CFD predictions.

Implementation in FLUENT and validation. The implemen-
tation of the passive-scalar tracking method in CFD is
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Table 3. CFD boundary conditions.

Mainstream conditions Po,o = 1024 Pa (gauge)

Pou: =0Pa (gauge)

Too=313K

Tu=15%, 1=0.22V

Re (based on outlet
conditions) =7.5 x 10°

(V =vane pitch)

To.=293K

Specified coolant mass flux, m..

Tu=15%, 1=0.22V

Coolant conditions

now described in relation to Figure 4. Surfaces were
created at the hole inlets. Solutions for the continuity,
momentum and energy equations were obtained on a
CFD model with a coolant plenum (Figure 4(a)).
Flow profiles were outputted from the hole inlet
boundary surfaces (Figure 4(b)). These were values
of Py, Ty, k, e, and unit vectors of velocity direction.
The flow profiles were set as boundary conditions
on a CFD model without a coolant plenum
(Figure 4(c)) and CFD solutions were obtained.
Postprocessing lines on the hub endwall are shown
in Figure 4(d).

Comparison of endwall 5. for the CFD models
with and without coolant plenums is shown in
Figure 5(a). The results agree closely. This shows
that decoupling the plenum has little effect on the
flow solution.

Equations for scalar concentrations ¢; to ¢y were
set up using the Fluent user-defined scalar feature.
N is the number of cooling holes. The following
scalar boundary conditions were set at the inlet to
hole j

¢i=1,fori=j
¢ =0, fori#j

where the index i denotes the scalar variable number
and index j denotes the cooling hole number.

The boundary condition ¢; =0, for all j, is set at the
freestream inlet. For each scalar variable, the scalar

diffusivity was set to (k + ("”“ T)) so that the scalar

(11)

Pry
diffusion is the same as the thermal diffusion (see equa-
tion (1)). This was done using a Fluent user-defined
function.

The field equations for ¢; (equation (1)) were then
solved. Equation (8) predicts the equality of 7. and
2¢; in the incompressible situation. This is confirmed
in the plots in Figure 5(b): the lines for 1. and X¢;
agree extremely well, demonstrating the numerical
consistency of the passive-scalar tracking method.

Research objectives

The purpose of the research is two-fold. Firstly, to
demonstrate the novel scalar tracking method in

Figure 3. Endwall mesh resolution: (a) mesh on cooled
endwall; (b) closeup of cooling hole mesh.

application to the optimisation of a nozzle guide
vane endwall film cooling system. Secondly, using
the new method, to develop an optimised cooling
system that targets a minimum allowable value of
platform film effectiveness with reduced cooling flow
over a baseline design.

The optimum endwall film cooling system will
deliver a target adiabatic cooling effectiveness, 7,
while using minimum coolant flow.

Application to endwall cooling system
optimisation

The use of the passive-scalar tracking method will
now be demonstrated by optimising cooling systems
for a nozzle guide vane endwall. The physics of flow in
the near-wall region of the vane is described briefly.
The scalar tracking method is then used to re-design
cooling systems to optimise distribution of the
coolant flow.

Background: Endwall secondary flows

Flow through a turbine vane is generally well-behaved
(no separations) because of strong acceleration and
a favourable pressure gradient. Several authors
describe the platform flows as dominated by second-
ary flows, however, as confirmed by smoke and oil
flow visualisation experiments in linear cascades.
Such studies are the basis of secondary flow
models proposed by Langston et al.,’ Sieverding and
Van den Bosch,* Sharma and Butler,’ and Wang and
Olson.®

Figure 6(a) summarises important features of
the models, which have the following common
features:
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Figure 4. Passive-scalar tracking method implementation: (a)
model with coolant plenum; (b) hole inlet boundaries; (c)
model without coolant plenum; (d) postprocessing lines.

e Horseshoe vortex system. A horseshoe vortex is
initiated upstream of the vanes and is composed
of a pressure side and a suction side leg. The two
legs interact in the downstream passage to
strengthen the passage vortex.

e Boundary layer separation. The horseshoe
vortex causes boundary layer separation,
downstream of which a fresh boundary layer is
formed.

o Cross-passage flow. The cross-passage pressure gra-
dient (from vane PS to SS) drives low-velocity flow
in the boundary layer further towards the SS.

