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ABSTRACT

The research reported in this thesis is concerned with
the aerodynamic and heat transfer characteristics of film

cooling from configurations of relevance %o gas turbine blades.

4 five-hole probe is used to measure the velocity field
ariging from the ejection of cooling air on a simulated gas
turbine blade leading edge; and the scalar field measured by
a helium trace concentration technique. Ejection from a single
row of holes along the stagpnation line is unlike that of jets
in crossflow, and the flow becomes bistable for jet to freestream
velocity ratios, -3 > |, however, ejection from rows of holes a%

other locations displays similarities with Jets in crossflow.

Two numerical procedures based on finite difference
repregentations of the time averaged equations of mass and
momentum conservation, and the two equation k-E€ turbulence
model are described. The methods are adapted and applied to
the film cooling from angled slois, a single normal hole and

at a leading edge for 0.24K7«K2.3.

The pressure field generated by the interaction between
the ejected flow and the mainstream causes a distortion of the
flow within the ejection orifice. The solutions for the two
dimensional slot are found to be sensitive to the distortion
and a simple model proposed %c account for scme ol its features,
A more rigorous treatment is developed for the single hole in
which the numerical procedure is employed %o calculate the flow

within the hole.




A system of embedded solutions is constructed for the
computation of film cooling at a leading edge which provides
flexibility in the description of the flowfield resulting in

significant improvements in the accuracy of the solution.

In the main the predictions for the three configurations
correspond with experimental measurements, but certain discrep-
ancies are found which are variously attributed to inadequacies

in the turbulence modelling and numerical error,
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CHAPTER 1

INTRODUCTION

l.l Prelimipary remarks

The work presented in this thesis concerns the interaction
between jets emerging from orifices in a wall with a crossflowing
mainstream, This flow arises in a number of situations which are
of practical interest including vertical take-off aircraft gas
turbine combustors and the film cooling of the rotor and stator
blades of gas turbine engines. In the transition from vertical
take—off to forward flight it has been found that the flow from
the 1lift jets of vertical take-off aircraft interferes with the
flow around the wing and fuselage leading to 2 loss of 1ift.

In gas turbine combustion chambers, the hot gases of the primary
zone are mixed with jets of cold fluid enterirpg through holes

in the combustion chamber wall. Since it is desirable to minimise
the overall length of the combustion chamber the mixing between
the jets and the hot mainstream flow must be both rapid and
thorough to ensure the uniformity of the temperature distribution
at the combustion chamber exit., It is the final example however,
the film cooling of gas turbine rotor and stator blades, which

has motivated the present study.

Film cooling has for many years been employed in cooling
the rotor blades and stators of gas turbine engines. Air bled
from the compressor is injected through slots or rows of holes
in the surface of components exposed to high gas temperatures.
Such a method of cooling allows operation of engines at high
Temperatures, iﬁproving the efficiency of the engine cycle,

however, there are drawbacks. Although cocling by air bled from

the compressor is the only currently practicable method for
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aircraft gas turbines it involves an inevitable reduction in

the actual efficiency gain. Further losses arise in the case

of film cooling due %0 the mixing of the injected flow with

that over the surface of the component. Film cooling can also
give rise to large thermal gradients in the material of the

cooled component leading to large stress concentrations with the
possibility of cracking the component. Clearly it is important

to minimise the air bled from the compressor for cooling purposes,
whilst ensuring that the film cooling maximises thermal protection
with minimal temperature gradients, and aerodynamic loss. Further
discussion of the design of blade cooling systems for gas turbines
can be found in Halls (1971), Fullagar (1973), and Elovic and
Koffel (1979).

A typical film cooled turbine rofor blade is shown in
figure 1.1. The film cooling air is ejected from several points
around the component frem the leading edge, where %the surface
curvature is large and the boundary layer on the surface of the
component is laminar and thin, to the ftrailing edge, where surface
curvature is small and the boundary layer is turbulent or
transitional and relatively thick., The Mach number distribution
around the component, also shown in figure 1.1, indicates that
the flow is transonic and that the flow experiences severe accel-
erations which, locally, may exceed the levels normally associated
with relaminarisation of turbulent boundary layers. The flow
around the component is highly disturbed, either from cocmbustion
chamber generated Vvurbulence, or from the influence of fthe wakes

of upstream blades.

A more complete description of the parameters influencing

tne film cooling performance of gas turbine blades is given

in Table 1.1,
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PARAMETER RANGE
Vs [V 0.2 to 2.0
/o._,-/p.:, 1.5 to 2.2
!o,v,//o_ﬂ\,n 0.3 to 4.0
Re 5 x 10® 0o 5 x 10
Re 1 x 10° %0 4 x 10°
3
Ra 0 to 5 x10
Mn oo ~o to 1.3
(\/; /))) dVe/, -5 %10 to 5x 107
Tu o Up t0 20 + %
Boundary Layer State Laminar, Transitional,
Turbulent
§%D ~nO to 0,5
R/D - 100 %o 6.0
P/D 4 t0 5
t/D 1.5 to 6.0
D 3x10  m408 x10" m
" 30° %o 100°
Table 1.1 Ranges of parameters influencing gas turbine

blade film cooling.
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In spite of the number of parameters involved much progress
has been made in establishing their influence by laboratory
experiments, This work is discussed in section 1.3 of this
chapter. I% is clear, however, that attempts to provide
empirical correlations representing film cooling performance
are not likely %o give an adequate description of film cooling
for the purposes of turbine blade design. In view of this,
attention has focused on the theoretical modelling of film

cooling, and a discussion of this work is given in section 1l.4.

1.2 0Objectives of the vresent study

The specific objectives of the present work are :-

1. To survey published information relating to film
cooling from slots, jets in crossflow and rows of

holes with a view to -

i) Praovide information of relevance %o the

£ilm cooling of gas turbine blades.,

ii) Identify aspects of gas turbine film
cooling not adequately represented by

published information.

iii) Provide data for test cases, against
which to assess the numerical methods

resulting from the present work,

2e Carry out experimental work to supplement the

published data.

3. Develop and assess a numerical method for the
prediction of the aerodynamic and heat transfer

aspects of :-
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i) Pilm cooling from a two dimensional slot.
ii) Jets in crossflow,

iii) A configuration of interest to gas

turbine blade £ilm cooling.

Few studies have investigated the application of film
cooling at the leading edge of a gas turbine blade., The heat
transfer performance of leading edge films has been studied
by Rastogi and Whitelaw (1972), Hanus and L'Ecuyer (1976) and
Luckey and L'Ecuyer (1981), However, apart from the flow
visualisation study of Russell (1979), the aerodynamics of
leading edge films has not been studied. In view of this,
leading edge f£ilm cooling has been chosen as the subject of

the experimental work presented in chapters 2 and 3,

1.2 Discussion of film coolinz data

The majority of investigations into the heat transfer
performance of f£ilm cooling represent the cooling (or heating)
effecet in terms of a non-dimensional wall temperature defined
as =

T = Taw

Pow = a-D

—-r-g_ -TT

and called the adiabatic wall effectiveness,

In some investigations use has been made of the analogy
between heat and masgs transfer. The results of these invest-
igations are presented in terms of an impervious wall effective-

ness which is defined in a similar way, and which is equivalent

to rZu.m.

When employed for gas turbine blade cooling,film cooling
is, in general, used in conjunction with other forms of cooling,

so that the wall temperature 1s not represented By Taw.
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In order to determine the wall heat flux the following definition

of heat ftransfer coefficient is commonly employed :

-1

—_—
_rm - ‘T-N

This heat transfer coefficient will generally not be the

he

i

(1-2)

same as the heat transfer coefficient without the film ( ho ).
Some investigators present measurements of hg/ho in addition
%0 MNew , to allow the use of the data on non-adiabatic walls.
This data must be used with care, however, since ho is
dependent on the state of the boundary layer at the point in
guestion so that the experimental data must be representative

of the configuration of interest.

A minority of investigators present their results in terms

of an isothermal wall effectiveness

- 1

e = — £
s = -2 (1-3)

This is equivalent $0 nawonly if hg/].._, =1 and Ty =Ty
so that it is necessary to make a clear distinction between

the two definitions.

1.3.,1 Two dimensional film cooling

The flowfield set up by the discharge from an angled slot
is shown schematically in figure 1.2. The fluid injected through
the slot presents a blockage to the mainstream flow, causing
regions of high pressure upstream of the slot and low pressure
downstream. A% sufficiently large angles of injection ( ol )
and injection rates, the flow separates at the downstream corner

of the slot to form a recirculation bubble.
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The flow reattaches to the surface at some point downstream
| of the slot and eventually returns to boundary layer form.
Wyznanski and Newman (1968) find that the length of the
recirculation bubble downstream of the slot is characterised
by the ratio 02 the momentum fluxes of the Jjet and mainstream
flows ( PTV"'/ Peo Veo Y. In spite of this however, the
majority of investigators characterise the heat transfer perform-
ance of the slot in terms of the mass flux ratio M ( var/p,\/‘).
This may be adequate far downatream of the slot, out it cannot
characterise the near-slot region which is dominated by %he
recirculation. The results of Pedersen (1972) suggest that
film cooling flows are in fact characterised by PT/p.a and
Vf/v,, (—'-T) individually, rather than in combination and

this form of presentation has been employed in the present work.

1.3.1.1 Adiabatic wall effectiveness ( 7] aw )

The adiabatic wall ftemperature distribution downstream of
a slot may be desecribed in terms of the temperature of the
fluid in the vieinity of the wall. Immediately downstream of
the slo%, the near-wall fluid has been convected upstream within
the recirculation. 4s a result of mixing between the jet and
mainstream flows this fluid is not of unity effectiveness,
Thus progressing downstiream from the slot, there is a rapid fall
from the unity effectiveness fluid at ®the slot exit to the
effectiveness level of the fluid in the recirculation, which is
largely dependent on the downstream extent of the recirculation
(xR/S }. Purther downstream, mixing between the injected flow
and the mainstream results ir a steady decrease in IZ , which

agymptoties to zero as the downstream distance x tends to infinity.
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Sivasegaram (1967) has measured Naw downstream of several
glot configurations with angles of injection ranging from
0 to 90 degrees. The results indicated that there was an
optimum velocity ratio I = 1.0 , at which [aw WS maxi-

mised regardless of the angle of injection.

1.3.1.2 Heat transfer coefficient ( hg )

The injection of film cooling air influences the heat
transfer coefficient defined by (1-2) through two opposing
effects : The mixing between the injected flow and the mainstreanm
creates turbulence which tends to enhance he ; the thick-
ening of the wall boundary layer by the injected flow, which
tends to decrease hf . At low injection rates and angles of
injection, o« , the two effects are of similar magnitude and
1ittle alteration of hy may be observed, Hartnett, Birkebak
and Bckert (196la). At higher injection rates (J > 0-2 )
and angle of injection {( & > 20") significant enhancement
in the heat transfer coefficient in the vicinity of the slot
may be observed, Hartneti Birkebak and Zckert (196ldb), and
Foster (1973)., As the injec%ion induced turbulence decays
downstream of the slot the heat transfer coefficient enhance-
ment decays also. Scesa (1954) found no significant difference
between the heat transfer coefficients with and without injection
beyond X/S = 50 downstream of a normal injection slot.

The measurements of Foster (1973) indicated that the heat

transfer coefficient enhancement increases with increasing % .

1.3.1.3 Density Tatio ( PT//O.:, )

The influence of density ratio on Naw has been studied
by Matthews (1972). Comparisons of results for Pv/ 0w =1

and 2 at the same velocity ratio showed no consistent trend

however, compariscns made at fixed massflux ratio (P"V”/P,, Veo )
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indicated that rzqw increased with the density ratio. This
arose because for a fixed massflux, the increased density of
the injected flow reduced its momentum and with this the

penetration of the jet and the extent of the recirculation.

1.3.1.4 Injection geometry

Wygnanski and Newman (1968) and Matthews (1972) studied
the influence of angle of injection ( ¢ ) on the reattachment
length (=g ) downstream of the slot. They found that =g
increased rapidly with increasing oL . Indeed for a 20 degree
slot Metzger, Carper and Warren (1972) found no evidence of
recirculation for T <l. The influence of o on 'Z““’ has
been studied by Sivasegaram (1967), Artt (1970) and Matthews
(1972). They found that the rapid reduction of Raw immediately
downstream of the slot increases with oL and that the overall
level of 7 aw is treduced. This is consistent with the observed
trends in the reattachment length. Metzger and Fletcher (1969)
showed greater enhancement of heat transfer coefficients with

injection at A = 60 degrees compared with ol = 20 degrees,

Minty (1973) investigated the influence of slot aspect ratio
(Crogs-stream width/ S ) on the effectiveness, covering a range
of aspect ratios from 1 to 48, and found that s increased with
increasing aspect ratio. Clearly for low aspect ratios the flow
becomes three-dimensional, however Artt (1970) found significant
three-dimensionality in the flow from a slot of aspect ratio 48,
Consequently most investigators ensure that the slot spans the
full width of the tunnel, however, because of the side wall
boundary layer, even this may be inadequate and additional side
plates are fitted to prevent three-dimensionality, Wygnanski and

Newman (1968) and Foster (1973).
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Weighardt (1946), Hartnett et al (1961la, 1961b) and
Mayle et al (1977) employed a slot geometry which differed
from other investigators in that the downstream edge of the
slot was blended to the dowanstream surface by a smooth curve.
This will suppress the recirculation and change the character

of the downgtream flow,

*
1.3.1.5 Upsiream boundary layer ( § )

The influence of the upstream boundary layer thickness on
the £ilm effectiveness of angled slots has been studied by
Matthews (1972). The observed effecis are small and, since
they appear to be inconsistent, may have been influenced

by experimental error.

1.3.1.6 Mainstream turbulence

The influence of mainstiream turbulence intensity on slot
£ilm cooling effectiveness has been studied by many workers,
however, the observed effects are in conflict. For example
Carlson and Talmor (1968), Burggraf andAHuffmeier (1973), and
Marek and Tacina (1975) observed a decrease in Ris °T RNaw
with increasing mainstream turbulence intensity, but Minty (1973)

observed no effect on increasing T eo.

Sturgess and Lenertz (1977) have described this behaviocur

in terms of the integral scale of the turbulence ( A ).

Where the integral scale of the mainstream turbulence A\ .o
is greater than that generated by the f£ilm ejection j&p ,
then '2““’ is degraded. Where _A..,o is less than A ¢ then

2““ is unchanged.



1

1.3.1.7 Pressure gradient ( k = )_\. d Vo ; i

Wygnanski and Newman (1968) and Foster (1973) examined the
influence of adverse pressure gradient on the recirculation
downstream of angled slots. They found that the recirculation
was increased in size relative to the zero pressure gradient
condition. In view of the arguments of section 1.3.1l.1 this
should tend to decrease FNaw , however, Fqster (1973) found
no appreciable change in either Raw oOr heat transfer coeff- i
icients; Hartnett, Birkebak and Eckert (1961b) determine the
influence of favourable pressure gradients of k= Ix 1o~
and ‘Z.gjcfb on ng and heat transfer coefficient downstream
of a non-separating slot configuration. They find that the heat
transfer coefficient enhancement caused by the £ilm injection
was 1ittle effecved, but that ?F” was decreased by the favourable |

pressure gradieni. If this trend is applicable to adverse pressure

gradients, the negative result of Foster (1973) may be under-
gtood in terms of a balance between the decrease in Q}ﬂ arising
from the increase in the gize of the recirculation and an increase
in ?qda arising from the adverse pressure gradient.

Warren and Metzger (1972) investigated the effect of
injection into a laminarising mainstream flow ( K= 9« o™ ),
They obgerved that the injection provoked itransition to turbulent .
flow and resulted in large increases in the heat transfer coeff-

icients downstream of the slot.

1.3.1.8 Surface curvature

, |
Touis et al (1974) studied the isothermsl wall effectiveness
of a flat surface 2nd a concave surface downstream of a 20° |

slot. They found that 2}, was decreased on the concave surface
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relative to the flat surface. This result was confirmed by
Mayle et al (1977) who also found that, relative to a flat
surface QF*’ was increased on a convex surface. These results
are a consequence of the action of curvature on turbulent
mixing, Bradshaw (1973), and Gortler vortex activity on the

concave surface.

l1.3.1.9 Compressibility

Papell (1960) has obtained measurements of Haw for a g0®
slot at mainstream Mach numbers of 0.2, 0.5 and 0.7, A slight
increase in Qﬁﬂ, with Mach number may be observed in his

results.

1.3.2 Three dimensional f£ilm cooling

The flowfield set up by a jet in crossflow is shown
schematically in Figure 1.3, Upstream of the jet the mainstream
is retarded and divides fto pass on either side of the Jjet which
is bpent by fthe mainstream by an amount dependent on the relative
momenta of the jet and mainstream flows, Downstream, the flow
is dominated by a pair of contra-rotating streamwise vortices
which, where the jet lifts off fhe surface, are enhanced by
entrainment into fthe underside of the je%, and which may persist
for a consgiderable distance downstream. Where the jet is
ejected from one of a row of holes, lateral spreading causes
the jet flow from adjacent holes %o merge 2% a point downstream,
dependent on the hole spacing (B/D), Thereafter, turbulent
mixing combines with the action of the streamwise vortex to
cause lateral mixing 02 the jets so that the temperature and
gtreamwise velocity profiles became two-dimensional far

downstream of the injection point.
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1.3.2.1 Adiabatic wall effectiveness

The adiabatic wall temperature distributions set up by
ejection from single holes and rows of holes have been studied
extensively., The measurements of Goldstein, Eckert and Ramsey
(1968) and Eriksen (1971) are typical. At low injection rates
the £low from the hole remains in contact with the wall and the
centreline ( Z/D = ©.0 ) effectiveness ( lzd,.., ) decreases
monotonically with downstream distance as the injected fluid mixes
with the mainstream. At off centreline locations ,:Z./D zZ 1o,

51“”' is increased in the vicinity of the hole, due to lateral
spreading of the jet, but decreases further downstream as fhe
jet mixes out. At high injection rates the jet l1ifts off the
surface, and the mainstream £luid penetrates beneath it, so that
there is little wall cooling near the ejection point. Provided
oL and J are not tooc large, the jet reattaches %o the surface

at some point downstream and the centreline effectiveness rises,

For single holes, Goldstein, Eckert and Ramsey (1968)
found that nbgﬂ was maximised at J = 0.5, regardless of the
angle of injection. The results of Eriksen (1971) for a row
of holes were similar to those of Goldstein et al, except that
downstream of the point at which the jets merge, QL,u increases

monotonically with J.

1.3.2,2 Heat transfer coefficient

The heat transfer coefficient in the vicinity of a film
cooling hole is modified by the injection as a result of 4wo
opposing effects : The turbulence arising from the mixing between
the jet and the mainstream which tends to increase hg 1 znd
the thickening of the wall boundary layer, resulting from the

addition of the injected flow, which tends %o reduce hp .
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At low angles of injection ( o) and velocity ratios (J) the two

effects balance and hye is little different from the heat transfer

coefficient without injection. The measurements of Eriksen (1971)

indicated no enhancement of heat transfer for & = 35 degrees

and J << 1.0, As J is inecreased the enhancement due to the mixing

generated turbulence becomes dominant and h{ increases, ZEriksen

(1971) indicated enhancement of hy in the vicinity of the holes
of up to 35% for J = 2.3 and & = 35 degrees.

1.3.2.3 Density ratio (P~ / L= )

Foster and Lampard (1974) and Pedersen (1972) have invest-
igated the influence of P"'/P.g on '7_"“’ . TFoster and Lampard
(1974) found that increasing P*/paa from 1 to 4.2 increased
the effectiveness of a row of 90° holes ejecting at J = 0.7
downstream of I/D = 20, At a fixed mass flux ratio however,
increased density ratio caused I?_Q.., to increése close %o the
holes, TFurther downstream the enhancement decreased so fhat

at >*/D ™ 100 'un; was virtually izidependent of density ratio,

For a fixed mass flux the increased P"/P.a decreases

the momentum of the injected flow reducing the initial penetration

and mixing.

The extensive work of Pedersen (1972) on a row of holes at

35 degrees covers a range of density ratios : 0.14 & Pf/iom$ Ky

and mass flux ratios 0.2 M £ 2.0. In addition to the trends
observed by Foster and Lampard (1974) the results showed that,
for a given density ratio, the effectiveness was maximised ait

d £ 0.45 over the full range of density ratics studied. The
merging of the jets downsiream of the injection point also
appeared to be comtrolled by the velocity ratio and occurred at

d 2 1.5 over a wide range of density ratios. These resulis
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suggest that the parameters characterising the flow are actually
the density ratio P"/Poo and velocity ratio J rather than the
traditionally accepted mass flux ratio ¥. Pedersen's results
showed that the effectiveness was characterised by M only at

the low injection rates where the jet remained attached to the

surface.

1.3.2.4 Injection geometry

The influence of the angle of injection ( =) on the flow
from a row of f£ilm cooling holes has been studied by Colladay
and Russell (1975) using helium bubble flow visualisation.
Por injection at SO degrees the jet was observed to separaile
from the surface even at the lowest injection rate employed,
d = 0.3. The bubble paths were tortuous and exhibited sharp
kinks indicating high turbulence intensities. There was some
evidence of flow reversal. For injection at 30° the streaklines
indicated much reduced turbulent mixing and spreading of the
jet, and the vortex structure was not so evident as for the

90 degree holes. The film separated from the surface for J3>» 0.8.

The temperature profiles downstream of single holes ejecting
at 35 and 90 degrees to the surface have been measured by
Ramsey and Goldstein (1971)}. These show that, for mass flux
ratios, M, of 1.0 and 2.0, the jet from the 90° hole penetrates
60% further from the surface, has a lower peak effectiveness,
and the adiabatic wall effectiveness on the centreline,Z./D=o-o,
is up to 40% lower than that of the 35° hole. The measurements
of Goldstein, Eckert and Ramsey (1968) showed however that,
vecause of the increased lateral spread of the jet from the
g0® hole the adiabatic wall effectiveness at off cemtreline

locations was incereagsed relative %o the 35° hole.
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For rows of holes Goldstein, Eriksen and Ramsey (1978)
and Foster and Lampard (1979) observed that, in terms of the
laterally averaged effectiveness (fbmg ), low angles of injection
were best at low injection rates, but that at high injection
rates large angles of injection gave more cooling. Unfortunately
Foster and Lampard (1979) found that the increased mixing
agsociated with the larger angles of injection caused greater
aerodynamic loss and Eriksen (1971), and Metzger and Fletcher

(1969) found greater enhancement of heat transfer coefficients.

Colladay and Russell (1975) also reported flow visualisation
on a row of holes in which the jet was directed laterally across
the flow at an angle (¥ ). For the configuration tested :
o= 30°, ¥=4S® the flow downstream of each jet was
characterised by a single vortex, which formed at J = 0,3 and
became most pronounced for 0.7 £ J £ 0.9. The strong vortex
motion kept the injected fluid attached %o the wall and very

little increase in penetration was observed on increasing J

from 0.3 to 0.9. Goldstein Bt al (1969) found that holes inclined
in the lateral direction gave increased peak value and lateral

spread of M aws for M>»> 0.5.

Sterland and Hollingsworth (1975), studied the influence

of hole pitching on the penetration of a row of jets in crossflow.
They found that the penetration was minimised for a pitch-
diameter ratio of 4. Liess and Carnel (1971) and Foster and

Lampard (1979} investigated the influence of hole pitching on

Daw * They found that reduced P/D gave improved lateral
coverage at all mass flux ratios and suppressed 1lift off at

higher injection rates.
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Double row film cooling geometries have been studied by
Jabbari (1973), Kruse (1974), Louis et al (1974) and Smith Jones
and Schultz (1974). In most cases a staggered hole arrangement
has been used in which the downstream holes were located mid-way
between the holes of the upstream row. This configuration was
found to give improvement in 7aw in excess of the increased
mass flow requirement of the double row. Bergeles (1976) observed
that this occurred because of the interference to the vortex
gtructure caused by the injection from the downstream row which
reduced the mixing with the mainstream flow., Jabbari (1973)
observed that injection from a staggered double row configuration

was Significantly superior to an in-line geometry. |

Goldstein, Eckert and Burggraf (1974) investigated the effecti
of shaping the film cooling holes by widening the hole exit%, I
This gave reduced jet penetration, and higher peak and laterally
averaged effectiveness which were caused partly by the widening .
of the hole and partly because the increased exit area of the
hole reduced the injection velocity and tends %o suppress 1ift

off.

1.3.2.5 Upgtream boundary layer

The wall boundary layer of the mainstream flow approcaching
a row of film cooling holes on a gas turbine blade may be either
laminar or turbulent and of varying thickness dependent on the
location of the injection on the component., Liess (1974) comp-
ared the effect of injecting films into both laminar and turbulent
boundary layers and observed no significant diZferences in !1““ o
The heat transfer coefficient measurements of Lander, Fish and
Suo (1972) showed that the injection of film cooling air into

a laminar boundary layer provoked the transition of the boundary
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layer to turbulent flow causing large increases in the heat

transfer coefficients.

Many workers have studied the influence of the thickness
of the upstream boundary layer on film cooling effectiveness .
Although the results show the same general irend of reduced
effectiveness with increase in boundary layer thickness, there
are inconsistencies in the magnhitude of the effect. Pedersen
(1972) explained these resulits by relating the jet penetration
and the boundary layer thickness: At low and high injection
rates the jet is either flattened instantly against the surface,
or passes rapidly through the boundary layer. In either case
the boundary layer thickness has.little effect. At intermediate
injection rates however, where the jet penetration and the
boundary layer thickness are of the same order, the film effect-
iveness may be significantly affected. The results of Liess
(1974) support this interpretation. Xadotani and Goldstein

(1979) observed that increasing the boundary layer thickness

increased the strength of the streamwise vortices so that although

significant changes occurred in the centreline effectiveness,

the change in the lateral average value is small.

Eriksen (1971) observed a slight decrease in hg with

increased boundary layer thickness,

1l.3.2.6 Mainstrearm turbulence

The influence of the intensity and length scale of main-
gtream turbulence on the interaction between the jets and
mainstream flow and their film cooling performance, has been
investigated by Kadotani and Goldstein (1977a, 1977b). They
found that, at small length scales (L/D ~> 0.1), mainstream
turbulence had little effect on the £flow, but at larger length
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scales (L/Dr»0.3) the film cooling jets mixed with the mainstream
and the streamwise vortices assgsociated with the injection were
suppressed, The influence of mainstream turbulence on the f£ilm
cooling performance is dependent on the injection rate, M,

For M £ 0.2 an increase in turbulence intensity and length scale
decreased the laterally averaged effectiveness Waw through
enhanced mixing., For M > 1.0 the laterally averaged effective-
nesd, Naw » increased with increasing intensity due to the
reduction of the jet penetration, but decreased with an increase
in length scale. At intermediate injection rates the lateral
digstribution of V) ®as gignificantly affected by the length
scale of turbulence because of the modification of the streamwise

vortices.

1.3.2,7 Zressure gradient

The measurements of Foster and Lampard (1974) and Jabbari
(1973) showed that favourable mainstream pressure gradients
tended to reduce the effectiveness far downstream of the holes,
Liess found also, that the rate of decrease of 2mq with down-
gtream distance is reduced in the region of accelerating flow,
Liess ascribed this behaviour to the influence of the acceleration
on the streamwise vortices, however,the suppression of <he
turbulent mixing will also be important. dJabbari (1973) found
1ittls influence of accelerations of up to K =1 x 10~° on heat
transfer coefficients for double row configurations. The resulis
of Liess {1974) show however, that the heat transfer coefficiesnts
were suppressed by accelerations of up to K = 5 x 10’5 , out
enhanced downstream of the region of accelerating flow. Aided
by flow visualisations Liess argued that the streamwise vortices

were suppressed by the acceleration,reducing hg , but that
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downstream of the acceleration the vortices develocped suddenly,

increasing hi} .

The measurements of Launder and York (1974) showed an
increase in '1‘“ with favourable pressure gradient. This
occurred because the film cooling jets were laminar and the
acceleration delayed the transition to turbulent flow so that

the mixing with the mainstream flow was reduced.

1.3.2.8 Surface curvaiure

Nicolas and LeMeur (1974) and Ito,Goldstein and Bckert
(1978) have studied the influence of curvature on the flow from
film cooling holes by considering the radial equilibrium of the
coolant flow., Nicolas and LeMeur (1974) predict that, dependent
on the £ilm to mainstream momentum flux ratio and the sign of
the wall curvature, the film effectiveness may be increased or
decreased. Measurements of slot injection on a concave wall
supported this analysis but those on a convex wall did not.

Ito et al (1978) extended this approach %o include the effect
of the angle of injection. Measurements on a turbine blade for
injection at unity density ratio were in good agreement with

the analysis, however, for PT/P.n = 2 the analysis broke down

near the holes on the concave surface. The influence of curvature

on the turbulent mixing of film cooling from rows of holes has

not been addressed.

1.3.2.9 Compressivility

Liess (1974) and Smith,Jones and Schultz (1974) studied
the influence of the mainstream flow Mach number on rz.“a

and found that, provided Mn < ©-7, no efifect was observed,
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1.3.2.10 Blade environment

Lander, Fish and Suo (1972} have obtained measurements of
the adiabatic wall effectiveness and heat %ransfer downstream
of double row film cooling configurations on turbine vane
aerofoils in cascade. The heat transfer results showed large
increases in heat itransfer coefficients with £ilm injection
caused by the transifion of the vane surface boundary layer to
turbulent flow. Gauntner (1977) presented measurements of the
adiabatic wall effectiveness of two five row film cooling hole
arrays on the suction surface of a gas turbine nozzle guide
vane in cascade, An array of laterally inclined film cocling
holes was found to be less sensitive %o pressure gradient, did
not 1ift off the surface and gave improved cooling performance

compared with an in-line array of holes.

