
Pergamon 

,nr. J. Hear Masr Tramf~ Vol 40, No. 12, pp. 2X13-2823. 1997 
!c 1997 Elsevm Science Ltd. All nehts reserved 

Prmted I” &at Bntam 
0017-9310/97 .$17.00+0.00 

PII : SOO17-9310(96)0033&S 

Effects of leading-edge roughness on fluid flow 
and heat transfer in the transitional boundary layer 

over a flat plate 
MARK W. PINSON and TING WANGt 

Department of Mechanical Engineering, Clemson University, Clemson, SC 29634-0921, U.S.A. 

(Receiaed 15 February 1996 and injinalform 16 September 1996) 

Abstract-An experimental study was undertaken to gain insight into the physical mechanisms that affect 
the laminar-turbulent transition process downstream of the leading-edge roughness condition. Sandpaper 
strips and small cylinders were attached to the leading edge of a heated test surface to simulate leading 
edge roughness typical of gas turbine blades. The roughness Reynolds numbers ranged from 2 to 2840. 
For free-stream velocities less than 5 m s-l, the maximum roughness height was the primary contributor 
to deviations from the undisturbed case, irrespective of the roughness geometry. At higher free-stream 
velocities (5-7 m SK’), three of the rough leading-edge conditions induced a dual-slope region between the 
laminar and turbulent Stanton number correlations. Boundary layer measurements indicated that the first 
segment of the dual-slope was laminar, but the wall heat transfer significantly deviates from the laminar 
correlation. The second segment was transitional. The dual-slope behaviour and a waviness in the Stanton 
number distribution observed at higher free-stream velocities are believed to have been caused by nonlinear 

amplification caused by the finite disturbances at the leading edge. 0 1997 Elsevier Science Ltd. 

INTRODUCTION 

The raising of operating temperatures to increase 
overall turbine efficiency has led to the need for accu- 
rate assessment of thermal loads in the turbine. Tur- 
bine blades experience significant thermal loading, 
and Mayle [l] and Hodson et al. [2] indicated that it 
is common for over half of the flow surrounding the 
turbine blades to experience laminar-turbulent tran- 
sition, particularly in low pressure turbines. A better 
understanding of the physical mechanisms involved 
in the transition process is therefore desirable so that 
a more accurate assessment of the turbine blade tem- 
perature variations can be made possible through 
improved models of transitional heat transfer. 

Of the many factors that can influence laminar- 
turbulent transition, the effect of leading-edge rough- 
ness on the process has not been clearly determined, 
particularly with regard to heat transfer behavior. Sur- 
face roughness can be significant to turbine vanes and 
blades in many ways, especially in a high pressure 
turbine. A study by Taylor [3] that measured the sur- 
face roughness characteristics of two used (i.e., blade 
surfaces had been degraded as a result of “in-service” 
use) turbine blades indicated the following : 
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(1) 

(2) 

Roughness is usually greatest at the leading edge 
of the blade. 
Roughness consists of a relatively uniform dis- 
tribution with a few isolated peaks, according to 
a statistical analysis. 

The second observation made in Taylor’s study was 
based on the large positive value of kurtosis (N 10 ; a 
zero value represents a Gaussian distribution) found 
in the study. Such large values of kurtosis indicate 
that the structure of the roughness samples used in 
the study tended to have a few isolated peaks. 

Roughness can also be significant to new turbine 
blades because a coating may have been added to the 
blade to enhance its life characteristics by increasing 
resistance to erosion and high temperatures. The 
addition of the coating to the blade can leave the 
surface significantly rougher than an uncoated blade. 
Boynton et al. [4] demonstrated that the overall 
efficiency of a turbine with new spray-coated blading 
(10.16 pm rms roughness) was 2.1 percentage points 
lower than when polished blading was used (0.76 pm 
rms roughness). Blair [5] also showed that increasing 
the surface roughness by an order of magnitude dou- 
bled the heat transfer between the flow and the blades. 
Also, unnecessary design constraints may be imposed 
as safety factors to anticipate the unknown effects of 
roughness. The characteristics of leading-edge rough- 
ness described by Taylor and the unknown effects of 
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NOMENCLATURE 

FST1 free-stream turbulence intensity 
v dU~ 

K acceleration parameter - 
LEC leading-edge condition U~ dv 
Pr Prandtl number 
Re~ Re,. marking the onset of dual-slope 

behavior in the St distribution 
Re2 Re,. marking the onset of the second 

slope in the dual-slope St behavior 
Re, local Reynolds number = U~x/v 
St local Stanton number 
U~ free-stream velocity 
U' U/u~ 
u' RMS streamwise velocity fluctuation / 
u~ friction velocity, x/' %/p 
m7 time-averaged Reynolds shear stress 
~:l time-averaged Reynolds cross-stream 

heat flux 

.x streamwise distance from the leading 
edge of the heated test surface 

XUHSL streamwise unheated starting length 
(2.5 cm for this study) 

v coordinate normal to test surface 
Y" yU , / v .  

