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SECTION I

INTRODUCTION

Boundary l ayer flow and ups tream wake effects have long been
recognized as important to the performance of turbine airfoils. Ai r-
foil boundary layer behavior influences properties such as heat
t ransfer  rates , lift and drag coefficients , and even the wake sha pe and
dimensions. Upstream wakes often play a role in determining blade
structural stresses by influencing flow-induced vibration and
flutter.1 ’2 When a principal frequency of the upstream wake (most
probably the wake crossing frequency) is close to a blade natural fre-
quency, resonance can be expected to lead to premature fati gue failure
of the blade . With the current emphasis on longer operating periods
between scheduled maintenance , on increase d engine li fe , and on more
efficient performance, cons idera tion of upstream wa ke effects on the
airfoil boundary layer may yield design improvements not previously
cons i dered .

Generally, the demand for increased gas turbine efficiency has
forced designers to seek methods of using higher inlet gas temperatures.
As emphasized by Ludwig, 3 an increase in turbine inlet temperature of
100°F can result in a power increase of 10% combined with a cycle
efficiency increase between 1-1/2 and 4- 1/2% . Unfortunately, turb i ne
blade temperatures and stresses place severe limi tations on the
allow able inlet temperature. Gas turbi ne designers have generally
relied upon exotic materials such as cobalt— and nickel-based alloys to
permit local blade temperatures as high as 1900°F.” However , the
ability of such materials to withstand the comb i nation of high stresses
and high temperatures found in gas turbines is rapidly being exceeded.

-‘ Much research is being directed toward the development of
efficient cooling methods . Convection , f i lm, and Impingement cooling
methods have been shown to be effective and may permi t inlet tempera-
tures of at least 2500°F. Transpirati on cooling designs which use less
cool ing fluid and permit higher inlet gas temperatures are currently
being studied . Because each of these methods requi res the extraction
of cool ing air from the compressor , the poss ib le i ncrease in eff iciency
realized by a higher inlet temperature is greatly lessened through the
decrease in mass of the working fluid. For this reason, blade cool ing
systems must be optimi zed to achieve higher engi ne efficiencies .

Design of efficient blade cooling systems requires considerable
knowledge of boundary layer behavior around the surface of the airfoil.

__________________________________________ - - - --_ _ _ _
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The surface temperature distribution is directly infl uenced by local
convective hea t transfer coefficients which are strongly influenced by
boundary layer flow. The importance of bounda ry layer behavior is
readi ly understood when one considers that the heat transfer coef-
ficient in the l ami nar boundary l ayer is as little as one third of the
coefficient for turbulent bounda ry l ayer flow . Because most turbine
ai rfoi l boundary layers are initi ally laminar and become turbulent
somewhere along the surface , the trans iti on region loca tion , extent,
and properties also become important . Many desi gners have assumed that
the pressure surface boundary l ayer becomes turbulent almost immedi-
ately after the airfoil stagnation point. However , Cumsty5 has
recently found a transition region extending from 50 to 95% chord along
the surface of a two—dimensional turbine airfoi l model in a stationary
cascade operated at a blade chord Reynolds number of about 2 x iO~. In
addition , Wal ker and Markland6 ’7 were ab l e to succes sfully predict
suc tion surface heat transfer , but had littl e success for cascade
pressure surfaces , leading them to conclude that much of the pressure
surface boundary layer must be “intermi ttently turbulent. ” Brown and
Martin 8 also concluded that available prediction techniques failed to
descri be the boundary layer flow and heat transfe r characteristics
a long  the pressure surface of a turbi ne a i rfo il, especially for
favorable pressure gradients . The former assumption would thus gi ve
the maximum cooling that mi ght be needed for the pressure surface, but
knowledge of the actual transition region location and extent could
permi t a reduction in coolant needed for l ami nar or transitional
regi ons of the boundary l ayer.

The location of the transition region can be infl uenced by various
fac tors , many of which are listed below .’’’0

1~ Pressure gradi ent
2) Free—stream turbulence level
3) Unit Reynolds number
4) Shock wave/boundary l ayer interaction
5) Mach number
6) Surface roughness
7) Surface curvature
8) Temperature gradients
9) Suction or blowing

/ 10) Passing wakes or unsteady fl ow
11) Wind tunnel dimensions
12) Surface vibrations

• l~ Acoustical phenomena

These factors are not linear in their application , and data obta i ned
for individual effects does not necessarily indicate the trends that

— mi ght be expected when the factors are combined. For instance , s urface
roughness normally too fine to infl uence transition region location can
suddenly become important and cause early trans ition if the boundary
l ayer should be greatly thinned by a combination of favorable pressure
gradient , convex curva ture , and surface cool i ng , each of which by
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i tself would normally delay the start of transition .’ Thi s large
number of i nfl uenc i ng fac tors also complica tes the compar i son of da ta
from different test facilities because each installation has a unique
combi nation of characteristics that may influence boundary layer
development. —

In order to determine the effects of an upstream wake on boundary
l ayer transition , the characteristi cs of the wake itself must first be
established . As i s the case for boundary layer studi es , theoretical
and experimental wake studies have generally been based on simple
geometri es suc h as fla t p la tes or c i rcular cylinders p laced at var ious
inc i dence angles with respect to the flow . Other studies have involved
flow past individual airfoils or two-dimensional airfoil cascades. The
flow around an actual turbine airfoil is highly three-dimensiona l and
di fficult to analyze either theoretically or experimentally. However,
some recent studies have been made of the flow behind turbomach i nery
casca des. ’1 ’’2 ’’3~~”

The study of wake effects on a downstream cascade of airfoils has
been approached theoretically and experimentally by only a few investi-
gators . Because of the complexity of the flow , theoretical analysis
for wake effects on downstream boundary layer development is often
heavi ly simpl i fi ed and limi ted in scope . The upstream wakes are often
modeled using experi mental data from individual airfoils or other
surfaces and by assuming that the cascade wake is simply a summation of
individual airfoi l wakes , a direct violation of continuity . In
addition , the close spac i ng of the casca des i n turbomachi nery can
permi t the velocity profiles of the downstream cascade to influence the
upstream casca de ’s wake profile in the subsonic flow.15 Experimental
study of wake effects is , fortunately, less difficult but also yields a
less general result. A number of boundary l ayer studies have included
exami nation of the effects of acc-~stic or wake phenomena on the tran-
sit -ion region , often utilizing circular cylinders for wake production.
One such study was made by Kiock ’6 who used an oscillating gri d of
circular cylinders upstream of a turbine airfoil cascade . Through
these experiments , considerable upstream wake infl uence has been shown
on the suction surface boundary l ayer trans i tion region.

The current study has been directed toward experimentally defining
pressure surface boundary layer transition region and wake character-
istics of an enlarged two-dimensional turbine airfo il cascade. A
literature survey has been made to determine the most probable effects
of upstream wakes on the transition region. The pressure surface was
chosen for study because transition along this surface has been ignored —

in most turbine airfoil calculations. Also , no significant study has
been made of upstream wake effects on the pressure surface boundary
l ayer . The cascade facility constructed for this study was designed to
accommodate circular cylinders to create upstream wakes. It is hoped
that such a study would be accomplished , since some of the work has
already been done during the current research project. 
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SECTION II

THEORETICAL AND EXPERIMENTAL BACKGROUND

2.1 GENERAL DESCRIPTION OF BOUNDARY LAYER TRANSITION AND STABILITY
THEORY
Despite considerable theoretical and experimental efforts during

the more than 70 years since Prandtl’7 first described the boundary
l ayer concept in 1904, the mechanism of boundary l ayer transition is

— still not fully understood. Experimental efforts have succeeded in
finding many characteristics of the transitioning boundary layer , but
have failed to show the actual mechanism leading to transition. Like-
wise , stability theory has done much to show how a lami nar boundary
layer can become unstable and the trends to be expected under the
influence of different effects ; but the theory has not yet shown what
takes place between the point of neutral stability (critical point)
and the onset of transition. Schlichting ’8 suggests that more work
resembling that of Stuart” needs to be attempted using nonlinear
stability theory to solve the problem . Kistler ,2° on the other hand ,
suggests that the Navier-Stokes equations commonly used for stability
theory calculations may fail to completely represent physical con-
ditions in the boundary l ayer, and proposes the use of molecular theory
instead. Kistler further states that , in severe velocity gradients ,
air can act as a non-Newtonian fluid causing many of the usual
boundary l ayer assumptions to become invalid . Whatever the case ,
complete theoretical representation of the transitioning boundary l ayer
is not currently available although many properti es are already known .

When the l aminar boundary l ayer is firs t developing , all dis-
turbances , regardless of frequency , are damped. After the lami nar
boundary l ayer has developed sufficientl y, a point of neutral stability
i s reached , At this point , disturbances of certain critical fre-
quencies are neither damped nor amplified. The Reynolds number at
which this condition occurs is called the cri tical Reynolds number and
may be predicted by linear stability theory. Past the point of neutra l
stability , some disturbances are amplified to form either standing
streamwise (Taylor—Görtler) vortices , or traveling spanwise (Tollmien—
Schlichting) waves which continue to be amplified . After sufficient
amplification , these waves i nterac t w ith the mean flow caus ing large
nonline arities . At some point , turbulent spots (first noted by
Emmons 2’) separate from the waves and grow in size unti l they merge to
form a completely turbulent boundary l ayer.

4
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B~ us i ng kerosene va por , Brow n ,22 2 3  Knapp, 2” and Knapp and
Roac he ~ were able to observe boundary layer transition (Toilmien—
Schlichting) on an ogive-nosed circular cylinder (Fiq. 1). As
opposed to some previous thoughts that transi tion was a relatively
Continuous process varying only in spatial position , the boundary
layer transition was found , through the use of high-speed moti on
picture photography , to occur as a sequence of events fo ll owed by a
period of time during which the bounda ry layer was essentially lamina r
except beyond the maximum transition region limi t where the boundary
layer was turbulent at all times . The transition process firs t con-

‘- sisted of Tollmien — Schlichti ng waves (in this case , formi ng rings
around the cylinder) which were amplified until three-dimensiona l
deforma ti ons oc curred to form vor tex trusses . These trusses then
broke down , accompanied by a tearing off of turbulent spots just prior
to the development of fully turbulen t boundary layer flow . The
turbulent spots tearing away f rom the vortex trusses bear a resemblance
to the growth of turbulent spots described by Emmons ,2’ Mitchner ,26  and
Schubauer and Klebanoff .27 In fact , McCormick28 showed excellent
correlation between Emmons ’2’ spot theory and the data of Knapp .2”
After this vortex breakdown , the boundary layer transition region
became essentially l ami nar and the whole process started again ,
although it might be initiated at a slightly different spatial
loca tion . This cycle was found to occur at approximately one-fifth
the disturbance wave frequency and was L

~~~lt to relate to the inter-
mittent characteristics of transition observed by other authors
(Refs. 21 , 29, 30, 31). Brown22  offered the explanation that a
favorable pressure gradient resulting from the development of turbulent
flow mi ght be responsible for the observed lami nar periods .

The introduction of sound having a frequency about the same as the
disturbance wave frequency (about 0.8 to 1.2 times the natura l
frequency 32) was found to decrease or eliminate the l aminar period ,
making the process relatively conti nual , and to fix the initial
appearance of the Tollmien—Schlichting waves spatially. Sound of fre-
quency close to the frequency of occurrence of the lami nar periods was
found to cause the laminar periods to occur more regularly at the
acousti c frequency and to become more pronounced . When the boundary
l ayer was subjected to cross flows of sufficient intens i ty , Brown 32
found spot or transient transition resembling that of Enrons2’ to be
very noticeable wi th very littl e of the organized motion just described .

Smoke flow visualization experiments by Bergh and Berg 3 3  along the
surface of a symmetrica l airfoi l also showed traveling waves of an
almost constant frequency , amplifying unti l turbulent patches appeared
to tear away from the waves . Neither the intermittent l aminar period ,
if present, nor details of the three—dimensiona l deformation could have
been observed , however , because the camera axis paralleled the blade
span and stroboscopic techniques were used , showing only peri odic
phenomena as discussed by Brown .2 2  The use of sound to disturb the
boundary layer showed that a small frequency range near the Tollmien-
Schllchting wave frequency could amplify the waves slightly and alterS
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their frequency to conform to the source. Sound at frequencies greatly
different from the natura l wave frequency again yielded almost
neg lf g~ble effect on the bounda ry layer development.

— Based on the experimental results of Schubauer and Klebanoff ,2 7

Lin and Benney 3” developed a nonlinear theory which showed the likeli-
hood of streamwise vortices (axes ali gned with the flow direction)
formi ng as the Tollmien -Schlichting waves are amplified . This theory
was further developed by Nelson and Craik 35 and by Anta r and Collins .36

These vortices were found to be strongest when the streaml i nes created
by the Tollm ien— Schlichting waves were convex ,3” possibly explaining
the deformation described by Knapp and Roache 2” ’2 5  as region R2 in
Fig. 1.

The phenomenon discussed thus far is termed “natural transition ”
and is the basis for most stability theory analyses . In practice ,
natura l transition can be expected to occur at small disturbance levels
(low free-stream turbulence level ) on smooth surfaces in the absence of
a strong adverse pressure gradient. However , Bennett 3 7  observed
natural transition of the Tollmien -Schlichting type at free-stream
turbul ence leve l s (u ’/U~) as high as 0.42%. In the presence of large
free—stream velocity fluctuations or a large adverse pressure gradient ,
it is often assumed that the mean flow pressure fluctuations cause
severe deformations in the velocity profile leading to separation of
the lami nar boundary layer , and development of a turbulent boundary
l ayer once the flow reattaches to the surface. The form of instability
to be expected in any given situation depends on the geometry of the
surface and the nature of the surrounding flow . For most cases of low
free—stream turbulence level and favorable or mildly adverse pressure
gradients , Tollmien — Sch lichti ng instability becomes dominant at low
degrees of concavity . In cases of high free—stream turbulence level
and severe adverse pressure gradients , laminar separation can be
expected to precede boundary layer trans i tion.

In mos t case s, stability theory is based on the Navier-Stokes
equations , the conti nuity equation , and sometimes the energy equation.
The velocity components are comprised of a mean velocity component and
a fluctuati ng component (assumed small). The velocity , wri tten as the
sum of these two components , is then substituted into the equations and
terms are eliminated through order of magnitude analys is. Physical
considerations are used to further eliminate terms and to supply
boundary conditions for solution of the equations . Reduction of the
equations in this manner generally yields the well-known Orr-Sommerfeld
equation. ’7 Elimination of viscous terms results in the frictionless
stability equation that yields a point of inflection in the velocit y
profile as the condition for boundary l ayer instability to occur.
Often , a two—dimensional disturbance has been assumed and has been
shown by Squire 38 to be the dominant disturbance for two-dimensional
incompressible flow . However , Dunn and Li n~

9 showed that in corn— 
-

pressible flow , the three—dimensional distu rbances could , under certain
conditions , be more critical than the two-dimens ional.

7
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Generally, reduction of the stability equations yields a linear or
nearly linear equation that can be solved by numeri cal analysis. How-
ev er, transition tends to be a hig hly nonlinear phenomenon and linear
theory cannot be expected to predi ct what happens beyond the point of
neutral stability . Also , stability theory is based on the concept of
infinitesimal disturbances and is unable to predict the eì ct of free-
stream turbulence in real situations . For these reasons , some efforts
have been directed toward the development of nonlinear theory which , if
success ful , may help to describe boundary layer development beyond the
criti cal point. ’9 ’”0

2.1.1 Effect of Free—Stream Disturbances

The importance of free—stream disturbances was fi rst discovered
when it was found that identi cal spheres placed in different test
facilities at the same Reynolds number gave greatly different values
for the drag coefficient. Since that time , the development of instru-
mentation such as the hot—w i re anemometer and frequency analysis
equipment has greatly simplified the problems of determining the free-
stream turbulence l evel , its spectrum , and its effect on transition.
Free—stream disturbances are often categorized as free—stream
turbulence , acoustic phenomena (discrete frequencies), and unsteady
flow . In addition , surface vibration may have a similar effect on the
transition region. In a gas turbine all of these may have a signifi —
cant effect on the boundary layer flow .

Generally, the effect of increased free-stream turbulence
intensity is to decrease the transition Reynolds number (cause early
transition). Howeve r, stability theory has shown that the boundary
l ayer is more sensitive to disturbances at certain frequencies than it
is to others , Therefore , information about the magnitude of the free-
stream turbulence level must be supplemented by knowledge of the
frequenc; sp€ :trum. This was confirmed by the experiments of Spangler
and Wells ”’ ’”2 who studied flat plate transition in a zero pressure
gradient while paying particular attention to the frequency spectrum of
the disturbances . By vary i ng the frequency spectrum of the disturbance
it was found that the transition Reynolds number varied in much the
same way stability theory would predict for the critical Reynolds
number. The boundary l ayer was found to be sensitive to the intensity
of disturbances at certain frequencies while it was very much insensi-
tive to others . It was found that , for these sensitive frequencies ,
the location of transit ion could be controlled by varying the intensity
of the distu rbance . Only a slight change in the fundamental dis-
turbance frequency was needed to reduce greatly the sensitivity of the
boundary l ayer. Through careful contro l of the free-stream turbulence
level and spectrum , a flat plate transition Reynolds number of
4.9 x 106 was achieved for free-stream turbulence levels below 0.1%.
Similar results were found by Collins and Zelenev i tz”3 and Brown and
Goddard ”” who found that acousti c phenomena at certain frequencies not
only could contro l the transition region location , but also could cause

8
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reattachment of a separated laminar boundary l ayer , sometimes leading
to “bubble transition. ”

Heckl and Jackson ”5 studied the effects of distributed surface
vibration on the boundary layer flow . It was suggested that the wave
speed (aw = Xf) of the disturbance rather than the disturbance fre-
quency determines the effect on boundary layer transition. The
boundary l ayer was found to be most sensitive to a wave speed such that
aw = 0.35U~. This was considered true whether the disturbance was
surface vibration or acoustic phenomena . Reshotko ,”6 however , sugges ts
using the dimensionless parameter ev/U~ where ~ is a characteristic
frequency of the disturbance spectrum . As a result of a 50,000 ft
change in alti tude (standard atmosphere) this number changes by one
order of magnitude. Reshotko thus suggested that the change in this
parameter with pressure can also account for the unit Reynolds number
effects observed in various test facilities .

Theoretical studies of the interaction between free-stream dis-
turbances and the laminar boundary layer were made by Crimi nale ”7 and
by Wazzan , Li , and Taghavi. ”8 Wazzan , Li , and Taghavi found that free—
stream vorticity could strong ly affect the transition Reynolds number ,
especially when calculations were based on amplification factors such
as used by Smi th .”9 Crimi nale ”7 developed a theory to esti mate the
effects of discrete sources of turbulence at specified locati ons in the
free—stream on boundary layer stability . Free-stream pressure fluctu-
ations were felt to be more critical than vorticity . The eigenvalue
solutions of linear stability theory based on infinitesima l dis-
turbances were found to become fully valid only when the disturbance
was assumed very far from the surface relative to the boundary layer
thickness .

Unsteady flow measurements were made by Satyanarayana 5° for the
wakes and boundary layers of an isolated symmetric airfoil and a
cascade of the same airfoils. The flow was made unsteady by defo , -
mation of the tunnel walls as sinusoidal traveling waves . The
boundary l ayer along the isolated airfoil was found to change cyclic-~11y
from laminar to turbulent and back to laminar along each surface, For
the cascade (stagger ang le = 45°), however , the boundary layers along
the lower surfaces (geometrically corresponding to turbine cascade
suction surfaces) of the cascade were fully turbulent while the upper
surface boundary l ayers were found to fluctuate in the same way as the
isolated airfoil. Time—mean velocit y profiles were also shown to be
greatly different from the unsteady wake profiles . Like other complex
flow situations , the theory for unsteady flow is difficult and much is
left to be accomplished toward full solution of practical cases .
Yalamanchili and Erickson 5’ have presented a numerical solution tech-
nique as well as a review of the limited literature in this field.

2.1 .2 Pressure Gradient Effects

Besides the free-stream turbulence level , the effects of imposed
pressure gradients upon boundary l ayer transition cannot be ignored for9



airfoil boundary layer calculations. In a favorable pressure gradient ,
the start of transition is delayed and the length of the transition
region is increased . A mild positive pressure gradient produces an
infl ection point in the velocity profile and , thus , leads to early
transition and a shortened transition region. Large adverse (positive)
pressure gradients lead to l aminar separation with possible reattach-
rnent and early transition . Large favorable (negative) pressure
gradients can completely stabilize the bounda ry l ayer to two—dimensional
disturbances and even cause an existing turbulent boundary l ayer to
revert to laminar flow .52 ’5 3  For mild pressure gradients , transition
is similar to that observed for zero pressure gradients , although the
location may be different.

The effects of pressure gradients nave been studied theoretically
and experimentally. The pressure gradient is generally nondimension-

dU r2
al i zed by the Pol hausen parameter [ A~ = (62/v) (-

~~
-
~~~~) 

= -(  
~~ ) (~2~) or

5~ dU X ~~V.j ux
= — — _

~~~~
] . Tan-i suggests that the critical Reynolds number

based on displacement thickness ( U~5,/v ) is roughly proportional to
e0 6 A6 for —3 < A < 3 based on flat plate studies (for a flat plate in

j zero pressure gradient ( U~S ,/~)crit 42O).’~ The beginning of the
transition region , however , does not vary quite as rapidly. The tram-

0 . 0

sition Reyno l ds number ( U~~1/v ) was found to vary as e for the
same range .

2.2 PREDICTION OF TOLLMIEN-SCHLICHTING TRANSITION REGION LOCATION

2.2.1 Empirical Equations

As already discussed , linearized stability theory is capable of
predicting only the point of neutra l stability . As the initial
disturbances are amplified , interactions with the free—stream flow
create highly nonlinear conditions which make theoretical prediction of
transition very difficult. A number of methods for predicting tran-
sition region location have been developed , however , generally based on
a combination of theory and experimental evidence.

Among the simpler predictio n methods available are those i nvolving
empirical equations based on experimental data . One such equation , 

-

developed by Van Driest and Blume r ,5 5  is based on the data of Dryden ,~~Schubauer and Skrams tad ,5 5  and Hal l and Hislop 57  for flat plate
boundary l ayer transit ion in a zero pressure gradient. The resulting
equat.ion is given as follows :

l690/Re
~
2 = 1 + 19.6 Re

~
2 (u’/U

~
)2 (1)

where Re~ 
is the Reynolds number based on the distance from the

L 

leading edge and (u ’/U ,,) is the free—stream turbulence level. The form
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of the equation is derived from the Taylor 58 assumption that transition
in the presence of free-stream pressure disturbances takes place
following distortion (and separation) of the laminar boundary l ayer and
that the vorticity Reyno l ds number [(y2/v)(du/dyfl~~ is a suitable
index for determining when transition has occurred . The number 1690 in
the equation represents the vorticity Reynolds number at transition.
As a result of the higher transi tion Reynolds number obtained at low
free-stream turbulence l evels , We l ls~’ rewrote Eq. (1) using slightly
different constants :

222O/(Rex
)2 = 1 + 38.2 (Rex)~(u

h/U
~
)2 (2)

To consider the effects of pressure gradient , Van Driest and Blumer 55

used the Poihausen fourth—degree velocity profile along with the same
assumptions used for Eq. (1) to develop the following equation:

9860/Red = 1 - 0.0485 + 3.36 Re~ (u ’/U0,)2 (3)

where Re~ is the transition Reynolds number and A~ is the Poihausen
pressure parameter , both based on boundary l ayer thickness. Van Driest
and Blume r recalculated the equation for the Falkner-Skan velocity
profile 59 and found reasonable agreement between the two solutions .

Hall and Gibbings 6° compared a number of bounda ry l ayer transition
equations and techniques with available experimental data dealing with
the effects of free-stream turbulence level and pressure gradients .
For turbulence levels greater than 3%, Hall and Gibbings found that
Eqs. (1 through 3) did not accurately refl ect existi nq experimental
da ta. Equation (3) was also found inaccurate for favorable pressure
gradients such as might be expected along the pressure surface of a
turbine airfoil. In addition to examining prediction techniques pro-
posed by others , Hall and Gibbings also developed a prediction method
of their own involving the use of empirical equations . By plotting all
ava ilable experimenta l data on a semi— logarithmi c scale , Hall and
Gibbings obtained the following empirical equation for predicting the
start of a transition region with a zero pressure gradient:

log~~(R e~ - 1 9 0 ) =  - 103 (u’/Uj + 6.88 (4)

An equat ion  for the end of the transition region was developed by
assuming the turbulent boundary layer started at zero thicknes s at the
start of the transition region and grew according to the one—seventh
power law , a method originally suggested by Dhawan and Naras imha .6 1

The following equation is the result of such an assumption:
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Re
~ end = 0.036 (Re )O.8 (5)

2 Xtr

By assumi ng that the end of the transition region followed the same
asymptotic behavior at high turbulence levels as the start , the
followi ng equation was obtained by Hall and Gibbings 60 :

‘og~ (Re d end - 320 ) = - 44.75 (u’/U~) + 7.70 (6)

An interesting result of the curve is that the minimum value for fully
turbulen t flow i s Re 52 = 320, the s ame value as was propose d prev ious ly
by Preston,62

In order to consider the effects of pressure gradients on the
transition region , two separate techniques were proposed by Hall and
Gibbings depending on whether the gradient was positive or negative .
For < 0, curves of cons tant Reó, were drawn by using Eq. (4)
a boundary condition at = ~ For A~2 > 0, the curves were drawn

F parallel to the Pretsch63 stability curve , again being fit by Eq. (4)
at A 62 = 0. Because the curves were chosen to fit the data , rather
close agreement was found . However, no evidence was provided that the

— technique would still be successful if the free-stream turbulence level
were i ncreased in a nonzero pressure gradient. In fact, Dunham6”
stated that recent work shows the empirical curves based on Eq. (4)
gi ve too low a value for Rextr for (u’/U~ ) > 3. Also , the curve does
nothing to further unders tanding of the mechanism of transition.
Never the l ess , it can be useful for estimating the extent of the tran-
sition region.

Dunham6” developed the follow i ng equation for calculation of
natural transition when the cross-sectional area norma l to the flow is
varying (as in a turbine blade cascade):

Re6 = [0.27+0.73 exp (-0.8 Tu)]
2 

[550+ 680 (1 +Tu+2lA 6 )
’] (7)

such that —21A 6 
- Tu > 0.75. The equation is based on the work of

Batchelor 65 and makes use of a mean value for turbulence level
[lu = 1 /2(Tu , + Tu) I , where Tu,,, i s the upstream turbulence leve l
(u ’/U,,) and Tu is the turbulence level at the station being considered
as given by

12 



- ~ —--- — - — ----— ~~~-~-- —.~~.--- ~ - - --
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~

- -
~ 

—V- —

Tu - [1 (1 + 
F ~ (8)

where c is the area ratio of the upstream positi on to the local
position (c > 1 indicati ng a contraction), and F is given by one of the
following relations :

F = 
tan 

1 

- 1 
, when c < 1

or (9)

loge [c ’
~~

5 (1 + ~~l - C
F =  

_ _ _ _ _  
, wh e n c > l

Dunham suggested that transition would never occur for most practical
cases if —21A6 - Tu were greater than 0.75. Dunham also suggested a
technique for ~redicti ng transi tion in an adverse pressure gradient
following a laminar separation bubble rather than amplified Toilmien-
Schlichting waves . This technique is discussed in Re~s. 9 and 64. The
cri terion for separation was given as the point where A 6 = +0.09.

2.2.2 Spatial Amp lification Factors

In order to permit the estimation of transition region location
through the use of stability theory , rather than purely empirical
methods , Jaffe , Okarnura , and Smith”9 suggested the use of spatial
amplification factors as an indicator of transition. As with mos t
other stability theory analyses , the techniques developed by Smith and
his coworkers are based on the Orr-Sommerfeld equation. However,
unlike much stability theory that assumes tempora l growth of the
disturbance , spatial growth is assumed . The linear amplification
factor presumably represents a ratio between the disturbance amplitude
at transition and the ampl i tude at the critical point. However , as
discussed by Stuart ,’9 interactions between the growing disturbance and
the free—stream , as well as three dimensional deformations of the
di s turbance wa ve, limit the growth to much less than represented by the
spatial ampl ifi cat ion fac tor calcu l ated ~t transition.

A justification for using spatial amplification factors was pro-
vided by Liepmann 66  who suggested that trans i tion would occur whenever
the Reynolds stress reaches the magnitude of the l ami nar shear stress.
As opposed to empirical equations , the use of amplification factors
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permi ts the estimation of transition region location for varying
curva ture , pressure gradient , and other factors that can be calculated
by stability theory without need to obtain considerable experimenta l
data to extend the range. Hall and Gibbings 6° found that the use of
spatial amplification factors gi ves rela ti vely accura te resul ts i n
favorable pressure grad ients , but not in adverse pressure gradients .
This , however , would indicate possible use in turbine airfoil boundary
l ayer calculations where favorable pressure gradients are general ly
encountered along most of the airfoil surface.

As already mentioned , the amplification factor calculations of
Smi th were based on the Orr—Sonuiierfeld equation given as follows ’8 ’”9 :

(U-c)(~ ” -a2~) ~~~~~~~~~~~~ 
~~~~ 

(~“ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (10)

where the primed quantities represent derivatives with respect to y/6,
~ is a complex number of which the imaginary part is the disturbance
amplification rate and the real part is the wave number , U = u/U~, andc is a complex number where the real part represents the phase speed.
A two—dimensional spatial distu rbance resembling Tollmien— Schlichti ng
waves was assumed . The calculation is initiated outside the boundary
layer and proceeds to the sur face using a finite difference approxi-
mation . By i teration , a disturbance wavelength is selected such that
the amplification factor becomes a maximum at the surface location
being considered. When transition is found to occur , the wavelength
exhibiting the highes t amplification number at that point is assumed to
represent the disturbance causing the transition.