In many cases film cooling air is ejected from several
points around the periphery of the component so that it is
necegsary %o determine the influence on the performance of a

film cooling row of the injection from upstream rows,

Afejuku, Hay and Lampard (1980 have studied the additive
nature of two rowg of film cooling for both in~line and staggered
hole arrzys with various row spacings. They found that the
simple superposition hypothesis of Sellers (1963) could be used
with safety Zor designs using staggered holes but that this was
inadeguate for in-line counfigurations with a row spacing of
10 D or less. Dring, Blair and Joslyn {1978) studied film
cooling on a rotating cascade of blades., Their flow visual-
isations showed that, as a result of the low velocitises on the
pressure surface, the film was centrifuged outwards. The

cooling performance of suction surface films was found %o be
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in agreement with the static cascade measurements of Ito et al
(1978) but pressure surface films were found to have inferior
performance with rotation. This was attributed to a combination
of the effects of surface curvature and the radial flow, A more
likely cause, however, is the effect of the Coriolis force arising
from the radial motion of the film, which will tend %o move it

away from the surface,

Hartsel (1970) presented measurements of the aerodynamic
loss, and distributions of static pressure, adiabatic wall
effectiveness and heat transfer coefficients for a turbine
aerofoil with five rows of film cooling holes on each surface.
The greatest aerodynamic losses were found for ejection from
holes normal to the surface and, although lateral inclina%ion
reduced this loss, streamwise inclination was found to give by
far the greatest loss reduction. In a later publication,
Hartsel (1972), a simple model based on constant pressure mixing
was proposed, which allowed the estimation of the aerodynamic

loss caused by film cooling,

1.3.3 Film cooling at a leading edge

No quantitative data describing the aerodynamics of leading
edge film cooling has been published to date, and the available
information is of a gualitative nature only. Russell (1979)
presented smoke flow visualisations of the flow from a row of
holes in the surface of a cylinder in crossflow. In spite of
inclination of the holes along the span of the cylinder, little
spanwise deflection or spreading of the jets was observed,

For M> 0.4 the jets remained approximately constant in width
ag they flowed around the cylinder, but for M £ 0.4 the jets

necked 1 diameter downstream of the hole. Spanwise inclination
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of the holes at 45 degrees gave greater penetration than holes

at 30 degrees, Increasing the angle between the nominal stag-
nation point and the point of injection increased the tendency

of the jets to lift off the surface. Sasaki et al (1976)
presented flow visualisations of four row leading edgg cooling
configurations. They found that at low injection rates the films
remained attached %o the surface but that for M > 1 the film
lifted off the surface, OSpanwise inclination was found to
suppress lift off and gave hetter coverage of the surface,
Measurements of the adiabatic wall effectiveness confirmed the

superior performance of the spanwise inclined film cooling holes.

Rastogi and Whitelaw (1972) presented measurements of th,
for film cooling from a single row of holes normal %o the surface
of a cylinder in cross-flow, Subsequently Taylor and ¥hitelaw
(1975) have extended this work to include rows of holes inclined
spanwise at 25 degrees %o the surface. They found that the
spanwise inclined holes had an improved cooling performance
relative to the normal holes, except for injection on the stag-
nation line at J > 0.6 and that increased density ratio increased
the cooling effect for a given velocity ratio. Results for
injection at ©5 = 0, 20, and 45 degrees from the nominal stag-
nation point showed that, at a given injected flow rate, N aw
increased with &, . Taylor and Whitelaw also found %that fitting
a splitter plate to the rear of the cylinder had no effect
on QF“ o

Luckey ei al (1977) measured the isothermal wall effective-
ness of a single row of spanwise inclined holes on a cylinder

in crossflow with ejection at &5z = 20, 30 and 40 degrees. The

resulis showed the existence of significant spanwise variaiions
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in effectiveness which, curiously, were largest for the lowest

angle of injection.

The laterally averaged effectiveness was found fto reduce
at a fixed local massflux ratio as ©swas decreased. This was
attributed to the acceleration of the flow around the surface.
Hanus and L'Ecuyer (1976) present isothermal wall effectiveness
results for ejection at the leading edge of a 3 x size model
turbine vane. The results for holes inclined in the spanwise
direction at 18 and 35 degrees to the surface were found to be
almost identical up to the peoint at which the Jets 1ift off the
surface, For a fixed loczal massflux ratio the cooling effect
was found to decrease on moving the ejection point nearer to
the stagnation point. Pedersen (1972) observed an optimum
velocity ratio of 0.4 at which the effectiveness of £ilm cooling
of a flat plate by a streamwise inclined row of holes was maxi-
mised. Hanus and L'Ecuyer (1976) also observe that the cooling
effect is maximised at a local velocity ratio of 0.4 and suggest
that this is of some, as yet unknown, significance in determining
the conditions for optimum film cooling effectiveness from rows

of holeg.

1l.4 Theoretical models of the film cooling bprocess

1.4.1 Two-dimensional models

Cne of the earliest theoretical models of film cooling
was that of Tribus and Klein (1953) in which the coolant flow
was represented by a line source of heat at the ejection point,
the strength of which equalled the enthalpy flux of the injected
flow. The adiabatic wall temperature downstream of the heat
source was determined using the kernel developed by Rubesin (1951)

to predict the heat transfer and temperatiure distributions along
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non-isothermal walls with turbulent boundary layers. The model
ignores the effect of the mass injection on the mainstream f£low

and breaks down as = —s== (J where 7 —_— O,

Kutateladze and Leont'ev (1963), Lilrizzi and Creseci (1964),
and Stollery and El-Ehwany (1965) proposed models of film cooling

based on the following sweeping assumptions :-

i) Downstream of the injection point, the enirainment
of mainstream fluid into the mixing layer may be
approximated by the growth of a furbulent boundary

layer represented by a 1 th power law profile.

ii) The injected flow mixes with the mainstream to
produce a uniform temperature across the mixing layer

which approximates %o the adiabatic wall ftemverature.

Spalding (1965), Mayle and Kopper (1976), and Goldstein
and Haji-Sheikh (1967) propose modifications to these and similar
models in order to improve the agreement with measurement, howsver,
even in the most developed form, the models are unable to predict
accurately the adiabatic wall effectiveness within )(/S n 50

of the ejection point.

For tangential slot geometries it is possible to employ
numerical methods which solve the equations of mo%ion in boundary
layer form. PFor example Kacker Pai and Whitelaw (1969) employ
a modified version of the Spalding Patankar (1967) scheme to
calculate the flow development downstream of tangential slofs
with considerable success., For slots ejecting at an angle to
the surface, however, the presence of the flow reversal necessit-
ates the solution of the elliptic equations governing fluid flow,

Matthews (1972) has presented solutions of these equations for
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angled slots at 30° and 45° to the surface. The numerical
method employed was based on the streamfunction-vorticity
formulation of the governing equations, Gosman et al (1969).
Reynolds stresses were represented by the k-€ turbulence model
of Launder and Spalding (1972). Two features of the calculations

are undesirable :

1) Although the solution method was capable of computing
the development of the flow upstream of the slot,
Matthews employed experimental measurements to specify
the upstream boundary condition immediately upstream

of the slot.

2) In order to overcome the difficulty of specifying
the boundary value of vorticity at a corner Matthews
assumed that the separating streamline at the down-
stream edge of the slot continues into the flow without
deviation. In fact the streamline will bend and the
assumption of non-deviation could have a significant

influence on the predicted results.

Matthews (1972) obtained good agreement with experiment
although the method tended to underpredict the velocity peak

downstream of +the slot.

l1.4.2 Three-dimensional models

One of the simplest models to describe the adiabatic wall
effectiveness downstream of a film cocling hole was the modif-
ication of the heat source model of Tribus and Klein (1953) due
to Briksen, Eckert and Goldstein (1971). The jet was replaced
by a point heat source at some height above the surface in a

uniform velocity stream and an image source the same distance

below the wall gave the adiabatic wall condition.
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The heighf of the source and a fturbulent thermal diffusivity
have to be specified empirically. The model broke down for
M > 0.5, Further developments of the heat source model have
been described by Kadotani and Goldstein (1979), however, since
no attempt is made fo represent the aerodynamics of the flow it

is unlikely to have general application.

A large number of investigators have gtudied jets in cross-
flow in connection with VSTOL aircraft and atmospheric plumes.
Several workers have proposed potential-flow or semi-empirical
methods in which the equations of motion were integrated along
the path of the jet, for example : Abramovich (1963), Keffer
and Baines (1963) Bowley and Suéec (1969), and Campbell and
Schetz (1973). TFurther details of these methods may be found
in NASA (1969). More recent developments of these models have
included : Hwang and Pletcher (1978), and Adler and Barron (1979).
Baker and Manhardt (1979) described a method in which a viscous
finite element scheme, used to calculate the development of the
jet, was embedded within an inviscid soluftion for fthe mainstream
flow around the jet. 4 solution of fthe full flowfield was
obtained by iteration between the jet and mainstream flow
sclutions. The viscous solution employed an algebraic siress
turbulence model based on the work of Launder, Reece and Rodi

(1975) and Launder and Spalding (1972).

Whilst the methods described above are adequate for
d 7> 3 or 4, the neglect of fthe influence of the wall causes them
%o break down at the lower injectlion rates appropriate to film
cooling. Herring (1974), Crawford, Kays and Moffat (1980), and
Fang, Papell and Graham (1981) have attempted to model film

cooling flows by combining a semi-emplirical treatment of the
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jet flow with a two dimensional solution of the wall boundary
layer. Crawford, Kays and Moffat (1980) obtained good agreement i
between their model and spanwise averaged measurements of full
coverage film cooling but, like Wang, Papell and Graham, found

that a single prescription of the empirical constants could not

represent a range of film conditions.

None of the three dimensional models described %o this
point are capable of defining the details of the flowfield set
up by jets in crossflow. For example : Crawford, Kays and
Moffat (1980) made a clear distinction between their model of
film cooling, which they termed a simulation, and more complex
methods which are capable of desecribing the full details of the
flow, termed a prediction. In order to predict the flow from i
£ilm cooling holes in this sense it is necessary to cope with

the elliptiec nature of the equations governing the flow.

Bergeles (1976) employed a semi-elliptic calculation |
method with 2 modified version of the k-& turbulence model |
of Launder and Spalding (1972) to calculate the flow from a
single hole and rows of holes in crossflow. The semi-elliptic
scheme was an extension of three-~dimensional boundary layer
solution techniques which allowed for upstream effects in the
pressure field. The method could not cope with flow reversal
in the streamwise direction,howéver, and was therefore restrict-
ed $o low injection rates (J £ 0.1 for injection normal %o the
surface). Rodi and Srivatsa (1980) described an extension to
the semi-elliptic techniques in which a localised region of the
solution was treated in a fully elliptic manner. This allowed
the solution method to cope with small regions of flow reversal.

Predictions were presented for normal injection with J £ 0.3.
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Chien and Schetz (1975) solved numerically the steady
three~dimensional Navier Stokes equations written in terms of
velocity-vorticity, for a turbulent buoyant jet in crossflow.
The calculations were completed on a finite difference grid
of 24 x 22 x 22 nodes and employed a constant Prandtl eddy
viscosity model. Good agreement with jet trajectory was
obtained, but a CPU requirement of several hours on an IBM

370-158 was quoted.

Patankar, Basu and Alpay (1977) and Crabb (1979) solved
the Navier-3tokes equations in primitive-variable form using
finite differences to predict the jet in crossflow., The k-E&
- turbulence model was employed in both studies. Jones and McGuirk
(1979) applied a similar method to the computation of high
velocity jets in a confined crossflow (5< J<10).

Patapkar et al {1977) obtained solutions for the jet
in crossflow using a finite difference mesh of 15 x 15 x 10
nodes. Because of the limited number of mesh nodes available
the size of the solutiot?gzg\minimised by computational experi-
ment., Good agreément was obtained with measured jet trajectory
and velocity profile data, however, Crabb (1979) has shown that
errors in this work caused by the coarseness of the calculation

mesh were masked by the effect of an insufficiently large

gsolution domain.

Crabb (1979) employed a solution mesh of 24 x 14 x 14 nodes
%o predict his laser doppler anemometry measurements. In this
work the solution domain boundaries were determined by the
dimensions of the wind tunnel employed 30 that the solution mesh
is relatively coarse. This is reflected in the results obtained

which are in poor agreement witia the measured data.
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l.4,3 Film cooling on curved surfaces

Rastogi and Whitelaw (19705,Dv0rak (1973) and Folayan
and Whitelaw (1976) have presented boundary layer solutions
of wall-jet flows over curved surfaces, using modified forms
of the Spalding-Patankar (1967) scheme and Prandtls' mixing
length turbulence model. The predictions showed consistently
that Row was reduced on concave surfaces and increased on
convex in comparison with a flat surface. Up to the separation

point good agreement with experiment was obtained.

Irvin and Arnot-Smith (1975) described calculations of
wall-jets on curved surfaces in which a Reynolds stress turb-
ulence model baged on that of Launder, Reece and Rodi (1975)

was employed. Again good agreement with'exPeriment was obtained,

1.5 Qutline of the thesis

The next two chapters of the thesis are concerned with the
experimental study of leading edge film cooling, the apparatus
and measurement techniques being described in chapter 2 and the
results obtained are presented in chapter 3. The theoretical
basis of the numerical methods employed to predict the film |
cooling flows is described in chapter 4. The modification and
application of these methods to the prediction of the aerodynamic
and heat transfer aspects of film cooling from two-dimensional
slots, Jets in crossflow, and at a leading edge are described
in chapters 5, 6 and 7 respectively. Conclusions and recommend-

ations stemming from this work are discussed in chapter 8.
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CHAPTER 2
APPARATUS AND MEASUREMENT TECHNIQUES

2,1 Introduction

The experimental part of the present study comprises an
investigation of the flow set up by the ejection of air fthrough
rows 0f holes in the surface of a c¢ylinder in crossfliow. The
experiment is arranged to model some of the major featurses of
a gas turbine rotor blade with leading edge f£ilm cooling.
Several workers have already investigated similar configurations
(c.f. section 1.3.3), however, geometries representative of
rotor blades have not been investigated in detail, and the
aerodynamics of leading edge film cooling has not previously

been studied in a quantifative manner.

The objectives of this work are %o provide detailed infor-
mation on the flow for turbine design and provide data with
which to validate numerical predictiomns., The work includes flow
visualisation together with measurements of the velocity profiles
and static pressure distributions on the surface of the cylinder
and concentrations of a tracer gas (Helium) injected with the
gecondary flow. The passive scalar results allow the dispersion
of the secondary fluid to be quantified and, through analogy
between heat and mass transfer, allow the cooling effect of the

secondary fluid to be determined.

This chapter describes the apparatus and the measurement

technigues employed. The results are pregentad in Chapter 3.
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2.2 Apparatus

2.2.1 Windtunnel

The experiments were conducted in an open circuit windtunnel.
Maingtream air for the tunnel was drawn from the laboratory by
a centrifugal blower driven at constant speed by an electric
motor. An adjustable slide valve on the blower inlet controlled
the mainstream flowrate, The air was passed from the blower
through a diffuser, settling chamber and contraction sections

to the test section which was of 300 mm by 200 mm cross-seciion,

2.,2.2 MTost piece

The rotor blade leading edge was modelled by a hollow
cylinder of 100 mm outside diameter mounted in the test gection
as shown in figufe 2.1(a). A splitter plate was fitted %o the
rear of the cylinder to prevent vorftex shedding which caused

probe vibration.

Three rows of f£ilm cooling holes 8 mm in diameter were
drilled radially into the cylinder on a pitching of 4 hole
diameters, and an angular separation of 40 degrees. Four

ejection configurations were studied :=-

1. Barse cylinder

2. Single row on stagnation line ( @ = Oa),

3, Two rows at *20 to either side of the
stagnation line ( 9;, = X '2.0°).

4, Two rows at *+ LD to either side of the
stagnation line (93. =X A-O°).

These are shown in fizure 2.1(b)
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Each hole configuration was obtained by selectively
blocking rows of holes with sellotape, and rotating the cylindexr
so that the holes werse symmetrically disposed on either side of
the stagnation line.

The internal cavity of the cylinder was employed as a
plenum chamber for the secondary air and, with a 68 mm intermal
diameter, was large enough to ensure an even distribution of
2low from the film cooling holes. The hole length %o diameter
ratio was 2, near the current gas turbine rotor blade wvalue

which is of order L/D ~ 3.

A total of 52 static tapping holes 0.5 mm in diameter
were drilled in the surface of the test piece to the arrangement

shown in figure 2.2.

2.2.3 Secondary air supply

The secondary air was obtained from the laboratory shop
alr supply and fed to the test cylinder using the system shown
in figure 2.3. Air was fed %o both ends of the test cylinder
to engure an even distribution of flow from the ejection holes,
With this system the Jet velocities in the absence of mainstream
flow were the same from each hole to within %the repeatability

of the measurements.

The secondary air flow rate was set up in the absence of
mainstream flow, The relationship between the area mean jet
exit velocity and the velocity at the centre of the jet was
determined for each injection configuration. The desired mean
jet wvelocity could then be obtained by adjusting the regulator
to give the corresponding velocity at the centre of the jet.
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The secondary flow rate was maintained constant during the

test run by maintaining the resuylting confrol pressure constant.
Because the effective pressure at the jet exit is dependent on
the maingtream velocity and the location of the ejection point
on the c¢ylinder, however, the secondary flowrate set without
mainstream flow differs from that with mainstream flow. This
waa minimised by sizing the restrictor %o give the highest
possible control pressure at the desired flowrate. All the
results quoted have been corrected for this effect, the corfect—

jon being, typically, less than 1%,

2.,2.4 ZIraverse arrangements

Traverse motlion was allowed in the X, Y and Z directions,
Pigure 2.1. In the X and Z directions the positional accuracy

of the *traverse gear was 120;05 mm, and in the Y directiont0.,1mm,

As a result of the need to obtain profiles in the B direction,
the traversing required motion of both the X and Y sliides. 1In
view of $his the angular locations of the traverses were chosen
go that the relative motion of the two slides was in a simple

ratio.

Since it was not possible to mount the traverse gear
directly over the test cylinder bvecause of the secondary air
feed pipes, the traverse gear was mounted upstream of the
¢ylinder and an offset probe holder employed. The probe holder
was sufficiently rigid to ensure fthat ‘the positional accuracy
of the probe location was not significantly greater than that

0f the traverse gear.
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2.2.5 Measurement probes

Two separate probes were employed : A pitot probe %o
determine profiles of the tracer gas concentration, and a
five-hole probe %o determine the profiles of the V.. , V, ,
and V, velocity components around the cylinder, The pitot
probe was manufactured from 1l.mm O.D. stainless steel
hypodermic tubing and the five-hole probe from O,8mm 0.D,
tubing, figure 2.4. The overall width of the five-hole
probe was 2.5 mm. Bryer and Pankhurst (1971) studied a wide
range of pressure prohbes %o determine their sensitivity,
accuracy, and range of application. They considered two
designs of S5-hole probe : one with an apex angle of ninety
degrees, and the other with an apex angle of seventy degrees.
The ninety degree apex angle probe gave greater directional
gensitivity, and suffered less from Reynolds number effects

80 that this has been employed in the present work.

FPor accurate measurements in shear layers the dimensions
of the 5-hole probe must be small in comparison with the scale
of the shear layer. The smaller the probe, however, the
greater the time required for the probe %o respond to a change
in the flow conditions, and the effect of Reynolds number on
the probe calibration is lncreased., There is, therefors, a
minimum size of probe which is practicable for use in any
particular application. The probe design shown in figure 2.4(b)
represents the smallest that could be used for the present work.

These points are discussed further in section 2.4.3.

Both the sampling probe and the 5-=hole probe were manufaci-

ured 3o that the gstem of the probe was a tight £it in the

probe holder., This allowed the probe %o be rotated to any
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desired angle to the flow, and yet was sufficiently firm to

prevent movement of the probe once it was set up.

The probes were designed so that the measurement head
was offset from the stem of the probe %o prevent the blockage
of the flow that would otherwise have arisen from the
juxtaposition of the cylinder wall and the stem of the probe,

when measuring near the wall.

2.3 Experimental condifions

The experimental conditions employed are compared with
those at the leading edge of a typical gas turbine roftor blade
in Table 2.1, Further details are given in Table 2.2 which also
indicates the measurements obtained at each condition. Because
of bistability of the jet f£low the full range of measurements
were not attempted for the J = 1.8 condition of the single row
configuration. The velocity profile measurements were only made
at the high jet velocity ratios to minimise the effects of the

poor spatial resoclution of the 5-hole probe.



Parameter

L.E, Radius (R)

Film Cooling Hole
Diameter (D)

R/D
P/D

Mainstream
Approach Velocity ( V)

Approach Mn

Mainstream

Turbulence intensity
(Tu o)

Point at which accl'n,
parameter , k < 2-Sxio

Reynolds number based
on L.E., Diameter

Rayleigh. No.

Density Ratio (Pf//oa)
Velocity Ratio (J)
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Typical Gas Experimental
Turbine Rotor Blada Condition
2.4 mm 50 mm
0.39 mm 8 mm
6.25 6.25
4-5 4
200-300 m/s 13 n/s
0.25 0.04
& = 50-60° 65 °
8.5 x 10% 8.5 x 10*
5 x 10° 0.0
~AJ) |-b 1.00
0-5-105 005-108

Table 2.1 Comparison betwesn the experimental conditions

and those for a typical gas fturbine rotor blade

leading edge,
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Measurement Obtained

= = o]l <
o Q o]l o
Eletleo |za | %|Es
CERERACHER LR
S ] H | d®m o go]aw
. . L naol|Sd|sceo —~ O =o|loo
Configuration | Condition| Z|@Zmngy (oh 2124
gl olo
3are Cylinder No Blow / /
g:jc.ngletRow En =5 = 0.5 / \/ / / /
agnation Line
smenon A =0 /|| /S /S
>=18{/| /| /
Two Rows at -5 = 0.5 \/ / / ~/ /
-l
% 20 degrees = 1.0 / / / / /
T = 1.8 \/ / / v/ / /
Two Rows at I = 0.5 / \/ \/ / J
d
Ehodegrees =10 /| /| / S/
=18 /| /| /S

Table 2.2 Experimental conditions investigated.
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2.4 Measurement Yechnlques and operating procedures

In this section the measurement technlques are described,
together with the steps taken to ensure the highest possible

accuracy of measurement.

2.4.1 Flow visuwalisationg

Visualisations of the secondary jets and their mixing
with the mainstream flow were obtained by injecting smoke
into the secondary air supply to the test cylinder. The
smoke was created by a smoke generator which produced the
smoke by heating a light oll in the presence of carbon dioxide.
In order to improve the visibility of the smoke and the
surface visualisations, the test cylinder and the tunnel side

wall opposite the camera were covered with matt black 'Fablon'.

The surface flow visualisation material was a mix, by

volume, of :-

45% paraffin
50% titanium dioxide
5% sgilicone oil

and a few drops of oleic acid.

Once the surface was coated with this material, new
flow visualisation patterns could be obtained simply by

wiping the surface with a paraffin soaked rag.




- 49 -

2.4.2 Static pressures

The static tappings on the test cylinder were connected
via Norgren pressure switches to a Furness Controls Universal
Pressure Anemometer, capable of measuring pressures in the
raﬁge 0.1 to 2000 mm H,O with an'accuracy of £3%. In order to
improve the accuracy of these measurements, the universal pressure
anemometer was calibrated against a vernier scalsd manometer,
capable of measuring pressures to within*0,1 mm H,OQ over the
range 0 to 100 mm H,0. 4 curve f£i¥ to this calibrafion has
been used for the determination of pressures throughout this

work and is accurate to*1%,

As a result of the unsteady nature of the flow, the output
from the universal pressure anemometer was connected to a
Solartron Time Domain Analyser to give the time meaned values

of the measured pressures,

The upstream reference pressure was located on the tunnel
centreline 4 c¢ylinder diameters upstiream of the cenire of the
cylinder. This point is within the potential field of the
cylinder, and fthe staftic pressure was 0.03 dynamic heads above
the unperturbed freestream value, The measured data have been

corracted to account for this.

2.4.3 Velocities.

Provided that it is within its range of calibration, a
five-hole probe may be used to determine both the magnitude

and dirsction of the velocity of the flow incident to i%t.
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Referring to figure 2.5 for the definition of terms :-

Velocity Magnitude |V | = (1“ ( Po— p,.)
Pitch Angle o = F E3 - 2,,)
Po""' PM
Yaw Angle ﬁ = F (
Po— P“
Total Pressure pr = F.,- ( Po — P"") ¥ P-
where Pvw = P1 + Pz +pa+ Pu

4-

and the functional dependencies

fa 5 £, 5 £

(See Bryer and Pankhurst (1971)).

y 1 and £, are determined by calibration.

The probe calibration was carried out in a free jet
normally used for fthe calidbration of hot wire probes and
covered a range of *45 degrees in both pitch and yaw at a

flow velocity of 13 m/s.

Provided the Reynolds number of the flow around the
probe is sufficiently high the calibration is independent of
Reynolds number. 3Bryer and Pankhurst (1971) do not quantify
the Reynolds number dependence of 5-hole probes, duti they
indicate that they became significant for sharp edged
yawmeters below Reynolds numbers of 1500 (based on probe width).
For the present measuremen®s %this corresponds to a flow velocity
of about 8.2 m/s, which just falls within the range of measure-
ments obtained (7.5 to 25 m/s) apd suggests that, if there are

any Reynolds number effects in the measurements, they are likely
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to be small. This has been confirmed by analysis of
calibration curves obtained at velocities of 6.5 m/s and 26 m/s,

The response time of the probe is dependent on the rate
of flow through the small bors tubing of the probe and the
volume of the pressure transducer and the connecting tubes,
Since the probe is made as small as possible the response
time can be significant. The arrangement used for the present
work was chosen so as %o reduce this response time to a
minimum. ZEach tube of the probe was connected via a short
length of 1.5 mm bore tube to a Norgren pressure switch, and
thence by a further short length (32 cm) of the tubing to the
universal pressure anemometer, This arrangement gave a response
time of about 10 seconds to a change in conditions at the

probe, and 6 seconds to a change of port in the pressure switch.

Since the probe is employed to deftermine the flow direction
it is impor¥tant to be able %o position the probe with accuracy.
This requires that the probe be positioned at the appropriate
point on the c¢cylinder corresponding to the start of each radial
traverse, and that it be aligned parallel to the tangent %o the
gurface of the cylinder at this point. This was achieved by
scribing 1ines on the bottom floor of the windtunnel correspond-
ing to the locus of each traverse and a normal to this line
corresponding %o the tangent %o the cylinder., Using these
lines, the probe could be positioned to within¥ 0.3 mm of the
desired location on the cylinder and to within*0.5 degrees of

the tangent angle.
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The determination of the calibration coefficients and
the analysis of the results obtained by the five-hole probe
were carried out by computer programé written specifically

for the purpose.

2.4.4 Concentration

The validity of the use of techniques for determining
film cooling effectiveness based on the analogy between heat
and mass {ransfer has been demonstrated by several workers
including, for example, Pedersen (1972) and Rastogi (1972).

In the present work ftracer gas concentration measurements were
obtained using a Servomex Micro-Katharometer (M.,K.158). The
Katharometer consisted of two chambers containling heated wires
which form two of the legs of a Wheatstone Bridge. Gas samples
were drawn through each of the chambers, cooling the wires by
an amount dependent on the thermal conductivity of the sample,
and the flowrate and temperature of the gas. The sample for
one chamber was drawn from the laboratory to form a datum, the
other was drawn from the experiment., Provided the flowrate and
temperafture of the samples were identical then the Wheatstone
Bridge imbalance arising from the difference in the temperature
0f the wires was proportional to the mass fraction of the
tracer gas. To ensure that the temperature of hoth samples was
identical, the Katharometer chambers were placed inside an oven
t0 maintain a conatant and uniform temperature environment.

The flowrates of the samples were registered by rotameters and
adjusted by needle valves to main%ain constant and equal
flowrates. The influence of the sampling rate on the accuracy

of this equipment has been studied by several workers; for

example Crabb (1979), and a sampling rate of 3ml/sec. has been
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found to give accurate results without excessive tegting time.

This has been employed for the present work.

The secondary gas was seeded with the {tracer gas (Helium)
at the rate of approximately 1% by volume by injecting the
helium at a constant rate at a point upstream of the restrictor
(see figure 2.3). This ensured thorough mixing of the tracer
gas with the secondary airflow in the plenum chamber.

To reduce errors arising from zero drift of the Katharometer
and changes in the jet concentration, these were checked before
and after each set of measurements., Additional checks on %the
zero drift of the Katharometer were made during the surface
éoncentration measurements by taking a sample of laboratory

air before sampling from each static.

2.5 Accuracy of fthe measurements

2.5.1 Static pressure

The total pressure of the windtunnel mainstream flow
was comstant to within*1% of its nominal value and the
secondary flowrate was maintained to within®1% of the desired
value, Whilst variations in the mainstream total pressure will
be directly reflected in the static pressures, this is not the
cagse for the variations in the secondary flow so that it is
necessary to determine the exchange rate between the secondary
flow and the static pressures. This may be found by studying
the experimental results., In the worst case injection at
Ve /Va = 1.8 resulted in a perturbation of the unblown
static pressure distribution of about a Cp of 0.8,
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The perturbation of static pressure is approximately linearly
dependent on the injection velocity so that a variation of *1%
in the secondary flow will lead %o a variation in Cp of
approximately * 0.008,

Inaccuracles arising from the static tappings themselves,
i.e. burrs, leaks etc. would be readily apparent in the measured

results for individual tappings and need not be considered here,

As described in section 2,4.2 the accuracy of the measur-
ing equipment was *1% so that the total error in the static
pressure measurements was therefore :=-

ACp = = /(o-ol)"-- (0-008)1# (o-oﬁ'

* O-0olb

i

2.5.2 Velocity

We assume that the variations in the windturpnel and

secondary flowrates translate directly into velocity, i.e.

AV (Mainstream) * 0.5%

+ 1.0%

AV (Secondary)

The iotal error of the five-~hole probe measurements is
dependent on the errors incurred during the probe calibration
as well as those arising in the course of the measurements.

A major component of the calibration errors result from errors
in recording pressures, and the calibration program has been
employed to evaluate the influence of * 1% variations in
pressures on the apparent velocity magnitude and directionm,
This has shown that the uncertainties in the velocity magnitude
and direction arising from this cause are less than 2% and 0.6

degrees respectively.
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Further errors in the calibration could arise from errors
in the pitot probe measurement of the calibration jet velocity
(* 0.5%) and angular pesition ( * 0.5 degrees). The total

errors arising in the probe calibration are :=-

A Magnitude

]

r(1,0)1+(o.5’)‘ = x£2,1%
[(oCF+(os) =%08°

Bryer and Pankhurst (1971) found that the effect of

i

A Direction

turbulence on five-hole probe measurements is dependent on
its scale. For turbulence with small scale relative to the
probe, the 5~hole probe reacts much as a pitot-static probe

for which the fotal pressure registered is :=-

™ = i+ '_'E_z'
Y Vu:
':./3 o=

and the static pressure exceeds the stream pressure by :=-

Press—p = 1 [ 8ia
TR < Vo

Assuming isotropic turbulence this may be written in

terms of K:—

2
E‘:\coa _z E = [3 E

Downstream 0f a jet in crogsflow the turbulence intensity
frequently reaches 40% which is equivalent o k/v:’,: 0.24

for isotropic turbulence.
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Assuming that all this energy lies in the small scales of
turbulence, the error arising in the perceived pressures

is therefore :-

Ap =+l| e -2k
TvE T3V

)
.l-
=
wi-
slx
|

= 4+ 0O-OL

Using the exchange rate between errors inm pressure and
velocity, already determined, the error in the velocity

measurement is therefore :=-

AV = +8%

The effects of large scale turbulence appear %o reduce
the apparent total pressure and hence tend fo oppose the
influence of the small scale %turbulence, however, this is
not sufficiently well understood %o be able to quantify the
effect.

