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ABSTRACT

The quest for improved efficiency has motivated
the elevation of turbine inlet temperatures in all
types of advanced aircraft gas turbines. The accom-
modation of higher gas tcanperatures necessitates
complex blade cooling schemes so as not to sacrifice
structural integrity and operatianal life in advanced
engine designs. Estimates of the heat transfer from
_the gas to stationary (vanes) or rotating blades
‘poses a major uncertainty due to the complexity of
the heat transfer processes. The gas flow through
these blade rows is three dimensional with complex
secondary viscous flow patterns that interact with
the endwalls and blade surfaces. Ip addition, up-
stream disturbances, stagnation flow, curvature ef-
L 2ts, and flow avceleration complicate the thermal
transport mechanisms in the boundary layers. Some
of these fundamental heat transfer effects will be
discussed. The chief purpose of this paper is to
acquaint those in the heat transfer community, not
directly involved in gas turbines, of the serious-
ness of the problem and to recommend some basic re-
search that would improve the capability for predict-
ing gas-side heat transfer on turbine blades and
vanes.

INTRODUCTION

Improved fuel consumption performance of *urho-
jet engines necessitates elevating the cycle pres-
sure ratio and the turbine gas inlet temperature so
as to realize improved efficiency. The gas temp-
eratures in operational aircraft engines have already
reached levels where some turbine cooling is required.
Thus, elevating the gas temperatures higher will re-
quire more sophisticated cooling schemes for the same

turbine blade material. Vital to the heat transfer
design is an accurate estimate of the local gas-side
heat flux loads on the blades and vanes. The gas
side heat transfer information is part of the itera-
vion process necessary to establish cooled blade or
gtator designs.

Alrhough the genéral heat transfer problems are
familiar to those involved in thermal design of tur-
bines and comprehensive suvvey papers exist (see ref
1)}, the relevance of these problems to heat transfer
fundamentals may not be ohbvious to those doing basic
research in unrelated areas. The main purpose of
this paper is to acquaint those in the heat transfer
community, not affiliated with the aircraft gas tur-
bine industry, with some of the important basic heat
transfer problems that need further investigation if
the prediction of turbine blade or vane gas-side heat
transfer is to be improved. There are equally impor-
tant research questions regarding the coolant-side
heat transfer. but thev are bevond the scope of this
paper.

In fulfillisig this purpose, the following items
will be discussed:

(1) A general description of the hot gases that
enter the turizine blade row as to their thermal state
and flow €haracteristics.

(z) A brief description of the analytical meth-
ode eaployed in calculating the gas-side heat trans-
fer to turiine blades or vanes. An evaluation of
their current accuracy in predicting heat transfer
will be presented.

(3) An enumeration will be made of basic flow
phenomena such as stagnation, curvature effects, ac-
celeration, secondary flows and transition that in-
fluence local heat transfer rates. The status of
basic research in these areas will be discussed.

(4)  Finally, the paper will contain recommenda-
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ABSTRACT

The quest for improved e‘tic1encv has motivated
the elevation of turbine inlet“temperatures in all
types of advanced aircraft gas turbines. The accom-
modation of higher gas tcmperatures necessitates
complex blade cooling schemes so as not to sacrifice
structural integrity and operational life in advancad
engine designs. Estimites of the heat transfer from
the gas to stationary (vanes) or rotating blades
poses a major uncertainty due to the complexity of
the heat transfer processes. The gas f{low through
these blade rows is three dimensional with complex
secondary viscous flow patterns that interact with
the endwalls and blade surfaces. 1In addition, up-
stream disturbances, stagnation flow, curvature ef-
fects, and flow acceleration complicate the thermal
transport mechanisms in the boundary layers. Some
of these fundameptal heat transfer effects will be
discussed. The {hief purpose of this paper ts to
acquaint those ijt the heat transfer community, not
directly involvéd in gas turbines, of the serious-

.ness of the problem and to recommend: some basie re-
searcl that would improve the capability for predict-
-ing was-side heat transfer on tuthine blades and
vanes.

“INTRODUCTION

Improved fuel consumption performance of *“urbo-
jet enginzs necessitates elevating the cvcle pres-
sure ratio and the turbine gas inlet temperature so
as to realize improved efficiency. The gas temp—
eratures in operational aircraft engines have already

reached levels where some turbine cooling is required.

Thus, elevating the gas temperatures higher will re-
quire more soghisticated cooling schemes for the same

turbine blade material. Vital to _the lieat transfer
design is an accurate estimate of ‘the local gas-side
heat flux loads on the blades and vanes. The gas
gside heat transfer information is part of the itera-
tion process necessary to establish cooled blade or
stator designs.

Although the general heat transfer problems are
familiar to those involved in thermal design of tur-
bines and comprehensive survey papers exist (see ref
1), the relevance of these problems to heat transfer
fundamentals way not be ohvious to those doing basic
research in unrelated areas. The main purpose of
this paper is to acquaint those in the heat transfer
community, not affiliated with the aircraft gas tur-
bine industry, with some of the important basic heat
transfer problems that need further investigation if
the prediction of turbine blade or vane gas-side heat
transfer is to be improved. There are equally impor~
tairt research questions regarding the coolant-side
heat transfer, but thev are beyond the scope of this
paper.

