“AD-R181 558 STUDIES OF GRS TURNNE HEAT TR!\ISFER RIIFOIL SURFRCE
AND ND N“ESOTH UNIY HINNE'IPDLI EPT OF

MECHANICAL ENGINEERING E R ECKERT ET APR 8

AFOSR-TR-87-0791 F49620-85-C-0949 F/ B 21/5

UNCLASSIFIED




z.":: :El
EEEE

S L

WMCROCOPY RESOLUTION TEST CHART
NATICHOM GUNEAU O SIANOMIDS 985 4

R ¥ l', iy, v
v'q. N N ":" “"\‘3 “
u‘ 'n’ )

,t\ "\ ‘: l

B & 1} A l l 3

u.l.g,' W l Q'
A LA I

"n O
\c“ OQ“'"" ""ﬁ"c'" . ‘. ‘\“‘




’ .
unceassipice  OTIC FILE_L0py

* .8 °

&A Qe :h\'. T T2 EMNAT NN

.88 % Ca° 3N Q06 Tmig 04 GE

-e

REPORY DOCUMEN?ATI

o NGO0BTY SECLAITY CLAS815.CATION
C ROSIF]EETN

-

%o 88C.A: TV CLASSISICATION auY :p

KA MNG ORGAN2AT'( oy .I.I
A

—+ AD-A181 558

3 OISTRIGUTION. AVAILABILITY Ur MRPUR!

Approved far puhlic relra-a
distribuvionwasisivig
LT6. MONITORING OAGANIZATION AEPOAT NUMBEA(S)

87-0701

e
7]

aug OF PEASONING ORGAN:ZATION L PP % C8 §YME0.
Mechanical Engrg. Dept. «1f appucadies

Univ. of Minnesota

Air Force Office

Te. NAME OF MONITORING ORGANIZATION

of Scientific Research

A00REES (City Siow ene LIP Cote:
111 Church St. S.E.
Minneapolis, MN 55455

. ADORESS City. State aneg

Washington, D.C.

ZIP Code:

Bolling Air Force Base

20332

b“ﬂ’ . 0P .CR SYMOOL
Mu mm;
m m. 1]

F49620-85-C-0049

9. PAQCUREMEN INSTRUMENT IDENTIFICATION NUMBER

G A00NEEE Cty. Ssane and 2P Comn)

AFOSR/~a
Tz 4T, 22 20332

R »

10 SOUNCE OF # UNDING NOS.

¢ X 'on)
Studies of Gas Turbine Reat Transfer AW X
13. PURGONAL AUTHOAS)

Terrence W.

PROGAAM PROIJECT TASK WOAK L MIT
CLEMENT NO. NO. NO NO

. \6 JIO2F | 2307 | AY

) - LWy V)

Eckert !rnst Goldstein, Richard J; Simon,
el LR Ve Yk covERes

April 1987

16 DATE OF REPOAT (Yr. Ma.. Dey) 18. PAGE COUNT

" snom vo 72 ’
JY NTARY NOPATION
C A 18 SVBJIECT TEAME (Continue on 7uerse i/ necesssry nd idennfly by block number)
_asgye T K11 Gas Turbines, Heat Transfer, Cascades, End-Wall
- Curvature
i
9. ASBTARALY /Conunue on Wveres 1§ "000mery end 1don ify by blech number)
2 T

-

The annual progress report documents work at the University of Minnesota
Heat Transfer Laboratory, under AFOSR sponsorship,>on the topic of heat
transfer from gas turbine airfoil, end-wall and internal passage surfaces.
The research is divided into the following subtopics:

curvature effects,

including transition and film cooling and airfoil heat transfer, including

portions near the endwall. =

-
¢ i

;L

-

—&

0 O TOUTION/AVAILABILITY OF ABSTRACT

UNCLASSIS 80 UNL M TED O samg as mer §J oric useas O

21 ABSTRACT SECURITY CLASSIFICATION

UNCLASSIFIED

230 NAME OF AESPONEIBLE INDIVIDUAL
J. D. Wilson, Program Manager

220 TELEPHONE NUMBER
tinelude Aree Code)

{202] 767-4935

00 FORM 1473, 63 APR €01T/ON OF 1 ;AN 73 18 OBSOLETE.

22¢ OFFICE SYMBOL
AFOSR . a

UNCLASSIFIED

SECUMYTY CLASSI ICATION OF Tr:S PAGE

’I [ R eaetbauhps R . JSd=e®S -5 "aa=-] ]

¢ &a
b

&

o




* m UNIVERSITY OF MINNESOTA

TWIN CITIES

Department of Mechanical Engineering
125 Mechanical Engineering

111 Church Street S.E.
|

Minneapolis, Minnesota 55455

April 10, 1987
Dr. James D. Wilson

Program Manager
! AFOSR

Bolling Air Force Base
Washington, D.C. 20332

Re: Grant No. F49620-85-C-0049

Attached are five copies of our annual report which documents
progress on our studies of gas turbine heat transfer. The
report covers the period 4/15/86 to 3/15/87.

We would be most
happy to discuss this material with you by letter, phone or
visitation.

Sincerely,

X T D

=ittt

~“Z>
’ e d
Terry Simon, §;§ @ ‘-3_ 2
Associate Professor A a% § 9‘3
‘ TJo0oO0
| TWS :dh g% g §_ o
Encls. (5) %. 22 >33
t8sc8za
§ SAz0
giile
e (7] ?. 2]
Accesion For 1 g §§ 4 %
> L d
NTIS CRA&I N g %3913
DTIC TAB 0 Approved for public release; ® X 3o 4
Unannounced @] distribution unlimited. E] 2
Justiticaton | 8 3, %
, 3
: o
By . .. P 2
Di.t ibution] 2
Availability Codes 8
e v re mtm s = e ————
) I Avail ardfor
Dist Spccial




Annual Progress Report
(15 April 1986 - 15 March 1987)

STUDIES OF GAS TURBINE HEAT TRANSFER

AIRFOIL SURFACE AND END-WALL

AFOSR GRANT #F49620-85-C-0049
(1 March 1983 - 30 April 1987)

E.R.G. Eckert, R. J. Goldstein, T. W. Simon
Co-Principal Investigators

April 1987




INTRODUCT ION

The following annual progress report documents work at the University of
Minnesota Heat Transfer Laboratory, under AFOSR sponsorship, on the topic of
heat transfer from gas turbine airfoil, end-wall and internal passage surfaces.
The research is divided into the following subtopics: curvature effects,
including transition and film cooling and airfoil heat transfer, including
portions near the endwall. Progress on each is discussed separately.

A. The Effect of Convex Curvature on Heat Transfer and Hydrodynamics of
Turbulent Boundary Layers -- Including the Process of Recovery from
Curvature

Three experiments were conducted to investigate the effect of streamwise
curvature over the range from &/R = 0.01 to 0.04 and to study the effect of
free-stream turbulence on fully turbulent curved boundary layers. An attached
fully turbulent boundary layer, grown on a flat plate is introduced to a
convex wall of constant radius of curvature followed by flat recovery wall.

1. Objectives

The effect of varying the radius of curvature on curved, two-dimensional
boundary layers, including the recovery process, was investigated to further
understand the transport mechanism and to extend the data base for prediction
model development. Two different free-stream turbulence intensity cases were
employed to study the effect of the free-stream turbulence intensity on the
curved boundary layer. Significant additions to the previous data base are:

a. The recovery process, with heat transfer, was investigated for caaes of
milder curvature than in previous studies.

b. The radius of curvature was varied from case to case in the same study.

¢. Curvature effects for cases of §/R between those of mild and strong
curvature were investigated in the same facility.

d. Free-stream turbulence intensity effects on the curved boundary layer
were investigated for the first time.

2. Progress and Accomplishments

The important observations from the three experiments were published in
You, Simon and Kim (1986a), You, Simon and Kim (1986b) and Kim and Simon
(1987). Some details of the turbulent heat flux measurements, not given in a
previous progreas report, follow:

The effects of streamwise convex curvature, recovery, and free-stream
turublence intensity on the turbulent transport of heat and momentum has been
investigated. A special three-wire hot~wire probe based on the work of Blair
and Bennett (1984) has been developed for this purpose. Two cases with
free—-stream turbulence levels of 0.68% and 2.0%, taken in the facility
described earlier with §/R =0.03 (a moderate strength of curvature) were
compared. A summary of the results follows.

1. Profiles of u'v', t', u't' and v't' are reduced by curvature. An
asymptotic profile was achieved very early. Recovery in the weak




portion of the profile ocours quickly, with the profiles often
overshooting the flat plate (upstream of the curve) values.

2. A reversal of sign in the shear stress is seen for the high TI case
(TI=2.0%) for y/8 > 0.5. This behavior was observed by other
researchers in strongly curved flow with lower turbulence intensity.

3. Because the measured turbulent Prandtl number profiles show considerable
scatter, one can only conclude that the effect of curvature is no more
than about 20%. But the data appear to show a decrease by the end of
recovery from curvature. This does not refute Prg¢ values deduced in
earlier studies from mean velocity and temperature profiles, but does
not provide support for the 20% increase noted by You, et al. (1986a).
Negative turbulent Prandtl numbers were seen in the wake for the high Tl
case, indicating a breakdown in Reynolds analogy.

4, Curvature effects dominate turbulence intensity effects for the cases
studied,

The reader is referred to Kim and Simon (1987) for more details.

B. The Concave Wall Study

1. Objectives

A major weakness in the design of gas turbines lies in the ability to
predict the location of transition from laminar to turbulent flow on the
blades. Graham (1979) stated that a 35% error in the prediction of heat
transfer coefficient results in a wall temperature error of 56°C, and an order
of magnitude decrement in blade life. Since as much as 50-80% of the blade
can be covered by flow undergoing transition, and since the skin friction and
convective heat transfer increase significantly during the transition process,
the ability to predict the momentum and heat transport in this region is
crucial.

Some of the parameters known to influence boundary layer transition are
free-stream turbulence, acoustic disturbances, surface vibration, surface
roughness, streamwise acceleration, blowing and suction, boundary layer
separation, compressibility, body forces, and streamwise curvature. The
effect of streamline curvature, pressure gradient, and free-stream turbulence
are investigated in the present study. The effect of the other variables and
various other uncontrollable parameters are minimized by using a unique
flexible test wall, e.g, Wang (1984) enabling all experiments to be run on a
single rig.

The study is to begin with a baseline case on a straight wall with no
streamwise acceleration and low turbulence intensity. All subsequent runs
will be compared to this case so that the effects of the above three
parameters on transition can be isolated. The proposed experimental runs are
summarized below:

P oy



Description

No Baseline Case--Plane surf., Low Tl
2 0.68 -180 No 45 deg-bend, Low TI, No. acc.

3 0.68 -90 No 45 deg-bend, Low TI, No. ace.

'} 2.0 L No Plane surface, High TI, No acec.

5 2.0 -180 No 45 deg-bend, High TI, No acec.
6 2.0 -90 No 90 deg-bend, High TI, No acc.
7 0.68 - Yes Plane surf., streamwise acc., Low TI
8 0.68 -180 Yes 45 deg-bend, Streamwise acc., Low TI1
9 2.0 - Yes ¥lane surf., streamwise acc., High TI

The above ac./dec. runs will be with conatant g values (self-similar).
Special cases may be added where the acc./dec. values simulate the blade
pressure side and the turbulence intensity is elevated above 2%, simulating
blade conditions,

The experimental program consists of measuring, as a minimum, the
following quantities,

1. Mean and fluctuating components of streamwise velocity. This is
measured using a pitot tube in the heated flow, and by a horizontal
hot-wire in isothermal flows.

2. Mean temperature profiles. The thermocoupls probe described by Wang
(1984) will be used.

3. Local Stanton number. One hundred thirty thermocouples embedded in the
test wall are for this purpose,

4, Shear stress profiles and profiles of the fluctuating component of
cross—-stream velocity in isothermal flows where the boundary layer is
sufficiently thick. A cross-wire probe will be used,

5. Tranaverse velocity correlation coefficient in the free-stream as well

as profiles of the autocorrelation of streamwise veoocity. Two

horizontal hot-wire probes will be used.

If the boundary layers are thick enough, measurements of the three components
of velocity along with their cross-correlations will be made with a triple
wire where the flow displays considerable three-dimensionality. Streamwise




vorticity measurements using a probe similar to that described by Wallace
(1984) are also being considered.

A probe to measure the apparent turbulent heat flux u't' and v't' in
two-dimensional boundary layers similar to that described by Blair and Bennet
(1984) has been developed. The reader is referred to Kim and Simon (1987) for
details. The utility of this probe on the concave wall will depend on the
two—-dimensionality of the boundary layer.

If there is a formation of counter-rotating longitudinal vortices on the
concave wall prior to transaition, the flow will be strongly three-dimensional.
It is therefore necessary to know where, in relation to the vortices, the
measurements are taken., Flow visualization is thus necessary.

The main method of visualization is by using a sheet of cholesteric
liquid crystal bonded to the surface of the concave wall. The crystals change
color with temperature, enabling the temperature field to be mapped. Also,
with a constant heat flux boundary condition, lines of constant color
correspond to lines of constant heat transfer coefficient. By heating the
wall slightly, the variation in wall temperature caused by the longitudinal
vortices may be seen. Lower temperature lines correspond to downwash between
the vorticies, while higher temperature lines correspond to the upwash. This
method of visualization enables one to monitor the formation and growth of the
vortices as well as determine their spacing.

Two other methods of visualization are being considered. Infrared
scanning of the concave wall would also enable mapping of the surface
temperature field. An IR scanner is currently available. The other method of
visualization being considered is the smoke-wire method. A thin wire covered
with oil is stretched across the test section, and resistance heating of the
wire vaporizes the oil, producing "smoke"., Visualization of the vortices is
made possible due to lumping of the smoke at the upwash. The electronic
circuit which drives a smoke-wire system has been built. A helium bubble
generator is also available for visualization, as are high speed movie
cameras.

2. Status

The test wall to be used in this study has been built. A schematic of it
is given in Fig. 1. The design is similar to that described by Wang (1984),
with the exception of using a lexan/liquid crystal composite inatead of the
stainless steel and the 3M P-19 film. The lexan was necessary for many
reasons. The smoothness of the lexan eliminates the possibility of early
transition due to waviness, It also permits the machining of a leading edge
onto the wall., A measurement program in which the emissivity of the liquid
crystal was measured eliminated the need for the P-19 reflective film that had
been used for radiation control. The thermal conductivity of the lexan/liquid
crystal was also measured.

Installation of the test wall has been completed. Qualification of the
test wall with regards to transition location was performed by heating the
wall and visualizing transition using the liquid crystal. Transition was
assumed to occur at the location where the liquid crystal first changes color.
This corresponds to the hottest wall temperature or, since the wall heat flux
is uniform, the location of lowest heat transfer coefficient. Various
parameters, such as the leading edge suction flow rate, the distance from the
nozzle exit, etc. were optimized such that transition occurred as far
downstream as possible for a given free-stream velocity and turbulence
intensity. The outer flexible wall was adjusted such that there was no
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pressure gradient along the wall. The Reynolds number based on displacement
and momentum thickness at the beginning of transition were measured to be 1920
and 737, respectively. The free-stream turbulence intensity was 0.43%. A plot
of Reg, vs. free-stream turbulence intensity for the present study is shown
on Fig. 2, and is seen to be in excellent agreement with the data of previous
researchers.

Further qualification of the test wall will be performed using momentum
and energy balances. Programs to do this are currently being written.

C. Modeling of Curved Turbulent and Transitional Flows

Previously, experiments on boundary layer transition had been executed in
the Heat Transfer Laboratory (Wang, Simon and Buddhavarapu (1985) and Wang and
Simon (1985)). 1In addition to this, fully-turbulent boundary layer
experiments have been made as discussed in the above section (You, Simon and
Kim (1986a), You, Simon and Kim (1986b) and Kim and Simon (1987)). These
sets, all taken in our lab with the same experimental techniques, give us a
unique opportunity to evaluate some of the models typically employed in gas
turbine heat load evaluation; in particular, empirical transition modeling and
empirical correction for convex curvature effects to the mixing length
hypothesis turbulence model. The results of this work are given in Park and
Simon (1987), which is attached.

1. Objectives

a. To test present design models against the flat plate transitional data
and the convex-wall curve-flow data, separately.

b. To test the combined model, which has a chosen transition model and
curvature convection to the turbulence model, against the curved-wall
transition data.

¢. To test the hypothesis that curvature correction need by applied to the
transition start, length and intermittency submodels.

2. Progress and Accomplishments

The work is documented in Park and Simon (1987). A major conclusion is
that transition models can be found which "predict" the transition data but
prediction from the various models which were chosen for review disagree
somewhat from one to another and that a model chosen based on one case does
not "predict" another case particularly well. A most useful finding was that,
when free-stream turbulence intensity (T.I.) values are around 2% (and it is
presumed the same could be said for higher T.I. values), the above hypothesis
is true and curvature corrections need not be incorporated into the transition
start, length and intermittency submodels. When the T.I. is 0.7% (and it is
presumed to be true for values below 1%) the hypothesis fajils. This lends
some support to present design methods which ignore the curvature effect on
transition location.