By calculation of the amplification factors for a large variety of
Tol lmien — Sch lichting data along flat plates and bodies of revolution ,
Smi th found a range of e6~

8 to e’2’’ for the spatial amplification
factor. The average was found to be about e’°, comparing favorably to
values of e9 previously found by Smith and Gamberoni 67 and e 7 or e8 by
Va n Ingen. 6 8  Because the stability theory on which the Orr-Sommerfeld
equation and subsequent amplifi cation factor calculations were based
assumes zero free-stream turbulence , the data selected for comparison
generally represented low free-stream turbulence levels. It can be
expected , however , that an increase in free-stream turbulence would
result in a decreased calculated value for the spatial ampl i fication
factor at transition . In fact, the previously mentioned Liepmann
criteria (Reynolds stress (TI) having the same order of magnitude as
the lami nar shear stress (-t L)yields transition)” tend to confirm this
expectation when presented in the following form :

[ (-r.i.) max/ rL ]= (l/cf1 ) [Kb (u’/Uc.,
)2a2(x) ]max (1 1)

where b = v/u ’ (the ratio of y fluctuation velocity component to x
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veloc ity fluc tuation component) , cfl is the l ami nar skin friction
coefficient , and K = u ’v ’/uv (the correlation coefficient). Both the
free—stream turbulence level (u~/U~ ) and the spatial amplification
factor (a(x)) can thus be expected , by the Liepmann criteria , to play
an important role in determining transition location . Increased free-
stream turbulence would require a decrease in amplification factor if a
fixed shear stress rati o were assumed to indicate transiti on .

2.2.3 Turbulence Models

In order to theoretically consider the effects of free-stream
turbul ence on trans iti on , McDona ld and Fish69 used a turbulence model
and finite difference techniques to estimate the transition region
loca tion and extent. Turbulence models are widely used for calcu l ati ng
turbulent boundary layers , and a number of mode l s are rev iewed i n a
report by Burggraf .7° Typically these models fal l into three cate-
gories ; i.e., (1) those which defi ne eddy viscos i ty by an explicit
relationship of local flow properties , (2) those which use an auxiliary
differential equation to define the transport of turbulence kinetic
energy together with explicit relations for other turbulence properti es,
and (3) those in  w h i c h  the turbulence properti es are defined by a
system of differential equations .7°

McDona ld and Fi sh chose to develop a system of the third type by
defining the stagnation temperature T~, total apparent stress r, and
total effective heat flux Q in the following nanner:

= I + ~
i2/2c~

T = i .i i / ~y - ~~~u ’v ’ —

and ( 12)

Q

A turbu l ence kinetic energy equation was derived by writing the
veloci ties as sums of mean and fluctuati ng components and inserting the
resulti ng expressions in place of veloci ty terms in the Navier-StokesF equations . The i-th equation of motion was then multiplied by the i-th
veloc ity component ex p ress i on , and the resulting equations were sunined .
The resul ti ng equa tion was then reduced by var ious app rox ima ti ons ,

F yieldi ng the following form :
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where q 2 (the turbulence intensity ) = + + ~ and c represents
the sum of the turbulent dissipation terms. The resulti ng equation was
then integrated with respect to y, and s tructura l scales an and L,
together wi th a mi .xing length L, were applied where

— -u t v ’ _ u ’~ v ’2
a, — , a2 — — , a~ — —i--

q q q
(14)

L = 
(_u I v I) 3/2 . = 

(_u I v ) 1
~~
2

C ‘ 
~ /3y

Through a computer solu tion of the resulti ng equations , the start and
length of the transition region were predicted. The effects of free-
stream turbulence , pressure gradient , surface roughness , and heat
transfer can all be handled by the technique. Velocity profi l es , skin
friction coefficients , and heat transfer were predicted for flat plates
as well as for turbine airfoils with a relatively high degree of
success.

2.3 STUDIES OF GOERTLER VORTEX FORMATION

Along the pressure surface of a turbine airfoil , the boundary -
layer transition region is likely to be characterized by G~5rtler
vorti ces which undergo deformations to develop into fully turbulent
flow . These vortices can best be described as contrarotating vortices
having axes parallel to the principal flow direction (see Fig. 2).
G~5rtler vor ti ces are mos t lik ely to occur along concave surfaces suc h
that 6~/R > 0.0005 (where 62 is the boundary l ayer momentum thickness
and R is the radius of curvature) before Tollmien-Sch lichting waves
would be expected to form . In addition , it is also possible for the
Görtler i nstabi lity to occur wherever the s treaml i nes become concave i n
the direction of flow (such as flow near a stagnation region ’7) or when
the forces are analogous to the centrifuga l forces acting on the fl ow
alon g a concave surface (such as ionized fl ow over a charged plate ”).
As a resul t, it is conceivable that turbine airfoil pressure surface
transition could be initiated by Görtler instability near the stag-
nation point as well as along the concave region of the airfoil
surface.
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2.3.1 Early Theoretical and Experimental Discoveries

The mathematical concept of contrarotating streamwise vortices
l eading to boundary layer transition along a concave surface was fi rst
postulated by Görtler ’2 in an effort to learn what mechanism con-
tributed to the early boundary layer transition observed by the
Clausers 7 3  for concave wal l s.  An i ncomp ress ibl e , two-dimensional fl ow
along a wall of cons tant curva ture w ith zero pressure gradi ent i n the
flow directi on was assumed to exist. The disturbance equations were
assumed to take the following form :

u = u0(y ) + u,(y) (cos ctz) exp(~t)

v = v ,(y ) ( cos az) ex p (~t) (15)
w = w,(y) (sin cLz) exp(~t)

and

P = P0(y ) + P,(y ) (cos az) ex p (~t)

By using these assumptions and eliminating terms assumed to be small
relative to others , the Navier-Stokes equations were reduced to the
following forms :

du d2u ,
— a 2u 1 )dy2

2u0 i dP , d2v ,
+ u , —fl—- 

+ -~~
- ~~ = v ( 

d 2 
- c~v 1 )