In fulfillxng this purpose, the following items
will be discussed:

(1) A general deseription of the hot gases that
enter the turbine blade row as to their thermal state
and Flow characteristics.

(2). . A brief description of the analytical meth-
ods employed in calculating the gas-side heat trans-
fer to turbine blades or vanes. An evaluation of
their current accuracy in predicting heat transfer
will be presented,

(3) An enumeration will be made of basic flow
phenomena such as stagnation, curvature effects, ac-
veleration, secondary flows and transition that in-
fluence local heat transfer rates, The status of
basice research in these areas will be discussed.

(4) Finally, the paper will contain recommenda-



tions of basic heat transfer research that should
be pursued in order to improve the certainty in pre-
dicting the gas-side heat transfer to turbine blades.

CONDITIONS OF THE HOT GAS ENTERING THE TURBINE

For most commercial transport aircraft f£lying
today, the turbine inlet gas temperxature is approx-
imately 2000°F (1094°C) and the préssure is about
20 to 25 atmospheres. More advanced engines for mil-
itary missions and new generations of commercial
transports will operate with turbine inlet tempera-
tures of 2500°F (1371°C) ‘and above, and at pressure
levels of 25 to 30 atmospheres. Futuristic plans
call for advancing the turbine inlet temperature to
near 2800°F (1538°C) and the pressure to 40 atmos-
pheres. These temperatures are average values but
the hot gases leaving the combustors have a temper-
ature profile, so.the first stages of the turbine
see a non-uniform gas temperature. By the time the
gases reach the turbine, they have been turbulently-
excited in the blade row of the compressor and in
the combustion process. Thus, the turbine sees tur-
bulent, nonsteady hot gases. Further complicating
the situation are. the radiation properties of the
gases. . The first row of turbine vanes will probably
see the luminescence of the flames in the combustor.
The radiation component of gas-side heat transfer
can be an appreciable fraction of the total heat
transfer to the first stage. However, the analyti-
cal method(s) for computing the radiation component’
will not be discussed in this paper. It is apparent
that the turbine is subjected to a rather hostile
thermal environment that is not steady. Such an
environment is difficult to depict analytically.

GAS—-SIDE HEAT TRANSFER PREDICTION

Current design practice for estimates of the
convective heat transfer for turbine blades or
stators generally involves the use of a two dimen-
sional boundary layer analysis program. Two exam-
ples of these kinds of programs are references 2 and
3.  Reference 2 is a numerical method for :computing
either laminar or turbulent boundary layers by
‘solving the integral momentum equation.  Tn imple-
menting the program, the user must make use of some
sort. of transition criteria or at least specily
whether the boundary layer is laminar or turbulent.

A comparison of experimentally measured Nusselt
number in-a turbine cascade with the predicted val-
ves from the computational method of vef. 2 are
shown in figure 1, {iaken from reference 4. Consider-
ing the fact that the analysis is a two dimensional
£lat’ plate analysis without curvature, etc. built
into it, the computer program does a fair job of
estimating the local heat transfer coefficient dis-
tribution. However, on the suction side of the cas-
cade blades, an error of approximately 35% 1$ encoun-
tered.near the mid-chord.: Since the theary miscal~
ctilates the heat transfet coefficilent;  the actual
wall temperature would turn out to be in erveor by at

~least “100°F (55.5°C) for a constant gas temperature

“of 2500°F (1371°C). Trom iuformation received
through a personal communication with Robert L.
Dreshfield of Lewis Research Center, a 100°F increase
in the temperature of a nickel alloy at- turbine

- blade temperatures would effect an order of magnitude
decrease. in the estimated 1ife of the blade. -Such a
decrement in life is intolerable and emphasizes the
necessity for greater precision ip estimating gas—
side wall temperatutes.

~

The computational program in reference 3 (STANS5)
is a differential-type which has been 'used specifical-
ly for estimating the gas-side heat transfer to tur-
bine blades., It is based on the Spalding-Patapkar
method. Reference 5 is such an application whére the
program is used to estimate the gas-side heat trans-
fer of blades that incorporate a coolant insert.

STANS is designed to solve the two dimensional
boundary layer equations for both laminar and turbu-
lent conditions. There is an automatic provision in
the program to transition from laminar to turbulent
flow according to a momentum thickness Reynolds num-
ber criterion. Along with the boundary layer momentum
equation, the program has the capability of handling
an indefinite number of diffusion equations and solv-
ing the momentum and diffusion equations slmultaneous— ;
ly u

The question-of transition and the effect of the
free stream turbulence level on the blade boundary
layer is a major uncertainty in any prediction scheme.
Figure 2, taken from reference 6, shows the: variation
in measured local heat transfer coefficients in a cas~
cade when the upstream turbulence was varied and shows
comparisons between data and predictions. Note on the
figure the predicted heat transfer coefficients: flat
plate correlations and the Spalding-Patankar method on
which STAN5 is based. It is evident that the Spalding-
Patankar method predicted well at one turbulence level
(5.9%) on the pressure surface but was not accurate on
the suction surface for the same turbulence level.