Greek symbols 
6 boundary layer thickness at 0.995U~ 
(~* displacement thickness 

= 1 dv 

p density 
r,, shear stress on the test surface 
v kinematic viscosity. 

gas turbine blade roughness on fluid mechanics and 
heat transfer suggest the need to understand the influ- 
ence of leading-edge roughness on transitional heat 
transfer behavior. 

Early work on the relationship between roughness 
and transition has been concerned with the location 
of the onset of transition, usually defined by using 
flow visualization or by a sudden change in the total 
pressure near the test surface as the maximum rough- 
ness height changes. Fage and Preston [6] reported 
that as roughness height increased, the transition 
point moved progressively closer to the physical 
location of the roughness element disturbing the flow. 
Dryden [7] suggested that roughness elements tend to 
destabilize the boundary layer flow and that there may 
be a connection between the instability induced by 
the roughness element and classical stability theory. 
Klebanoff and Tidstrom [8] examined the possible 
connection to stability theory. Their results indicated 
that the presence of roughness elements in the laminar 
region of the boundary layer magnified the amplitude 
of the Tollmien Schlichting oscillations present in the 
early transitional boundary layer. However, the 
region of frequencies amplified were still within the 
range of Tollmien Schlichting wave frequencies pre- 
dicted by linear stability theory. 

Many studies detailing the response of the momen- 
tum boundary layer to changes in surface roughness 
have been conducted, but they have been limited to 
the response of the fully turbulent boundary layer to 
surface perturbations. The study performed by Jacobs 
[9] indicated that while velocity profiles responded 
slowly to a change in surface roughness, a distinct 
change in velocity profile was noted. Klebanoff and 
Diehl [10] showed that different kinds of roughness 
covering the initial portion of an otherwise smooth 

test surface produced different boundary layer struc- 
tures on the surface downstream of the roughness. If 
sandpaper roughness was used, the velocity profiles 
gradually reattained self-similar behavior and the 
energy spectra indicated a boundary layer flow very 
close to that of a turbulent boundary layer formed due 
to natural transition. However, if spanwise cylinders 
were used to disturb the flow, the velocity profiles 
required a much greater streamwise distance to ach- 
ieve self-similar behavior, and the energy spectra indi- 
cated a concentration of energy in the lower frequency 
range. 

Other studies by Antonia and Luxton [11, 12] and 
Androepoulos and Wood [13] suggested that bound- 
ary layer flow responds to a change in the surface 
roughness in a gradual progression from the near-wall 
region that eventually expands to cover the entire 
thickness of the layer. The growth of the inner layer 
was observed through variations in normalized vel- 
ocity profiles. Antonia and Luxton suggested that the 
presence of the inner layer made local similarity inap- 
plicable, based on the results of a turbulent kinetic 
energy balance. 

Studies of heat transfer behavior resulting from sur- 
face roughness characteristics have been examined, 
but, as before, the studies have been limited to the 
fully turbulent flow regime. Ligrani el al. [14] and 
Taylor el al. [15] obtained similar results of increasing 
heat transfer with increasing roughness, and a more 
recent study by Taylor et al. [16] showed that a step 
change from a rough surface to a smooth one causes 
a reduction in heat transfer. The Stanton number 
downstream of the change to a smooth surface initially 
decreases to a value below the smooth-wall value: 
then the values asymptotically recover the smooth 
wall values. 
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The addition of rough-surface coatings to new gas 
turbine blades and the observed nature of roughness 
on used gas turbine blades suggests the need for an 
investigation of surface roughness effects on turbine 
blade heat transfer. The significant region of tran- 
sitional flow surrounding the rough turbine blades 
and the apparent lack of detailed information regard- 
ing heat transfer over rough surfaces also suggest that 
experimental work in this area will contribute to the 
overall effort to understand heat transfer around tur- 
bine blades. 

The effect of leading-edge roughness on an actual 
gas turbine blade is undoubtedly a function of the 
shape of the blade (leading-edge curvature) and the 
gas turbine environment (high turbulence intensity, 
strong acceleration, film cooling etc.). In order to fun- 
damentally understand the leading-edge effect on flow 
structure and heat transfer, this study focuses on flat 
plate roughness. The other parameters will be con- 
sidered later. Hence, this study may not be directly 
applicable to gas turbine design, but it has the poten- 
tial for improving the understanding of the roughness 
effect on heat transfer in the more complicated 
environment of the gas turbine. 