A3 a result of the finite size of the probe, gradients
in $otal pressure will give rise to apparent velocities normal
to the stream. The magnitude of these apparent velocities
will be dependent on the magnitude of the gradient and the
gize of the probe. Again, this effect 1s not thoroughly
understood and cannct be quantified. I%¥ has been minimised in
the present work oy making the probe as small zs possible and
obtaining velocity measurements for the flow conditions with

the largest scale features,

Reynolds number effects have been discussed in section

2.4.3 and may be neglected,
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Leaks in any of the tubes connecting {the probe to the
universal pressure anemometer will not be readily apparent.
Consequently, before taking each set of measurements, the
probe was set facing upstream at a position well upstream of
the cylinder in order to test for any change that could
indicate a leak.

The errors arising from inaccuracies in recording pressures
will be the game as those determined from this cause for the

calibration, i.e.

A Magnitude

I+

2%

"

[-]

"
H

A Direction 0.6

Finally, using the lines scribved in the floor of the {est
section, the probe could be aligned fo within *= 0.5 degrees,

In regions of low turbulence the total errors in the

velocity measurements are therefore :~

* I(O-S')z « (Loy (= D-L* &y

A Magnitude

xr 3.1%

and A Direction

]

x J (0-8’)14- (0-5)1 > (0-5)1

i}

+ 1.1 degrees

In regions of high turbulence intensity, such as

in the wake of the film cooling jets, the error in the
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velocity magnitude becomes :-

A Magnitude = I(g.\)".,. (20"

8.6%

2.5.3 Concentration

For the concentration measurements we must account not
only for the variations in %the mainstream and secondary flow
rates, but also for the flow variation of the tracer gas.
This amounts to approximately *2%. The variation in the jet

concentration is therefore :=-

[

= Rt-o)‘ « (2o

Ac,

* 2.2%

Whilst the Time Domain Analyser was employed %o obtain
time mean pressure values for the static pressure and five-hole
probe measurements, this was nol available for most of the
concentration measurements. Thes time mean concentration was

therefore deftermined manually.

Subsequent checks using the Time Domain Analyser showed
that the measurements obtained in this way were accurate to

within = 3%

Another source of error in the recording equipment was the
zero drift. This could beeguivalent to as much as¥0.01 of the
tracer gas concentration in the secondary flow and lead %o

difficulties in the measurement of low concentrations.




- 59 o

Bringing these sources of error together, the overall

accuracy of the concentration measurements is :-

2(L) - [T TG0

* 4%
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CHAPTER 3

PRESENTATION AND DISCUSSION OF THE

MEASUREMENTS

3,1 Introduction

The apparatus and techniques employed for the measurements
have been described in chapter 2. In this chapter the results
obtained during the experiment are presented and discussed.
Measurements for the cylinder without secondary air ejection
are describved in section 3.2, and those for the three config-
urations with secondary air ejection ( &5 = 0, ®£ 20 and X 40
degrees) are discussed in sections 3.3, 3.4 and 3.5 respectively.

Concluding remarks are contained in section 3.6.

3.2 Results without secondary air ejection

Measurements were made without gecondary flow to check
the symmetry and two-dimensionality of the flow around the
cylinder, and also to provide confirmation of the accuracy of

the five-hole probe measurements,

The measured static pressure distribution around the
cylinder is shown in figure 3.1, Results ob%tained on the
opposite side of the stagnation line (O<KO) are in close
agreement and indicate %the symmetry of the flow. Confirmation
of the accuracy of the measurements has been sought by complet-
ing a poiential flow analysis of the flow around the cylinder.
The solution employs the method of singularities and includes
the effect of the windtunnel walls. A full description of the
method is given in appendix I. As a result of viscous effects

the measured static pressure distribution will aot be 1in perfect

agreement with that given by potential flow theory. Similar
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comparisons for cylinders in unbounded crossflows would
suggest however that good agreement should be obtained for

© < 30 degrees, gee Schlichting (1968) for example. As
shown in figure 3.1, the present static pressure measurements
are in excellent agreement with the theoretical result for

© £ 40 degrees,

Profiles of the tangential ( V@ /Ve ) and radial (Ve/vVe )
velocity components derived from five-hole probe measurements
are shown in figure 3,2, together with velocity profiles pred-
icted by the potential flow analysis. The agreement obtained
is generally consistent with the neglect of viscous effects
in the prediction and the experimental errors determined in
section 2.5.2. The measurements show however that the point
adjacent to the wall has been influenced by the presence of
the surface and an apparsent velocity component away from the
wall may be observed in the profiles of VL//\ﬂo. Zxamination
of the \Al/«ﬁn profiles allows the two-dimensionality of the
flow to be determined. The results show that ‘Vz/\/.,,‘ £ 0.02
which corresponds to flow deviations of less than 1.2 degrees
and is not significantly greater than the experimental error.

We conclude that the flow in the mid-span plane of the cylinder

is two-dimensional.

3.3 Single row : O3 = 0 degrses

3.3.1 Flow vigualisations

Smoke and surface flow visualisation piciures for this
configuration are shown in figure 3.3. The results indicate
the strong effect of the velocity ratio ( Vr/\/eo ) on the
flow. Tor \éyklcﬁ7|. the £low becomes bistable and, with

the splitter plate fitted, the ejected flow switches from one




- 62 =

gide of the cylinder %o the other. With the splitter plate
removed the flow is stable, but not symmetrical about the
nominal stagnation point, the jets flowing over only one of

the surfaces of the cylinder as shown in figures 3.3(a) and
(b). (Note that in the surface visualisation 3.3{(2) the bottom
jet is flowing over the near side of the cylinder, causing the
feature observed towards the base)., The cause of the bistable
flow has been deduced from predictions presented in chapter 7
and is a result of the shedding of vortices generated along the
front of the cylinder by the ejection, which then interact with
those at the rear of the cylinder. TFurther discussion of the

bistability is given in section T.3.1.

For V‘i’/\/w< ., the secondary jets divide to flow
symmetyrically to either side of the stagnation point, figures
3.3(c¢) and (e), but now there is a tendency for adjacent jets
to pair as shown in figure 3.3(d). Crabb (1979) has observed
similar behaviour in a study of a row of jets in crossflow.
Where there is a significant mainstream crossflow at the jet
exit, however, the mainstream flow penetrating between the jets
inhibits the pairing and Crabb (1979) only observed pairing
where one of the jets was located asymmetrically between the
adjacent jets. For the present ejection configurasion the
mainstream crossflow is very weak so that the pairing of the
jets is not inhibited. The random naturs of the pairing suggests
that it is triggered by perturbations in the mainstream flow
causing adjaceat jets %o move together., 2Provided the perturb-
ations are sufficiently large, the jets will be drawn together
by mutual entrainment. Separation of the jet pair arises as

a result of subsequent perturbations of the mainstream flow.
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3.3.2 Static pressure digstribution

As a result of the bistability of the flow, the only
measurement obtained for J > 1 was the static pressure dist-
ribution, Wwith the splitter plate removed, for VoV = 2.0,
The results, shown in figure 3.4 indicate the asymmetry of the
flow, the stagnation line lying between 5 and 10 degrees from

its nominal position.

3.3.3 Velocity profiles

Velocity profile measurements were obtained for J = 0.9
the results for z/D = 0.0 and 1.0 being shown in figures
3.5(a) and (b) respectively. I? is notable that the ejection
of secondary f£fluid has had little effect on the wveloecity field,
the Ve and Vi components being only slightly different from
those obtained without ejection, shown in figure 3.2. This is
not typical of jets in crossflow in which the secondary jet
causes large distortions of the velocity profiles downstream
of the ejection point. The distortions are largely a result
of the blockage of the mainstream flow caused by the secondary
jets. Por ejection along the stagnaftion line however, the
cross—flow component of the mainstream is negligible, and the
blockage caused by the secondary jets must be seen.in relation
to that of the cylinder. Since in the present case R/D = 6.25,
the blockage caused by the cylinder must dominate that of the
secondary Jjets, the effect of ejection on the wvelocity field

is relatively small.

The radial and lateral velocity components { Vr/\/m )
and ( V,_/\/.,.a ) show evidence of a "streamwise" vortex.
These vortices are formed at the ejection point and pass over

the surface of the cylinder %o either side of the stagnation
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point. BEach vortex is therefore continuous from the © > O
separation point to the leading edge and on around to the

© <D geparation point. Further analysis of the vortex
structure is made difficult by a slight asymmetry of the flow,
causing lateral velocity components of up to ‘Ja/\hp = 0,06

at z/D = 0,0. Since the measurements are mean values
obtained over a long period of time, this could possibly arise
as a result of a slight bias in the jet pairing. It is unlikely
to have a significant influence on the basic features observed

here,

3.3.4 Concentration measurements

Measurements of tracer gas concentration for J = 0,89 and
0.48 are shown in figures 3.6 to 3.9. The concentration profiles
presented in figures 3.6 and 3.8 show that the secondary fluid
penetrates to "'/R‘-'?'- 1.5, i.e. about 3 hole diameters from the
surface for V""/\.lc,.g,= 0.89 and about 1 hole diameter from the
surface for ‘V}/\hn = 0,48, At both conditions the jet penet-
ration remains approximately constant with increasing (S I
This is because the action of entrainment and diffusion which
tend %o spread the secondary jet fluid away from the wall is
balanced by the effect of the acceleration which draws the
fluid towards the wall. The peaks in the profiles at © =0
and 26,6 degrees indicate that the Jjet is detached from the
surface. Beyond © = 45 degrees the acceleration has caused
the reattachment of the jets and no peaks may be observed in

the profiles,

The surface concentration ('Zi“ } measurements for J = 0.99
and 0.48, presented in figures 3.7 and 3.9, display significant

differences, For example; the measurements for J = 0,99
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indicate very strong lateral spreading of the secondary fluid,
whereas those for J = 0.48 show evidence of little lateral
spread. The strong lateral spreading for J = 0.99 is partly
caused by the pairing of the secondary jets observed at %this
condition in the flow visualisations (e¢.f. section 3.3.1), and
partly a reflection of the large size of the streamwise vortex
set up by the secondary injection. Indeed, the streamwise
vortex is so effective at transporting secondary fluid away
from the jet centreline, that the measurements show lower
values of Rjs at z/n = 0.0 than at Z/p > 0.0. TFor J = 0.48
the streamwise vortices are relatively small, and jet pairing
does not occur at this condition so that the lateral spread

is correspondingly much smaller than that for J = 0.99. The
reduced penetration and lateral spread of secondary fluid for
the lower velocity ratio condition causes arcoﬁfinement of the
secondary fluid which results in higher levels of surface

concentration at Z/D = 0.0 and 0.5.

3.4 Two rows : O = * 20°

3.4.1 Flow visualisatjons

The flow visualisation results for Oy = £20° are

presented in figure 3.10. The large gcale interactions with
the mainstream flow observed for the Oy = O°configuration

do not occur and the flowfield is more akin to that normally
observed for jets in cross-flow. The gmoke flow visualisations
show that the penetration and lateral spread of the secondary
fluid is considerably less than that observed for the @.3-::0o
configuration., This reflects the action of the mainstream
cross—-flow which causes the secondary jets to bend towards the

surface, as described in section 1.3.2.
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The surface flow visualisations presented in figure 3.10
show a marked effect of the ejection. For J = 2.0 the surface
fluyid is drawn around the periphery of the hole into the low
pressure region downsiream of the jet. Beyond this region,
which extends approximately 1.D downstream of the hole, the
convergence of the visnalisation material towards the jet
centreline indicates the action of the streamwise vortices,
causing the entrainment of mainstream fiuid under the secondary
jets. At the lower jet veloclty ratiocs the effects are much
less marked and, at the lowest velocity ratio, there is no
sign of the entrainment of mainstream flow under the jet,

indicating that the jets are attached to the suriface.

At all three velocity ratios a small region of reverse
flow may be observed at the downstream edge of the holes, into
which the flow visualisation material has cocllected., It is
impossible to determine the size of the reverse flow regions

because of the effect of gravity on the collected material.

3.4.2 Velocity profiles

Velocity profile measurements were obtained for J = 1.98,
the results for z/b = 0,0 and 1.0 being shown in figures
3.11(a) and (b) respectively. The influence of the ejection
on the tangential velocity component { Ve/\/m } is similar
to that observed in the streamwise velocity component measure-
ments of Ramsey and Goldstein (1971) and Crabb (1979) on rows
of holes and jets in crossflow on a flat plate. Although in
the present work the jet-mainstream interaction will e influ-
enced by the surface curvature and the acceleration of the
mainstream flow, this Sugzests that, unlike the Oy = 0

configuration, the interaction is essentially similar to that
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of the jets in crossflow.

If instead of characterising the velocity of the injected
flow by the unperturbed velocity of the mainstream approaching
the cylinder ( Vew ) we chose the peak Vg velocity component
near the wall in the vicinity of the ejection point for the
unblown case ( V_ ), the effective velocity ratio becomes
J,. = 2.66. This definition is more consistent with that
employed in flat plate studies and permits comparison beiween
the present measurements and published flat plate results,

The data of Crabb (1979) for a row of holes with P/D = 4 and

J = 2,3 is perhaps the most appropriate. The tangential
velocity profile (Ve/\/.g) for © = 36.9 degrees and 2/b = 0.0
plotted in figure 3.11(a) displays a peak at 'U“I = 1.25
(L.5D from the surface). In terms of surface perimeter down-
stream of the hole this profiie corresponds approximately with
that measured by Crabb (1979) at X/D = 2 for which the peak
velocity occurs 3D from the surface. Comparisons with the
results at © = 45 and 63.4 degrees also show much decreased
jet penetration with ejection from the cylinder compared with
the flat plate results. This reflects the action of the
acceleration of the flow around the cylinder which gives rise
to significant radial velocity components towards the surface
countering the momentum of the ejected fluid and reducing the
jet penetration. This outweighs the influence of the surface
curvature which, as Bradshaw (1973) observes for wall jets on
convex surfaces, leads to increased spreading of the jet due

to enhanced fturbulent mixing.

The Vyr and Vi velocity profiles shown in figure 3.11

indicate the presence of a strong streamwise vorfex near the

gurface of the cylinder., This corresponds with one of the
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contra-rotating vortex pair characteristic of the flow down-
stream of jets in crossflow. Inspection of the Vy— profile

for Z/D = 1.0 shows that the centre of the vortex lies at
P/R.:: 1.15 at all three traverse locations, implying no
increase in the size of the vortex. It can also be seen that

~ the strepgth of the vortex, inferred from the velocity near

the surface, decreases by a factor of 2 between © = 36.9 and
63.4 degrees. This arises partly as a result of the dissipation
0f the angular momentum of the vortex by shear stresses, and
partly as a result of the entrainment of mainstream £fluid into

the vortex induced by the acceleration.

The Vk/b;,profile at © = 36,9 degrees and Z/D = 0 indicates
a small region of spanwise flow in the viecinity of the low
tangential (Ve /Vw) velocities. This region, if not pars of
an area o0f reversed flow, is Just downstream of flow reversal
and the measurements will be subject to probe interference.
The existence of a small asymmetry in the flow is confirmed
however by the profiles at © = 45 degrees. The lack of
aymmetry is unlikely to have a large effect on the major features
of the flow because it is of limited extent and the deviation

associated with it is only about 5 degrees.

3.4.3 Concentration measuremenss

Measurements of tracer gas concentration for this config-
uration are shown in figures 3.12 to 3.17. Concentration
profiles for J = 1.98, 1.11 and 0.5% are shown in figures 3.12,
3.14 and 3.16 respectively. As with the Vb/«&, velocity
profiles presented in section 3.4.2 Wne profiles are of similar

form to the scalar profiles obtained by ejection into zero

pressure gradient flow over a flat plate (e.g. Ramsey and
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Goldstein (1971) and Crabb (1979), bus indicate a reduced
penetration of the secondary jets. The results for J = 1.98
and 1.11 display peaks above the surface of the cylinder
indicating that the secondary Jjet is detached from the surface
of the cylinder, zallowing the intrusion of the mainstream
beneath the jet. The measurements for J = 0.55 peak above the
surface only at © = 26.6 degrees and it would appear %that

by © = 45 degrees the jet has become attached to the surface.
The flow visualisation results presented in section 3.4.1 show
that, in fact, the jet does not detach from the surface, and
the peaks in the councentration profile at © = 26.6 degrees

may be the result of probe interference.

The surface concentration measurements for J = 1.98, 1.11
and 0.55 presented in figures 3.13, 3.15 and 3.17 respectively
show the lack of lateral spread of the secondary fluid observed
in the flow visualisations (ec.f. section 3.4.1). Virtually
no secondary fluid is detected at 2/D = 1.0 upstream of the
separation of ‘the mainstream from the cylinder at © no 90 degrees.
The lateral spreading of the secondary fluid is largely caused
by vhe action of the streamwise vortices associated with the
gjection and the results reflect the small scale of the vertices
set up by the ejection from the cylinder. The results also show
that ﬂlha increases significantly as the injection rate is
decreased, This reflecvs the decreased penetration of the ejected
£21low and the reduction, or complete suppression of fthe intrusion
of maingtream flow beneaih the jets.

3.5 Two rows : O = E 10 degrees

3.5.1 TIlow visuyalisations

Flow visualisations for & = X 40 degrees are shown in

figure 3,18. Some of the features of the flow visualisations
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are similar to those observed for the ©; = ¥ 20 degree
configuration : the small lateral spreading of the secondary
fluid for example, and the reverse flow at the downsiream edge
of the holes. One 0f the most marked features of the surface
visualisations, which was not apparent for the previous config-
uration, is the line of separation denoted by the boundary
between the light and dark regions. The result for J = 1.0
shows clearly that the separation originates from upstream of
each hole. Foss (1980) has observed separation of the mainstream
upstream of a jet in crcssflow; the large scale of his experiment
allowing the full complexities of the flow to be determined.

In the simplest case a pair of contra-rotating vortices were
observed immediately upstream of the hole. The vortex assoc-—
iated with the separation upstream of the hole is akin to a
"horseshoe" vortex and occurs because the near-wall fluid of
the boundary layer approach;ng the jet is unable %o withstand
the adverse pressure gradient upstream of the hole. The second
vorftex lies nearer the jet and is caused by the shear between
the jet and the surrounding fluid. This provides reasonable
grounds for the postulation of the existance of two pairs of
contra~rotating vortices downstream of each hole. A larger
pair of vortices related to those normally associated with jets
in crossflow which originate from the shear generated vortex
with a smaller pair of vortices lying beneath them roftating in
the opposite sense which origirnate from the "horseshoe" vorftex.
The separation line downstream o? the holes, shown in the
surface flow visualisations, is associated with the upwash

region between the smaller and larger vortices.
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3.5.2 Velocity profiles

Measurements of the velocity profiles for J = 1.8 are shown
in figure 3.19. The major features of the results are similar
to those of the O, = ¥ 20 degree configuraiion except that
the peaks in the velocity profiles are more pronounced and the
symrmetry abouit 2/D = 0.0 is improved. No measurements could
be obtained near the wall for © = 53.1 degrees and Z/D = 0.0
because of flow reversal. No evidence for the existence of
the smaller pair of confra~rotating vortices, postulated in
the discussion of the flow visualisation results (c.f. section
3.5.1), may be seen in the measurements and it is probable

that they are too small to be resolved by the five hole probe.

In relation to the results for €4 = £ 20 degrees, the
measuyrements for this configuration show reduced penetration
0f the secondary jets. This reflects the increase in the
velocity Vi (c.f. section 3.4.2) between © = 20 and 40 degrees

resulting in a decrease in the local velocity ratio J, .

3.5.3 Concentration measurements

Concentration profiles for J = 1.8, 1.0 and 0.5 are shown
in figures 3.20, 3.22 and 3.24 respectively. It is useful to
compare the results for the ¥ 40 degree configuration with
those of the X 20 degree configuration on the basis of the

local velocity ratio, Jp :

©,= x20° Qp=%140°
Jd Ju dJd Ju
1.98 2.6 1.80 1.30
1.11 1.45 1.00 0.77
0.55 0.73 0.50 0.39
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In terms of J_ the J = 1,80 and 1.00 conditions of the
©5= X 40 degree configuration relate to the J = 1.11 and 0,55
conditions of the EB,u: * 20 degree configuration. Comparing
Pigure 3.20 with 3.14 and figure 3.22 with 3.16 it can be seen
that the concentration profiles for the two configurations are
in approximate correspondence, The agreement between the surface
concentration results is poorer however (compare figure 3.21 with
3,15 and figure 3.23 with 3.17). This is largely because of the
existance of the radial velocity components and because V_ relates
to the peak Vg component near the wall, not the veloecity further

from the surface.

Concentration profiles for J = 0.5 are shown in figure 3.24
and it can be seen that the penetration of the secondary fluid
is very small (approximately 0.5 D) and that the jets remain
attached to the cylinder. The surface concentration measurements
presented in figure 3.25 show a peak level of Miw > 0.9 and
a steady decrease with increasing © . This is due to a combin-
ation of the low massflux of the secondary fluid and the rapiad
diffusion of the secondary fluid into the mainstream as a result
of the high concentration on the surface and the thinness of the

layer.

3.6 Concluding remarks

The results presented in this chapter have shown that the
flowfield set up by ejection from a row of holes on the stagration
line has a different character to the other ejection geometries
gtudied. The difference in character of the stagnation line
ejection is a result of a combination of the lack of mainstream
crossflow, and a large scale interaction hetween the secondary

fluid and the mainstream which influences the location of the
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stagnation line. For J > 1.0 the flow is bistable and symmetry

about the nominal stagnation line cannot be obtained.

Neither of these features are present for the D5 = * 20
and * 40 degree configurations which are essentially similar in
character to jets in crossflow. The velocity ratio ( ‘V;'/\JL )
is congistent with the definition employed for jets in crossflow
and allows comparisons to be made between the present results
and previous measurements of jets in crossflow, The comparisons
ghow that the penetration of the secondary jets is much smaller
in the present results largely as result of radial velocity

components in the mainstream flow.

For the purposes of turbine blade cooling the influence
of the ejected flow on the aerodynamic efficiency and the heat
transfer to the surface of the component are of prime interest.
The following vparagraphs describe the aerodynamic and "heat"
transfer aspect of the present results in the context of the
cylinder. The implications for turbine blade cooling are

considered in chapter 8,

For J £ 1 the ejection on the stagnation line has 1little
influence on the aerodynamics of the mainstream flow, the velocity
profiles showing little change frcm those obtained without
ejection. Indeed the profiles of total pressure obtained from
the five hole probe measurements (not presented) show that the
ejection produces very small mixing losses. In contrast, for
J> 1 the ejection has a major influence on the flow around the
cylinder, which becomes asymmetric about the nominal stagnation
point. The other two ejection configurations examined show a
much greater effect of the ejection on the velocity profiles,

and the total pressure measuyrements suggest that the aerodynamic
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losses due to turbulent mixing increase as Ei: becomes larger,

The impervious wall effectiveness results presented in the
previous sections show trends of increasing effectiveness along
the jet centreline (Z/D = 0.0) with increase of ; and decrease
of J. In the examination of these results however, it is import-
ant to bear in mind that one of the requirements for turbine blade
cooling design is to seek configurations giving the maximum over-—
all cooling effect for the minimum coolant flow, Hence it is
useful to compare the three configurations on the basis of the
overall cooling effect produced for a given total coolant flow.

An examination of the results for the J = 0.90, 0.55 and 0,50
conditions of the @, =0, = 20 and * 40 degree configurations
respectively, for which the ftotal flow of coolant is approximately
the same, shows that the greatest coverage of the surface is given
by the ©5 = 0 configuration, but %he highest levels of Mia
are obtained for the @5 = <% 40 degree configuration. The
overall cooling effect given by the 3 configurations has been
gtudied by estimating the area mean values of Riw oOver the

surface for © between O and 80 degrees, with the following

results :-
Qs = 0 degrees, !Zﬁa(Area mean) = 0,045
= X 20 degrees = 0.105
= * 40 degrees = 0,148

It can be seen that in spite of leaving the first forty
degrees of the surface uncooled the X400 degree configuration
gives by far the greatest cooling, as a result of the higher

levels of o attained,
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CHAPTER 4

THEORETICAL CONSIDERATIONS

governing eguations

The

equations governing the transport of mass momentum

and energy of a fluid may be written, using Cartesian teunsor

notation

Cp

The

of sftate:

Vi 3 = v.r+_a_(ka-r + 3 | Vi (gg+av-
P = PN = o 1 I v

is the total specific enthalpy defined by
T

h = k,.eg + j Cpd T =+ Jz‘_V:,Vj
Toef '

specific heat at constant pressure

density of the f£luid is obtained from an eguation

oo

po=pip.T) (&-s)
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Equations (4-1) to (4-4) form a closed set of six
equations in the six unknowns V, ,Vz 4 V3, ps T oad p
so that in principle it is possible to solve the equation
set to determine the values of the unknowns. In practise the
equations are difficult %o solve because of the non-linearity
of the convection terms on the left hand side and the strong

coupling between them.

For the purposes of the present work some simplification
of the equaiions is permissible, since all the work presented
in chapters 5, 6 and 7 concerns steady, low velocity fiow, with
small temperature differences. The maximum Mach and Eckert
numbers that occur are 0.2 and 0.1l5 respectively. Thus it is
possible fto neglect the influence of pressure on the density
of the fluid and the kinetic energy and shear work terms may
be dropped from the energy equation, which may be further .
gimplified by assuming a constant specific heat. Finally the
only external body forces occurring arise from gravitationally
driven buoyancy effects. These forces are several orders of
magnitude smaller than those generated by the pressure field

and may safely be neglected,.

The simplified equations may be written :-

dpVi =0 (L.-‘S)

Ax;

pPV; 8Vi = — 2 _,,__Q__[P(_AM_.._*_(}_\_I&_ —;—P%\a%g;i (h--i:)!

dx; ax;, ¥ dxy A 3 ‘
pY; &T = _é_(f_bl’. @)
6::.5 ax3 Cyp énc& |

(t.—8)

I
0
—~
d

p
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4.2 The equations of motion for turbulent flow

The equations {4-5) to (4-8), which are written in terms
of instantaneous values of the dependent variables are applicable
to both turbulent and non-turbulent flows. In order to obtain
a more tractable form of the equations for fturbulent f£low we
employ the technique of %ime averaging introduced by Reynolds.
We start by representing the instantaneous value of a quantity

by the sum of the mean and unsteady components: i.e.

-

p=P*pF
V; = -\7; + V;'
_ b (u-9)
P =5 +p
T = T o+ T J
Where
_ | b*'t',d-c v c+t,
p = L j‘ P 3 i = —l—.[ Vid T ;
T e T " ? (&--"C’)
\ e, — 0 e+ T,
P = A dt 3 T = T 4T
P tLP ’ tL

£+, e+, e+, e+
and. F’dt— =J‘ Vi de f pde = | T'de = O (L.-H)

1) t 4 t

The time interval of the integration, T , is chosen
such that it is small compared with the global time scale
of the flow and yet large compared with the time scale of the
turbulent motions. The molecular viscosity and thermal
conductivity of most fluids are strong functions of temperature

so that these too will have mean and fluctuating components.
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In turbulent flows, however, the influence of molecular

quantities is generally relatively small. In the regions of
the flow where molecular action is significant the furbulent
fluctuations are suppressed. In either case the fluctuations

of molecular viscosity and thermal conductivity may be neglected.

Substituting equations (4-9) into equations (4-5), (4-6)
and (4=7) and time averaging, we obtain an equation set written
in terms of mean values and correlations of the fluctuating
quantities. As discussed by Hinze (1975), provided /°'/}5 <
correlations involving Ff may be neglected. This condition
is satisfied in the present study since we are dealing with
low Mach number flows with small temperature differentials.

Pinally we obtain the equations :-

BV; T = 2 k 3T\ — Vi T L1l
P d¢; a:c_-\[(c‘—p dx; PVJ ] ( )

The Reynolds stress and turbulent heat flux terms -iS:E;?
and —p _\./-3'-:-1"’ must be defined by additional eguations to
allow closurz of the eguation set. Taunder and Spalding (1972)
consider a wide range of methods of modelling these terms,
assessing the models in terms of accuracy, economy and the

ability %o represent a wide range of flows.
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4.3 Turbulence modelling

4.3.1 Choice of turbulence model

The simplest turbulence models determine the turbulence
correlations in terms of local quantities. 7Perhaps the most
widely used model of this type is the mixing length model due
to Prandtl (1925) in which a turbulent viscosity is defined
in terms of an empirically specified mixing length and the local
velocity gradient. The model has been extensively employed in
the calculation of boundary layer flows for which a simple
mixing length distribution may be employed. It is unable to
cope with more complex flows, however, where the turbulence is
no longer in equilibrium (Production + Dissipation) and cannot
be characterised by local guantities. To a certain extent this
limitation is removed in one-equation turbulence models, in
which a turbulent viscosity is related to an algebraically
defined length scale, and the kinetic energy of turbulence, k,
determined from the solution of a transport equation Zor k.

The models of Glushko (1965) and Kolmogorov (1942) are of this

form,

The two equation turbulence model is the simplest form of
turbulence model in which the turbulent correlations are uniquely
determined by the solution of transport equations. For re-
circulating flows, in which the turbulence is not in equilibrium
and a length scale cannot be algebraically defined, the
two—equation turbulence meodel is the simplest form that can be
employed. The k-€ model employed throughout this study is of
this type. However, in reality, and because it has an eddy viscosity
form, this is also restricted to near-equilibrium flows. In

this model transport equations for the turbulence kinetic energy

(k) and turbulent energy dissipation rate (& ) are solved, %he
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closure being completed by the expressionsg :-

Me = P Cp k/ze . (_L—IS)
,S\If\/j= 3 P K& — e (éz + 3N (h-—l'a)
A O
PViT'= — pe 8T (L—17)
s ¥

This model has been employed by many authors im the siudy
of twe and three-dimensional shear flows including recirculation.
(E.2. Jones and Launder {1972}, Vasilic-Melling (1977)). The
k-€ model has also been employed in previous studies of slots
and jets in crossflow (e.g. Matthews (1972), Patankar, Basu
and Alpay (2977), and Crabb (1979)).