3. Expected Activities for Next Year

Further mixing length hypothesis modeling will remain "on hold" until the
concave transitional data sets have been completed. Modeling with more
sophisticated and general turbulence closure models will continue under the
direction of Professor S.V. Patankar.
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D. Film Cooling of Curved Surfaces

1. Objectives

The purpose of this study is to secure basic understanding of the
processes involved in film cooling on curved surfaces. More specifically, the
behavior of flow emerging from a row of round jets on the convex and concave
walls of a curved duct is being examined with particular attention to how well
these jets protect the walls of the duct from the free-stream conditions.
Recently, an investigation into the effects of injection rate and curvature
has been concluded. A brief summary of the findings is given in the next
section. In the following phase of this study, the importance of injection
angle will be examined.

2. Progress and Accomplishments

Film cooling through a row of holes over a convex and a concave surface
has been studied. The holes were inclined at 35 degrees to the main flow and
were spaced three diameters center-to-center. The effects of injection rate
and strength of curvature on performance were studied. A foreign gas
injection technique, employing the mass transfer analogy to heat transfer, was
used.

Large variations in lateral profiles of local effectiveness on the convex
surface were found. At all but the highest blowing rates, the local
effectiveness was generally high at points in line with an injection hole and
low half-way between two holes. Lateral profiles on the concave surface were
comparatively flat. This was attributed to concave instabilities which
enhanced mixing there.

Stronger convex curvature was found to enhance lateral average
effectiveness at low blowing rates, while at high blowing rates, strength of
curvature seemed to diminish in importance. Also at high blowing rates, the
centrifual force of the jet caused the jet to 1lift off the surface. Momentum
flux ratio was determined to be the parameter which influenced when lift-off
would occur. Further increase in blowing rate or momentum flux ratio caused
the jets to merge and blockage of the mainflow from the wall resulted. An
increase in effectiveness was, therefore, encountered.

For film cooling of concave surfaces, momentum flux ratio had relatively
little influence on the performance of film cooling on concave surfaces. This
was probably because the normal momentum of the jets worked to degrade
performance, while the tangential momentum (centrifugal force) caused an
improvement. With the present injection geometry, the effects cancelled each
other except just downstream of injection, where high normal momentum promoted
lift~off. After twelve diameters from injection, blowing rate, rather than
momentum flux ratio, was the dominant parameter.

On the concave wall, lateral average effectiveness behaved very similarly
to analytical correlations for slot injection on a flat plate. The magnitude
of the performance was consistently lower than the slot-flat plate
correlations, but the trends were very much the same. Excessive lateral
mixing, promoting blockage of the mainflow from the wall was the reason for
this effect.




3. Expected Activities for Next Year

It is known that jet centrifugal force and normal momentum are two
important parameters determining the behavior of a jet; increased jet
centrifugal force enhances performance on the concave surface but degrades
performance on the convex surface. Jet normal momentum, on the other hand,
degrades performance on both surfaces. Both injection rate and injection
angle significantly influence jet normal and tangential momentum.

From the previous phase, understanding of the effect of injection rate
has been obtained. The present thrust is to quantify the effect of injection
angle.

E. Mass Transfer on a Turbine Blade

Better understanding of the characteristics of heat transfer on a turbine
blade will improve the design of the gas turbine engine, Although past
researchers reported numerous results, these data mainly were measured in the
two-dimensional flow region. Also, these investigations were not able to
show detail due to conduction problems. Because the ratio of span to chord
length is not large enough to ignore the effect of the endwall, data at the
two-dimensional region are of marginal usefulness. Goldstein and Karni (1984)
reported that mass transfer on the front portion of the cylinder in a narrow
span next to the endwall is increased 90 to 700 percent over the
twc-dimensional region. Further investigation of heat transfer on a blade in
the three-dimensional region is necessary. Flow in a turbomachine is so
complex that no computational calculation can predict it accurately. Direct
measurement therefore becomes essential for both development of computational
models and improvement of the engine design. In the present study, a
naphthalene sublimation technique is used. Sublimation rates on two hundred
and fifty locations on both surfaces of a blade are measured. The wind tunnel
and a linear cascade of six blades used in the study are shown in Fig. 3.

1. Objectives

First, measurements on a blade in the two-dimensional region are
conducted to compare with other studies. Because the Taylor-Gortler vortex
structure might occur on the concave surface of the blade, measurements
searching for such a vortex system and its effects on heat transfer are made.
Finally, measurements will be conducted near the end wall and the effect of
the secondary flow system on heat transfer from the blade surface will be
carefully investigated.

2. Progress and Accomplishments

Presently, the data acquisition system has been built and some
preliminary tests have been made. It is expected that most of the
measurements will be taken at the end of this aummer.

a) Static pressure coefficients are measured on the blade surfaces

and the approaching velocity is measured 12.9 cm upstream of the blade.
Values of pressure coefficient on the concave side and convex side are shown
in Fig. U4 and Fig. 5, respectively. Values of X are measured from the
stagnation point of the blade and S is the chord length. Distribution of
pressure coefficient on the concave side is quite uniform. The nonuniformity
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of the convex side mainly results from the higher pressure at X/S = 0.43 which
might cause the suction side horseshoe vortex to lift away from the wall.

b) Data Acquisition System

The flow chart of the data acquisition system is shown in Fig. 6. The
main part of this data acquisition system, a four-axis table, is shown in Fig.
7. The construction of this table, motor-controller, and interface between
all individual parts have been in progress over the past year. The software
to control the stepper motors and LVDT for scanning a blade surface has been
tested. Some preliminary tests were conducted, i.e. the effect of the
vibration on the system and the repeatability of measurements on a solid
cylinder.

3. Future Activities

We plan to perform measurements on a blade in the two-dimensional region
for d1ffe§ent Reynolds number flows. The effect of the Taylor-Gorlter vortex
structure*blade heat transfer will be investigated at this time. Measurements
of mass transfer in the near-end-wall region will then be conducted.
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Ninneapo

Previous studies have demonstrated that even
wild streamwise curvature has & msrked effect on
turbulence structure, heat trensfer, and skin
friction. This effect was further investigated in
the present experiment where two cases of dif-
ferent radii of convex curvature were tested. An
attached fully-turbulent boundary layer, grown on
a flat plate was introduced to a constant radius
of curvature convex wall followed by a flat reco-
very wall, The strength of curvature, the ratio
of boundary layer thickness to radius of cur-
vature, 3/R, was 0.013 and 0.03 for the two cases.
Soth cases were taken with the same test wall,
bent to two radii of curvature and the same cur-
vature entry conditions. In the curve, Stanton
swumbers and skin friction wers reduced by 10X and
20X below flat plate values for 8/R = 0.013 and
0.03, respectively. Recovery wes slow. Turbulemt

Prandt) mumbers were increased by 20-25X returning

repidly to flat-wall values on the recovery wll.
Shear stress profiles responded quickly to cur~
vature, reducing to about 65K of the upstream flat
plate values for §/R=0.03.

1. INTRODUCTION

A better understanding of transport processes
for flow over streamwise curved surfaces is
required for many practical applications. One
representative applicetion is in gas turbines
where accurate prediction of the heat transfer
rates {is critical to & successful gas turbine
design. Because curvature has a significant
influence on turbulent boundary layers, high per-
formance turbomachinery design models must
appropriately include 1ts effects. Presently, the
experimental data base is not sufficiently
complete to develop and qualify such models. Heat
transfer with sustained weak curvature,
$/R = 0.01, can be predicted with the corrector
proposed by Bradshaw [1], but this mode) fails
whan curvature becomes substantially greater than
4/R = 0.01. The recovery process on a downstrean
flat wall and the effect of curvature on turbulent
Prandt| number are presently not adequately
wodeled, even under weak curvature conditions.

The objective of the present curved boundary
Tayer study 1s to broaden the data base for mode!
development. For this study, strength of cur-
vature, 8/R, was changed by changing the radius of
curvature, R, holding the entry boundary layer
thickness essentially constant The

1009

55455-0111 U.5.A.

flaxible wall design of the present facility
allows such a study.

Previous work/

In a comprehensive survey of literature docu-
menting the effects of streamline curvature,
Gradshaw [1] pointed out that streamline curvature
effects on shear stress and heat transfer are
significant even for cases of §/R~0.01. Some
important findings published after the 1968
Sradshaw survey are discussed next. In 1973, So
and Mellor [2], showed that normal and shear
stress profiles develop self-similar shapes
shortly downstream of entry to s strongly curved
section. In 1979, Simon and Moffat [3’ publ ished
heat transfer results for strong convex curvature
and, for the first time, a flat recovery wall.
Though the effect of curvature was substantial,
they found 1ittle difference between cases with
/R = 0.05 and 0.08. Recovery of Stanton mumber
differed from that of skin friction coefficient
indicating & curvature sffect on turbulent Prandtl
number. Mayle, ot al. [4] measured local heat
transfer coefficients with §/R = 0.01; 120 boun-
dary layer thicknesses downstream of the start of
curvature, the Stanton number was 20X less than
the flat~wal) correlation on the convex surface
and 33X greater on the concave surface.

Inl and 1984, Gibson et al. [5, 6, 7]
concluded that, with §/R = 0,01, the Stanton
number responds more rapidly than the skin fric-
tion coefficient to curvature change. The -
increase of turbulent Prandt] number was 21X. The
heat transfer results of Simon and Moffat [8] and
the fluid mechanic measurements of Gillis and
Johnston [9]) showsd the effects of strong stream-
wise curvature and recovery from curvature on a
downstream flat surface. Shear stress profiles
within the curved region for two strengths of cur-
vature (0.05 and 0.10) cg“cpsod upon one another
when plotted in -u'v'/U € vs. y/R coordinates.
They concluded that cases with 8/R > 0.05 were
fundamentally different than weaker curved cases;
the weak cases have evolving shear stress profiles
while shear stress profiles for stronger curved
cases have reached their asymptotic curved state.

The present study adds weaker curved heat
transfer and fluid mechanics data, with recovery,
to the data base. Since previous studies attained
varfous 8/R values by varying &, the present
program was designed to change 8/R by varying R,
thus testing the robustness of the strength of
curvature parameter, 8/R.
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2. THE EXPERIMENTAL APPARATUS

The experiment was conducted fn an open-
circuit, blown-type wind tunnel constructed with
an upstream developing section, a curved section
and a downstream recovery section (Fig. 1).
Details of this wind tunnel are given in [10].

The test channel is rectangular, 68 cm in span and
11.4 cm deep. The heated test wall consists of a
1.4 m long developing section, a 1.4 m long curved
section of either 0.9 m or 2.1 m radius of cur-
vature, and a 1.4 m long recovery section.
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Fig. 1. Plan view of the curved boundary layer
facility

The test wall (convex for this study) was
heated to nominally 8°C above the free-stream ajr
temperature with a uniform heat flux of 255 W/m<.
Static pressure on the test wall was unifors. The
three sections of the channel were of similar
construction except that the curved section could
be bent to various radif of curvature. This gave
the opportunity to systematically investigate cur-
vature effects with a single wall., The entry sec-
tion provided a mature turbulent boundary layer in
the measurement area. Boundary layers entering
the curved section were similar for the two cases.
Stanton number data was corrected for back-side
heat losses, radiation losses, streamwise conduc-
tion loss, recovery effects and the effects of
temperature and humidity on fluid properties. The
uncertainty of the Stanton number data was 5%.

Static pressures were wmeasured through 0.64 wm
diameter taps in the opposite walls and end-walls.
In the curved region, these pressures were used to
estimate the static pressure at the test wall by
assuming potential flow. Mean velocity profiles
were measured with a 0.34 wm ]J0 pitot tube. Mean
temperature profiles were measured with a 2-D
boundary layer thermocouple probe. Turbulence
measurements were taken in an isothermal flow with
a constant temperature hot-wire anemometer; a
horizontal wire for normal stress measurements and
a cross-wire for shear stress measurements. The
digitized anemometer signals were computer-
linearized and processed. Signals from the cross-
wire probe were digitized simultaneously.

Averages were taken over a period of 40 seconds.

2.1 Qualification Test

The mean velocity measured in the potential
core of the developing section, nominally 16 w/s,

was uniform to 0.2X% and the mean temperature,
nominally 26°C was uniform to 0.03°C. Heat flux
on the test wall was uniform to within 1X and the
potential velocity was uniform to 3X in C,. Free-
stream turbulence intensity, normalized by Upw was
0.65%. Spanwise variations of the Stanton number,
measured within the central span of 30 cm, were
typically less than 5%. Secondary flow measure-
ments, taken with a Conrad probe, showed skew
angles of less than 2 degrees within the curve and
3 degrees within the recovery section. Energy and
momentum balances over the full test region showed
closure to within 5% and 3%X. From the above, it
was felt that the boundary layer was sufficiently
two-dimensional and that secondary flow effects
were minimal.

3. RESULTS AND DISCUSSION

Descriptors for the two cases discussed herein
are listed in Table 1. As shown, Cases 1 and 2
have similar flow conditions upon entry to the
curve; they differ only in radius of curvature.

Table 1. Descriptors of Cases 1 & 2 and locations
of stations

~ /R /R
R U T.I. (9/R) (8/R)
Cased (cm) (E?:) (%) Beginning of End of
curvature curvature
)| ) )
(0.0036) (0.0054)
__4‘
2 210 17.12 0.65 0.013 0.019
(0.0016) (0.0025)
STA. 1 Z 3 4 3
Case
K(cm) =£9. —— 26.2 tZ2.8 79.8
1

Reg 2737 -— 3987 4287 4602

R X(cm) -29. 0.0 27.9  %5.1 85.3
Reg | 2916 3565 3814 4539 4661
STA. [ 7T ] L3 10

Case

) X(cm) 108.7  133.4 150.6 1/8.6 208.5|

Reg 5056 5140 5589 6146 6580
K(cm) 113.5 TIT 0 158.8 186.7 zZId.%
Reg $622 §738 6022 6417 7010

*No data taken due to proximity to a 0.025 wm
step.

3.1 The Base Case: R = 90 cm;8/R = 0.03-0.04

The Reynolds number based on the momentum
thickness was 2740 and the shape factor was 1.42
at Station 1 indicating a mature turbulent boun-
dary layer.
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Fig. 2 shows mean velocity profiles plotted in
inner coordinates. Skin friction coefficients
were deduced from the velocity profile (the
Clauser technique [11)) and the Van Driest rela-
tionship. The stabilizing effect of convex-
curvature reduces the length of the log-linear
region s1ightly and enhances the wake greatly.

One sees that curvature affects only the outer
region, Y*>150. The existence of the log-linear
region within Y*<150 indicates that the near-wall
layer has normal structure. This lends support to
the use of the Clauser technigue. WMo direct
measurements of wall shear stress were taken. At
Station 10 in the recovery section, the log-linear
region appears to have recovered completely, but
the wake is not growing normally. In fact, the
wake is decreasing slightly in strength. This
indicates that recovery is not complete.
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Figure 2. Mean velocity profiles, Case 1, the
base case.

The rates of growth of the boundary layer
parameters, 8§, 8%, and 0, were reduced by cur-
vature, resuming in the recovery region. The
shape factor increased from 1.42 to 1,52 by the
end of the curved section, then decreased slowly
within the recovery section. The reduced rate of
growth of the momentum thickness and the
increasing shape factor within the curve are asso-
cliated with a more laminar-1ike shape of the velo-
city profiles characterized by the growth of the
wake. These are the effects of a decrease in tur-
bulent transport in the outer (wake) regions due
to curvature. ’

Fig. 3 shows mean temperature profiles plotted
in wvall coordinates. They show a response to cur-
vature that is simflar to that observed in the
velocity profiles. The mean temperature data is
expected to follow T* = Pr.Y* near the wall and
T = (Pre/0.41)In(Y*/Yc1*)+Pr-Yc1*) in the log-
Vinear region. The mean temperature profiles were
fit using this turbulent log-1inear correlation
assuming Pry and Y.1* are free parameters to
determine their values. The effective average
turbulent Prandt] number deduced from the profiles
were increased about 25% by curvature, then
quickly returned to 0.88 (Fig. 7).
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Figure 3. Nean‘;e-peraturc profiles, Case 1, the
base case.

Fig. 4 shows the local Stanton number and skin
friction coefficient values comparing the curved-
wall results to flat-wall values predicted by the
boundary layer code STANS [12]. The effects of
curvature are dramatic. Stanton number responds
immediately upon entry to the curve, decreasing
about 15X by x = 30 cm and continuing to decrease
slowly thereafter. The same trend can be observed
for the skin friction coefficient. Recovery of
the skin friction coefficient is slower than that
of the Stanton number, as was observed in [B8] and
[9]. Stanton numbers increase to within 13% of
the flat-plate value 80 cm downstream of the end
of curvature while skin friction coefficients

~ remain 20X below. The rapid decrease of effective
average Pry is consistent with this increase of
25t/C¢ in the recovery section.
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Figure 4. Stanton number and skin friction coef-
ficient vs. streamwise distance, Case 1, the base
case.

Turbulence intensity profiles are shown in
Fig. 5. The upstream flat-wall profile
(Reg~2700) was found to 1ie between the two profi-
les given by Kiebanoff (Reg~7500), [13, 14] and
compared well with previous researchers' results.
Between Stations 1 and 3 the near-wall peak dra-
matically falls while the remainder of the profile
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(y/8 > 0.1) 1s less affected. The response to the
introduction of convex curvature is complete by
Station 4 and a self-similar shape continues
through the remainder of the curve. The u' profi-
les, then, indicate an immediate response of tur-
bulence quantities upon entry to curvature
followed by a more gradual adjustment within the
curve; this is consistent with the St and C¢/2
trends in Fig. 4. The return to flat-plate profi-
1es on the recovery wall is different. A peak
appears at y/8 = 0.1~0.2 at the beginning of the
recovery process and diffuses slowly outward. By
Station 9, the recovery of turbulence is complete
beyond y/8 = 0.2, but the near-wall data shows no
change from profiles taken at the beginning of
recovery. The slow near-wall recovery is con-
sistent with the slow response of skin friction
coefficient observed in Fig. 4. It is expected
that the profile eventually returns to the Station
1 shape as C¢/2 returns to flat-wall values. The
recovery length of the present experiment was too
short to observe this, however.
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Figure 5. Streamwise-normal turbulence intensity
profiles, Case 1, the base case.
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Figure 6. Reynolds shear stress profiles, Case 1,
the base case.