The basic mechanism of formation of cross-
passage flows near the endwall is described by
Lakshminarayana.” In Figure 6(b), flow streamline
A lies outside the boundary layer while streamline B
is near the endwall. Static pressure is roughly constant
through the thickness of a fully developed boundary
layer.® Thus, streamline A and B are subjected to the
same cross-passage pressure gradient, which is defined
by the radial equilibrium equation

oP Vﬁ V%
LA =B 12
an P4 R, PB Rs (12)

Since V4 > Vp, this implies R4 > Rp. i.c. streamline B
has a smaller radius of curvature. This drives

@ 1 :
— Inlet: With plenum
ost |7 Inlet: Without plenum
’ —— Qutlet: With plenum
--------- Outlet: Without plenum
+« 0.6/
b . Inlet
=
i 4N\/\/\/\/\/\f\/\f\f\
0.2} Outlet I N
0 L
0 0.5 1
Y/ Ymaz
(b) neff VS. E¢
06 ' _qeffCax/‘l'
Cax/% —Tefst Cax/2
0 4 | —Ueff: Outlet

Teff

NS 3C s /Y ~E: Cax/d
4 e B G/ 2
...... L 3C, /4

0.2f / - Eb: Outlet
Outlet
00 0.5 1
y/ Ymazx

Figure 5. Passive-scalar tracking method: validation: (a) effect
of decoupling plenum; (b) accuracy of scalar tracing method.

Inlet
boundary
layer

Figure 6. Classical secondary flow model: (a) schematic;
(b) cross-passage flow mechanism.

near-wall flow towards the SS, resulting in a cross-
passage flow.

Injecting high momentum flow into the boundary
layer is known to suppress separation through re-
energisation of the low momentum near-wall region.
Sieverding and Wilputte’ measured flows in a vane
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passage with multiple cooling hole rows at compress-
ible Mach numbers (M =0.6, 0.8). On injection of
coolant, reduced cross-passage flows and a diminished
passage vortex were observed. Granser and
Schulenberg'® performed oil flow visualisation on
two endwalls, one without film cooling and another
with an upstream slot. At high slot momentum flux
ratios, the horseshoe vortex separation line moved
closer to the leading edge. Cross-passage flows were
also reduced, because of the higher flow momentum in
the near-wall region (see equation (12)). Thrift et al."!
obtained endwall cooling effectiveness data and vel-
ocity vector data in the vane stagnation plane. They
demonstrate that the injection of streamwise momen-
tum by a slot can accelerate the boundary layer and
suppress horseshoe vortex formation. This effect is
observed at high slot momentum flux ratio and low
slot inclination.

Thomas et al.' studied a double-row endwall cool-
ing system with holes upstream of the vanes.
Experiments and CFD were used to show that coolant
injection altered near-wall flow patterns. Near-wall
total pressure slightly exceeding mainstream total
pressure resulted in suppression of endwall boundary
layer separation and cross-passage flows. A large sur-
plus in total pressure resulted in upwash on the vanes,
moving coolant away from the endwalls, resulting in
inefficient endwall cooling.

Endwall cooling requirements

In general, the trailing part of a HP vane endwall
experiences the highest heat transfer rates, and is
therefore the life-limiting region. This is because of
high Mach numbers and thin boundary layers.'?
The vane wake can have high turbulence levels,
encouraging mixing and further heat transfer
enhancement. In addition, the trailing part of the end-
wall can be difficult to cool. Films released in
upstream low M regions generally have low effective-
ness on the trailing part of the vane, and local injec-
tion can result in high aerodynamic losses because of
high freestream M.

