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Abstract. An experimental investigation of the propagation of turbulent spots occurring naturally during boundary- 
layer transition was conducted. Wide-bandwidth heat-transfer instrumentation was used in tracking individual 
turbulent spots as they progressed down a flat-plate surface toward fully-developed turbulence. The convection rates 
of the turbulent/non-turbulent interfaces of the spots in the streamwise direction were determined, as were rates of 
lateral spreading. The separate effects of compressibility and favourable pressure gradients have been assessed, and 
some typical results have been reported. 
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fractional propagation rate of the spot leading edge, Ut,/U~ 
fractional propagation rate of the spot ("mean"), Um/U~ 
fractional propagation rate of the spot trailing edge, U,e/U~ 
criterion function 
detector function 
distance of propagation of the lateral edge of a turbulent spot in the streamwise direction (mm) 
distance of propagation of the lateral edge of a turbulent spot in the cross-stream direction (mm) 
sampling period (s) 
acceleration parameter, (v/U2)dUJdx 
relative signal magnitude 
freestream Mach number 
turbulent-spot generation rate (s -~ m -~) 
freestream static pressure (N/m 2) 
total pressure (N/m 2) 
heat flux (kW/m 2) 
freestream unit Reynolds number at the working-section inlet (m-~), U~/v 
local Reynolds number based on momentum thickness, U~O/v 
total temperature (K) 
wall temperature (K) 
freestream turbulence intensity, u'/U~ 
amount of time an unsteady heat-transfer signal is non-turbulent (s) 
amount of time an unsteady heat-transfer signal is turbulent (s) 
turbulent-spot leading-edge velocity (m/s) 
turbulent-spot "mean" velocity (m/s) 
turbulent-spot trailing velocity (m/s) 
local freestream velocity (m/s) 
weighting factor 
distance from the leading edge of the flat plate (m) 
distance from the leading edge of the flat plate to the point of transition onset (m) 
turbulent-spot spreading angle (degrees) 
intermittency, tT/(t r + tNr ) 
boundary-layer momentum thickness (m) 
kinematic viscosity (m2/s) 
Emmons' non-dimensional turbulent-spot propagation parameter 
smoothing period (s) 



2 J.P. Clark et al. 

Introduction 

In 1951, H.W. Emmons [1] of Harvard University, discovered turbulent spots in a water 
table he had been intending to use for an undergraduate demonstration. This observation led 
him to formulate the theory that transition to turbulence in boundary layer flows occurs 
through the formation and growth of individual turbulent regions which eventually coalesce 
into a fully-turbulent boundary layer. Since this breakthrough in the understanding of the 
transition process, which has become generally accepted, much work has been devoted to 
the study of turbulent spots. A detailed synopsis of current knowledge regarding turbulent 
spots is given by Riley and Gad-el-Hak [2]. 

Many of the essential features of Emmons' theory were first confirmed by Schubauer and 
Klebanoff [3], who were also the first to chart the growth and shape of a turbulent spot in 
three dimensions. Using hot-wire anemometry in air at very low speeds, they found that a 
turbulent spot resembles an arrowhead in planform. They measured the convection speed of 
the leading interface of the spot and found that it propagated at 88% of the local freestream 
velocity. The trailing edge of the spot convected at one half the freestream velocity. Also, 
they found that, after a brief period of non-linear growth in the spanwise direction, the spot 
spread laterally in a linear fashion, making an angle of roughly 11 ~ with the freestream. The 
elevation view of the turbulent spot is characterised by an overhanging lip and a hump in its 
mid-section. Schubauer and Klebanoff [3] noted that, as the spot travelled downstream, the 
hump grew as the thickness of a fully-turbulent boundary layer having an initial thickness 
equal to that of the laminar boundary layer at the point of inception of the spot. This notion 
was later confirmed by Savas [4] who showed, albeit over a limit range, that an artificially- 
induced turbulent spot in an otherwise laminar boundary layer grew in the direction normal 
to the surface as the distance from its origin to the four-fifths power. 