EXPERIMENTAL PROGRAM 

Test facility 
The test facility used is an open circuit, blowing- 

type wind tunnel [see Fig. 1 (a)]. Air enters the system 
by passing through a filter designed to remove all 
particulate larger than 5 pm. A honeycomb passage is 
used to straighten the flow and a heat exchanger which 
is used to control the steadiness of the free-stream 
air temperature to within 0.5°C. Suction is employed 
upstream of the test surface to facilitate the formation 
of a boundary layer from zero thickness at the elliptic 
leading edge. The test section is a channel that mea- 
sures 2.4 m in the streamwise (x) direction, 0.92 m in 
the spanwise (z) direction (parallel to the leading 
edge), and 0.15 m in the cross-stream (y) direction 
(moving away from the heated test surface). The span- 
wise to cross-stream ratio of 6 was determined to be 
sufficient to generate an approximately two-dimen- 
sional (2-D) boundary layer along the centerline of 
the 0.92 by 2.4 m test surface. Measurements made by 
Keller [17] with the test facility indicated that laminar 
and turbulent portions of the boundary layer were 
uniform 20 cm above and below the test surface 
centerline in the spanwise direction. The three-dimen- 
sionality of the transition portion reduced the span- 
wise uniformity to 8 cm above and below the cent- 
erline. For the purposes of the current study all 
measurements on the surface and within the boundary 
layer were made along the centerline of the test 
surface. 

The test surface is a composite design consisting of 
several layers [see Fig. 1 (c)]. Each of the layers shown 
in Fig. 1 (c) is uniform and continuous over the entire 
area of the test surface. The foil heater, custom- 
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Fig. 1. (a) Wind tunnel test facility; (b) thermocouple 
locations on heated test wall ; (c) cross-section of heated test 

surface. 

designed by Electrofilm Inc., has heating elements 
covering 90% of the heater surface area. The foil 
heating element is covered by a silicon rubber coating 
with a 1.56 mm sheet of aluminum vulcanized to one 
side. A layer of 3M-413 tape attached to the other side 
of the aluminum sheet contains 184 E-type ther- 
mocouples (bead diameter: 0.076 mm) distributed 
over the entire test surface, as shown in Fig. 1 (b). The 
thermocouple beads are positioned such that they are 
in contact with the inner side of a 1.56 mm Lexan 
sheet. The outer side of the Lexan forms the outer 
layer of the test surface, which is in contact with the 
free-stream air within the test section. The quality 
of the surface smoothness was that of the standard 
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smoothness for commercially available, optically clear 
Lexan. The other side of the foil heater is supported 
by a 4.68 mm Lexan sheet which, in turn, is insulated 
with 30 cm of R-30 fiberglass. 

The 2.4 by 0.92 m channel wall opposite the heated 
test surface is flexible to allow for adjustment of the 
streamwise pressure gradient. For the purposes of this 
study, this "outer wall" was adjusted to accommodate 
the growth of the boundary layer so that the stre- 
amwise pressure coefficient varied less than 1%. In 
addition, the outer wall contains fourteen holes (2.54 
cm in diameter) along the centerline, as shown in Fig. 
1. The first hole, called station 1, is located 20 cm from 
the leading edge of the test surface, and subsequent 
holes or stations are spaced 15 cm from each other. 
These stations permit the structure of the boundary 
layer to be measured as it develops in the streamwise 
direction. Additional information concerning the 
design of the wind tunnel and the composite heated 
test surface is provided in Kuan [18] and Zhou [19]. 

Roughness conditions 
Taylor's [3] study indicated that the leading edge of 

a gas turbine blade is usually the roughest area of 
the blade and that the rough regions contain isolated 
peaks. Based on these results, the present study used 
a sandpaper strip placed at the leading edge of the 
test surface to simulate the roughened leading-edge 
condition. The strips of sandpaper were 5 cm long 
in the streamwise direction and covered the entire 
spanwise length of the leading edge. The isolated peak 
nature of the roughness was investigated separately, 
using cylinders placed at the leading edge. Only one 
cylinder was attached to the leading edge at a time, 
and like the sandpaper strips, the cylinder length span- 
ned the entire leading edge. 

To determine the appropriate scale of the leading- 
edge roughness and the appropriate free-stream vel- 
ocity in the test section, information concerning these 
parameters in gas turbine engines was obtained. Tay- 
lor's [3] measurements, using two types of turbine 
blades, indicated roughness heights between 1.46 and 
10.7/~m. Elovic [20] suggested a roughness range from 
1.32 to 12.7 t~m and also a unit Reynolds number, 
U/v, of 2.76 x 107 m ~ as being typical around a tur- 
bine blade. A detailed study involving measurements 
on 58 used blades (from both military and civilian 
aircraft) conducted by Tarada [21] indicated rough- 
ness values ranging from 2 to 161 ktm. Using the unit 
Reynolds number provided by Elovic and the reported 
roughness values, a range in roughness Reynolds 
number was established and is shown in Fig 2. Also 
shown in Fig. 2 are the grain sizes of the sandpaper 
strips (in grains per linear inch-GRIT or number of 
grains per 25.4 mm) and the cylinder diameters (in 
inches i.e. 0.030 = 0.030 in = 0.762 mm) used to con- 
duct this study. The range in roughness Reynolds 
number shown for the cylinders and sandpaper was 
determined by using the maximum (19.5 m s ~) and 