Application |: Targeting uniform neg distribution

Figure 7(a) shows a CFD model of the cooled hub
endwall. A double row of cooling holes of uniform
diameter are located upstream of the vane.
This cooling system design is labelled Baselinel.
Details of cooling hole geometry are given in
Table 2. Flow solutions were obtained at incompress-
ible conditions for an engine representative coolant
mass flux ratio, m. /My =3.0%.

Figure 7(c) shows 7.y contours on the hub end-
wall cooled by the Baselinel design. The 7 distri-
bution at the trailing endwall is non-uniform, with
the coolant emerging as a streak at the PS TE. The
pitchwise average of the near-wall total pressure at

the vane inlet plane, marked in Figure 7(a), is
shown in Figure 7(b). Coolant injection at high
blowing ratio results in surplus near-wall Py, which
drives coolant migration towards the vane PS. The
passive-scalar tracking method will now be used to
target a uniform 7.y distribution at the vane
outlet line.

The scalar concentration equations (equation (1))
were solved for all 42 cooling holes in the domain.
Scalar concentrations, ¢;, on the vane outlet line are
plotted in Figure 8(b). Holes marked 13 to 24 (see
Figure 8(a)) were identified as significant contributors
to cooling effectiveness. The contour plots for the
scalar linked to hole 13 (¢3) and hole 24 (¢4) are
shown in Figure 8(a). They show coolant emerging
from the SS TE and PS TE, respectively. The vane

(a)

(O

zfS

0.95 1 1.05 11
{PU_ Pout) /(P[),w'n == Pout)

(©
1.0

0.5

. 0.0

Nerr

Figure 7. Cross-passage flow caused by coolant injection:
(2) CFD model: Baselinel; (b) vane inlet total pressure profile;
(c) Baselinel: n.s contours.
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Figure 8. Scalar tracking method applied to hub cooling
system: (a) contours of {3 and ¢4 (b) plots of ¢; at vane
outlet.

outlet line, marked in Figure 8(a), spans the region
cooled by these holes. Holes 13 to 34 cover one
pitch length. The surplus near-wall total pressure
(Figure 7(b)) drives upwash on the vanes, which
carries coolant from holes 24 to 34 away from the
endwall and into the freestream. Holes 24 to 34 thus
do not contribute to cooling at the vane outlet. It can
be seen from Figure 8(b) that coolant from holes 17
to 24 reaches y/yu.x=0.5 to 1.0. Only coolant
from holes 13 to 16 reaches y/y,..=0 to 0.5.
The non-uniform distribution of coolant is caused
by the cross-passage flow driving near-wall flow
towards the vane PS.

The scalar tracking method allowed isolation of the
holes that were key contributors to cooling effective-
ness (holes 13 to 24). This distribution of coolant is
now improved by adjusting the diameters of these
holes.

A linear variation of diameters was prescribed for
holes 13 to 24. For hole number j (13 <j < 24), the
diameter D; is given by

D; = D13+ (D24 Dy3) (13)

24—

where D3 and D,y are hole diameters for j=13 and
=24 respectively. Dy 1s the uniform hole diameter
of the Baselinel cooling system. The notation is sum-
marised in Figure 9.

The mass flux through individual cooling holes was
obtained from the CFD solution. The variation in
mass flux across holes 1-42 was less than 1% — the
holes in Baselinel were sufficiently upstream of the
vane that potential field effects were insignificant.
Thus, for the Baselinel design the total coolant flow
for holes 1 to N can be expressed as

Horiginal = k Z D}, = k(24 —13)D? , (14)
j=13

where k is a constant. For small changes in hole diam-
eters, the coolant flow rate through holes 13 to 24 can
be approximated as

(15)

N
mneu = E
N

13) 2
( (D24 D13))

Coolant mass flow consumption is to remain
unchanged. Setting ity iginat = Hipew, and substituting
values Dpye =6.9mm, the following expression
was obtained