Since the landmark experiments of Schubauer and Klebanoff [3], their work has been both 
confirmed and extended by several other researchers. In particular, Cantwell et al. [5] 
studied the flow structure and rates of entrainment along the plane of symmetry of an 
artificially-produced turbulent spot using laser-doppler anemometry in a water tunnel. They 
concluded that, in an ensemble-averaged sense, the spot consists of two coherent vortex 
structures. Also, Wygnanski et al. [6] used hot-wire anemometry to map the variation of all 
three components of velocity inside a turbulent spot along its plane of symmetry. A notable 
finding of their work was that the streamwise component of velocity increased as the leading 
interface of the spot passed the fixed probe, and continued to do so throughout the length of 
the spot. This implied that the magnitude of the surface shear stress also increased along the 
length of the spot. Later, this hypothesis was verified by Mautner and Van Atta [7], who 
made direct measurements of the wall shear stress along the plane of symmetry of a 
turbulent spot using hot-film gauges. 

In addition to the above investigations, which all consisted of measurements in constant 
velocity flow, a few other studies have been conducted to assess the effect of favourable 
pressure gradients on the transitional spot. The first such study was conducted by Wygnanski 
[8] who determined that, in a favourable pressure gradient, neither the leading nor the 
trailing-edge convection rate of the turbulent spot scaled directly with the freestream 
velocity. This result was later expanded upon by Katz et al. [9], who studied a turbulent spot 
developing in a boundary layer accelerating in a pressure gradient which Could be described 
by the Falkner-Skan parameter fl = 1. They showed that, under these conditions, the 
leading- and trailing-edge convection velocities of the spot increased as the square root of 



Propagation of  Naturally-Occurring Turbulent 3 

distance from the spot origin, while the freestream velocity increased linearly with the same 
length. In contrast with the findings of these two studies, Sankaran and Antonia [10] found 
that, within the uncertainty of their measurements, the leading-edge convection rate of the 
spot did scale with the freestream velocity in a favourable pressure gradient. However, the 
trailing-edge convection rate (as a fraction of the local freestream velocity) was seen to 
increase over the accepted zero pressure gradient value. 

One conclusion that all three of the above studies share in common is that the streamwise 
and spanwise growth rates of turbulent spots are inhibited by a favourable pressure gradient. 
These results support certain conclusions drawn from flow-visualization experiments by 
Gad-el-Hak et al. [11] and Matsui [12]. Gad-el-Hak et al. [11] argued that the spot grows in 
the spanwise direction by the local destabilization of the rotational flow in the ambient 
laminar boundary layer adjacent to it. The authors pointed out that this is different from the 
classical definition of entrainment, which concerns the incorporation of non-rotational fluid 
from the mainstream into the boundary layer. Matsui [12] concluded that the discrepancy 
between the leading- and trailing-edge convection rates of a turbulent spot was a con- 
sequence of the accretion of vortices near the trailing-edge of the spot. It seems plausible 
that both of these mechanisms for spot growth would be inhibited by the stabilizing influence 
of a favourable pressure gradient. 

The present study is one in a series of transition experiments conducted at Oxford 
University. The first inquiry into transition at Oxford stemmed from the pioneering work of 
Schultz and BeUhouse [13] concerning surface-mounted hot-film gauges, and was conducted 
by Owen [14] on a flat plate at subsonic and supersonic speeds. These investigations 
established the usefulness of such non-intrusive sensors for the examination of intermittent 
flows. Following this work, Doorly et al. [15] and LaGraff  et al. [16], studied the end-stage 
of the transition process on a gas-turbine blade in a two-dimensional cascade. Typical results 
of the work of LaGraff  et al. [16] are found in Figure 1, which is an illustration of the 
unsteady character of transition in a wake-disturbed environment. 

The results of LaGraff  et al. [16] and Doorly et al. [15] referred to above employed 
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Fig. 1. Typical results from the work of LaGraff et al. [16] illustrating the unsteady nature of transition in a 
wake-disturbed environment. 
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"pass ive"  thin-film gauges where the sensor is used as a resistance the rmomete r  to monitor  
the transient temperature-var ia t ion of the model when subjected to a sudden onset of hot 
flow. Gauges  of  similar construction may also be utilised as hot films in an unheated steady 
flow. In the latter case, a high current is passed through the film giving sensible ohmic 
heating to the gauge and heat  transfer to the flow. The rate of heat transfer may be 
determined by incorporating the hot-film gauge in a cons tan t - tempera ture-anemometer  
circuit which outputs a signal proport ional  to the fluctuating heat-transfer rate. The 
frequency-response limit of the hot-film gauge is approximately 40 kHz,  whereas that of 
thin-film gauge is greater  by a factor of 10. An added advantage of the thin-film heat-transfer 
gauge is that accurate values of local surface-heat-flux are obtained. Nevertheless,  hot-film 
gauges may also be used to detect turbulent spots and evaluate their properties.  As an 
example ,  Figure 2 is a set of hot-film signals acquired on the external surface of a turbofan 
nacelle in flight trials. These trials were part  of a European  engine-flight-test p rogramme 
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Fig. 2. Unsteady hot-film signals from four locations on the surface of a turbofan nacelle in free flight (from Ref. 
]7-18). 
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[17], and the instrumentation was manufactured by the Oxford University turbomachinery 
group [18] in the same manner as the thin-film gauges used in the experiments reported here. 
Thus, the two examples of the turbine blade and the jet-engine nacelle demonstrate the 
universal nature of turbulent-spot phenomena and the range of applications of thin-film 
gauges. 