y (16)
d2w

~w , -~~~P1 = v (  ‘ _ c t2w )
dy

and
-
~ 

dv ,
~~~~~~~~~~~~~~~~~~~~~~~~~

where a is the disturbance wave number and 3 is the amDlification
factor exponent coefficient. Using the above equations and an assumed
Blasius profile , boundary l ayer flow along a concave surface was found
to become unstable much earlier than it would for Tol lmien — Schlichti ng
waves previously found for flat plate flow . However , as shown by
H~mmer li n,7” Smith ,7 5  and Aihara ,’° additional terms such as the mean
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velocity component normal to the wal l must be retained to gain reliable
information about the critical point and other features of the dis-
turbance.

Gör tler a l so recommended the nondi mens iona l parame ter
(Uc06 2 / V ) ( 6 2 / R ) h / 2 ~ based on momentum thickness , as being significant for
determining the transition region location , becaus e it s value was
relatively constant regard less of assumed velocity profile. As dis-
cussed by Aihara ,”° this parameter represents the multiple average of
two ratios , the dissipation of kinetic energy to the production of
kinetic energy and the dissipation of vorticity energy to the pro-
duction of vorticity energy . Görtler found a lower limit of 0.58 for
instability to occur , and comparison with the Clausers ’73 data gave
Görtler parameter values of 8.6 and 10 .6 for full transition.

The firs t real confirmation of the Görtler theory was provided
through the experimental studies of Liepmann. 6 6 ’76 For mildly convex
curvature (J 6 2/RJ~.0.O01) transition was found to occur at about thesame Reynolds number as for a flat pl ate , the Blausius velocity profile
was found to be valid , and free-stream turbulence and pressure
gradients were found to affect transition in the same manner as for
flat plate transition. For concave curvature , however , Liepmann found
results greatly different from flat plate behavior , but in agreement
with the Görtler theory. The Bla±ius profile was again found to be
reasonably valid for the range of effecti ve radius of curvature studied
(16 2/RkO .OOl). It was also shown that the effect of pressure gradient
on trans iti on for concave surfaces i s ei ther zero or very sma ll and
could probabl y be ignored for many practical cases . For effecti ve
curvatures less than 62/R=0.00005 , it was found that the Toilmi en-
Schlicht ing instability was the princ ipa l cause of transition. For
62/R>0.0005 , Görtler instability was found to be the principa l cause
of transition. For values of 62/R between 0.00005 and 0.0005, a
conti nuous change was seen to take place from transition caused by
Görtler vortices to transition caused by Tollmien — Schlichting waves .
The Görtler parameter was found not to be constant , but to vary with
62/R and with the free-stream turbulence level. The Gdrtler parameter
was found to have a value of 9.0 for R/5 , 4 x i0-~ and a free-streamturbulence leve l of 0.06%, and a value o~ 7.3 for R/6, l0~ at thesame turbulence level . The value of 9.0 changed to 6.0 for a turbu-
l ence level of 0.3%.

2.3.2 Spatial Amplification Factors VS the Gortler Parameter

Because of the simp lifications involved in the Görtler analysis ,
Smi th 7 5  developed a means of solving the equations by approximate
methods . One of these i nvolved numerical solution by a di gital
computer , requiring considerable computer time when Smith made his
analysis. The method seems to show promise in predicting actual tran-
sition as well as in finding the point of instability . It makes use of
spatial amplificat ion factors as already described for Tollm ien-
Schlichting trans i tion prediction . The coordinate system used by Smith
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was based on an x.-axis along the surface which was not necessarily of
constant curvature . The y—axis was selected to be always normal to the
surface with singularities (intersections of surface normals) occurring
well outs i de the boundary layer (assuming a radius of curvature much
larger than the boundary layer thickness , a valid assumption for most
turbomachine applications). The z—axis paralleled the axis of local
curvature . The assumed disturbance was of the followi ng form:

u(x ,y) = u0(x ,y) + u ,(y ) cos az exp(f~(x ) dx)

v (x ,y) = v0(x ,y) + v ,(y) cos az exp(f~ (x )dx )

w(x ,y) = 0 + w (y) sin az exp(.~ (x)dx)
(17)

and
p(x ,y) = p0(x,y) + p ,(y) cos az ~xp(f~(x)dx)

In contrast with the Görtler analysis , it is to be noted that the
variation of radius and pressure gradient has been taken into con-
sideration by allowing both the mean properti es and the amplification
factor to change as functions of x. Also , the mean velocity in the
y-di rection is no longer zero but may have a value to allow for suction
or blowing . The factors ~u0/~x , 3v0/~x , ak/ax (where k = l/R) , ~~~~and ~P0/~x were found to be insigni ficant in comparison with other
terms in the equations of motion as were assumed in the Görtler
analysis. The equations of motion were then nondimensiona lized and
several terms were dropped based on order of magnitude assumptions and
a study of the range of values the nondimensional parameters could be
expected to take in actual flow situations . For ~ 0 (neutra l
stability), and beyond the boundary layer , the equations reduced to
the followi ng pair containing only constant coefficients :

- (Re5V + K) ~~ - (A2 - Re6 ~~ u - (Re6 ~~ - KRe5U ) v = 0

and

2KRe Uu + .~ — .~L!. - (~~~~~ Y~~ + 
~~~~~~~~~~~~~~ 

- 
~~~~~~~~~~~~ 

+ 2 - 

KRe6V 
~6 A2 dn ” A2 A 2 d~

3 A2 ~ A2 dn 2

+ [ R e V ÷ K ( _ - ~-~ ! - + 2 ) ]  ~~~+ ( R e 5~~ . + A 2 ) v = O
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where (18)

~ 
U = ~ 1

.2- ~ V = jj2- ~ w0 = 0

A ctd ,

K = k 6 = = ~ 
du , d2 u 

= 
~~ d~

R ‘ d~ U0 dy d~
2 U0 dy 2

By specifying K , six solutions are found for u or v. By numeri cal
integ ration methods , each solution can be extended to n = 0, giving the
bounda ry layer shape. Similar equations containing additional terms
can be used when ~ does not equal zero and permi t determination of
K , B , A , or R by numerical methods outlined by Smith , provided the
other three constants are ~-nown or assumed.

Smith 75 made a comparison with experimenta l data to see what
improvement might be gained over use of the Görtler analysi s. The
Görtler parameter for the various experimental data spans values from
about 2 to 20, which would l ead to large errors in predicti ng tran-
sition. It should be noted , however , that , except for two cases on the
Griffith airfoil ,

76  the range is from 5 to 10 , which would be much more
acceptable in the prediction of transition. It should also be noted
that the greatest discrepancies occur in the presence of boundary l ayer
suction . The amplification factor , f~(x)dx, mainta i ned a relatively
constant value which was approximately 10. On this basis , Smith
recommended the use of the spatial amplification factor instead of the
G~rtler parameter for predicting transition. As noted previously,
ex p (f~ dx) represents a ratio between the magnitude of the disturbanceat the point of neutra l stability and the magnitude at the start of the
transition region based on linear theory .

Nothing can be learned from Smi th ’s analysis about -the actual
magnitude of the vortices at transition , although it is quite likely
that transition is more a function of the magnitude of the vortices and
their frequency spectrum , than it is of ampl i fication factor alone. It
is interesting to note that analysis of Tollmien—Sch lichti ng trans i ti on
based on spatial amplification factors also yields values around 9 or
10 for f~(x )dx .”9 ’ 6’ A nonlinear analysis by Stuart ,’9 however , indi-
cates that amplification of the distu rbance is actually much less than
indicated by the linear amplification factor because of interactions
between the free-stream flow and the transitioning boundary layer.
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2.3 .3 Other Experimental Studies of Gortler Vortices.

Ti l lman ’8 experimented with the growth of a boundary layer
impulsively started on the inside of a circular cylinder . Small
particles were suspended in water to permi t flow vi sualization.
Görtler vortices were observed by using high -speed motion pictur e
photography (up to 4000 frames per second). The firs t appearance of
vortices occurred regularly when the Görtler parameter reached a value
of about 6.5. Howeve r , transition to fully turbulent flow did not
occur until values between 9 and 14 were reached . Initially, the
vortices appeared as parallel lines , but meandered as full transition
was approached . At the hi ghes t velocity studied , the transition
greatly resembled that of To llmien — Sch lichting waves leading to Emmons
spots along with the Gdrtler vortices observed in the other tests .

Tani , et al . 5
~ ’79 ’8° experimentally studie~ transition on a curved

plate in a range of curvatures up to 6,/R l0 . By using vibrat ing
ribbons and rows of wings , studies were made of the transition with and
without artificially generated disturbances . The pressure gradient was
carefully made zero and the plates had constant curvature , with a
constant free—stream velocity . Tani concluded that Görtler vortices
are not directly responsible for transition on concave surfaces , but
instead cause a spanwise variation of boundary layer thickness which
leads to a mechanism similar to that observed on flat plates with pre-
existing streamwise vortices or spanwise variation in boundary l ayer
thickness. The use of displacement thickness in the Görtler parameter ,
however , ma kes comparison of Tani ’s results much more dependent on the
velocity profile than has been the case in other studies . This would

F make the data difficult to use directly for situations other than
unifo rmly concave surfaces . However , a Blasius profile is probably
again a good assumption , and the data could be converted to read in
terms of momentum thickness.

By using a water tunnel with tellurium dye streak markers
Wortmann 8° succeeded in visualizing the Görtler vortices along a con-
cave surface and in determining the three-dimensional velocity profile
within the vorti ces . In order to i nduce vortex formation in the
desired region , perturbation wings were used . As a result of these
techniques , Wortmann was able to disti nguish severa l stages in the
defo rmation of symmetrical Görtler vortices into fully turbulent flow .
Initially, the peaks and valley s were observed to move somewhat in the
spanwise direction resultin g in oblique interfaces between the vortices
as opposed to the ori gina l interfaces which were norma l to the surface.
On one side of these oblique interfaces , the boundary layer velocity
profile was found to have two reversals. A reduction in the tunnel
velbcity or in the intensity of the vortices was found to restore the
perpendicular interfaces . By using an additiona l perturbation airfoil
outs i de the bounda ry layer above the centra l vortex , observation of
further (thi rd order) deformation of the vortices was made possible.
In this case the obli que interfaces were still present , but the
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vortices were found to meander along the flow direction much as was
seen for the Taylor vortices in h u m a n ’s 7 8  experiments .

Also using a water tunnel , Bippes and Gdrtler 82  used hydrogen
bubbles to visualize the flow for stereo photography . In order to fix
the location of vortex formation , heating coils , aligned wi th the flow
were used to initiate a disturbance of known wavelength (determined by
the spacing of the units). The vortices produced in this manner were
reproduceable and were sufficiently small for comparison wi th linear
theory in the region of weak amplificati on. Without the heating coils ,
the vortices varied in their locations along the surface , attributed by
the authors to the random disturbances already present in the flow
field . Photogrammetric evaluation of the stereo pairs combined wi th
hot—w i re anemometer readi ngs yielded considerable i nformation about the
breakdown of the vortices into turbulent flow . Observation of the
developing vortices and associated velocity profiles yielded results
very much similar to those found previously by Wortm ann. 8’ As the
vortices grew in size , they were seen to deform and a meand ering motion
similar to that observed by Wortmann 8’ and by Ti llman ’8 was observed.
(In a hot-wi re anemometer study for air flow over a concave surface ,
however , McCormack , Wel ker , and Kelleher 8 3  observed no meandering
motion of the vortices.) After the meandering motion , a corkscrew
motion developed as a Tol lmien — Sch lichtin g instability appeared to be
superimposed on the Gdrtler instabil ity .82 Hot-wire studies of the
flow indicated no Tollmien .-Schlichting instability characteristics
prior to visua l observation of them . A turbulence level of 30% was
indicated within the superimposed region.

Despite the detailed data available for transition along uniformly
curved surfaces in a zero pressure gradient , experiments describing
accuratel y the mechanism of transition for the environment of a turbine
airfoil appear to be needed . Evidence provided by Dunham and Edwards 6 1

and by Walker and Markland 6 ’’ shows an extended region along the
pressure surface where the heat transfer characteristics lie in between
those of purely laminar and of purely turbulent boundary layer flow .
In contrast , the transiti on region along the suction surface is
generally well defi ned and finite . In addition , theoretical predictior ~of heat transfer along the pressure surface were greatly in error ,
while suction surface calculations have proved relatively success-
~ 1 . ~ ‘ ‘

Cums ty5 utilized surface visualization techniques and hot-wire
anemometry to explore the transitioning boundary layer along the
pressure surface of a turbine airfoil model at chord Reynolds numbers
of 2 to 2.5 x iO~ . Several theoretical prediction methods for tran-
sit -ion indicated full transition should occur by approxima tely 65~ offull chord (based on G5rtler parameter value and on spatial amplifi-
cation factors). The experimental results , however , showed full
transition to turbulence did not occur until after 95’, of full chord
despite the fact that it was initiated prior to 50% full chord. The
reliance upon talcum powder erosion , china clay , and pitot probe
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techniques prevented acquisition of data concerning the time history
of the transitioning boundary layer . The methods did satisfactorily
indicate Görtler vortex formation and gave a measurement of the wave-
length (spacing) which was found to have a minimum value about
one-third of the maximum across the airfoil. Hot-wire anemometer
studies indicated similarities to Tollmien— Schl ichting transitio n prior
to 95% full chord.

2,3,4 Other Theoretical Studies

Despite the extensive experimenta l data now available for tran-
sition along concave surfaces , much of the available data (as well as
theory) is limi ted to the case of cons tant curvature wi th zero pressure
gradient in the mean flow direction. This presents a problem when
applying the data to varying curvature in a favorable pressure gradient
such as occurs in the case of a tu rbine airfoil . In order to help
overcome this limi tation , Tobak 8

~ made a theoretical study of the
effects of local curvature on Görtler instability . The analysis
closely followed that orig inally made by Görtler , with changes made
primarily for a wall curvature varying as a function of x (distance
from the leading edge) instead of constant curvature . The Navier-
Stokes equations and equation of continuity were reduced by assumi ng
cons tant free—stream velocity , boundary l ayer velocity profile a
function only of y for the unperturbed flow , and that the curvature
r0(x) extending for a distance 2a between two flat surfaces , has at
most a small variation. Results of the study showed that for small
values of aa, only the net turning angle of the concave surface is sig-
nificant in determining instability . For aa > 1 (where ~ = 2it/AG), and
for a/62 > 50, there is little change in the neutra l stability curves
calculated by Gortler.

Kobayashi 85 theoretically studied the effect of suction or
blowing on the Görtler instability . The study was limited to the case
of constant wall curvature , with a radius of curvature much greater
than the boundary l ayer momentum thickness , and a uniform free—stream
velocity . The Suction distribution was chosen as v0 = - C(vU

00
/x)h/2 /2

along the surface , based on Schlichting .’7 The disturbance velocity
distribution was defined in the same manner as Smi th .7 5  The results
tend to show that suction increases the value of the Görtler parameter
for neutra l stability while blowing has little effect on the neutra l
stability curve . Although blowing is not predicted to change the
value of the G~rtler parameter , the transition region location is
changed because of the increased bounda ry layer thickness. This result
may prove to be of great i mportance in the study of turbine blade
transition with transpiration or similar cooling methods .

Aiha ra~° utilized nonlinear theory to exami ne the growth of
G~rtler vortices beyond the point of neutra l stability . The neutra l
stability curve based on his approximations bore strong resemblance to
that of Smi th .75 As a result of the anal ysis , the originally sinu-
soida l disturbanc e patterns were shown to distort as neighboring
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vortices interfered with additiona l growth. In addition , the results
show possible analytical prediction of the meandering motion experi-
mentally observed by h u m a n ,78 Wortmann ,81 and Bippes and Gortler. 82

2.4 SURFACE ROUGHNESS EFFECT S ON TRANSITIO N

The influence of surface roughness on boundary layer transition has
long been recognized . The general nature of the surface roughness in-
fluence is to induce early transition as compared with a smooth surface .
The mechanism by which surface roughness can favor early transition can
be explained by stability theory , although a fully unique theoretical
description of the process is not yet clear.

The practica l importance of this problem is well established ,
and almost any real-life boundary layer problem will include the in-
fluence of surface roughness and therefore , qualitati ve and quantitative
model s for various types of surface roughness should be established in
order to describe its influence on the particular problem . In the case
of a turbine airfoil , the highly complex three-dimensiona l boundary
layer on both sides (pressure and suction) of the airfoil could be in-
fluenced very significantly by the presence of surface roughness.
Roughness could be caused by a manufacturing process , but mainly by a
continuous exposure to the extremely hostile environment created by
combustion chamber output gases . The temperatures in the first stage
of an advanced modern jet engine can reach about 1371°C (2500°F). A

• combination of extremely high temperatures and continuous impacts by
foreign particles could cause deposits to build up, as well as ex-
tensive erosion of the blade surface. The i rregularity of a surface
created by this process resembles the situation of a three-dimensiona l
distributed i rregular roughness.

Bamert and Sandstede 138’139 conducted experiments in order to
determine the actual efficiency loss from a gas turbi ne wi th blades
coated with different grades of sandpaper. They found very significant
efficiency losses , up to 14% total efficiency loss with l O 2  roughness
size divided by chord length. Genera l Electric has learned that turbi ne
blades which had been exposed to a service condition at the sea-level
for orly fifty hours will show higher blade temperatures as compared

• with new blades. This phenomenon could be caused by a significant
change in the boundary l ayer structure due to changes in the surface
roughness of the partially serviced blade. With greater demand for
higher overall engine efficiency , these losses cannot be ignored , and a
more complete understanding of the roughness influence in the particular
conditions of a turbine airfoil needs to be pursued .

A common explanation of the genera l influence of roughness elements
on the laminar bounda ry layer is that they impose additional dis-
turbances to those already existing in the boundary l ayer. Such new
disturbances could be more critical than the ones already present , and
thus could cause earlier transition because l ower amplification rates
will be needed to reach transition . If existing disturbances are more
critical than the ones generated by roughness elements , it can be
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expected that the existing disturbances will cause transition. Smi th
and Clutter 1

~
0 studied the problem of the smallest height of roughness

capable of affecting boundary l ayer transition for various two- and
three-dimensional elements and concluded that a two-dimensional roughness
element is more conducive to boundary l ayer transition than a three-
dimensional roughness element of similar dimensions because the former
introduces larger disturbances . However , they also recognized that
since the two-dimensional elements produce two-dimensional disturbances
which must evolve into three—dimensional vortices before producing a
complete transition , the actual location of transition behind the
roughness element might be further away for the two-dimensional element
as compared with the three-dimensional one.

Klebanoff and Tidstrom~~
1 conducted an experimenta l investigation

of the effect of two-dimensional roughness of elements on boundary
l ayer transition. Their measurements were geared toward unders tanding
the mechanism by which a roughness element causes transition and they
include detailed measurements of the velocity distribution and dis-
turbances of frequency spectra , intensity , growth , and decay . Their
findi ngs are perhaps among the most important ones from the many studies
done on the subject, and it is felt that much of the previous work , which
will be explained later , reflects only indirectly the mechanism by which
roughness induces transition . Klebanoff and Tidstrom concluded that the
effect of a two-dimensional roughness element on boundary layer transition
can be classified as a stability -governed phenomenon. Their point of
view on the infl uence of roughness elements is that it does not neces-
sarily introduce new disturbances , which add to the existi ng ones , but
tha t in the region immediately behind the el ement they destabilize the
influence of the flow on the existing disturbances , thus hastening the
downstream development of the instability . The phenomenon of transition
found right behind the element is not inconsistent wi th the previous
explanation since the destabilization process could be rather short ,
depending primarily on the nature of the velocity profil e found beh ind
the element. The type of the inflectional velocity profile is governed
by the size and shape of the el ement , which are known to have direct
effects on its influence on transition. An explanation based on the
stability-governed phenomenon is also consistent with the known effects
of two-dimensional elements at higher Mach numbers. As mention ed before ,
their study invo l ved extensive , detailed measurements of disturbance
frequencies , intensities and growth and decay rates. The amplif ication
(growth ) rates in the recovery zone (the zore immediately behind the
element) were found to be much greater than in the corresponding region

• in the smooth plate where the classica l Blasius prcfiles exist. This
important finding shows that the authors ’ opinion concerning the de—
stabilizing influence of the roughness element is a more correct way of
understanding the mechanism by which a roughness element causes
transition than to say merely that a roughness element adds additional
disturbances to the existing ones.
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Most studies on the influence of roughness on transition have been
concerned with establishing a criterion for transition caused by the
roughness element. The most common criterion is the roughness Reynolds
number, which is defi ned as the velocity at the element peak times the
element height divided by the kinematic viscosity at the roughness element.
The cr iti cal Reynolds number , as quoted by many investi gators, cove rs a very
very wi de range. This kind of data presentation does not hel p to clarify
the issue since a large number of correlation parameters - such as element
height divided by boundary layer thickness (either displacement or
momentum thickness), the roughness shape , the Reynolds number based on
displacement or momentum thickness as well as other parameters - are used

in the data presentation. Without minimizing the importance of such
fac tors , they only reflect indirectly the mechanisms by which roughness
affects transition , and , as Klebanoff and Tidstrom noted , it has reached
the point of diminishing returns as far as an understanding of the basic

r 
mechanism is concerned.

Smith and Clutter ’s’~
0 results concerning two- and three—dimensiona l

roughness elements show the followin g critical Reynolds numbers (i.e.,
the Reynolds number of a critica l roughness which caused a 5% decrease
in the natural transition Reynolds number):

Rartqe of Critical
Roughness Rougnness Reynolds Number

Spanwise wires 60-260
Row of 1/16” dia discs 1 00-550
¼” wide strip of sandpaper type 1 78-330

The values for the roughness Reynolds number needed to move transition
to the roughness itself are :

Average Roughness
Roughness Reynolds Number

Spanwise wire 300
Row of 1/16” dia discs 600
~~

“ wide strip of sandpaper type 400

Smith and Clutter ’~
0 also investigated the effect of Mach number rn

critica l roughness , and found that the mechanism at high Mach numbers is
not inconsistent with the l ow-speed mechanism by which roughness causes
transition , i.e., critica l roughness is that roughness which first
i nduces local distribances such as local separation a’nd vortices . Tani5~suggested that a value of 826 for the Reynolds number , based on a flat-
plate free-stream velocity , cylindrica l wire diameter and free-stream
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kinematic viscosity , which causes transition to occur by the wi re on a
flat plate . Tani also agreed with the common opinion concerning three-
dimensional elements which states that the affect of three-dimensional
elements is more critical in nature than two-dimensional ones . Klebanoff ,
Sc hubauer and T i dstrom’~2 found an average value of 577 of the roughnessReynolds number for transition induced by single spheres , with velocity
at the top of sphere and sphere diameter used in the definition of the
roughness Reynolds number. Doenhoff and Horton’~3 determined a value H
of 600 of the roughness Reynolds number , defined as above , to induce
transition in a sandpaper-type of distributed roughness with the H
maximum probable roughness height used to determi ne the roughness Reynolds
number. Braslow ’50 used the squa re root of the roughness Reynolds number
for correlation of various experimental results of three-dimensiona l
elements and shows values consistent with those found by Kl ebanoff , et al .’~

2
and Sc haubauer , Doenhoff and Horton 1

~
3 as well as other investigators . The

effect of favorable pressure gradient on the critical value of roughness
Reynolds number appea rs to be insignificant. ’~

5’’46’’~
7

28

-

~

-••-- -

~

- -- - --

—-~



SECTION III

TEST FACILITIES AND INSTR UMENTATION

3.1 W IND TUNNEL

A cascade facility used for previ ous wake effects studies ’5 was
modified to accept the larger airfoil models and provide two-
dimensional flow as free of vibration and turbulence as reasonably
possible for the boundary l ayer studies . Many of the sections
described in the previous report were modified or completely redesigned
and built new . This includes the screen section and screens , test
sec ti on , and transition section , as well as much of the supporting
structures .

The wind tunnel used was of open circuit design. The entrance of
the tunnel was in the same room as the test section while the motor ,
fan , and 30-in, diameter exhaust duct were located in an adjoining
room (Fig. 3). Return flow was provided by open doors and an exhaust
fan opening between the two rooms . The desi gn and selection of the
duc ts , fan and motor in the equipment room are described completely by
Diller. ’°~ Briefly, power for the wind tunnel was provided by a Model
X6938 Sirocco fan driven by a Genera l Electric Model TLC24 15-hp D.C.
motor. The motor was in turn powered by a motor-generating unit.
The speed could be varied from 0 to 650 rpm (15,400 scfm) by a rheostat
mounted near the tunnel working section. The fan was placed downstream
from the test section to reduce fan noise in the air stream . Air flow
between the test section and the fan was controlled by a 24—in , square
plywood duct passing through an opening in the wall between the test
area and the equipment room . At the fan inlet , a multi -vaned turning
section was used along wi th a sheet metal transition section to adapt
the round fan inlet to the square duct. The fan anc4 motor were mounted
on co ncre te bases secure d to the floo r , while the ducts were supported
on stands made of steel channel.

The remaining wind tunnel sections were located within the same
room as the test section and are shown in Figs. 4 and 5. Because
the turbine airfoil models turn the flow , the flow direction changes
within the test section. For this reason , the entrance section axis
was placed at an ang le of approximately 72.5° with respect to the
hori zonta l while the test section exit axis was approximately hori-
zontal.
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Figure 3. Wind Tunnel Layout (Top View)
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An entrance section and screens were provided for turbulence
reduction and to insure flow unifo rmi ty. These sections were reta i ned
from the previous study and are detailed in Figs. 6 and 7. A
screen section (Fig. 6) containing four 60 x 73 in. screens of 24
mesh per i nch , 0.0075 in. diameter stainless steel wi re cloth was
placed at the entrance to the tunnel . These screens were placed so
that the downstream screens were approximately 2, 9, and 14 in. from
the firs t screen. A plastic sheet , attached to one end of the screen
section , was used to cover the screens between runs so dust would not
collect in the test section. A catwalk along all four sides of the
supporting structures was used for handling this cover and main-
taining the smoke generator and screens .

Following the screens , an entrance section of 20 ga. galvanized
sheet meta l was used . This section had an elliptical taper from an
area of 60 x 73 in. to 24 x 30 in., giving a contraction ratio of 6.08.
This ratio yielded a maximum screen Reynolds number , based on wire
diameter , of less than 34 for all tunnel operating speeds . As dis -
cussed by Dryden and ~~~~~~~~~~ a screen Reynolds number greater
than 35 could l ead to vortex shedd i ng . The firs t 9 in. of the entrance
section was of constant area to provide a short settling section
following the screens . Dimensions of the entrance section are given in
Fig. 7.

As can be seen in Fig. 7, the entrance section is formed using
a simple elliptical surface , tangent at the exit , but meeting the
settling section at an ang le. As demonstra ted by More l ,’°6~~°7 theoptimum profile for such an entrance section would be two curves ,
tangent at the entrance and exi t, and at the ma tch point . For high
contraction ratios , i rregulari ties at the low velocity end appear to
have little adverse affect on the function of the contraction cone.
For small contraction ratios , however , Morel showed that separation at
the low velocity end could lead to undesirable flow profi l es at the
nozzle exit. Because this entrance section had not shown any problems
during the previous studies , however , it was reta i ned .

In the previous studies , the pop-riveted seams had been filled
with solder , but still contained voids and roughness that could yield
undesirable turbulence . For this study , the seams were filled with
body epoxy and smoothed to match the adjoining surfaces . Body epoxy
was also used to make fillets for the entrance section corners . A
flange to ma te with the new test section was added and that joint was
also smoothed with body epoxy . Unlike the previous studies , the
entrance section was coupled directly to the test section. Threaded
holes in the entrance section flange accepted bo l ts inserted through
clea rance holes in the test section flange.

Prelimi nary smoke studies made when the other wind tunnel sections
were completed showed a need for additional turbulence reduction
through the additio n of a honeycomb section to the wind tunnel entrance
as shown in Fig. 5. The honeycomb (Fig. 8) consisted of
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Figure 6. Screen Section and Screens
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approximately 176 ,000 milk straws (0.175 in. I,D. x 4-3 /4 in. long wi th
0.007 in. wal l thickness) tightly packed into a frame made from
1 i n . x 4 in. pine . Screens were stapled to the honeycomb frame before
and a f t e r  the  s t raws , both to hold the straws in place (because of the
near ly hori zonta l placement of the sect ion) and to further reduce the
turbu lence fo l lowing the honeycomb . As demonstrated by Loehrke and
N a g i b ,108 a screen placed at the exi t plane of the str aws y ields
optimum perfo rmance from the honeycomb sect ion.  Loehrke and Nagib a lso
suggested the use of straws having a length -to-diameter ratio of less
than  10 , b u t  showed si gnif icant effects for ratios as large as 45. The
straws se lected have a ratio of 27. The honeycomb frame sl id into
place within the honeycomb section , seat ing on a spacer of fe lt
weath erstrip to seal against leaks around the honeycomb . A spacer
frame kept the honeycomb about 5 in. above the firs t screen section
scree n. Ths spacing frame seated on the top frame of the screen
section (as identified in Figs. 6 and 8).

Initial estimates of fl ow losses showed that greater losses would
occur through the honeycomb section alone than occurred previously in
the entire screen sect ion.  However , loss calculat ions for the entire
wind tunnel showed that this wou ld result in no more than a 6%
reduction in the maximum veloci ty . Cal ibrat ion studies made fol lowing
the insta l lat ion of the honeycomb showed a change in velocity from
44.8 fps to 42 .8 fps for similar fan speeds and a tmospheric conditions ,
a reduction of only 4.5%. P..t the same time turbu lence was reduced
from approximately 0.8 to 0.6% and the smoke streams were greatly
improved for flow visualization purposes .

The entrance , screen , and honeycomb sections were mounted on a
cart made from Interlake 300-12 slotted angle and described in previous
reports . For this study , however , the cart was g iven additional rein-
forcement and extra castors were added to handle the increased weight
of the honeycomb section.

A completely new test section (Fig. 9) was built , elimina tina -

features of the previous test section and having new features required
for the boundary layer study . A welded externa l skeleton of
1/8 x 3/~ x 3/4 in. angle iron was used to support the air foil models
and tunnel wall panels. Unlike the previous test section , where the
plywood tunnel wall panels were fastened directly together , this per-
mi tted removal of one panel at a time , without destroy i ng the
structural integri ty of the test section. The provision of spare ,
interchangeable panels permitted test section mod ifications to be made
with a minimum amount of delay in the testing program. The upper and
l ower walls of the test section were made of 3/4 in. plywood and were
t~-~mmed wi th a router to the 24-in , width of the section. These were
attached to the angle i ron frame by wood screws placed through the
frame from the outs i de. The side panels were made from 3/8 in. scratch
resistant plexi g lass (Dupont Abcite) and 3/4 in. plywood . They were
attached to the frame by machine screws placed th rough clearance holes
in the side panels and tapped holes in the frame . Abc ite was also used
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to make lighting slits 1— 1/2 in. wide in the upper and l ower panel s of
the test section. The outer blades of the cascade served as part of
the tunnel wall and were attached directly to the test section frame .
The adjoining walls were mi lled to mate with the blades at the leading
and trailing edges , The center blad e was supported by bo l ts through
holes in the side panels. Tubing from the instrumented blade extended
through a slot in the plywood side panel. A pair of adjustable blade
supports was permanently mounted in the floor of the test section .
These were used to help support the blad e when one of the side panels
was remove d , but were concealed in the floor when the wi nd tunnel was
in operation , This permitted removal of the side panels for modifi-
cation or maintenance without need to uncouple any of the tunnel
sections . The interior of the test section was sanded smooth and
painted flat black to facilitate smoke flow visualization.

Because the ductwork leading to the fan and the test section were
of different heights and cross-sectional areas , a transition section
was required . Al though previous studies ’5 ’’°9 ’’’° had utilized a
similar transition section , redesign was necessary to reduce vibration
initiated by flow separation (stall) that had been found to exist at
the firs t bend . With this in mind , the tu rning angles were decreased
by raising the test section until the difference in center height
between it and the ductwork was 19 in. The addition of two sets of
turning vanes (three vanes in the 9 x 24—in. section , fi ve in  the
24-in, square section) helped to further reduce the tendency for sepa-
ration to occur . The design of these turning vanes was based on data
by Stuart , Warner , and Roberts .’’1 The vanes were fabricated by
rolling all but a 2-in , wide portion of 18 ga. x 10 in. x 25.2 in.
galvanized sheet stock to provide a smooth curve yielding the
appropriate turning ang le. Mounting tabs were cut and bent at the ends
making the final span of the vanes 24 in . The 2-in , straight portion
of the vanes served as the trailing edge suggested by Stuart , et al., to
control the flow . The portion of the transition section between the
turning vane cascades acts as a subsonic diffuser for the wind tunnel.
The possibility of stall occurring in this diffuser portion was
examined using data from Kline ’’2 and from Kline , Abbott , and Fox ’’3
using a length — to-minimum —width ratio of 4.7 and diffuser angle of
16.8°. Based on those figures , the diffuser section was predicted to
be on the verge of stall , indicating a possible need for splitter
vanes , However , experience wi th the completed secti on has not shown
such a need.

The need for vibration isolation also led to severa l other changes
in the wind tunnel . Wedges were dri ven between the sides of the duct
and the wall at the opening between the two rooms . This was found to
effectively isolate vibration transmitted from the fan. Considerable
vibration still existed in the equipment room duct walls , but very
little was transmitted beyond the sheet meta l duct section just ins i de
the wall (Fig. 7). It was felt earlier that some means might
have to be found to stiffen the carts supporting the entrance ,
test, and transition sections , but the wedges and transition section
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design changes proved so effective in reducing vibrati on that only
slight additional bracing was applied to the entrance and transition
section carts , and no attempt was made to raise the carts onto mo re
solid supports . In additi on to the other solutions , a s hort canvas
isolation section was constructed for use in between the test and
transition sections . Two frames of 3/4 in. plywood were built wi th
suitable internal dimensions and wi th tee—nuts spaced to ma tch the
holes in the test and transition section flanges . A gap of 3/4 in . was
made between the frames and the canvas was stapled to them , providing a
slightly elastic wall for the flow channel .

3.2 AIRFOIL CASCADE

For this study , a cascade of three airfoil models was used to
simulate the turbine airfoil cascade . The airfoil profile was based on
a turbine blade design used by Lander ’’4 and employed in previous wake
studies by Cox and Han .’5 This profile was enlarged to a chord length
of 21 in., resulting in the coordinates shown in Fig. 10 and
Tables A.l and A.2 (see Appendix A for Tables A. l and A .2). The span
was 24 in., resulti ng in an aspect ratio of 1.143. Such extreme
enlargement was necessary to achieve the desired Reynolds number at
flow velocities suitable for the required visualization techniques and
to provide dimensions large enough for detailed boundary layer explo-
ration. Because surface curvature is of considerable importance in any
discussion of bounda ry layer transition on a concave surface , the
surface curvature was calculated for both the pressure and suction
surfaces and is presented in Fig. 11.

The airfoil models were produced by casting epoxy over a canvas
covered wood frame. A pattern (Fig. 12) was made by forming epoxy
filler over a core made of hardwood sandwi ched between two aluminum end
plates which had been machined to the fina l dimensions of the airfoil
profile. The end plates were aligned on a surface plate and the
assembly was bolted rigidly together. Epoxy filler was then formed
over the wood core to approximately the right shape and then sanded to
conform to the end plates . Once this pattern was completed , a fiber-
glass mold with hardwood moldbox, also shown in Fig. 12 , was made .

A total of six airfoils were cast using the completed mold , each
having special features needed for the study . Plywood ribs were
assembled wi th pine spars to make frames (Fig. 13) over which heavy
canvas was attached . The end ribs of each of these frames had
l/4—2ONC tee-nuts installed for locating and holding the core in the
mold. On the three airfoils cast for use in the center of the cascade ,
the~se tee—nuts were also used for mounting in the test section. Addi-
tional threaded fittings were attached to the end frames for attachment
of the upper and l ower airfoils to the test section frame . Once these
airfoil cores were attached to the mold , United States Gypsum type
C-3O1 casting resin was poured into the mold to form the completed
air foi l .  Voids and other imperfections in the completed airfoi l
surface were f i l led with Tuf-Fi l l  and sanded smoot h . In this way , each
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TEST AIRFOIL
SECTION DAT.A (in.)

x
0.000 0.000
0.300 -0.180
0.600 —0.222
1.200 0.000
1.800 0.390 —

3.000 1.140
4.500 1.890
6.000 2.400
7.500 2.640
8.400 2.685
9.000 2.670

10.500 2.550
12 . 000 2 .340  /
13.500 2 .0 2 5
15.000 1.650
16.500 1.200
18.000 0.750 *
19.300 0.355
19.500 0.315
21.000 0.300
19.500 1.200
16.500 2 .58 0
13.500 3.960
10.500 5.2 20

9.000 5.670
6 . 9 0 0  5.880
4.500 5.550 

I

3.000 4.83 0
2.250 4.320
1.500 3.690
0.750 2.880 —

0.000 1.68 0
-0.220 1.050
-0.240 0.660 0
-0.165 0.300
— 0 .027 0.030

0.000 0 . 000 Lead ing  Edge R a d i u s : 0 .7S 1 i n .
Trailing Edgø Radius : 0.355 in.

Span Length : 24 in.

Figure 10. Airfoil Coordinates
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of the airfoi l surfaces had the same dimensions despite differences in
the features and fitti ngs of each airfoil. Measuremen t of the surface
roughnes s of the completed airfoil s showed an RMS value of about 32 to
64 ~iin.

As already mentioned , each of the airfoil s was sli ghtly different.
One of the airfoils (Fig. 13) was fitted for mounting to the l ower
te3t section frame , The pressure surface of this airfoil served as
part of the cascade as well as part of the l ower wall of the test
section. Two of the airfoi ls were f itted for attachment to the upper
test section frame , their suction surfaces intended for use as part of
the test section wall, The surface of one of these blades was left as
cast , but the other airfoil had a 3/8 in. thick window of Abci te
(c lea r , abrasion resistant plexiglass) placed in its center for flow
visual izat ion purposes . Whi le the curvature and narrow width of this
window (2.0 in.) rendered it unsuitable for most viewing purposes , it
was ideal for lighting the pressure surface of the test airfoi l .  Three
airfoils were made for use in the center of the cascade. Two of these
airfoi ls were cast with plain gray surfaces as previously descri bed.
One of these , however , was painted with black epoxy paint in the
pattern shown in Fig . 14 for flow visuali zation purposes . Into the
surface of the third airfoil , fi fty-six 1/32 in. stati c taps were cast
at the midspan locations given in Fig. 15 and Tables A .l and A .2.
Holes were drilled into the mold and 1/32 in. steel wire was inserted
into the holes . Tygon tubing (1/16 in. ID .) was slipped over brass
tubing which was in turn slipped over the wire so that the end of the
brass tube would be’ beneath the surface of the airfoil. The airfoil
core was made in two sections . The firs t section was placed in the
mold prior to insertion of the wires and tubes . The epoxy was then
poured to the height of this core section. The tubes and wires were
then inserted and the other core section was added after the Tygon
tubing was fished through slots in the core frame . Epoxy was again
poured , resulting in an instrumented airfoi l with the Tygon tubes
extending through one side for attachment to a rotary valve and
ultimately to a pressure transducer or inclined manometer . During the
casting process , taps 24-27 and 29 became plugged . Taps 25 and 26 were
successfully drilled out , but the others remained plugged as shown in
Fig. 15. This was not felt to be detrimental to the study, because
the pressure gradient is not expected to change rapidly in this region.

Placement of the airfoils within the test section is shown in
Fig. 16. In order to simulate the wake from upstream turning vanes
or blades , a circular cylinder was placed upstream of the centra l or
test airfoil. The displacement of this circular cylinder relative to
the test airfoil stagnation point is labeled as Y and is cons i dered to
be positive when the circular cylinder is displaced towards the ri ght
in the figure . The turbine airfoil models were mounted so as to have a
solidity ratio (C/s) of 1.4 and a cascade stagger angle of 48°.
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3.3 CIRCULAR CYLINDER TRANSPORT ME CHANISM

In order to simplify the task of posit ioning the upstream circular
cylinders , a transport mechanism was designed and instal led along the
test section side walls (Fig. 17). Basically this transport consists
of two screw shafts coupled by a chain driv e to transmi t equa l linear
motion to the two rod supports . A continuous mechanical counter
permi ts direct reading of the rod displacement (Y) to the nearest 0.01
in. Through the use of different mounting arrangements , rods of any
desired size can be used. The transport mechani sm was installed so
that the rods move in a line approximately 4 in. from the test airfoil
stagnation point and can be moved from one side of the cascade to the
other. Moving the cylinders involves only turning a crank and reading
the displacement on the counter.

By placing the rod traverse lin e approximately 4 in. from the air-
foil leading edge , several advantages were realized . First , no
interference was encountered with the various insertion ports pre-
viously drilled in the plywood test section side . Also , one of the
instrument ports ut i l ized for wind tunnel calibration was used to study
rod wake characteristics by fixing a hot-wire probe in position through
the port and moving the rod past it. The 4-in, clearance also proves
to be realistic for turbine construction as it would represent only
about 0.4 in. for the original turb i ne airfoil profile.

Al though the rod transport was used to move only a single cylinder
to a fixed location as described above , the design of the transport
offers considerable versat i l i ty that could prove valuable in subsequent
studies. More than one rod can be installed and moved simultaneously
by adding additiona l rod transport carriages to each screw shaft. A
motor could easily be added to the transport. This motor would permi t
remo te contro l of the mechanism or , if mi c ro swi tches were instal led to
limi t travel , could provide continuous periodic motion of the rod(s)
similar to that used by Kiock ’6 for a study of the effects of turbulent
wakes on suction surface boundary l ayer transition.

3.4 HOT-WiRE ANEMOMETERS

For turbulence studies , hot-wire anemometers and associated equip-
ment (Fig. 18) were used. As in previous studies 15 ’109 a Flow
Corporation Model HWB-3 hot-wi re anemometer with F-1WP-B probes was used
for the wind tunnel calibration measurements . A TSI Model 1261 probe
was obtained for boundary l ayer measurements and a TSI Model 1050
constant temperature two—channel hot-wire anemometer became available
as the study progressed. In addition , a TSI Model 1076 true RMS meter
and a Federal Scienti fic Model UA—500 Ubiquitous Spectrum Anal yzer were
used to study the turbulence signals.

The hot-wire probes were tipped with Wollasto n wire (0.0004 in.
diameter platinum core with silver coating ) and etched with a stream of
10% nitric acid from a burette . The etching process was accelerated by
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app lji ng a ~V potential to the wire , with a platinum electrode in the
acid , as suggested by Bradshaw .’’5 A surplus machin e slide positioned
the wire re la t ive to the acid stream and provided contro l over the
width of the etched region. The etched probes were cleaned ‘lrst in
water , then alcohol , and air dried . The finished probes were then
calibrated against an isentropic nozzle and calibrati on tank .

Output from the HWB-3 was measured by the IS! Model 1076 RMS
meter , and the turbulence level was calculated from three si gnals
(noise , turbulence , and square wave) based on techniques describ ed in
the Flow Corporation manuals and by Cox . ’° 9 4 i th the ava i lab i l i t y  of
the new TSI unit , the turbulence level measurements o~ the two units
were compared and rather close agreernert was found . A 20 kHz low-
pass fi lter ~~s applied to the amplifier Output of the HWB—3 , and the
amplYier itself served as a hi gh—pass f~lter w ith a cutoff frequency
of about 2 Hz , thus restrict ing the range of the measure o frequency
spec trur- . However , Hopkin s ’ 6  showed little turbulence beyond 2 kHz
for velocities of 50 to 90 fps in a 2 2 ft test sec ti on , thus vali-
dating the range of output frequencies chosen.

During the course of this study , a IS! Model 1050 two-channel
constant temperature hot—w ire anemometer was made available. By using
a Model 1052 linearizer , the output of this unit is somewhat easier to
interpret than the direct output of the HWB-3 , from which velocitie s or
turbulence levels must be calculated . In addition , a Model 1057 signal
conditioner and Model lOl5C correlator were both available for use. The
av ailable frequency range of the TSI unit was proved to be up to at least
8 kHz , base d on a new tech nique by Horak a nd Ve l ko ff.~ 57

In order to establish the frequency spectrum of the turbulence level
measuremen ts , a Federa l Scientific Model UA-500 Ubiquitous Real-Time
Spectrum Analyzer was used with either of the hot-wire anemometers. This
i ns t rumen t , when used with an X-Y plotter , plots the spectrum of any of
the hot-wire outputs on regular graph paper. However , complete analysis
of the si gnal requires some time because each of the points must be re-
corded by the observer and punched Onto data cards for calculation by
the FORTRAN program described in Appendix B.

3.5 PRESSURE SENSITIVE INSTRUMENTATION

Because of the desire to study instantaneous events within the
boundary layer and wake , pressure sensitive instrumentation was
employed only for obtaining auxil iary data such as the free-stream
veloc ity and airfoil static pressure distribution. Because of the
leng ths of tubing invo l ved , all of the pressure sensitive instruments
used , including the pressure transducer , yielded rather long response
t i mes , thus preventing their use for the higher frequencies encountered
in the wake and boundary layer.

As in previous studies ,’5 ’’°9 pressures were measured using a
Setra Model 233 pressure transducer (Fig. 19) and Dwyer inclin ed
manome ters . Outpu t from the pressure transducer was read from a Dana
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digital voltmeter and converted to pressure by the followi ng

P =  0.0033 * (E- E0)

where P is the pressure in inches of water , E is the transducer output
in millivolts , and E0 is the transducer output at zero gauge pressure .
The equati on was obtained by applying a least squares fit to data
obtained by calibrating the transducer against inclined manometers .
Where pressure measurements exceeded the range of the transducer , or
where longer response time was acceptable , inclined manometers were
used instead .

Because the airfoil static pressure distribution involved the
collection of data from 53 taps , two of the 40-position rotary va l ves
(Fig. 19) described by Cox and Han 15 were used to connect one
selected static tap at a time to the pressure transducer. These valves
consist of a tapered disk which turns inside a mating taper in the
valve body . A single hole in the tapered disk is aligned wi th a hole
from one of the input tubes to select the des i red pressure. Vacuum
grease is used on the tapered disk to act as a lubricant and to prevent
leakage between the i nput tubes .

For the wind tunnel calibration study, the standard pitot-static
probe described by Cox and Han 15 was used. In addition , a Dwyer Model
1 67-12 pitot-static tube and Model A-302 static pressure probe were
semi-permanently mounted in the square duct downstream of the tran-
sition section (Fig. 5) to serve as a reference for wind tunnel flow
conditions.

3.6 SMOKE GENERATOR

The problems associated with selection of a smoke source for
boundary l ayer flow visualization are much more restrictive than those
associated with free—stream flow visualization. The smoke mus t possess
a relatively small but uniform particle size , but must be of sufficient
density and contrast to permi t photographic and visual studies of the
flow field. There must also be minima l buildup of deposits on the
model surface to avoid introducing boundary layer disturbances that
would alter the results . The source shou ld be conven i ent to use and
not requi re excess i ve ma i ntenance or prepara tion. Introduction of
smoke into the flow must not alter the flow in any significant way .
Because the wind tunnel exhausted inside the laboratory building, the
smoke also had to be relatively nontoxic and noncorrosive for this
study . Obviously, not every smoke source found i n the literature woul d
meet these requirements .

In developing a smoke source for the boundary layer study , a
num ber of possibilities were considered and/or tested. Smoke produced
by comerc ially ava i la b le smoke candles (even those adver ti s i ng no
deposit formation) was found to leave excessive deposits as was smoke
produced by oil soaked cigars ,’’7 wood chips ,’’8 or straw ’’9 burned in
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an oxygen—poor environment , and amonium chlorid e .’20 The use of
tobacco smoke , dry ice , and wick-type oil or kerosene sources was ruled
out because of insufficient density . The use of TiCl 4 12 1  or
SnC l~ 

12 2  was ruled out because of the formation of hydrochloric acid.
The use of particles such as balsa dust ’23 or PVC ’2

~ particles was con—sidered impractical because of the relatively large particle size and
the additiona l problem of fi l tering them out of the tunnel exhaust.

As a result , a smoke generator emp l oying kerosene dripp ed onto a
hot surface was developed . The only drawbacks found for this source
were the potential explosion hazard of vaporized kerosene (other users
of kerosene have indicated no prob l ems) and the somewhat obnoxious
fumes associated with long periods of use , limiting the length of time
during which the smoke could be used. Since the development of this
sourc e, Parker and Brusse ’25 have reported the development of a
liquid nitrogen /wa ter vapor smoke generator that mi ght have proven even
more satisfactory , but this information was obta i ned too late for use
in this study .

The pri ncipal design details for the smoke generator are shown in
Figs. 20 and 21. As shown in Fig. 20 , the evaporation unit con-
sists of a 3/4 in. copper tube flattened over a 1/4 x 3/4 in. bar.
Kerosene spray tubes were silver soldered into holes in the flattened
tube and to another feed tube connected to the kerosene supply. A
Chromalox Model SE25O7, 750W strip heater was attached to studs on the
unders i de of the evaporation chamber to provide the necessary heat. By
attaching the stri p heater in this manner , a replacement heater can be
installed rapidly should the need ever occur. Insulation was wrapped
around the entire unit to further improve the efficiency . A condensate
reservoir or trap, made from standard pipe fi ttings , was attached to
the outlet pipe of the evaporation unit to collect kerosene which mi ght
condense during transmission to the smoke probe.

In operation , kerosene was released by a solenoid operated valve
and sprayed onto the hea ted evaporation surface . Shop air was passed
through the evaporation chamber , mi xi ng with the evaporated kerosene
and carry ing it through flexible , insulated tubing to the smoke probe
at the wind tunnel entrance. The solenoid controlled valve was open
only while a button was depressed at the view ing position near the test
section. The smoke color and density determi ned when additional kero—
sene must be introduced . A blu ish color in the smoke indicated a lack
of sufficient kerosene , while a lack of density could be indicative of
either too little or too much. If too much kerosene were introduced , a
slight delay would occur before the kerosene was heated sufficientl y
for full operation.

To permit contro l of the smoke stream position from viewing
locations near the test section , the smoke probe was attached to a
motori zed traverse (Fig. 22). The rail , carri age ) and screw shaft
for this traverse were obtained as parts for a Genie Model GS-45O
garage door opener. A 1/15-hp reversible AC motor was adapted to drive
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the traverse and could be controlled by a remote switch at the viewing
position. By using this traverse , the smoke stream could be con-
veniently positioned anywhere within a predetermined plane extending
between the two outs i de airfoil surfaces of the cascade . By clamping
tne traverse rail in a new position on the supporting structure , this
plane could be located anywhere between the two wind tunnel side walls.

3.7 PHOTOGRAPH IC AND LIGHTING EQU IPMENT

Because flow visualization was a critical part of the investi-
gation , the choice of phtographic equipment and lighting techniques
was considered to be of major importance. The use of still and of
motion picture photography required that more than one lighting tech-
nique be employed. The li ghting conditions in turn placed restrictions
on film and equipment selection. Even the test section had to be
designed with due consideration for photographic needs .

As in most photography , proper lighting is necessary for good flow
visualization results . As shown by experimentation and discussed by
other researchers ,3 3 ’’22 light sources for smoke fl ow visualization
seem to work best when placed at 45 to 900 with respect to the camera
axis or when the smoke is backlit. In addition , Brown ’26 recommends
limiting the li ght to only the region of interest through the use of
slit lighting, thus increasing the contrast between the smoke filament
and the bl ack background. He also recomended the use of push
processing to increase the contrast of the fina l negati ve. The test
section was designed with 1—1/2 in. and 2 in . wide slits of 3/8 in.
Abcite embedded in the walls along the center line. Also , one of the
upper airfoils was provided with a similar lig hting slit as discussed
in the airfoi l models secti on . These slits were judged to be adequate
for most lighting needs , with the use of cardstock to produce narrower
slits if necessary . Because the intensity of the illumination was
limi ted by various factors , the room was darkened during photography to
elimi nate undesirable reflections from the plexiglass surfaces . In
order to prevent ligh t from reaching the camera directly from the
source , shields of 1/8 in. tempered hardboard , as sugges ted by Clark ,’22
were contoured to fit snugly against the test and entrance sections .

Lighting was provided by floodlamps and/or high— speed flash
depending on the desired effects. Hospital bed lamps provided
adjustable sockets from above. Five fi xed sockets were mounted under-
nea th the test section. Reflector floodlamps were used in these
fixtures as needed. A portable fan was used to cool the underside of
the test section when the floodlamps were in use. In addition , two
Genera l Radio type 1531-A Strobotacs and a Honeywell Strobonar Auto 770
flash unit were used for high-speed still photography . The Strobotacs
have a flash duration of 0.8 to 3 T~

S depending upon the flashing rate.
In addition , the Strobotacs can be fi red in a single burst or can be
set to flash at a rate between 1.8 and 417 Hz. In order to synchronize
the flash units with the camera shutter , a 9-ft extension cord and
multiple connectors were used to connect the flash units to the camera .
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For still photography , a 35mm single—lens reflex camera (Marniya-
Sekor DSX 1000) was generally used . The camera was tripod mounted and :1
a 90 to 250mm f4.5 Macro zoom telephoto lens was used with extension -

~~~

tubes to further reduce the m inimum focusing distance. For high -speed
motion pictures , a 1 6mm Fastex Model WF3 was used . This camera per-
mi tted 1 6mm movies to be made with speeds as hi gh as 4000 frames per
second . Timing marks on the film permitted accurate timi ng of events
observed in the movies .