Dy = /135,49 — 0.81D% — 0.44D)5 (16)

For a particular value of D3, the constant coolant
mass flow requirement constrains D4 to the value
specified by equation (16). For small changes in diam-
eter, Neynew Can be estimated using the superposition
method of equation (10). This is repeated below

2 Djzneu
= % (17)

j=1 base

Neff.new

Since Djew = Dpase for all holes besides j=13 to 24,
equation (17) can be rewritten as

) (18)
bube

Neffnew at the vane outlet line (marked in
Figure 8(a)) is plotted for various values of D3 in
Figure 10(a). As required by equation (18), the plots
for Zﬁl ¢; and D3 = Dpyee = 6.9 mm overlay. This
corresponds to the Baselinel design. As D3 increases,
Nefy, new iNCreases at the vane outlet SS, and decreases

Neffinew = Z‘P; + Z(

j=13
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j=2 j=14

D Base DB ase

Hole diameters
D;, for j = 1to 42, Baselinel diameter, Dg s

0{) 0 - 0.0 .o .0.0?;;_‘ ({%ﬂ

j=23

DBCI.SE DBGSE

Linear variation of
diameter

Figure 9. Hole diameter distribution.

at the vane outlet PS. The 7.y ye, distribution for
D3 =8.1mm is considerably more uniform than the
baseline design. The hole pattern for Dj3=28.1 mm,
called Configl, is shown in Figure 10(b). Diameters
decrease linearly from hole 13 (D3 =8.1 mm) to hole
24 (D24 =55 mm)

A CFD model was solved for the Configl hole pat-
tern. Coolant flow rate was set to the Baselinel con-
dition (11./Mee =3%). n.y distributions for the
Baselinel and Configl designs are compared at the
vane outlet in Figure 11(b). The n. distribution is
considerably more uniform for the Configl design
than the Baselinel design.

CFD predicted 7, contours for the Configl
design are shown in Figure 11(a). Coolant
migrates to the PS TE in the Baselinel design
(Figure 7(c)). This tendency remains unchanged
with the Configl hole pattern, but more coolant is
introduced upstream of the vane SS than the vane
PS, resulting in a more uniform 7. distribution at
the vane outlet.

For the Configl design, the estimated cooling
effectiveness (1..q from equation (18)), is compared
with the CFD result in Figure 11(b). The estimated
change is of the correct sign and of approximately
correct magnitude, but large changes in hole diameter
lead to second-order effects, which are not accounted
for in this approximate predictive approach. The
discharge coefficient and initial entrainment of hot
gas, for example, are both weak functions of hole
diameter. An iterative approach would lead to more
accurate predictions.

Application 2: Reducing coolant consumption

The cooling system for the casing endwall is now con-
sidered. 7. contours (CFD) on the casing endwall are
shown in Figure 12(a). The cooling system
(called Baseline2) consists of a double row of cool-
ing holes of diameter, Dp, =8 mm. Geometric
details of this cooling system are given in Table 2.
A large amount of coolant (n1./ms =06%) is
injected through these holes, upstream of the vane

(a)
Vane Outlet: superposition estimate of ¢ ¢
0.6
D13 = 8.7 mm
S 0.4
S
i 42
02 Di3 = 7.5mm 21° ¢; (dashed)
D13 = 6.9 mm
0 SS Dy3 = 6.3mm PS
0 02 04 06 08 1
y/ymam‘
(b) N
o o
o
e o
o2
o2
go
. e————Hole 24
. : D24 =55mm
20
. o
5 Hole 13
s D13 =8.1mm
L=}
o
S .

Figure 10. Optimisation using scalar tracking method:
() Mefrnew estimated by superposition method for different D 3;
(b) Configl: hole pattern.

passage. The injection of momentum at this location
is beneficial: it suppresses endwall boundary layer
separation and thus improves endwall cooling.
However, the leading endwall is overcooled. As
described previously, it is more important to cool
the trailing endwall. The cooling system is now
redesigned to reduce coolant consumption while
maintaining similar levels of cooling effectiveness
at the trailing endwall.
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Config1: CFD prediction
......... Neffnew: estimated

0 0.2 04 0.6 0.8 1
Y/ Ymaz

Figure 11. Optimised hub cooling system: (a) Configl: nes
contours predicted by CFD; (b) Configl vs. Baselinel design.