All of the more fundamental experimental studies described above [2-12] have focused on 
artificially-generated single turbulent spots in otherwise laminar boundary layers. This 
experiment goes some way toward bridging the gap between such investigations and the 
more applied studies of the type undertaken previously at Oxford [13-18]. It extends much 
of the same information garnered from artificial turbulent-spot investigations to spots 
occurring naturally, especially at conditions representative of the gas-turbine environment. 
Edge velocities and spreading angles of naturally-occurring events are determined over a 
range of Mach numbers and pressure gradients typically encountered on the suction surfaces 
of gas-turbine blades. Consequently, turbulent spots have been tracked at values of the 
acceleration parameter approaching the relaminarization limit and at Mach numbers as much 
as two orders of magnitude greater than those reported elsewhere [2-12]. 

Description of  facility and experimental technique 

The present experiments were conducted in the Oxford University 6 inch Isentropic 
Light-Piston Tunnel (ILPT), which has been described thoroughly by Jones et al. [19]. The 
ILPT is a transient facility which is capable of producing flows with a range of Reynolds 
numbers, Mach numbers, and gas-to-wall temperature ratios in order to simulate conditions 
in modern gas-turbine engines. A schematic of the tunnel is shown in Figure 3. Its major 
components are the high-pressure reservoir, the pump tube fitted with a light-weight piston, 
the working section, and a dump tank. During a tunnel run, air is suddenly injected into the 
pump tube from the high-pressure reservoir through a series of ball valves. This forces the 
piston down the pump tube from the reservoir end. This action compresses the air ahead of 
the piston isentropically and thus increases the gas temperature. When the gas in the tube 
reaches the required conditions, the fast-acting gate valve is opened and the air flows 
through the test section and into the dump tank in a total running time of roughly 300 ms. If 
the volumetric flow-rate into the pump tube from the reservoir equals that flowing out 
through the test section, the total pressure and temperature during the run remain constant, 
and the run is said to be matched. 

During the study, the working section of the ILPT was fitted with a flat plate model and 
boundary-layer bleed apparatus, as shown schematically in Figure 4. The wall of the test 
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Fig. 3. Schematic of the Isentropic Light-Piston tunnel. 
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Fig. 4. Schematic of the ILPT test section fitted with an instrumented fiat plate (subsonic configuration). 

section opposite the flat plate was readily removable  and a series of convergent-divergent  
nozzles were available to achieve different constant Mach number  flows and pressure 
gradients over  the surface of the plate. The fiat plate was instrumented with a large array of 
thin-film heat-transfer gauges to measure  the unsteady heat-flux along the surface of the 
model .  Throughout  the course of the study, two fiat plates were used. The first was 
composed  of a machinable glass ceramic called Macor  and was instrumented with 39 
plat inum thin-film gauges. These sensors were produced via a painting-and-firing technique. 
The  second plate,  which can be seen in Figure 5, was made of perspex and was instrumented 
with nickel thin-film gauges which were fabricated with an RF-magnet ron  sputtering 
technique [20]. The data presented here were obtained with both types of fiat plate. 

The use of  thin-film gauges for the measurement  of steady and unsteady heat-fluxes is 
described in detail by Schultz and Jones [21]. The thin-film gauges used in this study were 
opera ted  at a constant current,  and the signals from the gauges were processed through 

Fig. 5. Photograph of a flat plate instrumented with nickel thin-film gauges. The leading edge of the plate is at left. 
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electrical analogues of the one-dimensional unsteady heat-conduction equation. The ana- 
logues used are based on the design of Oldfield et al. [22] and have a nominal bandwidth of 
0.01-100 kHz. High-speed data-acquisition channels are available to monitor 28 thin-film 
signals simultaneously. Each channel has a maximum data-rate of 1 MHz and a storage 
capacity of 64 Kb. 