As discussed by Crabb (1979) the use of a turbulence model
baged on an isotropic turbulent viscosity may be inappropriate
for the present problem. An alfernative approach 1s %o model
the transport equations for the Reynclds stresses and fturbulent
heat fluxes directly. In three-dimensional recirculating flows
with heat transfer this involves the soclution of equations for
the six Reynolds stresses and three turbulent heat fluxes,
These equations include triple correlations of the fluctuating
quantities (sixteen in all) and correlations between pressure
fluctuations and velocity or temperature fluctuations. All of
these terms require modelling in order %o close the equation
get, In view of this it is not surprising that such models have
not yet been employed for flows of the present type, however,
studiss have been completed using Reynolds stress models for

gimpler flow problems.
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For example in the computation of two-dimensional channel flows
Hanjalic and Launder (1972) employed a turbulence model based

on the solution of an equation for the turbulent kinetic energy
and one of the turbulent stresses, For jets and wake flows
Launder, Reece and Rodi (1975) solved five of the Reynolds stress
equations. More recently turbulence models have been developed
in which the Reynolds stresses are determined from the combination
0£_§£§ebraic expressions for the correlation 6oefficients
(V"V.i’/k) and the solution of an equation representing the
transport of turbulent energy, k (See Rodi (1976) and Gibson
(1978)).

Turbulence models based on the direct calculation of
Reynolds stresses show considerable promise in the treatment
of flows with buoyancy or streamline curvature, however, much
work remains to be done to establish the assumptions on which
the models are based, TFor example in the computation of the
flow around bluff bodies Pope and Whitelaw (1976) found little
difference between the results obtained with a two equation

turbulence model and Reynolds-stress models,

In relation to the present study, the additional complexity
and computational requirements of a Reynolds-stress turbulence
model would not appear to be justified. Consequently the simpler

two—equation k-& model has been employed throughout.

4.3.2 The k-€ turbulence model

Equations representing the ftransport of turbulence kinetic
energy (k) and energy dissipation rate (£ ) may be derived from
the Navier-Stokes equations (See Hinze (1975), and Harlow and
Nakayama (1968)). Several of the terms in the resulting equations

cannot be readily evaluated and require modelling.
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A full description of the modelling process may be found in

Priddin (1975). The resulting model equations are :-

iy mgl(rrm) ] ce-pe o9
3

= z:a[(ﬂ*%—z)szj]*c'?c* “PE

>
(t-19)

wWhere G = [Pc( 6\/. _\,_bl/‘) . S..P ] bV.

bxh

The six empirical constants take the values :

c,.\ (E’qn. L—!S) = 009

C, = |4t
C2 = 192
6’,_"' = I-o
a-e_‘s = -3

s (Eqn. L-17) = o9

These values have been chosen following extensive numerical
gxperiement %o give good agreement over a wide range of flows

(Launder and Spalding (1972)).
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4.4 Numerical solution of the equations

The two-dimensional and three-dimensional computations
presented in the following chapters are completed using
different numerical methods. The two dimensional calculations
are completed using the Imperical College TEACH code, Gosman and
Pun (1974), whilst a programme written by Dr. W.P. Jones for
Rolls Royce Ltd, is employed for the three-dimensional calcul-
ations. Although the methods differ in detail the essential
features described here are relevant to both. The three-dimens-
ional numerical method has been written to allow computation on
either rectangular Cartesian or c¢ylindrical polar meshes.

For simplicity, the following deécription is based on the

rectangular Cartesian mesh form.

4.4,1 The finite difference egquations

We begin by noting that it is poasible to wrifte the equations
solved (4-12), 4-13), (4-14), (4-18) and {4-19) in the general

form :-

- F - — Vs — r 4

where (b may stand for |aVe,VasaVa e T ok o &
and overbars have been dropped for convenience,

In order to derive the finite difference equations
wa make use of the stagzgered grid arrangzement shown in figure 4.1 -

which was f£irst employed by Harlow and Welch (1965).



The grid is arranged so that the velocities are located halfway
between the pressures that drive them. Such an arrangement
requires the adoption of different finite difference control

volumes for each of the velocity components.

Consider the transport equation for a conserved scalar, ¢,
in which S‘b =0 . Assuming a linear variation of fluid properties

|
|
\
between the nodal points, and that the flux of a quantity through

the face of a control volume is constant across that face, then
it is possible to integrate equation (4-20) over the control
volume %o obtain an algebraic equivalent of the conservation

\
equation.

J e < - Cogamad e 0-008]
+(pvy be 8] s+ (1-F) o] ‘
(Ve 8289 fe s+ (1- £) 0] \
+(p Vo 8 AL fu Puu+ (- £)Ps]
~(pVe 8 82), [ b + (1= £) b

w
#(pveda )[R g (1-F) )
| (4-2)
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The weighting functions £, , €4 F, Fuo 4 Fr 5 Fo

are determined from consideration of the equation representing

the combined one dimensional convection and diffusion flux through
the face of the control volume. Consider the West-East flux

through the control volume :

pVa 38 —é_(.Eé_iQ - o -2
2z d2 dz

Assuming uniform properties the exact solution of this

gquation at the Western face of the control volume gives :-

("I"otq.l. flux) o = (PV-;_ A= A"3>-a['{:~acbw -+ (I-- Fu;(b;-l (L...z_B)
Where F:.\ = exp (pe‘,,)/[ exp (Peu) _ \] (L..-'Z-LD

and Pe,= ( PV")“’ ('Zp —2“;) /-E'..; (1_,,—7.5)

Since the computation of exponentials is expensive
the weighting factors are approximated, with little loss of
accuracy by the expressions (Gosman and Pun (1974)).

F = _‘"2_(1 +P£e.) ]Pel <2, (4__‘29
(Derixecl fran cenkrol differeuwca expresSion for ratol Fl.ux)
f= 1 Pe>2 (1-27)

Denved fron A Synaptores

of dha exoct sclation,
O Pe<-2 (,-29)

£

This process is eguivalent to employing a central
difference finite difference approximation for IPe! L2
and an upwind finite difference approximation for the
convective fluxes when |Pe(>7_ and it has therefore, become

known as the hybrid difference approximation. It is stable

for all grid Peclet numbers,



- 86 =

Where the equation to be solved includes source ’aerms;
these are integrated by making the assumptions of linear variation
of quantities between nodes and constant generation of the source
within the control volume. The resulting integral is expressed

in the linearised form :=-
f Séd\/ = bq.’)p + C (_L.-TLQ)
¥

where b and ¢ may be functiomns of &.
Combining equations (4-21) and (4~29) and making use of
continuity we obtain the following equation for (hp :
b & L) b L . 2
(a5 -+ by = A by + A D + A2 B +RI By + AT By

+ato .+ (u-39

where Af = ( pVy Ax Az),\ ( (A l)
A; =(P V'5 A:Ags Cs Y Ete
$

Y+ A:+né+n£+né’+ Af

D
v
It

and
dhe ADI stheme
In order to make sure that the problem is soluble _bﬁz, it

is necegsary that (hg —b") > O , This is achieved by

ensuring that b‘éo in the linearisation of the source term.

A similar process on the appropriate staggered grid control
volumes leads to expressions for the momentum equations. The

V. equation is, for example :=-

(A= 8D(Vads = AV (N + ASR)s + AT(W)e + AV

+ QR%(VQR + AR(V) + (A%Az)t (pr— PFD Lo

(6-31)
4,4.,2 Calculation of the pressurs field

A difficulty of the primitive variable formulation of the

Navier-Stokes equations arises from the calculation of pressures.
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It is necessary to obtain a pressure field such that the solution
of the momentum equations satisfies continuity. This difficulty
is overcome by the use of an equation for "pressure correction"
derived from a combination of the finite difference equations

for momentum and continuyity in a guess and correct procedure
gimilar to that of Amsden and Harlow (1970), Chorin (1968) and
Patankar and Spalding (1972).

The pressure and velocity fields are initialised and ths
three momentum equations solved %o give a preliminary velocity
field which, in general,h does not satisfy the continuity equation.
Setting ¢ equal to unity the resulting mass imbalance on the

conirol volume is obtained from equation (4-21)
w? == (pVErcsz),+ (pVrdxbda)s— (pVadxbn),
-h'(FJ\G:JA::Ag;)Q;— Cfa\ﬂftlSlki).x+-(Ff4:453£M£)L(l,aé)
Agsuming that the veloecity is a function of pressure only;

then we can determine the dependence of the velocity field on

the pressure field, i.e.

V= V(p
~ v* V¥ .(ag* =33
v + ‘4;(ﬁq§5 ( F)) ( j)
Where Ap* is the driving pressure difference.

If the pressure field is corrected by local amounts p' then

the above relation gives t=

(\/x:)r- = (V‘:’)h- + (3V:)r (P;"' P;Z)

3(pr-Pr) (t-20)
(v 2 (v, + Qv (pl-pd)
S(pX—ps)

Efc. for Vi and Va
The coefficients in equation (4-34) are obtained from the

finite difference momentum equations (e.g. (4-31)) so that
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finally we obtain :~

(V;)... & (V:)r- + (DV,J.-. (P'P - PJQ)
(Vx)l. = (V:)L + (DV::)L (P':."‘ PISD

*

Whesre (ng),..-_- é(va:)f'* = [_A._%A'_z’v. Ete.
3(Pr—Pe ~

The unstarred velocities are reguired to satisfy continuity.

-» .
Substituting for Ve , V.;w V.: in equation (4-=33) using

the expressions {4-35) we obtain, after some rearrangement :-

Aape = RNP:I"'QSPé + REP'B+AWP;J+Q1?.?’R+ QEPL"" b

(a3

)
where RAn = (pA*:cA'z)“ (bv.,,)n y S
P P P P P
and al = afval A + AL + AR ~A,

Thus the solution of the pressure correction equation
provides corrections to the pressure and veloeity fields (%hrough
equation (4-35)) which drive the solution towards the mutual

gatisfaction of the momentum and continuity equations,

4.4.3 Solution of the equations

The equations are solved in an iferative manner using an
alternating-direction-implici¥ technique which is a variant
of Peaceman and Rachford (1955). The procedure is %wo step for
the two-dimensional calculations and three-step for the three-
dimensional calcuylations. The three step scheme involves %he
determination of the intermediate solutions,

o & , ) o , (D
» = Ry®y +ﬂ§q5s -+ Z 0; ¢5; + bp (L-—‘eﬂ)

i= EwW,R L
Cowntinued ...




@ d , D b L&D d , W '
Pp = AP +Aw P, + [ z A + be
1=N5,R L

Cont
D 2 P . :
s = AL z)"‘F\tdf)'*'[z AT i + bp]

1=N,5,E

A%t each step of the scheme one co-ordinate direction is
treated implicitly and the most recent avproximations of ¢
are used in the other directions. The equations (4-37) are
solved by an efficient Gaussian elimination method for
tridiagonal matrices, sometimes called the Thomas algoritim
(Ames (1977)). The three-step sequence may be repeated if

necessary, however a single execution is usually adequate.

A single iteration of the numerical method involves the
solution of the three momentum equations ({4-31) and counter-
parts for Vuy and Vz ), the pressure correction eguation
(4-36), and equations representing the transport ofk,& and T
in the form of (4-30).

The numerical stability and convergence of the solution
are aided by the use of under-relaxation when updating the

variables on each iteration, i.e.
d = X (¢nm) + (1 =) Do (+-2%)

A value of A= 0.5 is chosen for all variables apart
from P’ and T for which X = 1.0.

Convergence of the solution of each equation is defined
by substituting the latest value of each tﬁ into the relevant
finite difference equation ((4-31),(4-36) or (4-30)) and
determining the sum of the absolute value of the residual for
each control volume normalised by the maximum  value in the

f -H E
ield, i.e \ residual ¢)‘

Converaence of ¢> = all cells
¢>mcnﬂ

(4-37)




- 90 -

Satisfaction of continuity is defined by the following

condition =
Z | m3 < 1= 1o07* ( L-39)
all cells
FLow IN

where FLOW IN is the mass flux entering the solution

domain.,

If condition (4-39) is satisfied and the residual sums are
small then, provided the solution has ceased to change, it is

agssumed that a converged solution has been obtained.

4.5 Boundary conditions

To an extent the boundary conditions employed are dependent
on the problem under consideration, however, those for the
pressure correction equation and for a solid surface are generally

applicable. To avoid repetition they will be described. here.

4.5.1 Pressure correction equation

Where the velocity component normal to a boundary is
specified there is no need to specify the pressure at the
boundary. The condition on the pressure correction arises from
the requirement that the velocity at the boundary is fixed so
that the velocity correction (Equation 4-35) is zero. Hence

taking the West boundary for example :-

(Va), = (VDo 5 (d)u=0

so that A, = (pA=By)e (dV)w = © (1-10)

Note that when all the boundary conditions are specified
in this way the boundary values of pressure do not enter the
solution, The pressure field is defined by the specification

of the pressure at a single point in the field.
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4.5.2 Boundary conditions at a wall

Turbulent flow over a solid surface is characterised by

a thin layer of laminar flow immediate to the wall and very
rapid variations of the dependent variables over a thin region
adjacent %o the wall. Although a modified version of the
turbulence model (Jones and Launder (1972)) is capable of
describing this region, for three dimensional flows the number
of mesh points required to resolve this region would be prohibit-
ive. The solution to this problem arises from the experimentally
observed fact that the turbulent flow adjacent to a wall is

described by a number of universal (or near universal) laws.

The correct conditions to apply at the wall are :-
Vo = Vy = Vo= k = BE’/AT\. =0
where n is the direction normal %o the wall,

The universal laws are employed in the determination of
the values at grid nodes adjacent tc the wall. Tor example in
the calculation of the velocity components parallel to the wall
the wall shear stress is accounted for by specifying a modified

diffusion coefficient.
*
= T (&= b
Ps a'ﬁb/ﬂdp )

(See figure 4.2 for definition of terms).

For boundary layer flows the turbulent flow near a wall
may be described by the logarithmic law of the wall (Schlichting
(1968}).
Ve = Ve in(E4) (4-42)

K
wWhere V4 = / I_}_ ond L&.P = Pp. Ve up
Ps e
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We employ :=-
K = 0-433

E

g-8

The turbulence kinetic energy k is approximately
proportional to the shear stiress ai the wall, Tennekes and

Lumley (1972) and Launder and Spalding (1972) so that

_:C_J_'B_ pot Conslant = J_C; (_(,_-- L.,.3>
f;\<

Using this (4-42 may be re-written

[&s oy !
Ve = [} ln,(lz Pp up CP@I<;s)

K- e

Re-arranging this expression and using (4-43) again
we obtain an expression for the modified diffusion coefficient

in terms of known quantities,

¥*
pe = _pr Ky oo Cemted)
I"L ( E e‘,ﬂp J Cr:‘!kp) .
Me
For 4" 1less than a critical value the laminar form

of the wall function is appropriate, Tenneke and Lumley (1972).

We use 3

HFa = M e 'ﬁ-‘- < 1.9
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In order %to specify a boundary condition to apply %o
the turbulence kinetic energy equaticn we make use of the fact
that in the vicinity of a wall, the generation term reduces to
&= * 2>_V> (&1
. biﬁ P
where here Vp refers %o the resolved component of velocity

parallel %o the wall.

Assuming constant shear between the point P and the wall,

we may differentiate equation (4-42) to obtain :

(av _ J_ﬁzp

38/ K e

Ve (t- la-'c)
4p tn (€47

Substituting in (4-45) and making use of (4-43) we obtain

G

Pr Ky CP‘"’-- Ve = lﬂ)
ge \n ()

where -.5'" = Pp Nk
P

Phis expression is substitued for the generation term in

the source expressions for kK,

A boundary condition on the dissipation rate of fturbulence
energy (€) is obtained by making use of the fact that near a wall
the turbulence length scale varies linearly with distance from

the wall.
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Hence :
34K -3
Le = kp = C“ * l{h %P
Es
3 Y
so that Ee =  Cu 'k (u—q_?.)
. e e

The value of £ is fixed by setting the source terms

&

b and ¢ to large values (say 10%) 80 that the remaining

terms of the finite difference equation are negligible.

Two different wall boundary conditions are employed for
the equation representing the transport of T. For most of
the work presented in the Tollowing chapters a zero gradient
boundary condition has been applied. This is reasdily achieved
by settin'g the appropriatfe A: in eguation (4-30) to zero.

The value of T at the waell is obtained by extrapolation using

a parabola with zero gradien®t at the wall.

For non-adiabatic walls we follow the approach o¢f Launder
and Spalding (1974) in which the temperature profile near a wall
is related %o the velecity profile using :- |

T—*_ Pe G (-T-P'__T-B) F“‘% - 5{' [..l‘"_: n (E%‘% > P(a‘fa‘f] ‘

-

~9e ()

» H

where e & thae heat flux b dhe surface

e [(g-0(g)]

(see Jayatillaka (1969)).
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Setting the appropriate Ay to zero again, and replacing
,}%? uging equation (4-43) we may use equation (4-49) to provide
modified source terms b7 and ¢ for either the specified

wall heat flux or specified wall temperature conditions.
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CHAPTER 5

TWO DIMENSICNAL FLUSH SLOT CALCULATIONS

5.1 Introduction

In this chapter a two dimensional form of the mefthod described
in chapter 4 is applied to the study of the flow from a two
dimensional flush slot into a crossflowing mainstream. This forms
a precursor to the main object of the present work; the study of
three—-dimensional jets in crossflow and film cooling arrangements

more representative of current gas turbine cooling configurations,

The flow set up by ejection from a slot into a crossflowing
mainstream has been described in chapter 1 (c.f. section 1.3,1).
The existence of upstream influences in the pressure field,
together with regions of flow reversal necessitate the use of Vhe
glliptic flow equations to calculate the flow. In addition, the
shear hetween the jet and mainstream flows results in significant
generation of furbulence necessitating ithe use of turbulence
modelling %o represent this. The k-& turbulence model, described
in section 4.3.2, i9 employed for all the calculations presented
in this chapter and the justification for this cholce is given

in section 4.3.1.

Computational details of the two-dimensional slot calculations
are presented in the following section. Comparisons beiween the
predictions and measured data are discussed in section 5.3 and

concluding remarks are given in section 5.4.

5.2 Computational details

5.2.1 Boundary conditions

The flow is modelled using a rectangular grid which is
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arranged to expand away from the critical area of the flow, the
downstream edge of the slot. The solution domain and the grid
enployed are shown schematically in figures 5.1 and 5.2, Since
the eguations solved are elliptic it is necessary to specify
boundary conditions on all the boundaries of the solution domain

and these are summarised in table 5.1.

Boundary Va V: T K E
Vi = Vi Vy= V.
Upstrean =Vl | Vgm0 T T ke ke (9) E=e(
Ean, 52, Egn. 53
. +
2w e
AVe *» V. 20 YT/ = Ak =0 2/ o
Downstream -M“z * ‘/Bx /& o /B-; /Bx
ety Flun
boloace ovar
LS N
Upper AVe/ o Va= 0O ¥T/ & 3k/ s o dES - oo
b3 a--/a . o 3 /5% o /35 /5‘5
. a-r-/a\bz: (=]
Wall Eqn. L-iL Va=0 o Eqn. k-7 Ean. b=bL¥
Eqn. L~i9
Eqn .5l 5o | Eqn. S-&te 5-b
Slot o or T="T3 lc:.k"r E=Eg
\I,:Vr Cot i V'S- Vs.s;“‘

Table 5.1 Boundary conditions employed for slot calculations.

Since the wvelocity

component normal to each boundary is

specified, as discussed in chavpter 4, the appropriate bvoundary

P
condition onm pressure correciion is Rg= O.

The bvoundary layer thickness at the upstream boundary is

gpecified by relating the measured data, usually obtained in the
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vicinivy of the siof, to the thickness at the upstream boundary
using the expression for the growth of flat plate, zero pressure
gradient turbulent boundary layers given by Schlichting (1968) :

§ = ©0-37 x, (v,, x,>-"5 (5-1)
o)

The velocity profile is defined by the !4 power law

approximation
ky
L - - .sz"_ —
‘\/\7;‘(%')’“<8 Y1, y>s (5-2)

Manipulation of eguations (5-1) and (5-2) yields the

corresponding result for Vy:

¢
My - o.024 (_%_)"’(v.,_g_)
Ve > )

A = Yo
, 48 Va = 0029 (vzé‘»),ps

Ve
(5-3)
The profiles of k¥ and £ at the upstream boundary are

derived Prom the measurements of Xlebanoff and Diehl (1951) for

turbulent boundary layers on flat plates.

The downstream boundary condition for \Q; T, k¥, and & is
a¢/éx= ©. This is also applied to Vi but with the addition
of a correction to the velocities, which is independent of y,
to maintain the mass flux balance over the solution domain. At

the upper boundary a symmetry condition is applied.

The upstream, downstream, and upper boundary condiftions
are all approximations to the actual behaviour of the flow.
Consequently it is necessary %o ensure that fhe boundaries of
the solution domain are located in regions of the flow where
these are good approximations of the flow behaviour. The arrange-
ments for ensuring the satisfaction of this requirement are

described in section 5.2.2.
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The interaction between the jet and mainstream flows gives

rise to a pressure gradient across the exit of the slot which

causes a distortion of the jet velocity profile. No measurements

of the jet distortion have been reported for the slot, however
the studies of Bergeles (1976), Crabb {1979) and Andreopoulos
(1980} include measurements of the distortion in a circular jet
igssuing into a cross-stream. In addition to these Foss (1980)

has completed a detailed flow visualisation study of the flow

in the exit region of such a jet. Bergeles (1976) and Andreopoulos

(1980) demonstrate that the flow on the downstream side of the
hole is accelerated and that on the upsiream side retarded in
response to the pressure variation across the hole exit; the
measurements of Bergeles (1976) are shown in figure 5.3. The
extent to which the interaction between the jet and mainstream
flows is affected by the shape of {the velocity profile is not
known, and cannoi% readily be determined experimentally. Cons-
equently the present solution method has been used to complete
a parametric study of the influence of -the sleot exit boundary
condition oun the predicted results. The study was carried out

for a 90 degree slot, and covered a range of velocity ratios,

J, from 0.33 to 1.24. Three forms of slot exit wvelocity profile

were studied :-

1) Plug flow, (V.s)mb = Vg
2)  Downstream bias, (Vy),  _. = ’2.\/-:("/5 - ‘)
3) Constant %otal pressure, Eqns. 5-4 to 5-6.

The influence of the velocity profile form on the solution

is summarised in table 5.2.
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Maximum change Maximum

"y in V&/- ve%ocity change of
at X/D = rL.'"J
0.33 0.013 Vo 0.01
0.64 0,057 Veo 0.05
1.24 0.186 Vg 0.10

Table 5.2 Maximum difference in the solutions
obtained as a result of changing the slot

exit wvelocity profile.

It can be seen that for J = 1.24 the form of the slot
velocity profile has a marked effect on the solution. The
influence increases with J because the major effect is on
the size of the recirculation region. A% low velocity
ratios the recirculation is amall and consequently exerts little
influence on the solution as a whole. Since the recirculation
region is larger at higher velocity ratios its influence on the
solution increases and with it the effect of the change in the
slot velocity profile. Bergeles (1976) has observed that, for
jets in crossflow, the hole exit velocity profile is well repres-—
ented by assuming that the total pressure of the injected flow
is constant in the plane of the exit. The velocity profile shape
generated by this assumption (form 3, above) lies between that
of the plug flow and downstream biased profiles (forms 1 and 2

respectively). At low injection rates (J=£= 0.3) the velocity




= 1lUl =
profile is similar to that of the downstream biased form, whereas
at high injection rates (J>> 1.0) the velocity profile is
similar to that of the plug flow. Consequently the plug flow
velocity profile hole exit boundary condition may be expected to
allow accurate predictions for J>> 1 and also for § € 0.3 for
which the influence of the boundary condition on the solution is
small. A% intermediate velocity ratios, however, it is necessary
to employ a boundary condition which provides a more accurate
representation of the slot exit velocity profile, such as the
constant total pressure form. Since the range of velocity ratios
of interest to the present study extends from 3 « 0.3 to 2.0 the
constant total pressure form of boundary condition has been
employed., The assumption of constant total pressure is valid
provided the flow path through the slot is relatively short (less
than 10 S, say) and that the entry to the slot is well designed
thus avoiding flow separation at the inlet, With the additional
assumption that the jet fluid exhausts at o , the geometric angle
of injection of the slot, the velociiy profile may be determined

in the following way :-

The area mean total pressure is calculated from

12
/P\_r = Z;;. [ Pm + —":‘-Pm(v:'f‘ V.:) ] OAx,. (5-v)
;E::: Ax,
Ix m=1

where Z signifies summation over the finite difference
m=1,
cell faces across the exit of the slot.

The local dynamic head of the injection flow is given by :-

Qnm = /P\ﬂ' = Pm (5'5>

and the jet velocity magnitudes by

Ivli. = [0 (5-8)
Pm
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These values are factored to maintain the correct mass
flux through the slot and the x and 4 velocity components
obtained.

This process is applied on each iteration of the solution,
allowing the Jjet velocity profile to develop in response to the
computed pressure field. I% is possible for Qd. to become
negative during the early stages of the convergence of the solution

and if this occurs ‘V‘“ is set %o a small positive value.

"The assumption that the jet f£luid exhausts at ol across
the 3lot exit is essential %o the foregoing analysis, it is not,
however, physically reasonable. In chapier 6 the analysis is
extended so that the variation of o across the hole exit may be
determined. It has also been assumed that k and € are constant
in the exit plane of the slot, The parametric study of the slot
exit boundary conditions has included an investigation of the
importance of the assumed values for k and & y and it has been

found that the effect on the solution is not significant.

5.2.2 Determination of the size of the solution domain

As discussed in section 5.2.1 it is necessary to locate the
upstream, downstream and upper boundaries of the solution domain
in regions of the flow where assumptions made in forming the
boundary conditions are satisfied., In particular, in order to
minimise the number of grid nodes reauired for the solution, we
seek the smallest solution domain consistent with the above.

This is determined by the following computational experiment.

A series of computations are conducted using a coarse finite
difference grid in which the location of each boundary is altered

by adding additional grid nodes or subtracting grid nodes., The
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boundaries of the solution domain are determined by the boundary
locations beyond which the solution ceases to change with the
addition of further grid nodes. This process has been completed
for slots with ol = 30, 60 and 90 degrees. The results are

summarised in table 5.3.

Slot Upstream Downstream Upper
Angle , da Boundary Boundary Boundary

(Degrees) Ge/ S) (=/ S) (s/ S)

30 - 14 18 27
60 - 40 32 46
90 - 175 50 60

Table 5.3 Solution domain boundary locations.

5+2.3 Numerical accuracy

The numerical accuracy of finite difference solutions is
dependen®% on the finite difference approximations employed
the distance between the calculation nodes and the nature of
the problem for which the solution is sought. It is therefore
necessary to determine the extent %o which the solution obtained
is subject to numerical error. This is normally achieved Dby
completing calculations with reduced spacing between the finite
difference grid nodes and inspecting the change in the solution.

With the intention of obtaining numerically accurate solutions
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this process is repeated until either the 1imit of the available
conputer resources ig reached, or the solution ceases to change
with increasing grid refinement., If grid independent solutions
are obtained it is normally assumed that the sclution is numeric-

ally accurate.

In the present study grid refinement exercises were completed
for slots with oL = 30, 60, and 90 degrees. The influence of the
grid refinement on the 60 degree slot solution is shown in figure
5.4 in which the decreasing change in the solution with increasing
refinement of the grid may be observed. The finest grid empléyed
represented the maximum that could be accommodated on the available
computer resources and it can be seen that a grid independent
solution has not been obtained, The final grids resulting from
the grid dependence studies are summarised in table 5.4, In each
case it has not been possible to obtain grid independant solutions.
Typically, the solutions required 300k bytes storage,however, it
was the CPU time which was limiting factor on the number of grid
nodes employed., The solutions for o = 60 and 90 degrees required
approximately 20 minutes CPU on an IBM 360. Solutions for the
30 degree slot required over 30 minutes CPU on the IBM 360 and
because of this only a limited number of solutions could be

obtained,

Angle of Injection
(Degrees) N Ny
30 42 42
60 33 28
g0 33 24

Table 5.4 Grids employed for the predictions of

section 5,3,
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In the initial stages of the grid refinement study the grid
line adjacent to the surface was located such that in the near wall
region 3+:>3CD to ensure the validity of the log-law wall function.
For the 30 degree slot however, the solutions failed %o resolve
the recirculation which has been observed downstream of the slot
(Matthews (1972)), and were in poor agreement with measurement.

It was clear that the downstream corner of the slot was not being
defined accurately. Consequently solutions were obtained with
refined grids in the region of the downstream corner of the slot
in which the near wall grid line was located at &r 2~ 0.3. The
solutions obtained using the refined grids resolved the recircul-
ation and were in much better agreement with measurement. The
high Reynolds number form of the k- &€ turbulence model employed
in the present work is not valid for }g;qﬂ,however, and will be
inaccurate for H;'<: 30. That the refined grid solutions are in
good agreement with measursd data (c.f. section 5.3.3.) indicates
both the strong influence of the pressure field on the flow and the
importance of identifying the regions of the solution in which
numerical error is significant. Grid dependence tests are a poor
measure of numerical accuracy, particularly where the maximum
number of grid nodes is limited by computer capacity as was the

case for the present solutions.

The hybrid difference scheme (Eqs. 4-26 to 4-28) uses the
central difference approximation across cells for IPe‘<i2. and
upwind differencing for lPeI?’Q. . In the present calculations
IPe|‘>-iL in at least one co-ordinate direction at almost every
grid node. It is therefore appropriate to focus attention on
numerical errors arising from the use of the upwind difference

approximation in the evaluation of convection terms.
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Many studies have been published in which the numerical
accuracy of upwind differencing has been examined including
Wolfshtein (1968), Raithby (1376a)and McGuirk and Rodi (1978).

It has been established that upwind differencirng is subject to
significant error where high mesh Peclet numbers are associated
with regions where the spatial curvature of the solution in the
co-ordinate direction is large. An examination of the truncation
error of the upwind difference approximation by Taylor series
expansions about a grid point indicates that the leading error
term has the form of a diffusion flux and as a resuylt the error
has become known as numerical diffusion. De Vahl Davis and
Mallinson (1972) use the truncation series to derive an expression
for the coefficient of numerical diffusion in terms of the local
grid spacings and velocity components, In isolation the coeffic-
ient of numerical diffusion is not particularly useful since it

is only a measure of numerical error in combination with the
second derivative of the dependent variable. In addition it is
misleading %o use the relative magnitudes of the numerical and
physical diffusion terms as a measure of the numerical accuracy

of a solution since it is only when the numerical diffusion error
becomes significant with respect to all the remaining terms in the
discretised transport equation that large errors will arise,
McGuirk and Rodi (1978) describe a method for estimating the local
numerical diffusion of solutions obtained using upwind differences,
An estimation of the local truncation error is obtained from the
converged solution of the finite difference equations by evaluating
the convection, diffusion and source and sink terms using ceniral
difference approximations and determining the out of balance
residual at each grid node. The out of balance residual is the

difference in the truncation series for upwind and central
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differences and the leading term is the numerical diffusion term.
The importance of numerical error in the solution is determined
by comparing the local magnitude of the out of balance residual
with that of the convection, diffuysion and source and sink terms
of the transport equation., McGuirk, Taylor and Whitelaw (1981)
employed the method of McGuirk and Rodi (1978) to guide the grid
refinement of the solution for the flow downstiream of an axisymm-
etric baffle., By concentrating grid refinement in regions where
the out of balance residual constituted an important term in the
local balance of the tramnsport equation, a solution was obtained
in which the numerical error was reduced %o insignificant levels.
It was observed that numerical diffusion was worst within the first
guarter of the recirculation and that the length of the recircul-

ation increased as the grid was refined.