To reduce coolant consumption, hole diameters
were set to 0.5Dpueiine. The hole inclination was
reduced from the baseline value of 40°, to 25°, a typ-
ical manufacturing limit. Lower hole inclinations sup-
press endwall boundary layer separation better. This
is because of greater streamwise momentum injected
into the boundary layer. Also lower hole inclinations
result in improved 7, downstream.

A CFD simulation of this new cooling hole pattern
was run with the same coolant total pressure, Py,.
Surface streamlines were obtained. These are shown
in Figure 12(b). New cooling holes, numbered 1-7,
were placed mid-passage. These were aligned with
the local surface streamline direction. Holes 1-3
direct coolant towards the SS endwall, while holes
5-7 direct coolant towards the PS endwall. Hole
diameters were set to a constant value, 0.4Dju.
Hole inclinations were set to 25°.

These simulations were performed at incompress-
ible conditions. However, to demonstrate a procedure
for optimisation, contours of isentropic Mach number
were obtained from a compressible CFD simulation.
All cooling holes were placed upstream of the M =0.3

(a)
150.2
0.25
=0.3
1
Vane outlet line
0.5

ol

(c) (d)
0.2
——Baseline2
== Config2
95}
04
0
0.95 1 1.1

1.05
(PD* Pout) /(Pﬂ,in* Pout)

Figure 12. Optimisation procedure: Config2 design:

(a) Baseline2 7.4 contours; (b) mid-passage hole placement;
(c) Config2 neq contours and (d) near-wall total pressure
profile.

contour (Figure 12(b)). This would result in minimal
aerodynamic loss at engine condition. This choice of
maximum Mach number for coolant injection was
justified by Thomas et al.' using the Kollen and
Koschel'? aerodynamic loss model.

The new cooling system design is labelled Config2.
A CFD simulation was run with the same coolant
total pressure, Py.. 1.y contours for Config2 are
shown in Figure 12(c). Endwall boundary layer sep-
aration does not occur upstream of the vane. The
vane inlet P profile for the Baseline2 and Config2
design are shown in Figure 12(d). While reducing
cooling hole diameters has decreased the near-wall
total pressure peak, it retains a surplus over the free-
stream. This is able to suppress boundary layer sep-
aration, and drive passage cross-flows in the SS to PS
direction. The reduction in near-wall total pressure
will also reduce upwash on the vanes, and will keep
coolant films near the endwall. The coolant consump-
tion has decreased to mi./mi,=1.8% from 6%.
However cooling effectiveness at the trailing endwall
has also decreased. The diameter of the mid-passage
holes will now be adjusted to improve 7. at the vane
outlet line.

Following the procedure described previously,
scalar concentration equations were solved for the
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Figure 13. Optimisation of Config2 design using scalar
tracking method: (a) scalar concentration plots; (b) final
diameter distribution; (c) n.g distribution at vane outlet.

mid-passage holes. Scalar concentrations ¢; to ¢, cor-
respond to holes 1 to 7 (marked in Figure 12(b)). Plots
of ¢ to ¢7 at the vane outlet line are shown in Figure
13(a).

Equation (10) was used to estimate e for new
hole diameter distributions (D), given ¢ to ¢s7.
Total coolant mass flow rate was estimated using
the expression

7 2
. . Din W .
Me pew = MConfig2 + 2 :(DZ, - 1>ch,i (19)

i=1 i, base

where #niconig2 Was the coolant consumption of the
Config2 design and n1.; was the coolant flow rate
through the mid-passage holes of Config2.