High— speed film (Tri —X ) was used duri ng most of the study . As
recommended by Brown ,’26 this film was often push processed (under—
exposed , over—developed ) with Accufine or other developers to increase
contrast and depth— of— field. In addition , the negatives were generall y
printed on Polycontrast paper with a contrast-4 filter , because of the
low contrast within the smoke st ream .

3.8 HOT-WIRE TRAVERSE MECHANISM

The introduction of a hot-wire anemometer system to the boundary
l ayer study would have been extremely difficult without the aid of a
traverse mechanism which could penetrate the boundary l ayer without
much interference to the flow , while supporting a hot-wi re bounda ry
layer probe. Such a mechanism was designed and built , since no
commercial  unit or sub—assemblies were available. The mechanism con-
sists of a rotating arm around a pivot point near the tunnel wall , a
middle arm which can be driven inside and out of the main rotating arm ,
and a hot-wi re probe holder which can be driven relative to the middle
arm (Figs. 23-25). The exact location of the pivot point and the genera l
configurations of the mechanism were designed optimally using a computer ,
so that maximum pressure-side surface distance could be covered while
maintaining a minima l interference with the flow field. The design which
was finally built can cover the pressure side from tap #6 to tap #24
(Fig. 15). The rotating and the middle arms were constructed from square
brass tubing cut and soldered in the appropriate shape . Threaded rods
and flexible shaft assemblies control the relative motions of the middle
arm and the hot-wi re probe holder. Special surface ‘rongs connected to
a microswitch provide an exact determination of surface contract, thus
allowing an accura te measurement of the hot wi re probe distance from the
surface. Further insertion of the surface prongs toward the surface helps
stabilize the overall structure tip vibrations completely. The complete
mechanism now resembles a beam supported at both ends , and not an unstable
design of a cantilever beam vibrating at its free end. These vibrations
were mentioned in Cumsty ’s5 study and caused severe difficulties in
judging the true mean position of the probe and in using the wire near
the wall. Most of the mechanism structure is covered with a thin brass
foil shaped as an airfoil so as to minimize drag and interference wi th
the flow field. The three basic motions the mechanism is capable of
achieving (i.e., one rotation and two linear motions) allow the hot—wire
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probe to reach the desired chord locations . All three motions are con-
trolled through flexible shafts from outside the tunnel (Fig. 26) where
the motions are transmitted via worm gear assemblies to mechanica l counters ,
which read the exact probe location within 0.001 inch . An additional motion
available is a spanwise motion of the whole mechanism , which allows possible
investigation of spanwise vortices present in the tunnel .

Experiments were conducted to determin e the frequency spectrum of
the wake behind the mechanism. This study was especially importan t be-
cause certain frequencies can affect the boundary layer transition , as
shown by several investigators . Brown 32 found that a disturbance
frequency rang ing from 0.8 to 1.2 times the Tollmi en -Schlishting wave
frequency wi l l  have a considerable effect on transiticn. Sound
frequency close to the approximate laminar periods frequency between the
Tollm ien -Sch lichting waves has been shown to stabilize the occurrence
of these periods , while sound of the Tollmien -Sch lichting wave may
eliminate the lami nar period and stabi l ize the frequency of the Tollmien-
Schlichting waves . The frequency spectra found in this study for regions
behind the airfoil -shaped part of the mechanism show no predominant
frequency , but the square—shaped middle arm produced a Von-Karman vorte x
street at various velocities as is shown in Table 1. The Strouhal
member was found to be equal to 0.3 on the average , based on 0.2511 square
side dimension of the middle arm , and the free-stream velocity at the arm
location. Using Brown I s 32 results and the To llmien-Sch lichting wave
frequency , the wake of the traverse mechanism was found to have no ap-
parent influence on the boundary l ayer transition properties , since its
frequency was only a small fraction of the frequency of the Tollmien-
Schlichting wav es . Another important feature of the mechanism is that
the vibrations of the overall structure were eliminated almost completely.

3.9 SURFACE ROUGHNESS

A three-dimensional randomly distributed roughness may be the best
description of the type of roughness created by erosion or deposits by
the high temperature gas from a gas turbine combustion chamber. In order
to simulate such roughness in a wind tunnel study , commercially available
sand-paper type roughnesses are inexpensive and easy-to-use substitutes .
Previous studies on the subject using sand particles were performed by
many investigators . Important studies by Bammert and Sandstede 138 ’ 139 on
actual cascade performance with various roughness sizes show a s ignificant
drop in turbine effic iency of up to l4~ with roughness size on the order of
10 2 chord l ength. The same studies result in a 6% drop of absolute ef-
ficiency for l0~ relative roughness. Three different sand-paper roughness
sizes were chosen based on various empirical relationshi ps concerning the
probable critical size for transition of three-dimensional sand-type
roughness . Such empirica l relationships were quoted by Doenhoff and
Horton~- 4 3 , Smi th and Clutter 1

~
0 , Gibbings ’8 , Loftin 1

~
9, Kiebanoff ,

Schubauer and Tidstrom 1
~
2, Braslow , Knox and ~~~~~~~~~~~ and Guven , Patel

and Farel l151 ’152 .
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TABLE 1

TRAVERSE ~-1ECHA NIS~1 WAKE FREQUENCY ANALYSIS

Freestream Frequency Strauhal
Velocit y Peak Number
(fps) (Hz) (f~L)/UQ,

23.3 344 0.3076
26.5 372 0.2925
29.8 448 0.3132
35.4 516 0.3037
4 0 . 9  560 0 .2852
43.7 600 0.2860
46.6 660 0.2951
49.5 720 0.3030

Average 0.30

In this study commerciall y avai lable 3M-Resinite floor surfacing
papers with grit numbers of 12 , 20 and 36 were purchased . Figure 25
shows the relative sizes of these roughness sizes . The 3M-Resinite
papers have three-d imensional particles glued on base papers with
maximum paper thickness of about 0.05 inch. After several trials , the
best results were achieved when the base papers were stripped off,
resulting in a very thin l ayer of paper which was glued to the blade
surface with contact cement.

In order to determine the average and maximum roughness heights ,
severa l investigators used the grain sizes quoted by the manufacturer.
Such a determination could yield great errors because between 20-50% of
the particle is lying under a layer of glue , and thus only the exposed
particle portion should be used in order to determine the real roughness
size affect in g the boundary layer , and in developing empirical equations
based on roughness height. A Bausch and Lomb lOx narrow-focus microscope
was used to measure a statist ical sample of each paper in order to determine
various properties of t-e particl e height distribution. It was found that
grit numbers 12 , 20 and 36 have an average particle height of 1.168,
0.513 and 0. 162 mm. , respectively , which correspond to 2.2 x l0~~,9.6 x l0~ and 3.0 x lO~ roughness hei ght divided by chord length .
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Figure 27. 3-M Resinite Floor Surfacing Papers
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SECTI ON IV

EXPE RIMENTAL RESULTS

4.1 TEST SECTION CAL IBRATION STUDY

In order to realistically compare boundary layer transition data
from one test faci l i ty with data from another , characteristics such as
unit Reyno l ds number , free—stream turbulence level , and the frequency
spectrum of the turbulence should be known . For example , an increase
in free — stream turbulence level generally resul ts in ear ’ ier boundary
layer transition. However , as shown by Spangler and Wells ,~ ’’~

2
knowledge of the frequency spectrum of the turbulence i~ as i mportant
as knowledge of the magnitude , because certain frequency components
exhibit more infl uence on boundary layer behavior than do others . In
order to establish the characteristics of the tes t faci l i ty , a cali-
bration study was made upstream of the airfoil cascade to determine the
free—stream velocity , unit Reynolds number , turbulence level , and
turbulence frequency spectra .

In order to determine the mean free—stream velocity upstream of
the cascade , a velocity calibration study was made based on a traverse
grid of 16 points , each assumed to be representative of one-sixteenth
of the duct area upstream of the airfoil cascade . The locations of the
test section instrument ports and the traverse point locations are
shown in Fig. 28. Four numbered port positions and four insertion
distances (3 , 9 , 15 , and 21 in .) defined the traverse grid. A standard
pi tot—s tat ic probe was used with an inclined manometer to determine the
veloci t ies , Complete velocity traverses were made for s ix different
wind tunnel velocities . The lowest average velocity studied completely
was 22.21 fps , while the highest was 42.81 fps . A velocity traverse
was also made at a fan speed of 650 rpm , the highes t practical speed
for this instal lat ion , yielding a maximum average velocity of 52.9 fps .
During examination of the data , it was noted that the velocit ies
o b t a i n e d  for instrument port No. 1 were almost consistently 95% of the
average mean velocity , those at port No. 2 were 100%, No. 3 were 98%,
and No. 4 were 1O7~. In contrast , the spanwise variations in velocity
(traversed from a single port) were generally less than 1%. Because
the velocity measurements were made only 9 in. upstream of the 21 in.
chord length airfoil models , it seemed likely that the blades could be
influencing the flow profile. For this reason , linea r traverses using
a smaller (2 in. spacing) grid size were conducted 9 in. from the north
wall of the test section. The results of one of these traverses are
shown in Fig. 29. The cha racteristic velocity profiles found just
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upstream of turbine airfoil cascade model s by Cox and Han 15 are very
much evident in the graph . It might be noted that the blade stag-
nation points are at 0, 15 , and 30 in. on the graph , pressure surfaces
are to the ri ght , and suction surfaces are to the left. A general
slope also seems to be superimposed on the curve , possibly related to
the use of only three airfoils in the cascade . Certainly this indi-
cates that the airfoils do not truly represent an infinite cascade .
Comparing the results of the linear traverses with those of the
corresponding four points of the 16-point velocity traverses yields an
error in average velocity of less than 1%. Therefore , the 16-point
traverse is felt to adequately represent the average velocity even
though the velocity profile is not uniform normal to the airfoi l span.

Following completion of the velocity calibration study , a free-
stream turbulence level study was conducted with the Flow Corporation
HWB—3 hot-wire anemometer and HWP-B probe using the same instrument
port positions and 16-point traverse described in Fig. 28 for the
velocity study . Because of the time involved in turbulence level
measur ements , complete data sets were made for only four of the free-
stream velocities studied during the velocity calibration. In genera l ,
the free—stream turbulence l evel was relatively uniform , varying from
an average of 0.56% to 0.70% depending upon the average mean velocity
(Table 2). However, the points 3 in. from the north wall showed a
marked increase in turbulence level to values of 1.99% to 2.3%. In -

order to better defi ne this turbulence increase , sev era l traverses were
made at positions No. 1 and No. 4 using a much smaller distance between
traverse points than was used for the 16—point grid. Some of the
results are shown in Fig. 30. Because the Mi (noise) and M3 (square )
wave reference) signals would have varied little during the traverse,
the M 2 (turbulence ) signa l was monito red as an ind i cation of the turbu—
lence level while the probe was moved away from the wall . As could be
expected , the turbulence level is highest near the wall , but outside of
the boundary layer , and starts to decay to the free—stream value wi th
increasing distance from the wall. However , at a distance of about
3 in . from the north wall (the south , plexiglass , wall exhibited no
such phenomena) a second turbulence peak was observed regardless of
wind tunnel velocity for the range studied . The principa l frequencies
and magnitude of this peak were a function of velocity , but the peak
existed for the entire range. No satisfactory explanation has been
found for the turbulence peak , but it was felt unlikely to affect the
intended studies , so correction was not attempted.

Table 2 gives a summa ry of the free-stream inlet velocity and
turbulence data obtained during the calibration study . The inlet
velocities were measured as just described , but the average outlet
velocities were calculated based on the test section contract ion rati o
(10:3). The unit Reynolds numbers were calculated based on a kinematic
viscos i ty of 1.64 x lO~ ft2/s at a temperature of 70°F. The blade
chord Reynolds number was based on the outlet unit Reynolds number and
a chord l ength of 1.75 ft. During the cal ibration study , records were
kept of the average atmospher ic properties within the lab , representing
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TABLE 2

SUMMARY OF TEST SECTIO N CALIBRATION DATA

Inlet Outlet Inlet
Average Unit Unit Turbu— Blade Inlet

Inlet Outlet Reynolds Reynolds l ence Chord Static
Velocity Velocity Number Number Level Reynolds Pressure
(fps) (fps) (l/ft) (l/ft) (%)  Number (in. I-i20)

22.21 74.03 l.35xl0 5 4.50x105 0.690 7.88xl05 -0.152
29.01 96.70 1.76x1O5 5.88x105 0.564 l.03x106 -0.280
33.74 112.5 2.O5xl05 6.84xl0 5 -- l.20xl06 -0.356
36.30 121.0 2.2lxlO5 7.35xl0 5 0.700 l.29xlO 6 -0.407
40.45 134.8 2.46x1O5 8.l9x105 -— l.43x106 -0.51 1
42.81 142. ’ 2.60x105 8.67xl05 0.641 1.52x106 -0.550

60-
A Position 4, 22.2 fps

~5—4OHz—_y~ o Position l ,22.2fps
50 - 

,j~ 
o Positlon4 ,42.8fps

~O 
— NOTE : Frequency notation refers to dominant

/ 10Hz 
frequency component .

~~~ ::
10 - 

~~~~~~,i1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ I I
2 3 4 5 6 7 8 9 10

DISTANCE FROM WALL (Inches)

Figure 30. Variation of M2 with Distance from Test Section North Wall
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the average wind tunnel inlet and reference conditions . During Apri l
and May (when the studies were conducted), the average dry bu lb
temperature was found to be 68°F, varying from 66 to 71°F . The atmos-
pheri c pressure varied from 29.38 to 29.62 in. Hg with an average value
of 29.55. These conditions resulted in an average atmospheri c density
of 0.074 l bm/ft3 . The average humidity ratio was 0.0080 (55% relative
humidity), ranging from 0.0062 (45%) to 0.0094 (62%). Because these
data were obtained during months approximating the average annual
climatic conditions , the data should represent an over all average for
the laboratory conditions encountered during the study .

As a result of the improvements made on the wind tunnel , the
maximum free-st ream velocity was increased to nearly 80% hi gher than
that of previous studies . ’5 ’’°9 ’’1° At the same time , free—stream
turbulence and wall vibration have been significan tly reduced within
the test section . The addition of transition section turning vanes
has also greatly reduced the surge noted previousl y in the wind tunnel.
Al though reduced , some pressure fluctuations were still noted at the
higher velocit ies of the cal ibrat ion study . Observation of these
fluctuations for periods of not less than one minute showed that the
fl uctuations of dynamic and static pressures measured by instruments
mounted downstream of the transition section , and of the dynami c
pressure upstream of the airfoil s , was on the order of 1% for all
velocities , with the highes t reported fluctuation from a mean value
being 1 .7%. While no such da ta were taken for the previous wind tunnel
confi guration , this is known to be a significant improvement.

Once the turbulence calibration was completed , the turbulence
spectrum was studied at the minimum and maxi mum velocities . A pre-
liminary study using oscil loscope traces showed a predominate 10 Hz
frequency component for a free-stream velocity of 42.8 fps . The full
frequency spectrum from about 2 to 20,000 Hz (range restricted by hot-
wire anemometer instrumentation including a 20 kHz low-pass fi l ter) was
then studied using a Federa l Scientific Model UA-500 Ubiquitous
Spectrum Analyzer and the Flow Corporati on HWB-3 hot-w i re anemometer.
Because of the time and effort involved in studying the frequency
spectra , complete data sets were taken only for free-stream velocities
of 22.2 and 42.8 fps , representing the minimum and maximum upstream
velocities planned for use during the study . To analyze the graphs
obtained from the frequency spectrum analyzer , the data were punched on
computer data cards and analyzed using a FORTRAN program (see Appendix
B). In preparing these data cards , a uniform frequency interval was
considered , but peaks were also included to make certain no important
features were omi tted . Peaks that occurred in the hot-wire output
frequency spectra at 60, 120 Hz , etc., were i gnored in analyzing the
data as these have been attributed to electrica l noise. Some of the
results have been plotted in Figs . 31 and 32. By examinin g graphs
for all four of the interior traverse points , it was found that data
taken through instrument port No. 3 with an insertion depth of 15 in .
most closely represents each of the other points and the average of all
four for the velocities considered . For this reason , frequency

73

— - - - —5-. - —-5 - -~ -~~~—- --—-5- -— 5 — ‘-~~~~~ -~



5-_ - - --- --5w~.----
-- _ -----—-—--_--- - .- ----— - - - - _ _ _

(I)

- 2  C

~~~ 5., C’)

d 

__ __
z5- 

C..)

L&J -J~~
-
~~~~Q 

~~ 
7 II

.—J~~~l-- (’J-, (,~~ 
‘—
‘.5- 8
1z~~- a _ •~~~— I
I E

WI

cn LiJ~~~~> 2 E. 2  \ ~_ o  U
/ ~~ — ci)

I F
~~~~~~ ~~~~~~~~ I
LU w~~~ -E .E I

C-)

cv
a-a)

C — LI~Pd
I

U
C

__ cJ~~~. a)
- _ u .—

C
-o

I-
4-’a)

- 

~~~

- -  

~~~~

- -  -

( ZH /~fl .L) ~4!SU00 o.i~~~ dS J~ MOd

74

- --~~ —— -~~~ -~~~ — - ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ — 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~ - —



—5- .-— — - —------~~ i:---- :- - - - - 5 - - - -

~~~~~~~~~~
—------- .——

~~~~~

-- -

v)
0~9-

-
~~ 2 QD

C’)
LU r

.

~~ 
II

=~l
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~
- S - -

I— Ua)
~1 < c ~

, . g . c
(fl L & I Z > — E~~ ~~~ V)

~~~~~~~~ ~~~~~~~~ 
>..(l)~~~ Q •~~~~S s  U

LU L U I I .E .E C

-4--, 

L i
(Zk.4rtj) ~c~isuac IDJ4~~d5 )aMO~

75

~



~
__

-
~~~~~~~

_
w~--— --— -——----- 

spectrum data taken at that position has been assumed representative of
all four points .

By plotting Figs. 31 and 32 on logarithmic scales , the complete
frequency spectra are shown . As can be seen in those figures , rather
domi nant frequency components occur at 10 Hz (and at 5 Hz for 22.2 fps).
At higher frequencies , the amplitude drops considerabl y. It is assumed
that the 10 Hz components must represent a resonance within the tunnel ,
but no conclusive explanation has been found for that component.

In addition to collecting turbulence spectrum da ta , the frequency
spectrum analyzer and a vel ocity transducer were used to study the
frequency spectrum of wall vibration at different locations along the
wind tunnel , especially the test section. Surprisingly, little agreement
was found between the principal wall vibration frequencies and the
prin c i pal frequencies observed in the flow , especially the 10 Hz
component. A brief examination of the data showed great contrast between
the vibration in the test section wall and the much hi gher vibration
amplitudes in the transition section , indicating the canvas vibration
isolation section was necessary and did an effective job.

4.2 FLOW VISUALIZAT iON STUDIES

Using the smoke generator and photographic equipm ent already
described , flow visua lization studies were conducted in the boundary
layer and wake of the test airfoil with no upstream distrubances present.
For these studies , the smoke probe was positioned so the smoke stream
would impinge on the stagnation point of the test airfoil and divide
nearly evenly to fl ow in the boundary l ayers along the pressure and
suction surfaces of the airfoil . Lighting was provided by floodlights
or Strobotacs through plexiglass lighting slits or the plex i glass test
section side . Initial observations were made visually with flood-
lighting only and showed no visible separation along the suction
surface. Observation of the wake under these conditions showed what
appeared to be a rather steady but turbulent smoke stream as shown in
Fig. 33. Introduction of stroboscopic lighting, however , showed the
wake to actually be a vortex street as shown in Fig. 34.

4.2.1 . Characteristics of the Wake Vortex Street

Because of the ease of visualizing the wake , it was studied firs t
to gain experience in the photogra phic and lighting techniques which
would later be applied to the boundary l ayer transition region. Still
photographs were made using high-speed flash through the lighting slits .
Only spatial information could be obtained from these photographs , how-
ever , because no time reference was included . Using these photographs
(Figs. 34 through 36), the vortex wavelength (a in Fig. 0.2) was
found to be approximately 1.9 in. for all trailing edge velocities
(74.0 to 143 fps) studied . This value varied from about 1.62 to 2.1
in. for specific vortex pairs , but the average for a given velocity
appeared to always be around 1.9. The values for ai and h as defined
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In Fig. D.2 were not nearly so constant, however. For a true Karmanvortex street, a1/a = 0.5. Through exami nation of a large number ofwake vortex photos, a 1/a was found to vary from 0.5 to 0.736.Generally, however, the average va l ue was found to be approximately0.57. This asymetry is likely due to the difference in development ofthe two boundary l ayers which separate at the trailin g edge to form thevortex street . Even the shapes of the vorti ces in each of the two rowsare noticeably different as can be seen clearly in Figs. 34 through
36. From linear theory, a stable Karnian vortex Street (a1/a = 0.5)occurs only for a spacing ratio (h/a) of 0.281 . As discussed in the
theory section , however, experimental data has shown various values
with observed increases as distance from the trailing edge increases .As can be seen in FIg. 37, considerable variation exists in the
spacing ratio as a function of distance from the airfoi l trailing edge,especially for the highest velocity . For the lowest velocity (74 fps),however, the data does tend to average near the theoretical value ,
especially near the trailing edge. Accurate determination of the
spacing ratio is difficult , however, especially at the higher
velociti es, because the smoke diffuses to such an extent that vortex
centers are generally not sharply defined . This partly accounts for
the large scatter seen in Fig. 37.

The vortices were visually observed at various frequencies by
using the Strobotacs , but the highest frequency at which they would
appear nearly stationary was only 10 Hz. To further study the temporal
development of the trailing edge vortices, high-speed motion pictures
(generally at 1000 to 1500 frames per s~cond) were made by using the
Fastax camera . By this method, the vortices were found to have a fre-quency of about 536 to 562 Hz for an average trailing edge velocity of
74 fps . To confirm this , an HWP-B hot-wi re probe was inserted throughthe test section floor and positioned approximately 1.5 in. from the
airfoil trailing edge along the wake centerl ine . The results are shownin Fig. 38. As can be seen from that figure, the frequency data con-fi rms the va lues obtained from the high-speed movies . Using the data
of FIg. 38 and a trailing edge radius of 0.355 In., a value of 0.46was obtained for the Strouhal ni~nber as compared to values of approxi-
mately 0 ,21 for circular cylinders normal to the fl ow direction and of
0.18 for flat plates at zero incidence . In many studies , the maximum
airfoil thickness has been used in determining the Strouhal number , butit appears likely that the loca l trailing edge radius may better repre-
sent the local conditions determining the vortex Street characteristics.
Support for this may be found in the assumption of Roshko~ that the
point of sepa ration at the trailing edge determines the vortex row
spacing (h) which in turn determines the vortex wavelength (a) to
maintain maximum stability for the street. Li kewise , Gongwer ’2 found
that the trailing edge thickness for a semicircular trailing edge was
the cri tica l length for determining frequency , while leading edge and
tip dimensions exhibited little effect . As long as the separation
points occur along the trailing edge, changes in the trailing edge
thickne ss should thus roduce changes In the shedding frequency .
Hes kestad and Olberts, 2~ however , found considerable variation In the

81

A ~~~~~~~~~~~~
-- - -  -

~~~~~~~~



______________________ ~~~~~~~~~~~~~~~~~~~~~~~ - - —

I
II.— ~~, I—

‘I-
~., I 0

.
~~~

rn =• 0
S ~~

.

ri ,

(n
‘.5 0

0 ..~fl
•
~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~ 

0
0 

~~ o 
..

~~~~~~~~~~~~

OCb

0

-C%i

* 
1~1 a I

(0/9) O!4D~ ~U!30d S



~~ j L  ~~~~~~~~~~~~~~ 
fl-,. 

~~~~~~~~~~~~~
--.,.- ---

~~ ~~~~~~~~~~~~ 
--

~~
— 

~~~~~~~~~~~~ 
,—,--

~. • ____ _._,~. ____ • • ._ • _ _ _

$200-

1100-

$000 -

a
N

‘.5
U •

=0~

‘a-

• 700 -
S = 0.46 (d O.71”)

500~
Average

Trailing Edge Frequency Strouhal
~~J V.  Veloc Ity (Hz) HO.

(tps )

300 
74.0 576 0.460
96.7 756 0.462

112 .5 864 0.454

200- 12 1.0 940 0.460
34.8 1020 0.448

• co . 42.7 1110 0.460

0— I I

70 80 90 100 ItO 120 130 140 150
Average Trailing Edge Velocity (fps)

Figure 38. AIrfoil Wa ke Vortex Shedding Frequencies

83

haiL •~~~r_., . • —



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

shedding frequencies of a flat plate of uniform thickness when various
trailing edge geometries were investigated , although a linear frequency
versus velocity relationship was found in each case. As a result , they
concluded that the ratio of trailing edge thickness (boundary layer
thickness for thick boundary layers) to the distance between separation
points was an important parameter in determining the vortex shedding
frequency.

Careful examination of the high-speed movies showed a phenomenon
not initially recognized in the still photographs. Al though the vortices
were generally very distinct and regular in occurrence, periods of time
occurred during which the intensity of the vortices was reduced, even
giving a false appearance of nearly laminar wake flow at times . These
periods occurred for intervals lasting from one to about 15 cycles of the
vortex sheddi ng frequency at a rate of about nine per second for a 74 fps
trailing edge velocity and about 30 per second for an average trailing
edge velocity of 143 fps. The time between occurrences, however, varied
considerably and could in no way be considered periodic. Oscillograph
records obtained from the hot-wi re probe placed in the wake center
yielded no further i nformation on this period . As shown in Fig. 39, no
significant variation could be observed from a quasi-random turbulent si gnal .
Still photographs indicating this period are shown in Figs. 40 and 41.
Comparison wi th Figs. 34 and 35 shows considerable reduction in the
width of the wake as wel l as a loss of strong vortex street characteristics.

- — In addition , 41 seems to show a sudden shift in periodic frequency to• nearly double the usual vortex shedding frequency. Apparently this
change in wake properties is related to the pressure surface boundary
layer transition, as can be concluded by comparison wi th Fig. D.l , page
along wi th the knowledge that boundary layer transition occurs along a

• circular cylinder for Re > los . The increased rate of occurrence of the• thinner wake at the higher velocity would thus indicate a higher inter-
mittency factor wi thin the boundary layer transition region near the
trailing edge. The decrease in wake thickness, resulting from a
rearward shift in separation point, woul d be expected to occur during
turbulent periods. Were full transition to turbulence to occur, the
wake should most likely resemble Fig. 40, though perhaps wi th even less
periodicity.

4.2.2 Characteristics of Pressure Surface Transition Region

Following detailed examination of the airfoil wake, initial
boundary layer studies along the pressure surface were made. Still
photographs of the smoke streaks were taken at various stations along
the surface, with reference being made to the static tap numbering
indicated in FIgs. 14 and 15, respectively. High speed flash was used
for these photographs, with the lights placed to shine thrgugh the test
section plexiglass side wall at an angle of about 30 to 40 wi th
respect to the lens axis. This was necessary because slit lighting was
found to give poor contrast resulting from excessive Illumination of the
airfoil surface.
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F One of the more dramatic photographs obtained in this manner is
shown in Fig. 42. In this photograph , the sequence of events during
the deformation of a Gortler vortex pair may be observed. As shown
through hydrodynamic flow visual ization along concave surfaces i n other
studies ,5~’

79 82 the deformation of the Gortler vortices appears to
resemble amplified Tollmien-Sch lichting waves superimposed on the

t original vortex pair. In fact, some of the regions identified by
Knapp and Roache25 (Fig. 1) for Tollmien-Schlichti ng transition may
be correlated with some of the features shown in Fig. 42. Regions Ri
and R2 (possibl e R2 only, because of the pre—existing Gortler insta-
bility ) of Fig. 1 would correspond to the initial appearance and
growth of the traveling (Tollmien—Schlichting) waves along the vortex
pa i rs as seen in the left side of Fig. 42. In the right of Fig. 42,
the travel ing waves then proceed to break into turbulent flow. As
already mentioned , several other recent studies have also noted
Tollmien-Schlichting characteristics following the growth of Gortler
vortices along a concave surface. Indeed, Tani54 suggested that tran-
sition along a concave surface resembled Tollmien-Sch lichti ng
transition observed for flat plate flow in the presence of pre-existing
spanwise velocity variations. In addition , Cumsty,5 using a hot-wire
probe along a turbine airfoil model pressure surface, observed
frequency characteristics (high frequency bursts superimposed on slugs
of low-speed flow) resembling Tollmien-Sch lichti ng transition down-
stream of Gortler vortex formation.