A comparison between measurements of the length of the
recirculation downstream of angled flush slots and the predictions
0f the present study is shown in figure 5.5, I% can be seen that
the resulis for the 30 and 60 degree slots indicate a slight
tendency to underpredict the measurements but that, for jet to
mainstream momentum ratios greater than unity, the recirculation
length downstream of 90 degree slots is seriously underpredicted
(by up %o 45%). In view of the observation of McGuirk, Taylor
and Whitelaw (1981) this underprediction suggests that the
solutions for I>1 on the 90 degree slot configuration are most |
prone to numerical diffusion errors. One of these cases has been
chogen for examination by the method of MeGuirk and Rodi and the
results for the axdal-momentum equation and the conserved scalar
are shown in figures 5.6(a) and (b) respectively. It can be seen
that the largest errors arise in the shear layers between the jet

and the mainstream and between the jet and the recirculation. It
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is in these regions that large second derivatives arise in the
co-ordinate dirsctions 1n combination wish large grid Peclet
numbers and consequently the numerical diffusion error becomes
gignificant. These errors will result in the diffusion of

momentum from the jet so that the peak velocity of the jet will
tend to be underpredicted. Numerical diffusion within the recire-
ulation results in the underprediction of the reattachment 1eng%h
and errors in the adiabatic wall effectiveness predictions. From
figure 5.6(a) it can be seen that the axial-momentum equation is
dominated by the influence of pressure gradients so that the effect
of numerical diffusion errors is reduced, This is not the case

for the conserved scalar, figure 5.6(b), in which the transport
equation represents a balance between the convective and diffusive
terms. Consequently the numerical diffusion error is a more
important term in the local balance of the discretised ftransport
equation for conserved scalars., Since in the present work the
dependance of the momentum equation on the conserved scalar is

weak, then the numerical accuracy of the velocity field predictions‘

will be better than that of the conserved scalar.

The numerical diffusion errors of a 60 degree slot solution
have also been examined using the technigue of McGuirk and Redi
and in general the results were similar to those obtained for the
90 degree slot, showing a slight reduction in the relative magnit-
ude of the error terms. In the region of the slot exit however,
where steep gradients in the dependant variables are convected
at an angle %o the mesh, the contribution of the error term was
much greater than in the solution for the 90 degree slot. It is
because of the large errors arising in the immediate vicinivy of
the slot exit that the fine grid was‘required for the 30 degree

slot configuration.
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The estimations of numerical diffusion opresented indicate
that in small regions of the flow the numerical error becomes
tne dominant term in the equations solved. The estimated error
is related to the error in determining the gradients of the
dependent variables and that these are not necessarily reflected
in large errors in the predicted values of the dependent variables.
Castro (1979) has observed that the existence of local regions
of gignificant numerical diffusion error appeared to have little

effect on the accuracy of the solutions obtained.

5.2.4 Turbulence modelling

The k-€ turbulence model employed for the present predictions
has been applied to a wide range of two dimensional shear flows
with a considerable degree of success, It is because of this,
and also as a result of its modest computational requirements that
the k—€ model has been chosen for use in the present work (c.f.
section 4.3.1). As observed by Rodi (1981), however, turbulence
models based on an isotropic effective viscosity (Eqn. 4-16) have
shortcomings when used to model complex flows, for which the
effective viscosity and diffusivity cannot be assumed to be
igotropic but should depend on the stress or flux component
considered, Further, it is assumed that the local state of
turbulence can be characterised by cne velocity scale;fz- to which
the individual Reynolds stresses can be related but, in reality;
the individual Reynolds stresses may develop gulte differently in
the flow, One of the consequences of fthese shortcomings is that
the normal stresses are not accurately represented, This leads to

inaccuracies in the computation of $the recirculation since, as
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observed by McGuirk, Taylor and Whitelaw (1981), turbulence
production through normal stress normal strain is important within

regions of recirculation.

In a study of two-dimensional reattaching jet flows Sawyer
(1963) has observed that streamline curvature had a marked effect
on the entrainment properties of the jets. Bradshaw (1973) has
observed that streamline curvature produces appreciable changes
in the structure of fturbulent stresses and that flows in which
56‘”@»§r- is positive display a suppression of turbulent mixing
and those in which é&d@b@ris negative give enhanced turbulent
mixing. Using this as a criteria, the regions of enhancement and
suppression of turbulent mixing in the flow from a flush slot into
a crossflow have been determined, figure 5.7. It can be seen that
the mixing is enhanced in the shear layer between the jet and the
mainstream flow but, is suppressed in the shear layer between the
jet and the recirculation. Small regions of enhanced turbulent
mixing also arise near the wall in the region of the slot exit and

the reattachment point.

Downstream of the recirculation the flow becomes character-
istic of far wakes for which dissipation znd convection are the
dominant terms. Launder et al (1972) have shown that in these
circumstances Cpu (Eqn. 4-15) can no longer be considered
constant but becomes dependent on the local ratic of production

to dissipation.

Finally, a9 discussed in the previous section, %the high
Reynolds number form of the k-~& model i® inappropriate for the
solutions obtained of the 30 degree slot configuration. The low
Reynolds number form of the k-€ model of Jones and Launder (1972)

would be more appropriate, however, relative to the high Reynolds
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number form of the model this requires a considerable increase
in the number of cross-stiream grid nodes %o ensure numerical
accuracy and this would have exceeded the capacity of the computer

resources available,

Many of the shortcomings of the k- & turbulence model described
here can only be overcome by the use of a fturbulence model in
which equations representing the transport of the individual
Reynolds stresses and turbulent heat fluxes are solved. A4s
discussed in section 4.3.1 this necessitates an increase in the
computer resources required for the solution,however; as shown in
the previous section, the computer resources available for the |
present solutions have not been sufficient to allow the e radicat-
ion of numerical error. In these circumstances there is no
justification for the adoption of a more sophisticated turbulence

model.

5.3 Comparison between prediction and measurement

The accuracy of the present solutions has been studied by
comparing the predictions with the experimental data of Artt
(1970), Foster (1973) and Sivasegaram (1967) for injection angles,

ol , of 30, 60 and 90 degrees.

5.3.1 Ninety degree 3lot results

Comparisons with the velocity profile measurements of Foster
(1973) are presented in figure 5.8. For J = 0.64 and 0.97 the
predictions are in excellent agreement with the measurements,
nowever, for J = 1l.24,the extent of the recirculation has been
underpredicted by at least 20%, As discussed in section 5.2.3
this i3 largely a result of the numerical diffusion errors arising

from the use of upwind differences to approximate the convection
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terms of the equations. It has been shown in section 5.2.3 that
the shear layers on either side of the jet are most prone to
numerical diffusion. As J increases, the size of the recirculation
increases so that the shear layers stray into coarser parts of

the finite difference mesh leading to an escalation of the numeri-

cal error at the higher values of J.

Pigure 5.9 includes comparisons between the prediciions and

the adiabatic wall effectiveness measurements of Foster (1973)
and Sivasegaram (1967). The low velocity ratio conditions have
been predicted to within the experimental error, however for J> 1
there is a tendency to overpredict QF*“ » This arises from a
combination of three effects., Firstly, there will be a tendency
for aw to be overpredicted as a result of the underprediction
of the length of the recirculation downstream of the slo%.
Secondly the numerical diffusion errors arising in the solution
of the equation for the conserved scalar result in a diffusion

of the jet fluid into the mainstream and into the recirculation
over and above that arising from physical sources, To an extent
the error arising from the diffusion of jet fluid into the main-

stream as a result of numerical diffusion is offset by the fact

that the isotropic eddy viscosity formulation of the k-&€ turbul-
ence model will result in the underprediction of the turbulent
mixing between the jet znd the mainstream due %o the streamline
curvature, This is not the case in the shear layer between the

jet and the recirculation so that the diffusion of the jet f£luid
into the recirculation is overpredicted as a result of both
numerical error and shortcomings of the turbulence model. Firnally,
the rate of decrease of Qhw with increasing downstream distance
tends to be underpredicted beyond %/S = 20, The flow in this

region is characteristic of far wakes and consequently, &s
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discussed in section 5.2.4, C, requires modification. The
increase in fq, which would result would give rise to an increase
in the rate of decrease of Qaw with downstream distance, tending

to improve the agreement with the measured results,

The heat transfer measurements of Foster (1973) were arranged
so that the temperatures of the mainstream and injected fluids
were identical, removing the difficulty of defining a "“driving ;
temperature" for the heat transfer, Comparisons of the predictions;
with these measurements are presented in figure 5.10. A% all 't:hreei
conditions studied the Stanton number is underpredicted (by up ?
to 25% for J = 0.59 increasing to 40% for J = 1.14). The under- i
prediction arises from several causes. As a result of the incorrecﬂ
calculation of the normal stresses within recirculation regions
(c.f. section 5.2.4) the k- € turbulence model has been found to |
underpredict the levels of k within recirculations, McGuirk; Taylor:
and Whitelaw (1981), and this will result in the underprediction |
of the wall heal flux., Addi¥ionally it can be seen from figure !
5.7 that streamline curvature will result in regions of enhanced i
turbulent mixing near the wall. Once again the furbulent kinetic
energy, k, will be underpredicted in these regions and with it i
the wall heat flux. A further cause of the underprediction arises
from the form of the wall functions used (equations 4-42 to 4-49),
Since this work was completed Chieng and Launder (1980) have

derived new wall functions which have given improved predictions

of wall heat flux for flows with recirculation.

5¢3.2 Sixty degree 310t results

Comparisons between the predicted velocity profiles and the
measurements of Artt (1970) are shown in figure 5.11. It can be

seen that, for J = 1.25, the agreement beiween prediction and
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measurement is generally within about 10% except for the peak
velocity at x/S = 1,0 which is underpredicted by about 20% largely
as a result of numerical diffusion. For J = 0,75 however, signif-
icant discrepancies exist between the measurements and the
predicted results., The measurements suggest that the flow
reattaches to the surface in the vicinity of /8 = 2.0, This

does not agree with the measurements of Wygnanski and Newman
(1968) which indicate a reattachment point at =/S = 5.5, in good
agreement with the predicted result (x/S = 5.3). In his experiment
Artt observed that the flow within the recirculation was three-
dimensional and it would appear that this has influenced the

measurenments for this condition.

Comparisons with the adiabatic wall effectiveness data of
Sivasegaram (1967) are suown in figure 5.12. The agreement
between the measured and predicted results is similar to that
observed previously for the ninety degree slot however, the
overprediction of Rasw for J = 1.45 is somewhat worse for %the
gixty degree slot configuration. This arises because the numerical
diffusion error in the immediate vicinity of the slot exit is

greater for the 60 degree slot solutions (c.f. section 5.2.3).

5.3.3 Thirty degree slot results

The predictions of the velocity profiles downstream of a
thirty degree slot are in fair agreement with the measurements
of Artt (1970), figure 5.13, The maximum discrepancy is associated
with the underprediction of the velocity peak at »>/S = 1.0 and
as with the 60 degree slot this is caused by numerical diffusion.
Comparisons with the adiabatic wall effectiveness measurements
o? Sivasegaram (1967) are shown in figure 5,14, Agreement %o

within the experimental error has been obbained.
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5.4 Concluding remarks

The flowfield set up by ejection from a two-dimensional
slot into a crossflowing mainstream is strongly influenced by
the velocity profile of the fluid exhausting from the slot for
Jd > 0.6, The simple constant total pressure boundary condition
employed in the present work allows the slof velocity profile
to develop in respouse to the pressure field generated by the
interaction between the jet and mainstream flows. Provided errors
from other sources are not significant, predictions employing this
boundary c¢ondition are in good agreement with experimental

measurements,

An examination of the numerical diffusion error of the
solutions arising from the use of the upwind difference approx-
imation has shown that for J>1 significant numerical diffusion
exists in some regions of the solution. The numerical error is
particularly significant in the shear layers between the Jet and
the mainstream and between the jet and the recirculation. For
Jd < 1 errors arising from numerical diffusion do not appear %o
be significant and the predictions are in good agreement with
experimental measurements. This suggests that the shortcomings
in the k=& turbulence model discussed in section 5.2.4 are not
significant at the lower velocity ratios. TFor J>1 numerical
diffusion errors become significant in the region of the recircul=-
ation so that the performance of the k-E turbulence model cannot
be criticized for this part of the flow. Beyond x/S = 20 however,
numerical error is not significant so that we may tentatively
ascribe errors in this region to the turbulence modelling. It is
possible that the modified form of k-& model described by Launder

et al (1972) would result in an improvement of the agreement with
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experimental measurement.

The present solutions for the 30 degree slot have shown
consgiderable sensgitivity to grid refinement as a result of the
large numerical errors that arise in the viecinity of the slot
exit with a coarse solution mesh. In view of the small size of
the recirculation region it is probable that better results would
be obtained with a suitably modified partially parabolic procedure,
since this computationally efficient method would allow finer

solution meshes,
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CHAPTER 6

JET IN CROSSFLOW CALCULATIONS

6.1 Introduction ‘

In this chapter the three dimensional procedure of Jones
(1976) is applied to the solution of the flow set up by a jet |
exhausting perpendicularly from a flat surface into a crossflowing
mainstream. The ejection of a secondary fluid in this manner
causes a pressure difference to be set up across the hole exit
which results in the distortion of the flow within the injection
hole {(c.f. section 5.2.1). The two-dimensional calculations of
chapter 5 demonstrated the importance of correctly defining the
velocity profile of the jet exit and a simple boundary condition
based on an observation of Bergeles (1976) was employed to represent
this. A limita%tion of this boundary condition is that the cross-
flow components set up within the hole as a resulf of the distort- !
ion are neglected. The measurements of Andreopoulos (1980) have
shown, however, that these cross flow velocity components can be

significant in relation %o the nominal jet velocity, Vg.

A novel feature of the work presented in this chapter is the i
use of the numerical procedure to compute the distortion of the i
flow within the ejection hole. This removes the limitation of the
approach adopted in chapter 5 since the solution provides the full
three-dimensional velocity field within the hole and the crossflow

velocity components at the hole exit are determined. Solutions

for the complete flowfield are therefore obtained from two comput-

utations : one, using a rectangular mesh, solving for the jet-

mainstream interaction and the other, using a cylindrical grid,

for the flow within the hole. Iteration is carried out between ‘
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the two computations to obiain converged solutions of the flow-
field. In a recent publication Kreskovsky Briley and McDonald
(1980) present calculations in which a single computation has been
employed to solve for both the jet-mainstream interaction and the
distortion of the flow within the hole. The calculation employs

a cylindrical mesh centred on the hole axis., This is not suited
to the computation of the mainstream flow since there are large
regions within which the flow is not aligned with the mesh so that
the solution will be prone to numerical error (c.f. section 5.2.3).
The rectangular mesh employed in the present work is better suited
to the solution of the jet-mainstream interaction since the flow
is more closely aligned with the grid so that the numerical accur-
acy of the solution is potentially better than that of Kreskovsky
et al (1980). The present calculations also make more efficient
use of the available mesh nodes, since the solution meshes may be
individually tailored to suit the flow within each calculation

domain.

The computational details of the solution for the jet-main-
stream interaction are described in the following section. An
assessment of the need for computation of the crossflow velocity
components within the hole is presented in section 6.3, which also
includes a description of the computational details of the solution
within the hole and the arrangements for linking the two solutions.
Comparisons between the predicted results and experimental measure-
ment are presented and discussed in section 6.4 and concluding !

remarks are given in section 6.5.
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6.2 Computational details of the solution for the

jet—mainsgiream interaction

6.2.1 Boundary Definition

The jet mainstream interaction is modelled on a rectangular
grid within the domain shown in figure 6.1. Boundary conditions
are required on all six boundaries of the domain and these are
summarised in table 6.1. The upstream boﬁndary conditions are
gimilar to those employed in the two dimensional computations
presented in chapter 5 (c.f. section 5.2.1) except that the
profiles of k and € are derived from the mixing length expression

for two dimensional boundary layers, using :

k s = L:<6V=)z (e-1)
P Aca Jer \ 39

3?—
£ - k% _ gc:‘sz (6-2)
L. Lo

Where Law 18 Prondrls mixung  Lengrh -
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i
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o

Further details of this treatment may be found in Launder

and Spalding (1974),




mass flux
balance over
domain

Boundary Ve V‘:\ V., T k E
hT/‘\.fo

Wall Eqn. 4-44 Vy=0 Eqn. 4-44 or g from Egn. 4-47 Eqn. 4-48
Egqn. 4-49

Hole See sections 6.3.2 and 6.3.4

Top WVa/3ug=0 Vy= 0 2Va/3y=0 ¥T/3q=0 | dk/d3g=0 2E/3y= 0O

Lateral :

sUmmetry 6V=/32= O bVls/ =0 Vt. = 0O b-r-/azz O bk/bz:': O be/az'; O

through hole 3z

centre

Lateral : bvz = bv =0 bv = O h—r- =0 bk = AE =

F?xr Biundary /57- © 3/57- 1/32 /bz /37‘ © /Bz ©

Upstream Eqn. 5-2 Egqn. 5-3 V=0 T =Te Eqn. 6-1 Eqn. 6-2

Downstream + AV, Fo 3V, e OV, =0 B’T‘/ =0 dk /. = 0O €/ 0O

maintain %/5» /éx dx /61: /bx

Table 6.1 Boundary conditions employed for the computation of the jet-mainstream interaction.
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The definition of a circular hole by the rectangular grid
poses problems and it is necessary to ensure that the fluxes of
quantities entering the solution domain match those leaving the
hole. This is achieved by modifying the surface area of boundary
cell faces at the edge of the hole so that the correct fluxes of
mass and momentum from the hole are conserved. Consideration is
given to suitable formsg of hole exit boundary condition in sections

6.3.2 and 6-3.4.

The size of the solution domain has been minimised by the
use of the computational experiment technique described in section
5.2.2. It is appropriate to scale the size of the solution domain
according %o the penetration and lateral spread of the injected
flow. Accordingly the computational experiment has been completed
for two cases corresponding to the maximum and minimum injection
rates included in the present study. The size of solution domain
required for a particular injection rate may be determined by
interpolation between these cases on the basis of the jet-main-
stream momentum ratio. The boundary locations determined by the

computational experiment are shown in table 6.2.

Boundary Momentum Momentum
Ratio = 0.058 Ratio = 4,0

Upstream /D - 2.0 - 2.0

Downstream */D 545 5.5

Lateral z/D 2.0 3.0

Top 3/D 4.0 6.0

Table 6.2 DBoundary locations defermined for the solution of

the jet-mainstream interaction.
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6.2.2 Numerical Accuracy

|
\
An initial estimate of the numerical accuracy of the solutions |
has been obtained by establishing the grid dependence of the !
solution by completing a series of calculations on successively |
refined finite difference meshes, The effect of the grid refinement
on the V¢ -velocity profile downstream of the hole is sShown in -
figure 6.2. It can be seen that as the grid is refined the velocity
profile starts to develop a peak. Corresponding changes are also
seen in the \/5 - velocity profiles. The finest grid employed

of 25 x 20 x 15 nodes (Nxx Ny x Ny ) still shows evidence of grid
dependence however, this represented the practical 1limit of i
refinement on the available computer facilities., Although grid
independent solutions have not been obtained, the predictions are
not grossly in error. For example, in comparison with the measure-
ments of Ramsey and Goldstein (1971), the solution obtained on the
finest grid under-predicts the peak \é:- velocity by about 17%.

The 25 x 20 x 15 node grid has been employed for all subsequent
predictions of the jet-mainstream interaction presented in this

chapter.

A more detailed examination of the numerical accuracy of the
golutions has been completed using the method of McGuirk and Rodi
(1978) described in section 5.2,3, This method of estimating the
truncation error of the upwind difference approximation is approp~ \
riate since upwind differencing is employed in at least one |
co~ordinate direction throughout the entire solution domain.
Profiles of the various fterms and the out of balance residual ‘
for the x -rdiréction momentum and conserved scalar equations
are shown in figure 6.3 (a) and (b) respectively. The results for

the momentum equation show that at ¥/D = 0.23 the numerical
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diffusion error is generally small but that some errors arise af

the jet boundaries. Further from the wall at 49/D = 0.60 significant
errors arise in the reverse flow region but elsewhere the error is
not significant. The greatest numerical diffusion errors occur at
4/D = 1.05 where steep gradients in the jet are convected at an
angle to the grid, which in turn becomes progressively coarser

with increasing distance from the wall., The numerical diffusion
errors decrease beyond ¥/D = 1.05 as the flow deviations from the
co-ordinate directions and the gradients in the V- velocity become

smaller,

The relative magnitudes of the numerical diffusion errors
for the conserved scalar equation are greater than those for the
=~ - momentum equation. The numerical diffusion is significant

throughout most of the jet up to /D = 2,0,

6.2.3 Continuation downstream

The extent of the region downstream of a row of film cooling
holes which is of interest to turbine blade cooling design may
extend beyond 100/D's., The domain employed for the computation
of the jet-mainstream interaction extends only tox/D = 5,5 so

“hat 1V is necessary to continue the solution further downstream.

Ideally the method employed for the continuation should be
rapid, have low storage requiremenits and retain the ithree-dimensional
character of the solution. Marching methods based on the parabol-

ised Navier-Stokes equations (e.g. Patankar and Spalding (1972))
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fulfil the above regquirements, however, terms removed in the process
of parabolising the equations limit their range of application.
In particular, it is necessary that the streamwise pressure gradient
be constant on cross-stream planes and equal %o the free~gtream

value.

The computational experiment described in section 6.2.1 fixes
the location of downstream boundary of the soluftion at the point
where the zero-pressure gradient boundary condition produces a
negligible upstream influence in the pressure field. Unfortunately
the more restirictive requirement on the validity of parabolic
golution methods is not satisfied at this location and it has been
necessary to continue the solution to a location beyond which
parabolic methods are valid £c¢/Das10) by a further application
of the elliptic method. The parabolic solution method employed
for computation further downstream is based on the method of

Patankar and Spalding (1972).

The lateral, wall, and top boundary conditions employed for
the downstream continuation are the same as those employed for the
jet mainstream interaction, summarised in table 6.1. In order to
retain the jet within the solution domain, the vertical and lateral
extents of the solutions have been increased by 1 D over those
employed for the jet-mainstream interaction. The meshes for the
downstream computations are based on that used for the downstream

region of the jet-mainstream interaction.

6.3 Computational details of the solution within the hole

6.3.1 The need for computation within the hole

In order o0 agssess the influence of the jet velocivy profile
and cross—stream velocity components on the jet-mainstream

interaction, solutions have been obtained for a range of injection
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rates (J = 0.5, 1.0 and 2.0) with several alternative forms of
hole exit boundary condition. The resulis at all three velocity
ratios were found %o be significantly affected by the hole exit

boundary condition, however, the influence tended to be greater at

the higher velocity ratios, the maximum effect occuring for 4 = 1.0, |

The effect on the V., - velocity profiles for J = 1.0 is shown in

figure 6.4. It can be seen that changing the form of the jet

velocity profile alone may have a significant effect on the solution,

the results for the plug flow and the constant total pressure
treatment based om Eqns. 5.4 to 5.6 show discrepancies of up to
25% of Voo . The results in which the distortion of the velocity
profile and the cross-stream velocity components have been deter-
mined by computing the flow within the hole are in significantly
better agreement with the measured data and demonsirate the need
to account fully for the development of the flow within the
ejection hole. In the present work the flowfield within the hole
is determined by the three-dimensional procedurs of Jomes (1976).
The details of this solution and the arrangements for linking it
with that of the jei mainstream interaction are described in the

following sections.

£.3.2 Boundary definition

The computation within the hole is modelled onh a cylindrical
grid within the domain shown in figure 6.5. Boundary conditions
are required on all six boundaries of the domain and these are
summarised in table 6.3. Two alternative forms of exit boundary
condition have been employed : Fixed pressure and fixed Vy -veloc-
i¥y. The reasons for these alternaftive treaitments and the final

form used in the predictions are discussed in section 6.3.4.

It is necessary to f£ix the location of the inlet boundary by

computational experiment. The greatest axial extent required for
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Velocity stream
interaction

¥ Vo, (ny) = 4:‘-[V¢(3, ! a“"s) - V‘(a’NF’"!’D]

Table 6.3 Boundary conditions for the solution within the hole,
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the solution will occur at low injection rates, for which the
distortion o the jet is most marked. Consequently the
computational experimenis were carried out for a "worst case'
condition using the exit velocity prefile fer J = 0,1 measured

by Bergeles (1976). A% this condition the distortion was found
to extend 1.5 D into the hole and this has been used as the inlet

boundary location for all subsequent calculations.

6.3.,3 Numerical accuracy

The numerical accuracy of %the calculaetions has been tested
by ianvestigating the grid dependence of +the solution., Calculations
were completed using grids of 6 x 9 x 8, 8 x 9 x 12 and 13 x 13 x 16
nodes ( Nax Ngx Ny ). The results for the two finer grids
were virtually identical. Further confirmaticn of the numerical
accuracy of the solutions has been sought by comparing predictions
obtained on the 8 x ¢ x 12 grid with the measurements of
Andreopoulos (1980) and, as shown in figure 6.6, agreement o
withir 7% of V. has been obtained. The predicied results emplcyed
in this comparison were obtained from a converged solution of a
linked calculation (hole + jet-mainstream interaction) so that %his
demonsirates the adequacy of the arrangements for linking the two
solutions as well as the numerical accuracy of the computation withirn
the hole. The 8 x 9 x 12 grid has been emploved for zll the remain-

ing work presented in this chapter.

6.3.4 Linkage with the soluvion of the jet-mainstiream

interzction

Different arrangements for linking the solution within the
hole with that of the jet-mainstream interaction are reguired
depending on ‘the form of %the hole exit boundary condition and Vhe

arrangenents are suymmarised in table 6.4,




Step Operation (Fixed pressure) Operation (Fixed velocity)

1 Run the computation of the jet main- Run the compuintion of the jet-mainstream
stream interaction for, oay, interaction for, say, 6O lterations,
iterations, using a plug flow boundary using the 3-D  analogue of Zgns. 5-4
condition on Vy at the hole exit, to 5-6 to determine V4 at the hole exit

on each iteration.

2 Interpolate the pressure field Interpolate the V., - valocity distribution
generated across the hole exit onto across the hole exit onto the hple solution
the hole solution grid. grid.

3 Obtain a converged solution of the Obtain a converged solution of the flow
flow within the hole uslng the fixed within the hole uuing the fixed velocity
pressure oxit bYoundary condltion. boundary condition.

4 Transform velocilty components a¥ the hole exit from cylindricel co-ordinates to
rectangular co-ordinates and interpoclate the distributions of Vo , Vg , Va , k
and & at the hole exit onto %he sclution grid for the Jet- mainstream 1ntaraetion.

5 Continue the solution for the jet- Continue the solution for the jet-malnstream
mainstream interaction for a further interaction for a further 30 iterations
30 iterations, ysing the 3-D analogue of Egns. 5-4 io

5-6 to update the \y - distribution at the
hole exit on each iteration,

6 Teat for convergence

If unconvergad : repsat from step 2.

Table 6.4 Link arrangsments for combined solutions of the jet-mainstrean.

- 821 -




- 129 -

In both the fixed pressure and fixed velocity formulations
of the hole exit boundary condition the assumption has been made
that the shear and normal stresses in the plane of the hole exit
are not important and that the flow is pressure dominated. The
comparison with the measurements of Andreopoulos (1980) shown in
figure 6.6 indicates that this assumption is justified. The fixed
velocifty form of boundary condition involves the addifional
agssumption that the total pressure of the secondary flow is constant
in the plane of the hole exit. In order to assess the influence of
this assumption on the solution of the jet-mainstream interaction
calculations were completed with the following three sets of

boundary conditions :-~

i) Inlet : Pully developed turbulent pipeflow
Zxit : Fixed pressure form

ii) Inlet : Plug flow
BExit : Fixed pressure form

iii) Inlet : Plug flow

Exit ¢ Fixed velocity form

Cases (ii) ard (iii) are virtually egquivalent and resulted
in solutions that were almost identical. The influence of the
cases (i) and (iii) on the solution is shown in figure 6.4 and
again the results can be seen %o be in close agreement. These
results suggest that the hole inlet boundary condition has little
influence on the jet-mainstream interaction,a conclusion which
receives confirmation from the experimental measurements of
Goldstein, Eckert and Burgeraff (1974) who found Daws #28
unaffected by the length - diameter ratio of the secondary injection
tubes. Although the results obtained using the alternative forms

of hole exit boundary condition are in close agreement, the rate
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of convergence of the solutions are quite different. The fixed
velocity form of exit boundary condition gave much more rapid
convergence, particularly at low injection rates (-3°<1l) and
consequently this has been employed for the predictions presented

in section 6.4.

Convergence of the full solution is assumed to be obtained
when both solutions satisfy the mass flux criterion Eqn. (4-39)
and the solution of the jet-mainstream interaction ceases to
change on the recalculation of the flow within the hole. Using
the fixed velocity form of hole exit boundary condition three
cycles of the calculation sequence (steps 2 to 6 in table 6.4)
are generally sufficient to obtain a converged solution although
more cycles may be required at low blowing rates (T3<1). A full
golution with three cycles, completed on an IBM 370-168 requires
a maximum storage of 800k bytes and 50 minutes CPU. The elliptic
calculation used to extend the solution downstiream requires 400 k
bytes and 4 minutes CPU and the parabolic calculation 220 k and

1 minute CPU per 10 /D's of downstream distance.,

6.4 Comparison with experimental measurements

6.4.1 Velocity profiles

The Laser Doppler anemometry measurements of Crabb (1979)
provide further confirmation of the adequacy of the present linked
solution arrangements. A comparison between the measured jet
velocity profile for J = 2.3 at 4Y/D = 0.25 and the present pred-
ictions is shown in figure 6.7 and 1% can be seen that excellent

agreement has been obtained. Also shown in the figure is the

result of a prediction obtained by Crabb using a similar numerical

method but with a hole exit boundary condition based on fully -

developed turbulent pipeflow profiles. The level of agreement
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between measurement and prediction is significantly better with

the present predietion than that of Crabb.