Shear stress profiles are shown on Fig. 6.
They respond quickly to curvature but do not
change appreciably after Station 3.

The u' profiles also respond quickly to the intre-
duction of curvature but continue to evolve untf)
Station 4. Curvature reduces shear stress by
about 45X throughout the boundary layer. Recovery
is slow and contjnuous through Station 9, where
the magnitudes of the shear stress are comparable
to, or greater than, the magnitudes at Station 1
for the outer 75X of the boundary layer thickness.
A maximum shear stress in the recovering profiles
occurs away from the wall, moving to larger values
of y/8 as recovery proceeds. The near-wall shear
stress s affected by recovery very little. This
is consistent with the observed trends in Cg/2.

3.2 The Effect of Radius of Curvature: Intro-
duction of a Comparison Case with R = 210 cm;
8/R = 0.013-0.019

The comparison case, one of weaker curvature
than the base case, was achieved by bending the
wall to a larger radius of curvature. A momentum
thickness Reynolds number of 2920 and a shape fac-
tor of 1.42 at Station 1 indicate similar flow
conditions with those of the base case. Mean and
turbulence profiles for Station 1 were also nearly
identical. Stanton number values on the pre-plate
were only about 2.5X% lower than those of Case 1;
skin friction values were about 1X lower.
Evolution of mean velocity and temperature profile
integral parameters and shape factor confirm the
same trends discussed for the base case. A com
parison of Pry for the two cases is shown on
Fig. 7. Less of an effect on Pry for the weaker-
curved case is observable. Local Stanton number
data (Fig. 8) show a 10X reduction from plane-wall
values for this case compared to a 20X reduction
for the base case (which has approximately twice
the value of 8/R). The comparison of these two
cases supports the conclusion that 8/R s an
l;sropriatc scaling parameter over this range of
8/R.
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Figure 7. Turbulent Prandt! number vs. streamwise
distance, Cases } and 2.

The comparison of turbulence intensity profiles
for the two cases, at Station 5 (Fig. 9) shows
that the profiles are similar but that the Case 2
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profile is still evolving while the Case 1 pro-
file has reached an asymptotic shape (by Station
4 as shown in Fig. 5). A comparison of tur-
bulence intensity profiles for Station 9
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Figure 8. Stanton number and skin friction coef-

ficient vs. streamwise distance (comparison be-
tween Cases 1 and 2).
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Figure 9. Streamwise-normal turbulence intensity
profiles at Statfon 5 (near the end of the curved
section), comparison between Cases 1 & 2.

(Fig. 10) shows that the Case 2 profile recovery
is wmore complete; only the near-wall portion dif-
fers from the Station 1 flat-wall profiles.
Profiles of shear stress plotted in -u'v'/U,2

vs. y/R coordinates for two cases are given on
Fig. 11. The solid line {s the "asymptotic pro-
file" (8/R > 0.05) suggested by Gillis and
Johnston [9), while the dashed 1ine is a wild cur-
vature profile measured by Hoffmann and Bradshaw
[15). The base case (Case 1) results support the
suggestion by Gillis and Johnston that the
appropriate scaling parameter for turbulent struc-
ture for strongly curved flows is the radius of
curvature, rather than boundary layer thickness.
The base case data show that the flow approaches
this same asymptotic profile for 8/R > 0.04.
Though the base case profiles appear to be
approaching an asymptotic shape, it is clear that
the weaker-curved Case 2 profiles are more charac-
teristic of those observed in previous, mild-

curvature experiments. The two cases, therefore,
represent examples of weak and moderate-to-strong
curvature cases, as viewed in these coordinates.
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Figure 10. Streamwise-normal turbulence intensity
profiles at Station 9 (near the end of the reco-
very section), comparison between Cases 1 & 2.
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Figure 11. Turbulent shear stress profiles within
the curved section, comparison between Cases 1 &

4. SUMMARY AND CONCLUSIONS

Significant additions to the data base are:
“1) The recovery process with heat transfer was
investigated for cases of milder curvature than
previously studied.
2) The radius of curvature was varied from case
to case in the same study and data was taken for
two 6/R values representing mild and moderately
strong curvature using the same apparatus.
Conclusions are:
1) Profiles of mean velocity and temperature
show shortened log-linear regions and enhanced
wake regions in the curve. The recovery of these
mean profiles in the log-linear region is complete
by about 80 cm of recovery length.
2) Curvature increases turbulent Prandtl number
by about 20-25X for the cases studied.
3) A rapid decrease of St and C¢/2 at the
beginning of the curve is observed followed by a
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slow decrease within the curve. Oecreases of
about 20 and 10X from expected flat-wall values
are observed for Cases 1 (6/R = 0.03) and 2

{8/R = 0.013), respectively. Recovery is extre-
mely slow with St recovery leading C¢/2 recovery,
resulting in an incresse of 25t/C¢.

4) Normal stress profiles show a fast response
to the beginning of curvature. ODuring recovery
an increase of turbulence intensity originates
near the wall at y/8 ~ 0.1-0.2 propagating slowly
to the outer layers.

S) Shear stress profiles respond quickly to cur—
vature, reducing to about 55% of the upstream
flat-plate values for 8/R = 0.03. Recovery occurs
slowly, with the wake recovering faster than the
near-wall flow.

6) Asymptotic behavior is observed for flows
with /R > 0.04.
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NOMENCLATURE

Ce/2 Skin friction coefficient
C, ?;atic prossgrz’coof ;c1cnt.
-P /($eVU

R nimgat! /1ot

o
R Radius of curvature
Re Reynolds number (using Uy, as charac-
teristic velocity)
Normalized mean temperature,
(Tw=T)sCpls/ay
Streamwise mean velocity
Normalized streamwise velocity, U/Us
Shear velocity, V1 /p
Root-mean-square of fluctuating streamwise
velocity
Root-mean-square of fluctuating velocity
normal to the test wall
Reynolds shear stress
Stresmwise distance
Distance normal to the test wall
Normalized distance normal to the test
wall, yU./v
Ye1* Conduction layer thickness in inner coor-
dinates
/

Greek Letters

oundary layer thickness based on 99.5% of

potential flow velocity
o Displacement thickness
0 Mowentum thickness

Subscripts
[ Potential flow

pw Potential flow value at the wall

ref At the reference station (Station 1)
s Static

sw Static conditions on the test wall
w Wall value

- Free-stream value

~$'< ” é. < ¢_.¢: 5: ‘z
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Free-Stream Turbulence Effects on Convexly Curved
Turbulent Boundary Layers

YOU, S. M., SIMON, T. W., and KIM, J.
University of Minnesota
Minneapolis, Minnesota

ABSTRACT

Froe-stream turbulence intensity effects on the convex-curved tur-
bulent boundary layer are investigated. An attached fully turbulent
boundary layer, grown on a flat plate, is introduced to a convex wall of
constant radius of curvature. Two cases with free-stream turbulence
intensities of 1.85% and 0.65%, taken in the same facility with mod-
erate curvature, §/R = 0.03-0.043, are compared. The two cases have
similar flow conditions upon entry to the curve, thus separating free-
stream turbulence effects within the curve from the other effects. The
higher turbulence case shows stronger curvature effects on Cy/2 and
on streamwise normal and shear stress profiles than those observed in
the lcwer turbulence case. The case with increased turbulence has a
higher (~ 5%) Cy/2 value upstream of the curve than the C;/2 value
of the lower turbulence case, as expected, but this increase disappears
by the end of the curve where nearly identical Cy/2 values are found.
Similarly, streamwise turbulence intensity profiles, differing upstream
of the curve for the two cases, are found to be similar near the end
of the curve; this indicates & dominating effect of curvature over the
effect of turbulence intensity. Many effects of curvature observed in
the lower turbulence intensity case, e.g., a dramatic response to the
introduction of curvature, are also seen in the higher turbulence case.

NOMENCLATURE

Cl2 Skin friction coefficient

C, Static pressure coefficient, 2(P,,0 — Po,res)/PUpg res
e Specific heat

H Shape factor

P Pressure

Pr Prandt] number

Pr, Turbulent Prandt! number

§" Heat flux

R Wall radius of curvature

Re Reynolds number

St Stanton number

T Mean temperature

Tt Normalised mean temperature, (Ty — Too)U,/(§2/0¢))

T.L Turbulence intensity

/4 Streamwise mesa velocity

v+ Normalised streamwise velocity, U/U,

U, Shear velocity, \/r.7p

v Fluctuating compouent of root-mean-square of fluctusting
streamwise velocity

-u'v Reynolds shear stress

v Fluctuating component of velocity normsi to the test wall

z Streamwise distance

y Distance normal to the test wall

Y+ Normalised distance normal to the test wall, yU, /v

YS Conduction layer thickness in inner coordinates

Greek Letters

[ Boundary layer thickness based on 99.5% of potential

flow velocity
Momentum thickness
Karman constant, 0.41
Kinemetic viscosity
Density

Shear stress

*“% T aS

Subscripts

Potential flow value at the wall
ref Reference
[ Static
w Wall value
0o Free-stream value

1. INTRODUCTION

The present experimental study was conducted to enhance the
knowledge of curved turbulent flows and to expand the data base used
for development of computational models, particularly those applied
to gas turbine design. Despite the considerable work on the effects of
curvature, the present study is the first showing the effect of turbu-
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Jence intensity on convex-curved turbulent boundary layer flows. It is
important to investigate the effect of turbulencs intensity with curva-
turse since accurate predictions of skin friction and heat transfer, under
the combined effects of curvature and free-stream turbulence inten-
sity, are needed in the design of fluid machinery where the blades are
operated in highly turbulent environments. Free-stream turbulence in-
tensity can be as high as 20% in the gas turbine. The prosent study is
a continuation of the convex curvature turbuleat boundary layer study
presented by You, et al. (1] in which two lowsr turbulence cases of
different radii of convex curvature were tested (§/R = 0.013 and 0.03).
The stronger curved case of the two is the base case for the present
study which isolates the turbulence intensity effect.

1.1 Previous Work

Bradshaw (2] published a comprehensive survey of the literature
on the effects of streamwise curvature in 1973 showing that the ratio
of boundary layer thickness to radius of wall curvature, §/R, was an
appropriate descriptor for the strength of curvature. Experimental
studies [3,4,5] published after the Bradshaw survey confirmed earlier
findings that streamwise curvature has a marked effect on turbulence
structure, heat transfer, and skin friction.

Carefully controlled and detsiled experiments on mild (§/R =
0.01) and strong (§/R > 0.05) convex-curved boundary layers were
performed by Gibeon [8,7,8], Simon (9,10,11,12], and Gillis (13,14] and
their co-workers.

In 1986, You, et al. [1] added heat transfer and fluid mechanics
data on a mildly-curved convex surface, with recovery from curvature,
to the data base. This test was designed so that §/R could be changed
by varying R in & single test facility from mild (§/R = 0.013) to mod-
erately strong (5/R = 0.03). Though both cases show the same trends,
the effects of the different strengths of curvature are clearly abeervable.
Some observations were:

(1) The percentage decrease in St and Cy/2 from expected flat-
wall values is almost an order of magnitude greater than the
value of §/R; 10% decrease for §/R = 0.013 and 20% for §/R
= 0.03.
(2) The turbulent Prandtl number deduced from the mean ve-
locity and temperature profiles increases within the curve about
20% for §/R = 0.013 and 25% for §/R =0.03.
(3) Shear stress profiles, plotted in —u'v’/U3, vs. y/ § show a
self-similar shape within the curve, even for the weaker curva-
ture case.
More details of recent studies on the effects of streamwise curvature
are given in [18].

Many investigations have been reported on the effect of {ree-stream
turbulence; some of the recent ones are Meier and Kreplin [16], Si-
monich and Bradshaw [17] and Blair [18,19). Meier and Kreplin [16]
concluded that increased free-stream turbulence levels increase skin
friction and boundary layer growth rate and that mean velocity pro-
files become similar in shape to those of pipe flow. They also suggested
that, for turbulence levels less than 1%, C/2 changes proportionally
to (w//U)3, and for turbulence levels higher than 1%, C;/2 changes
proportionally to (u'/U), .

Simonich and Bradshaw [17] investigated the effect of free-stream
turbulence on heat transfer. Their measurements, with turbulence
intensities up to 7%, showed that Stanton numbers increased with
increasing free-stream turbulence.

In 1983, several tests were conducted by Blair [18,19] in a zero
pressure gradient two-dimensional channel, with turbulence intensities
varying from 0.25% to 7%, showing the effects of free-stream turbu-
lence on turbulent boundary layer heat transfer and hydrodynamics.
He concluded that a free-stream turbulence intensity of 6% increased

skin friction and heat transfer rates approximately 14% and 18%, re-
spectively. He also found that the Reynolds analogy factor (25¢/Cy)
increased by just over 1% for each 1% increass in free-stream turbu-
lence intensity. -

2. EXPERIMENTAL APPARATUS

The present experiment was conducted in an open-circuit, blown-
type wind tunnel copstructed with an upstream developing section, a
curved section and s downstream straight section (Fig. 1). Details of
this wind tunnel are given in [15]. The test channel is rectangular, 68
cm in span and 11.4 cm deep. The heated test wall consists of a 1.4
m long developing section and a 1.4 m long curved section of 0.9 m
radius of curvature followed by & straight section.

r————

Fig. 1 Plan View of the Curved Boundary Layer Facility.

The laminar boundary layer was tripped in the lower-turbulence
case, with a 1.0 mm high, 12.7 mm wide strip beginning 10 cm down-
stream of a suction slot —— a mature turbulent boundary layer was
established in the measurement area. Higher turbulence levels were
obtained by inserting a coarse grid constructed of 2.5 cm aluminum
strips in a square array on 10 cm centers at the entrance of the nozsle.
A turbulence intensity, normalizsed by U, of 1.85% was achieved in
the test region. In the higher turbulence case, the trip was removed
and the boundary layer was allowed to pass naturally through transi-
tion. Stanton numbers were spanwise uniform to within 4% upstream
of the curve in both cases. It was previously shown that spanwise
uniformity is maintained during natural transition with 2% turbulence
intensity [20,21).

The test wall was heated to nominally 8°C above the free-stream
temperature with a uniform heat Bux of 255 W/m?. Static pressure
on the test wall was uniform. Stanton number data was corrected for
back-side heat loss, radiation loss, streamwise conduction loss, recovery
effects and the effects of temperature and humidity on fluid properties.
The uncertainty in the Stanton number data was approximately 5%.

Static pressures were measured through 0.64 mm diameter taps
in the opposite wall and end walls. In the curved region, thess pres-
sures were used to estimate the static pressure at the test wall assum-
ing potential flow. Mean velocity profiles were measured with a 0.34
mm ID pitot tube. Mean temperature profiles were measured with a
2-D boundary layer thermocouple probe. Turbulence measurements
were taken in an isothermal flow with constant temperature hot-wire
snemometry; & horizontal wire for normal stress measurements and
a cross-wire for shear stress measurements. The digitized anemome-
ter signals were computer-linearised and processed. Signals from the
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cess-wise peobe wese digitined camitessowsly. Avesages wese tabmm
over o pevied of 49 csssnds.

2.1 Qualifisstios: Tt

‘The mean velosity measused in the petential esve of the dowel-
eping ssstion, neminelly 16 m/s, was wnifosm to 0.3% and the memn
temporatuse, aominally 30°C, wes wnifesmn to 0.00°C. Nost fluz &=
the test wall was wniferss to within 1% and C, wes sniferm to withia
3%. Presctsoam Surbulencs intensity valuss, aessmalissd by Uy were
0.05% and 1.00% in the %est mgion. Spanwise varictisns of Stasten
sumbers, messused within the centeal spen of 30 em, wase iypically e
then §$%. Sessadary Sow messuremants, tabea with o Consed peshe,
showed show angies of less then 3 degress within the curve. Baeegy
aad momsstem baleness over the full test segien showed clasuse %o
was sulliciontly two-dimsensisnal and thet ssssndary Sow offects wese

smimnal

3. RESULTS AND DIBCUSRION

Descriptors of the twe casss end locatisns of the prefile measure-
ment stations are listed in Thbies 1 snd 2. Moasurements of msan
velocity prefiles and streamwies turbulence intensity prafilen ot station
1, which ssrved to characterine the state of sach boundary lager, ase
presesied in Fige. 2 and 3, respectively. These profiles were compared
with the messurements of Hama [22] end Schults-Grenow [28]. R was
concluded from the excellent agresment with case 1 that the boundary
layer achisved by artificial tripping bes the characteristics of & tur
bulent boundary layer with sere premsure gradiont ea o smesth wall.
The meaa velocity profile of case 3 differe from that of the cther canes,
showiag the effect of turbuisnce indensity. Turbulence intensity profiies
ot station 1 for the two casss were compared o show the effect of the
lonce intonsity profiles (Rey = 2737) for the lower turbulence case lie
betwesn the two profiles given by Kicbaneff (Rey = 7500, Rel. 3¢ and
23) and compare well with previous ressarchers’ results, ¢.g., Gillis and
Johaston (13].