Through visual observation of the boundary l ayer flow wi th a
stroboscopic light source, the developing vorti ces were found to take
on the appearance of an expanding helix. This observation is very much
similar to those of Bippes and Gortler82 for hydrodynamic flow along a
concave surface. In a two-dimensional photograph such as Fig. 42, the
amplified waves superimposed on the vorti ces bear some resemblance
to the profile reported by Mitchner 26 for the growth of a turbulent
spot along a solid surface. In addition , Steurer ’3° reported a similar
sawtooth appearance as 1-S waves deformed three-dimensionally along an
ogive-nosed circular cylinder. On the other hand , this may be only the
appearance of the helix pattern when shown two-dimensionally. Because
of the narrow dimension of the smoke stream impinging on the airfoil ,
only two or three adjacent Gortler vorti ces may be observed at one
time in any of the smoke flow visualization photographs . As can be
seen in Fig. 42, however, even adjacent vortices do not appear to
develop and deform at exactly the same rate. In that figure , the
upper vortex shows an earlier amplification of the Tollmien-Sch lichting
waves and a subsequent earlier breakdown to turbulent flow. Likewise ,
Figs. 43 and 44 show considerable difference in the development of
adjacent vortices . In Fig. 43, one of the vortices is nearly turbu-
lent , while the adjacent vortex appears to show only weak amplification
of the Tollmien-Sch lichting wave. In Fig. 44, one of the vortices has
again broken down into nearly turbulent flow while the adjacent vortex
shows the district periodic pattern of the amplified Tollrnien-Schlichting
wave.
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By measuring the still photographs , some characteristic dimensions
of the boundary l ayer disturbances have been found. When the dis-
turbance growth is roughly equa l in two adjacent vortices , measurements
may be made in a plane parallel to the airfoil surface using Fig. 14,
and the corresponding markin gs seen in the photographs to establish reference
scales in each coordinate direction. One important dimension in dealing
with Gortler vortices is the vortex spacing , or wavelength , as measured
in the spanwise direction (the wavelength , AG, is twice the measured
spacing between adjacent vortices). Unfortunately, this dimension is
measurable only when two adjacent vortices of similar dimensions show
clearly in a given photograph. It is thus possible to obtain this
dimension from very few of the many photographs studied. However, from
these data it was found that the spacing is relatively constant with a va l ue
of approximately 0.3 in. In fact, no distinct trend was seen with changes
in velocity , with values lying within 20% of 0.3 in. being found as the
average at each of the four inlet velocities studied. Values measured
from the photographs ranged from 0.24 to 0.47 in. with more than half of
the values lying between 0.27 and 0.33 in. It should be noted that for a
single inlet velocity (22.2 fps) the values ranged from 0.25 to 0.47 in.
at a single surface position. Usi ng china clay and talcum powder erosion
techniques , Cumsty 5 was able to obtain traces showi ng vortex wavelength
variation across the enti re blade span of a turbine airfoil model , finding
a maximum wavelength about three times the minimum .

Originally it was hoped that a composite of still photographs
would yield i nformation about the approximate spatial locations at which
various features of the transitioning boundary layer might be expected
to occur. Instead , series of photographs (Figs. 44 through 50) taken
at the same spatial location showed features ranging from apparently
lamina r to nearly turbulent flow despite the fact that periodic
(Tollmien-Schlichting) waves were observed visually just prior to
shutter release. In order to display photographs from a single film ,
only photographs for a test section inlet velocity of 22.2 fps are
shown . Although dimensions and locations may be expected to vary with
velocity , the general shape of features in these figures is representative
of photographs taken for the full velocity range studied. The details
in Fig. 44 have already been discussed . Figures 45 and 46 show nearly
laminar flow wi thin the boundary l ayer. Small Tollmi en-Schlichting
waves appear in the right of Fig. 45 while no waves are visible in Fig .
46. In contrast, Figs. 47 and 48 show nearly turbulent boundary layer
flow although some of the periodicity clearly shown in Figs . 42 and 44
is still present. Even more interesting were several photographs in the
same set showing apparently lami nar flow downstream of Tollmien-
Schlichting waves (in contrast with Fi g. 45) as shown in Figs . 49 and 50.
These photographs would seem to indicate that transition in this case
follows a sequence somewhat resembling that described by Knapp and
Roache2~’25 for Tollmien -Schlichting transition , where a group of amplified
1-S waves proceeds downstream and eventually breaks up into fully turbulent 
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flow , followed by a period of time during which the transition region
is essentially lami nar prior to the formation of the next group of
waves .

In order to better understand the time history of the boundary
l ayer transition region , high—speed motion pictures (1000 to 4000
frames per second) were taken at vari ous stations along the airfoil
surface. These were made only for test section i nle t veloc iti es of
22.2 and 42.8 fps. Because of problems with lighti ng intensity and
the higher frequencies present, the films taken at an inlet velocity
of 42.8 fps proved to be much harder to analyze and less information
has thus been obtained from them. In order to study the films on a
frame—by—frame basis (even for the l ower inlet velocity studied , the
frequencies were too high for regular projection speeds), a hand—
operated editor was used . One of the fi rst observations obtained from
the films is that groups of Tollmi en-Schlichting waves proceed down-
stream , breaking up into nearly turbulent flow , although a fully
turbulent boundary layer was never observed . These groups were found
to consist of as few as one or two or as many as fifteen or more waves ,
in agreement with observations from the still photographs . Between
each of these groups was a period of nearly l aminar flow . At both of
the velocities studi ed , the earl iest appearance of the waves seemed to
be at tap 13 (s/C = 0.33) although they occurred more regularly around
tap 16 (s/C = 0.47) and further downstream. In addition to the groups -:

of waves , a low frequency variati on of the boundary layer smoke stream
thickness appeared to take place starting around tap 8 (s/C = 0.10).
This variation was in the form of a traveling wave . When the crest of
this wave was somewhere between taps 13 (s/C = 0.33) and 17
(s/C 0.51), the previously mentioned wave (Tollmien—Schlichting)
groups were found to form. Rarely were these events out of phase with
each other. The frequency of this wave was found to vary considerably
for a given inlet velocity . At a test section inlet velocity of
22 ,2 fps , the frequency was found to vary from about 20 to 54 Hz wi th
most occurrences giving va l ues of 20 to 35 Hz. For an inlet velocity
of 42.8 fps , the frequency was much higher , with a value of about 65 Hz
being found . As mentioned before , however , difficulti es with the
higher speed movies prevented comprehensive data from being obtained.
The source of these low frequency waves was not found , although there
is a possibility that they may somehow be excited by surface pressure
variations caused by trailing edge vortex shedding , by free-stream
velocity fluctuations , or even by the transitio n process itself.

The Tollmien -Schlichting wavelengths , as measured in the stream—
wise di rection , were fortunately much easier to obtain than were the
Görtler wavelengths because a si ngle photograph coul d show many
occurrences (Fig. 51) wi th only a single Gortler vortex visible.
However, the Tollmi en-Schlichting wave is more likely to change its
wavelength and/or frequency as it progresses downstream , while the
Görtler vortex wavelength may remain relatively fi xed . This change is
likely to occur , because the Tollmien—Sch lichting wave speed (x15f)  is
likely to be proportiona l to the boundary layer edge velocity . In
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addition , frequency shifts may occur , as seen clearly in the left of
Fig. 51. By using the static tap reference lines of Fig . 14, a scale
may easily be obtained along the center of the airfoil. This is done
by drawing lines between corresponding static tap reference marks and
noti ng the intersections along the center line. These intersections
represent a spacing of 1 in. over most of the concave surface. Using
this scale , the spacing (A Tc) of the Tollmien-Schlichting waves may be
obtained by direct measurerh~nt of the photographs. As can be seen by
comparison of Fig. 52 with Fig. 51 the wavelength decreases as the
velocity increases.

A summary of observations made from the still photographs is
presented in Tables 3 and 4. As can be seen in those tables , the
value of ATS tends to increase with increasing distance downstream .
Also , wi th ~he exception of taps 15 through 17, the wavelength tendsF to decrease wi th increasing velocity . Taps 15 through 17 may not repre-
sent a significant departure from the trends , however , because the data
of Table 3 for those locations was obtained from a single photograph
whi ch may not have represented accura tely the avera ge va l ue. Mos t of

— the available data for an inlet velocity of 22.2 fps were found down-
stream of tap 18. Through analysis of the high-speed motion pictures
the wave speed (x15f15) was found to be nearly equal to or slightly
greater than the LcaT boundary l ayer edge velocity . The wave speed at
a given spatial location was found to be relatively constant, especially
when compared wi th the frequency and wavelength data which varied con-
siderably. The wave speed approximately equal to the edge velocity
contrasts sharply wi th a wave speed of 35% of the edge velocity found
by Heckl and Jackson kS as being the most likely to lead to transition
initiated by amplification of Tollmien-Sch lichting waves.

As a result of these findings , a calculated frequency CUe/A ~
) is

presented in Tables 3 and 4. Because the value given for ATS re~resents
an average value , the calculated frequency is expected to represent an
average va l ue at that position. The frequency data obtained from the
motion pictures somewhat comfirm this. For a test section inlet velocity
of 22.2 fps, the observed frequencies were found to vary from 563 to
840 Hz with an average value of 657 Hz at tap 19, and from 660 to 1080
Hz wi th an average value of 931 Hz at tap 22. As already discussed ,
motion picture data for an inlet velocity of 42.8 fps were rather
incomplete , but showed a frequency somewhere around 2000 Hz at tap 22.
As can be seen in Figs. 52 and 53, even still photographs of the smoke
are much less distinct at the higher veloc i ty, making visualization data
that much more difficult to obtain.

In a combined hot-wire anemometer and smoke flow visualization
study similar to that of Knapp and Roache,2~~25 Steurer’30 found that,
for Tollmien -Schlicht ing transition along an ogive-nosed circular
cylinder , the frequency varied as the 3/2 power of the velocity and as
surface distance to the -0.6 power. Using average wavelengths of
0.392 in. at an inlet velocity of 42.8 fps and 0.538 in. at 22 fps
(from data in Tables 3 and 4) along wi th an average value of
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0.46 in. at 36.3 fps, and letting the parameter (cUinlet /ATS , where cis an arbitrary constant) represent the average frequency , the fre-
quency was found to vary almost directly with U

~~ et yielding the
relation

u = 5U ’• 5  ( 19)
inlet TS inlet

in agreement with the relationshi p presented by Steurer. The calcu-
lated local average frequency , however , was found to vary with surface
distance to the -1.3 power. This is represented by the term
[(Ue/A avo)/(U~~

5/’
~
3)] in Tables 3 and 4. The fact that the values for

this ter~ are more consistent at the higher inlet velocity (42.8 fps)
is not surprising , because the wavelengths were also found to be more
uniform in photographs taken at that velocity , perhaps because of the
nearness to full transition . As opposed to use of this term, the
wavelength might instead be associated directly wi th boundary l ayer
dimensions .

F In order to investigate the relationshi p between wavelength (AG)
and boundary l ayer momentum thickness, the quantity (A avg/62) was
calculated at each station (Tables 3 and 4). The value used for 

~~2 is
that calculated for an assumed laminar boundary l ayer (see Appendix C).
Because the boundary l ayer would likel y grow more rapidly within the
transition region than for the calculated laminar boundary l ayer , the
variation of Aavg/I52 with surface distance may be less if measured
velocity profiles were used to determine the momentum thickness integral.

4.2.3. Surface Roughness Effects on the Pressure Surface
Transition Region

The techniques involved in the study of the boundary layer develop—
ment under the influence of various surface roughnesses were essentially

— similar to those used for the smooth surface studies . High-speed
flashes were utilized , aligned at an angle of 30° to 40° wi th respect
to the lens axis. This study was somewhat more comples than previous
studies, as detailed results produced in the smooth surface studies were
more difficult to achieve in the rough surface studies, because of the
interfering small turbulent wakes which originated ininediately beyond

F sand particles, starting sometimes close to leading stagnation point.
It was almost impossibl e to recognize whether a turbulent wake behind a
certain particle was responsible for a complete breakdown of the laminar
boundary layer , or had no influence at all , as it was completely dis—
sipated somewhere downstream of the particle. The high-speed photographs
emphasize this special feature of the distributed roughness. Figure 54
shows an upstream view of the boundary layer with grit #12, where many
small roughness wakes are originating very close to the surface and are

L 

mixing with other wakes , resulting in wha t can be seen as an overall blur
close to the surface. Careful exami nation of this photograph did reveal
important additional information concerning the type of transition
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experienced . A group of Tollmien -Schlichtin g traveling waves were
super imposed on a quite unclear , but still recognizable , Gortler wave
and can still be observed downstream, formi ng an expanding helix
mentioned in the smooth surface boundary layer development studies.

An interesting fact about Figure 54 is that transition is being
propagated and developed by 1-S waves and Gortler waves , even after the
rather turbulent roughness wakes occurring upstream. Another interesting
feature is the chordwise position at which these events take place. The
1-S waves were initiated between taps #8 and #9; wi th smooth surface at
the same velocity , the T-S waves were never found upstream of taps #12
or #13. However, a low frequency oscillation in the boundary l ayer was
found to exist around tap #8 of the smooth blade , later resulting in
the 1-S wave fo rmation downstream. This fact , which was discovered in
the smooth surface studies , might help to explain partially the early
appea rance of the 1-S waves. If the roughness wakes were not directly

— responsible for a complete breakdown in the boundary l ayer, they might
have played an important role by substantially increasing the ampl i tude
of the disturbances as well as by supplying additional high-intensity
disturbances of a much broader spectrum than the original disturbances.
This feature is unique to a distributed roughness , as a s ing le roughness
element will produce only one wake. A wake of sufficiently high intensity ,
containing frequencies to which the bounda ry l ayer is sensitive (critical
frequencies), may cause a trans iti on. On the other hand , a s ing le

— roughness element not producing such disturbances will not influence
transition. In contrast, a continuous genera tion of disturbances over a
broad spectrum by the distributed roughness will directly affect the
boundary l ayer development with a sufficient magnitude of critica l
frequencies . Thus the early formation of the T-S waves could be partially
explained by an increase in the magnitude of the disturbances wi th broader
spectra which were generated continuously in the boundary layer by the
contin uous presence of the roughness par ticles on the b lade surface.

Figs. 54-61 show various stages of the boundary layer development
on the pressure side wi th different grit numbers of roughness, sever al
inlet velocities , and a number of upstream and downstream chord l ocations .
Fig. 55 shows a rather turbulent boundary layer around tap 18 wi th grit
#12 and an inlet velocity of 22.2 fps. At 22.2 fps tap 15 with grit #20
shows also a turbulent boundary layer development (Fig. 56), where the
same grit number at a downstream location with a higher inlet velocity
(Fig. 57) produces a complete turbulent boundary layer. Fig. 58 shows
transitional flow upstream with grit #20 and 29.0 fps inlet velocity .
The type of transition is quite unclear in this photograph . Grit #36
produces a lam inar boundary layer and tap 12, and the transition process
by 1-S waves is clearly initiated around tap 15 (see Figs. 59—60). Fig. 61
shows another stage of transition with large nonl i neari ties in the boundary
layer. A large number of photographs were obtained cover ing most of the
available combinations of Inlet velocity/gri t #/chord location. Higher
inlet velocities presented a problem of smoke intensity , but analysis
was still possible, although good quality photographs were never obtained .
A complete descr iption of the infl uence of roughness on the boundary layer
transition region was not available using only still photographs , and the
aid of the hot—wi re frequency analysis results were issential in finding
the exact type and extent of the transition region .
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4.3 PRESSURE SURFACE BOUNDARY LAYER HOT-WIRE STUDiES

4.3.1. Smooth Surface Velocity Profiles and Boundary Layer Properties

In order to use the available techniques for boundary l ayer and
heat-transfer calculations , one must estimate various properties of the
flow . Such an estimation could be performed using a laminar or
turbulent boundary l ayer model , with fixed “transition point” pred -cted
by one or more of the many semi-empirical relationships available. When
the problem is not very involved , good prediction could be made about
the needed parameters . However , as in the case of the pressure side of
a turbine blade , several factors which infl uence the boundary layer
development exist , and their presence complicates the situation to
such an extent that severe difficulties arise when known techniques are
used to predict heat-transfer parameters , as mentioned in Section 1.

A hot-wi re study is extremely valuable in determining various
properties of the transition region. Velocity profiles are known to
be a good indication of trans i tion , as laminar and turbulent boundary
layer velocity profiles were throughly investiga ted and documented . The
traverse mechanism was used with a hot-wi re, bounda ry layer probe (TSI
model 1261 ) and a hot-wire (TSI model 1050) constant-temperature
anemometer. The probes were precalibrated with a special calibrating
tank utilizing an isentropic nozzle. As mentioned in Section 3.8, the
traverse mechanism was designed to an accuracy of 0.001 inch. Such an
accuracy was not essential because it was proved that the boundary
layer thickness is of the order of 0.1 inch.

The wall proximity problem which arises when a hot-wire probe is
used very close to a cool wall did not play any role in the analysis
of the results . As Wills ,’56 Oka and Kostic ,153 Rhen ,154 and Kanevce
and 0ka 155 show , the problem arises usually much closer to the wall
than was used in this study . This is quite fortunate since the
calibration needed for the wal l correction is rather cumbersome and
inaccurate . As an additional safety measure , severa l studies were
conducted on the test blade , and velocity profi l es of various chord
locations and several speeds were obtained while the hot-wire probe
was driven toward the wall un til contact was reached . Results show that
the wall influence on the velocity profiles starts to be significant only
less tnan 0.005 inch away from the surface.

The velocity profiles (Fi g. 62) at an inlet velocity of 22.2 fps
resemble a laminar boundary l ayer development upstream , and the
distinct fullness of a turbulent bounda ry l ayer as they proceed
downs tream. However , additiona l studies at higher inlet velocities of
29.01, 36.3, and 42.8 fps reveal more important information concerning
the characteristics of transition which occurs on the pressure-side
of a turbine blade. The velocity profiles were plotted at the same
inlet velocity and various chord locations , so their development can
be investigated as they proceed downstream; Figs . 62-63 show these
profiles for 22.2, 29.01 , 36.3, and 42.8 fps inlet velocities . The
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upstream velocity profiles (tap 9) show generally a lamina r boundary layer
development, but as we go downstream (taps 13 , 18) , inflectiona l profiles
appear , and further downstream profiles (tap 24) show generally
turbulent profiles . The distinct “kinks ” in the profiles around mid-
chord resemble clearly the well-known unstable inflectional profiles ,
which are an indication of the end of the nonlinea r development of
disturbances , and the development of a high-shear layer and high-
frequency disturbances , which lead eventually to the development of a
turbulent boundary layer. The mechanism is described by Klebanoff ,
Tidstrom , and Sargent3’ and is explained by Kovasznay , Komoda , and
Vasudeva 158 as well as by other investigators .

Experiments concerning the possible spanwise variations in the
boundary layer thickness and velocity profiles due to the presence of
Gortler vortices were investigated . However , the results show very
little variation. The reason for these results (as the Gortler vortices
were clearly visible using smoke visualization techniques) could be
explained by the unsteady nature of the waves as they move spa nwise
rather randomly, although these movements were quite small in amplitude .
Spanwise movements exist mainly becau3e in this experiment , as compared
with similar transition studies , no attempt was made to fix the Gortler
vortices ’ wavelength or location , and thus their formation is entirely
free of any artificial disturbances .

The momentum thickness variation over the pressure surface was
calculated from velocity distributions which were obtained experimentally
and theoretically. The theoretical values were calculated using a
boundary l ayer development computer program and are based on the
measured static taps pressure distribution and potential flow cal-
culations. The results are plotted in Fig. 64, and show generally
that the experiments produced consistently l ower values of the momentum
thickness because of the transition which takes place along the pressure
side. Note that the experimental results are based on only a few
data points; each represents a velccity profile at a certain location
and free steam velocity . Nevertheless, the trend is quite obvio us in
these curves. The Gortler parameter , based on momentum thickness , was
then calculated experimentally and compared with the results obtained
from the theoretica l values. The results for 22.2 and 42.8 fps inlet
velocit ies show maximum Gortler parameter values of 2.25 and 5.35 ,
respectively , for the experimental results , as compared wi th 3.34 and
4.06 , respectively, for the theoretical results . These results are
below the minimum Gort ler parameter of 8.6 to 10.6 for transition , as
indicated by Clauser ’ s 73 data .

4 .3.2. Smooth Surface Frequency Analysis

Frequency analysis of the disturbance s in the bounda ry layer is
an extremely valuable tool in the study of vari ous properties and types
of transition experienced in a boundary layer. To this end , a great
deal of experience and preliminary knowledge of the exact spectrum of
the free-stream disturbances are essential before any conclu sions can be
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drawn from the results. It is known that the boundary layer is more
sensitive to disturbances of certain frequencies than it is to others ;
therefore, a complete frequency spectrum survey was performed in the wind
tunnel test-section in the calibration stage and was partially repreted
again just before any new data in the boundary layer were taken. The
extreme care taken in this work was later proven essential when the actual
data was analyzed , since several peaks which appeared in the frequency
spectrum at various stages were shown to be a direct result of the free-
stream disturbances. The output signa l from the TSI Model 1050 hot-wi re
anemometer was fed into a Federal Scientific Model UA-500 Ubiquitous Real-
Time Spectrum Analyser with an X-Y plotter , and the spectrum of the
signa l was then directly plotted on standard graph paper.

The results obtained in this manner were used mainly for two kinds
of analyses. The first kind of results obta i ned were the Tollmi en-
Schlichti ng wave frequencies which were compared wi th the results from
the high-speed photography studies . Tollmien-Sch lichting wave frequencies
were observed as a moving frequency peak among stationary peaks on the
frequency spectra . Further examination and comparison of several spectra
at the same chord location and various inlet velocities , or at the same
inlet velocity and various chord locations , revealed information as to
the growth of certain frequencies , This type of study , considered
important in obtaining spatial amplifi cation factors for predicting
transition~

9, was used in this study to ascertain how the frequency
spectrum is constituted , an indication of the development of a turbulent
bounda ry l ayer. A sample of the data (the study involves an analysis of
severa l hundred graphs ) is presented in Fig. 65 where results from the
same chord l ocation at speeds of about 16 to 29 fps inlet velocities are
presented. A shift of the high amplitude region toward higher frequencies
wi th increasing speed is noticeable , as well as the development of
stationary peaks inherent in the free—stream disturbances present in the
tunnel . The high-speed photographic methods were performed at 22.2 and
42.8 fps inlet velocities . The hot-wi re analysis was done at three
downstream locations and covered up to seven different inlet velocities
between 22.2 and 52.9 f ps. Table S presents these data and compares

— the hot-wire with the photographic results . The hot-wire results
confirm the photographic results at the low range , and show somewhat
lower values for the higher inlet velocity of 42.8 fps , although within
an acceptable accura cy . This comparison lends credence to the results
through a mutua l corroboration by the hot-wire method and the flow
visualization study.

4.3.3. Rough Surface Frequency Analysis

The same techniques used for the smooth surface analysis were used
in this study. Three chord l ocations were chosen (i .e., taps #8, #15
and #24) which represent upstream , midchord , and downstream locations .
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TABLE 5

TOLLMIEN-SCHLICHTING FREQUENCIES COMPARISON

Tap # U inlet Hot-wire freq. Photographic analysis
(fps) resul ts resul ts

(Hz) (Hz)

22 22.2 750 752- 818
29 1130
33.7 1 330
36.3 1450
40.4 1650
42.8 1780 2439-2804
52.9 2060

23 22.2 1020 818-1093
29 1340
33.7 1640
36.3 1840
40.4 2050
42.8 2290 2804

24 22.2 1000 1093
29 1520
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A hot-wi re probe was lowered toward the surface , and the frequency
spectrum was observed . The same vertical distance from the blade
surface was used for each grit number at the same chord station.
General ly, the spectrum was very narrow , with low-amplitude peaks up
to a certain inlet velocity ; it then started to broaden quickly (de-
pending on grit number , inlet velocity and chord location) produ cing
sometimes a completely turbulent spectrum .

Sample data are presented in Figs. 66—70. The conclusions obtained
from these data are presented in Table 6.

4.4 AIRFOIL STATIC PRESSURE DISTRIBUTION

4.4.1. Smooth Surface

Using the instrumented airfoil described in section 3.2, the static
pressure distributions were determ i ned for test section inlet velocities
of 22.2, 29.0, 36.3, and 42.8 fps, with no upstream obstructions
(circular cylinders). Only 53 of the 56 static taps were usable , one
being plugged on the suction surface and two on the pressure surface
as indica ted in Fig. 15. In Figs. 71 through 74, data for the plugged
tap experimental values has been supplied by a cubic spline fit using
adjacent measured data points . In these figures , the experimental data
are plotted along with the potential flow calculations performed by
Dr. Kervyn Mach of the USP~F P1ero Propulsion Laboratory based oncascade geometric data as described in Appendix A. As can be seen in
the figures , relatively close agreement was obtained , expecially for
the pressure surface distribution. The tra iling edge distribution ,
especially for the suction surface , shows a rather large discrepancy .
This may be explained easily when one examines the theoretical work of
Gostelow .103 Through potential flow analysis , Gostelow found that a
discrepancy in the rear stagnation point location of only 0.001 chord
could cause a rather large shift in the trailing edge static pressure
distribution. In fact, the static pressure distribution showed sig-
nificant changes over much (approximately 60 to 90%) of the airfoil
surfaces. An exaggerated view of the trailing edge results is shown
in Fig. 75. From that figure , it can be seen that the potential flow
calculation used for Figs. 71 through 74 seems to be based on a rear
stagnation point oriented somewhat toward the suction surface , probably
assumed to be at the tangent point of the suction surface and the
trailing edge curvature . The experimenta l da ta , however , would appear
to show a rear stagnation point much closer to the trailing edge center.

One must be careful , however , when interpreting these data ,
because the pressure taps permi tted the measurement only of mean values
rather than instantaneous values . The trailing edge vortices shown by
visualization and hot-wi re techniques occur at much higher frequencies
than the response of the static pressure instrumentation. As discussed
by Morkovin ,86 these vortices are capable of influencing the instantaneous
pressure distribution over much of a circular cylinder surface , and
could be expected to do the same for an airfoil. Probably the best
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TABLE 6

ANALYSIS OF RESULTS FROM FREQUENCY SPECTRA OF THE
BOUNDARY LAYER ON SMOOTH AND ROUGH SURFACES

Chord Roughness “Start” of “End” of
position Size Transition* Transition**
Tap #8 Smooth N.O.*** N.O.
S/C = 0.1

Grit #12 <22.2 fps 29 fps
(t=l.168m)

Grit #20 22.2 fps >29 fps
R=O.5l3m)

Grit #36 36.3 fps N.O.
(k=O.162m)

Tap #15 Smooth <22.2 fps N.0.
S/C = 0.43

Grit #12 <22.2 fps 22.2 fps

Grit #20 <22.2 fps >22.2 fps

Grit #36 <22.2 fps 29 fps

Tap #24 Smooth <22.2 fps N.O.
S/C = 0.85

Grit #12 <<22.2 fps <<22.2 fps

Grit #20 <22.2 fps <22.2 fps

Grit #36 <22.2 fps 22.2 fps

* “Start” of transition refers to a noticeable increase in dis-
turbances intensities. Rapid growth of disturbances was recorded
beyond that point. However, this does not refer to the “critical
point” of the Stability Theory .

** “End” of transition refers to a condition beyond which an increase
in inlet velocity did not produce any additional disturbances
(frequency—wise), or increase in the intensities of the existing ones.

~~ N.O. means “not observed according to the above criteria. ”
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explanation of the experimenta l curves given in Figs. 71 through 74
then is that the rear stagnation point moves between the pressure and
suction surfaces as vortices are alternately shed , yielding a mean
position somewhere near the trailing edge center.

Once the static pressure distributions had been obtained , the
velocity distributions were calculated using the idea l Bernoulli
equation. As could be expected from potential flow theory , the non-
dimensionalized velocity data lies nearly on the same curve regardless
of inlet velocity studied. The nondimensional values presented in Fig.
76 represent the average of data for the four velocities studied . Rarely
did the value for any of the velocity plots vary from the given curve by
more than about 1%. In order to relate the local edge velocity to the
test section calib ration data , the test section inlet velocity was
selected as a reference. In Fig. 77 the Reynolds number based on
surface distance (Rex) has been plotted wi th similar reference to the
test section inlet velocity for the pressure surface.

4.4.2. Rough Surface

The same instrumented airfoil used for the smooth surface study was
used for the rough surface study . Data for the plugged taps was
supplied by a cubic spline fit using adja cent measured data point. As
explained in Section 3.9, the base layer of the sandpaper was removed
prior to its attachment (by glue) to the airfoil. This procedure kept
the airfoil dimensions virtuall y unchanged , except for the protrusions
of the grain-roughnesses on the sandpaper. Static pressure holes ,
1/32” diameter , were drilled in the exact tap locations , so that the
static pressure taps were connected directl y to the surface.