Elovic (1992) 
Tarada (1987) -_ ! 
Taylor (1991) 
1200 GRIT r 
180 GRIT 
40 GRIT - - ~  
030 Cylinder -" -" 
0625 Cylinder 
091 Cylinder . -- g 

10 ° 101 102 103 104 

Roughness Reynolds Number 
Fig. 2. Representative roughness Reynolds numbers of 
blades from in-service engines and the range covered by the 

present study. 

minimum (2.87 m s ~) free-stream velocities obtained 
in the test facility. 

A simple model was used to estimate the average 
roughness height of the sandpaper. The GRIT speci- 
fication was used as an indicator of roughness height. 
For example, the 1200 GRIT sandpaper specification 
suggests that each grain is approximately 21.2 #m in 
length. Assuming that each grain is hemispherical and 
that the backing paper is completely covered with 
grains, the height of each particle is half the length, or 
10.6/tm in this case. This method of height estimation 
was used for all of the sandpaper cases shown in Fig. 
2. The cylinder diameters were directly measured using 
a micrometer. 

Elmer's all-purpose glue was used to attach the 
cylinders to the leading edge of the plate. The bead 
was evenly distributed underneath the cylinder on the 
side closest to the leading edge. A strip of double- 
sided tape was used to attach the sandpaper strips to 
the leading-edge of the plate. Consideration of the 
sandpaper/double-sided tape combination suggested 
that the bluff shape of the tape and the sandpaper 
backing might influence the results in such a way as 
to obscure the effect of the actual grain roughness of 
the sandpaper. Hence, specific tests with this bluff'- 
body leading-edge condition were added to the test 
pattern by attaching a single-sided strip of tape 5 cm 
long in the streamwise direction with a cross-stream 
height of 0.5 mm. The eight leading-edge conditions 
are summarized in Table 1. 

Table I. List of leading edge conditions 

Condition Size 

Cylinder 
(Diameter) 

Sandpaper 

0.762 mm (0.030 in) 
1.59 mm (0.0625 in) 
2.31 mm (0.091 in) 
40 GRIT 
180 GRIT 
1200 GRIT 
Sandpaper backing ~ 0.4 mm 

Bluff shape Smooth tape (0.5 mm) 
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Table 2. Resultant uncertainties in experimental values 

Quantity Uncertainty Quantity Uncertainty 

St 4.0% U 1.6% 
T 0.1% (°C) u' 7.1% 
uv 11.9% vt 21.0% 

Boundary layer probes 
A single hot  wire and a custom-made, three-sensor 

wire were used in this study to obtain estimates of  
velocity and temperature variation in the boundary 
layer. The single-wire boundary layer probe was a 4 
micron tungsten wire configured in a standard TSI 
model 1218-T1.5. The three-sensor boundary layer 
probe consisted of  two 2.5 pm, plat inum-coated hot 
wires in an X-array operated in constant temperature 
modes and a platinum 1.2 pm cold wire operated in a 
constant current mode. Due to the extremely close 
spacing between the three sensors (0.35 mm), rela- 
tively low overheats were used during probe operat ion 
to limit "cross-talk" between the sensors. The two 
constant temperature sensors were operated with 
overheat ratios of  1.43 and 1.66, and the constant 
current sensor was operated at 0.1 mA. The three- 
sensor probe was used to measure local u, v and t 
variations simultaneously. The velocity and tem- 
perature signals were sampled at 2 kHz (analog low- 
pass filtered-cut-off frequency 1 kHz) for 20 s at each 
measurement  location. Addit ional  information con- 
cerning the probe design and qualification are given 
in Shome [22] and Wang et al. [23]. 

Data reduction 
The surface heat transfer results presented in this 

paper are shown in terms of  the local Stanton number. 
The fluid properties are evaluated at free-stream con- 
ditions, with corrections made for relative humidity 
effects. The heat flux to the free-stream was deter- 
mined by subtracting the back loss, the radiation loss 
and the streamwise conduction loss from the mea- 
sured power input. The energy balance described 
above, was applied to a 2.5 x 2.5 cm area of  the 1.56 
mm lexan layer of  the test surface [see Fig. 1 (c)] ; then 
the surface temperature was calculated by correcting 
each measurement obtained from the thermocouples 
embedded in the test surface. The free-stream velocity 
was measured by using a micro-manometer  connected 
to a Pitot tube. Finally, the free-stream temperature 
was measured by a calibrated thermocouple with cor- 
rections for recovery and compressibility effects. The 
methodology of  heat transfer measurement outlined 
above and the associated uncertainty analysis was 
similar to those discussed in Wang and Simon [24]. A 
detailed uncertainty analysis was conducted by Pinson 
[25], using the procedure set forth by Kline and 
McClintock [26] and Moffat [27]. The resultant uncer- 
tainties are listed in Table 2. 