It is the unique combination of the ILPT, wide-bandwidth instrumentation, and a modern, 
high-speed data-acquisition system which makes the study possible. As a turbulent-spot 
passes over a thin-film gauge, it instantaneously raises the heat-flux at the sensor from the 
quiet laminar level to a value closer to the turbulent level. Simultaneous sampling of the 
heat-flux signal at a number of locations on the fiat-plate surface enables one to track 
turbulent spots as they proceed down the model surface. This can be readily seen by 
inspection of Figure 6, which is a set of four unsteady heat-flux traces from various locations 
on the fiat plate. Obviously, such signals contain a wealth of information regarding the 
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Fig. 6. Unsteady heat-flux traces from four locations on the flat-plate model surface (M~ = 0.55, dP/dx =0, 
Re, = 7.5 x 106/m, Tu = 0.1%, and To/T w = 1.4) where x is streamwise position and z is spanwise position. 
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propagation of turbulent spots. Once acquired, such data must then be carefully analyzed to 
extract turbulent-spot growth parameters. 

Analysis techniques 

The parameter which best describes the development of transition from a laminar boundary 
layer toward fully-developed turbulence is the intermittency at the surface. The variation of 
the intermittency through the transition zone is dictated by the rates of turbulent-spot 
generation, convection, and lateral spreading. This is apparent from the equation of 
Narasimha [23] 

3'(x) = 1 - exp~ --(x f 
Xt)2nor ~ 

k (1) 

which results from the application of Emmons'  [1] transition model with the assumption of 
concentrated breakdown in a fiat plate, zero-pressure-gradient flow. In Equation 1, x t is the 
location of breakdown, n is the number of turbulent spots formed there per unit time and 
spanwise distance, U~ is the freestream velocity, and x is a location on the surface further 
downstream than x r o- is Emmons'  [1] non-dimensional spot-propagation parameter, which 
is dependent upon the convection velocity of the spots and their rate of lateral spreading. In 
the present study, turbulent-spot convection rates were extracted from raw heat-transfer 
traces via a digital intermittency detector, while the lateral spreading rate was calculated 
through estimates of the rate-of-change of thin-film gauge coverage with streamwise 
distance. 

Intermittency detectors, either analog or digital, have been used for a number of years in 
the analysis of hot-wire signals. A comprehensive review of the technique was given by 
Hedley and Keffer [24]. In essence, a raw signal is transformed in such a way that a decision 
for or against the presence of turbulence over the sensor at any given time can be rationally 
made. Typically, the signal is differentiated and squared to emphasize the high-frequency 
components it contains. The purpose behind the signal transformation employed by an 
intermittency detector is to significantly reduce the probability of making an incorrect 
turbulent/non-turbulent  decision over that which would occur if the signal level alone were 
used as an indicator of turbulent activity. 

The process by which turbulent/non-turbulent decisions were made in this study is 
illustrated in Figure 7. The top trace in Figure 7 is the raw heat-flux signal. The second trace 
from the top is the detector function (using the terminology of Hedley and Keffer [24]). In 
this case, the detector function, Di, is defined as 

D i = mds , (2) 

where m is the relative magnitude of the signal, given by 

s  - -  t ~ m i n  

m - qmax -- qmin ' (3) 

and the first derivative of the instantaneous heat flux is found by the central difference 
equation 
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Fig. 7. Transformation of a raw heat-flux signal into an intermittency indicator-function. 

qi+l - q i - 1  ( 4 )  
q ' =  2h ' 

where  h is the sampling period.  The  third trace is the cri terion funct ion,  Cr i. It is an 
exponent ia l ly-weighted ,  cent red  moving-average  of  the de tec tor  funct ion,  which is repre-  

sented  by 

h e l=i+('rs/2h) 

C r ,  - 1 + (rsth) ~ wjOj,  (5) 
j=i-(~'s/2h ) 

where  wj is the weighting factor ,  defined by 
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wj  = e x p { -  [0 .625/( ' rs /h)] l j  - 11}, (6) 

and z s is the smoothing period. The smoothing period in this case was chosen to be 10/.ts. 
This value ensured that the smallest detectable turbulent spots (based on the upper  limit of 
the bandwidth Of the instrumentation) were included in the analysis. The bot tom trace in 
Figure 7 is the intermittency signal, or indicator function, which is obtained by setting an 
appropr ia te  threshold for the criterion function. 