More will be said about ‘turbulence level effects and
upstream flow disturbances in a later section.

The point to be made in this section of the £
paper is that current analytical methods which are
based on two-dimensional flat plate models need further
refinements to account for the real flow physics on
blades or vanes. Some of the real flow phenomena will
be described in the next section. {

k)

PHENOMENA AFFECTING HEAT TRANSFER & . |

In turbines, the flow is being accelerated and ]
turned by the blading and in the rotor rows is simul- i
taneously being acted upon by centrifugal and coriolis :
forces. The hub surface and the outer casing wall al-
so play a major role in establishing the flow patterns
developed in the flow passages of turbomachinery.
Consequently, the gas flow through an axial flow tux-
bine is highly complex and very difficult to: model and
analyze.

Figure 3 deplcts a blade passage for either a :
rotating or stationary blade row in a turbine. 1In §
this two dimensional picture, the blade sections are :
at some mid-span position. The added complexities of :
the hub or tip section-flow patterns are not presented H
in the sketech. ~As' the flow enters the blade row, some !
of the streamlines impact on-the leading edge of -the ;
blade to form a Stagnation region. The boundary layer H
that develops in the vicinity of the stagnation zone

appears to be laminar at first, then undergoes a trans-

ition process.. Depending on the: local Reynolds number

and pressure gradient, and external flow disturbances,

the boundary layer remains in a. transition state or

betomes turbulent around- the leading edge of the blade.

The streamlines that follow the suction surface con-

tinue to experieéence convex curvature. On the opposite
surface of the blade, the.streamlines encounter con- Coh
cave cutvature. On both surfaces, local regions. of ;
flow acceleration and deceleration are encountered

which could contribute to transitionm or retransition L
processes occurring in the boundatry layer: At the ;
trailing édge of the blade row, separation is apt to :
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develop which will influence the Wake. !Anyjintefggi
coolant flow that is dumped out from the trailing
edge of the blade or vane will dlso influence the
wake. Note that secondary cross flows are indicated
in the blade passage which vary in intensity and
direction along the span of the blade passage. Thesa
cross flows will bq most significant across the end
wall and hub wall.

It is clear from considering the schematic of a
turbine blade row that several flowrphenomena are
operating which influence the heat transfer. Among
the more obvious are:

P
(1) impingement or stagnatdion flow

(2) curvature effects N

(3) flow unsteadiness and turbulence

(4) accelerating and decelerating flow
(5) secondary flows

(6) body force effects

(7) transition and detransition processes

Fundamental forced convection heat transfer ex-
periments have been performed and reported that deal
with each of the above topics. Tn this paper, most
(but not all) of these fundamental heat transfer ef-
fects will be discussed and an assessment rendered
as to their relative contribution to the uncertainty
in estimating the gas-side heat transfer to the tur-
bine blade. The potential interaction of several of
these effects will be discussed.

Impingement or Stagnation Flow

The impingement of a jet or a free stream flow
on a flat or cylindrical surface has been studied
quite extensively as a fluid meclianics and heat trans-
fer problem. Although crossflow impingement on a
cylinder is a truer representation of a turbine blade
leading edge condition, jet impingement on a flat
plate 1s also a useful phenomena to study.  Cross-
flow studies have been the sotrce of correlations or
analvtical models applicable to impingement flows
and the associated heat transfer at the leading edges
of turbine vanes or blades.

Some early heat transfer research performed by
Schmidt and Wenner of Germany (ref 7) on stagnation
heat transfer to a cylinder in crossflow is relevant
information. Their study incompassed flow conditions
from laminar to turbulent Reynolds numbers and they
made measurements of the local heat transfar rates
over the entire surface of the cylinder. The meas-
ured profiles of Nusselt number around the cylinder
from reference 8 are shown in figure 4. YThese Nuss-
elt number profiles are useful information for es=
timating the leading edge heat transfer of turbine
blades or vames. It turns out that the stagnation
region Nusselt Number is directly proportional to. the
square root of the Reynold's Number. The constant of
proportionality is very close to unity but is depen-
denit on the turbulence Lavel of the upstream flow.

In reference 9, a similar stagnation relationship was
observed for impingement of a jet on a flat plate.
For that case, the constant of proportionality is
also sensitive to the upstream level of turbulence.

For the region just beyond the stagnation locus
on the leading edge of the blade, an estimate of the
local heat transfer coeffictent distribution has to
be made.- -For cross flow on a cylinder, one approxi-
mate aéproach is to modify the stagnation correlation
with an -anpular correction. The correct term is

Qa - ] ¢,l3) where  is measured in degrees from the
stagnaé?on point to the locus in question on the
front surface of the cylinder {ref 10). The fact

that the Reynolds Number is raised to the one half
power implies the initiation of a laminar boundary
layer at the stagnation region and the geometric fac-
tor corrects for boundary layer growth arcund the
edge of the cylinder.

Turbulence and Flow Unsteadiness .