10F [ e% o ® *
aer®

CASE 1. R, = 2737 (T) = 0.65%)
CASER.M,-!SS!(YI.-!W
Hema [22), Ra, - 2408

Schultz - Grunow (23], Re, - 3700

un,,
"«-\
L/

a4
0s

00 & »

[} —h, e i P P Y

5 10 15
v/e

Pig. 2 Comparises of Meen Velocity Distributions ot Stetion
1 (Cosns 1 00d 3).

Table 1 Descripiors of CASES t & 2
CASE 1 CASE 2

R 20 90 (om)
Upy 16.32 15.83 (mve)
Tl 0.65 1.88 (%)
MaBOC’ 003' 0.030"
SR EOC’ 0.04' 0.048'

Rey at BOC® 3408' 3030'

S

*B.0.C.—iluginning of Curvature (=0 cm)
*E.0.C.—End of Curvature (s=128 cm)
Estimated Values

Table 2
Locations of Stations

Case 1 Case 2

Stations x (om)® Re, Re,
(T.1) (TL)
[H]) (H]

1 (Dev.) -29.9 2737 251
0.74) (1.85)
(1.42) {137

3 (Cur) 282 3987 3488
(0.65) (1.08)
[147) [1 42)

4 (Cur) 528 4287 3814
(0 64) (182
[1 48] [1 43)

5 (Cur ) 794 4602 49N
(0 68) (2.10)
(1 51] (1 48]

6 (Cur) 106 ? 5058 4290
(0.75) (2 38)

(1 52] (1 $1]

€nd of Curve. 1280

* Moas velocity and \empersture profiles were meesured ot
these stations; corvespendiag ‘arbulsnce measurements ste-
wens were 10.3 am (¢ in) downstrvam.
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fig. 3 Comparissa of Siccamwise-assrmal Turbulence lnten-
sity Profiles ot Station 1 (Canes 1 and 3).

A of the Buse Case (Case 1)
of shvesmawiss conven curvatuse en & turbulent bound-
ary lager, & ssen in the base case, ase:
(1) Mosn velacity snd tempesatuse profiles show shertened log-
linser segicns and eahansed wabe regions in the curve.
(3) Curvatuse inssesnws the tusbulent Prandt! sumber, deduced
Semn the menn wiscity and temperatuse prefiles, by about 23%.
(3) Redused momentum thickass growth rate sand increased
shape faster, ), withia the curve ase chasrved.
{4) A ragid dosseass of 52 and C;/2 ot the beginning of the
curve is chasrved follownd by o slow decresse within the curve.
Thay becomes 30 lower then the enpected fot-wall valuse.
(8) Sareamwiss-nesmal turbulence intensity predies show o fast
response te the intreduction of curveture with o large reduction
of the noar-wall poak. A self-cimiler shape is stteined mid-way
theough the curve and centinues threughout the curve.

‘The eliect of varying the redius of curvature on curved 2-D bouad-
ary lagers, including the presess of recovery frem curvature, was previ-
ously investigated end reperted in [1). In (1] and [18], the base case of
the pressnt study wes discumed ia detail. The preseat paper usee this
base cass and a higher-tusbulence comparises case to discuss the effect
of turbulonss intensity on curved turbulent boundary layer flows.

The Bfect of Turbulence Intonsity : Introduction of a com-—

iu-ﬁll-.q §/R=0.000-0046 and T.I =
1.

case ensept that the turbulence intensity, nomalised on the free-stream
velocity, was 1.06% instead of 0.65% (see Tuble 1). Though messure-
ments wese taben and could have besn reported for the straight section
dowanstream of the curve, rapid growth of the boundary layers resulted
in the dissppearance of the potential core ia this regicn. Therefore,
o comparisen of the twe cases in this region o show the free-stream
reasen, 8s dats dowasttcam of the curve is discussed ia the presest
peper.

Msan velocity profifes st staticn 1 for the twe cases (T'.1. = 0.65%
and 1.05%) ase prosented in Pig. 4. They demenstrate thet frev-stream
turbulence maialy alfocts the cuter part of the boundary layer (wake
regisn). Duspite the considerable depression of the wake region of case

2, the log-linear regions of the two velocity profiles are similar and
obay the low of the wall. At statioa 1, the Reynolds sumber based
o8 the momentum thichness is 2531 and the shape factor is 1.37 for
eane 3, while the case 1 Reyncids sumber and shape factor are 2737
end 1.43, respectively. The momentum thickness Reynolds sumbers
thesefare match to within 10% for the two casss. The shape factors are
expected to differ due to the effect of turbulencs intensity on the profile
shage. The streamwise evolutions of mean velocity and temperature
profiles ase shown in Pigs. § and 6. One can observe the effects of
curvatare — the enhanced wabe regions and the shortening of the log-
linsar regions. 1 is interesting thet the enhancemesnt of the wake regica
dus %o curvature (§/R = 0.020) is move influential than the depression
of the wabs due to turbulence intensity (T.1. = 1.85%). This can be
cbesrved by comparing the data for the two cases at statious 1 (Fig.
4) snd 6 (Fig. 7) — the mean velocity profiles of both cases at station
¢ are similer; & contrast to the flat-plate profiles (station 1, Pig. 4)
where the offect of turbulence intensity is quite visible. The value of
the shape factor at station 1 for the higher turbulencs intensity case
is about 3.0% lower than that of the Jower turbulence intensity case
(Fig. 8). The shape factor for case 2 increases faster than that of
the base case within the curved regioa and becomes comparable to the
base case value at the end of the curve. This indicates a vanishing of
the turbulence intensity effect — also seen in the velocity profiles.

oy 4 Station 1- CASE 1 (T.1. = 0.65 %)
o Station 1 - CASE 2 (T.\. = 1.85 %)
s ﬁmm
m;—
u+ |
U*a 614_1'" Y++5.0
10
Uty Van Driest Line
[ asl 1
0 10 100 1000
Y'l'
Fig. 4 Comparison of Mean Velocity Profiles at Station 1
(Cases 1 and 2).
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Fig. 6 Mean Temperature Profiles, Case 2 (T.1.=1.85%).

i A Station 6 - CASE 1 (T.l. = 0.65%)
e Station 6 - CASE 2 (T.l. = 1.85%) gw

)

Stanton numbers and skin friction coefficients are compared in
Fig. 9. St and Cy/2 for the higher turbulence case (T.I. = 1.85%)
measured at station 1 are about 5% larger than those of case 1. Cur-
vature is seen to affect the higher free-stream turbulence data more
than the corresponding lower turbulence data, as evidenced by the
Cy/2 values; although Cy/2 is higher for the higher T.I. case at the
entrance to the curve, there is no difference in the values by the end
of the curve. Stanton numbers for both cases showed similar reduc-
tions in spite of the enhanced curvature effect on C,/2 for the higher
turbulence intensity case. Turbulent Prandtl numbers deduced from
the mean velocity and temperature profiles (Fig. 10) support the same
trend as observed in Fig. 9. They decrease near the end of the curved
region in case 2, while in case 1 they increase continuously throughout
the curve. This is consistent with the increase of 25t/C; at stations §
and 6 in case 2 due to a larger effect on C;/2 than on St. Turbulent
Prandt]l numbers are found by forcing the mean temperature profile to
obey the thermal law of the wall. The curve and data are matched by
choosing the appropriate values of Pry and Y, as discussed in [15].

sl oL
- =1 inv*is50
0.41
10F
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Fig. 7 Comparison of Mean Velocity Profiles at Station 8
(Cases 1 and 2).
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Fig. 8 Shape Pactor vs. Streamwise Distance (Cases 1 and

2).
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Streamwise-normal turbulence intensity profiles in case 2 are shown
in Fig. 11. The response to the introduction of convex curvature shows
the same trends as in the base case. The reduction of turbulence in
the inner half of the boundary layer from the fiat plate profile to the
curved self-similar profile for case 2 is about twice that of case 1 (Fig.
12). Even though the shapes of the turbulence intensity profiles at sta-
tion 1 are different, the curved self-similar profiles for cases 1 and 2 are
nearly equal; this shows that the stabilising curvature effoct dominates
the free-stream turbulence intensity effect (see Fig. 12).

10
o Station 1 (Dev.)
o0 o o Station 3 (Cur.)
~ | oo . a Station 5 (Cur.)
é 4 I ° ° o ¢
; b a [+]
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=2 5F a
- o
= I 8 °
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° 05 1.0 1.5
y/3

Fig. 11 Streamwise-normal Turbulence Intensity Profiles,
Case 2 (T.1.=1.85%).
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Fig. 12 Streamwise-normal Turbulence Intensity Profiles at
Stations 1 and 5, Comparison Between Cases 1 and 2.

Reynolds shear stress data is plotted in Fig. 13. The dramatic
response to the introduction of curvature and the appearance of an
asymptotic profile are similar to those observed in case 1. The shear
stress profile at station 1 in cass 2 shows an extended “tail® — tur-
bulent shear stress extends well beyond §. The effect of curvature on
shear stress profiles within the curve is dramatic. In the outer 30% of

the boundary layer, the Reynolds shear stress reverses in sign down-
stream of station 3—this was not obeerved in the lower turbulence case
(case 1). Similar profiles, including reversal of sign, were previously
reported for more strongly curved cases [14]. It is interesting that
there is a self-similar profile for y/§ < 0.5 at stations 4 and 5 in this
higher turbulence intensity case (Fig. 13), while the outer part of the
boundary layer shows a reversal in sign of W'v’. In Fig. 14, the shear
stress data (~wv’/U? vs. y/R) approaches the “asymptotic” line for
strong curvature suggested by Gillis and Johnston [14], as §/R grows.
The shear stress profile at §/R = 0.042 (station 6) is close but not
on this line. The data also closely approached this line in case 1 (low
free-stream turbulence intensity) when §/R » 0.04 [1].
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Fig. 13 Reynolds Shear Stress Profiles, Case 2 (T.I.=1.85%).
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Fig. 14 Turbulent Shear Stress Profiles within the Curved
Section, Case 2 (T.1.=1.85%).

4. SUMMARY AND CONCLUSIONS

Two different free-stream turbulence intensity cases were studied
to investigate the effect of free-stream turbulence intensity on boundary
layers over convex-curved surfaces.
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The main conclusions about the effect of free-stream turbulence
e

(1) The curvature effect dominates the free-stream turbulence
offect for the cases studied.
(3) Flat plate data upstresm of the curve with 1.85% turbulence
intensity show reduced wake strength and sbout & 5% increase
in St and Cy/2 compared to the lower turbulencs intensity case
(0.65%).
(3) The skin friction coefficient decreases more for the higher
turbulence case than for the lower turbulence case within the
convex-curved section. This relative change was not so obvious
with the Stanton number; this is consistent with the lower Pr,
of the higher turbulence case than of the lower turbulence case
near the end of the curved section.
(4) Profiles of turbulence intansity show the same trends for
the two cases: dramatic response to the introduction of curve-
ture and the appearance of asymptotic turbulent shear stress
profiles.
() Similar streamwise normal turbulence intensity profiles for
the two cases were found near the end of the curve in spite of
the different profiles upstream of the curve.
(6) Reynolds shear stress profiles foe the higher turbulence case
are dramatically influenced by curvature — shear stress reverses
sign for y/&§ > 0.7 within the curve. This was also reported in
strongly-curved convex-wall cases by Gillis and Johnston [14).
A self-similar shear stress profile in ~u'v//U2, vs. y/§ coordi-
nates on the curved wall was realised for both cases inside 50%
of the boundary layer thickness.
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Measurements of the Turbulent Transport of Heat and Momentum in

Convexly Curved Boundary Layers: Effects of Curvature, Recovery

and Free-stream Turbulence

Kim, J. and Simon, T.W.

University of Minnesota, Minneapolis, MN

ABSTRACT

The effects of streamwise convex curvature, recovery, angd free-
stream turbulence intensity on the turbulent transport of heat
and momentum in a mature turbulent boundary layer is inves-
tigated. A special three-wire hot-wire probe developed for ti:is
purpose is described. Two cases with free-stream turbulence
Jevels of 0.68% and 2.0%, taken in the same facility with moder-
ate strength of curvature, §/R = 0.03, are compared. Profiles
of W'V, t', W't’, and v’ are dramatically reduced within the
curve, with asymptotic profiles being achieved quickly for the
Jow T.1 case. Recovery occurs rapidly, with the profiles often
overshooting fiat-wall upstream values. Increased free-stream
turbulence has the offect of increasing the profiles through-
out the boundary layer on the flat developing wall. Profiles
sgreeing with the asymptotic profiles of the low T.I. case are
observed by the end of the curve, however, illustrating the
dominance of curvature over fres-stream turbulence intensity.
For the higher T.1. case, a reversal in the sign of vt/ in the
outer half of the boundary layer is observed, leading to neg-
ative values of the turbulent Prandt] number in this region.
This indicates a breakdown in Reynolds analogy.

NOMENCLATURE

) offset

d diameter of wire

H shape factor

& conductivity of air or correction coefficient of
Champagne

'} sctive Jength of wire

m slope

Nu Nusselt number
OR overhest ratio of wire based on free-stream
temperature

4 Static pressure

Pr, turbulent Prandt] number

R radius of curvature

Re Reynolds number

St Stanton number

t instantaneous temperature

T time-averaged temperature

TI turbulence intensity

. instantaneous streamwise velocity

1/} time-averaged streamwise velocity

v instantaneous cross-stream velocity

| 4 Voltage

w instantaneous cross-span velocity

z streamwise distance

¥ distance normal to wall

a angle between main flow direction and direction
normal to wires

é boundary layer thickness based on 99.5% of
free-stream velocity

] density

™ dynamic viscosity

Subscripts

ane anemometer

¢S/ effective

pw potentia! value at wall—reference value

7 static value at the wall

oo free-stream value

’ momentum thickness

v wire or wall value

Superscripts

fluctuating component or rms, depending on
context
per unit area




per unit time {overdot)
-_ time average (overline)

INTRODUCTION

Measurement Technigues

The following describes the development of a three-element
hot-wire probe to measure the 8uctuating components of ve-
Jocity and temperature in 2-D boundary layers, and its use in
a turbulent boundary layer over a convex surface. The probe
is based on a design by Blair and Bennett (1984). These mea-
surements are important to the gas turbine industry for they
support the development of turbulent transport models used
to predict the convective heat transfer to the turbine blades.
These measurements are difficult and the data base is small.
In fact, the eflects of moderate-to-strong curvature, recovery,
and turbulence intensity on the turbulent transport of heat has
been studied here for the first time.

Previous investigators have measured fluctuating velocity
and temperature. Representative examples of their work are
reviewed below: A description of the use of multiple overheats
in hot-wire anemometry to separate the temperature and ve-
locity components in a flow was given by Corrsin (1947). He
measured temperature fluctuations in the mixing of heated gas
streams and concentration fluctuations in the mixing of differ-
ent gases st constant temperature. His use of a single wire,
however, precluded the possibility of simultaneous tempera-
ture/concentration and temperature/velocity measurements.
Sakao (1973) used two parallel Sum wires 0.2 mm apart op-
erating at constant but different temperatures to simultane-
ously measure instantaneous streamwise velocity and temper-
ature. A good response to frequencies to 300 Hz was reported.
Hishida and Nagano (1978) used the same configuration but
operated the front wire at constant current and the rear wire
at constant temperature. No contamination from the front
wire was reported and the frequency response was reported to
be 6 kHz.

Chen and Blackwelder (1978) used a triple wire probe to
measure two components of velocity, and temperature. The
probe consisted of s convent~-al cross-wire with a resistance
thermometer placed directly in front of the center of the cross-
wires and in the plane perpendicular to them. The probe di-
mensions and frequency response were not presented. Smits
and Perry (1981) used a technique similar to that used by
Chen and Blackwelder (1978), but with the temperature sens-
ing element placed in a plane next to and parallel with the
cross wires. The methodology for separating the velocity and
temperature components was presented, but no measurements
were taken. A third configuration, used by Gibson and Ver-
triopoulos (1984), consisted of a conventional cross-wire with s
third “cold” wire positioned between and in a plane parallel to
the planes of the cross-wires. A good response to freque.icies
to 6.5 kHz was reported.

A 4-wire probe designed to measure three components
of velocity and temperature was deacribed by Fabris (1978).
Three wires were operated in the constant temperature mode,
while the fourth was of constant current. All wires were 0.625

um in diameter, minimizing contamination between the wires.
The velocity components and temperature were found by si-
multaneously solving the four non-linear response equations
for the sensors on a computer. A good response to frequencies
to 2000 Hz was reported.

Blair and Bennett (1984) described a 3-wire probe for use
in 2-D boundary layers. The probe consists of three wires lo-
cated in three parallel planes. The two outer wires are orthog-
onal forming an X-array, while the third center wire is paralle!
to one of them. All three are operated at constant tempera-
ture with the center wire operated at a much Jower tempera-
ture than the two outer wires. The instantaneous temperature
is found from the two parallel wires, and the instantaneous
velocity from the two orthogonal wires. A disadvantage to
this design is that the measurement of temperature is not di-
rect. The temperature must be determined by simultaneously
solving two closely coupled non-linear equations. The advan-
tages are numerous, however, for only constant temperature
anemometers are used and frail sub-micron diameter constant
current wires are avoided. A good response to frequencies to
50 kHz was reported. For this reason, the scheme of Blair and
Bennett (1984) was chosen for the present study. The wire con-
figuration of the probe used in this study is shown on Fig. 1.