The  results of the intermittency-detection process can be used to determine the celerities 
of the leading- and trailing interfaces of the spots as well as the overall intermittency of the 
flow at a given sensor location. The procedure locates the positions of the spot leading- and 
trailing edges in time over  the thin-film gauges. It is thus possible to determine the 
trajectories of the turbulent /non- turbulent  interfaces of individual spots in the x- t  plane. 
These may be calculated for a number  of events and the results processed to produce the 
trajectories of an "average"  spot. 

A thin-film gauge has the property of integrating the instantaneous heat- transfer  dis- 
tr ibution over  its sensing area. Consequently,  it is possible to make estimates of turbulent- 
spot lateral growth from the rate-of-change of thin-film-gauge coverage with distance along 
the model  surface. Figure 8 is an illustration of this process. It can be seen that the turbulent 
spot labelled A in the figure brings the instantaneous heat  flux to a value somewhere  
between the laminar and fully-turbulent levels as indicated on the upper  trace of Figure 8. 
This is because only a fraction of the total gauge-length is covered by the spot. However ,  as 
the spot travels downstream it is continually growing in the cross-stream direction. As a 
result, the spot covers a greater  percentage of the gauge represented by the signal plotted in 
the bo t tom half of the figure. Knowing the locations of the gauges on the plate, it is possible 
to determine the position of the lateral edge of the turbulent spot over  each gauge. The 
turbulent-spot  spreading angle can then be determined f rom simple geometry.  

Several assumptions are critical to the above analysis. First, the spots are assumed to be 
tr iangular in planform. This is a crude assumption in zero pressure gradient flow, but is close 
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Fig. 8. Turbulent-spot spreading-angle measurement. The streamwise separation between the gauges is I 1.95ram. 
The conditions of the run are M~ =0.55, dP/dx = 0, Re~ =7.5 x 106/m, Tu = 0.1%, and To/T w = 1.4. 
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to the truth for favourable pressure gradients (as detailed by Katz et al. [9]). This first 
assumption leads directly to the second, where the peak  heat  flux encountered by the 

thin-film gauges is assumed to correspond to the passage of the trailing edge of the spot over  
the gauge. This conjecture is supported by the character of the unsteady traces of  Figure 6, 
as well as the results of Mautner  and Van At ta  [7] which were ment ioned previously. 
Moreover ,  Clark et al. [25] showed that in constant-velocity flow the max imum heat-flux 
levels associated with a given trace were in excellent agreement  with the predicted levels for  
a fully-turbulent boundary  layer at the location of the thin-film gauge (the origin of the 
turbulent  boundary  layer taken as that location where turbulent spots are first detected).  
Also,  the direction in which the spot is spreading over  the thin-film gauges is assumed to be 
known. In order  to determine this, one must measure the instantaneous heat-flux at more  
than a single spanwise location for at least some streamwise positions. The method by which 
the direction of spot lateral-propagation is determined can be seen in Figures 9a and 9b. 
Figure 9a is a set of  three unsteady heat-flux traces recorded f rom three thin-film gauges 
which are represented schematically in Figure 9b. The top two traces of Figure 9a represent  
data  recorded f rom the two gauges located at the same streamwise location in Figure 9b. The  
third trace of  Figure 9a contains data from the thin-film gauge which is shown further  
downs t ream than the others in Figure 9b. Clearly, the characteristics of  the heat-flux traces 
of  Figure 9a could only result f rom turbulent spots spreading over  the thin-film gauges in the 
same fashion as the spot depicted in Figure 9b is propagating over  the three hypothetical  
gauges. 
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Fig. 9(a). The determination of the direction of turbulent-spot spreading from unsteady heat-flux traces. 
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Thin-film gauges 

iX 

Turbulent Spot 

Fig. 9(b). A representation of the spreading of a single turbulent-spot over an array of thin-film gauges. 