One of the most important influences on the lo-
cal heat transfer distribution on the leading edge
and on the pressure and suction surfaces of a; turbine
vane or blade is the time-unsteady condition of the
flow as it enters the blade or vane row. In tids .
time-unsteady category, two principal unsteady contri-
butions have been lumped together, namely turbulence
level and the pulsating or unsteady characteristics
caused by the interaction of a rotating blade row
with a stationary vane row. Frequently, these two
effects are not considered separately. Furthermore,
in an actual turbojet engine application, the unstead-
iness of the flow coming into the turbine has been
affected by the compressor and, more significantly,
by the combustion process. Obviously, the flow reach-
ing the turbine has been subjected to a number of in-
fluences that make the flow anything but idealized s
steady flow with a known turbulent structure. In . ;
fact, a purist may object to the term "turbulence' be-
ing used to denote the structure of the flow as it
applies to turbines. The argument being that the
usual sources of the turbulent production involved in
a turbulent flow experiment may be relatively unim-
portant and noninfluencial in a turbine application.

Thus, when a turbine designer refers to the turbulent
structure of the flow entering the turbine, he is not
generally talking about the classical turbulence
level definition of the aerodynamist. 1In the turbine
application, the unsteady flow intensity is defined
as the unsteady flow component normalized with res-
pect to an average flow velocity at some station in
the system. From such a definition, rather large
values of ‘intensity can result as compared to ordinary
turbulence. Some results of intensity measurements
st the exit of combustors show values exceeding 50%.

Concerning this issue of how to define a distur-
bance intensity, the author of reference 11 suggested
three different definitions of disturbance. Refer~
ring to a typical velocity hot wire record shown in
figure 5, the following definitions were proposed.

g R

VELOCITY

TIME
Figure 5. - Hot wire trace of unsteady flow.
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These three definitions are interrelated by the fol-
lowing equation
. g aa -

TuB = Tu~ + Tu ¢V

This manner of distinguishing the various
types of disturbances has some merit and is an an-
swer to the objections raised about intensity defini-
tions that do not discriminate between disturbance
intensity and turbulence intensity.

More important than the definitions are the
actual effects of these manifestations of flow un-
steadiness on the local heat transfer rates. The
designer must have some idea of an "influence coef-
ficient" that will establish a level of perturbation
beyond the steady-state assumption normally used in
either correlations or more elaborate numerical meth-
ods.

Although the flow in a turbine is unsteady,
measurements pertaining to the nature of the boundary
layer have revealed that laminar-like as well as
turbulent boundary layers are possible. Consequently,
laminar unsteady flow is a relevant topic to consider.

Not a great deal of research has been done on
unsteady flow--especially experimental verification
of analytical models. In ref 12, Lighthill derived
expressions for the friction coefficient as a funu-
tion of the Strouhal number. (The Strouhal number
(%) is a dimensionless frequency normalized with
respect to a reference free-stream velocity.) His
prediction is prescribed to apply to two domains.

For example, the high Strouhal number correlation for

Cf is

— VRe_ = 0.332 + BiCos (wt + —0 (2)

where B is a coefficient in the idealized expression
for the unsteady flow,

Analytical studies of unsteady laminar boundary
layers on rotating blndes have been reported in ref-
erence 13, Using a perturbation solution of the en-
ergy equation, the variance ‘in the heat transfer in
response to a sinusoidal disturbance was estimated
for various locations over the blade.  Large pertur-
bations in the level of heat transfer (approaching
an order of magnitude) are predicted in comparison to
the flat plate values calculated from the Blasius
equation.

Turbulence Effects on Stagnation Flow

Professor Joseph Kestin of Brown University
and his colleagues have performed a number of inves-
tigations on the effect of upstream turbulence on
stagnation heat transfer. 1In fact; their early work
is generally referenced by those conducting more re-
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eference 14, the authors pointed out that a de-
cided trend in enhancement was observed over a range
of turbulence intensities. The biggest changes in
the heat transfer tended to occur at the low turbu-
lence levels and to gradually flatten out as the tur=-
bulence intensity reached higher values. tIn 1970,
Kestin and Wood (ref 15) published a paper which
elucidated the mechanism considered to be responsible
for the enhancement in the stagnation region. They
pointed out that the flow field in a laminar boundary
layer outside a stagnation line is not two dimensional.
It has a vortical structure which results from an in-
stability different from the classic Gortler-type.
The authors developed a mathematical model of this
instability. Physically, the vortices align them-
selves on parallel axes perpendicular to tie flow
vector and are uniformly spaced along thd upstream
portion of the staﬁnation body. Théir spacing is a
function of (Re)~1/2 and the level of the upstream
turbulence. TIncreasing the turbulence reduced the
spacing and enhanced the stagnation heat transfer.

In 1977 Sadek et al (ref 16) did a visual study
of these vortices associated with stagnation flow
across a cylinder. ‘From high speed cinematography
and still pictures they gathered evidence about the
scale and distortion of these vortices as they neg-
otiated around a cross-flow cylinder. As the vortices
first approached the cylinder they tended to stretch
into longer vortices with higher rotational velocities
and smaller scale. They also tilted such that the
axes of the vortices coincided closely with the flow
streamlines around the cylinder. When the vortices
were close enough to the cylinder to interact with
the laminar boundary layer, the vortex scale increased
appreciably. This interaction process was thought to
sponsor transition and, consequently, higher heat
transfer rates. Their visual images of the vortices
showed them to have a voherent vortex structure.