The single hot wire and the X-array of  hot  wires in 

the three-sensor probe were corrected for the effects 
of  varying temperature as suggested by Chua and 
Antonia  [28]. The three-sensor probe was corrected 
by using instantaneous temperature fluctuations, and 
the single-wire probe measurements were corrected by 
using mean free-stream temperatures. Following the 
method of  LaRue et al. [29], Wang, et al. [23] con- 
cluded that velocity correction of  the cold wire in 
the three-sensor probe was unnecessary. Additional 
details on the data reduction process and the exper- 
imental procedure for this study are documented in 
Pinson [25]. 

RESULTS AND DISCUSSION 

Undisturbed cases 
The surface heat transfer distributions (normalized 

in terms of  the Stanton number and the local Reynolds 
number) of  the undisturbed cases are shown in Fig. 3. 
The laminar and turbulent correlations, obtained 
from Kays and Crawford [30], presented in the figure 
compensate for the unheated starting length of  a uni- 
formly heated test surface, and are of  the form 

S t L A M I N A  R = 0.453Pr-O.67Re~-O 5 

1-- X 075 -0.333 

and 

StTUrtBULENT = O.0287Pr-°4 R e (  °2 

The initial portions of  all the cases shown begin with 
a trend that follows the laminar unheated starting- 
length correlation, and then they deviate from the cor- 
relation at various Reynolds numbers, Re.y, because of  
the laminar-turbulent transition. The minimum local 
Stanton number for the 2.72 m s 1 case occurs at an 
Rex of  2.24 x 105. Increasing the free-stream velocity, 
U~ to 4.89 m s-~ delays the onset of  transition to 
an Re~ of 3.59 x 105. The onset of  transition for the 
undisturbed case is defined here as the location where 
St  reaches a minimum and starts to deviate from the 

rN, 0.0050 

E 0.0030 
Z 

O 
= o 

0.0010 -~ 
0.0008 
0.0006 + 

10 4 

o~ Eqn. 2 

4.8__9 n~s " q ~ g + E q n .  1 
7.62 m/s " ~ . a t - 1 2  rn/: 
15.51 m/s ~,,~" 

r i i I P I I I ]  I r i i i i i i i  i I 

10 5 10 6 
Local Reynolds Number, Re 

x 

Fig. 3. Local surface heat transfer of the undisturbed case at 
various free-stream velocities. 
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Fig. 4. Comparison of local Stanton number measurements between the undisturbed case and the cylinder 
leading edge conditions: (a) U, = 2 . 9 m s  l:(b) U, = 5 m s  ~;(c) U, = 7 m s  i:(d) Ul = 12ms ~. 

laminar correlation. This trend of  delayed transition 
with increased U~ continued until the free-stream vel- 
ocity reached 15.5 m s ~. The delay in the onset of  
transition between 2.72 and 15.5 m s -~ is believed 
to be the result of  decreasing free-stream turbulence 
intensity (FSTI),  which was measured during the 
experiments. The FSTI of the 2.72 m s ~ case is 1.1% 
and the FSTI of  the 7.62 m s ~ case is 0.4%. 

Inaccuracies in the estimation of  the radiant heat 
loss from the heated test surface could have caused 
the observed discrepancies between the laminar data 
and the laminar correlation. The emissivity (a value 
of  0.5 was used) of  the heated test surface was the 
primary uncertainty in the radiant heat loss calcu- 
lation. Although the deviation from the correlation is 
significant in the laminar region, the discrepancy does 
not affect the comparat ive nature of this study. 

Leading-edge roughness effects on heat trans/er 
The surface heat transfer results from the various 

roughened leading-edge conditions (LECs) are shown 
with the undisturbed case in Figs. 4 and 5. Cylinder 
and sandpaper LECs do not affect the location of  a 
transition onset at a U~ of 2.9 m s ] [see Figs. 4(a) 
and 5(a)], but the effects of  the LEC caused the slope 
of  the St distribution in the transition region to deviate 
from the undisturbed case. The similar distribution of  

the transitional data for the cases with sandpaper at 
the leading edge suggests that at this low free-stream 
velocity, the maximum roughness height, not the spec- 
ific distribution of  the roughness height, has the most 
significant effect on heat transfer. As the free-stream 
velocity increased, the St distributions for the rough- 
ened LEC cases began to deviate more and more from 
the undisturbed case. Inspection of  the figures suggests 
that the greater maximum roughness height produces 
greater deviation from the undisturbed St distribution 
for a given free-stream velocity. 