Further comparisons with the velocity measurements of Crabb
(1979) are presented in figure 6.8. 1In general, the present
predictions are in good agreement with the V. - velocity profiles
shown in figure 6.8 (a) however; a flow reversal is predicted at
the downstream edge of the hole which is not shown in the measure-—
ments and the peak in the velocity profiles downstream of the hole
is underpredicted. The V4 =~ velocity profiles shown in figure
6.8 {b) are also in good agreement with the measurements, however,
the predictions tend %o overpredict the velocity peak near the
wall and underpredict the velocity peak far from the wall., 1In
the immediate vieinity of the hole the observed discrepancies may
be due to the mannmer in which the hole is represented by the
rectangular grid. Further downstream the discrepancies in the
Y - velocity profile are largely caused by numerical diffusion
errors : as shown in figure 6.2; the peak in the V, - velocity

profile begins to develop as the grid is refined.

The velocity profile measurements of Ramsey and Goldstein
were completed for velocity ratios, J, of 2 and 1 and comparisocons
of the predictions with this data are shown in figure 6.9. As
with the previous results the predictions show a tendency to
underpredict the peak velocity but are otherwise in good agreement
with the measurements. It can be seen however, that beyond
x/D = 5 the recovery of the velocity profile towards boundary layer
form is somewhat too slow. This region of the flow is wake-like
in character and the turbulence energy dissipation rate (€ ) is
much greater than the rate of production (&). As observed in

section 5.2.4 under these circumstances the value of CP increases
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leading %o an increase in m.. The slow recovery of the velocity
profiles downstream of x/D = 5 may therefore be caused by the
assumption of a constant C, in the k - € turbulence modelling.
however, this conclusion must be viewed with caution because of
the small magnitude of the effect and because of the existance

of numerical diffusion errors in the solutions.

The velocity profile measurements of Bergeles {1976) cover
the range 0.24 £ J < 1.0 and comparisons with these measurements
are shown in figure 6.,10. Again, the predictions generally agree
with the measurements to within the experimental error. Further
support is also given to the conclusion that He is underpredicted

in the wake-like region in the lee of the jet.

6.4.2 Effectiveness contours

Comparisons with the non-dimensional temperature (effectiveness)
contour plots of Ramsey and Goldstein (1971) are presented in
figure 6.11. Apart from the region in the vicinity of the wall,
the jet spread and penetration are well predicted. It can be
seen however that there is a tendency for the peak effectiveness
to be underpredicted. In common with the Vi -~ velocity profile
the peak effectiveness was found to increase with increasing grid
refinement, which suggests that the underprediction is caused by

numerical diffusion errors.

Another feature which is clearly displayed is the over-
prediction of the strength of the streamwise vortices downsiream
of the hole. This is consistent with the overprediction of the
near wall peak in the V% - velocity profiles shown in figure
6.8 (b). Unfortunately the variation in the V, - velocity with
increasing grid refinement does not follow consistent trends

making it difficult to determine whether the overprediction of
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the vortex strength arises from inadequacies in the k - € turbulence
modelling or from numerical error. The examination of the numerical
error in the solutions of the y and z - momentum equations by the
method of McGuirk and Rodi (1978) has shown that the errors are
largely confined to the initial mixing region upstream of x/D = 2.0.
The results presented in the following section show however, that
the overprediction of the vortex strength does not decay with
downstream distance but persists unabated to at least x/D = 40,

This implies that the major caﬁse of the overprediction lies in

the turbulence modelling.

A discussion of the inadequacies of the k - € furbulence
model has been presented in section 5.2.4., Perhaps the major
shortcoming of the k —& model in its application to jets in cross-
flow is the inability of the isotropic viscosity hypothesis to
describe flows with significant curvature. Bradshaw (1973) has
observed that curvature effects result in the suppression of the
turbylent mixing in the centre of a vortex. In the context of the
present work however, the flow curvature associated with the
streamwise vortices will result in the enhancement of the turbulent
mixing in the vicinity of the wall. Thus the wall shear stress
will be underpredicted and with it the rate of decay in the strength

of the streamwise vortex.

6.4.3 Surface effectiveness

The overprediction of the streamwise vortex strength has
important consequences for the conditions at the wall., This is
clearly shown in the predictions of adiabatic wall effectiveness
which are compared with the measurements of Eriksen (1971) in
figure 6,12. It can be seen that for 4 = 2,0 Qﬁﬂ,is generally

underpredicted, for J = 1.0 the centreline effectiveness is
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reasonably predicted but 'l““ is underpredicted at off-centreline
locations and finally for J = 0.5 the centreline effectiveness is
overpredicted but on off centreline locations Daw is still
underpredicted. These discrepancies are not caused by the
incorrect prediction of the trajectory of the jet since the
velocity profile comparisons presented in section 6.4.1 show that
this is well predicted. The major cause of the discrepancies is,
as suggested above, the overprediction of the strength of the
streamwise vortices, Injection at a velocity ratio, J, of 2 gives
rise to large streamwise vortices the ovefprediction of which
results in the entrainment of excess mainstream fluid under the
jet causing the underprediction of Daw » The vortices get up

by injection at J = 0.5 are much smaller and to a large extent are
contained within the jet., Consequently little mainstream fluid

is entrained into the jet as a result of the vortex action. In

this case the vortices act %o oppose the spreading of the jet
fluid by diffusion. Near the wall the centreline effectiveness
is higher than that at off centreline locations so that diffusion
acts to transport the conserved scalar away from the centreline.
On the other hand the streamwise vortex results in the transport

of the conserved scalar towards the centreline. Thus as a result

of the overprediction of the streamwise vortices the transport of
the conserved scalar away from the cenfreline is inhibited, causing
the overprediction of the centreline effectiveness, This is
compounded by the fact that the inadequacies in the k¥ —= £ %urbulence
modelling result in the underprediction of the turbulent mixing |
near the wall sSo that the diffusive transport of the conserved |
gcalar away from the centreline will be underpredicted. For J = l.OI
the observed discrepancies may be described by a combination of

the effects for the J = 2.0 and J = 0,5 conditions,
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6.4.4 Surface heat transfer

Comparisons between the predicted wall heat transfer
coefficients and the measurements of Eriksen (1971) for J = 2.0,
1.0 and 0.5 are shown in figures 6.13, 6.14 and 6.15 respectively.
The measurements were obtained with Ty = "V, so that errors in
the prediction of the effectiveness field are not reflected in the
results. In spite of +this only fair agreement has been obtained,
with discrepancies of up %to 30% between measurement and prediction.
For all three conditions the centreline heat transfer coefficient
is underpredicted and there is a tendency to overpredict the heat
transfer for z/D3> 0.7. These discrepancies can also be interpreted
in terms of the overprediction of the streamwise vortices., At off
centreline locations the vortex causes the flow to take on the
character of a reattachment region, with which high heat transfer
rates are agssociated; along the centreline the flow separates giving
rise %o the suppression of the heat transfer rate. The overpred-
iction of the streamwise vortices will result in the exaggeration
of these effects. A further cause of the underprediction of the
centreline heat transfer rate could be the underprediction of He
arising from the combined effects of the variation of Cp caused
by the wake-like character of the flow and the influence of
streamline curvature, The latter effect would also cause increases
in the heat transfer rate at off centreline locations however it
is probable that a major cause of the discrepancies arises from
the use of wall funcitions based on boundary layer flows. Such wall
functions assume Couette flow near the wall and are invalid where

| there are gignificant velocity components normal to the wall.
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6.5 Concluding remarks |

Accurate predictions of the jet in crossflow for 0.24< J<2.3
can only be achieved if the development of the flow within the
hole is computed. The treatment described in this chapter uses
separate calculations of the jet-mainstream interaction and of
the flow within the hole which are linked together by assuming
appropriate forms of boundary conditions at the hole exit. Two
alternative formulations have been employed : a "fixed pressure"
form and a "fixed velocity" form.’ It has been shown that the
solutions obtained with the alternative forms are in good agreement
and provide accurate representations of the hole exit velocity
profile. The rate of convergence of solutions with the fixed
velocity form of hole exit boundary condition is superior to that

of solutions using the fixed pressure form.

Many features of the flow are well represented by the present
predictions. For example, the jet spread and penetraticn are well
predicted and the V. and Vg velocity profiles generally show
good agreement with measured data. However the predictions are
subject to numerical diffusion errors which to a large extent are
responsible for the underprediction of the peaks in the V. -
velocity and rz profiles downstream of the hole., The numerical
error is generally confined to the jet and associated shear layers
upstream of /D = 2,0 so that the solutions would benefit most

from grid refinement in this part of the solution domain.

The comparisons with measured data display discrepancies which
are consistent with inadequacies in the k¥ - € turbulence model
and in particular with the isotropic fturbulent viscosity hypothesis.
This suggests that the use of a turbulence model providing more

direct representation of the Reynolds stresses would improve the
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accuracy of the predictions. As a result of limitations imposed
by computer capacity the adoption of a siress transport model is
not justified however, an algebraic stress model should provide
the required improvements in the modelling of the influence of
streamline curvature and of the wake-like region in the lee of

the jet.

The use of a heat flux wall function based on boundary layer
type flow with Couette - like flow near the wall is invalid near
the jet centreline where there are large velocity components away
from the wall. This contributes %o the underprediction of the
heat transfer coefficients along the jet centireline. The wall
functions derived by Chieng and Launder (1980) which have given
improvements in the accuracy of wall heat flux predictions for
two-dimensional recirculating flows may provide some improvement

in the accuracy of the wall heat flux predictions.
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CHAPTER 7

LzADING EDGE FILM COQLING CALCULATIONS

7.1 Introduction

In this chapter the three dimensional numerical procedure
of Jones (1976) is adapted and applied to the solution of the flow
set up by the ejection of fluid from rows of holes in the surface
of a cylinder in crossflow. ZFPredictions are obtained for the
measured data of Rastogi and Whitelaw (1972) and of the present
study, both of which employ this configuration to simulate the
flow at the leading edge of film-cooled rotors and stators of

gas turbine engines,

The numerical work is restricte& to ejection configurations
which are symmetric about a plane lying through the stagnation
point of the cylinder (see Figure 7.1); since this halves the size
of the solution domain required. The initial attempts to model the
flow employed cylindrical polar solution grids covering a 180 degree
sector from the leading edge to the trailing edge of the cylinder.

Thege were not successful for two reasons

i) Core size limitations precluded the use of sufficient
grid points to allow the description of both the flow
around the cylinder and the details of the interaction

between the jet and mainstream flows,

ii) The cylindrical grid was not suited to the solutiom
of the flow at a distance from the cylinder since the
curvature of the co-ordinate system introduces curvature
in the dependent variable fields which causes numerical

errors (c.f. section 5.2.3).



- 139 -

Two possible solutions fo these problems were considered

i) Co-ordinate transformation

ii) ZEmbedded grid solutions

The use of co~ordinate transformation based om, say, the
gtreamfunction and velocity potential fields for inviscid f£low
past a cylinder in crossflow is an attractive approach. In
general the flow would be closely aligned with the grid so that,
as discussed in section 5.2.3, numerical errors would be minimised.
However, this does not overcome the problem that the flow is
defined by two length scales; the ejection hole diameter (D) and
the radius of the cylinder R. Typically R/D== 7 making it diffi-
cult to obtain an adequate description of both the jet-mainstream
interaction (characterised by D) and the mainstream flow around
the cylinder (characterised by R), within the maximum number of

grid nodes allowed by the available computer resources.

Embedded grid solutions do not suffer from this problem since
the solution domains and grid node distributions can be chosen to
suif{ the characteristic length scale of the part of the flow
covered by each grid. In this way the grid nodes may be distri-
buted in a much more efficient manner than with a single grid
solution reducing the total core storage requirement of the
solution. By suitable choice of grids it is also possible, with
the embedded grid solutions, to arrange so that much of the flow
is aligned with the calculation mesh, minimising the numerical

errors of the solution. In view of these arguments embedded grid

solutions have heen employed for the work presented in this chapter.

The following section of the chapter is a description of
the computational details of the embedded grid solution, including

the validation of this technique for a cylinder in crossflow
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without ejection. This is followed by the presentation and
discussion of the predictions of the measured data of Rastogi
and Whitelaw {(1972) and of the present study for cylinders with

ejection. Finally, concluding remarks are given in section 7.4.

7.2 Computational details

The arrangement of the solution meshes has been chosen so
that the flow is aligned as closely as possible with the mesh;
thus reducing numerical errors. At a large distance from the
cylinder the flow is only slightly perturbed by the presence of
the cylinder and the approximately uniform freestream is beat®
represented by a rectangular grid. On the other hand in the
vicinity of the cylinder it is important %o resolve the details

of the near-wall flow, This is best achieved by a cylindrical

polar grid. A suitable grid arrangement is therefore a cylindrical

grid embedded within a rectangular grid as shown in figure 7.2.
To further reduce the cylindrical grid solution domain required,
use has been made of a version of Jones (1976) method which has
been extended by Priddin (1979) to allow wall boundaries which
do not conform to the grid. It is therefore possible %o use the
rectangular grid solution to represent the flow downstream of the

region of interest.

The cylindrical grid and rectangular grid are arranged to
overlap %o allow transfer of information between the grids and
to ensure continuity of gradients of quantities across the inter-

face.

7.2.1 Treatment of the recfangular grid cells at the interface

The treatment of rectangular grid cells which interface with

the cylindrical grid solution has two basic features :




- 141 -

1) The calculation of the area mean flux of guantities
across the cell faces at the interface by linear
interpolation from the cylindrical grid solution and
the modification of the rectangular grid interface
cell coefficients in accordance with the calculated

flux.

2) The specification of fixed values at rectangular grid
nodes within the region enclosed by the interface fo
ensure the correct computation of source terms for

the cells at the interface.

Proper account must be taken of the sftaggered grid arrange-
ment (see figure 4.1) in order to define the interface cells for

v and V

x Accordingly we start by defining the V.. and

W
Vo cell faces which lie just within the region bounded by the
Ne— 1| and Ng—1 grid lines of the cylindrical grid. This
defines a preliminary interface for the V, and V4 cells which
ensures an overlap of the grids. Within this region nodes are
chosen at which the Vy and V4 velocities are to be fixed. These
arrangements are shown in figure 7.3 (a) and (b) for the Vy and
VS grid cells respectively. The interface for the V, velocity
and scalar grids is defined by the cell faces on which the V.

and VS velocities are fixed, This boundary is shown in figure

7.3 (e¢). It can be seen that some of the fixed value nodes for

v

k4

and V4 lie outside the interface, The final V., and Vu
grid interface is obtained by modifying the preliminary arrangement
to remove these points. This ensures consistency between the
interface definitions 0of the staggered grids and the scalar grid.
Finally, the fixed wvalue node locations are updated %to ensure the

correct computation of source terms.
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Once the interface and fixed value node locations have heen

defined, the fluxes and values are determined as follows :-

i) Transform the cylindrical grid V. and Vg velocity
components to V,, and V., components of the rectangular

grid.

. A~

ii) Calculate the area mean mass flux ("“I) and
the convective flux of d) N ( " )1 y across each
cell face on the interface by linear interpolation

from the cylindrical grid solution.

iii) Determine () at the fixed value node locations
using linear interpolation from the cylindrical grid
solution. (Note that where ¢ is V. or Vy an
area meaned value on the plane perpendicular to the

velocity component is employed) .

The following boundary conditions are employed for the

rectangular grid solution c¢ells bounding the interface :-

For V; and scalars the coefficients of the cells bounding
the interface are modified by setting A3= QO - and modifying

the source terms as follows :-
b = b? +ab® (7-1)
¢® = ctwact (7-2)
Where the flow leaves the cell through the interface face
Ab¢=Ac¢= O , and

ab® = -|=w; (7-3)
act = & (K9, (7-4)
| e

where the flow enters the cell through the interface face,

In the present work the grid Peclet numbers in the xx and

Y directions of the rectangular mesh at the interface are always
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greater than 2. Conseqguently upwind differencing is employed

for these calculation cells and diffusive terms do not enter the
finite difference equations (see the hybrid difference expressions
equations (4-27) and (4-28)). Thus the modelling of the convective
terms by equations (7-1) to (7-4) provides a sufficient description
of the fluxes through the rectangular grid cell faces on the

interface.

Since the velocities are fixed on the interface, the correct
boundary condition on the pressure correction is A-E = O
through equation (4-36), together with the use of the mass flux

N .
my 1in the calculation of mgyp .,

Application of the procedure for V, and scalars to V.,
and Vy resul¥s in inconsistent solutions to Tthe pressure
correction equation. This arises because the assumption of a

fixed flux across the interface of the staggered grid cells of

the velocity components normal to the interface is only correct

if p' = 0 for the scalar grid cell bounding the interface.

In general this will not be gatisfied and as a result the boundary
condition on the momentum equations for velocity components normal

to the interface makes use of the fixed velocity points.

7.2.2 Determination of boundary values at the interface

for the cylindrical grid

The planes defined by "‘(N.-) and G(Nc,) form the boundaries
of the cylindrical grid solution which lies within the rectangular
grid solution. The boundary condition on the r—(hié) plane 1is
formed by interpolating values from the rectangular grid solution ‘
using linear interpolation. The Eioﬂé)boundary forms an exit
boundary on the cylindrical grid soluftion and its treatment is

gimilar to that employed for the fixed velocity form of the hole
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exit boundary condition described in chapter 6, i.e. Vg is
specified by interpolation from the rectangular grid solution,
whereas boundary values of V. , V, , k, £ and T are
obtained by linear extrapolation Zrom within the cylindrical

grid .solution. A consequence of the coarseness of the rectangular
grid is that the distribution of Vg close to the wall is not
well represented. The numerical diffusion which results leads

to the overprediction of the thickness of the boundary layer on
the cylinder., The situation could be improved by further grid
refinement in this region however computer storage limitations

did not allow this., 1In order to overcome this problem the Vg
boundary condition is formed by interpolation from the rectangular
grid up to the edge of the apparent boundary layer and blending
between this point and the wall a profile with the same shape

as this part of the Vg profile at O (Ng=-1).

The gystem of embedding the c¢ylindrical grid solution within
that of the rectangular grid, described in this section and the
previous one, introduces errors into the solutions. The method
of specifying the fluxes through the faces of the rectangular
grid cells at the interface mimics the operation of the upwind
difference scheme and, apart from numerical diffusion errors
associated with the upwind difference approximation, does not
degrade the accuracy of the solution. Interpolation errors also
arise in the determination from the rectangular grid solution
of the boundary values on the =~ ( Nno) and & (Ng ) planes
of the cylindrical grid. Since the interpolation has the same
order of accuracy as the finite difference approximation then
the interpolation errors will be of similar magnhitude to the
numerical diffusion error of the rectangular grid solution. The

nearer the interface is located %o the surface of the cylinder the
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greater is the curvature of the £flow which has to be resolved

by the rectangular grid solution and the numerical diffusion
errors increase, Consequently it is necessary to locate the
interface sufficiently far from the surface of the cylinder for
the numerical error of the rectangular grid solution to be small.

This has been achieved by computational experiment,

The approximation involved in the treatment of the near wall
region of the exit boundary of the cylimdrical grid does introduce
errors, however, the calculations completed to validate the
solutions have shown that the error isg localised and small (c.f.

section 7.2.4).

7.2.3 Validation of the rectangular grid solution

The initial validation of the rectangular grid solution was
completed by predicting the laminar flow about a cylinder in
crossflow at a Reynolds number based on the cylinder diameter
of 40. The domain employed for these solutions is shown in figure
7.4. A symmetry boundary condition is assumed at the VY (1)
boundary and the velocities at the X (1) and Y (b15 ) boundaries
are specified by the amalytic solution for a cylinder in crossflow.
At the X (¥, ) boundary the condition B‘#/b‘__ = 0 is applied ;
as with previous exit boundary conditions. The location of the

boundaries as determined by computational experiment are :=-

X /R = 3
Xeg /R = 8
H /R = 7

Solutions obtained on grids of 19 x 13 and 25 x 20 nodes
(N, x N4 ) gave results which were virtually identical, The

predicted length of the recirculation downstream of 2.13 cylinder
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diameters is in excellent agreement with the observations of

Taneda (1956).

A number of modifications were made to prepare the rectangular

grid solutions for the predictions presented in section 7.3.

i) The flow around the cylinder becomes fturbulent af
the ejection point., It is appropriate %o include

the equations for k and € in the solutions.

ii) .In order to account for the presence of the windtunnel
wall the wall boundary condition (equations (4-44),
(4=47) and (4-48)) is specified at ¥ (N ) and the
X (1) boundary condition modified to account for the
boundary layer on the wall.

iii) To reduce the computational expense an afterbody was
fitted to the rear of the cylinder a shown in figure
T7.5. This allows a reduction in the downstream extent
of the solution domain (to X 5 /R = 2) and also
significantly enhances the convergence of the solution
by suppressing the recirculation downstream of the
cylinder, Comparisons of predictions obtained with the
afterbody with those without the afterbody show very
little effect on the flow up to © = 75 degrees.

A refined version of the 25 x 20 node grid employed in the
laminar flow solution, with 20 x 25 x 8 nodes (I\T== X I\T.t X No )
is employed for the work presented in section 7.3. This grid
was the finest that could be employed on the available computer

facilities.
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7.2.4 Validation of the embedded grid solutions for a

cylinder without ejection

The initial evaluation of the embedded grid solution was
carried out for a cylinder in crossflow at 2 Reynolds number based
on diameter of 40 and also to compare with the measurements of
the present study at a Reynolds number of 8.5 x 10% . The
sequence of operations employed for the embedded grid calculations

is summarised in table T.l.

Step Operation

1 Obtain a solution for the rectangular grid
alone and file the resulft.

2 Interpolate to obtain boundary values for
the cylindrical grid (c.f. section 7.2.2).

3 Retrieve any previously filed cylindrical
grid solution {or initialise) and compute
for several iterations ( ~~» 80 ) using

the new boundary values, File the result.

4 Calculate the fluxes etc. for the inter-
face cells of the rectangular grid (c.f.
section 7.2.1).

5 Retrieve the filed rectangular grid
results and continue the solution using
the new fluxes etc. File the result.

6 Test for convergence and repeat the
sequence from 2 as necessary.

Table 7.1 Sequence of operations for the embedded grid

computations.
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The convergence criteria used were the satisfaction of the
residual mass flux condition, equation (4-39) for both the
rectangular and cylindrical grid solutions and that the changes
in the velocity and 7 fields of rthe cylindrical grid solution
on successive completions of step 3 of the sequence be less than

1% V. and 0,005 respectively.

The » - © domain employed for the cylindrical grid solutions

is shown in figure 7.6. The extent of the domain employed :

~(Neo.) /R 2.0
2 (Ng) 76

is based on the domain study carried out in section 7.2.5, as

was the finite difference mesh :

Computation for Re

40 : N. xNg =20x20

Computation for Re = 8.5x10% : N xNg =21 x 25

Both solutions were set up for laminar flow. This is
appropriate since, through a combination of the acceleration
around the surface and curvature effects, the boundary layer
remains laminar over the major part of the upstream surface of

the cylinder,

The embedded grid solution for Re = 40 is compared with
a Blasius series solution matched to the potential flow solution
for a cylinder in crossflow in figure 7.7. The solutions agree
to within 10%. A comparison with the velocity profile measurements
of the present study is shown in figure 7.8. Again, agreemen?
between the prediction and measuremenis is generally within the
experimental error, the largest discrepancy (10%) occurrirg in
the V@ profile at © = 76 degrees. This discrepancy is caused

by the use of an afterbody in the prediction and the assumptions
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made in describing the Va profile on the exit planme of the

cylindrical grid solution (e.f. section 7.2.2).

Accurate predictions of the pressure field are difficult
to obtain since numerical errors in the solutions of all the
momentum equations are reflected as errors in the pressure. A
comparison between the predicted and measured static pressure
distribution on the surface of the cylinder is shown in figure
7.9. In general good agreement has been obtained, however, there
are discrepancies in Cp of up to 0.10 for © <L 10 degrees and
0.75 for ©~9 80 degrees, The latter discrepancy is consistent
with the overprediction (by 10%) of Vg near the wall at © = 76
' degrees and reflects the influence of the afterbody and the exit

boundary assumptions as described above.

The error in (Cp for & < 10 degrees is equivalent to an
error in the prediction of the velocity magnitude of abouil
5% Ve o+ Part of this error arises as a result of incomplete
convergence of the iteration sequence between the two solutions.
Six cycles of the solution sequence given in table 7.1 were
employed for the calculation and inspection of the solution
suggest that approximately 2% of the error arises from incomplete
convergence. An examination of the numerical diffusion errors of
both the cylindrical and rectangular grid solutions using the
method of McGuirk and Rodi (1978) has shown that, although the
errors are small, in neither solution is the error negligible.
Thus the remaining error (3% V e ) arises as a result of numerical
diffusion in both the rectangular and cylindrical grid computations

and errors in the interpolations between the grids.
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7.2.5 Yalidation of the cylindrical grid soclution

with ejection

The boundary conditions employed in the cylindriecal grid
solutions are summarised in table 7.2 and the solution domain
is shown in figure 7.10.
of the flow within the ejection hole using an arrangement similar
to that employed in chapter & but with the appropriate transform-
ation of the velocities at the hole exit to the cylindrical grid

co=ordinates.

The solutions include the calculation

Boundary Condition

r~ (1) Hole exit : Fixed velocity form

(c.f. section 63.2.)
( Wall : Eqns. (4-44),(4-47) and (4-48),

dn /3 =0

- (N, ) Specified from rectangular grid
solution

8 (1) Symmetry : Vg = O; ¥/%0 =0

@ (Ng ) Specified from rectangular grid

solution

z2(1); 2 (Ng )

Symmetry : V5 = O3 5/32 =0

Table 7.2 Boundary conditions for the cylindrical

grid solution.
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Boundary locations for © (N g ) of between 75 and 80
degrees are employed, the maximum consistent with the region
largely unperturbed by the presence of the afterhody. Other
boundary locations are fixed by the geometry of the experiment
with the exception 0of w (N ) which must be located sufficiently
far from the surface of the cylinder to ensure that the errors
involved in the interpolations between the grids and the solution
on the rectangular grid are acceptably small. The location of
the = (N« ) boundary was determined for several ejection
configurations by computational experiment and in each case the

same result, ™ (N, )/R = 2, was obtained.

The results of grid dependence tests on the cylindrical
grid solution with ejection are shown in figure 7.11. The
20 x 24 x 18 node (Ny x Ng x N, ) grid was the finest that
could be used on the available computer facilities and it can
be seen that grid independent solutions have not been obtained.
A marked sensitivity of both the velocity and 'l profile to

grid refinement is apparent.

The numerical accuracy of the cylindrical grid solution has
been studied further using the method of MeGuirk and Rodi (1978),

described in chapter 5. This has shown that numerical diffusion

is greatest in the vicinity of the secondary jet and its associated

shear layers and that outside this region numerical diffusion is
generally small, The results for the ™ - momentum, © - moment-
um and conserved scalar equations of the © gy = 40 degree config-
uration of the present study are shown in figure 7.12 (a), (b)

and (c¢) respectively. The large positive peaks in the residuals
for the n and © - momentum equations imply the underprediction

of the ¢ -~ momentum of the secondary jet and of the © nmomentum
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for 'U/R < 1.13. Once again, numerical diffusion is most
significant for the conserved scalar and will result in the
overprediction of the diffusion of the secondary jet fluid into

the mainstream,

The predictions presented in section 7.3 make use of grids
based on the 20 x 24 x 18 node (N, x Ng x N, ) mesh of the
grid dependence study. The solutions require between 7 and 10
cycles of the calculation sequence given in table 7.1 and a total
CPU equivalent to between 3 and 4 hours om an IBM 370-168, 75%
of which is expended on the cylindrical grid solution., The maximum

core storage required is 900k bytes.

7.3 Comparison with experimental measurements

The configurations chosen for prediction have been restricted
to ejection geometries which allow the use of symmetry boundary
conditions at @ (1), Z(1), and 2 (N ). This minimises the
cylindrical grid solution domain size and the computational effort
required. The experimental work of the present study and of

Rastogi and Whitelaw fall into this category.

7.3.1 Measurements of Rastogi and Whitelaw (1972): 5 = 0°

In this study measurements of Miw on the jet centreline
were obtained at two density ratios (fls/f3°°= 1.0 and 2.1) and
velocity ratios up to \ﬁq/\/,, = 2,4, As discussed previously
in chapter 3 bistable flow was observed during the experimental
work of the present study, for © = 0 and J > 1.0 when the
splitter plate was not fitted. Rastogi and Whitelaw commeant on
the sgensitivity of the flow for low &, but do not seem to

have observed the bistable flow.
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Figure 7.13 contains comparisons between the measured and
predicted Q}m for conditions at which bistable flow is not
expected (i.e. Momentum Ratios peVz" /P“\l,: < 1.0), 1In
gensral, the agreement is better than the quoted experimental
error ( £ 3% of unity). The comparisons with P'r/p,, =2.1
show slightly worse agreement than those at /Or/p‘, = 1,0,

This possibly arises from the influence of buoyancy on the turbulent
Prandtl/Schmidt number (see Gibson (1978)) which is assumed to be

constant in the predictions.

The predictions of this data were completed prior to the

experimental work presented in chapter 3 and include conditions

with A= sz/P" V:; for which bistable flow would be expected.

Predictions at these conditions produce a ftotally different flow

regime %o that found at lower momentum ratio conditions as shown

in figure 7.14. In the calcuylations the position of the contra-

rotating vortex pair set up across the front of the cylinder for
[-’f\/wz/lo,,,\/;> \ is fixed by the imposition of the symmetry |

plane boundary condition at © = 0, No such constraint exists

in the real flow and the vortices are free to build and shed in

an unsymmeirical manner, We may attempt %to understand fthe

behaviour observed in the exXperimental work of the present study

in terms of the interaction of the vortices shed from the ejection

point with those at the rear of the cylinder. With the splitter

plate fitted the shed vortex interacts with the stationary vorftex

downstream of the cylinder increasing its overall vorticity. Since

the splitter plate fixes the flow direction this leads to an

increase in the flow on this gide of the c¢ylinder, moving the

upstream stagnation point Yo the opposite side of the jet and

shedding a vortex on the opposite side of the cylinder. Hence

the unstable behaviour observed with the splitter plate fitted.
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Without the splitter plate, the vortex shed from the front of

the cylinder interacts with the vortex street behind the cylinder,
Because the flow direction is no longer constrained however,

this does not influence the flow om the upstream surface of the
cylinder, leading %o the bhi-stable flow behaviour observed

without the splitter plate fitted.

It is worth mentioning here that Warren (1960) has observed
a stable flow akin to that shown in figure 7.14 for /°f\é;4xJV:b>'
in connection with the cooling of the nose of axisymmetric bodies
in hypersonic flight by the ejection of fluid at the stagnation
point. In this case however a vortex ring is formed around the
ejection poin¥, and the instabilities observed above arising

from vortex shedding do mnot occur.