In reference 17, the author carried out an analy-
tical estimation of the aupmentation effected by
these vortex tubes. The estimate of B%Z augmentation
fell considerably below the experimental value of 19%.
It appears as though it will be difficult to estimate
the augmentation by analytical means only. :

Although jet impingement on a flat plate does not
represent the flow field at the leading edge of a
turbine blade, information about the turbulent struc-
ture near the stagnation zone may aid our general un-
derstanding of the stagnation mechanism where impinge—
ment flow is involved. :

In reference 18, turbulence intensities of an
impinging jet on a flat plate were measured for three
jet velocities. The spacial distribution of intensity
for one of these jet velocities (138 m/s) is shown in :
figure 6. Note that the intensity varies from .05 to
0.16 and a zone of -high intensity occurs clgse to the
plate. Tt may seem incongruous that high intensity
turbulence appears so close to the stagnation region
where a laminar-type heat transfer correlation is .
recommended involving the square root of the Reynolds
number.. Stagnation on a flat plate and cylinder ap=
pear to be similar mechanisms. For both, the free
stream turbulence was amplified near the stagnation
zora. Such amplification augments the local heat |
transfer between the fluid and the wall. If the boun-
dary layer initiates at the stagnation locus on a ¢y- .
linder as a laminar boundary layer, it must be a con--'
siderably different boundary layer dev:lopment. than
the classic laminar boundary layer that begins at the
sharp edge of a flat plate in a two-dimensional flow
field. For stagnation flow, the aforementioned tur-
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bulent amplification must encroach on thie stability
of the laminar boundary layer.

Enhanced Turbulence on a Flat Plate ¢ a

In the past six years, several studies have
been devoted to!the study of the effect of free
stream turbulence level on the transport processes
in a flat plate turbulent boundary layer. 1In ref-
erence 19, sandpaper grit was mounted at the leading
edge of the flat plate and turbulence generating
rods of various diameters and spacings were mounted
upstream of the test section. The natuke of the
boundary layer on the /flat plate was detected by
static pressure taps, crossed hot wire anemometers
and pressure/teémperature probes. It was concluded
that an augmented free stream turbulence level did
thicken the flat plate boundary layer and dramatical-
1v influenced the wake rzgion of the layer. It was
also noted that the properties of the inner portion
of the boundary layer were not greatly influenced
by the free stream turbulence. In general, however,
the boundary layer takes on a non-equilibrium qual-
ity because of the advection of free stream turbu-
lent energy and the non-equilization between produc-
tion and dissipation of turbulent energy within the
boundary layer.

Tn reference 20, it was reported that the tur-
bulent shear stress was increased across the entire

.thickness of the layer when the fre¢ stream turbu-
J lence was augmented. As would be expeCCed from the
. Reynolds analogy between heat and friction, it was
“observed that the heat transfer increased appreci-

ably also. If the flat plate boundary layer was
laminar, 50% increases in the heat transfer rates
were observed when the free stream turbulence was
boosted irom essentially zero to 9%. Substantially
smaller increases in heat transfer were observed
when thie boundary layer was already turbulent.

Iii reference 21, rectangular grids were em-
ployed to augment the turbulence upstream of an
electrically heated flat plate. Tt was ohserved
that the free stream turbulence had little effect on
heat transfer when its intensity was less than that
of the boundary layer. But when the free stream
turbulence exceeded the intensity of the boundary
layer, definite augmentation in heat transfer was
observed. The trend in the heat transfer and fric-
tion data due to augmentation of free stream turbu-
lence is showed in figure 7.

The reader is referred again to figure 2
which shows the changes in levels of heat transfer
with free stream turbulence measured in a two dimen-
sional cascade. From four references cited herein
about flat plate heat transfer, it is apparent that
free stream turbulence is influencial in controlling
the magnitude of the loczl boundary layer heat trans-
fer.

Wake Disturbances

The nature of the wake flow region in turbo-
machinery has been investigated by Professor Laksh-
minarayana and colleagues of Penn State University.
Hot wire measurements were made in three directions
simultaneously. Through a system of data storage
and computerized ‘ata processing, the perturbations
of flow in the axial, tangential and radial flow
directions were determined. In reference 22, the
wake region behind a free vortex comprégsor rotor
was examined at eight radial locations and five
axial stations downstream of the rotor. The wake
defect ratio of the axial velocity decayed in an
exponential manner. The influence of a wake on the

o ey
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heat cr#nsfev of a downstream blade row is not well
unde:st?od‘andluarrants further research.

Curvature Effects

There is &n extensive literature about curvature
effects on turbulent flow in channels or pipes. No
attempt will be made herein to cite a comprehensive
bibliography on the subject. A very thorough review
of the literature appears in ref 23 by Bradshaw. For
the purposes of this report, & few important conclu-
sions from this literature will be shared.