Several features of  the Stanton number results of  
the cylinder LECs indicate a strong dependence on 
free-stream velocity. As mentioned earlier, the slowest 
free-stream velocity case (2.9 m s ~) exhibited a milder 
slope in the transition regions of  the roughened LEC 
cases than was seen in the transition region of  the 
undisturbed case [Figs. 4(a) and 5(a)]. The slope of  
the transitional St distributions for the 030 and 0625 
cases more closely resembled the undisturbed case 
when U,~ was increased to 5 m s ~ [Fig. 4(b)]. In the 
early transition region, the 091 cylinder case exhibited 
an unusual deviation from the undisturbed behavior 
when U ~ was 5 m s 1. As shown in Fig. 4(b), a distinct 
departure from the undisturbed case began at an Re, 
of 2 × 105 until a Re, of 4 x 105 was reached, where the 
slope of  St becomes steeper and more like a typical 
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Fig. 5. Comparison of local Stanton number measurements between the undisturbed case and the sandpaper 
leading edge conditions: (a) U ~ = 2 . 9 m s  ~:(b) U~ = 5 m s  ~;(c) U.j = 7 m s  ~;(d) U~ = 12ms  ~. 

t ransi t ion.  As shown in Fig. 4(c), the St of the 091 
cylinder case followed the tu rbulen t  corre la t ion  at  
U~ = 7 m s t; however,  the St dis t r ibut ion of  the 
0625 cylinder case at  7 m s t [Fig. 4(c)] exhibited a 
dual-slope behav ior  similar to the behavior  of  the 091 
case at  5 m s ~ [Fig. 4(b)]. A l though  the 091 cylinder 
case shown in Fig. 4(c) approximate ly  follows the 
tu rbu len t  correlat ion,  an  unexpected degree of  wav- 
iness in the St dis t r ibut ion  was observed. The vari- 
a t ion in the measured  d is t r ibut ion  was 6.4% above  
the corre la t ion  at an Re, of  1.88 x 105 and  22% below 
it at  6.09 x 105. Increasing U~ to 12 m s 1, as shown 
in Fig. 4(d), caused all three cylinder LECs to exhibit  
similar waviness in St. In the ups t ream region 
(Re, < 2 ×  105), the St dis t r ibut ion increased and  
shifted upwards  with little change in slope as U1_ and  
the cylinder d iameter  increased. For  the 091 cylinder 
case at  12 m s t, the magni tude  of  the St dis t r ibut ion 
near  the leading edge was similar to tha t  of  the tur- 
bulent  St correlat ion,  but  the slope was a lmost  the 
same as the laminar  correlat ion.  The wavy behavior  
observed in the St dis t r ibut ion  of  the 091 cylinder case 
and  the dual-slope behav ior  in the t rans i t ional  region 
of  the 0.0625 cylinder case are examined in greater  
detail  in subsequent  sections of  this discussion. 

The St behavior  of  the sandpaper  LECs (Fig. 5) 
was similar to tha t  shown by the cylinder LECs. The 

40 G R I T  case at  a U~_ of  5 m s 1 in Fig. 5(b) was the 
only sandpaper  test case tha t  exhibi ted the dual-slope 
behavior  in the t rans i t ional  St data  tha t  was observed 
in two of  the cylinder LECs, bu t  the change in slope 
at  an Re~ of 4 x 105 was not  as distinct as the change 
in the 091 cylinder case [Fig. 4(b)]. At  a U~ of  7 m 
s ~ [Fig. 5(c)], the 40 G R I T  and  180 G R I T  cases 
exhibited laminar  behav ior  unti l  an  Re, of 1.3 × 105 
and  2 × 105 was reached, respectively. Then,  bo th  St 
dis t r ibut ions began l aminar - tu rbu len t  t rans i t ion with 
waviness similar to tha t  observed earlier in the higher  
speed cylinder LEC cases. 

Blur[' leading-edge ejfect 
Smooth  tape (0.5 m m  thick) was used to investigate 

bluff  leading-edge effects on St. The results at  var ious 
speeds are shown in Fig. 5, together  with the sand- 
paper  LEC's .  At  a U,~ of  7 m s-  ~, the St dis t r ibut ion  
downs t ream of  the bluff  leading edge indicated tha t  
the onset  of  t rans i t ion occurred at  an  Rex of 5.3 x 105 
which is only 3% earlier than  the onset  for the undis- 
turbed case. Increasing the U~ to 12 m s-~ caused the 
bluff  leading edge condi t ion  to induce t rans i t ion 15% 
earlier than  the undis turbed case. Compared  to the 
deviat ions induced by the sandpaper  strips at  this free- 
s t ream velocity, the bluff  body effect of  the sandpaper  
backing is relatively small. 
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bution. 