T.3.2 Measurements of the present study

Comparisons between the measured and predicted velocity

®  20°, and 40° are shown in figures

profiles for 4 =0
7.15, 7.16 and 7.17 regpectively. Over the major part of most

of the velocity profiles the predictions agree with the measure-
ments %o within the experimental error, however, there are regions
where discrepancies arise. For example, there is a tendency to
underpredict Vg for "/R < 1.3 which is particularly marked

in the region of the velocity peak immediately downstream of the
ejection point for Oy = 20° and 40° . This is a comsequence

of the numerical diffusion in the solutions of the + and &

momentum equations discussed in section 7.2.5.

The k- € turbulence modelling employed here makes use of
the assumption that the flow iz fully fturbulent. In praciice,

although the flow is certainly turbulent downstream of the
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ejection point, it is laminar upstream of this point. The
turbulent boundary layer predicted upsiream of the ejection point
is thicker than the corresponding laminar boundary layer of the
actual flow. The additional boundary layer turbulence is unlikely
to influence the flow downsiream of the ejection point signific-
antly, however, the increased boundary layer thickness does have

a small effect. This is most noticeable for O = 40 degrees
where it has caused the underprediction of the strength of the

streamwise vortices downstream of the holes.

Concentration profile comparisons for 693.= 0, 20 and 40
degrees are shown in figures 7.18, 7.19 and 7.20. It can be seen
that, for Gbx::O? the prediction indicates that the jet reattaches
%0 the surface of the cylinder well upstream of the reattachment
point shown in the measurements, Consequently the calculated

surface concentration ( Q;u;) is in poor agreement with measurement.

The predictions of the data of Rastogi and Whitelaw (1972)
for 2 similar configuration are in good agreement with the measure-
ments however (see figure 7.13). These apparently inconsistent
results appear to arise as a result of differences in the numerical
diffusion errors of the solutions. Comparison of the truncation
errors of the solutions for the J = 0.87 condition of Rastogi and
Whitelaw and the J = 0.89 condi%ion of the present study has shown i

that the numerical diffusion error in the outer region of the jet-

mainstream interaction is greater in the latter solution. The

diffusion of jet momentum into the mainstream flow which results
is the probable cause of the early reattachment of the jet %o the
cylinder, Now the cylindrical grid solution mesh has been chosen
to scale on the ejection hole diameter, D. In terms of the radius

of the cylinder, R,however, the grids employed for the predictions
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of the present work are coarser than those employed the data of
Rastogi and Whitelaw since in the former R/D = 12.5 and in the
latter R/D = 6.25, The larger numerical errors associated with
the prediction of the present results reflect the strong influence
of the cylinder on the flow for & ; = 0" as discussed in section
3.3.3. A notable feature of figures 7.19 and 7.20 is the
underprediction of the radial spread of the jet fluid. Consider-
ation of the velocity profiles in this region shows that a("whb/bf
is negative and the discrepancy is clearly a result of the influ-
ence of streamline curvaiure on the turbulent mixing. As a
consequence of a combination of the underprediction of the radizl
spread of the jet and numerical error, the lateral spread of %the
jet tends to be OVerpfedicted. This is shown clearly in the wall

o
concentration resylts for 9.3- =20 .

Finally, having considered errors arising from the turbulence
modelling and numerical aspects of the solutions, the measurements
are not entirely blameless, For example,the V. — velocity profiles
immediately downstream of the hole for &g = 20° and 40° exhibit
a small negative peak in the region of ‘ﬂﬁl = 1.15. This is an
artefact of the steepness of the gradient dVe/ye and the inad-

equate spatial resolution of the 5-hole probe.

T.4 Concluding remarks

The embedded grid system described in this chapter has allowed
the computation of the ejection of fluid from she surface of a
cylinder in cross-flow with much greater accuracy than would have
been possible using a single cylindrical polar grid. The essential
features of the embedding procedure are not specific to the present

problem and may find application to other problems in £1luid

dynamics where a relatively small région of particular interest
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lies within a flow field of much greater extent.

The calculated results are in encouraging agreement with

measurement, however, in spite of the use of embedded grids further

grid refinement is necessary to reduce numerical errors. Alter-
natively the application of numerical methods based on higher

order difference approximations (e.g. Raithby (1976 and Leonard
(1979)) would have potential for improving the numerical accuracy

of the solutions.

The comparisons also show the need for changes in the k¥ =&
turbulence modelling to account for the laminar flow on the
surface upstream of the ejection point and the influence of curv-
ature on the fturbulent mixing. In principle the low Reynolds
number form of the ¥ - € model, Jones and Launder (1973); is
capable of treating the combination of laminar and turbulent
flows on the cylinder, As discussed in chapter 5, however, this
requires a very much finer solution mesh than that employed here
and is not yet a practical proposition. A simpler approach that
may prove adequate would be %o retain the high Reynolds number
form of k¥ - & model but to neglect the turbulent contribution to

momentum transfer upstream of the ejection point.

The accuracy of the prediction of Riw 18 of major concern
to the blade cooling engineer. In the comparisons with the
experimental data of the present study it is clear that the
accuracy of the predictions of Niw would be improved by the
inclusion of streamline curvaiture effects in the modelling of
turbulence. The applicability of turbulence modelling based on
an isotropic turbulent viscosity defined by equation (4-16) to
complex three-dimensional flows with streamline curvature has been

discussed in chapter 6. Again, the adopiion of a full Reynolds
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stress closure is not justified since the numerical error of the
solutions is significant, however,a relatively ad-hoc treatment

of curvature effects, possibly based on the work of Priddin (1975),
deserves attention and should prove adequate for engineering

calculations.,
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CHAPTER 8
CLOSURE

8.1 Introduction

In this chapter the major conclusions of the present work
are reviewed and recommendations made for the direction of future
work, with an emphasis on understanding the bshaviour of f£ilm
cooling on gas turbine blades. The chapter is divided into two
sections which consider experimental aspects of the work and

theoretical modelling respectively.

8.2 The experimental study of film cooling

8.2.1 Major conclusions

The experimental work of the present study concerned %the
determination of the behaviour of film cooling at the leading
edge of a gas turbine blade., Although the heat transfer aspects
of the flow have been studied previously (c.f. section 1.3.3) the
present work includes the first quantitative measurements of the
aerodynamics of leading edge cooling configurations,

The results presented in chapter 3 for ejection from rows of
holes on a cylinder in crossflow with © = O; ¥ 20 and £ 40
degrees show that the flow behaves quite differently for ejection
at * 20 and =* 40 degrees than for ejection at &y = O degrees,
In the *£ 20 and =% 40 degree configurations the mainstream flow
hag a significant crossflow component across the exit of the hole
to which the £ilm cooling jet presents a blockage. This is similar
40 the situation arising in other jet in crosgsflow configurations
go that, although the details of the flowfield are affected by

gtreamline curvature and pressure gradients, the flow characterist-

ics are essentially similar. This is not the case for ejection
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at B = Oohowever, since (for J<1 at least) the mainstream has
a negligible crossflow component at the hole exit and, in compar-
ison to the cylinder, the film cooling jet presents little blockage
to the mainstream flow, This is reflected in the measured velocity
profiles which show little distortion arising from the injected
flow., In contrast the velocity profiles for the X 20 and * 40

degree ejection configurations are significantly distorted.

Bistable flow was observed for ejection along the stagnation
line with J» 1.0. A possible mechanism for this behaviour is
proposed in section 7.3.1 which is based on the shedding of
gpanwise vortices set up by the ejection, and their interaction

with the spanwise vortices at the rear of the cylinder.

The 20 and *=40 degree ejection configurations may be
characterised approximately in terms of the velocity ratio, J p ,
based on the mainstream velocity in the locality of the ejection
point. Comparisons with measurements of film cooling on flat
plates with zero pressure gradient flow show that, at a given J ,
the present results have decreased jet penevration and this is
attributed to a combination of fhe effects of the radial component

of the mainstream flow and the acceleration,

One of the major problems associated with the cooling of gas
turbine blade leading edges concerns the high heat transfer
coefficients which occur along the stagnation line. Ejection of
coolant on the stagnation line would appear to be beneficial since
the stagnation line may, in part, be lifted away from the surface,
and at the same time the ejected air forms a protective film on
the surface. The results of the present work suggest several

problems with this approach however :

1) It is difficult to obtain a symmetrical division
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of the coolant to either side of the stagnation
F 4
line for A*Vs /p VZ < 1, and impossible
f vaz/ * 1
or T fbuffg > 1.

2)  Although the aerodynamic losses associated with
the stagnation line ejection are small, so are the

levels of effectiveness,

3) As a result of the 1lift on the blade, the stagnation
streamline of the mainstream flow is curved. This
will cause the ejected flow to be biased towards the

suction surface of the blade.

4) The rotor blade experiences severe negative incidence
ac it passes through the wakes of the upstream
stator blades, which will tend %o push the ejected

flow onto the pressure surface.

In view of (3) and (4) it is debatable whnether a stagnation
line ejection arrangement could significantly reduce the time-
mean heat transfer coefficient at the leading edge by lifting
the stagnation line off the surface. This, combined with the
low surface effectiveness levels; makes the configuration unatt-

ractive for blade cooling purposes.

The ©O.= * 20 and x 40 degree configurations are more
promising since there is no doubt over the direction of the
coolant flow and the surface effectiveness levels offer significant
potential for cooling the surface downstream of the holes. There
are also indications from engine measurements that the use of
cooling air from discrete holes located away from the stagnation
line modifies the flow irn the stagnation region to reduce the
convective heat transfer. Further cooling of the stagnation region

is provided by conductive heat transfer. The present measurements
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show, however, that fthere is a price to be paid for the improved
cooling given by holes located away from the stagnation line

and that is a significant increase in the aerodynamic losses
arising from the mixing between the coolant and mainstream flows,
The present measurements suggest that, for a given cooling duty,
there will be an optimum location for the ejection point which
reduces the combined aerodynamic and thermodynamic cycle loss

arising from the coolant flow to a minimum,

8.2,2 Future work on leading edge film cooling

Additional measurements on the configurations employed in
the present study should include aerodynamic and heat (mass)
transfer measurements at a density ratio (fDaylﬁkp ) of 2,
representative of the conditions in gas turbine engines. The
measurement of the heat transfer coefficient distribution with
ejection is also required., In several studies heat transfer
coefficient measurements with f£ilm cooling have been obtained
using test plates with electrical heater strips mounted on an
electrically and thermally insulating substrate, see for example
Eriksen (1971) and Foster (1973). Measurements obtained by this
method allow the major effects of film cooling on surface heat
transfer to be determined, however, the test conditions are not
representative of gas turbine engines, Alternatively, shori
duration heat transfer measurement techniques (e.g. Smith et al
(1974)) would allow measurements to be made at wall to freestrean
and coolant %o freestream temperature ratios representative of

engine conditions,

The present work has employed film cooling hoies normal %o
the surface. These have two undesirable characteristics : a

large aerodynamic 1098 which increases as 633 increases and a
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small lateral spread of coolant on the surface. Hartsel (1970)

found that the aerodynamic loss associated with film cooling was

decreased by inclining the holes in the streamwise direction. This

is not desirable at a leading edge since the conductive cooling
of the stagnation region would be reduced. Inclining the holes
in the spanwise direction reduces the aerodynamic loss, Hartsel

(1970) and increases the lateral spread of coolant om the surface,

Taylor and Whitelaw (1975). As a result of these benefits spanwise

inclined holes have been extensively employed for leading edge
£ilm cooling. The leading edges of the first stage stator blades
of the high pressure turbine are cooled by mulftiple row arrays

of film cooling holes., Whilst the heat transfer performance of
spanwise inclined and multiple row leading edge film cooling
confizurations have been investigated, Hanus and L'Ecuyer (1976)
and Sasaki et al (1976), the aerodynamics of these configurations

has not been investigated.

In order to simplify the ftheoretical modelling the present
study has concentrated on ejection geometries which are symmetric

about the stagnation line. In practice, neither the ejection

geometry nor the mainsiream flow are symmetric about the stagnation|

line and the influence of these asymmetries needs to be invest-

igated.

8.3 The numerical modelling of £ilm cooling

8.3.1 The present contribution

Procedures have bheen developed for the calculation of film
cooling from anglied flush slots, a circular jet flowing perpend-
icularly to a crossflowing stream and film cooling at a leading

edge of a gas fturbine blade. The work onr two dimensional flush
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slots has shown that for J>> 0.6 the flowfield set up by the |
ejection is dependent on the velocity profile at the slot exit.

As a result of the pressure field set up by the interaction between|
the jet and mainstream flows the velocity profile of the ejected ‘
flow becomes distorted. A simple treatment based on the assump- ‘
tions of constant total pressure in the ejected flow and constant ‘
angle of ejection has been derived %o form a boundary condition |
at the exit of the slot. Provided errors from other sources are
insignificant the treatment has allowed the prediction of the
velocity and temperature fields to within the experimental error
of the available measurements. For J>» 1 regions of significant
numerical diffusion arise in the shear layers bounding the jet

and, for o = 30 and 60 degrees, at the slot exit. The numerical
diffusion leads to the underprediction of the reattachment length |
downstream of the slot (by 20% at P‘t‘V';- //O.,-Vn: = 1.,40) and ‘
the overprediction of rzmu by up to 30%.

A more detailed examination of the influence of the distortion
of the flow within the hole has been completed for the computations
of the jet in crogssflow, It has been found that the flowfield is
sensitive to the form of the hole exit wvelocity profile for
0.5 £ J £ 2.0, the maximum Sensitivity occurring for J = 1.0,

and that it is necessary to compute the development of the flow

within the hole to obtain accurate solutions of the flowfield.

The method that has been developed employs separate, linked,
computations of the flow within the hole and of the jet-mainstream
interaction and provides solutions of the velocity field at the
hole exit to within 7% V. . The predictions of the V. and Vgy
velocity profiles and of the jet spread &nd penetration show

|
|
generally good agreement with measured data however numerical
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diffusion errors in the initial mixing region of the jet result
in the underprediction of the peaks in the V. wvelocity and n
profiles downstream of the hole (by 17% and 0.10 respectively
for J = 2.0).

The solution of the flowfield arising from the ejection at
the leading edge of a gas turbine blade has necessitated the
resolution of a flow characterised by two length scales : the
£ilm cooling hole diameter, and the leading edge radius. This
problem has been solved by the development of the embedded grid
gystem described in chapter 7 in which a fine mesh computation
of the jet-mainstream interaction is embedded within a coarser
mesh solution for fthe mainstream flow around the leading edge.

The embedded grid solutions have been validated by the computation
of the flow around a cylinder in crossflow at Reynolds numbers
(based on diameter) of 40 and 8.5 x 10“'7. This has shown that
the velocity field may be predicted typically to within 4% Ve ,
the errors arising from a combination of numerical diffusion in
the rectangular and cylindrical grid solutions and errors in the
interpolation between the grids., A localised region of up to

10% error in the velocity field occurs at the exit boundary of the
cylindrical grid as a result of approximations in the formulation

of the exit boundary condition,

The computed results with ejection are in encouraging agree-
ment with measurement, however, further refinement of the cylind-
rical grid is necessary to reduce aumerical diffusion which
results in the underprediction of the peaks in the Vg - velocity

angd :? = profiles downstream of the ejection point.

The high Reynolds number form of the k-& turbulence model
has been employed for all the turbulent flow computations completed
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for the pregent work. In the computations of £ilm cooling from

a two—-dimensional flush slot the fturbulence model performed
gatisfactorily. One shortcoming has been identified however, the
underprediction of Je in the wake-like region far downstream of
the slot which resulted in too slow a decrease in ﬂl““ with
downstream distance for X/S> 20 and J> 1. Inadequacies in the
turbulence model are more apparent in the solutions for the jet

in crossflow. The predictions of RQaw WeTe gignificantly in
error due to the overprediction of the strength of the streamwise
vortices as a result of the use of the isotropic turbulent
viscosity hypothesis in the turbulence modelling. In the case

of the leading edge film cooling, the flowfield includes regions
of significant streamline curvature together with laminar boundary
layers upstream of the ejection point and turbulent flow downstream.
The inability of the turbulence model %o cope with these aspects
of the flow results in the underprediction of the penetration of
the ejected flow,shown in the concentration profiles,and errors

in the surface conceniration resulta.

Calculations of wall heat flux are in only fair agreement
with measurement and exhibit errors of up to 40%. Although the
diserepancies may be partly attributable to the fturbulence model-

ling the wall functions employed also appear to be at fault.

Current methods of film cooling system design make use of
laterally averaged information and no attempi is made to account
for the three-dimensional nature of film cooling from rows of
digcrete holes, In terms of laterally averaged quantities the
numerical methods developed in the course of the present work
provide predictions of aerodynamics and wall heat transfer

coefficients to an accepiable level of accuracy for blade cooling
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design. The usefulness of the methods would, however, be greatly

enhanced by improvement in the accuracy of the predictions of

'Zn.-o .

8.3.2 Recommendations for future work

Future work on the methods developed in the course of the

present study should take place in two directions :

1) Improvement of the methods in order fto increase

the accuracy of the calculated results.
2) Use of the methods for blade cooling design.

Improvement in the definition of the peaks in the velocity -
and effectiveness profiles downstream of the ejection point would
be obtained by an increase in the numerical accuracy of the
solutions., In the short term the technique described by McGuirk;
Taylor and Whitelaw (1981) which provides guidance for grid
refinement should give improvements in numerical accuracy. In the
longer term the present active work on improved difference schemes
(e.g. Raithby (1976) and Leomard (1979)) will hopefully result
in a scheme which is both more accurate and as reliable as hybrid
differencing. At the same time increases in computer capacity

should allow further refinement of the grids which can be employed.

The isotropic turbulent viscosity hypothesis employed in
the k¥ -¢€ fturbuience model does not appear to provide an adequate
deseription of the turbulent stresses arising from ejection from
a single hole and rows of holes. The adoption of a stress-trans-
port closure is not justified since the additional computer
resources required would necessitate the use of coarser computat-
ional meshes, increasing the numerical diffusion error of the

solution. Algebraic stress models have been shown to provide a
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i
more accurate description of turbulent stresses for curved wall ‘

boundary layers and separated flows than the k¥ — & model, Rodi

(1981). The additional computer resources required by the adoptioni

I
of an algebraic stress fturbulence model are relatively small so

that this may provide the required improvement in the turbulence !

modelling without degrading the numerical accuracy of the solution.

The accuracy of the wall heat flux predictions may be improvedi

by the adoption of modified wall function described by Chieng and |
Launder (1981) which has given improved predictions of wall heat !
flux for a two-dimensional recirculating flow. It is not clear

whether this wall function would improve the predictions of wall i

|
heat flux for the three-dimensional computations however.

The present work has not included the prediction of the wall

heat flux for leading edge film cooling configurations. These ‘
results would be of interest, however, and the predictions of wall ‘

heat flux would allow the influence of ejection from rows of holes

located away from the stagnation line on the convective heat trans-

fer to the stagnation regibn to be determined. |
The application of the numerical procedures to blade cooling
design would best be served by the use of the methods in a
parametric study to build up a data base for design. In use the !
numerical method would thus become analogous to a windtunnel and i
the predicted results akin to the measurements obtained. The
numerically derived data base would be used to generate design
rules and correlations to guide the design of the film cooling
configuration. Perhaps one of the more important extensions
reguired to the presen? procedures would be the ability %o cope

with holes which were not normal to the surface., This could he |

achieved by the use of the embedded grid technique developed for
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the leading edge film cooling computations. Indeed the essential
features of the embedding procedure are not specific to the problem
considered in the course of the present work and may be of use for

other problems in fluid dynamics,
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NOMENCLATURE

DV , DV oDV,
1=t
F;
£
Fusfosfysfe
G

-Fxrx X dFyFrx

Meaning
finite difference coefficient
radial ordinate within hole
coefficient of linearised source term
tracer gas mass fraction
axial chord
pressure coefficient
turbulence model constants
specific heat

coefficient of linearised source term

hole diameter

veiocity correction coefficients
log-law wall function constant
body force per unit mass

weighting factor

five-hole probe calibration funciions |
|

generation of turbulence kinetic
energy

height of solution domain

total specific enthalpy (chapter 4)
heat transfer coefficient

Jet to freestream velocity ratio
pressure gradient parameter
turbulence kinetic energy

thermal conductivity

turbulence length scale

length of hole
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Prandtl mixing length

blowing rate (Pv)r/(p\l) .

Mach number

mags flux

mass flux residual on finite
difference cell

number of grid nodes along subscripted
ordinate

normal to solid surface

hole pitching

Peclet number

gtatic pressure

total pressure

pressures registered by five-hole
probe |
estimated pressure
pressure correction
dynamic head

heat filux rate

radius of surface curvature
Rayleigh number

Reynolds number

radial ordinate

slot height

Stanton number

source term

Yemperature

normalised temperature

e/ —
turbulence intensity @Vi\yw

time
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instantaneous velocity component

mean velocity component in direction
0of subscripted ordinate

friction velocity parallel to surface
normalised velocity

apparent velocity Pr~Pw
éa"Pao

velocities arising from estimated
pressure field p*

traverse direction ‘
downstream extent of solution domain
upstream extent of solution domain
axial ordinate

origin of turbulent boundary layer
traverse direction

vertical ordinate

normalised distance from wall
normal distance from wall

traverse direction

lateral ordinate

angle between slpt/hole axis and
surface

piteh angle of flow incident to
five-hole probe

angular ordinate within hole

yaw angle of flow incident to five-
hole probe

diffusion coefficient

angle of hole axis in lateral

direction
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o4 A AD CERT Y >R

)]
ca)‘ ¢n), ¢6.3’ ¢'a

S

<

spacing of doublet singularities
cell dimensions

fractional change in quantity

.995 boundary layer thickness
boundary layer displacement thickness
Kronecker delta

dissipation rate of turbulence
kinetic energy

normalised scalar quantity, effect-
iveness

angular ordinate around cylinder/
leading edge

log-~law wall function constant
integral scale of turbulence
relaxation factor

molecular viscosity

effective visposity at a surface
turbulent viscosity

kinematic viscosity

density

molecular Prandtl/Schmidt number
turbulent Prandtl/Schmidt number
time average integration period
shear stiress at solid boundary
velocity potential

general variable

intermediate resulis obtained in the
course of the ADI sequence

strength of doublet singularity
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Subscrigt

aw

N.,S,E,W’ R,L—’ P

N,S,8 W, L

Suverseript

Reference

adiabatic wall
s0l1id boundary
with film
interface
components of Cartesian tensor
notation
isothermal wall
impervious wall
jet

local

mesh nodes

cell faces

without film

furbulent
freegtream

Meaning
Yime mean

fluctuating component

areg mean
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APPENDIX I |

POTENTIAL FLOW ANALYSIS OF CYLINIDER

IN WINDTUNNEL

An analytic solution of the potential flow around a circular
¢ylinder mounted centrally in a windtunnel has been obtained using
superposition. MNany texts have described how the superposition
of a uniform flow and 2 doublet singularity with the source facing
upstream may be used to obtain the poteuntial flow solution for a
circular cylinder in an infinite crossflow, Using the body
centred co-ordinate gystem shown in figure Al.l1 the potential
functions are :-

aé = éé_,. -+ aa::>

cul -

1

\/,,:c “+ !fac

_:::.4_ 3’2- (Al - l)

where Y/ is the doublet strength.

The radius of the cylinder so defined is given by

/
Vo (AL - 2)

W¥ith the addition of a2 second doublet singularity of the

R

same strength and orientation at some point on the Yy -ordinate,
the streamline bisecting vhe 9 - axls between the two doubleis
becomes straight. This solution may be interpreted as describing
the potential flow about a circular c¢cylinder near a flat wall
defined by %he bisecting streamline. In this case the second

doublet, which lies within the wall, is termed an image sSingularity.
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For the arrangement shown in figure A4l.2 the potenitial function

becomes

o1
|

e, + &, + D,

= Veox + Yox + Viox Al
:dt-+-g?‘ ' bﬁ‘a—(ex—lgf' ( ‘ éb

Where the subscripts define the location and image order

of the doublets (see later)

and 1//;°= "u/;‘o:'w

As indicated by Lamb (1932), when the doublet is located
approXimately tﬁice the cylinder radius from the wall, the
cylinder becomes significantly elongated in the f£low direction.
To overcome this distortion, which rapidly becomes worse as the
doubled is brought nearer ihe wall; corrective terms must be
introduced in the form of additional images located within the
cylinders. Robertson (1965) describes the arrangement of these

images. Referring to figure Al.2 we have :

®

@__; ¥ 5“ + §,°+ @m + §,, + ... (41 - 4)
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Where, as described by Robertson (1965),

s (8] e (3]
. (41 - 6)
ond A, = 4, = _{%;L

The first subscript has been used to specify the general
location of the singularity; i.e. o 1if it is in the upper
eylinder and ; if it is in the lower, The second subscript
implies the order of the image; i.e. zero or first. In fact the
image doublets Y2, and Y, set up further images Wia
and Ya, Within the cylinders which; in turn, give rise fto yet
more images leading to an infinite series. For the configuration
of interest; however, these are negligible from images of the

second order, Wi, and YL, , and above,

As shown in figure Al.2 the potential flow described by
equations Al-5 and Al-6 gives rise to a curved stagnation stream-
line, whereas, %o model the cylinder in the windtunnel, the
atagnation streamline must be straight. The required condition
is obtained by generalising the above analysis to an infinite

row 0of equi-spaced doublets. Referring to figure Al-3 we have :

$ =Vex + 7—7_ ~* +‘!<Z:_xam_mA)‘ (41 - 7)

ME~gD N oD

Where 'Wvl. = - 'w‘oo (-_..R... -
nd nz O
A., = R*

n A




In Eqn. Al-7 the index wn refers to the location of the
doublet in the row and the index n refers to the images of the
adjacent doublets within the cylinder, i.e. n. = 1 refers to the

image of the m -+ 1| vh doublet within the mih cylinder of the

I'OW,

The velocity compounents which result are given by :

T oD Nz

v, =28 = V+>—_Z—"Ifn. (4= By - ]
< e T [ N MST. (a1-2)

mx " s e

'zm.x (‘;'_)"A-u —MA)

\V4 = aé = ) -
Y Sa Z: Z_—; [x"-t—(g—A,“—mA)‘]‘ (a1-9)

The velocity field about the cylinder has been determined by
a computer program written specifically for the evaluation of
Eqns. (A1 - 8) and (Al - 9), +the summation including all terms

of the series greater than 10* of Vg .
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Fig, Al.2 Doublet arrangement to represent a cylinder adjacent

to a wall



Fig. Al.3
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The Prediction of the Flow and Heat
Transfer inthe Vicinity oia.letm

Crossflow

A J. While
Sanwor Blacts Coola; Resaerch Engress, A procedure for solving the fully-elliptic ume averaged Navier-Siokes equations
Rolls Royes L. describing turbutent flaw is applied to the calculation of the flow and heas transfer arising
Derty, Engund [rom the injection of fluid through a wall inio a croxs-flowing mainsiream. The solutions

include the ute of the numencal procedure 1o caiculate the distoriion of the flow within
the injecrion kole, iteration being carried out between this calculation and that of the
external flow in order to obiain converged solutions of flow-field Predictions are
presenied for injection from a singie normal hole af jet 10 mainstream mass-flux ratios
berween 0 24 and 2 3. At ihese conditions the distortion of the flow within the hole is found

fo have a significans effect on the predicted resulls. The ag

g berween the prediceed

resuits and experimenial data is encouraging.

NOMENCLATURE z tranaverse co=ordinats
Cu s Cqo Oy surbulence medsl conseants X ¥, X calculation domain boundsries
D hole dismeter &y kronecker delta ’
h heat /r.nnll'er coafficient & dissipation rate of turbulance
3 momentum raAtio, (pr s /P- U:) kinetic energy
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INTHODUCTION

Problem Considered

Pilm cooling has for many years heen eaployed
in cooling the rotor blajes and stators of gas
turbine engines. Alr bled from the compressor is
Injscted through rows of holes in the surface of
comporenta exposed ta high gas temperatures. Such
2 oethod of cooling allows operation of angines at
high temperwtures, improving the theorstical
efficiency of the engine, however thers are draw—
backs, Although cooling by air bled from the
compresaor iz the only currently practicabls oethod
for airexaflt gas turbines it involves an inevitable
reduction in the actual efficiency gainm. Purther
losaes arise in tha case of film cooling due to the
mixing of the injected [low with that over ths
syrface of the ceaponent. Film cooling can alss
give rise to large thermal gradients in the matecial
of the cooled component leading to large stress
concantrations with the possibilityof cracking the
component. Clsarly it iy important to minimiss the
alr bled from the compressor for cooling purposed,
whilst ensuring that the film coaling caximises
thermal protection with minimal temperature
gradients, and aerodynamic loss,

The work presented in this paper comprises a
theoretical study of the {low from a single hole
exhausting perperdicularly frem a waill into a cross=
flowing mainstream. The thesorstical method employed
involves the direct molution of the fully elliptic
tine averaged Navier-Stokea equations deacribing tun=
bulent flow by meawns of finfte diffsarences with the
Reynolds stresses being nodelled by the k =&
turbulence model (launder and Spalding (1)). The
cuserical soluticn therefore gives the full thres
dimanaional velocity and pressurw {ields arcupd the
Jut, together with the temperaturs {ield obtained
from the solution of an equation for the trangpart
of heat. In view of thim it im appropriate that the
theoretical soluticns be compared with experizental
data which include measuremanta of hoth aerodynamic
and heat transfer parameters, Unfortunately liitle
asrodynamie dats sxist for rowa of holes, most
investigaticns having meamured [ilm cooling
effectiveness alons, Attention has therefors been
confined to the {low from aingle boles, for which
bath aercdynamic and heat transfer ceasurements are
available, ’

The flowfleld sst up by a jet in crosaflow ia
shown in Fig, 1. Upstream of the jet the mainsireas
ia retarded and divides to pas® on either side of
the jet, vhich in turn ia bent by ths mainstream by
an amcunt dependent on the relative zomenta aof the
Jjet and sainstream flows. Downstream, the flov is
dominated by two contra~rotating streamwise vortlces
wiich, whers the jet lifts off the surface, are
srhanced by sniraiment into the underside of the
Jet, and wvhich may peraist for a comsiderable
distance downatream,

Previcus Wazk

Frevicua astudiss on the applicatiecn of
ainilar theorstical methods to the jet in crosaflow
include those of Bergeles (2), Chien and Schetz {3),
Patankar et.al. {4), ard Crabb (5). Io a4 recent
paper Jores and MeSuirk (§) used the same numerical
method as that employed in the preseat work to atudy
high velocity ratin confined jets.