Turbine vane or blade geometry involves concave
curvature on the pressure surface and convex curva-
ture on the suction side. As would be expected in-
tuitively, the two types of curvature produce differ-
ent effects. The flow channel between two adjacent
blades (or vanes) is a segment of = purved channel
and this geometry has been popular in curvature
experiments. In a curved channel, even with an ap-
preciable aspect ratioc, a considerable amount of sec-
ondary flow exists. Consequently, a pure two-dimen-
sional flow without any secondary flows is not en-
countered in the experimental research. However,
this simulates the type of secondary flow pattern
observed in a vane flow passage caused by the end-
walls. Visualization of the secondary flow on the
endwalls of a 6:1 aspect ratio channel reported in
ref 24 showed evidence of appreciable crossflow from
the concave wall across to the convex wall.

Generally, the turbulence intensity on the con-
vex wall is somewhat lower than the comparable flat
plate. The convex curvature tends to inhibit tur-
bulence production. As a consequence, both the con-
vective heat transfer rates and wall friction are
lower than the flat plate values. The local values
depend on the radius and the arc length of the curv-
ature, but decrements of 207 in friction and heat
transfer as compared to the flat plate, are possible.

On the concave surface, the turbulence intensity
is augmented by Taylor-Gortler type vortices which
align themselves in the direction of the flow. The
enbanced turbulence on the concave wall elevates
the heat transfer vates and the friction. For cury-
atures in which the boundary layer thickness to ra-
dius of curvature ratio is approximately 0,015, the
enhanced heat transfer and friction may be anywliere
from 26% to 40% above the flat plate value depending
on the arc length (ref 24).

There have been several analytical or empirical
methods proposed to explain the effect of curvature
on turbulent flow. Based upon Prandtl's treatment
of centrifugal body forces, Bradshaw has suggested
that the Prandtl mixing length can be made a function
of the Richardson number, which depicts the relative
influence of buoyancy to shear production. The
gradient Richardson number, Ri, is defined as

" ol
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wvhere g= gravity
= dengity
y = dimension normal to the surface
U = free stream velocity

In Prandtl's original treatment of the effect of
body forces on the mixing length; he showed that a
modified mixing length would be a function of a para-
meter equivalent to one half of the gradient Richard-
son number. Tt turns out that correction to the
flat plate mixing length, Qo can be written as
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where r is radius of curvature and o« iﬁ?aw
constant with a representative value of 10.

In Bradshaw's report (ref 23) the ratio 2/{, is
referred to as "F". Depending upon the direction of
the curvature (concave or convexr), the magnitude of
F varies from less than unity to something greater
than:unity. A suggested range might be from 0.5 to
1.5. The above equation must be interpreted as a
simplification and is very empirical even though it
i{nvolves modification to the mixing length parameter
used in complex analyses of the turbulent boundary
layer.

In an analytical boundary layer method presented
in ref 25, the effects of streamline curvature re
accounted for by a proposed eddy viscosity functien
that is a product of the flat plate eddy viscosity
and a function of a curvature parameter. The tur-=
bulence energy equations are simplified so that all
terms can be expressed as double velocity correla-
tion%. Further simplifications Fésult from the as-
sumption that the turbulent energy production bal-
ances the turbulent dissipation. In the turbulent
eriergy equations, length scales (see page 121, ref=
erence 25) are introduced as:proportionality con-
stants to relate the energy terms of the equations.
It turns out that only two of the length. scales are
independent and these can be determined from the
law of the wall and the plane flow turbulence energy
equation.

In reference 25, some of the experimental work
is compared to the analytical prediction of several
of the boundary layer .integral parameters. For in-
stance, the growth of the experimental form factor
H (ratio of displacement, thickness to momentum thick-
ness) on the convex wall agreed with the analytical
prediction. Also, the analytical model of the boun-
dary layer proved to be reliable for predicting the
coefficient of friction. As would be expected, the
friction could not be predicted when separation was
imminent.

' Corroboration of the concave surface boundary
layer characteristics was not achieved because the
presence of the longitudinal Taylor-Gortler vortices
made| averaging of the boundary layer flow data very
difficult.

Eide and Johnston (ref 26) modified a flat
plate turbulent boundary layer code developed at
Stanford University (STAN5) for the effects of
curvature., The mixing length.was ecnrrected in the
same. fashion as Bradshaw; viz by a factor involving
the Richardson number.

Patel (ref 27) formulated a two dimenslonal
integral boundary layer equation for curved channel
flow utilizing a polar coordinate system. Included
in his formulation were the static pressure varia-
tions across the boundary layer. As has been ob-
served by a number of investipatofs, the pressure
gradient terms ignored in flat plate boundary layer
theory cannot be ignored for curved channel geome-
tries. The selection of polar coordinates did sim-
plify the derivation of the integral momentum
equation, but still it turned out to be a much more
complicated expression than the familiar flat plate
information. Also, Patel redefined the integral-mo-
mentum and displacement thicknesses for the polar
coordinate system. He carried out some experimental:
work with a 90° bend channel and compared the exper-
imental results with his analytical model. The
exgerimental boundary layer shape factor agreed with
'he analytical prediction.