Measurements

The probe was used to measure profiles of turbulence quanti-
ties in a sero pressure gradient, turbulent boundary layer in-
fluenced by convex curvature. Streamwise curvature is known
to markedly affect the structure of turbujent boundary layers.
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Fig. 1 -- Schematic of Wire Configuration

The changes in boundary layer turbulence intensity, wall skin
friction, and Stanton number from the corresponding fat-wall
values are generally an order of magnitude greater than the
magnitude of the strength of curvature, §/R. A number of
studies concerning the eflects of curvature on the mean flow
and surface heat flux are described by You, Simon and Kim
(1986a). Early work consists almost entirely of mean temper-
ature profiles and surface heat flux measurements. Simon and
Moffatt (1982a, 1982b) were the first to report heat transfer
data in which the details of the velocity feld were known—
given by Gillis and Johnston (1980). They were also the first
to document the recovery from curvature. Their strength of
curvature was § /R = 0.1, indicating strong curvature. You, Si-
mon and Kim (1986a) added heat transfer and fluid mechanics
data on a mildly-curved convex surface, with recovery, to the




data base. Two strengths of curvature (§/R = 0.013,0.03), ob-
tained by bending the test wall, were investigated. This study
* by You, Simon, and Kim (1986a) is the basis for the present
study. Some of their results were: 1). Profiles of the mean ve-
locity and temperature showed shortened log-linear regions and
enhanced wake regions in the curve. 2). Curvature increased
the turbulent Prandt] number, deduced from the mean veloc-
ity and temperature profiles, by about 20-25%. 3). A rapid
decrease in St and Cys/2 at the beginning of the curve was
observed followed by a slow decrease within the curve. De
creases of about 20 and 10% from expected flat-wall values
were observed for §/R=0.03 and 0.13, respectively. Recovery
was extremely slow, with St recovery leading C;/2 recovery.
4). Normal stress profiles responded rapidly to the beginning of
curvature. During recovery, an increase in turbulence intensity
originated near the wall at y/é ss 0.15 propagating slowly to
the outer layers. 5). Shear stress profiles responded quickly to
curvature, reducing to about 55% of the upstream Sat-wall val-
ues for §/R = 0.03. Recovery occurred slowly, with the wake
recovering faster than the near-wall flow. Asymptotic shear
stress behavior (first observed by Gillis and Johnston—1980)
was found when §/R > 0.04.

There are very few studies in which the effect of free-
stream turbulence intensity on boundary layer heat transfer
has been investigated. The study by You, Simon and Kim
(1986b) was the first and only work to document free-stream
turbulence effects (T1=0.68% and 1.85%) on heated curved
flows. No recovery data was taken due to the disappearance
of the potential core in recovery for the higher turbulence
case. This turbulence intensity study by You, Simon and Kim
(1986b) also provides a base for the present measurements.
Some results were: 1). The curvature effect dominated the
turbulence intensity effect. 2). The skin friction coefficient, de-
duced by use of the Clauser technique, decreased more within
the curve than did Stanton number. 38). Similar streamwise
normal turbulence intensity profiles for the two cases of dif-
ferent TI were found near the end of the curve in spite of the
different profiles upstream of the curve. 4). Profiles of shear
stress showed the same trend for both cases: a dramatic re-
sponse to the introduction of curvature and asymptotic turbu-
lent shear stress profiles by the end of the curve. A reversal in
the sign of the shear stress was seen in the high TI case at the
entry to the curve.

Gibson and Verriopoulos (1984) were the first and, unti
the present study, the only workers to take turbulence measure-
ments in a heated curved (6/R = 0.01) flow. Their measure-
ments indicated that v't’ was affected by curvature more than
was u'v’. An initial sharp fall, then a continuous decrease of
v't’ was observed. Wi’ was less strongly affected by curvature.
It responded more slowly to the step change in curvature. Its
profiles at the Jast two stations in the curve were very nearly
similar. Pr¢ values were scattered, but the authors felt that a
rise in Prq was observable. This is consistent with the values
deduced from mean velocity and temperature profiles, and with
the results of Simon and Moffatt (1982a, 1982b), and You, Si-
mon, and Kim (1986a). A final conclusion was that turbulence

in the boundary layer is modified by wall curvature such that
heat transfer was stabilized more effectively than momentum
transfer.

PROBE DESIGN AND DEVELOPMENT

In designing special purpose hot-wire arrays, consideration must
be given to a multitude of factors, some of which are spatial
averaging, prong and shaft interference, end conduction, sen-
sor cross-talk, and survivability. The probe for the present
study was constructed using the guidelines presented by Blair
and Bennett (1984). The wires are 2.5 um diameter platinum-
plated tungsten with an active length-to-diameter ratio of 200
and a separation distance of 0.35 mm (Fig. 1). The ends of the
wires are plated to reduce prong interference and end conduc-
tion loss.

The response equation of each sensor is assumed to be of
the form

Nu = A, + BiR%4

which is a slight variation on King’s law. Substituting in the
definition of Nu and Re, modelling the property variations as

b~ tSTS k080 5o

and re-arranging leads to the sensor response equation

B v2

0.435 0.76
u = At —
o T (‘w — too) ane

where A and B are assumed constant. This is the equation
used by Blair and Bennett (1984) in modelling sensor response.
The authors have found, however, that A and B are slight
functions of temperature. This variation is incorporated into
the response equation using a Jeast-squares fit to the calibration
data. The final response equation is given by

1
00438 o (mateo + BANOT + (mpte + ba)v.zm
(‘w - ‘oc)

The two assumptions made when reducing the data are 1). The
boundary layer is two-dimensional, and 2). The instantaneous
velocities seen by the two parallel wires are equal. The first
assumption is needed since the third component of velocity (x')
cannot be determined. ¥ the probe is aligned with the fiow,
however, and if the boundary layer is two dimensional, the
w-component makes only second-order contributions to sensor
response and may be safely neglected. If the second assumption
holds, the velocity term (uss) may be eliminated from the
response equations for the two paralle] wires, resulting in an
equation in which the sole variable is the ambient temperature
too. The ambient temperature is found by iteratively solving
for to using the Newton-Raphson method. The instantaneous
velocities « and v may then be found from the signals of the
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two outer orthogonal wires using Champagne's form of the k2
relations:

u} .y7 = (s cosa + v sina)? + k*(u sina - v cosa)?

«3 .77 = (% cosa — v sina)® + k*(u sina - v cosa)?

Knowing the instantaneous values of u, v, and ¢, the rms fuc-
tuation quantities (u', v’, and ') and their cross correlations
(«"V, ¥'7’, and v'") may be determined. The probe was cali-
brated as a function of both velocity and temperature,

Qualification of the probe was in a gero-pressure gradient
flat-plate turbulent boundary layer with a momentum thick-
ness Reynolds number of 2670 and & uniform wall heat flux
of 160 W/m?. The boundary layer thickness and free-stream
velocity were 2.25 cmm and 15.5 m/s, respectively. The probe
was traversed across the boundary layer and measurements of
w'V, t', w't’, and V't were made. These quantities, normalized
on the free-stream velocity (Us) and the wall to free-stream
temperature difference (T, - T.o), were compared with the
boundary layer data of Blair and Bennett (1984) and Gibson
and Verriopoulos (1984). The three dats sets agreed well ex-
cept in the vicinity of the wall (y/6 < 0.25) where the present
data increased beyond those of other researchers. Insight into
this discrepancy may be found from measurements of appar-
ent ¢'. Apparent t’ is the ¢/ measured by the probe in an un-
beated boundary layer, and is s result of the two parallel wires
not experiencing the same velocity. If the probe were perfect,
the apparent ¢’ across the boundary layer would, of course, be
sero. A large apparent t’ would indicate serious problems with
the probe. Results of the measurements for T1=0.68% and
TI=2.0%, shown on Fig. 2, show that the apparent ¢’ values
are a small percentage of the actual values in the outer part of
the boundary layer, but rise rapidly as the wall is approached.
This is expected since the eddy size decreases with decreasing
pormal distance from the wall, increasing the likelihood of the
two parallel wires not seeing the same velocity. It may also be
seen that turbulence intensity bas little effect on apparent ¢’,
further suggesting that distance from the wall is the controlling
parameter. The effect of apparent t’ on the actual t’ is smaller
than the curves suggest since the apparent t’ affects the actual
data in a root-sum-square manner.

The turbulent Prandt! number {Pry) deduced from the
measurements of :’v’ and v’t’ were compared with the data of
Blair and Bennett (1984) and Gibson and Verriopoulos (1984).
There was some unavoidable scatter, but the three data sets
sgreed within their uncertainties (» 20%).

The effect of overheat ratio (OH) on spparent t’, presented
in Fig. 3, shows that increasing ON increases t’. Furthermore,
very low OH's are needed to achieve low apparent t'. Why this
is the case is not presently known, but it is thought to be tied to
the disappearance of the velocity dependence and the reduction

_of the solution matrix stiffness as the wire temperature is re-
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duced. There was some worry that the low frequency response
of the probe would affect the measurements, but, judging from
the qualification data, the probe seems to follow fluctuations
associated with important scales of the fiow. A good response
to frequencies as Jarge as & few hundred herts is expected.

As a last check on the probe, the measurements of shear
stress were taken with the two outer orthogonal wires and again
with the two inner orthogonal wires to check for prong inter-
ference and cross-talk. The difference in the two data sets was
well within the uncertainty, and the curves agreed well with
the data of Gibson and Verriopoulos (1984). No evidence of
interference or other forms of contamination was evident.

In summary, the probe performs well except in the near
vicinity of the wall. The uncertsinty in the measurements is
estimated at 15% for the correlations and 20% for Pr,.

DESCRIPTION OF THE TEST FACILITY

The present experiment was conducted in an open-circuii. blown-
type wind tunnel constructed with an upstream developing sec-
tion, a curved section and a downstream recovery section. A




Fig 4 -- Plan vew of the curved boundary ayer facility

schematic of the test facility is shown on Fig. 4. Details of the
tunnel are given in You, Simon, and Kim (1986a and 1986b).
The test channel is rectangular, 68 ¢m in span and 11.4 cm
deep. The heated test wall consists of a 1.4 m long develop-
ing section and a 1.4 m long curved section of 0.9 m radius of
curvature followed by a 1.4 m long straight recovery section.

The laminar boundary layer was tripped in the Jower-
turbulence case, with a 1.0 mm high, 12.7 mm wide strip be-
ginning 10 cm downstream of a suction slot—a mature bound-
ary layer was established in the measurement area. The free-
stream turbulence intensity, normalized on U,,,, was 0.68%.
Higher turbulence levels were obtained by inserting a coarse
grid constructed of 2.5 cm aluminum strips in a square array
on 10 cm centers at the entrance of the nozzle. The boundary
layer trip was removed and the boundary layer was allowed to
pass naturally through transition. A turbulence intensity of
2.0% was achieved in the test section with the grid in place.
Stanton numbers were spanwise uniform to within 4% of the
centerline value upstream of the curve in both cases.

The test wall was heated to nominally 6°C above the free-
stream temperature with a uniform bheat Bux of 160 W/m?.
Static pressure on the test wall was uniform. Static pressures
were measured through 0.64 mm diameter taps in the opposite
wall and end walls. In the curved region, these pressures were
used to estimate the static pressure at the test wall assuming
potential flow.

RESULTS AND DISCUSSION

Measurements of u'v’, t’, w't’, and v'f’ were taken at the flat
upstream developing station (station 1), three stations in the
curve (stations 3, 4, and 6), and two stations in the recovery
(stations 8 and 10). Data was not taken beyond station 6 in the
high TI case due to merging of the test-wall and opposite-wall
boundary layers. Descriptors for the two cases are presented
on Table 1. The flexible outer walls were adjusted such that
the pressure coefficient (C,) defined as

POw - in,nl
pUL /2

Cyp=

was adjusted to within 3% of the mean. The reference pressure
was taken to be the static pressure at station 1.

Low Ti Case (Ti20.686%)

Station x{cm) Red H
1 -29.87 2696 1.42
3 26.16 3840 1.44
4 52.83 4784 1.54
6 106.68 53919 1.65
8 150.62 5633 1.52
10 206.50 6400 1.47

High Ti Case (Ti=2.0%)

Station x{cm) Red H
1 -29.87 2640 1.35
2 26.16 4053 1.41
3 52.83 4155 1.42

Table 1 -- Summnary of boundary layer parameters

Low TI Case (TI = 0.68%)

Shear stress profiles are shown on Fig. 5. The profiles are seen
to respond quickly to curvature. A dramatic reduction at the
onset of curvature and the appearance of what appears to be
an asymptotic state in the curve occurs. Curvature is seen
to reduce the shear stress by about 45% below the Sat wall
values throughout the curve. Recovery of shear stress is slow,
with recovery seemingly complete in the wake by station 10
(See Fig. 4 for station locations). You, et al. (19862) have
shown that the near-wall values of u'v’ recover very slowly. All
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the trends are consistent with the observations of Gillis and
Johnston (1983) and You, et al. (1986a).

' Profiles of ¢’ are plotted on Fig. 6. The flat upstream
values (station 1) agree with the measurements of Blair and
Bennett (1984) and Gibson and Verriopoulos (1984) within
the uncertainty of the measurement, except near the wall. The
profiles within the curve assume an asymptotic shape for y/§ <
0.5. A slight evolution of the profiles for y/6 > 0.5 is evident.
Recovery has s dramatic effect on t’. Values at station 10 are
seen to overshoot the station 1 values. It is believed that the
profile eventually returns to the station 1 shape. The recovery
length was 100 short to observe this in the present experiment,

however.
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The effects of curvature and recovery on the streamwise
turbulent heat flux u’t’ are shown on Fig. 7. Station 1 values
agree well with the data of Gibson and Verriopoulos (1984).
The effect of curvature on v't’ is dramatic. The profiles in the
curve “snap” into an asymptotic shape for y/& < 0.5 while
slow evolution of the profiles for y/é > 0.5 may be observed.
Recovery is seen as an overshoot of ¥’t’ beyond the station 1
values, although the profile is expected to eventually return to
the station 1 values.

Profiles of cross-stream turbulent heat flux v'f” are shown
on Fig. 8. The eflects of curvature and recovery on v't’ are very
similar to those observed for ¥’t’—a dramatic reduction in the
curve to an asymptotic shape, followed by an overshoot in the
recovery. Values of an effective, extrapolated v'’ at the wall
as calculated from the wall heat flux measurements are Jocated
on the y = 0 axis in Fig. 8. The wall values and the profile
measurements agree very well at station 1 and in the curve.
The values of V¢’ in the recovery region, however, rise above
the wall heat flux values, especially for station 10. This may
be seen more clearly on Fig. © where v't’ has been normalised
on the wall heat flux. The profiles at station 1 and within
the curve approach unity near the wall while the profiles in the
recovery section rise above unity. It is believed that the profiles
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turn down and approach unity as the wall is approached. The
measurements cannot be taken this close to the wall, however.
A positive slope in VT’ suggests mixing of increasing intensity
with increasing distance away from the wall.
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Profiles of turbulent Prandt! number {Pr;) are shown on
Fig. 10. The data show some unavoidable scatter which makes
"it difficult to draw firm conclusions about the effect of curva-
ture. Gibson and Verriopoulos (1984), You, et al. (1986a), and
Simon and Moffatt (1982a, and 1982b) stated that Pr¢ in the
log-lineas region rises due to convex curvature. The You, et
al. (1986) and Simon and Moffatt (1982a, and 1982b) studies
cite indirect Pr; values deduced from mean temperature and
velocity profiles which represent average values for the turbu-
Jent core. Because of scatter in Fig. 10 the only conclusion
which can be drawn from this data is that the pre-plate and
curved-fiow Pr, values are not vastly different (> 20%) from
one another whereas the data at the end of the recovery section
is lower,

BRI L “l LI 3 ‘ T i f‘ﬁ' A3 AJ ‘j L2 ] ]ﬁ LR

& Staton 1 (flat plate) <

14} ® Stavon 3
@ Station 4 }curve 1

L A Saton 6
12 © S1210n 8 Y recovery
L © Station 10] ecovery 4

[ ]
1o a oa b
I ' l ®s h
a

o8r .{ F+ ° [ -
Pft L ] o
o6} olo ° Sap & -
0 A i

- o.
4P o] [ 'y -
4 L -

A
02pF A -
r -
NP B AR BT UP AT UG PR IO

0 02 04 06 [X] 1.0 12

LY
F1p 10--Ettect of curvature and recovery on Pry. TiaD.68%

A plot of the triple product u'v’? representing the cross-
stream flux of turbulent stress is presented on Fig. 11. The
flat-wall data is compared to the data of Gibson and Verriopou-
los (1984), and is seen to be higher throughout the boundary
layer. Why this is the case is not presently known. The effect
of curvature on v'v’? is dramatic. Values of ¥'v’? are reduced
to 15% to 25% of the flat wall values by station 6, indicat-
ing that the transport of str~ss from the near-wall production
layer to the outer flow is virtually shut off. A sharp drop
st the introduction of curvature followed by a slow continued
decrease is evident. The profiles are seen to recover slowly.
The near-wall values remain Jow (which is consistent with the
downturn in the shear stress profiles near the wall) within the
recovery section, as discussed earlier. The peak in the pro-
files increases and is seen to move away from the wall with
increasing streamwise distance. The profile appears to become
negative for y/6 < 0.35, indicating diffusion of stress toward
the wall.