A uniform value of 5,y = 0.6 was targeted at the
vane outlet line (marked in Figure 12(b)). To achieve
this goal, the diameters of holes 1-7 were adjusted
manually until the predicted adiabatic effectiveness
of the new design (1, new) Was approximately 0.6.
The final diameter distribution and 7. are shown
in Figure 13(b) and (c). The total coolant mass flux
ratio (mid-passage and upstream holes) estimated
using equation (19) was m./mis =2.9%.

A CFD simulation was run with this new distribu-
tion of mid-passage hole diameters. The design, called
Config3, is shown in Figure 14(a). Flow boundary
conditions, including coolant total pressure, were
not changed. The endwall 7. contours for Config3
are shown in Figure 14(b). The CFD predicted cool-
ant mass flux ratio for the Config3 design was
m. /Mo =3.0%, closely matching the value estimated
by equation (19), 1. /Hiee =2.9%.

(c) 1
SS PS
Neffmew

Config3 Baseline2

0 0.5 1

Figure 14. Config3 design: (a) Config3 design schematic;
(b) Config3: neg contours; (c) ne distribution at vane outlet.

The 7, distributions for the Baseline2 and Config3
designs are compared at the vane outlet in
Figure 14(c). While coolant consumption for the
Config3 design has decreased by 50% from the
Baseline2 design, the mean 7,y at vane outlet is only
5% lower. The Config3 design has thus achieved the
optimisation goal of reducing coolant consumption
while maintaining similar levels of cooling effective-
ness on the trailing endwall.

Figure 14(c) also compares 7.y, estimated by
equation (10), with the CFD prediction (marked
Config3). The mismatch is small despite the large
adjustments in diameter. The target n.; of 0.6 could
be achieved with greater accuracy if this process were
iterated using scalar concentration distributions for
the Config3 solution.

ey contours on the vane for the Baseline2 and
Config3 design are shown in Figure 15(a) and (b).
The . distributions on a spanwise line are compared
in Figure 15(c). Coolant is driven up the vane surface
and away from the endwall in the Baseline2 design.
The vane inlet P profiles for the Baseline2 and
Config2 design were shown in Figure 12(d). Since
the upstream cooling hole rows have not been
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Figure 15. Coolant upwash on vane: (a) Baseline2 design:
Nefr contours; (b) Config3 design: ng contours; (c) spanwise
plot of ne

modified, the P profiles for the Config2 and Config3
designs are approximately the same. Coolant injection
leads to surplus total pressure in the near-wall region
— this drives upwash on the vane surface. The peak in
P is closer to the endwall in the Config3 design than
the Baseline2 design because of lower hole inclination.
The near-wall P values are also smaller because of
lower coolant flow rate. This results in reduced
upwash and more efficient cooling of the endwall.

Conclusions

A novel passive-scalar tracking method has been
presented which isolates cooling effectiveness contri-
butions from individual cooling holes. The purpose of
the method is to allow accurate cooling superposition
techniques in complex film cooled environments. This
in turn allows a rapid iterative convergence on opti-
mum designs, without the need to search a wide
design space. The technique is powerful and results
in order of magnitude reductions in the number of
simulations necessary to achieve an optimum design
— the additional computational cost to solve the pas-
sive-scalar equations is modest in comparison to the
saving achieved.

The scalar tracking method has been implemented
in CFD, and its mathematical accuracy verified. To
demonstrate the technique in application, the method

was used to optimise a nozzle guide vane endwall
cooling system. Highly optimised film cooling
arrangements were achieved, with effectiveness distri-
butions close to a target profile after a small number
of simulations. Coolant reduction for the systems ana-
lysed was approximately 50% for similar limiting
effectiveness values.

The passive-scalar tracking method was shown to be
an accurate and effective tool for optimising film cool-
ing systems using CFD. Using this method, an opti-
mised film cooling system can be designed with only
three to five CFD runs. This is an order of magnitude
less computationally expensive than optimisation per-
formed using automated design space exploration.