Most of the experimental investigations of curv-
ature effects have involved fluid mechanics studies
and only a few have dealt directly with curvature

irical
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effects on heat transfer. There is not much compar-
able information about the mechanism of heat trans-
port within the turbulent thermal boundary layer,
However, in reference 24, comparison of the boundary
layer profiles for the temperature and velocity lay-
ers showed similarity. Without more detailed infor-
mation, one would have to assume that the Reynolds
analogy applies. Therefore, the mixing length cor-
rection factors for the thermal boundary layer would
prlSably be the same as the comparable viscous boun-
]daty layers.

Acceleration and Deceleration Effects on Turbulent
'Boundarx Layers

The difficult heat transfer problems in rocket
nozzles encountered in the late 50's and 60's moti~
vated research investigations of accelerating and de-
celerating turbulent boundary layers. Experiments
were carried out in two-dimensional and axisymmetric
flow channels. As would be expected from physical
intuition, acceleration and: deceleration effects alter
the structure of ‘turbulent eddies. TFor instance, ac-
celeration causes stretchinh of turbulent eddies
which results in reduced turbulence intensity. In
fact, rapid acceleration rates could bring about z
phenomenon known as "relaminarization' in which a
boundary layer that was originally turbulent would
tend to behave more like a laminar boundary layer.
Figure 8, taken from ref 28, illustrates the almost-

 discontinuous drop in heat transfer that accompanies
‘the relaminarization pheonomenon in a nozzle.
.. from the figure that relaminarization occurréd in a

Note

Reynolds number range of one to two million. The
onset of relaminarization is not very predictable,
just as the transition from laminar to turbulent flow
is not predictable either. A parameter has been de-
vised that has proved to be a valuable indicator of
relaminarization susceptability. Such a parameter
reflects the degree of acceleration and is generally

referred to as the "acceleration parameter K". It is
defined as:
He dug
k= 2 dx )
p U
e e

The subscrip - e denotes the edge of the boundary
layer; u is viscosity, p is density, and u is velocity.

Note From figure 8 that there is a definite
trend toward lower heat transfer rates than the flat
plate turbulent flow levels. As the Reynolds number
is reduced, the measured Stanton number deparcs from
the turbulent level and establishes a new curve below
the flat plate turbulent value. Thus, it can be con-
cludedthat accelération tends to diminish heat trans-
fer rates in turbulent flow below the zéro-pressure
gradient flat plate values.

Deceleration brings about| just the opposite ef-
fects from acceleration. In an axisymmetric facility
with the same inlet configuration as reported in ref-
erence 28, it was demonstrated that sizeable enhance-
ments in heat transfer and turbulence intensity would
result frcm decelerated flow. As shown in figure 9

. from referenue 29, the local Stanton number rose to

ratios of 3.25 times the zero pressure gradient value
after deceleration. Turbulence intensity escalated
to 40% in: the center of the diffusing section. As is
indicated on figure 9, separation is a definite pos-
sibility daring a seévere deceleration.

Secondary Flow
The flow in turbines is complicated by the pres-
ence of three dimensional viscous flows that are sub-



ject to pressure gradiants inherent to a particular
type of turbomachine. Srhstantial research efforts
are underway to delineat/ ¢hese secondary flows
experimentally and to create computer programs cap-
able of describing the complex flow patterns. I-
deally one would like to have the three dimensional
compressible flow Navier-Stokes equatioms in a ‘use-
able analytical form.

The categories of secondary flow to be found in
turbomachines-were rather completely discussed in a
series of NACA reports. Their contents are summar-
ized in ref 30. Smoke, ink and paint streaks, and

other visual techniques were employed to demonstrate -

the physical existence of secondary flow patterns.
The visual techniques emploved did not allow com=
pleté mapping of the complex secondary flow patterms
inferred from pressure surveys at the trailing edge
of stators or blades. However, the researchers were
able to discern several important secondary flow
patterns with their techniques. Among them were
the following types of secondary flows:

(1) A "Passage Vortex" in the endwall of a cas-
cade. A portion of the boundary layer in the endwall
of a cascade experiences an overturning due. to
static pressure gradients: acting.on it. As this low
momentum fluid negotiates|the blade passage it ex-
peviences an overturning caused by the pressure
gradient between the prea%urq and suction gurfaces
of the cascade. It eventualyv hugs the suction sur-
face in the endwall corner and forms a vortex
stream on exiting from the cascade. It was demon-
strated that this passage vortex continued this
behavior when it entered a downstream blade row. I:
continued to be influenced by the pressure-to-suc-

tion pressure gradient and thus, did not experienco -

the same turning as the main flow. -

More recent investigations of the behavior of
the passage vortex in ref 31 have revealed that
overturning of the boundary layer on an endwall can
result in the separation of that boundary laver
near the leading edge of a blade row. Subsequently,
the separated boundary layer becomes a passage vor-
tex. - A thin, laminar boundary layer replaces the
separated one.