Profiles of the triple product v3t', the cross-stream flux
of v't’, is presented on Fig. 12. The flat-wall values are seen to
be somewhat higher than the data of Gibson and Verriopoulos
{1984), as was the case for w'v'?, Curvature is seen to affect
v3t’ in much the same way 88 with w'v'?. A sharp reduction
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in v30 followed by a slow evolution to values 15 to 255t the
magnitude of the upstream fiat-wall values is evident. Recovery
of the profiles with the peak moving away from the wall is again
seen, and a reversal in sign of V21’ is seen for §/6 < 0.35, as
was seen for u'v2. The latter indicates that the turbulent heat
Bux decreases as the wall is approached. This is consistent
with the observed downturn in v'f’ upon recovery.

High T1 Case (T1 = 2.0%)

Shear stress profiles for the higher free-stream turbulence case
are presented on Fig. 13. Higher turbulence intensity has the
effect of increasing the shear stress throughout the boundary
layer. This is expected. The profiles immediately assume an
asymptotic shape within the curve for y/6 < 0.5, as in the
low TI case. The asymptotic profile for the low T case is also
plotted on Fig. 13 where it is seen to agree well with the high
TI curved flow data. A reversal in the sign of the shear stress
is seen to occur in the outer part f the boundary layer. This
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reversal in sign has also been observed by Gillis and Johnston
(1983) for more strongly curved flows. An explanation for the
reversal in shear stress given by Honami (1980) was presented
in Gillis and Johnston (1983). Within the curve, the dominant
production terms in the budget equation for shear stress are
given by

p=;ﬁ%'y1-(m_m

ol

For a flat wall, the second term on the right hand side is sero.
As the flow enters the curve, however, the second term appears.
Since ¥ is usually greater than v/, the production rate is
decreased by this term, and even goes negative, as shown by
calculations performed for the high TI case. It is interesting to
note that a large decrease in the production level in the study
by Gillis and Johnston (1983) occurred due to the relatively
small radius of curvature (§/R = 0.1), while a large decrease
in the production level in the present study is obtained by
increasing the turbulence intensity while keeping the radius of
curvature large (6/R = 0.03).

Profiles of V71’ are given on Fig. 14. Values of v't’ higher
than the corresponding low TI values are seen at station 1},
while an asymptotic profile agreeing with the asymptotic pro-
file for the low TI case is achieved in the curve. This dramat-
ically illustrates the dominance of curvature over turbulence
intensity. The profiles are seen to agree well with the wall heat
flux measurements. Profiles of v't’ normalized on the extrap-
olated, effective value computed from the wall heat Bux are
shown on Fig. 15. The values are expected to approach unity
as the wall is approached.

The effect of turbulence intensity on ¢’ and V7’ is similar
to its effect on u’v’ and v'7’. The flat-plate values are greater
than the corresponding low-turbulence values, but this increase
is sliminated by the end of the curve where the values agree
with the asymptotic profile of the low Tl case.

Turbulent Prandt! number profiles are shown on Fig. 16.
It is interesting that, with high T1, values of Pry become neg-
stive in the wake region of the boundary layer due to the sign
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reversal in shear stress with no equivalent reversal in the sign
of the turbulent heat flux, as discussed earlier. This strong
variation in Pr, indicates that Reynolds analogy is not valid.




Incrensing the turbulance intensity was sasa to greatly in-

_ esesne the velum of Wio® and VOF. Inside the curve, the diffe-

sisn was seduced, sesching the erder of the corrmpending low
TI values by the end of the curve.

CONCLUSIONS

The effacts of curvature, recovery and turbulence intemity on
tarbulant boundery lager hant transler were studied. The main
conclusions are:

1. Prafiim of W'V, ¢, W7, ond VP are reduced in the curve
with an ssymptetic peefiie being echisved by station ¢.
Racovery in the wabe segion accwe guichly, with the pro-
Sl ofven ovarshesting the fiat upstream (stetion 1) vl
-l

2. A wversal of sign in sheas strens i sesn for the bigh T}
case (Ti=2.0%) far y/é > 0.5. A reversel of sign wes also
the ghesrved by sther sensurchers i strengly curved fows
with lower turbulence intensity.

3. Decaves the messured turbulent Prandtl sember profiss
show considerable scatiar, ene can ealy conclude that the
efiect of curvature is B mere thas sbout 20%. Dut the
data sppesr 0 show a decroase by the end of recovery frem
curveture. This doss not refute Pr, values deduced in sar-
Ner studies from mesn velecity end temperatusre profiles,
but does not provide suppert for the 20N increase neted
by You, ot sl. (1908a). Negative turbulent Praad:] sum-
bers ware soen in the wabe for the high T1 cane, indicating
8 brenhdown in Reynolin analegy.

4. Curvature offacts dominate turbulunce intensity effects for
the cases studied.
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of minting ‘ransition medels ourveture
arrestiens to the .N turtulence 1. The
hypothesis tested 15 that emly the andel

the free-strean turtulenes intensity 1s large (28). A
aurveture serrestion to the trensitien esdel is needed
when the turtulense intensity 1 lewer(0.608),

Lag emnstant
Sxin frietion eseffieient

Lessl sseelerstien paramster, -t.-g'

Langth of transitien region, ny -~ 3,
fizing length en 8 flat plate

Nizing length en 8 owrved wall

Less]l Mash number

Wall redive

Richerdson aumber

Transition 1angth Reynolés number, Ugl/v
s~Reynolés number
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Radility perameter

Narten nmder

Vertieity feynelés sumber

Lessl fres-stress turtulenes iatemeity, Vu? Ng
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Ty Lossl fres-streaa turdvienes intensity,
VistevZed) /3 rug

f, Average free-strean turdulence intensity,
0.5(T3,0 * Ty)

Nean velocity in the strees direction

Lesal free-stresa veloecity

,v,w Flustuation velocities in x, y, ¢ directions
Streanvise distance fros the lesding edge
Crese-strean ¢istance fram the wall

Bapirieal constant
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Dissnsionless distance in the transition region,
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¥ Be¢y viscosity
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Nethode presently exist fer predicting
laniner-to=turbtulent tramsition. One sethod employs
empiricslly derived sixing-length-hypothesis (MLN)
sodels for transitien stert, length and path. Another
employs sulti-equetion low-Reynolés-number turbdbulence
closure @dels aseuning thet the sodels sccurately
eapture the propagstion and amplification of external
disturtaness vith the turbulence proguction ters.
This secend Bethod has Shown SOBS Su0CESSs reoently
when éisturbances are large; Byt more ¢evelopasnt 18




needed before it can de put into general use.
Multi-equation models require the solution of several
diffusion equations, ¢.g. momentus, enthalpy,
turbtulence kinetic snergy snd turbulence dissipation.
This can be expensive and ocumbersome. Presently there
is no casursnce that transition will be predicted more
soourstely vith mulii-equation models than with
simpler models. M.N modeling of transition, on the
other hand, is inexpensive md eonvenient, but highly
eapiricel. Being empiricsl, it is trustworthy within
the domein of experimental support, dut not outaside.
Becavee LN modeling is inexpensive and has vast
experiamtal support, it has its place. One conclusion
of the AFOSR/Stanford Conference on Complex Turbdulent
Plows (Kline et al., 1982) was that no turbulence
closure model (including higher-order models) is
sufficiently general and accurate to serit dominance
over the others.

The present paper investigates the use of
oxisting MLN models to prediot transition on
eonvex-ourved boundary layer flows undergoing
laminar-to-turdbulent transition. PFirst, present
flat-wall transition models are tested against
reomntly-taken data to deteraine what oombdbination of
transition start, length and path models appears to be
the best for this data set. Next, existing curvature
oorrections to the MLH turbulence closure sodel are
tested against recent oconvex-curved, fully-turbulent
boundary layer data to determine the preferred
correction for this data set. Finally, predjctions
from a oombined transition-with-curvature model are
oompared to recent ourved-flow transition data. The
eomdbined model has no curvature correction term to the
transition model; therefore, the comparison indicates
swhether such a oorrection 13 necessary.

Objectives of the present investigation are:

(1) to choose the best MLH flat-wall transition model,
based on the data chosen for comparison,

(2) to choose the best ocurvature ocorrection to the MLH
turbulence closure model, based on the data chosen for
ocomparison, snd

(3) to test the ocombined model against the curved-wall
transition data.

The prissry sotivation of this work is to test present
empirical oorrelations which would be used as
submodels for design methods for predicting external
heat load on the suction surface of a highly-contoured
gas turbdbine airfoil in the vicinity of boundary layer
transition.

Mixing Length Hypothesis Transition Models

WLK modeling of transition oonsists of
empirically-based sudbmodels for specifying transition
start, transition region length and the transition
path which is usually expressed as an intermittency
faotor. Existing expressions for these submodels are
given delow.

Transition Start Models

van Driest and Blumer (1963) assumed that
Wreakdown of laminar flow occurs when the looal
vortioity within the boundary layer is sufficiently
strong sufficiently far fros the vall. The 1oon
vortioity Reynolds nuaber is given dy Tr = (y2/v)
(eU/ey). 1f the streamwise varistion of Tr vs. y
profiles were monitored in s laminar boundary layer,
ene would find that the sagnitude of the peak of the
profile and the y-looation of the pesk value increase
with the square root of the streasvise distance. When
transition begins, these two quantities begin to
inerease more repidly, with stresmvise distance, than
in the lssiner boundery layer. This observation
supports the van Driest and Blumer hypothesis that

transition occurs when the local vorticity Reynolds
number becomes sufficiently large sufficiently far
from the wall. van Driest and Blumer(1963) next
applied the Pohlhausen theory to find the following
relationship between Tr (at the profile maximum),
Reynolds number based upon boundary layer thickness
and the instantaneous Pohlhausen pressure gradient
parsseter, Tr/Reg = A + B A. This equation was then
used as the basis for an empirical fit of experimental
data with the inherent assumption that transition
ococurs at 8 sufficiently large value of vorticity
Reynolds nusber, dependent upon pressurs gradient and
free-streas turbulence intensity. They proposed the
relationships:

1690 -
Wox s% 7 1 ¢ 1.96 Reyg,o0:5 142 A=0.,
22060 . 1 - 0.0085 7 + 3.36 Re, T1y2 e 0.

n‘&.l [
Brown and Martin (1979) noted that the van Driest and
Blumer model predictions compare well with data when
the pressure gradient is zero or adverse but results
were not found to agree well when there are favorable
pressure gradients. This {8 in ocontrast to the
findings of Blair (1982) who stated that the agreement
with his zero and positive pressure gradient data was
excellent.

Seyb (1967) empirically found the following
expression for the start of transition:

1000 0.09 + 2

2.
Reg o= T3 v 70T ¢ oo IET) .

It 1s based upon flat-wall data with -0.09 < A < 0.10.
Note that Reg s approaches zero as Ty approaches
infinity, whereas the Tollmien~Schliehting liait of
stability based upon linear-stability theory suggests
a lower limit of 163. Brown and Martin (1979) stated
that, of the van Driest and Blumer (1963), Seyb (1967)
and Hall and Gibbings (1972) models, only the Seyb
model compared favorably to data for adverse, zero and
favoradble pressure gradients. Gaugler (1981) found
that results for both the Seyd (1967) and Dunham
(1972) models agree with turbine blade data of Lander
(1969). Hylton et al. (1983) selected the Seyb model
as the best choice decause it predicted transition
only on the suction surface of their airfoil, as was
true according to the data.

Hall and Gibbings (1972) later correlated
experisental measuresents to form the relationship:
Reg, g = 190 + exp (6.88 ~ 103 T3). This model does
not include the effect of nrn-wuc scceleration,
which was added in later models by Dunham (1972) and
Abu-Ghannam and Shaw (1980); therefore, the Hall and
Cibbings model was not incorporated into the present
study.

Dunham (1972) suggested the following empirical
expression for the start of transition:

Reos © [0.27 « 0.73 exp (80 T3) (550 « 680/D),

where, D=1+ 100 T3 - 212

This model is an extension of the Hall and

Gibdings (1972) model with the effect of pressure
gradient sdded. Gaugler (1981) found favorable
agreement between the results of the Dunhas model and
turbine blade data of Lander(1969).




Abu=Channams and Shaw (1980) modified the Hall and
Gibbings model so that, as free-stream turbulence
intensity inoreasss to infinity, transition Reynolds
nusber based upon momentus thickness asysptotes to 163.
They stated that this modification was needed to make
the model agree with the Tollsien~-Schlichting limit of
stability. They also extended the Hall and Gibdings
(1972) model to account for the effects of pressure ;
gradient. Their availsble dats was more substantial
than that of Dunhas (1972) with free-streaa turbulence
intensities over the range 0.1 < T3 < 5% and pressure '
gradients over the range ~0.09 < 1< 0.06. The
resulting form of their model is:

rQ) =
Re, , = 163 ¢ axp [rQ2) - ks 3l

where F(1) = 6.91 + 12,751 + 63.6M2 when 150

and  F(2) = 6.91 + 2,482 ~ 12,2722 when 1> 0

Priddy and Bayley (1985) noted that predictions with
the Adu~Channam and Shav model oompared well with
their turbine airfoil measuresents on the suction
surface, but that the model predicted & much larger
Reg,s Value than observed in the expsriment on the
pressure surface. They felt that the discrepancy on
the pressure surface was due to the deatadbilizing
ooncave curvature effect. It appears that the preaise
of this paper, that no convex curvature correction is
needed in the start model, is dborn out by the Priddy
and Bayley data set.

Other transition start models include those of
Michel (1951), Granville (1953), Saith and Gamberoni
(1956), van Ingen (1956), Cradtree (1958) and Jaffe et
al. (1970). These models were not included in the
present study partially because of their age and
partially because of the recommendations of Hall and
Cibdings (1972), Brown and Martin (1979), Gaugler
(1981), Blair (1982) and Hylton et al. (1983)
presented sbove. The McDonald and Fish (1973) model
was not included in the present study because it
requires solving the turbulent kinetic energy
equation; therefore, the McDonald and Fish model was
considered to not be of the form chosen for the
present study.

Transition Length Models

Dhawan and Narasimha (1958) showed that data for
transition length can be correlated with:
Rey = 5.0 Rey o0-5, where Rey 1s a Reynolds nuamber
based upon transition length, &, and Rey 4 is the
x~Reynolds number of the start of transition given by
an appropriste start model. The length, &, is the
streamvise distanoe between the positions where the
intermittency is 0.25 and 0.75. Consistent with this
is a modifried relationship for 0.0 to 0.99
interaittency presented by Dunhas (1972):

l.‘ s 16.8 ..".o's-

Brown and Martin (1979) showed that the Dhawan and
Narasisha model prediections compared well with the
seasuresents of Brown snd Burton (1978) over airfoils
and was better than the Debruge (1970) wmodel., Mylton
ot al. (1983) selected the Dhawan and Narasimha length
model as the best, by oomparison against their turbine
blade data.

Debruge (1970) presented the folloving empirical
relationship using the forms of the Dhawan and
Narasimha model along with the expanded data base at
that time:

Rey = 0.0168 Rey o'-25.

Chen and Thyson (1971) expanded the above fors to
i{nclude the local free-stream Masch nusder finding,
empiriocally:

Reg = (60 + 2.68 W1 -92) ney 0-67,

Brown and Martin (1979) suggested the following
empirical relationships:

..‘ - o..‘ ..!.. " < 0.001

... - 0-62 '.'.. t‘ b4 0.006
No other MLH transition length models are known
by the authors.

Transition Path Models

Dhawvan and Narasimha (1958) measured the
intersittency, the time-fraction that the flov is
turbulent~like, during transition and found a
universal function of intermittency versus
disensionless transition length:

Ye1-~oexp (~0.M2 n?)

wnere n 18 (x = xg)/(xq~ Xg) and x4 and xq are for
transition start and end based upon 0.25 and 0.75
intermittency, respectively. From these results, one
can write a relationship for the intersittency range
0.0 < Y ¢ 0.99, following Dunham (1972), as:

Y e 1 - exp{~0.65 n?),

This path sodel was selected as the best model by
Hylton et al. (1983) after comparison with their
airfoil data.

Chen and Thyson (1971) drew from the theory of
Emmons (1951) to develop their trarsition path model.
Zamons found that randos turbulent spots grow while
keeping their shape as they move downstream; finally
they merge and fors turbulent boundary layers. He
presented an intersittency factor based upon this
reasoning:

Yeit-expl~][ygav')

where g is the source rate density and V s the
influence volume at a given point for the resultant
turbulent spot. The influence volume st a given time
can be calculated knowing the locations of the
boundaries of turbulent spots for times earlier than
the time at which the interamittency 1s being evaluated.
Chen and Thyson extended this equation by evaluating V
in terms of transition length. A form of their
result, which acoounts for variations in fres-stream
velocity, ss given by Bradshaw et al. (1981) is:

Y 1 = expl{-G(x = x,) I.. u.l

where G is the spot formation parameter. They found
that the formation rate of turbulent spots depends not
only on the transition Reynolds numbder but also on the
local Mach number. With the data available to them,
they foraulated:

1.34
Ge3 u,3/ [v2(60 « u.68 n‘-92)2ncx.. ? ).




Note that the pressure gradient affects the Chen and
Thyson path model whereas the Abu~Channas and Shaw
(1980) indicated no pressure gradient effect.

Abu=Channas and Shaw (1980) empirically found the
intermittency relationship:

Y e 1 = exp(=5n3).

Their measureaents, supported by those of Schubauer
and Klebanoff (1955), showed that intersmittency grovs
sore slowly for saaller distances beyond the
transition start and more rapidly for larger distanoces.
Matohing this behavior requires a larger expanent than
in the Dhawan and Narasimha model.