3ergeies (2) employed a semi-elliptic
caleulatien method and X -£ turfulense sodalling
to calculate the flow Srom a single hole and rows
of holea. The ssmi-elliptic scheme is an extenaion

2

Pig. 1 Flowfield around a jet in crossflow

of three-digensional parabolic calculation techniques.
The procedure allows upsiream eflects in the pressurs
field, but cannot cope with flow reversal in the
siTeamwise directien. In its application to jets in
croanflow, the deni-elliptic methed is cormequently
reatricted o low jat to mainstreas velocity ratioa
(Vs/Due < 0.1 for norzal injection).

Chien and Schets ((3) used 3 three dizennional
fully elliptic numerical method with valocity—
vorticity formulation to calgulats a turbuleat
tusyant jet in crossflow. The ¢altulations wers
completed on 2 24 x 22 x 22 grid and employed a |
capatant Prandtl eddy viscoaity oodel. Cood agree—
nent was obtained with jet trajsctory data, however
2 £FF reguirement of aeveral hours on an IEM 370=158
1s quctaed,

The studies af Patankar et.al.(4) and Crabb (3)
both applied direet solution of the Navier-Stokes
equationa by finite difference techniguesx ard £ - £
turhulence modelling to the jet in srozaflow. In the
wopk of. Patankar et.al.(4) the finite difference grid
wag reatricted to 15 x 15 % 10 nodes (in the X, ¥ and
Z diregtions respectively) by tha limited storage
capacity of the available computing facilitiss., The
affect of this limitaticn was reduced by using
computaticnal experiment to determine the miniomm
acceptabla sizs of the calculation domain. In order
tgs determines tha grid dependence of the sclutions a
caloylation was completed on a 12 x 12 x 8 grid, the
regults af which wars within 3 percent of the [iner
grid calculation. In coamparisons with experiment
satimfactery agreement was obtained with Jet
trajectory data, and good agreement with data giving
the decay of the maximm jet velogity. Reassnable
agresment was obtained with the velocity profile
measurecents of Aamsey and Goldatein (7).

In the werk of Cradb (3) a finite diiference
grid equivalsnt to 24 z 14 z 14 nodes (in the X, Y
ang 7 directicns)} was employed. The calculation
domain boundaries were desterminsd by the dimensions
of the wind tunnel e.ployed by Crabb o obtain the
data with which the predicticons were compared. s a
rasult, the c¢alculation grid was relatively coarse and
this ls reflected in the soluticns obhtained. The
Peasurements included in this study were obttained
by luser Doppler anemometry and hence provide accurate
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data with vhich predicilion asthods cay be comparsd,

Qutline of the Paper

The aim of the present work is to improve the
accuracy of the soluticns gbtained by these methods
for the jet in cromaflow. One of the major limita~
tions of this work arises [roe the limited defini-
tion attainable with the [inite difference grid,
Consequently a nunber of calculaticns are coapleted
in order to study the grid dependence cf the
solution, and computaticnal experiment is eaployed
to determine the pinisum accepiable calculation
dotmin size. A pbyaical feature of the flow, which
has rot been included in the previous vork, is the
digtortion of the flow within the hole arising from
the pressure field sst up by the jet ciinstream
interaction. This is included in the present study,
a separatsé calculation being ssployed to detsrmine
‘the.dsvelopzent of the flov within the hole. A
brief description of the numerical method eaployed,
and details of the computztional arrangements of the
present calculations are presented in the cext
sections, Thess are followed by a discussion of
the results and their ccoparison with previous work
and avsilable oeasursd data,

BASIC TREQRY

The {low set up by a jet discharging normally
into a cromsflowing stream ia a complex three=
dimensiconal field involving upstrsam influsnce,
turbulent mixing, large cross strean gradients and,
at sufficiently high jet wvelacities, regionas of
reaverye fiow, The equations governing this typas of
flow are the full three-dimengional sguations of
sotion for turdulant fluid flow. Since we are also
interested in the temperaturs field we also sclve an
esquation for the transport of heat. In cartesian
tensor notation ths appropriate time averaged form
of thess squations arei-=

The Beynclds stresses Suiu; and turbulent
temperature fluctuation correlation Suj T° require
modelling. In the present work the two—equation
L = £ turbulences model han basn employed. In thia
zodel Reynolds stresges are linearly relatsd to the
zean rate of strain by a turbulent Vi!bdlilr,fle ]

AW = r-/;ﬁksx,-_,;.(gg:,_&) )
SN N

where
and FUiT . — pu 3T (s}
= ax

X and & are cbtained [rom a solution of the modelled
transport equations (see Laupder and Spalding (1}):2
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Fige 2 V-Velocity profiles vithin the hole at
Z/D = 0.0 (From {2))
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The six empirical constants take the values:

Cu = 0.09

S = 1) amd & @ 09

Gy =14 Cpmt52 o =10

These have besn chosen following extensive
numerical sxpariment fo give good agrwemsnt over a
vide range of flows (Launder ant Spalding (1)},

A procedure for solving the above equations
wad written by Dr ¥ P Jones wvhilst in the employ
of Halls Royes Litd. Only the basic festurss of this
aethod can be described hesre. The procedure solves
the sguations by a linearized, [=plicit, conssrvatiwve
finite difference schems, using s hyberid differencing
techniqus, Central differsnces are used in regicms
vhers coovective and diffusive fluxes are of aimilar
opder, wvhilst upwing differences are used in regicns
whers convective fluxes domisate, The method is
forzmlated in primitive varisbles using a staggered
grid arrangesent in which scalar quantities and
pressure occupy the saoe grid locations, velocitfes
being located nmid-way bstwssn the pressures that
drive them. A similar grid arrangesent has been
used by Amscen amd Harlow (8). The procesdure allows
caleculation on Cartesian or cylirdrieal polar grida
of non-uniform spacing, It is thersfors possible to
concentrate the Zrid in the regions of the [low vhich
require the Cine grid. A difficulty witk primitive
variable formulatlon arises from the calculation of
the gressure. It is oecessary to ohtain a pressure
field such that the sclution of the moowntum equatizns
satisfies continuity. This difficulty is overcome by
the use of an eguation for 'preasure correction’
derived from a combination of the finite difference
equationa for mcmentun ard continuity in a guess and
correct procedures aimilar to that of Amaden and
Harlow (8), Chorin (9} and Patanxar and Spalding (19).
The pressure and welocity fields are initialised and

3
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the thres momentum equations sclved to give a
preliminary velceity Cleld, which, in general, does
not satisfy the continuity equation, The scluticn
aof the pressure correction equation provides tha
correctiona to tha velocity and pressure fields
which drive the esoluticn towards the mutual satis-
faction of the momentum and continuity eyumtioans.
This frocess iz repeated on each iteration of tha
solution until a final converged soluticn is
obtained,

COMPUTATIONAL DETAILS

As a result of the strong pressure gradients
set up acroas the exit of the injection hale the
flow within the hole becozes distorted. Thim effect
vas observed by Becgeles (2) vho aeasured velocity
profiles within a normal injection hole with cross=
flow (Fig. Z). In ordsr to account for tha influence
of this on the jet-sainstrean interaction, the
prefent calculations embody two three=dimensional
elliptic flow solutions, ons of the jer mainstream
interaction and the other of the flow within the
injection hole, The twe calculations are iterated
together to provide coovarged solutions of the flow.

Calculation of the Jet-Mainstream Interaction

The jeot-mainstreans 1nteraction i3 modelled on
a rectangular grid. DBoundary conditions are required
on all six boundiaries of the domain and thess are
suomarised in Table 1.

The dafinition of the circular injection hela
by the rectangular grid poses problems. In the
present study wners the hols boundary crossss the
face of one ol the calculation cells, the surface
ares of that face is oodified so that the correct
fluxes of mass and oDomenium from the hole are
cangerved,

The linkage between the calculation within the
hole and that of the axternal flow ls provided by
eaiking use of the observation of Bergeles (2) trhat
the velocity profile across the injection hole is

4

Boundary conditiona employed for the caleulation of the jet-mainstreas interaction

well approximated by that given by assuming constant
totzl pressurs across the hole exit. This assusmption
is used to provide tha V=velocity distributicn acrosm
the axit of the injection hola in response to tha
pressure field arising {rom the extermal fiow celcoue
lation. These diatributions are used as sxit Woundary
sonditions for the hole caiculations, which in tuwrm
give the distributions of U, W, K, and & azross the
hole sxit, Details of the linking betwesn the hole
apd jet-mainstream calculation are given in the second
part of this aection,

In order to make the best use of the available
finita differencs grid, it is necessary to reduce the
calealation domain to the minizum posaible size. This
19 achisved by completing a series of calculaticns in
which each bqundary locstion ia altered in turm by
adding or remaving grid Iines, The minimum calculation
domain size iz dafined by ths boundary locations
beyoad wiich the solution ceases to change with
additional grid lines. The size of the domain requiced
in dependent on the jet to [resestreas mamsntum ratio,
Jy 30 that thig exeztiase was completed at two mOCenttom
ratioa, 0.058 and 4,0, equivalent to the highast and
lowest conditicns studied, with the resaltia ahown in
Table. 2,

Boundary J a0.0576 | 5 = 5.0
Upatream Xy/D -2.0 -2.0
Dovnstream | Xp/B 5.5 55
Lataral Z/D 2.0 3.0
Top Y/D 4.0 6.0

Table. 2 Boundary locations determired for the
calculation of the jet-mainstresa intsraciion
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Table. 3 DBoundary conditions employed for the calsulation within the bole

Tha grid dependence of the sclutions vas
studied by completing a series of alx calculations in
which refingment was coapletsd in each of the X, T
and Z directicns in turp., The {inest grid ssploywd,
of 25 X 20 x 15 nodea (X x T x Z), stil) showed
svidence of zrid depsndence, however this Iwpresented
the prectical linmit of refinsment cn the available
computer facilities, The effeqt of grid re{icemant
on the U~-velocity profile downstresam of the hole
is showm in Pig. 3. It can be seen that as the
acid is refined the velocity profile starts to davelop
a peak, The V=velosity profiles downstreas of the
hole also show changes in ths later stages of refine=
mapt,

It ia important to atudy the effect of refine-
mint of sach grid direction in turm, since the
re{inement of individual componants of the grid cans
Lire rise to opposing effscts., It would therefore
be posaible to cbtain spurious grid independence
where, as is the normal practice, grid reflinement
is carried put in all directions simultansovaly.

Caleculation within the Sols

The calcnlations within the injeotion hole
employ & eylindrical co=criainate systes with boumdary
conditions as susmarised in Table. .3,

‘the distribution of the V. —velocity component
and yressure agross the hols exit are derived from
the calculation of the jst-sainstrsam {(nteracticn,
wharsas the digtributions of Ug, Wo, K and &  are
obtained by linear sxtrapolation from the calsulation
planss immgdiately upstrean of the hola exit,

The extent of the elliptic reglon within the
bole is dependent on the distortion at the hole exic,
Since the maximm distortion occurs at the lowvest
blowing rates, calculationa to detarmine the upetream
boundary location and grid dependence were set up
uaing Bergeles @ oeasured axit wvaioccity profils
for a dlowing rate of Q.1. From thess calculations
it was determined that the elliptic reglon axtended
1.5 hole diametera ints the hole. Calculations on
grids of B x 3 2 12 nodes were fouhd to give accurnts
molutions, with & CPJ requirement of only 30 secobds
on an IBM 370=164.

The iteration betwesn the calculation of the
jet-mainstrean Interaction and that within the hole
followa tha following maquenceg

1 Several iterations of the jet-mainatream
interaction calculation are completed, with tha
and ¥ welocity comporents across the hole exit ast
to zero. The Vevslocity profile across the bole ix

alloved to develep through the conatant total presse
boundary condition.

2 Cmee this solution stagrts to become sstab-
lished the calculation ism stopped. The caiculation
cf the flow in the hole 1a then startad snd Ltersted
until a converged solution ix obtaimed.,

3 The calculation of the jet-mpinstress inter=-
action is then restarted, using the dlatributicns of
the U and Wevelocity componsnts and E and £ at the
bale exit arising {rom the solutice within the hele,

Three cyclas of hols—external flow calculations
are gensrally sufficient to obtain 4 comverged mclutiom,
although at low blowing -atss sore cycles say be
required. A full aclution with thres cycles wquires
a;gl‘uytu starage and 50 mimutes CPT on an IBM 570-
164,

BESULTS AMD DISCOSSION

The importance of caleulating the distortion of
the flow within the injecticn hole say ba datermined
from Flg.4 in which comparisons betwesn the measured
velocity profile data of Bergeles {2) and the results
of two predicticas are pressnted., In cne of the

£-0 1
10
v
2.0 ]
1 T15x 12211 GRiD
4 1 e HMxi8x15 GRID
1B xWe S GAID
0-a
-0 -0
Yue

7ig. } Effect of grid refinement 5o the U-velocity
profile at X/D = 1.4, Z/D = 0,0
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Pig. 4 Cosparison of mwdicted T-velocity profiles
for M = 1,0 with msssurwments of (2)

predictions & plug [lov boundary condition across the
hole exit is saployed, whilat the pressnt procedure
with calculation within the hole ia employed In the
other predicticn, The calculation of the development
of the flow within the bols has & significant affect
on the solution, resulting in a sarked loprovessnt
in the agresment with the ssasured data.

The present arrangesents [or linking the
talculation within the hole and that of tha jet=
sainstreas intersction irw bassd on the simple zemump=
tion of constant total pressurs asross the hale axit.
A more rigorous treatment of thiw linking could be
davised, howersr the prasent omtbod doss agcurntely
represant the jet velocity profile. The recent
Laser Dopplar anemomstry mMsaurestenta obtizined by
Crabb (5) provide coavineing evidence for this. &
compariacn between the jet exit velocity profiles
sedzured by Crabb and thoss aobtained by tha present
predicticns iz shown in Fig. 5, from which it can be
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Fg. 5 Comparison of prwdictsd jet exit velocity
grofilea for M = 2.5 with seasurssents of
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Fig. & Coapariscn of predicied U-velocity prufiles
for X = 2.3 vith cemsurezents of (3}

seen thai excellant agreesant has been obtained.
Included in thia fignre i{a the prediction obtained by
Crabb saploying a similar basic rmmerical nethad ta
the present work, bt with a hole exit boundary
oondition based on fully developed turtulent pipeflow
muofiles. The level of agreement between neasurenant
and prediction (s significantly batter with the present
predictions thag with those of Crabb. r
Purthar comparisons with the measuresants and
mredictions of Crebb are presented in Fige. § and 7T,
In general, tha resent predictions are in good agree—
ment with the peagtxed O-velocity profiles, vhich are
shown in Pig. 6, however the predictiona show & region
of reverss flov ({mediataly dowostream of tke hole
which £s not shown in the Jeisuremants, and under
predict the peak veloeity downztream of the heole,
Good agyeenent i3 also obtained with the V-velocity
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Fig. 7 Cosparison of predicted V-reloeity profiles
for M = 2,3 with messurements of (3)
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Fig, 8 Coaparisen of predicted effectivensas contours
for M = 1.0 with aeasuresents of (7)

profilea saown in Fig. T, the predictions showing a
tendency to overpredfct the veloclty peax near the
wall, and underpredict the velocity pesk far from the
wlli.

In the immediate vicinity of the hole the
obsarved discrepancies zay be due to the manner in
which the hole im representsd by the rectangular grid.
Further downatream the discrepanciss in the C=-velocity
profile are largely the result of inadequate grid
refinements as ils shown in Pig. 3, ths peax in the
U=veloeity profils stasts to develop as the grid is
refined. Part of the discrepancy may result from the
assunptions implicit in the X =& turbulence model,
howarer with the present caleulations it im act
poasible to aszens the accuracy of the turbulence
modelling, since the scluticos arw still grid dependant.
Such an assesament can oniy be carried out on grid
indspendent solutions,

Comparisons with the non-dimensional temperature

effectivensas) contour plots of Hameey and Goldatein
are presented in Pig, 8. Apart {rom the regicn In
the vicinity of the wall, the jet spread and penetIa-
tion are well predicted, i feature of the predictions
which is clearly displayed in these plots is the over—
wediction of the atreamvige vortices dounstream of
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Fig., 9 Comparison af predicted adiabatic wall affect=
iveness for M = 1,006 with Seasuresents of {11)
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Fig. 10 Cooparison of predicted heat tranafer cosf=
flcients for M & 1.013 with measurements of (11}

the hele, This is consistent with the overpredicticn
of the near-wall peak in the V=wwlocity profiles shown
in Pig. 7. Unfortunately the variation in Ve-velocity
with incressing grid refinement does not follow cone
sigtent trends zo that is is not possitle to determine
whethar this ariges frox the turbulence modelling or
fnadaquate grid definiticn.

The ovarprediction of the streamwizs vortices
has important consequences for the cenditions at the
wall, This is clearly shown on the predicticns of
adiatatic wall effectivensss and wall heat transfer
coefficients, comparisons of which, with the measure-
ments of Eriksen (11), are showm in Pigs. 9 and 10,
The adiabatic wall effectiveness comparisons show
fair agrespent in the jet centreline, however the
lateral spread of the eflectivensas is signilicantly
underpredicted, reflscting the additional mainstream
fluid entrained under the jet as a result of the aver-
prediction of the streamwise wvertices,

The overall level of agreemsnt between the
seagured and predicted heat tracafer cosfficients
shown in Flgure 10 is good. However, the centre-line
heat transier coefficient is consistently underpredic—
ted, whilst there is a tendency to overpredict the
heat transfer for latsral locations sere than about
0.7D off the ¢entre=line. This too can bs incerpreted
in terme of the cverprediction of the streaowiss
vortices. At off sentre-lins leeaticna, the vortex
¢auses the flow to take on the character of a reattagh—
oent regicn, with which wa associate high heat transfer
rateaj aiong the jet centre-=line, the [low zeparates
&lving rise to suppresaed heat transfer rates, Clearly

T
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ovarprediction of the astreamwise vortices will exag—
gerata these effects, hovever this is lnaufficient
to account for the full discrespancy on the jet
centre=line. The additicnal underprediction of the
heat trans{er rate arises from the use of wall
functions based oo boundary layer flows to calculate
the hest tranafer at the wall {sse Launder and
Spalding (1))}. Such wall funct{ons azsuse Coustte
flow near the wall which will be iavalid on the
cantre-line where there are large velocity coapcnents
avay from the wvall.

CONCLUSIONS

1 Accurate predictions of the Jet in croas-
flov c¢an only be achieved if the developmsent of the
flow within the hole ia calculatsd. The mathod
described in'this paper provices a means of aéhiesv=
ing thisg,

2 The siople constant total pressure adssunp—
tion esployed to link the caiculation within the
hole with that of the jstemainstream interaction
accurately represents the jet exit velocity prof{iles.

Many features of the flow are wall repressn-
ted by the present predictions, For example the jet
spread and penstration show excellent agrsement with
the zeasurements of Razsey and Goldatein (7), and
the U and Vevelocity profiles show good agreemsnt
with measured data. Howsver the soluticns atill
exhibit signx of grid dependence this being the
major cause of the uncerprediction of the peai in
the {-velocity profile downstresm of the hole.

4 The strangth of the streanwige vortices
dewnatreas of the hole is sverpredicted. This affecta
the predictions of the adiabatic wall aflectiveness
and the wvall heat transfer rate, The cauge of the
overprediction is not clear: it may he another
result of inacequate grid refinement, or arise froo
the assuastions iavalved in the X =€ surbulence
model.

5 The use of a2 heat [lux wall function tased
on boundary laysr typs flows with Coustte=liks [low
near the wall is invalid near the jet centre-line
whers thers ars large veloclty components away {oco
the wall, This contributes to the underprediction
of the heat tracafer ccefficients along the jet
cenire=iine.

6 It is important to carry out grid refine=
ment. in each grid-direction in -turu, -since the refine—
mant of the different grid direciions can give rise
to oppoaing effects. Where grid refinement is
carried out in all directicns simm]taneocusly it would
be possible to, at best, gain a mislesgirg igpresaion
af the grid dependeance of the solutions and, at worst,
obtain a spuricus grid independence,

RECOMMENDATIUNS POR FURTHER wWORK

The present predictions show very encouraging
agresement with measured data, however furthep
improvement is clearly still pesaible. The accuracy
af the solutions ahould be improved with further grid
refinement. The predictions presentad ware completec
some time ago on an IEM 370-168, Flner grid calcula=
tioocs are possible on pressnt computer systems ang
thig situaticn should improve with the growth of
computirg power in the futurs.

The prusent linking batueen the hole and jet=
mainstream lnteraction restricisz the mathod to normal
holas with large length to diaceter ratios. A mors
rigorous treatieot of this should allow predictions
on inclined holes with small langth-diameter ratica,

Whilst the present heat trana{er predictionsa

are e ging, imp. t should result {rom matche
ing in the laminar sudlaysr, hence removing the need
fer wall functions with their attendant lizitations.
Such calculations require fine calculation grids near
the wall and are not yet practicable on prassnt
cotiputer systems,
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Pigure Captions for Chapter 1

Fig, 1.1 Typical turbine rotor blade profile and

‘Mach number distribution
Fig. 1.2 Flow from a two-dimensional flush slot

Fig. 1.3 Flowfield in the vicinity of a jet in crossflow
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Figure Captions for Chapter 2

Fig.
Fig.
Fig.

Fig.
Fig.
Fig,
rig.

2,1(a)
2.1(v)
2,2

2.3
2.4 (a)
2.4(Db)
2.5

Experimental arrangement

Zjection configurations

Static tapping arrangement on surface
of cylinder

Secondary air supply systenm
Pitot/Tracer gas sampling probe
Five-hole probe

Definition sketch for five-hole probe

measurements
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Figure Captions for Chapter 3

Fig,

Fig.
Fig.
Fig.
Fig.
Fig.
Fig,
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig,
Pig,
Fig.
Fig.
Fig.
Fig.
Fig,
Fig,
Fig,
Fig.
Fig.

Pig.

3.1

3.2
3.3
3.4
3.5(a)
3.5(v)
3.6
3.7
3.8
3.9
3.10
3.11(a)
3.11(b)
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.18(a)
3.19(Db)
3.20
3.21
3.22
3.23
3.24
3.25

Static pressure distribution on cylinder
without ejection

Velocity profiles for cylinder without ejection
Flow visualisations for B = o°

Static pressure distribution, 637:=()° s J = 1,98

o

Velocity profiles, &, =0 , J = 0.89; 72/D = 0.
Velocity profiles, 4 = 0%, 7 = 8.89; z/D = 1.
Concentration profiles, 9= =0° , J = 0.89
Surface concentration; &, =0% , 7 =0.99
Concentration profiles, O, =0° , J = 0,48
Surface concentration; O, = 0% , 7 =0.48
Flow visualisations for Og= % 20°

Velocity profiles, &, = * 20° , J =1.98, Z/D
Velocity profiles, &, = % 20° , J =1.98, %/D

Concentration profiles, ©5 = X 20, J = 1.98
Surface concentration; By= = 20% , J = 1.98
Concentration profiles, Oy = £ 20° , J =1.11
Surface concentration; O,=*20° ,7=1.11
Concentration profiles, &5 = * 20° , Jd = 0,55
Surface concentration; &, = * 20° ; J = 0.55
Flow visualisations for &y = * 40°

Velocity profiles, ©, = £ 40° , J =1.81, Z/D
Velocity profiles; O,= x40° ,J=1,81, 2/D
Concentration profiles, @,= *40%, J = 1.81
Surface concentration; O,= =% 40°, J = 1.81
Concentration profiles, 8y = ®£ 40°, § = 1.0
Surface concentration, ©.p= * 40° ; J = 1.0
Concentration profiles, Oy = £ 40° ; J =0.5

40° , J = 0.5

i+

Surface concentration, O =

0
0

=0.0

=l.O

0.0
1.0
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Figure Cavtions for Chapfer 4

Fig., 4.1(a) Three-dimensional control volume
Fig. 4.1(b) Specification of ¢ and V; cells
Fig., 4.2 Cell with solid surface boundary
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Figure Captiions for Chapter 5

Fig. 5.1 Calculation domain for f£lush slot computations
Fig. 5.2 Grid form employed for flush slot computations
Fig. 5.3 Velocity profile in exit region of secondary

jet, J = 0.24, Z/D = 0.0
Fig. 5.4 Effect of grid refinement, oL = 60° , J = 1.45
Fig. 5.5 Reattachment distance downstream of slot
Fig, 5.6(a) ©Profiles of terms in the axial momentum equation;
& =90° ;J=1.24
Fig. 5.6(b) Profiles of terms in the equation for the conserved
scalar, T; oL = 90° y d = 1.24
Fig. 5.7 Egtimation of the regions of influence of streamline

curvature on turbulent mixing

Fig. 5.8 Velocity profiles, & = 90°

Fig. 5.9 Adiabatic wall effectiveness, oo = 90°
Fig. 5.10 Stanton number, oL = 90 °

Fig. 5.11 Velocity profiles, o = 60°

Fig. 5.12 Adiabatic wall effectiveness; oL = 60°
Fig. 5.13 Velocity profiles, o = 30°

Fig. 5.14 Impervious wall effectiveness, o = 30°
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Figure Captions for Chapter 6

Fig.

Fig.

Fig.

Fig.

Pig.

Fig.

FPig.

Fig.

Fig.
Pig.
Fig,
Fig.
Tig.
Fig.
Fig.,
Pig.

Tig.

Fig.

6.1
6.2

6.3(a)
6.3(v)
6.4
6.5
6.6

6.7

6.8
6.9(a)
6.9(Db)
6.10(a)
6.10(Db)
6.10(c)
6.11
6.12

6.13

6.14

Fig 6.15

Calculation domain for the jet-mainstream interaction
Effect of grid refinement on the Vg - velocity
profile, J = 2.0, * /D = 1.4, 2/D = 0.0

Profiles of terms in fthe axial momentum equation,
J=1.0, Z2/D = 0.25

Profiles of fterms in the equation for fthe conserved
scalar, C, J = 1.0, Z/D = 0.25

Influence of hole exit boundary condition on

Ve - velocity profiles

Domain and co-ordinate system for computation within
the hole

Velocity profiles in hole exit plane, J = 1.0,

2/D = 0.0

Vo = velocity profile through jet; J = 2.3,

4/D = 0.25, Z/D = 0.0

Velocity profiles, J = 2.3, Z2/D = 0.C

Velocity profiles, J = 2.0, Z/D = 0.0
| = 1,0, 2/D = 0.0
= 1.0, 2/D = 0.0

Velocity profiles,

Telocity proifiles,

I T P

Velocity profiles, J = 0.5, Z2/D = 0.0

Velocity profiles, J = 0.24, Z/D = 0.0
Effectiveness contours on cross-siream planes
Adiabatic wall effectiveness

Surface heat transfer coefficients, J = 1.990,

Surface heat transfer coefficients, J = 1.013,
/o'f/f)ao = 1.0

Surface heat transfer coefficients, J = 0.544,

p'S/P-o = 1.0
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Figure Captions for Chapter 7

Fig. 7.1
Fig. 7.2
Fig., 7.3(a)
Fig. 7.3(1v)
Fig. 7.3(¢)
Fig. 7.4
Fig. 7.5
FPig. 7.6
Fig. T.7
Fig. 7.8
Fig. 7.9

Fig. 7.10

Fig. T.11

Definition of plane of symmetry

Schematic diagram of embedded grid system
Rectangular grid : Preliminary Ve ~- cell interface
Rectangular grid : Preliminary VS - cell interface
Rectangular grid : V4 and scalar cell interface
Domain for rectangular grid laminar flow solutions
Cylinder with affterbody

Cylindrical grid solution domain in the » — © plane
V@ = velocity profiles for Re,D = 40
Velocity profiles for cylinder without ejection
Static pressure distridbution on cylinder without
gjection

Solution domain for c¢ylindrical grid computations
with ejection

Bffect of grid refinement on the cylindrical grid

solution, & = x20°, J =2,0, 2/D = 0.0

Fig. 7.12(a) Profiles of terms in the radial momentum equation,

FPig, 7.12(Db)

O, = £ 40° ,J=1.81, 2/D =0.25 |
Profiles of terms in the Hangential momentum equation,

&, = £40° , 7 =1.81, Z/D = 0.25

Fig. 7.12(c) Profiles of terms in the equation for the conserved

Fig, 7.13
Pig., 7.14
Fiz. 7.15(a)
Fig. 7.15(b)
Fig.7.16(a)

Pig. 7.15(Db)

scalar, C, &5 = £ 40° , J = 1.81, 2/D = 0.25
Impervious wall effectiveness, @.: =0° , Zz/D = 0.0
Predicted flow regimes for ©g = 0"

, J = 0.89, Z2/D = 0.0
, J = 0.89, Z2/D = 1.0

20 ° , J =1.98, /D =o.o‘

Velocity profiles, O3 =

]

0 \ =]
Velocity profiles, S5 =0 °
&+

Velocity profiles, O

I

Velocity profiles, Oy = % 20 © , J=1.98, 2/D =l.0‘




Fizure Captions for Chavter 7 {cont.)

- 214 -

Fig.
Fig.
Fig.
Fig.
Pig,
Fig.
Fig.

7.17(a)
7.17(b)
7.18

7.19(a)
7.19(b)
7.20(a)
7.20(b)

Velocity profiles, &g
Velocity profiles; O
Concentration profiles,
Concentration profiles,
Surface concentration;

Concentration profiles,

Surface concentration,

= * 40° , J =1.81, 2/D

= % 20° , J=1.,81, 2/D
&, =0, J =0.89
61=t20°;J=1.98
8, = % 20° ;J=1.98
&, = % 40° ;J=l.81
©; - £40° ,7=1.81
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Mach number distribution
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flow l
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3 rows of 8mm dia. holes SIDE VIEW
drilled radially
test cylinder
100mm od. ,68mm i.d.
/
i
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mainstream ¢
flow - - A — 30(_).m_£____
PLAN VIEW

Fig. 2.1(a) Experimental arrangement

configuration 1

configuration 3
. !
bare cylinder f‘\ two rows ejecting at
: -— - - - -] 20 degrees on either
mainstream v side of stagnation line
flow (8;= £20°)

configuration 2 configuration &
single row along two rows ejecting at
stagnation - -] 40 degrees on either
line side of stagnation line
(8,=0) (8,.=+40°)

Fig. 2.1(bd) Ejection configurations
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probe holder

-
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—

QA ~—— interference fit in
probe holder to
'l allow rotation of
' . probe
d

~— fest cylinder

B
N
~=_ /
[ probe head: stainless steel
hypodermic

\_/O 10mm OD.
0,6 mm I.D.

!

Fig. 2.4 (a) Pitot/Tracer gas sampling probe

5x0,8mm 0.0.,0,5mm [D.
hypodermic - outer tubes
chamfered to 45°

Fig. 2.4(b) Five-nole probe
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incident flow,
Z\ velocity V ‘/
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Fig. 2.5 Definition sketch for five-hole probe

measurements
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Fig. 3.1 Static pressure distribution on cylinder

without ejection
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