The results were plotted against the smooth surface experimenta l
data (Figs. 78-83). Exam ination of these results shows some varia tions
between the smooth and rough surface static pressure distributio ns , but
no common trend among these data was observed. The instantaneous
pressure data might be different in the rough surface because of changes
in the wake vortex street development , but because only average data
were obtained , such variations could not be demonstra ted .
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SECTIO N V

THEORETICAL RESULTS

In order to understand the observed boundary layer properties and
make comparison with available prediction methods , it was necessary to
estimate the laminar boundary l ayer growth based on static pressure tap
data . The computer program discussed in Appendix C was used to calcu-
late the displacement thickness (o i); momentum thickness (

~~
2 ) ;  Reynolds

number based on surface distance , displacement thickness , and momentum
thickness; Gortler parameters based on ~ and ~~~ ; and pressure gradient
parameters needed to estimate boundary l ayer transition region location
and properties . Comparison of the observed boundary layer disturbance
properties was then made with stability theory results and empirica l
prediction methods discussed earlier in this report.

5.1 CALC ULATION OF LAMINA R BOUNDARY LAY ER DEVE LOPMENT

As discussed in Appendix C , a finite difference scheme was used to
calculate the boundary layer dimensions and velocity profile. This
calculation was based on the edge velocity distribution determined from
measured static pressure data as shown in Fig. 75. Originally, integra l -

techniques such as those of Thwaites , 5 , 13 1  Holstein and Bohlen , 17 and
of Wa1z 17 were tried. Each of these methods is essentially the same .
All of them gave results inconsistent with physica l constraints around
static tap 9 (S/C = 0.14), probably due to some difficulty with es-
tablishin g the initial co Iditions. Because of this failure , the finite
difference program was developed .

Some of the results of the finite difference calculations are
plotted in Figs. 84 through 89. Generally the results for test section
inlet velocit ies of 22.2 and 42.8 fps have been plotted together for
comparison. These valocities represent minimum and maximum flow rates
stud ied as well as those for which the most data were obta i ned . In
examining the output from the program , it must be remembered that the
fin ite difference equations used are valid only for laminar boundary
layer flow and may not represent accuratel y the growth in the transition
region followi ng the point of neutra l stability , especially when the
disturbance has been amplified such that it is noticeable experimentally.
However , in the absence of more precise experimenta l da ta describing the
transition region growth , these data were used in making the theoretical
pred ictions.
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Figure 84 shows the boundary layer displacement thickness plotted
as a function of surface distance from the airfoil stagnation point.
As can be seen in that figure, the displacement thickness first increases ,
then decreases as the pressure gradient becomes extremely favorable
along the concave region of the pressure surface. Figure 85 likewise
shows a plot of the momentum thickness , showing somewhat similar shape
although the maximum occurs at a different distance from the stagnation
point. Comparison of the results for different velocities shows similarity
in shape of the curves although the magnitudes are different.

The shape factor (H), representing the ratio between the displace-
ment and momentum thicknesses , is plotted in Fig. 86. The shape factor
is approximately the same regardless of velocity for the airfoil so
long as laminar flow is assumed in the calculations. The range of
values from 1.6 to 3 is not unusual for laminar flow .17 Schubauer and
Klebanoff27 found a shape factor of 2.6 for the laminar boundary layer
along a flat plate in zero pressure gradient flow , with a decrease to
1.4 in the turbulent boundary l ayer region.

For bot.mdary l ayer trarsition region predictions , the Reynolds
number should be based on the momentum or displacement thickness rather
than surface distance , to indica te the magnitude of boundary l ayer
growth. The momentum thickness Reynolds number is plotted in Fig. 87
and shows continuous increase despite the momentum thickness fluctuations
shown in Fig. 85.

In addition , for concave surfaces , the Gortler parameter , generally
based on momentum thickness , but sometimes on displacement thickness ,
is often used to predict transition region location. Plots of the two
Gortler parameters for the maximum inlet velocity studied (42.8 fps)
are shown in Fig. 88. As can be seen in that figure , each of the
Gortler parameters reaches a maximum value and then decreases , al-
though the maximums occur at different surface distances along the air-
foil. A curve of similar shape was obtained by Cumsty 5 for a different
turbine air foil model.

By plotting each of the thicknesses , thickness Reynolds numbers ,
and edge velocity as a ratio of their maximum known values (generally
found at tap 27, the last tap along the pressure surface) the changes
in each parameter may be compared. Figure 89 shows such a graph for
the maximum inlet velocity (42.8 fps) studied . As can be seen in tha t
figure , edge velocity appears to be the domi nant term in the Reynolds
number calculations for much of the concave portion of the airfoil
pressure surface. The maximums of the Gortler parameters of Fig. 88
correspond to the maximums of the displacement and momentum thicknesses.

5.2 ESTIMATION OF TRANSITION REGION PROPERTIES

As a result of the laminar flow calculations just discussed , some
of the transition region propertie s , such as location and disturbance
wavelengths , can be estimated. This has been done through the use of
empirical equations and stability theory calculations of other authors .
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For transition along concave surfaces , the Gortler parameter
[(U~52/v) 62/R] is generally considered an indication of transition.
Gortler 72 showed that a value of 0.58 for the Gortler parameter , based
on 

~
5 2, is the minimum for neutral stabilit y to occur. Examination of

Fig. 88 and the appendix data shows that this value occurs prior to
static tap 8 (s/C = 0.10), the first tap in the concave region , for all
velocities studied . A value between 6(Tu = 0.3%) and 9(Tu 0.06%)
for G(~2) was found by Liepmann

66’76 to indicate transition. Forest 137

has also reported a previously unpublished value of 4.5 (Tu = 4 %) .  The
highes t va l ue found along the airfoil in this study was only about 4 at
an inlet velocit y of 42.8 fps (Tu = 0.64%), and full transition was not
observed.

When the Gortler parameter is based on displacement thickness , a
value of 38 may be considered an indication of transition in zero
pressure gradients as shown in Fig. 9O.~ ’ G(5 1) never exceeded 13.2 ,
however , and the maximum values (plotted in Fig. 90) still fall far
short of the transition value of 38. The values of G(o1) from this
study , however , are based on the calculated growth of a laminar boundary
layer. Actual boundary layer growth should be greater beyond the point

— of neutral stability , thus an experimentall y measured displacement
thickness might give a somewhat larger value.

At all velocities , the Görtler parameter was found to reach
maximum values at about the same surface location [static tap 14
(s /C 0.38) for G(~5 1) and tap 18 (s/C = 0.57) for G(62)]. Very little
var 4 ation of the parameter was found with increasing velocity . The
maximum va l ue of G(5:) was found to be 3.35 for a test section inlet
veic -city of 22.2 fps , while the value was 4.07 for a veloc i ty of
42,8 fps. From the flow visualization studies , the earlies t m di -
cation of transition occurred prior to tap 13 (s/C = 0.33) with the
To llmien -Sch lichtin g waves occurring soon after. It is likel y that the
formation of Görtler vortices started soon after tap 8 (s/C = 0.10),
~he point of neutra l stability , and may have been indicated experi-
mentally by the observed low frequency oscillation of the boundary
layer which was firs t observed near that location.

In addition to the G~rtler parameter , spatial amplification
facto rs such as those used by Smith 7 5  could be used to predict tran—
sit ion and the growth of the disturbance from the point of neutra l
stabi l it~,. However , time did not permi t the calculation of amplifi-
cation factors for comparison in this study .

An important dimension of Gortler vortices is the wavelength (A G).The curves of Fig. 91 are based on the stability theory calculations of
Tobak. 8~ By knowing the arclength (2a ) of constant curvature , a
stability curve is found which relates czó ’ to G(5~), where a

Generally, the vortex wavelength causing instability can be expected to
be that which causes the earliest instability . In Fig. 91 thi s wo .ild
occur at G (62) = 0.58 and 

~- ‘~2 
= 0.164, assuming a large plate of

constant curvature. For the airfoil pressure surface of this study ,
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a/~s2 > 50. The value of A G would thus be estimated as 0.22 and 0.16 in.
for inlet velocities of 22.2 and 42.8 fps , based on the momentum thickness
calculated at tap 8 (s/C = 0.10). The average value s of A G obtainedfrom the flow visualization studies were 0.69, 0.56, 0.63, and 0.59 in.
for inlet velocities of 22.2, 33.7, 36.3, and 42.8 fps , respectively.
These values are plotted in Fig. 91. Although they do not occur at the
predicted neutral stability point , they do lie along the neutral stability
curve. Stability theory has thus been shown to predict the possibility
of the measured Gortler wavelengths , although wavelengths predicted for
the critical point were somewhat smaller.

Transition along concave surfaces resultin g from the development
of Gortler vortices can generally be expected to occur long before
transition resulting from ampli fied Tollmien -Schlichting waves is pre-
dicted to occur. This generall y holds true for curvatures encountered
along the surface of a turbine air foil. However , the varying curvature ,
especially the convex curvature near the leading edge , and the large
radii of curvature near the trailing edge suggest the possibility of
Tollmien-Sch licht ing instability and subsequent transition being pre-
dicted along the pressure surface. This possibility was examined
theoretically for explanation of the observed development of Tollrnien-
Schlichting waves following the init ial growth of Gortler vortices .

Because of the slightly positive pressure gradient found between
static taps 5 and 9, Eqs. (1) and (2), valid for zero pressure
gradients , might satisfactorily predict Tollmien -Schlichting transition
if it were to occur near that region . To use these equations , the
free-stream turbulence level must be known or assumed . From the cali-.
bration study , the turbulence level is known to be between 0.006 and
0.008. Using these values , transition is predicted to occur for
Reynolds numbers , based on surface distance , between 5.93 x lO~ and1.16 x 106 . For an inlet velocity of 42.8 fps this would correspond to
static taps 21 (s/C = 0.71) and 25 (s/C = 0.90), respectively. For an
inlet velocity of 22.2 fps transition is predicted never to occur or to
occur after tap 26 (s/C = 0.95). Because of the strong favorable
pressure gradient along much of the airfoil pressure surface , full
transition can be expected to take place much later than predict ed by
these equations and it does in the case being studied.

Equations (4) and (6) also fail to directly consider the pressure
gradient , but use the momentum thickness Reynolds number which is
influenced by pressure gradients . These equations offer the additional
advantage of predicting the beginning and end of the Tollmien-
Schlichting transition reg ion . Using these equations , transition was
predi cted never to start for an inlet velocity of 22.2 fps . For an
inlet velocity of 42.8 fps, the transition region was predicted to
start after tap 26 (s/C = 0.95), but never to reach full transition.
Using a turbulence leve l of 0.008, Reó2 was found to equal 616 for the
beginning of the transition region and to equal 1863 for the end ,
greatly in excess of the values obtained from the laminar flow calcu—
lations for the region (0.43<s/C-0.57) within which traveling waves
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were firs t observed at all inlet velocities of this study . Therefore ,
in the presence of the Gortler vortices , the Tollmie n-Schlicting waves
occur even much earlier than predicted by Eq. (4). In order to directly
consider the pressure gradient effects, an equation such as Eq. (3) can
also be used , but this equation yields even higher values for the
transition Reynolds numbers in this instance than do Eqs . (4) and (6).

The earlier transition due to the preser~ce of Gortler vortices is
not surprising, because it was this early transition along concave
surfaces that led to their initial discovery . However , determination
of the critica l Reynolds number (shown in Fig. 92) also fails to pre-
dict the occurrence of Tollmien-Schl ichting waves where observed . In
that figure the data for an inlet velocity of 42.8 fps is plotted
against a stability curve obtained by schlicht ing. ’7 The pressure
gradient parameter [A = (62/u)dUe/dx] was estima ted by assuming aBlasius profile and c~nverting the values of DEL2U from the laminar
boundary program listed in Appendix C. As can be seen in Fig. 92, the
data come closest to neutral stability around tap 7 or 8, the same
region where the Gortler vortices reach neutral stability . Although
this could help to explain the occurrence of Tollmien-Sch lichting waves
in the current study , similar explanation does not exist for similar
characteristics described in Refs . 5, 54, and 79 through 82.

In order to see w-iat estimates might be obtained for the Tollmien-
Sch lichting wavelengths (A TS) from linear theory , reference was made to
Fig. 93. In that figure , tI~e data obtained at an inlet velocity of
42.8 fps at various stations along the airfoil have been plotted wi th
stability curves from Ref . 17. The data points lie within the pre-
dicted unstable regions for adverse rather than the favorable pressure
gradients found along most of the pressure surface. To a large extent ,
this is because of the smaller Reynolds numbers at which the traveling
waves were found in this study . However , the wavelengths observed for
taps 15 and 16 are larger than would be predicted for zero or negative
pressure gradients , even for much larger Reynolds numbers. l4ith the
varying pressure gradients and early occurrence of traveling waves
found in this study , Fig. 93 would thus seem to offer little assistance
in predicting the Tollmien — Schlichting wavelengths associated with
deformation of Gortler vortices .

It would appear that little information about the Tollmien — Schlichting
wavelengths or location can be obtained from the linear stability
theory . As would be expected , transition , even instability , is predicted
to occur long after To llmien -Schlichting waves are actually initiated
through deformation of the Gortler vortices . This suggests that nonlinear
theory such as that of Aihara ~

0 must be developed further before theoretical
predi ction of the observed features of transition following deformation
of the Gortler vortices may be possible. In contrast , the linear theory
does appear to predict adequately the point of neutra l stabili ty and the
possible wavelengths associated wi th the Gortler vortices.
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SECTION VI

CONCL USIONS AND RECOMMENDATI ONS FOR FURTHER STUDIE S

The studies described in this report included smoke flow vi sua l i - -
zation and hot—wire studies of the airf oil wake characteristi cs along
with visualization studies of the boundary l ayer transition reg ion
location and features . In addition , numerical estimates of laminar
boundary l ayer development based on the measured static pressure pro-
files permi tted comparison of the results wi th some of the available
theory . Facilities and techniques developed for this study should
allow further study of bounda ry l ayer development along two-dimensional
turbine ~~~oi l model pressure surfaces along with the effects of
upstream disturbances , end walls , and other infl uences on turbine air-
foil boundary l ayer development.

6.1 Conclusions

As a result of the studies described in this report , a number of
conclusions can~be made regarding the airfoil bounda ry l ayer and wake
characteristics. The conclusions reached are as follows :

1. A wake vortex street has been found to exist behind the air-
foil model for the full range of chord Reynolds numbers
studied (7.88 x 1O~ < ReC <1.52 x 10 6). The vortex street was
found to be asymmetric with an average ratio a,/a (Fi . D.2)
of approximately 0.57. The asymmetry is believed to be a
result of the differences in development of the pressure
and suction surface bounda ry l ayers .

2. Nearly constant vortex wavelength (a in Fig. 0.2 ) was found
for all velocities studied , with a mean va l ue of 1.9 in.
However , the spacing ratio (h/a) varied considerably at the
higher velocities and tended to increase with increasing
distance from the trailing edge. Because of considerable
data scatter , no discernible relationship was found between
the spacing ratio and distance behind the airfoil trailing
edge.

3. In agreement with Ref. 128 , the airfoil trailing edge radius
appears to be a significant parameter in determining the
vortex shedding frequency from turbine airfoils having a
semicircular trailing edge . The Strouha l number based on the
trailing edge diameter was found to be 0.46.
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4. Considerable varia tion of the wake thickness was found to
occur , especially at a blade chord Reynolds number of
1.5 x 106 . At times , vortex shedding appears to cease ,
yielding a turbulent wake of much less thickness. Al though
the occurrence of these changes is by no means periodic , the
turbulent wake was found to appea r approxima tely nine times
per second with an inlet velocity of 22.2 fps and about thirty
times per second with an inlet velocity of 42.8 fps. This
appears to be directly related to full boundary l ayer tran-
sition to turbulence and may serve as an indication of when
turbulent boundary layer development actually takes place on
the pressure surface. This result may prove very valuable
for cascade or roto r testi ng where wake measurements are
often easier to obtain than are boundary layer measurements.

5. The observed vortex street properties of the airfoil wake are
sufficiently similar to those of a circular cylinder to per-
mit substitution of circular cylinders for upstream airfoils
in wake effects studies .

6. Transition along the pressure surface of the model is
initiated by the formation of Görtler vortices having a point
of neutra l stability prior to s/C = 0.10 , based on Gdrtler
cri teria such that G(t52) > 0.58, for all test section inlet
velocities studied .

7. In agreement wi th the results of Refs . 5, 54, and 79 through
82, the Görtler vortices were found to deform throug h the
action of what appear to be superimposed traveling, or
Tol lmien — Schl ichting, waves . These waves follow a sequence
of events very much similar to those described in Refs . 22
through 25 for To llmien — Sch lichting transition along an
ogive—nosed circular cylinder. The Tollmien — Schlichting
waves observed in this study were found to occur in groups
ranging from one to fifteen waves , grow , and then break into
a turbulent boundary l ayer , followed by a period when the
enti re transition region appeared to go essentially laminar.

8. Adjacent Görtler vortices were found to deform , through the
action of traveling waves , at sli ghtly different surface
distances .

9. The first regular occurrence of the To llm ien— Sch lichting
waves occurred for O.43 <s/C<O .57 for the velocities studied.
Nowhere along the airfoil pressure surface was a turbulent
boundary l ayer found to exist at all times.

10. A low frequency traveling wave variation of the boundary
l ayer thickness was found to precede the To llmien — Sch lichting
wave development. When the thickness reached a maximum
between s/C = 0.43 and 0.57, a group of Tollmien — Schl ichting
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waves was found to form. A diagram of this observation is
shown in Fig. 94. The frequency of this wave was found to
vary from 20 to 54 Hz with most values between 20 and 35 Hz
at a test section inlet veloc i ty of 22.2 fps (Rec = 7.88 x lOs ).
For a test section inlet velocity of 42.8 fps
(Re

~ 
= 1.52 x 106), the value was found to increase , possibl y

to as much as 65 Hz. These values accompany Toilmi en-
Schlichting wave frequencies on the order of 600 and 2000 Hz
at the respective velociti ’~s.

11 . Stability theory was shown to give relatively good agreement
with the measured Görtler vortex wavelength (

~G). 
The wave-

length did not agree with the usual prediction for the
critical point , however. Stability theory was not shown to
predict the observed To llmien — Schlichting wavelengths (--

~
-s )

~however.

12. The wave speed (A-i-sf) of the To llmien -Sch lichting waves was
found to be roughly equal to or slightly greater than the
local edge velocity (Ue). This is in contrast to the results
of Heckl and Jackson~

5 which would indicate a disturbance
wave speed approximately 35% of the edge velocity .

13. The local Tol lmien -Sch lichting wave frequency was found pro-
portional to Ue’~

5/~5’~
3 .

14. Tollmien—Sch lichti ng transition , even instability , is not
genera l ly predicted to occur along the airfoil pressure
surface for the conditions studied . However , a slight
posit ive pressure gradient between s /C = 0.05 and 0.14
results in a possible point of neutral stability at nearly
the same location as neutra l stability for the Gdrtler
instability . However , this does not explain the obser-
vations of Tollrn ien—Schlichting waves followin g Görtler
vortices found in Refs . 54 and 79 through 82 for flow along
concave surfaces of constant curvature in zero pressure
gradients.

15. Upstream boundary l ayer velocity profiles show generally a
laminar boundary layer development , but as they proceed
downstream infl exional profiles start to appea r around mid -
chord which indicate the end of the nonlinear development of
disturbances , and the development of a high shear-layer and
high-frequency disturbances , which lead eventually to the
development of a turbulent boundary layer. Downstream profiles
resemble turbulent profiles , but one should be careful not
to conclude directly that a completely turbulent boundary layer
exists downstream , and should consult with the visual and hot-
wire frequency data which indicate an ~intermittently turbulentHboundary layer development.
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16. Few spanwise velocity variations were found on the pressure
side . These findings (as the Gortler vortices were clearly
visible using smoke visualization techniques ) could be ex-
plained by the unsteady nature of the waves , as they move span-
wise rather randomly, although these movements were quite small
in amplitude. Note that no attempt was made to fix the Gortler
vortices wavelength or location , and their formation is entirely
free of any artificial influencing disturbances .

17. Lower momentum thickness values were obtained experimentally
than values calculated using the laminar boundary layer
development program. Consequently, l ower Gortler parameter
values were calculate d , which were quite insufficient for full
Gortler transition to occur based on available literature.

18. Distribute d three-dimensional roughness with 2.2 x l0~~, 9.6 x
lO~~, and 3.0 x l0

_ t
~ average roughness height divided by chord

length had significant influence on the pressure side boundary
layer. Generall y, transition was initiated at much lower inlet
velocities , and was observed sometimes at upstream locations
(tap 8) where it was never observed on a smooth surface.

19. Early initiation of Gortler waves with superimposed Toilmien-
Schlichting waves was observed at upstream chord locations
(up to tap 8). Turbulent wakes originating behind roughness
particles preceded these events . The early appearance of these
waves might be explained by the dramatic increase in the
amplitude of the disturbances with broader frequency spectrum ,
which were originated behind the roughness parti cles. This
observation also points to the inherent difference between the
influences of single and distributed three-dimensional rough-
nesses. It was found (especially with the smallest roughne ss
height) that at an insufficiently high inlet velocity , transi-
tion was initiated by a Tollmien -Schlichting and Gortler wave
system , at approximately the same inl et velocity and chord
location as on the smooth blade.

20. It was not possible to observe the exact mechanism of transition
with distributed roughness.

21. The frequency spectra in the boundary layer with roughness
present were rather narrow up to a certain inle t velocity
(depending also on exact chord location and roughness height ),
and then the spectra were f i l led out quickly with intense
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higher frequency disturbances. This is in contrast with the
smooth surface transition spectra , which were full with distinct
u spikes ,II and graduall y got filled in with higher frequencies as
complete transition was approached. The Tol lmien -Sch lictin g
waves which were observed upstream in some of the roughness
studies were quite hard to locate on the frequency spectra
because of the large number of intense disturbances present.

22. Small variations without any clear trend were observed between
the smooth and rough surfaces static pressure distributions.

6.2 Recommendations for Further Studies

As a result of the observations obtained during the current study
a num ber of ideas for future studies come to mind . The ability to
visualize basic transition region features suggests that many influences
on the pressure surface transit ion region could be studied with some
detail. In addition , some further study of the wake region may be
justified as a result of the vortex street observations.

The relationship between the observed low frequency bound ary layer
thicknes s variation and the groups of high frequency Tollmien-
Schlichting waves also needs to be studied. In addition , the source of
this low frequency variation needs to be identified to see whether it
may be related to trailing edge conditions , stagnation region flow ,
some fundamenta l part of the natural tran sition process , or even to
other channel flow dynamics of the tunn el . Study should also be made
to determine whether a variation of thi s sort was also responsible for
the grou ps of Tollmien-Sch lichting waves observed in Refs . 24 and 25
for transition initiated by amplifi cation of To llm ien—Sch lichting waves
ra ther than G~5r tler vort i ces .

The similarities between transiti on initiated by Gdrt ler vortices
and by Tollmien — Sch licht -i ng waves within the nonlinear region prior to
full turbulence suggest that comparativ e study be made to see if some
fundamenta l features mi~ht b-e found for both types of natural tran-
si tion. The Lin—Benney region of Tollmien -Schlichting transition is
characterized by the deformation of the traveling waves through the
formation of strearnwise vortices . (Note that these vortices tend to
form when the wave streamlines are convex . Could this be related in
some way to the initiation of high— frequency Tollmien-Sch lichting waves
to defo rm the Görtler vortices when the boundary layer thickness vari-
a tion was also convex?) Similarly, for Görtler transition along a
concave surface , the streamwise vortices are deformed through the
formation of traveling waves resembling Tollmien -Sch li chting waves . At
the same time as experimental studies of tnis nature are pur sued ,
further development of nonlinear theory might also help to explain the
observed similarities and differences .
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Turb ine airfoil pressure surface boundary layer transiti on has
generall y been ignored by designers as being insignificant . H o w e v e r ,
several recent turbine blade studie s (Refs . 8, 132 , an d 134 ) have indi-
cated either an inability to predi ct heat transfer rates accurately,
confused transition region measurements , or an extensive transition
region along the pressure surface. As a result , the low velocity two—
dimensional cascades utilized in this study and by Cums tj5 give some
insight to other turbine airfoil experimental results . This should
justify continued efforts to study the observed boundary layer tran-
sition region features to give improved turbine blade fl ow predictions
as well as increased f’~ndamenta 1 knowledge of the processes of boundary
layer transition.

In order to describe more fully the mechanism of transition and
relate it to events observed during this study and others , detailed
study is needed to determi ne the instantaneous physical parameters
associated with the observed sequence of events . Such parameters would
include the instantaneous static pressure , detailed description of the
velocity flow field as a function of time , and other parameters that
mi ght help show what forces the events to take place. Very likely such
a study would involve the use of a combination of experimenta l tech-
niques such as hot—wire anemome try , laser-Dop pler anemometry , fl ow
visualization using smoke or neutrall y buoyant bubbles , sur face-mounted
pressure transducers , and other techniques that can yield instantaneous
ra ther than average values for a number of points in the boundary layer.
A data acquisition system would do much to facilitate the collection of
such data .

The results of th i s s tudy may show tha t while it is true that the
boun dary l ayer on the pressure-side of a turbine blade may be transitional ,
and thus the heat trans fer rates wil l  be di fferen t from lam i nar or
turbulent calcu lations , i t may be the case that the actual hea t trans-
fer rates after only a short period o~ time in service will resemble
the rates obtained by turbulent calculations. This idea is further
supported if one realizes that such relative roughness sizes used in
this study are quite representativ e (if not underestimated ) of the real
surface roughness sizes of a turbine airfoil in service. Another
interpretation of these results may point to a probable deficiency in
ground testing of jet-engines . Jet-engine operating at high altitudes
may not experience such intensive erosion as a jet-engine operating
in ground conditions .

During the last several months of the project new sophisticated
electronic equipment was purchased , and became ava ilable in the Department
of Mechanical Engineerin g. A dual -channel Fast Fourier Transform Analyser
with excellent automatic correlation capabilities is now available. This
instrument can directly interact with the existin g TSI dual -channel hot-
wire anemometer. The FFT analyser can also interact with the new De-
partment ’s Digital PDP 11/60 (which has AID conversion capabilities), and
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the large amount of data can be handled and processed virtually
instantaneously and printed or plotted with great ease. With the aid of
such a system , many previously unanswered questions may be investigated.
Possible correlation between a complete turbulent boundary layer and the
intermittent turbulent wake might be observed , which may prove very valuable
for cascade or rotor testing as explained in Section 6.1 A study of the
correlation between the low frequency waves observed in the boundary layer
and the appearance of the T-S waves might help in gaining better under-
standing of transition in general .

In order to explore the mechanis m by which single or distributed
three—dimensional roughness causes transition , experimental work such as
the study by Kiebanoff et al1~’ is needed . Rather interesting phenomena
observed in this study (such as the early appearance of T-S and Gortler
wave systems on rough surface) could be explained in such a study .

In addition , many other bounda ry l ayer studies of considerable im-
portance to turbine airfoil design could be attempted with only minor
modifications to the existing facilities. The effects of the various
boundary regions on the heat transfer rate may be studied by embedding
small heating units in the airfoil surface and raising slightl y the
temperature of the airfoil surface or, to represent more closely the
cooling of a turbine airfoil , by embedding refrigerating coils in the
airfoil surface and measuring the resulting heat transfer rate. Hub
or turbine wall effects and accompany ing secondary flow could be simulated
by installing a plate norma l to the airfoil surface in the center of the
test sect i on .

One more problem encountered wi th the current study is that the
Reynolds numbers are too low to produce full transition along the air-
foil pressure surface. If studies of the complete transition region
are to be made , higher velocities may be needed to encourage full
transition . The magnitude of this high er velocity is uncertain ,
because the theoretical study indicates only a sli ght change in the
Görtler parameter even when the flow velocit~ is doubled . However , the
transition region was seen to break into nearly turbulent fl ow rather
often , and the wake indicated frequent transition to turbulent boundary
layer flow at the highes t inlet velocity used in the current study. To
increase the velocities in the existing f~ci 1it i es , a fan and motor of
greater capacity would be needed. In addition , modifications might be
required to prevent stall in the transition section and to improve the
screen and entrance sections even more than was done for this study .

The wake vortex Street found behind the airfoil also suggests some
additional study . Parmakian and Jacobson ’36 showed that a rather small
change in trailing edge thickness can result in si gnif icant reduction
of turbine vibration for hydrodynamic flow . A study of the effects of
different trailing edge dimensions or geometries on the wake vortex
street dimensions and frequencies might thus prove va l uable.
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APPENDIX A

CASCADE GEOMETRIC DATA

Fi gures A.l and A.2 and Tables A.l through A .4 present the airfoil
and cascade geometric data used for all calrulations made after the
airfoil models were cast. These values may differ slightly from the
data p resente d in Fig . 10 , because the coordinates for that figure
were develo ped by enlarging the Lander 11

~ coordinate data for a chord
len gth of 21 in. The data of Fig. 10 were then used as a reference
for p roducin g the pattern from which the mol d was ma de . However , much
of the pattern had to be worke d by hand , so the comp le ted i nstrument
airfoil was measure d by using a mill table to obtain the results
p resented in this app end ix .

Fi gure A.l shows the profile of the test airfoil , along with the
coordinate system used in Tables A.l and A.2. Tables A. l and A .2
present the coordinates for all the static tap locations shown in
Fi g. 15, an d calculated distance(s) from tap 1 , and the surface
curvature (R) as calculated from the coordinates of that tap and the
adjacent taps on either side. Both the surface distance and the
cu rvature have also been nondimensionalized with respect to a chord
len gth of 21 i n. The curvature data are the same as p resente d i n
Fig. 11 , and fluctuate somewhat , because a small error in the coordinates
for a sin g le ta p loca tion w i ll give a much lar ger error for the curvature
calculation which is based on fitting a circle through each set of three
coordinate pairs .