Mo other path models are known to the authors.

Turbulent Flow Curvature Modifications

t is generally imown that convex ourvature
suppresses turbulence activity in a turbulent dboundary
layer whersas oonoave ourvature enhances activity
{e.5. 8imon and Morfat (1983), and You st al. (1986s
and 1986b), 80 and Mellor (1975)). The ourvature
effect on turdulent transport sust therefore de
inoluded into the modeling. This effect is expected
to be visible soon after the beginning of transition
when the intersittency factor begins to turn on the
turbulent transport model. The ourvature effect is
introduced as 8 ocorrection to the standard flat-wall
aixing length turbdbulence closure model. The
ocorrections discussed herein take the fors of
sultipliers on the mixing length distribution such as
the distridbution given by Kays and Crawford (1980).

Bradshavw (1973) msodified the sixing length for
the effect of stresamline curvature by using an snalogy
with atmospheric flous. He suggested that, for small
ocurvature, the modification of the mixing length is
linearly related to a particular fors of the
Richardson number:

Lo = 25(1 - #R1),

where Ri, the Richardson number, §s 2U/(R U/3y), R i»
the radius of vall curvature——positive for oconvex
curvature, 8 is an empirical oconstant, £, is the
ocurved-flov mixing length and fg 1s the flat-wall
sixing length. Bradshav recommended values for § of
4.5 and 7.0 for concave and convex ourvature,
respectively. His recommendation is based on data
with si1d stresmwise ourvature, &/R - 0.01. Later,
Johnston and Eide (1976) recommended a § value of 6.0
for both oconcave and convex curvature based on
comapressor blade oonditions. In the present study, a
value of 5.0 was found to de optimum, as will be
discussed.

Adams and Johnston (1983) suggested a
sodification to the mixing length for oconvex ourvature
in both the log-linear region and the outer region.
They found that in the outer layer the mixing length
norsalized on wall radius becomes invariant with
streamvise distance when the ourvature is sufficiently
strong. They cast this statement into the form:

L,/R = 0.0025 tanh (38.5 &/R).

Their proposed form of the near-wall modification for
strong curvature vas given as:

Lo o 85/(1 ¢ BRI)

whers R{, the Riochardson number, is given as 8(1 + 8).
The stability parsmeter, 8, is computed as 2U/(R /3y
= U). Adams and Johnston recommended a § vslue of 5.0
for the inner region model and employed & lag on the

outer region model for situations where the strength
of curvature, &/R, decresses abruptly with streamvise
distance. This model imposes a first-order iag on the
outer~layer modifier:

a(r,/8) _ 2 .

a(x/8) ¢ (C (?).q.)
where (Lo/8)gq, 18 the local equilibrive outer-layer
sixing length as given by the above Lo/R equation. &
valus of 0.06 was used for the lag constant, C,
following their recoamendation.

Curvature Modifications to Transition Models

here is no appropriate ourvature modification
for MLH transition modeling. The three experisental
programs discussed below lend inforsation about this
rather oomplex situation, however.

Clauser and Clasuser (1937) measured transition
locations on oconcave and convex walls. They concluded

that the transition start z-Reynolds number ohanges
linearly with xg/R. From their data a relationship can
.be formulated as:

Rey g = ( 4.50 + 0.25 xg/R ) x105,

The relationship gives a delay of transition on the
oonvex wall and an early transition on the concave
wall. The free-stream turbulence level, now known to
be an important paraseter, was not given; but, froa
their data and flat-wall information now availadle,
one would deduce that their turdulence intensity wvas
around one percent. One oriticisa of their
oconclusion is the near linearity which they
olais~~one would expect the transition sechanisz on
the oconcave wall to de fundamentally different than
that on the convex wall and, therefore, the effect on
transition start would be different. Also, their
experiment does not inocorporate the cross-effects of
curvature, free-streaa turbdbulence intensity and
streamwise acosleration. The cross-effect of
ourature and free-stream turbulence intensity was
shown by Wang and Simon (1985) to be significant,

Liepmann (1943) measured transition start
locations on oconcave and oconvex walls. The documented
free-streas turtulence level was 0.1 peroent. He
found a strong effect of concave curvature and no
offect of oconvex curvature on transition. The finding
that oconvex curvature has no influence on the
transition start location for lower turbdulence
intensity runs is contrary to the findings of Clauser
and Clauser (1937) and Wang and Simon (1985).
Liepsann notes that in his curved-flow runs,
turbulence from the opposite (oconcave) wall is spread
to the oconvex wall raising the "free-streas”
turdulence intensity value from 0.1 percent at the
beginning of the test plate to 0.75 percent at the end.
This increased turbulence intensity over that of the
Liepmsann straight~vall sessurements would result in an
earlier transitica on both convex and concave walls.
This earlier transition, superposed with a retarding
eoffect of convex curvature and an enhancing effect of
ooncave curvature say have led to an jinocorrect
oonclusion about the ourvature effect--the conclusion
that oconvex curvature has no effect on the transition
start loecation and conocave ocurvature has a large
offect.

Wang and Simon (1985) mede transition boundary
layer heat transfer and fluid sechanics measurements
on & wall that was strajght, then bent to two
different radii of convex ourvature. Tests were run
at 0.68 percent and 2 peroent free~stresm turbdulence
intensity. They found a doubling of the transition




start loostion fros the flat wall case to s mildly
ourved case when the turdbulence intensity was 0.68
pereent, but no further inorease in the effect of
survature as the ocurvature strength was inoreased
further. They alsoc found only a minor effect of
ourvature on the transition start position st the
higher fres=strean turbulence level.

Becsuse of the strong arcss—eorrelation of
fres-streas turdbulenoe effects and ourvature effects,
as docussnted by Weng and Simon (1905), and becsuse of
the eonflioting oonclusions fram the adbove three

experimmts, it is diffioult to eonsolidste the sbove ,

results into a owrvature correction for tansition
models. The higher turbulence eese of Wang and Sison
suggests that for higher turbulence levels, a
curvature ocorrection to the transition model msy not
be necessary, however. This is a hypothesis whioch the
present paper tests.

SCLUTION PROCEDURE

The transition start, length and psth sodels and
the turdulent curvature modifications discussed adbove
were inoorporated into the boundary layer code STANS
(Crawford and Kays, 1976). Laminar velooity and total
enthalpy profiles were given at the stsrting locstion
1 am downstream of the leading edge of the test plate.
For cases which were initiated as turbulent boundary
layers, measured velocity and total enthalpy profiles
were supplied for the beginning of computation. The
seasured vall surface heat flux variation with
streamvise distance wvas used a3 the thermal boundary
ocondition. Most cases were run assuming wnifora
properties across the boundary layer after test cases
were run to verify that varisble property effects were
insignificant. The turbulence closure Bodel used vas
the mixing length model employing a standard aixing
length distridution as discussed in Kays and Cravwford
(1980). Turbulence closure in the energy equation wvas
by use of specified turdulent Prandtl numbers. Those
turbulent Prandtl nuabers were the veasured values,
except in the cases of Blair and Werle (1981, 1982)
whers a oonstant turbulent Prandtl number of 0.90 was
used.

The transition start sodels used different
free-streaa turbulence intensity definitions, Ty and
T3. When availadble, T3 was used; when necessary, T,
was substituted. The local free-stresa turbulence
intensity was linearly interpolated from the datas
points.

RESWLTS AND DISCUSSION

Selection of Test Cases

Three experimental studies (Wang et al., 1985,
You et 81.,1986a and 19860 and Wang and Simon, 1985),
all done at the Heat Transfer Laboratory of the
University of Minnesota, were chosen &8 the prisary
comparison cases. These three were done on the sase
facility using the same experisental proocedures.
They, therefore, represent s ocoherent data set where
ourvature and transition effects are first isolated,
then combined. These tests are familiar to the
authors snd detajiled dats from the tests are availadle
to the suthors.

Six eases of Blair and Werle (1981,1982) were
also shosen to investigate the effects of free-streaa
turbulence intensity and streamsvise pressure gradient
an the transition start,

The Test Cases

An experimental study of transition on a flat
wall by ¥Wang et al. (1985) was chosen as a test case
for determining the best transition start, length and
path subteodels. In their study, data for 0.68 percent
and 2 peroent turdbulence intensities with sero
streanvise pressure gradient were presented. The wall
heat flux was nearly wmifora. The 2 peroent
turbulence intensity cese was selected as the prisary
ease for comperison. It was shown to de
twordimmnsional throughout the test length and good
soaentua and energy balances on the test wall were
schieved. The msasured turbulence intensity varied
from 2.3 peroent at the leading edge to 1.9 peroent at
the dowmstreas end. Though the skin friction was
Bsasured at only nine stresmwvise locations, local heat
transfer coefficient data was taken at more than 50
streamvise positions making the transition path
elearly discernable. Comparison runs vere also sade
using the 0.68 peroent turbulence intensity ocase of
Wang ot al. (1985) and with the data of Blair and
Werle (1981, 1982) with and without favoradble pressure
gradients and for several values of free-streans
turbulence intensity using the sudmodels selected.

The curvature correction to the turbulent sixing
length was chosen by comparison with the experimentsl
data of You et al. (1986a, 1986d) measured in s fully
turbulent flow of moderate oonvex curvature strength
(0.013 < /R < 0.03). In this experiment a turdulent
boundary layer was grown on & flat wall followed by &
oconstant-radius ocurved section and a downstreaa flat
wall. The data, therefors, tests the model's response
to dboth the introduction of and recovery from oconvex
curvature. Two values for the strength of curvature
were achieved by dending the test wall to two
different radii. Comparisons were made with cases of
0.65 percent and 1.85 percent turbdulence intensity.

The ocosdined sodel, with the chosen transition
start, length and path submodels as well as the
curvature modification to the turdbulence model, was
tested against the transitional flow date of Wang and
Simon (1985) taken on a convex wall. Comparisons were
made for 0.68 percent and 2 percent turbulence
intensities, each at two radii of streamvise
ourvature.

Transition on Flat ¥Walls

A comparison of predicted streamwise variations
of Stanton number on a flat wall using the transition
start models discussed earlier is shown on Figure '(a).
fach run was made vith the same transition length and
path models. Shown also is the data from the
oomparison experisent discussed above. The
Abu~Channaa and Shav (1980) stert sodel accurately
predioted the location of the onset of transition
whereas the other three models gave s later transition
than the data indicate. A camparison of further test
results of the atart sodels against various degrees of
free-streas turbulence intensity and streaswise
pressure gradient is shown in Tadble 1. The Adbu~Ghannas
end Shav (1980) start model appears to be better than
the other start models. Besed upon these comparisons,
and favoradle results of subsequent oomparisons using
the Abu~Channas and Shawv start model and the chosen
length and path models, the Abu~GChannam and Shaw start
@odel was chosen.
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Table 1

Comparison of transition start models—-locations of

the onset of transition (minimum Stanton oumber)
transition length: Dhavan & Warasimha (1958)
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Figure 1(b) shows the same data and predictions
using the Abu~Channam and Shav start sodel and the
various length models discussed earlier. All three
prediotions employ the same transition path model.
All three models predicot a shorter tranaition length
than the data indicate. The Brown and Martin (1979)
80de]1 gave almost the same results as the Debdbruge
(1970) model. The Dhawan and Narasishs (1958) model
gives the best results, however. Besed on this
sonparison and favoradle results of sudseguent
csmperisons uweing the Abu-Channas and Shav atart
model, the Dhawven and Herasimha length model and the
ehosen path sodel, the Dhawvan and Warasimha length
osde] was shoeen.
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Results of predictions Of the same data set using

the three transition path models are shown on Fig.
1{(e). The ocomparison cases were all ocomputed with the
Abu=Ghannaa and Shav start sodel and the Dhawvan and
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Narasimha length model. The Chen and Thyson (1971)
model is clearly passing to turbulent-like flow too
quickly. The Dhawan and Narasimha (1958) and
Abu~Channam and Shav (1980) models shov somewhat the
same path but predicted Stanton numbers fros the
Abu~Channas and Shaw model are slower to change with
downstream distance than those of the Dhawan and
Narasimha model. This slower early response of the
Abu~Ghannam and Shaw model i3 seen in the
interaittency versus distance functions shown on Fig.
2. Because of this earlier rise in intersittency and
because of favorable subsequent comparisons of the
results of the comdbined model to experimental data, .
the Dhavan and Narasimha (1958) model wvas chosen.

The transition start, length and path models have
now been selected. Computed flat-wall, transition skin
friction and Stanton number results are coapared to
the data of the comparison test on Pig. 3. In Fig. &,
results fros the chosen combination of transition
submodels are compared to 1 percent, 2 percent, and A
peroent turbdbulence intensity data, respectively, froa
Blair and Werle (1982). Fig. 5 shows predictions, by
the same model, of the Blair and Werle (1981) data for
ocombinations of free-stream turbulence intensity and
streamvise favoradle pressure gradient. A favoradle
pressure gradient, dp/dx < 0, stabilizes the flow
delaying transition; an adverse pressure gradient has
the opposite effect. Of all the boundary layer fluid,
the low-scaentus near-wall flow tends to de most
affected dy pressure gradient. This is also the
region of saximum vorticity Reynolds number and the
region sost likely to amplify small disturbances
eventually lesding to transition. A oomparison of the
dats of Fig. S shows the stadilizing effect of a
favorabdle pressure gradient. Sensitivity to pressure
gradient would de greatly reduced if the near-wall
flov possessed more streamvise momentum. This ocan be
offeocted by increasing the free-streaas turbulence
intensity. A ocomparison of Figs. 4(c) and 5(c) shows
& auoh reduced sffect of acceleration from that of the
previous comparison (Figs. 5(b) and ¥(d)). 1In the
experiment of Abu~Channam end Shavw (1980), the effect
of pressure gradient nearly disappeared for turdulence
intensities larger than 5 perosnt. The pressure
gradient and turdbulence intensity effeots of the Blair
and VWerle (1981) data are captured reasonadly well dy
the chosen mode).
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Figure 6 shows s comparison of predictions and
the Stanton number data of the flatewall, lower
30 turbulence intensity (0.68%) case of Wang et al.
(1985). The predicted onsst of transition agrees well
with the ssasurements but s large discrepancy is seen
between the trsnsition path data and predictions.

' Wang, et al. noted that the momentuam and energy
204 LTTY balances used to verify the test began to degrade at
@, the start of transition due to the development of
three~dimensionsality caused by sarlier transition on
@) Tyo=21% the side-walls. This is thought to not account for
K=02x104 the full disorepancy between the data and the

predictions, however. To the authors' knowledge, no
detailed transition path data in addition to the Wang
ot al. (1985) case are availadble in this turbdbulence
intensity range.
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. fongh Dhawan & Narasimhe (1958) The two curvature modification models previously
puth:  Dhowen & Nerasimha (1988) discussed were tested against the experimental data of
sk You et al. (1986a, 1986b). The results are shown in
§ Fig. 7. Both models predict the three cases

= reasonadly well but the Adams and Johnston (1983)

& o} model is somewhat better, particularly in its
perforsance against the recovery data on the flat wall
dovnstrean of the curve. The AGams and Johnston

ost ourvature modifier was therefore chosen.
Transition on Convex-Curved Walls
00 N N N N N N s The combined model, consisting of the Abu-Ghannam
00 02 0.4 0s os 1.0 12 14 and Shaw (1981) start sodel, the Dhawan and Narasimha
X (meters) (1958) length and path models and the Adams and
Jomnston (1983) curvature modifier was next tested
Fo.¢ e 8 fat plowe against curved-wall transition data. The comparison
o o3 ma. 1,000 cases were the experisents of Wang and Simon (1985)
taken with two radii of curvaturs, each with two
levels of turdulence intensity (0.68 and 2§). The
ocomparisons with the two percent turbulence cases,




shown on Fig. 8, sre quite favorable. Under these AMOCO Foundation. Funds from these two sources are
oonditions, it sppears that there need not be a gratefully acknowledged. The suthors also thank Dr.
curvature oorrection to the transition start Raymond E. Gaugler of NASA Lewis Research Center for
model=~the curvature modifier to the turbdulence model, making his version of STANS availsble.

whioch would alter the transitional and turbulent flow
data but not the transition start location, seems to
account for the entire ourvature effect. The
camparison against the low turdulence intensity data
(Fig. 9) is not so favoradle, however. Clearly, for
low turdtulence intensity, a different transition
model, which includes a ourvature correction, is
needed. Thoygh the turdulenoce intensity value at 20
which such ecorrection to the model is needed {s not

precisely imown, it would appear to be scmevhers

around one to two peroent. The oconclusion, then, is

that the model chosen in the present study can be used

to prediot transition on curved walls, provided that 18-
the free-stream turdulence intensity value is about
tuo peroent or greater. This is useful because gas

turbine suction surface design conditions would ! §
generally not violate this requirement. | x O
&
CONCLUSIONS AND RECOMMENDAT IONS
oS5~ (Wang
The following conclusions can be drawn from the ;2:.:....,,.. § Simon. 1985}
present study: -wansition model
1. A transition model based on the Abu~Ghannan :tw M-Gm‘munl&w( 1("::?)
and Shav transition start submodel, and the 00 : Dhewan & Narasimha
Dhavan and Narasimha length and path B hoen & Narssimha (1958)
submodels is the best transition model of thr Ademe & Johnaton (1983)
models tested above for computing the
behavior of the chosen flat-wall, transition 0.0 1 1
comparison case data. Predictions with this 00 05 10
model were shown to also be favorable when X (meters)
ocompared to transition data that included
various levels of free-streas turbulence and Fig. 8 Calculation of & ¥ansiions! flow over a
favorable streamwise pressure gradient convex-curved wall with yansition-curvature
especially when the free-stream turbulence combined model
intensity value remained higher than about Uyo4Sme.T,e2%

one percent.