It is advocated that designers adopt the method for
further optimisation studies of this type.
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Appendix |
Notation

specific heat (J/kg/K)

axial chord length (m)

hole diameter (m)

momentum flux ratio
turbulence kinetic energy (J/kg)
turbulence length scale (m)
hole length (m)

mass flow rate (kg/s)

Mach number

pressure (Pa)

non-dimensional total pressure,
(PO - Pout)/(PO,in - Pout)

Pr Prandtl number

Re Reynolds number

S

T

o
S|

i)
=

SV EINTI~NTN

vane span (m)
u turbulence intensity (%)
U velocity (m/s)
4 vane pitch (m)
X axial coordinate
Y pitchwise coordinate
Z spanwise coordinate
& turbulence dissipation rate (J/kg/s)

Nefy adiabatic effectiveness

P density (kg/m3)

1) scalar concentration (kg*l)
Subscripts

aw adiabatic wall

base baseline design

c coolant conditions

e entrained flow

in domain inlet conditions
m mixed conditions

new new design

out domain outlet conditions
r recovery conditions

[e)

stagnation conditions
00 freestream conditions

Appendix 2

Use of scalar tracking method in compressible
conditions

In compressible flow, the adiabatic wall temperature,
T,y is the local recovery temperature, 7,. This can be
estimated from Ty, using the equation

2
Ty =T, = Topm — (1 — )22 (20)
2cp

where r=Pr'?® is the recovery factor in turbulent

flows, and uy 1is the local freestream velocity.
Unlike the incompressible case, T, is not equal to
To.m- Thus, the simplification of equation (8) is no
longer accurate — that is, X¢;, is not an accurate
proxy for n.s. To optimise cooling systems in com-
pressible flows, it is simpler to work with 7j,, as a
target, where Ty, is estimated from X¢; using the
following equation

Tom =Tooo — (Z ¢i>(To,oo —To.e) (21

On the vane outlet line considered for optimisation
in this paper, freestream velocity, us, IS approxi-
mately constant. From equation (20), Ty, is offset
from T,, by an approximate constant quantity.
A uniform T),, on the vane outlet line will, for exam-
ple, yield an approximately uniform 7.

Accounting for specific heat variation

Specific heat (c,) varies with temperature. An
improved derivation of the passive scalar tracking
method is now provided, which accounts for this vari-
ation. The continuity and energy equations applied to
Figure | are given below

My = Me + M, (22)
mmcp,m TO,m - mecp,oo TO,oo + mccp.z’ TO,L’ (23)
Dividing equation (23) by #1,¢) 0, eliminating 1,

using equation (22), and setting X¢ = m./m,,, the fol-
lowing equation was obtained

Cp.m Cp.e
L TO,m = (1 - 2¢) TO,oo + Ed’ z TO,c (24)
Cp,oo Cp,oo
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Assuming a linear variation of ¢, with temperature
and setting k = ¢, /¢, (constant), an expression for
Cp.m/Cp.co Can be obtained

‘p.m T _Tm
L"—’”:l—(l—K)M

25
CP’OO TO,OO - TO,(: ( )

The expression for ¢, /¢y 18 substituted in equa-
tion (24) to obtain

TOoo_TOm
I—(1-  E—— Tm
< ( K)T, > 0.

= (1 - 2:(15)7—'0,00 + (E(p)KTO,c

(26)

This is a quadratic expression for 7y ,,, which can
be solved for given values of T, 7o, ¥ and scalar
concentration sum X¢. The cooled adiabatic wall
temperature 7,, can be estimated from 7}, using
equation (20).

For a typical gas turbine, x = ¢, ./¢p00 = 0.9 for
To. ~900K and Tp ~1800K. Substituting
k=0.9, X¢=0.6 in equation (26), Ty,, is estimated
as 1282K. Ty, estimated with k=1 (specific heat
invariant with temperature) is 1260 K: when constant
¢, is assumed, near-wall fluid temperature is under-
estimated by 22 K.
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