In order to obtain calculated potential flow data for comparison
w i t h the ex per i mental resul ts , the geometric information presented i-i
Fi g. A .2 and Tables A .3 and A .4 was sent to the project sponsors at the
USAF Aero Propulsion Labora tory . Tables A .3 and A.4 give the revised
coord inate system used (axis aligned with flow direction ) along with
some of the airfoil and flow Jata submitted for the calculation. In
preparing these data , it was found that , through an undetected previous
error , the flow was not al igned to impinge directly on tap 1 which had
been assumed to be the stagnation point. Instead , the flow impinged at
an angle wit h tap 1 of about 70 toward the pressure surface. All of
the data in Tables A.3 and A .4 and Fig. A .2 have been changed to reflect
this fact. Figure A .2 describes some of the geometric parameter s
specifically required for the potential flow calculations. In that
figure , 

~
I
~~ 1 and 

~~~~~~ 
represent the angles formed by tangents to the

leading and trailing edge curvature circles at the points where the
air~üi l surface is tangent to them . The tr~i1 in g edge radius was
chosen to match the coordinates of Tables A .3 and A.4 when plotted ,

160

~ 

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 

- —-------- - _ ---- —----- -- - —---.-—.-----—--- - .5



— —~~, ‘.5- -—-— 
- r - _ -—7,- —~~~~-~~~_—~~~~~~~~~~~ - — — - -  - - - - - .5—— .5-— .5 -~~~~-‘----.5 

-5 - 5=
.

q

2 0

/ /
-.5.

0.0~ — -

4) •
C .5— Uo

100 5—-5- x
C 4, 

4-’
a 0

O ~~- — . a)
0)

C

-z .2 .

- .
U-

(u !) A

161

- - --—--..~~~~ ~~~~~~~~~~~ .5.5_.5 ;_ - -.5--- - ___-5~~~~~~~~~~~ —-- -.5—-—---- .5--- --



- - --—-~~—-.-5_________ - -

__X

-

_

x 9.625” 1)4 .183”
gauge x

90
0 82 = 17.5 °

= 90° = 8.10

= 0.781” = 0.398”

Figure A .2 Air foil Geometric Data for Potential Flow Calculations

162

. 5—— -- —- - - — - . 5 -  - - —  -.--——------ --_- - - - - -_ -— ------.--—- - — -— - - - -- _ — _ ______ - 5___ _ ______ ~~~~~~ _ _•___.5_____~_ .5___5 _____.5_  .5—-———



~__—_,._— - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

~~~~~~~~ .5 ’ . 5  _~~ .-~~~~_.••-•- ~~‘ ‘ ‘  - — — — — — —

TABLE A .l

STAT IC TAP COORDI NATE S, CURVATURE , AND SURFACE
DISTANCE FOR AIRFOIL PRESSURE SURFACE

Tap No. X(in.) ‘((in.) R*(in .) R/C* s(in .) s/C

0.0 0.0 -0.968 -0.0461 0.0 0.0
2 0.160 -0.135 —0.674 —0.0321 0.236 0.0113
3 0.415 -0.226 -0.767 -0.0365 0.487 0.0232
4 0.661 —0 .227 —0 .796 -0.0379 0.744 0.0354
5 0.909 —0.146 — 1 .471 —0.0701 0.997 0.0475
6 1.121 -0.034 -5.856 -0.2788 1.246 0.0593
7 1 ,342 0.095 —6 .458 -0.3075 1.555 0.0740
8 1.746 0.363 32.977 1.5703 2.112 0.1006
9 2 .595 0 .899 10 .950 0 .5214 2 .979 0 .1419

10 3.461 1.342 12.307 0.5860 3.969 0.1890
11 4.394 1.728 29.065 1.3841 4.969 0 2366
12 5.336 2.080 10.592 0.5044 5.970 0.2843
13 6.248 2.336 9.003 0.4287 6.962 0.3315
14 7.272 2.489 11.265 0.5364 7.975 0.3798
15 8.339 2.555 10.425 0.4964 8.990 0.4281
16 9.259 2.524 20.826 0.9917 9.966 0.4746
17 10 .249 2.445 18.982 0.9039 10.939 0.5209
18 11.223 2.316 25.006 1.1908 11 .929 0.5681
19 12.211 2.145 38.660 1 .8410 12.917 0.61 51
20 13 .154 1.957 25.755 1.2264 13.902 0.6620
21 14.143 1 .720 47.287 2.2518 14.897 0.7094
22 15.093 1 .471 40.822 1.9439 15.895 0.7569
23 16.064 1.191 65.374 3.1130 16 .900 0.8048
24 17.037 0.894 78.452 3.7358 17.914 0.8531
25 18.009 0,611 120 .582 5.7420 18.918 0.9009
26 18.942 0.331 53.624 2.5535 19.905 0.9479
27 19.891 0.065

*Negatiye sign indicates convex curvature .
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TABLE A. 2

STATIC TAP COORD INATES, CURVAT URE , AND SURFACE
DISTANC E FOR AI RFOIL SUCTION SURFACE

Tap No. X(in.) ‘((in.) R*(in.) R/C* s(in .) s/C

0.0 0.0 -0.968 -0.0461 0.0 0.0
56 -0.149 0.204 -0.955 —0.0455 0.243 0.0116
55 -0.240 0.443 -1.110 -0.0529 0.548 0.0261
54 -0.260 0.892 -1.885 -0.0897 0.910 0.0434
53 -0.216 1 .179 —1.690 -0.0805 1.226 0.0584
52 -0.146 1 .400 -2.658 -0.1266 1.541 0.0734
51 0.070 1 .853 -6.150 -0.2929 2.104 0.1002
50 0.616 2.708 -7.436 -0.3541 2.985 0.1422
49 1.258 3.465 -6.997 -0.3332 3.988 0.1899
48 2.013 4.133 -10.459 -0.4981 4.993 0.2378
47 2.830 4.726 -7.766 -0.3698 6.007 0.2860
46 3.730 5.214 —7.714 -0.3673 7.024 0.3345
45 4.672 5.574 -6.237 -0.2970 8.028 0.3823
44 5.624 5.773 -7.625 -0.3631 9.037 0.4303
43 6.699 5.850 -10.325 -0.4917 10.075 0.4798
42 7.722 5.819 -9.694 -0.4616 11 .1 01 0.5286
41 8.690 5.689 -9.756 —0.4646 12.104 0.5764
40 9.694 5.447 -12 .136 -0.5779 13.103 0.6240
39 10 .601 5.148 —19.831 -0.9443 14.095 0.671 2
38 11.557 4,779 —29.932 -1 .4254 15.093 0.7187
37 12.465 4.393 -48.741 -2.3210 16.085 0.7659
36 13 .347 3.997 -103.652 -4.9358 17.065 0.8126
35 14.257 3.578 -11.044 -0.5259 18.056 0.8598
34 15 .192 3.246 -10.274 -0.4893 19.042 0.9068
33 16.059 2.842 -11.258 -0.5361 20.005 0.9526
32 16.948 2.516 -6.458 -0.3075 20.987 0.9994
31 17 .887 1.993 —12.812 —0 .6101 22.001 1.0476
30 18,755 1 .596 -1343.291 -63.9662 22.997 1.0951
29 19.665 1.179 -956.845 -45.5641 23.987 1.1423
28 20.579 0.759

*Negative sign indicates convex curvature .
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TABLE A . 3

POTENTIAL FLOW CALCULATION GEOMETRIC DATA

Casca de Data:

Airfo il Chord Length : 21 in.
Ai rfoil Spacing : 15 in. (Solidity Ratio: 1.4)
Airfo il Span: 24 in. (Aspect Ratio: 1.143)
Stagger Ang le: 50°
Angle of Attack: 50°

~~ tream Data:
Inlet Sta tic Pressure

Inlet Velocity (U) (In. H20 gauge) (In. Hg abs.) (PSI abs.)

22.21 fps -0 .152 29. 158 14.287
29.0 1 fps -0.280 29. 149 14.283

36 .30 fps -0 .407 29.140 14.279

= 

42.81 fps -0.550 29.130 14.274

Tempe rature: 80°F

- — Air foil Geometri c Data:

See Table A .4 for measured air foil coordinates given in the

following system :

V

(0,15)

Tra ili n
~ 

Ed~e Data:

Radius of Curvature : 0.398 in.
Center of Curva ture: (13.785 , 15. 547)

hIL 
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TABLE A .4

AIRFO IL SURFACE COORDINATE S
(REVISED COORDINATE SYSTEM)

Airfoil Pressure Surface Airfoil Suction Surface

Ta p No. XP(in .) YP(in.) Tap No . XP(in .) YP(in .)

1 0.0 0.0 1 0.0 0.0
2 0.003 0.209 56 0.056 -0.246
3 0.102 0.461 55 0.177 -0.472
4 0.262 0.648 54 0.503 -0.781
5 0.486 0.782 53 0.748 -0.937
6 0.710 0.868 52 0.961 -1.029
7 0.952 0.950 51 1.444 -1.163
8 1.419 1.080 50 2.448 -1.312
9 2.381 1.369 49 3.440 -1.324

10 3.283 1.732 48 4.440 -1.192
11 4.187 2.183 47 5.423 -0.965
12 5.071 2.663 46 6.382 -0.606
13 5.886 3.210 45 7.272 -0.131
14 6.649 3.855 44 8.047 0.457
15 7.399 4.617 43 8.810 1.218
16 7,979 5.332 42 9.458 2.010
17 8.569 6.131 41 9.995 2.826
18 9.111 6.951 40 10.471 3.743
19 9.630 7.809 39 10.840 4.623
20 10.107 8.644 38 11.189 5.587
21 10.577 9.545 37 11.493 6.525
22 11.012 10.426 36 l l. ’73 7.451
23 11.438 11.342 35 12.054 8.413
24 11.852 12.271 34 12.417 9.336
25 12.276 13.191 33 12.681 10.255
26 12.677 14.079 32 13.018 11.140
27 13.099 14.969 31 13.239 12.192

30 13.509 13.108
29 13.791 14.068
28 14.074 15.033
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although measurements on the airfoil show the actual local curvature to -

be closer to 0.355 in. In addition , several of the coordinate points
in Tables A .3 and A .4 did not match the surrounding Curvature and had
to be altered slightly by the sponsors to give a smooth curve for the
calculations.
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APPE NDIX B

PROGRAM FOR FREQUENCY SPECTR UM CAL CULATIO N

In order to determine the frequency spectrum of turbulence level
data obtained with the Flow Corporation HWB— 3 hot-wire anemometer , the
FORTRAN program of this appendix was developed . The output of the
HWB— 3 hot-wire anemometer consists of three si gnals , M 1, M2, and M3 .
M 1 represents the noise signal of the equipment and is produced with a
very small current (< 3 mA) appli ed to the wire , thus kee p ing the w i re
at nearly the ambient temperature . The second si gnal , M 2, is taken
with the wire at operating temperature , but with constant current , and
represents the turbulence si gnal created by the velocity fluctuations .
The th i rd signal , M3, is produced by the addition of a square wave
signal to the M 2 output and serves as a reference signal for the turb u-
lence calculations. As might be expected , the squa-re wave spectrum
showed a series of spikes representin g the components of a Four ier
series . The noise signal included large frequency components at 60 Hz
and at multiples such as 120 and 240 Hz. Likewise , the M2 si gnal
included these same large components , but they were generally cancel l ed
or were ignored during the spectrum calculations.

The procedure used to calculate the turbulence level from the
signal spectra is based on the procedure used to calculate the turb u-
lence level as described by Cox.’°9 The out put of the frequency
spectrum analyzer is given in dB versus Hz. The amplitudes are read
from da t: ‘ ards and are then converted to their vo l tage equivalents for
the M 1 and M2 signals , given in the program as SM1 and SM2. A fre-
quency component of the noise signal (SM1 ) is then squared and
subtracted from the correspon ding squared frequency component of the
turbulence signal (SM2). This quanti ty is then divided by the square
of the RIIS value of the square wave signal (VM3) minus the square of
the turbulence signal (VM2). The resulting quanti ty multiplied by a
factor , representing the hot—wire calibration curve and the operating
conditions which is also squa red , gives a component (STU) of the power
spectral density curve shown in Figs . 31 and 32 respectively .

The computer output shown in Tables B .l through B.6 give complete 
-

turbulence spectrum data for test section inlet velocities of 22.21 and
42.81 fps. Generally, unifo rm frequency intervals are considered , but
the inte rval has been varied sli ghtly to allow for peaks in the
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TABLE B-l

FREQUENCY SPECTRUM DATA (Uiniet = 22. 2 fps)

TU FPE~~JF~L Y  .010 ~ ‘ S 1 T ~~C .  — . C T  ? c I T I -
3 / — ?

0 . 0 0 8 2 2 1

3 . 5  — . 7 .  — 2 1 .  > . _ ; ‘ 3 ’ — ’ .,

4 . 0  — 4 7 .  — ‘ 5 .

— 4 1 .  — 3 7 .  7 . 1 1 7 5 — 0 5
5 . 3 — 4 7 .  ‘II ‘2 E—~~’
5 . 2  — 4 E .  — 2 7 .  3 . 1 2 2 5 — 1 .
5 . 5  — 5 ’ . — 3 2~~

S . C  — 5 3 .  — 35 .  1 3 . 1

6 .5  — 5 ’ . — 3 3 .

P .C — 5 7 .  — 3 ’ . 2 . 1 9 3 5 — 7 5

1.1 — 1 6 .  — 1 7
— ‘‘ . — 3 5 ’ •

9 . 0  — 5 7 .  — 3 5 .

9. ’ — 4 0 .  — A c .

113.C — 5 6 .  — 3 8 .  3 . 7  5~~E — 4
1 1 3 . 4  —5 7. —~ c~
10. ’ — s c .  — 4 C .

3 5 _ I  — ‘ , 3 .  — 3 2 .  2 .

11.5  — 5 0 .  —4 1.

12 . 0 — ‘4 . _ 3 c _

1 2. 5  — 4 0 .  — 4 0 .

— 4 0 .. 4 C .  1. - O H —  I’
13 .5  —o- : . —4 2.

5 4 . 0  — 4 0 .  — -‘.2.

14 .5 — 5 9 . — 39 .
1 5_ N  — 4 - 7 .  — 4 1 .

1 5 .5  — 6 1 .  —4 2.

— A ). —44.

13.5 — 0-2 . — 4 1 .  3 . 4 8 2 1 — 24
17 . 0  _ 5 1  — s ’
1 7 . 5  — 6 G .  4 8 .

I a_ I  — 4 L .  — ‘ . 3.  1 . 3 3 3 5—Ca

t e . ’ — 0 1 .  — 4 4 . 3 . 2 4 - 7 5 — 2 5
i c _ N  — 4 5 _  — 4 4  7 . 2 4 3 5 —  ‘p

19. ’ — O C .  — - ‘2 .  ) . 3 5 1 F — - 7 5
2 0 _ C  — 4 0 .  — 4 4 .  3 . .’ 3 F —  ~~

~~~- -x -~~
- 

- 1 w -iT ~~~~~~~~~~

~~ L :.7 ,k ~~~
:-L 1 - k 14 ” ’  N -  ‘--
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TABLE B-2

FREQ UENCY SPECTRUM DATA (Uinlet = 22.2 fps)

113 PR E J~~1.C~ 0 2 1 0  / C S T T I C 1  nOT ‘ 3 3 1 1  -N --iZ C , / t - , f l /’- C 1 / 2
3 . 1 30 8 22 1

2 5 . C  — 5 ” . — 2’- . ~ .1 3 4 s - _  )5
3 3 . 0  — 51. — S c  . s _~~~ ’ . s - —  - ,
3 5 . C  — 5 9 . — 2 ’ . ?. V 5 5 E —  s-
4(1 .0 —1 ” . ~ ) X . - 5 s s - _  - s -

“ S . C  — 5 9 . — 3 2 .
5 0 . 2  — 5 9 .  ~

_ c
‘5 .2  — s - . —~~4 .
F o r  ~~~~~~~ , O .

4 5 . C  4G.  — 3 c .  7 . 1 -. ’ — - ,
7 1 _ N  — 5 ” . —~
7 5 .0  — 5 g . — 3 ~~~.

‘n o. — s - ) _  - 1 s . _

5 5 . 0 — ‘- 0 .  “‘.0 .  J . -.i O s - ” (7

— ~s- . 2.

9 5 . -C ~~~~~~~ — -. 1.

— 4 ’ . — : 4 .

1 2 5 . -C — 5 2 .  —4 3. 7 . 3  ‘ . 5 — ) ’

— ‘ C .

1 15 . 3  — S C .  — . 3 .
5_ J .  — 3 2 .  — 3 .  1 _ -

12 5 . 2  — 4 G .

—~~1. — — 4 .

5 7 5 . 1  ~~~~~~ — . 5 .

1 4 7. 2  — ,1.  — - . 4 .

— c ~3. — - 7 • ~~/
— 6 1 .  — -.7.

151 .3  — 5 0 .  — - . 7 . J~ ‘ ‘ — ) a
— F ; .  — ‘ :. ~~~~

1 5 5 . 3  — S C .  — -.c .

17 2 _ N  — 4 1 .  — 4 ’.

1 7 5 . C  — S C .  4 9 . ). —~~2 V —  C ’
— ‘ 1 3 .  — S C .  C _ ~~2 2 s -

1 5 5 _ C  ~~4 .  — 5 ) .

— F ’ . — 5 1 .

— c 2 .  — s : .
2 : 2 . :  — 4 2 .  — 1 ; .  7 . 2 3 ~~’ —

T~ ~s ~~~~~~ 
- ~~~~~

FROM OI ~ Y ~~-~~~
-‘ ~~~“C~~
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TABLE B-3

FREQUENCY SPECTRUM DATA (U iniet = 22.2 fps)

113 ~~~~~~~~~~~ 2 0 1 2  .~C~~IT 1  ON — C T  ) 0 3 1 T  I C C L
~~Z 2 3 / F Z  - 7 9 / k Z

S 3 O .C  — , 1 .  — S C .  7 . 1 2 5 7 — 1 3
i T~1O.0 — 5 9 .  — 4 1 .

1 5 0 0 .C  — 4 1 3 .  — 5 2 .  2 . 3 2 5 5 — 1 3
— 1 7 _  — -1 I_ ~~ 7- s ~-s c _ 5

2 5 0 3 . C  — 5 7 .  — 5 0 .
— 1 4 .  — H _

3 5 0 0 . C  ~ t 3 ,  — 4 8.
4-3 ( 10.0 — 5 ’ . — ‘ . 9 .  j _ ’4 7 C— ) 3

4 5 0 0_ N  — 0 7 .  — 4 7 .  3 . 1 - 5 . 5 — 3 )
1(1(11_N — S i .  — 4 V _

5 5 0 0 .0  — 4 1 .  — 4 5.

— ‘ - ~~_ — 4  7.. 1. -s ~~~~~~ —

4 5 -30. C — 4 2 .  — — 5.  3 ’  1 1 1 5 — s_ c
7 : 0 3 _ N  — 4 3 .  — 4 7 .

752- 3 _N — S C. — ‘ . 4 . 3 . 1  ,‘ 5— - ’3
4 ) 0 3 . 0  6 1 _  “51- .  7 _ 7 : c 1 3

3 5 00 . 1  — 4 0. — - 4 . 3 _ N — ) ” -— C ’
— n I .. — . 1~~ ‘I~~~ 10

9 50 3  .C  — o 3. — 4 - . . 2 . 1  .C’ — C
1 731313 _N ~~4 0~ —- -. ‘ . • .1 5 ‘—

12 5 0 0 .1  — 4 1 .  —4~~.
I 1” )’  nO — 4 5  — 4 4 .  ‘.3

1 1 5 C 0 . C  — .2 .  — - . 3 .  3 . 3 7 9 5~~79
1207-1 .0  — ‘ .7 .  — ‘ . 1 .

1 2 5 0 0 . C  — 1 2 .  — 4 7 .  3 . 1  ‘“‘— ~~3
— , ‘. - , 2 .  i_ N ’ -. ’— “

L 3 5 1 3 . 3 . C  — 5 2 .  — s Z .  3 .  p2 ’ ’ —  ~
14 0 0 3 . 0  — 4 4 .  — ,‘_ 7 . :

14 5 0 Q . C  — 5 1 .  — 4 2 .
L 1 0 7 3 _ O _ s

15503 .C — --- . — - .2. 1
1’GCs5 _ 0 — j  — ‘.~~~.

1 4 5 1 3 1 . 0  — 6 3 .  4 1 .  ) .~
‘ 7 H — 7 - I

1 7 3 0 0 . 2  — 4 3  s2.

1 7 5 1 3 3 . 3  — o C .  — -. 1.

— 4 L .  —- — 1 .  2 . 2 ~~-, ’—~ I
13 5 0 0 . 0  —19 .  — -.G.

19 0 0 3 . 2  — c i .  — . ‘.0
1 9 5 0 3 . 0  — 1 ’ . “ - . 3 .
2 1_ NI l_ N 9~

_’. -
~~~~~. . ‘ - ‘ 7 ’ —

~~~~~~~~~ ~~~~ ~~~~~~~~~ 4~~~- i !T-1 

- ~~~~~ - - - :s-DO ~~~
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TABLE B-4

FRE QUENCY SPECTRUM DATA (U iniet = 4 2.8 fps )

—Tij I S S E Q J E N C C  CL O ~C S I T 1 C .  -~~T ‘ S I T ) C I Hi
‘-2  0 9 / 4 1  C S / h Z  1 / — I

3 . 5  — 5 3 .  — 3 1. 2 . 2 . 7 5 - 3 ’

— Cl.  — 3 3 .

— 3 9 .  — 3 2 .  7 .  1’~~~— 25

— ‘ ‘ . — 7 ) .

5 . ’ — ‘3 .  ~~ 8 0 .  1.
4_ N  — 5 9 .  — 3 5 .

,. 5 —1 ’ . — 3 7 .

7 .0  — S c .  — 3 4 .  - 3 . 5  ‘— 3 5

7 . 5  —n 7 .  -~ 3 4 .
7 . 1 7  — 1 6 .

2 . 5  — 5 9 . 3 7 . 2 . c 1 2 5 — - 2 o

— ‘ . 3 _  ~~~~~ 3 7  C C _ ’

9 .5  — 6 2 .  — 3 5 .  0 . 5 7 - 3 5 — 2 4
11.1 — 4 2 .  — 1 ’ . 1. - “ 7 ’— ’-,

1 0 . 5  — c C .  — 3 5 . 2 . 1 2 2 5 — 05

1 — 4 1 1 . — 3 5 .  2 .3 7 1 ,— O S

11.5  — 6 1 .  — 3 7 . 3 . 0 1 1 5— 3 3

7 . 0  — 5 ’ . — ‘ 7 .

1 2 . 5  — 0 1 .  — I S .  ). 7 ? 3 ” — J o
t I _ N  — 0 ! .  — -.1.

( . 3 . 5  — 6 1 .  —4 2. ) . 1 9 2 ’— 0 6
1 4_ N  — 4 1 .  — 4 2 . .

14 .5  — 6 1 3 .  —4 2. 3.1915-i.

~~ “V .

l s . 5  ‘ -4 1 .  —
~~~2.  7 . 1 9 2 5 — D O

1 7 . 0  — 4 1 .  — 4 5.  3 . 9 4 - 3 ”— 17

17 . 5  — 4 1 .  _ 4 . 3. 1 2 2 5 — 3 4

— . 3 .

18 . 5  — ‘ - - 3 .  —
~~ 3 .

__________ — t ’ I I C  — ‘-1.  — ..C~~

19. 8 —0 1. —4 2. ) . 1~~2 5 — 2 ,
2 3 _ N  — ‘ . 1 .  — 4 4 .

- -  ~~ - ‘  C ~

- -  - -
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TABLE B-5

FREQUENCY SPECTRUM DATA (Uiniet = 42 .8 fps)

T U “ R E C L . : \ C 5  .03_ N ? s_ 3 1 1 T 0  — c T  - i _ N T 1 2 \  -li Z 3 3 / H Z  L / — ?

3 . 7 3 4 4 3 3

2 5 . 2  — 5 5 .  ~~~~ ‘. 7 . 3  7’~ 5 — s
3 : _ N  — 6 1 . — ‘ ‘ .

3 5 . 2  — 5 3 .  — / 9 .  3 . 3 3 3 3 — 3 4

40. 5 — 5 4 .  — 3 9 .  3 . 2 V 7 ”— 24

45.2 — S 5  — 2 9 .  3 . 7 2 9 5 — 2 4

5 1 3 . 0  — 5 0 _ — 5 4 ~ “

5 5 .0  — 5 5 .  2’ .

0 ) _ N  — 2 ’ . —z c . 2 . 1 7 7 ’  7 )

4 5 . C  — 5 5 . — 3 3 .  7 . 3 4 5 5 — 7 ,

7 3 .2  — 5 3 .  — ‘ 5 .  3 .

7 5 . 2  — 5 0 ~ — 7 2 .  2 . 1 3 3 5 — I s

— 1 4 .  — -. ‘ . - ‘ ‘ H — C ’

3 5 . 2  — 5 7 .  — 3 S .

9 0 .0  — 1 3 .  — 4 : .  2 , 2 2 4 5 — ’?

9’ .C  — 6 3.  — 3 ’ .
1 3 1 3 _ N  — s O . — .~~~.
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TABLE B-6

FREQUENCY SPECTRUM DATA (Uiniet = 42.8 fps)
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I
ML (“Cold Position ”) and M2 (“Hot Position ”) data. The data are gi ven
in the raw form (dB/Hz) and in the calcul ated power spectral density
(STU) form. It is this final column which was plotted in Figs. 31 and
32.
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APPENDIX C

CALCULATION OF THE LAMINAR BOUNDARY LAYER PROFILES
ON A TURBINE AIRFOIL MODEL

In order to estimate transition region location , it is first
necessary to calcula te the development of the lami nar bounda ry layer.
As a resul t of the failure of certain integral techniques (the Karman-
Pohlhausen approximation and the Walz integral equations described in
Ref. 17 and the Thwai tes method described in Ref. 5) to yield realistic
values for this study , the finite difference program described in this
appendix was developed wi th the assistance of Professor Han of the OSU
Mechanica l Engineeri ng Department. Using measured or calculated
(potential flow) static pressure data for the airfoil , the program
computes the boundary layer profiles and parameters required by the
transition prediction techniques discussed elsewhere in this report.

The edge velocity (ue) profile is found by applying the idealized
Bernoulli equation to the static pressure distri bution measured with
the instrumented airfoil , thus fixing bounda ry conditions at some
distance from the wa l l. As an al ternative , the velocity distribution
from a potential flow calculation may be used . Figure C.1 shows a

F velocity distribution for the airfoil pressure surface used in this
study , where Ue is the velocity outside the bounda ry layer and x is the
surface distance measured from the airfoil stagnation point. These
veloci ties are calculated by the subroutine UFREE which also inter-
polates (cubic spline curve fit) to five velocities at 15 equally
spaced points between each pair of static taps.

Because the boundary l ayer thicknes s is initially zero at the
stagnation point (x = 0), the Hiemenz similari ty transformation
(Schlichting ,’7 pages 87 through 91) for stagnation region flow was
utilized to initiate the calculations . The stagnation region

• (x = 0 to x = xst) is defined from Fig. C.1 by determining the location(x ct) where the edge velocity (Ust) Is 5% of the maximum edge velocity
calcula ted for the airfoil. The edge velocity in this region is then
approximated by the follow i ng relation defined in Fig. C.2:

ue 8x . C-i

Using the notation given by Schlichting ,’7 one has
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u = 8xF ’(n)

C—2
and

where the funct ion F is governed by

F’2 — FF” = 1 + F” ’

and C-3

F(O) = F’(O) = 1 — F’(~)

The val ues of F and F’ are given by the well-known Hiemenz solution and
are presented in tabular form on page 90 of Ref. 17. At x = x the
boundary layer velocities u and v are computed from the table ~or

= 0 to r~ = where F ’ = 1. With these velocities , and the
y-coordinates, the initial conditions required for the finite difference
method are thus established . Calculat ion of the stagnation flow in the
manner just described is accomplished in the program by the subroutine
START , which employs a “shooting” method to obtain solutions for Eq. C-3,
thus improving on the tabular values of Schlichting .