2. The curvature modification to the mixing
length model proposed by Adams and Johnston
was the preferred model for predicting the

effect of oonvex ocurvature as displayed in 20
the chosen turbulent ourved flow case. © Oun (erg § Sonam. 1000
3. The combined (transition and ourvature) sodel = Catovishon

predicts the convexly ourved wall transition E:" e Grarvem § Broe (1000,

data well for the high turbulence intensity 15 o & rarera e

case (2%), but a ourvature correction to the . ey g

transition model is needed for the low Ao & Jasvmn (1803

turbulence case (0.68%). ® * ™

In general, more comparison data from curved Y o ® o

transitional flows would be useful for oontinued model » A o
development. More resains to be done on predicting -3 ° o
convexly curved transitional flows with various S0 .
degrees of turbdbulence intensity. Data is needed to osl ‘0“. °
support the present paper's preliminary finding that : "OM,.'
no curvature correction to the transition model is
needed wvhen the free~stream turbulence intensity is
high (228), and for modeling transitional flows with A ,
low turbulence intensity. The effect of oconcave %% o5 S
curvature on transition {s presently not well '
wnderstood--more, detailed transition path data in X (meters)

this very complex flow is needed.

ourved wall with ransition-curvature combined
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Film Cooling of a Turbine Blade with Injection through Two
Rows of Holes in the Near-Endwall Region
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ABSTRACT

Measurements of film cooling on a simulated turbine blade are
conducted using a mass transfer technique. Under the influence of
the endwall, dramatic changes of film cooling performance occur on
the convex surface of the blade as compared to the region where
the flow is two-dimensional., The result is a triangular region,
where coolant is swept away from the surface by the passage vortex
present between adjacent blades. In order to predict the area of
this unprotected region, the influence of several parameters
including density ratio, blowing rate and number of rows of
injection aoles are studied. The presence of the endwall affects

the film cooling performance on the concave surface only slightly.




Introduction

To improve the performance of a gas turbine engine, the temperature of
combustion gas entering the first stage turbine has increased to as high as
1750 K which is above the allowable 1imit for present alloys, used as turbine
materials. An effective cooling system is required to protect the gas turbine
blade from high-temperature failure. Surface film cooling combined with
internal convection cooling and impingement cooling is widely used in the F
aircraft industry. A better understanding of this cooling system can improve
the design of gas turbine engines. The present work focuses on film cooling _
using 2 plane simulated turbine blade cascade. Particular attention is
directed to the influence of the endwall on the adiabatic wall effectiveness.
Adiabatic wall effectiveness is defined by:

Naw = _Jaw = Tr (1)
2 - 1Ir

Based on the definition of the adiabatic wall temperature, the heat transfer
is defined by the equation:
aw = h ( Tw - Taw) (2)

Values of the heat transfer coefficient are generally close to those without

coolant injection if the region near the injection holes is excluded.

The present study applies the heat-mass transfer analogy to investigate
the film cooling effectiveness. Detailed discussion about heat-mass transfer
analogy is available in ref(1]. A gas mixture containing a tracer is injected
into the mainstream. The concentrations of the tracer are measured in samples
drawn through taps which are located on the surface of a blade. The local
impermeable wall effectiveness, MNiw, is defined by:

niw = _Ciw - Ce (3)
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As the concentration of the tracer in the mainstream is zero, the impermeable
wall effectiveness can be calculated from the equation:

= C1
M S 4)

Early studies [2, 3] of the film cooling on a turbine blade were
conducted in the central space of the blade to minimize the influence of the
endwall, The effect of blade-wall curvature to the performance of the film
cooling was reported. However, the span of most blades is not long compared
to the chord length, The flow field as well as the film cooling are strongly
affected by the presence of the endwall, A recent work [4] found that there
is a close relation between the flow field in the endwall region and the film
cooling. Measurements of the film cooling in a plane cascade show that a
passage vortex travelling from the adjacent blade sweeps the coolant from the
convex surface and produces a triagular region without film cooling
protection. An understanding of the flow field in the near endwall region is
essential when conducting a study of film cooling. Studies of the
three-dimensional flow field within a turbine cascade passage have been
described by others [5, 6, 7, 8]. A review of invesitigations of the flow
field for past decade was reported in ref, [9].

The present work is an extension of an earlier study done with a single
row of holes, a single blowing rate and a single density ratio. Here the
effect of density ratio, two rows of injection holes and blowing rate on film

cooling near an endwall are considered.

Experimental System and Test Conditions




Neasurements are conducted in an open cycle, Jow speed wind tunnel using
a plane cascade of six turbine blades [1]). Two central blades with injection
holes face each other. Four others are solid. Figure 1(a) shows the location
of the injection holes and sampling taps. Two staggered rows of injection
holes inclined at an angle of 35° are used. The angles of flow inlet and
outlet with respect to the blades are shown in Fig. 1(b). To assure uniform
flow though each hole, the injection hole half embedded in the endwall is
plugged. The lateral positions of each of the four rows of sampling taps are
1/p = 0.0, 0.5, 1.0, and 1.5, respectively. Each row has seven saspling taps
distriduted at various positions downstream. The central two blades can be
moved in or out of the endvall using a positioning mechanisa underneath the
blades. For any single run, the blades are positioned at a fixed distance
from the endwall, that is, the lowest hole of the second row is centered on
the endvall., For each position, samples are drawn from all four rows of
sampling taps. These represent the regions between different paired holes,
that is, only one row of sampling taps 1ie inside the shaded area where the
measurement region is. To get data for results between a given pair of holes
(at fixed H/p), four different positionings of the blades are required. For a
given Dlowing rate and a density ratio, the blades will be positioned into a
dozen different locations to conduct a series of measurements before the
two-dimensional flow region is reached. Note that the shaded area only covers
half the space between a given pair of holes as the sampling taps are designed
for a study in the central span of the blades where the flow is symmetrical
around the injection hole.

The injected flow is produced by mixing refrigerant-12 or helium and air.

Two density ratios, R = 2,0 and 0. 96, are used. For the measurments on a




convex surface, three blowing rates, M = 0,5, 1.0, and 1.5, are used for both
density ratios. On the concave surface, the blowing rates are 1.38 and 1.5
corresponding to the density ratio of 0.96 and 2.0, respectively.

The sampled gases are analyzed using a gas chromatograph. The velocity
profile is measured 14 cm upstream of the leading edge of the blades. The
free stream velocity is 10.2 ®/c. The boundary layer is turbulent with a

8
thickness, “gq, of 10 mm corresponding to H/p = 4.2, The turbulent intensity

of the free stream is 1.2%. The momentum thickness is 1.2 mm and the
displacement thickness is 1.8 mm. By calculating a virtual origin of the
turbulent boundary layer and assuming a variation of a turbulent boundary
lTayer on a flat plate, the boundary layer thickness at the location of the
stagnation 1ine of the blade would be about 6% larger than the value measured
14 cm upstream of the leading edge of the blade. The mainstream velocity near
the injection holes of the first row is 17.8 M/ on the convex surface and 4.2
®/s on the concave surface., The uncertainty of measuring impermeable wall
effectiveness is 6% as the value of the effectiveness is greater than 10%.

The uncertainty is 7% in calculating the blowing rate and 4% in calculating
the density ratio.

Flow Field

Because of a strong relation between film cooling and the flow field, a
detailed description of the flow field is essential to explain the results of

the film cooling measurements. A sketch of the flow field, based on results

of flow visualization [3], 1s shown in Fig. 2. The main structure is clear




but, without more investigations, some details, especially close to the blade,

are still ambiguous. In Fig. 2, the attachment (stagnation) line, indicated
by al - a2, extends from the stagnation point on the blade into the
mainstream. The separation 1ine, indicated by s1 - s2, lies in front of the
leading edge of the blade. A saddle point, Ss1, is a singular separation
point and is located at the intersection of the attachment line and the
separation 1ine. Several flow regions are bounded by these two separation
1ines and two attachment lines. When the mainstream approaches the leading
edge of the blade, the inlet boundary layer separates and a horseshoe vortex
is generated behind the separation line. After the mainstream travels into r
the blade passage, a pressure variation is produced, high pressure near the
concave surface and low pressure near tne convex surface. Behind the
separation 1ine, one leg of the horseshoe vortex on the concave side
travelling downstream is driven by the pressure difference in the blade
passage and becomes part of the passage vortex. The other leg of the
horseshoe vortex, on the convex side, is confined near the blade wall and
rolls up when it encounters the passage vortex from the the adjacent blade.

On the endwall, a boundary layer is driven by the pressure difference from the

concave side to the convex side,

Essentially, the passage vortex is formed from the concave side leg of
the horeshoe vortex and fed from the cross flow on the endwall and the
mainstream in the blade passage. It grows bigger as it travels downstream.
When the passage vortex encounters the convex surface of the adjacent blade,

it apparently 1ifts up the convex side leg of the horseshoe vortex from that

blade. Also, a counter vortex is generated underneath the passage vortex.




Near the endwall, the limiting streamlines near the blade surface are not
two-dimensional. On the concave surface, the limiting streamlines are skewed
downward because fluid feeds into the crossflow on the endwall. On the convex
surface, the limiting streamlines are pushed up by the passage vortex.

Initial work on film cooling near the endwall [4] indicates that the passage
vortex sweeps the coolant flow from the convex surface and there is a

triangular area in which the coolant is essential absent.
Impermeable Wall Effectiveness
Convex surface

For M = 1,0 and R = 2,0, iso-effectiveness lines of the convex surface
are shown in Fig. 3. These lines are constructed in the measurement regions
which start at X/p = 1.88 and end at at H/p = 70.93. Note that these
measurement regions only cover half area between two adjacent injection holes.
For the region of 31.5 > H/p > 30, the coolant jet is symmetric around the
injection hole centerline as can be seen from the periodicity of local
effectiveness of two adjacent measurement regions, 28.5 > H/p > 27.0 and
31.5 N/D 330, Secondary flow in the blade passage has little effect on the

film cooling performance at distances over 30 diamters from the end wall.

For the region of "/D < 30, the variation of local effectiveness of two
adjacent measurement regions is no longer periodic. For "/D < 18, local
effectiveness over approximately half of this region is under 0.1. The blade
surface 1s not effectively protected by the film cooling. Much lower

effectiveness is found in the region, H/n < 1.5. Two reasons are believed to
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couse this phenomenon. First, lower mainstream velocity in this region
results in a higher blowing rate and coolant blows away from the surface
instead of covering the surface. Also, the hole half embedded in the endwall
is blocked which diminishes the coolant flow for & given span.

Due to limited numbers of sampling taps, it is hard to determine the
downstream location at which the local effectiveness just reaches zero.
Because the locations of iso-effectiveness lines are calculated by
interpolation, the iso-effectiveness lines with a value of 0.1 involve some

degree of error.

Figs. 4 and 5 show the sparwise-average effectiveness Mw, as a function
of the dimensionless distance H/p. Results for two density ratios are
presented. Solid symbols on the right axis represent ™w in the two-
dimensional flow region, at H/p = 69. These values compare well with results
in Ref. [3]. The data at each downstream position (x), have a similar trend.
As H/D decreases the average effectiveness at first deviates only slightly
from that in the two-dimensional flow region. At a certain distance, marked
by a plus symbol in Figs. 4 and 5, the values of the average effectiveness

start to decrease approximately linearly to zero.

For each specified downstream location, the results can be approximated
by two straight lines. Une extends from the value in the two-dimensional flow
region and is parallel to the horizontal axis. The slant line fits data which
decreases linearly with H. Both lines intersect at the location shown by a

plus symbol, which indicates where the value of the average effectiveness

starts to decresse linearly. The star symbols represent the locations on the




horizontal axis intersected by the slant straight lines. The region between

the location of the star symbol and H/D = 0 has no film cooling protection.
Note that these plus and star symbols are not data points.

The plus and star symbols can be mapped on the convex surface of a blade.
Figure 6 presents the ranges of the average effectiveness in the near endwall
region on the convex surface of a blade. Note that the location at a value of
xlp = 0 {s at the downstream edge of the injection holes of the second row.
The leading edge of a blade is at x/D = .14,5, The star symbols (in fig. 4 or
5) construct the upper boundary of the region C. The upper boundary of the
region B is formed by the corresponding plus symbols. The dashed line shows
the extropolated boundary thickness, 899, of the mainstream on the endwall at
the leading edge of a blade.

Region C is the unprotected area where coolant flow is swept away by the
passage vortex from the adjacent blade. The span of this unprotected area
grows as the location moves toward the trailing edge because the passage
vortex becomes bigger as it travels downstream. In region B, the values of
the average effectiveness vanish linearly to zero as measurements are
conducted toward the endwall. In this region, the coolant flow mixes with the
passage vortex but is not totally absent, Above the region B, the performance
of the film cooling is slightly affected by skewed streamlines and is close to
the two-dimensional flow value at H/p = 30.

The flow field near the end wall significantly affects the performance of

the film cooling on the convex surface of a blade. The passage vortex is so

significant that a large area of a blade surface could be exposed to hot gas




without coolant protection. It may be helpful to add coolant to the end wall
to protect the lower convex surface of the blade. It is however uncertain
that the coolant so injected would be carried up by the passage vortex to the

blade surface.

The effect of some key parameters on the size of the unprotected region
were studied. Fig. 6 shows the effect of the density ratio on boundaries
between the regions. At a blowing rate of unity, the unprotected area is
smaller with the lower density ratio but the change is slight. Figs. 7 and 8
show the effect of the blowing rate on the three regions. Results for the two
density ratios studied are presented. Higher blowing rate might be expected
to decrease the size of the unprotected area. However, the upper boundary of
region B is not affected by the change of the blowing rate and there is very
little affect on the lower boundary of B (upper boundary of region C) as well.
Figure 9 shows the effect of the number of rows of injection holes on the
regions, Results of the one-row configuration are from ref. [4]. There is
little difference between the two sets of results in terms of the size of the
regions. Outside region C, the values of the average effectiveness of the
two-row configuration are of course higher than those for one-row injection,
but the locations of the boundaries are not very different for the different

geometries.

Concave surface,

ForM = 1,5 and R = 2,0, iso-effectiveness lines on the concave surface
are shown in Fig. 10, Measurement regions start at x/D = 1,10 and end at

X/D = 38.86. Because streamlines near the concave surface are bent toward the
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endwall, periodicity between two adjacent measurement regions is not present
close to the endwall, The influence of the endwall on local effectiveness can
be neglected for H/D > 30, Values of the average effectiveness are shown in
Figs. 11 and 12; results for two density ratios are presented. Values of the
average effectiveness are almost independent of H except very close to the
endwall. The presence of the endwall does not greatly affect the performance

of the film cooling on the concave surface.

Fig. 13 shows a comparison of the average effectiveness between one-row
and two-row configurations on the concave surface. Although the blowing rate
has a 10% difference, a comparison is still acceptable. As expected,
effectiveness with two-row injection is higher than with one-row injection.
In the region H/D < 3, one might expect that the values of the average
effectiveness should be higher than those of the two-dimensional flow region
for two reasons. The first is that coolant is washed toward the endwall. The
other is that the values of average effectiveness on the concave surface
generally increase with a higher blowing rate excluding the region close to
the injection hole. From Fig. 13, this is true for one-row configuration but
not for two-row configuration. Due to the blockage of the lowest hole of the
second row, the region of H/D < 3 is not fully covered by two rows of

injection holes.
Conclusion

The presence of the endwall has a significant effect on the performance

of the film cooling on the convex surface of a blade. A triangular region,

where the coolant is swept from the convex surface by a passage vortex from




the adjacent blade, has no film cooling protection at all. Moving away from
this unprotected area, the values of the average effectiveness increase
linearly from zero to a value close to that in the two-dimensional mid-span
region. The boundaries of these regions are only slightly changed by varying
blowing rate, density ratio, and number of rows of injection hole. On the
concave surface, the performance of the film cooling is not significantly
altered by the presence of the endwall but the periodicity of the local

effectiveness is changed due to skewing of the streamlines toward the endwall.

The film cooling effectiveness is closely related to the mainstream flow
field. The incoming flow condition and the geometry of the turbine blade can
play important roles in affecting the dimensions of the different regions of
effectiveness variation on the convex surface. To protect the region where
coolant is washed away, it may be necessary to further cool the end wall

jtself.
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NOMENCLATURE

al - al attachment line - Figure 2

Ciw concentration of foreign gas at impermeable wall
C2 concentration of foreign gas
Ce concentration of foreign gas in the mainstream
; D diameter of injection hole
% h heat transfer coefficient
H distance along blade surface from the endwall
M blowing rate p2U2/pule
Gy wall heat flow per unit time and area
R density ratio
Ree Reynolds number _U:_D
Sgl saddle point - Figure 2

sl - s2 separation line - Figure 2

~r T temperature
N Taw adiabatic wall temperature
Te recovery temperature
Tw wall temperature
u upstream velocity
U2 mean velocity in injection hole
Ve mainstream velocity at the first injection hole location
X distance downstream for the downstream edge of second injection row
z transverse distance from center of injection hole of the second :
row to sampling hole |
p2 density of foreign gas 1
p= density of the mainstream |

v kinematic viscosity of the mainstream
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Fig. 10 1so-effectivensss 1ines on concave surface at N = 1. § and R = 2.0
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