Dual-slope Stanton number behavior in transition 
re,qion 

The 091 cylinder [Fig. 4(b)], the 40 G R I T  sandpaper 
at 5 m s ~ [Fig. 5(b)], and the 0625 cylinder at 7 m s 
[Fig. 4(c)] all exhibited the dual-slope behavior in St 
between the laminar and turbulent correlations. Since 
this behavior was not observed in the undisturbed case 
and was not previously known to the authors, further 
study of  the transport phenomena in the mean bound- 
ary layer was needed to provide insight into the physi- 
cal mechanisms of  the dual-slope region. Among these 
three similar cases, detailed measurements of the 
boundary layer of  the 0625 cylinder case (U,, = 7 m 
s ') were obtained. The velocity profiles, normalized 
with respect to local wall coordinates, are shown in 
Fig. 6(a). The streamwise velocity profiles begin to 
significantly deviate from the Blasius correlation 
between an Re,. of 4.46 x 105 and 5.06 × 105. During 
the wall heat transfer investigation, the local Stanton 
number began to deviate from the laminar correlation 
at an Re, of 2.88 x 105 (referred to as Re~) and the 
slope of  the St distribution became steeper at an Re, 
of 4.88 x 105 (referred to as Re2). The mean velocity 
profiles suggest that the boundary layer experienced 
transition only after Re, became greater than Re2. 

Further  examination of  the RMS quantities, u', uv, 
and vt, verifies the laminar and transitional status in 
the dual-slope region. Inspection of  the u' profiles 
shown in Fig. 6(b) indicates that the u' variations 
increased in amplitude between stations 3 and 6 (the 
range corresponding to Re, and Re2) with maximum 
values of  u'/U~ ranging from 0.038 to 0.06C but the 
amplitude of  the oscillations was still pre-transitional 
(typical maximum u'/LQ value: 0.15). At  station 7, 
the u'/U~ distribution was relatively constant at 0.061 
from a ,v/6 * ,  of  0.45 0.67. This wide, relatively flat 
( + 5% variation) region was not present in the undis- 

turbed case (see Wang et al. [23]). Furthermore,  the 
LEC caused the u' profiles to continue developing in 
the early turbulent region of the boundary layer (the 
maximum station-to-station variation is an average of 
8% downstream of station 10), even though the mean 
velocity profiles indicated fully developed turbulent 
flow in this region [see Fig. 6(a)]. The uv profiles 
depicted in Fig. 7(a) also show negligible activity in 
generating Reynolds shear stress between stations 4 
and 6 (uv/U~ less than 0.08), indicating pre-tran- 
sitional flow in the region Re~ to Re> Large ampli- 
fications indicative of  transitional flow were observed 
downstream of Re2 (uv, U; greater than 0.8). Similar 
to the u' profiles, the uv profiles continued to develop 
in the early turbulent port ion of  the boundary layer. 
The vt profiles shown in Fig. 7(b), exhibit behavior 
similar to m throughout  the streamwise boundary 
layer development,  and exhibit negligible Reynolds 
heat flux transport in the region between Re~ and Re2. 

The instantaneous velocity signals were inspected 
to provide more information about flow behavior in 
the dual-slope region. Representative velocity signals 
taken around Y* = 10 at various stations for the 0625 
cylinder case are shown in Fig. 8. The velocity signals 
of  those stations between Re~ and Re2 (stations 5 and 
6) are laminar-like with sinusoidal-like oscillations. 
However,  the velocity traces of  stations 7 and 8, 
which bracket Re2, show intermittent turbulent/ 
nonturbulent behaviour, which undoubtedly indicates 
transitional flow. Similar behavior was observed for a 
low-speed 40 G R I T  sandpaper case at U~ = 5 in s 

These boundary layer results suggest that a rough- 
ened leading edge may produce a pre-transitional 
region where the momentum and thermal transports 
in the boundary layer behave like laminar flow; 
however, the wall heat transfer significantly deviates 
from the laminar correlation. 
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Fig. 7. Boundary layer profiles of the 0625 cylinder case (U~ = 7 m s ]) continued: (a) Reynolds shear 
stress distribution ; (b) Reynolds heat flux distribution. 

Waviness in heat transfer data 
The results of  the Stanton number distributions 

show that waviness is present in high-speed cases with 
roughened leading edges. Inspection of  Figs. 4 and 5 
indicates that rougher leading-edge conditions cause 
significant wavy St behavior at lower free-stream vel- 
ocities. Since the waviness was not observed in the 
undisturbed case, it was reasoned that the waviness 
was most likely induced by the flow disturbances 
introduced by the roughened leading edge. 