C.l Finite-Difference Solution of the Boundary Layer Equation

For x > x5~, the boundary layer equations

— ~~
2

~j  
due

-
• 

U ~~— + V - V — + Ue ~r
and C-4

~x ay

are solved by an implicit forward difference marching scheme. The
normal derivatives , au/ay and ~

2u/3y2, are computed by central
difference formulae . At a given station , x(j), the velocities u and v
in the boundary layer are assumed known . A forward finite difference
scheme is then used to calculate the veloc iti es u and v at a new
station x(j+l). Using this finite difference approach and the
notation of Fig. C.3, the terms of Eq. C~4 are expressed as follows:
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u .
~~~~

- = u .~ ,~ 

( u1 j+l — u~ 
~ 

) /t~x

= V
1 ,~ 

( u~~1 ,j+l - u~~1 ,j +i

v = v ( U~~~1 ,j +l 2u~~~~1 + 
~i l  ,j+l / (~~~~ )

2 
C-5

Ue ~
‘e = U ( Ue — Ue ) fAX

By replacing terms of Eq. C-4 wi th the above expressions , and
rearranging slightly, the following equati on results , where the
velocities at j+l are considered unknown :

~~~i~i ,j+l + 81u1 ,j+l + 
~i~ i+l ,j+l = C-6

where
- Ax Ax
— - ~~~~ ~~~~~~ 

- 
~~ 

( )2

~~
. = u .  . +2 v  Ax
1 1~ J (~~ ,)2

• c L = v .  ~~ 
AX

1 1,j

and
= Ue 

( Ue . 1  - Ue. ) +

and where I = 2, 3, . . .,  k; such that k denotes the edge of the
boundary layer. For i = k , the equation reduces to the follow ing

= uej 1
):
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82 U2 +~~~2U3 = q 2  -
•

~L3 U 2 + 83 u 3 + ~23 Ul~ =

+ ~~~~~ + ~2kU5 =

*
*
*
*
*
*
*

+ 8kuk = 

~k ‘

where u2, u3 denote u2,~4.1, u3,~~1, etc . Th rough Gauss ian el imi nation ,
= proceeding from the bottom of the coefficient matrix , the velocities

Uj ,j+~ are determined . In order to determine vi ,j+l the continuity
equation was also wri tten in finite difference form by wri ting the
terms as follows :

— 

U
1 j+l — 

U
1 ,~~ + 

U~~_ 1 
~~~~~~ — 

U1.1 ,
~~2Ax 2Ax

and C-8

V j j .~.1 -

thus utilizing the average value for au/3x over the grid interva l for
• the 3v/~y term . Substi tuting these finite difference terms into the

continuity equation and rearranging results in the following form:

v v —-- ~ —~ u - u  + u  - u  C-9I ,j+l i— i ,j +l 2Ax ‘ i ,j+l i ,j i—l ,j+l i—l ,j /

wh ich is solved by applying the boundary condition that 
~i’j +l =

• The solution then gi ves values for al l v 1~~÷1.

C.2 Use of Variable Spacings

In order to obtain better accuracy with the forward difference
solut ion, the grid size near the wall was made finer than the grid at
some distance from the wall. At the initial point , x = X S t ,  the• boundary layer Is represented by a grid of 300 divisions . Nearest the
wal l , a region of 50 intervals dyi is selected such that dy2 = 2dy1.
A third region of 50 steps is selected such that dy3 = 2dy2. The
remaining 150 steps are selected to have a spacing such that dy~ = 2dy3.
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An additional 300 steps having the same spacing as the fourth region
constitutes the free—stream portion of the gri d which is assumed to
have constant velocity at Xs t .

As the calcula tion proceeds along the surface, the boundary layer
velocity profile grows into the free-stream region of the finite
di fference grid. As this growth occurs , the value of k is increased
from an initial value of 300. In order to control the change in
k value , the value of Uk,j+l is tested and , i f found equal to or less
than 0.995 Ue~~

) a new grid point is added to k from the 300 allotted

for the free stream. When the boundary layer has grown such that all
the allocated grid points (in this program , 601) have been used , the
gri d spacings dy1, dy2, dy3, and dy~+ are doubled , again reducing thenumber of gri d points in the boundary layer to 301 . The user of the
program must then examine the output to confi rm that no s udden changes
in the calcula ted values occur when the grid size is increased , by
compari ng values on both sides of the change .

Because of the variation of gri d spacings wi th increasing y,
junctions exist wi thin the gri d where the y spacings are unequal
as shown in Fig. C.4. In order to derive more accurate finite
difference solutions of the di fferential equations at the junctions ,
the velocities at these three points are fit by a second-order
polynomial as follows :

u1 = u1_ 1~~~~1

U2 = 
~~~~~~

= ~i+l j+l ‘ 
C-l a

and
dy2

R = ~~ — ,

f where the notation is given in Fig. C.4.

Assume

u = a y  + b y + c ,
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then

u3 = a (dy1)
2 

— b dy1 + c

u2 = c ,

and C 1 1

u 3 = aR 2(dy i)
2 + bR dy1 + c

Solv ing the above simu l taneous equations :

u 3 + Ru 1 = aR(1+R)(dy1)
2 + (1+R)c

= aR(l+R)(dy1)
2 

+ (1+R)u2 , C- 12

wh i ch yields

~ _ _ _ _  
1 U2 1 

_ _ _ _a = 

~~~~~~ (dy1)2 
- 

~~~~ R(l+R) (dy1)2

and C-1 3

R ~~‘ R-1 U2 1 U3
b = - p~ ~j- 

+ 
~~ ~~

— + R (1 +R) •dS~

To develop the finite difference form of derivatives wi th respect to y,
the derivatives of the second-order polynomial are written as follows :

= 2 a y + b = by y=0

f and

~-~~=2 a .
ay2

Using the finite difference deri vative terms for the x-direction as
given in Eq. C-5, along with the above y derivative terms, the new
coefficients for Eq. C-6 may be written as follows :
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- ~~~~~~1 
— •

~~1 ,j R v~ 
~ T ~

C-l 5
- C 2v

i — 

R(l+R) ~~~ - 

R(l+R) CC

and
= U1 1 ~~ + U~~ (h1 ej~1 

- Ue. )

• where

C = Ax/dy~
and

cc = Ax/(dy1)2

(For other junctions , dy1 is replaced wi th dyrn and R = dy iIdy~ .)
Other than the above coefficient modifi cations , the caicu1~tions at the
grid junctions are performed in the same manner as for other grid
points .

C.3 General Descripti on of the Computer Program

The FORTRAN program presented on the following pages was prepared
utilizing the finite difference equations just described and consists
of the main program with four subroutines : START , MARCH , PROPY , and
UFREE . The main program in this case is arranged to provide boundary
layer data for flat plate or circular cylinde r flow as well as the two-
dimensional airfoil model . The type of flow to be studied is governed
by the integer variable L which equals one for flat plate , two for
norma l circular cylinder , and three for two-dimensiona l airfoi l model
flow . By running the program for the flat plate and circular cylinder
cases , which have well— known solutions , it was possible to chec k the
p rog ram for poss ib le errors .

Calculations are initiated by calling the subroutine START . This
subroutine sets the number of intervals in each gri d region of the
finite difference program and establishes the free-stream velocity
field for flat plate or circular cylinder flow . For two-dimensional
ai r•foil models , su brouti ne UFREE i s ca l led . Thi s su b rou ti ne reads da ta
cards containing dimensional data for the airfoil along with experi-
men tal static pressure data . UFREE then uses the idealized Bernoulli
equation to calculate the free—stream velocity distribution and then
uses a cubic spline curve fitting routine to interpolate 15 additiona l
data points between each static tap. Interpolations are also used to
reconstruct data for the three plugged taps along the perimeter of the
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airfoil . Control then returns to START. Subroutine START then uses a
shooting method to calculate the Hiemenz solution at x5~ as descr ibed
previously and initializes the boundary layer velocity grid.

Subroutine PROPY is then called to calculate the momentum and dis-
• placement thickness integrals by means of Simpson ’s 1/3 rule applied to

three grid points at a time. The main program then computes all the
• desi red boundary layer parameters (such as Reynolds number) based on

the Current (j) data and the i nformation obtained for that station is
then printed .

Subroutine MARCH is then called and the calculation then proceeds
to the next x station using the forward finite difference scheme
already descri bed . Control is then returned to the main program which
aga i n calls PROPY , and this loop continues until the calculations have
proceeded along the entire surface or unti l the output is terminated
because of an error such as a negative displacement thickness.
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APPEND I X 0

WAKE S AND WA KE EFFECT S ON TRA NSITION

Wakes occur as a direct result of boundary l ayer development. When
the bounda ry layer flows along each surface join at the trailing edge
of an object, the wake profile results . Consequently, anything affecting
the bounda ry layer along either surface will also likely influence the
wake characteristics. The wake from one object may in turn influence
the boundary l ayer development along another surface downstream. In a
turbine , where one blade row closely follows another , this can cause
considerable difficult y in predicting the flow field and heat transfer
properties around each airfoil. Because of a minimum velocity at the
trailing edge , the wake velocity profile is cha racterized by an inflec-
tion point that yields instabilities in the wake except for very low
velocity flows. Generally the resulting wake is cha racterized by spar,—
wise contrarotating vortices (Karman vortex street), or by turbulent
flow , Because of the importance of the wake in determining drag and
vibrational forces for aircraft and structures , considerable ex-
perimenta l and theoretica l information is available for various
geometries . The brief treatment given here should only be considered
representative of material available in the open literature .

0.1 Characteristics of Circular Cylinder Wakes

Because of the simple geometry , a large percentage of wake studies
have involved the use of circular cylinders placed norma l to the flow .
For incompressible fl ows , the wake characteristics are determi ned
princ i pally by the Reynolds number based on free-stream velocity and
cylinder diameter. For compressible flows (M > 0.3), the Mach number
must also be considered .’7

Figure 0.1 shows circular cylinder wake characteristics for
various Reynolds number ranges , This figure is based on a presentation
by Morkovin 86 in which the results from numerous experimenta l studies
were reviewed to determine wake properti es at low free—stream
turbulence levels . For extremely low Reynolds numbers (Re < 1) the
wake fl ow is essentially laminar and may be calculated by the approxi —

-: mations of Lamb 8 7  based on similar calculations made by Stokes ’7 for
the case of creeping flow about a sphere . At such a low Reyno l ds
number (practi cally unobtainable for gaseous flows ) the flow may be con-
sidered highly viscous , making it possible to ignore inertial terms in
the equations of motion , At slightly higher Reynolds numbers
(3—5 < Re < 30—40) the wake flow is still essentially l aminar , but twin
vortices have formed behind the cylinder. With artificial excitation
of the flow field , however , the wake becomes unstable in this range,
At large Reynolds numbers (lO s < Re < 3.5 x 106) the wake (Fig. D.1f)
is formed through the development of a laminar separation bubble with
transition to turbulence following reattachment , wi th subsequent
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(a.) Very Low Re (b.) Twin Vortex Stage
(R.<l) (3-5<R. c30-40)

Cc .) Incipient Karman Range (d.) Pure Karman Range

(30-40 <Re <80-90) (80-90 <Re <150-300)

F 
Ce.) Subcritical (f.) Critical and Post-Critical

( 1 50-300 <Re < I-I.3z10 6) ( 1-1.3 xI0~ ‘~~ R.’c3.51106 )

(g.) l’ranscritical
(3.5i106”RI<’?)

Figure D.1 Circular Cylinder Wake Characteristi cs for
Various Ranges of Reynolds Number
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separation to form a turbulent wake having little or no periodi city .
This results in a narrower wake than is the case for parts d , e , and g
of Fig . D,l . In those cases the flow exhibits pronounced periodic
phenomena . In parts d and e (80 < Re < l0~), laminar separation
results in the alternate shedding of vortices creating a Karman vortex
street. In the “pure Karm a n ran ge” (80 < Re < 300),  the vortices are
very reç,ular and long lasting . Howeve r, at a Reynolds number of
approximately 90, several modes have been observed simultaneously . 8 8 ’89

In the “low speed mode ” the vortex street is highly regular as already
described for this region. During the “high speed mode ,” however , the
vorti ces become highly i rregular and unstable . Gastor ,9° however ,
found no such phenomena and suggested that perhaps some i rregularity in
the flow created the observed features . In the “subcritical ” range
(300 < Re < l0~), the vortex street decays much more rapidly than for
the “pure Karman range. ” At very high Reynolds numbers (Re>3.5 x 106),
transition to turbulence occurs on the front face of the cylinder
resulting in turbulent spearation to form the wake , but again yielding
dominant periodicity .

The trailing edge vortices pictured in Figs. D.ld and D.le ,
cormionly known as a Karman vortex street , have been shown to be present
in the wakes of many two-dimensional flow models. The importance of
these vortices to structural or mechanical designs has been shown in
numerous case s , probably the most dramatic and best known of these
being the Tacoma Narrows bri dge failure in 1940. For steady flow con—
ditions , these vortices are shed at an approximately regular frequency
determined by the cylinder Reynolds number and a second dimensionless
parameter known as the Strouhal number (S = fd/U ), As an alternative ,
Roshko 9’ suggested the use of another dimensionles s parameter (fd2/~)rather than the Strouhal number. At relatively low Reynolds numbers ,
the Strouhal number is a function of the Reynolds number , but becomes
relatively constant for high Reyno l ds numbers (Re > 300).

Functional relationships between Re and S have been given by
severa l authors based on available experimental data . Two such
formulae reviewed by Golds tein 9 2  based on work by Tyler and by Rayleigh
are as follows :

S = 0,198 (1 - 19.7/ Re ) D-l
and

S = 0. 195 (1 - 20.1/ Re ) . 0-2

Rosl-iko 9’ gave two equations , one for the rising portion of the curve
and one for where the curve is relatively flat at higher Reynolds
numbers as follows :

S = 0, 212 ( 1 - 21 ,2/Re) (Re < 150 ) D-3

and
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S = 0,212 (1 - 12.7/Re ) (Re > 300) , 0-4

Maximum values of the Strouhal number at large Reynolds numbers have
been reported from about 0.18 to 0.48 (Refs , 91 through 92), but
aenerally range from about 0.19 to 0.21 as reflected by the coef-
ficients for Eqs . D-l through 0—4. Similar determinations have also
been made for other geometries using a Strouhal number based on maximum
thickness rather than cylinder diameter. Strouhal numbers of 0.148 to
0.18 have been reported for flat plates at zero incidence and 0.15 to
0.21 for certain airfoils. 92 Brown and Godda rd ”’ studied a number of
geometries and found Strouhal numbers ranging from 0.08 to 0.22.

Al though most theoretical work is based on assumed two-dimensional
vortices , most vortices encountered experimentally are three-
dimensional even for two—dimensiona l flow around a two-dimensiona l
model .91’ In fact , most vortices are shed obliquely from circular
cyli nders .89 ’91’ However , vibration of the cylinder at approximately
the shedding frequency can cause vortices to be shed parallel to the
cylinder axis. 89

The dimensions of the vortex street have also been the subject of
much study . Von Karman studied the spacing theoretically and found
that the spacing ratio h/a (Fig. 0,2) must be equal to 0.281 for a
stable vortex Street to exist,l7~

92 Dom ,’5 however , showed that this
is true only for the l i-near theory and that no spacing is entirely
stable when second order terms are considered , Much experimental data
show higher values of h/a with an observed increase as the flow pro-
ceeds downstream. Reported experimental va l ues for h/a range from 0.2
to O.5,

)4
~~
,9 6  but generally are above 0.3 for flow uninfluenced by

tunnel wall spacing or sound. Brown and Goddard1’1’ showed that the
spacing ratio could be effectively controlled from 0.246 to 0.5 through
the use of sound . Hooker 9 7  sugges ted that the appa rent center of
rotation , as generally determined from still photographs , is displaced
outward relative to the true vortex center , because of the translatory
motion of the wake , resulti ng in the greater spacing ratios observed
experimentally. Al though some experimenta l data has been corrected for
this error,89 all data given in this report follow the more comon
trend of recording measurements directl y as observed from visualization
photographs .

The effects of wind tunnel walls on the circular cylinder wake
have also been stud ied . Okarnoto and Takeuchi 9 6  found that increasing
the ratio d/H where d is the cylinder diameter and H is the spacing
between test section side wa lls parallel to the cylinder axis , caused
decreases in the ratios a/d , h/d , and h/a. At the same time the
velocity of the vortex Street and the intensity of the vorti ces was
found to increase , The width of the wake and the boundary l ayer
thickness were both found to decrease with increasing d/H. Probably as
a result of the boundary l ayer thickness change , the separation point
moved rearward on the cy linder. The vortex shedding frequency ,
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however , was found to be independent of d/H and a Strouhal number of
0.191 was reported for Re = 3.22 x 105 . Okamoto and Takeuchi suggested
that the effect of wind tunnel side wall s could be i gnored for
d/H < 0.04, based on their results . Goldstein 92 reported similar
results by Thom indicating a change in the n~ nimum Reynolds number
from 30 for d/H = 0.025 to 62 for d/H = 0.1 for change from the “twin
vortex stage” to the “incipient Ka rman range .”

0.2 Previous Ai rfoil and Cascade Wake Studies

The importance of wakes to airf oil and cascade studies should not
be underestimated in any situation. Not only does the wake have a
strong influence on drag, but the lift coefficient and genera l flow
field can be influenced by wake location and characteristics as well.
For ma ny years the prin cipal wake data available to designers was that
of Silvers tein , Katzoff , and Bu ll iv ant 98 based on the wake of a single
airfoil at subsonic velocities . This data consisted of relati vely
comp l ete velocity maps as well as empirical equations for much of the
trailing edge flow . However, the results do not adequately represent
cascade or three—dimensional turbine airfoil trailing edge flow .

More recently, experimental studies have been made of turbine or
compressor stage wake flow . For instance , Evan s ’’ used an X-probe
hot-w i re anemometer and hybrid computer to explore the- velocity and
turbulence profiles downstream of a movi ng compressor stage at midspan.
Periodic turbulence was found to be of the same order of magnitude as
general free—stream turbulence when the compressor was operated near
the design point , but free—stream turbulence was found to be the most
I;igni t-scan t quantity when the compressor was operated near stall. It
was dl - )o determined that the power spectra l density of the periodic

5 ,jr’~ui~~nce d i d  not change greatly w i t h  changes in axial velocity , while
:ne ~-‘~e-- - tream turbulence varied in magn itude with increasing flow
ieloc i :-

~~. The fact that periodic turbulence from passing wakes was of
s’JIIl i ar magnitude to the background turbulence is very si gnificant to
,~ie s~~dy of waKe effects on turbine blade des i gn . Blade vibration and
ri’jtter are more affected by frequencies near the blade natural fre-
quenc’, than by the overall magnitude of the turbulence .

~~ and ~iKshrni naryana ’2 obtained three—dimensional velocity ,
~ur rut ence and Reynolds stress profiles at various locations behind a

• turhainachine rotor. Turbulence and wake velocity defects were found to
-iecay ~t a much faster rate in turbomachines than for flow past
‘-asc3des -~r isolated airfoils , probably due to the increased mixing
a~su1t’P ng from the three—dimensional flow . It was also found that the
wake turbulence and mean velocity defect contributed almost equally to
:he total unsteadiness in the following blade row . Wh i tfield , Kelly,

L 

~nd Barry’3 used a rotating single -wire hot-wire anemometer probe to
— 

~ap the flow field behind a turbine rotor and plotted the resulting
data as contour maps and vector surfaces , A study by Kerrebrock and
Mi kol ajczak ’’- showed considerable blade-to-bla de variation in the wake
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stagnation temperature profiles behind a compressor rotor , probably a
result of mi nor surface variations affecting individ ual airfoil
boundary layer development .

The complexity of the flow field in a turbine makes direct theo-
retical estimation of the effect of one stage upon the flow in a
successive stage difficult , l eading to the common assumption of two-
dimensional fl ow past two-dimensiona l cascades . Likewise , most wake
effects experimental studies have i nvolved two—dimensional cascades ,
and even the use of circular cylinders or symetrical airfoils to
produce the interfering wake. Dean99 has shown through theoretical
analysis that if work is obtained from a fluid through the use of
pressure forces the flow must be unsteady . Therefore, even if the
actual wake profiles were to be ignored , uns teady terms must sti l l be
retained in the equations of conti nuity , motion , and energy when
applied to turbomachinery .

Kemp and Sears ’°’ studied wake effects on cascade forces by
modeling the upstream cascade wake profiles as a summation of the
individual wake profiles previousl y studied by Silverstein. 9 8  This
approach , howev er , violates the continuity equation because the
velocity defect in the individual airfo il wake does not significantly
change the edge velocity while the casca~Ie edge veloci ties must
increase to compensate for the wake velocity defect. Fleeter ’°’improved on the model of Kemp and Sears , utilizing cascade flow con-
siderations to calculate the fluctuating forces on the downstream
cascade . The importance of using cascade fl ow theory and considering
compressibi lity effects , even for low velocity subsonic flow , was
shown . Hanson ’°2 also improved upon the model by assumi ng a rotor
instead of a cascade . Both Fleeter and Hanson showed si gnificant
periodic pressure fluctuations for the downstream cascade . Both of
these studies were based on potential flow theory and did nothing to
describe unsteady boundary layer development resulting from the
upstream wake passing. In fact , no theoretical study has apparently
been made to predict the resulting unsteady boundary layer. Based on
the pressure fluctuations calculated by theoretical stud i es similar to
those of Fleeter and of Hanson such a study may be possible although it
would likely be very complicated and involve extensive numerical
analysis .

I~ addition to ignoring boundary layer development , studies such
as those of Hanson and of Fleeter treat the upstream wake simply as 

—

fully turbulent flow surrounded by nonturbulent flow combined with the
wake velocity profi le. Accurate model ing of the wake is difficult
( even for individual turbine air fo i ls) , however , because vortex streets
occur downstream of many turbine blades , especially those wi th large
thickness or trailin g edge wedge angle. According to Gostelow ,’°’ the
rate of mixing of vortic ity and the application of stability criterion
represent unresolved problems necessary for the definition of vortex
street flow , Gostelow has reviewed several methods currently available
for solution of the problem , however. In addition , Goste l ow has shown
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that inaccurate definition of the rear stagnation point (whether
through use of a “Ku tta-Joukowsky” condition or by assuming its
location at the point of tangency of the airfoil surface to the
trailing edge curve) could result in noticeable erro r in the potential
flow calculation over much of the airfoil or cascade surfaces .

Experimenta l study of wake effects is , fortunately, somewhat less
difficult but yields a less genera l result. A number of boundary layer
studies have included exami nation of the effects of acoustic or wake
phenomena on the transition region . For instance , Brow n 2 2  studied the
effects of the wake from a circular cylinder placed normal to the flow
on boundary layer transition along an ogive-nosed circular cylinder
parallel to the flow . The effects of turbomachine or cascade wakes on
downstream cascade perfo rmance have also been studied by several
investigators . Kobayashi , Tanaka , and Maru ta ,2 using instrumented
flexible stator blades , studied the effects of mov i ng rotor wakes on
cascade flutter. The wake profiles were not measured , but variation of
the clearance between adjacent cascades showed that the greates t
infl uence occurred for clearances less than 0.5 chord length while
almost no effect was found for clea rances greater than 1.5 chord
lengths . Cox and Han ’5 studied the effects of wakes fro m a stationary
cascade of symmetrical airfoils on the surface pressure distribution
and on the wakes of a downstream cascade of turbine airfoil models.
The greatest changes were observed along the suction (convex ) surfaces
of the airfoils and when the wakes impinged nea r the stagnation points
of the downstream airfoils. Probably one of the more advanced two—
dimensiona l studies of wake effects recently attempted was that of
Kiock .’6 In that study an oscillati ng grid of circular cylinders was
used to produce the high turbulence levels usuall y associated ~ith
turbomachinery . The hig hly turbulent wakes were found to have a major
effect on boundary layer development along the suctio n side of the
airfoil. At low turbulence levels transition along this surface was
preceded by a lami nar separation bubble. As the magnitude of turbu-
lence increased , the bubble shortened until it disappeared . Further
increases in free—stream turbulence level caused the transition region
to shift further upstream .

0.3 Experimental Results with Cylinder Wakes

In anticipation for future experiments , where the effects of an up-st,.ear circular cylind er wake on the boundary layer could be studied ,
the vortex shedding frequencies of the circular cylinders placed up-
stream of the test cascade were studied. The cylinders were positioned
a~ V = 7.5 in. (Fig. 16). A Flow Corporation HWP-B hot—wire probe and
H~,B— 3 hot -wire anemometer were used to determine the principal wake
frequency components for the circular cylinders as shown in Table 0.1.
The circular cylinders were made of steel drill rod and mounted on the
transport mechanism described in Section 3.3. The hot-wire probe was
inserted into the tunnel through the instrumentation port in the wind
tunnel east wall (Fig. 28), and adjusted so that the element was about
1 in. from the cylinder trailing edge along the wake centerlin e. The
Federa l Scientific Model UA-500 frequency spectrum analyzer was used
to determine the pri ncipal frequency components within the wake .
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TABLE 0.1

VORTE X SHEDDING CHARACTERI STIC S OF CIRC ULAR CYLINDERS

Principal RInlet Rod Wake S e
Velocity Diameter Frequency (fd \ (

~
‘
~~( fps ) ( in .)  (Hz) ~~~ 

\ ‘
~T

22,21 3/32 582.0 0.205 l .OSxl O 3
22.21 1/8 437.0 0.205 l. 4lx lO 3
22 .21 3/16 287.0 0.202 2. ll xl O 3
22.21 1/4 217.0 0.204 2.8lxlO 3
22.21 3/8 132.0 0.186 4.22x10 3
22.21 1/2 102.4 0.192 5.63xl0 3
22.21 3/4 64.4 0.181 8.44xl0 3
29.01 3/32 790.0 0.213 l.38xl0 3
29.01 1/8 582.0 0.209 l.83xl0 3
29.01 3/16 385.0 0.208 2.75x103
29.01 1/4 288.0 0.207 3.67x103
29.01 3/8 180.4 0.195 5.50x103
29.01 1/2 135 .2 0.194 7.33x103
29.01 3/4 86.0 0.185 l .lO xl O 1 ’
36.30 3/32 984.0 0.213 l.73x 103
36.30 1/8 730.0 0.211 2.30xl03
36.30 3/16 479.0 0.208 3.45x10’
36.30 1/4 355.0 0.205 4.60xl03
36.30 3/8 226.0 0.196 6.9lxlO 3
36.30 1/2 174.0 0.201 9.2lx103
36.30 3/4 109.6 0.190 l.38x101’
42.81 3/32 1148.0 0.210 2.03xl03
42.81 1/8 866.0 0.211 2 .7lxlO3
42.81 3/16 562.0 0.205 4.06xl03
42.81 1/4 415.0 0.202 5.42x103
42.81 3/8 263.0 0.192 8.l3xlO ’
42.81 1/2 206.0 0.200 l .O8xlO1’
42.81 3/4 130.0 0.190 l.63x lO~
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TABLE D.2

SUMMARY OF AVERAGE STROUHAL N UMBERS

Rod Diameter Strouhal Number Reynolds Number Reyno l ds Number
(in.) (average) (minimum) (maximum)

3/32 0.210 1,05x10 3 2.03xl0 3
1/8 0.209 l .4lx lO 3 2.7lx1O~3/16 0.206 2.l lx lO 3 4.06xl0 3
1/4 0.205 2.8lx10 3 5.42xl03
3/8 0,192 4.22xl0 ’ 8,l3xlO 3
1/2 0.197 5.63xl03 l.08xlO~3/4 0.187 8.44xl03 l.63x10’
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The results of the frequencj study are given in Tables 0.1 and 0.2
The Reynolds number range encountered is equivalent to the situation
described for Fig. D.le , where vortex streets exist at frequencies
governed by the Strouhal number , bit decay much more rapid ly than they
would for l ower Reynolds numbers. The Strouhal numbers encountered
are consistent with results of other studies. For some reason , the
Strouhal number tends to decrease with an increase in cylinder size ,
contra ry to most other experimental studies and Eqs. 0.1 through 0.4.
The reason for this decrease is rot clear. However , experimenta l da ta
points given by Roshko 91 (Fig. 0.3) can be interpreted as showing a
slight decrease in Strouha l number (l0~ <Re <l0~) with increasing
Reynolds number , although the decrease is less than given in Table 0.2,
and most authors interpret the value as constant in this region. The
possibility of tunnel wall effects was also considered , but Okamoto
and Takeuchi 96 showed little change in Strouhal number with changes in
d/H and suggested that tunnel wall effects could be ignored fo r  d/H <0.04.
In the cases represented by Tables 0.1 and 0.2, tunnel wall effects
could thus be ignored for cylinders less than 1.2 in. in diameter which
includes all cylinders studied.

As a result of the initial boundary l ayer studies and the data of
Table 4.2, Table 4.3 and Tables 0.1 and D.2, it is possible to make some
guesses as to which cylinders should have the greatest effect on the
coundary l ayer transition region. Brown ,32 for instance , has found that
a disturbance frequency ranging from 0.8 to 1.2 times the Tollmi en-
Schlichting wave frequency will have considerable effect on the transition
region location and properties. In addition , sound having a frequency close
close to the approximate frequency of occurrence of the laminar periods
between Tol lmien -Schlichting wave groups has been shown to stabilize th~occurrence of those periods , while Sound of the Tollmien -Sch lichtin g wave
frequency may elimina te the laminar periods and stabilize the frequency
of the Tollmien -Sch lichting waves. The l owest measured Toilmi en-
Schlichting wave frequency at a test section inlet velocity of 22.2 fps
was about 563 Hz. On the basis of Brown ’ s results , only the 3/32 in.
and possibly the 1/8 in. cylinders would be expected to affect the
transition region location. The laminar periods occurred at a frequency
of about 20 to 50 Hz at the same inlet velocity and would likely be
stabilized only by cylinders larger than the 3/4 in. cylinder tested .
At an inlet ‘elocity of 42.8 fps , only the 3/32 in. cylinder would
be expected to influence the Tollmien-Sch lichting waves and a cylinder
of approximately 1-1/2 in. would probably be necessary to influence
the occurrence of the lamina r periods.

In order to see the effect of the cylinders on boundary l ayer smoke
flow visualization , a brief study was attempted. Figure D.4 shows the
magnitude of the trailing edge vortices developing behind the 1/2 in.
diameter cylinder when the cylinder is aligned so the wake impinges on
the airfoil stagnation point. As can be seen along the airfoil surface
in Fig. 0.4, the smoke becomes rather diffuse , making clear boundary
layer visualizatio n difficult at best. Test photographs of the airfoil
boundary layer with the cylinder in this position yielded little useful
information . For this reason , smoke visualization may only be possible
when the cylinder is offset with respec t to the stagnation point , as
was done in the experiments by Brown .32
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