(2) "Radial Secondary Flow' was observed in a
stator row of an annular cascade in reference 30.
From shedr streaks apparent on nondrying paintf and
from pressure surveys made at the exit of the
stator row, it was concluded. that most of the low
energy boundary layer accumulated at the hub of the
cascade. Some secondary flow was evident at the
“ tip and in the wake region, biit-‘the majority was
associated with the hub region. A radically dif-
férent distribution of secondary fluid would occur
in a rotating blade row.  The imposition of.a cen-
trifugal force field promotes secondary flow mi-
gration toward the tlﬁ region of the rotor where
the major portion of the low energy boundary layer
will accumulate. Thus in a turbine; the secondary
flow will build up alternately at the ‘hub and tip
regions of the machine. With multistaging, these
buildups could lead to sizeable accumulations of
secondary fluids in the final stage or istages of
axial turbomachinery. Obviously, the .presence of
large accumulations of seconddry flow will, influ-
ence aerodynamic performance‘and heat cransfev in
the regions affected.

In reference 30, the authors were able to vis-
ualize vortex formation in the tip clearance region
of a cascade. Tnis vortex was completely separate
from the "passage vortex" described earlier. Both
vortices were observed simultaneously and exhibited

“"mix when near to one another.

opposite rotations and did not show any tendency to
Despite the apparent
independence of these vortices, the tip clearance
secondary flow was a significant contributor to the

__overall secondary flow effects observed in a cascade,
There has to be an interaction between the "passage"

and "tfp" vortices in establishing the overall sec-
ondary flow. The local convective heat transfer
will be coupled to the secondary flow pattern.

Transition

Characterizing the boundary layer as laminar or
turbulent is a major question in prediction of the
heat transfer from the hot gas to the blade or stat=
or surface of a turbine stage. Therefore, it would
be highly desirable if a general analytical method
would exist for predicting the nature of the boundary
layer. In the predictive method, STANS transition

is determined by a momentum thickness driterfa. . How-
ever, what might be termed a general method fior pre-
dicting transition conditions does not exist. Some
success has been enjoyed in particular cases where-
in experimental information provided reference-data
that could be used in linear stability theory to
predict the change in laminar or turbulent conditions
in the boundary layer.

A:number of linear stability theories have been
developed as mentioned in ref 32. For some condi-
tions, ‘linear stability sseems to work well but it is
also possible to find cases where it fails. .In tran-
sition theory, it is the inherent établlity of the
boundary layer flow that is being analyzed. 1In flow
applications such as turbine blading, external dis-
turbances frequently trigger transition conditions
and ‘these extérnal influences cannot be easily in-
corporated into the theory.

With regard to turbines, there appears to be
the necessity of accumulating more experimental data
on the nature of the boundary layers on the suction
and pressure surfaces of blades and vanes. There
are so many simultaneous effects that bear upon the
boundary layers to cause transition or detransition
conditions. 1In fact, any of the flow factors men-
tioned in this paper will influence transition.

CONCLUSTONS AND RECOMMENDATIONS

From wiat is known about predicting the local
heat transfer rates associated with flow over
bladesi or vanes in turbines, the following listed
effects contribute to excessive predictive uncer-
tainty.

1. At the leading edge of a blade or vane| chere
is insufficient knowledge about the interaction-of
the unsteady, turbulent free stream with the stag-
nation: boundary-layer. Research has confirmed that
a system of vortices develop upstream with theit
axes normal to the axial flow plane. The interac-
tion of the upstream vortex array with the growing
boundary layer in the region of stagnation needs
further experiméntal investigation and the results
thereof incorporated into an analytical model of
the boundary layer development for that region.‘

2. _For the pressure and suction surfaces,'
curved channel experiments should be executed that
simulate more closely the initial- boundary layer
history of flow over a blade or vane. The blade
boundary layers begin differently from the curved

channel boundary layers cited in the literature.
Differing boundary layer history can affect local
convective heat *ransfer rates appreciably.

3. The infiuence of seconddry flows on the
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structure of the surface boundary layers needs fur-
ther assessment. It is rizcommended that development
of an analytical model of the secondary flows in a
turbine passage be given high priority. Once con-
girmed as an analytical tool, the results of this
program can be used in the assessment of secondary
flow effects on heat transfer. It is recognized

that the secondary flows are particularly severe at
the ‘endwalls, but they are prasent in every zone of
the blade or stator passage. A more quantitative
representation of the secondary flow behavior: is
needed to improve the heat transfer prediction.

4. Of general interest for thé entine blade or
vane geometry is the effect of free stream turbulence
scale and intensity on the structufe of the boundary
layers and the attendant heat transfer. A similar
issue is the effect of free stream‘unsteadiness on
the structure of the thermal and velocity boundary
layers. In the real engine, flow unsteadiness and
induced turbulence are what the turbine sees. The
real engine flow unsteadiness and turbulence has:to :
be characterized so that the experiments simulate
actual conditions, including combustion turbulence.
The major uncertainty in predicting gas side local
heat transfer rates anywhere on the blade is the
interaction of free stream unsteadiness and turbu-
lence with the boundary layers on the blade. Such
interaction will determine the nature of the boundary
layer, conrrol the mechanism of transition and in
the lasc unalysis, establish the levels of heat trans-<
fer. :
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