The waviness could also have been caused by prob- 
lems with the experimental apparatus and the test 
surface. Tests conducted at a fixed free-stream velocity 
(15 m s -~) with varying power input levels indicate 
that the degree of  waviness was not a function of  
power input. In addition, the test surface was qualified 
by conducting a convective heat transfer test in a 
laminar flow with mild acceleration of  K ~ 4 x 10 -8. 
The mild acceleration was caused by the boundary 
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Fig. 8. Instantaneous velocity signals around Y+ = 10 at 
various streamwise locations for the 0625 cylinder case 

(U~ = 7 m s  L). 

layer growth in a constant-area channel. The St data 
of  this qualification test matched the laminar cor- 
relation and no waviness was observed. The closeness 
of  the match indicates that the heat flux out of  the test 
surface was reasonably uniform and that all of  the 
thermocouples embedded in the test surface func- 
tioned well. The energy balance used to determine the 
St distribution indicates that losses through the back 
of  the heated wall were less than 1% of the flux to the 
free-stream. Hence, even an order of  magnitude error 
in back-loss calculations would not have affected the 
magnitude of  the heat flux to the free-stream to such 
an extent that could account for the degree of  waviness 
present in the Stanton number data. A more detailed 
discussion of  the waviness behaviors is presented in 
Pinson [25]. 

With the removal of  the experimental apparatus 
and the test surface as possible culprits for the 
waviness, it seems possible that the observed waviness 
could be the result of  nonlinear instabilities brought 
on by the finite amplitude disturbance introduced at 
the leading-edge. These nonlinearities in the flow con- 
dition could make the boundary layer sensitive to 
the minor geometrical variations present in the test 
section in such a way that the actual form or charac- 
teristic that causes the disturbance becomes unim- 
portant. These minor surface disturbances, whatever 
they are, seem to be amplified as the free-stream vel- 
ocity increases, and they significantly affect the heat 
transfer pattern downstream. 

This study intentionally isolated the effects of  lead- 
ing-edge roughness on downstream flow and heat 
transfer behavior, so the test surface downstream of 
the leading-edge roughness was made smooth and flat. 
To better simulate the roughness condit ion of  an in- 
service turbine blade, further studies are being under- 
taken by the authors to investigate the interactive 
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effects of leading-edge roughness with the downstream 
roughness. 

were performed in the test facilities sponsored by a grant 
from the Air Force Office of Scientific Research (Grant No. 
F49620-94-1-0126). 

CONCLUSIONS 

A total of  eight leading-edge condit ions were exam- 
ined to determine their effect on laminar-turbulent 
flow transition and downstream heat transfer flow 
behavior. In order to simulate the randomly dis- 
tributed roughness located near the leading edge of  
the turbine blade, 1200, 180 and 40 GRIT  sandpaper  
strips were adhered to the leading edge of  the test 
surface. Similarly, 0.762, 1.59 and 2.31 mm diameter 
cylinders were chosen to simulate the relatively iso- 
lated peak nature of the roughness structure. Tests 
were also conducted by using a smooth strip of tape 
at the leading edge to determine the relative effects of 
the sandpaper  backing and the actual roughness of  
the sandpaper.  All of these leading-edge condit ions 
were compared to the undisturbed leading edge. 

Overall, greater maximum roughness height was 
observed to induce greater enhancement  of  the surface 
heat transfer than the undisturbed case. Depending 
on the free-stream velocity and the distance from the 
leading edge disturbance, the enhancement  ranged 
from negligible to 200%. At low free-stream velocities 
(U~ = 5 m s ~), the maximum roughness height was 
the primary contr ibutor  to deviations observed from 
the undisturbed case, irrespective of  the roughness 
geometry. At higher free-stream velocities, 5 7 m s ~, 
the cases employing the 091 cylinder LEC, 0625 cyl- 
inder LEC and the 40 GRIT  sandpaper  exhibited a 
dual-slope region between the laminar and turbulent 
St  vs Re~ correlations. Although the first slope was 
significantly different from the laminar correlation (as 
much as 88% higher), inspection of the mean velocity 
profiles, RMS fluctuations, Reynolds shear stress and 
instantaneous velocity signals indicated that the 
boundary layer was pre-transitional in this region. 
The second segment of  the dual-slope St distribution 
was steeper than the first and the junct ion between 
these two segments was determined to be the approxi- 
mate onset of  boundary  layer transition. For  greater 
roughness, wavy St distributions were observed at 
higher free-stream velocities. 

The presence of  the dual-slope and wavy S: 
behavior in some of  the roughened leading-edge cases 
suggests that heat transfer is sensitive to leading-edge 
effects. In each situation, the behavior seerns to be the 
result of  nonlinear amplification introduced by finite 
disturbances at the leading edge. These nonlinear 
waves tend to amplify minor  disturbances on the sur- 
face which propagate  downst ream in such a way that 
the wall heat transfer pattern is significantly affected. 
However,  additional study of  both of  these behaviors 
is required before the mechanisms causing these 
behaviors can be understood.  
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