Experimental results 

Figure 10 is a plot of turbulent-spot trajectories at conditions of zero pressure gradient, a 
gas-to-wall temperature ratio of 1.4, and a freestream Mach number of 0.55. Three 
trajectories are shown, and the fractional propagation rates associated with each line are 
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indicated.  A weighted least-squares fit to  the data  points  has been  pe r fo rmed  for  each line, 

and the uncer ta in ty  in the individual measuremen t s  is within the height of  the symbols  on the 

plot.  The  " m e a n "  t ra jec tory  was de te rmined  f rom cross-correlat ing the raw signals as 

descr ibed  in Clark et al. [25]. Figure 11 is a plot of  spot t rajectories for  the same condi t ions  
as those  above  except  that  the f rees t ream Mach n u m b e r  is 1.86. Interest ingly,  the leading- 

edge ,  t rai l ing-edge,  and " m e a n "  convect ion  rates are near ly  the same fract ion of  the 
f rees t ream velocity for  the Mach  0.55 and 1.86 cases. Also ,  the results agree very well with 

those  o f  Schubauer  and Klebanof f  [3] for  artificially-generated turbulent -spot  leading- and 

trai l ing-edge convect ion  velocities at incompressible  condit ions.  It should be no ted  that  this 

marks  the first t ime that  these parameters  have been  de te rmined  in "na tu ra l "  transit ion at 
subsonic  compressible  and supersonic  Mach  numbers .  The  fractional  p ropaga t ion  rates of  the 

spots  under  four  different  Mach  n u m b e r  flows are listed in Table  1. 

In addi t ion to the constant  Mach  n u m b e r  studies described above,  exper iments  have been  

p e r f o r m e d  over  a range of  pressure gradients.  Figure 12 is a plot of  the var ia t ion o f  

s tat ic- to- total  pressure ratio with distance along the model  surface for two of  the convergent -  

d ivergent  nozzles tested in this s tudy,  while Figure 13 is a plot  of  the local accelerat ion 
p a r a m e t e r  (K)  versus the same distance for  the same nozzles. It can be seen in Figure 12 that  

bo th  pressure gradients  are zero for  some 25 mm f rom the leading edge of  the fiat plate,  at 

which point  they b e c o m e  favourable ,  reaching constant  values at roughly 45 m m  f rom the 

leading-edge.  For  these nozzles,  the inlet Reynolds  numbers  o f  the flow were  set such that  
turbulent -spots  were  observed  to form in the zero-pressure-gradient  regions of  the plate and 

then  t racked as they were accelerated downs t ream.  
T h e r e  are some differences be tween the turbulent-spot  t rajectories  measured  in a zero-  

Mach 1.86 Flow 
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Fig. 11. Turbulent-spot leading-edge, trailing-edge, and "mean" trajectories for M= = 1.86, dP/dx  = O, Re x = 
106/m, Tu =0.1%, To /T  ~ = 1.4, and z =Omm. 

16x 

Table I. Turbulent-spot fractional propagation rates at various freestream Mach numbers. 

Mx Cle Cte Cm 

0.24 0.86 • 0.01 0.56 --+ 0.01 0.65 --- 0.01 
0.55 0.81 - 0.01 0.56 • 0.01 0.65 - 0.01 
1.32 0.85 -+- 0.03 0.54 - 0.01 0.64 • 0.01 
1.86 0.83 • 0.04 0.53 • 0.02 0.64 - 0.02 
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Fig. 13. The  variation of the acceleration parameter ,  K, with distance along the flat-plate surface for the two 
pressure  gradients  studied. 

pressure-gradient flow and the favourable pressure gradients described above. Figure 14 is a 
set of turbulent-spot trajectories for the mild-favourable pressure gradient case over the 
region where the pressure gradient is roughly constant (see Figure 12). For comparison, 
three lines of constant fractional propagation rate are plotted as well. It is evident that, over 
this region, the leading-edge velocity is a roughly constant fraction of the local freestream 
velocity and that this fraction is approximately equal to 0.9. However ,  the trailing-edge and 
"mean"  convection rates do not scale directly with the local freestream velocity. Wygnanski 
[8] found that neither the leading- nor the trailing-edge velocity was proportional to that of 
the freestream in a favourable pressure gradient. The results of Wygnanski [8] have been 
interpreted by other researchers (Narasimha [26]) as implying that a turbulent spot has 
"memory"  of its conditions at formation and is unaffected by subsequent increases in 



f -  

O 

E 
v 

.e 
b-, 

200 

150 

100 

50 

Propagation of Naturally-Occurring Turbulent 

Mild Favourable Pressure Gradient 

i~ ~'; t i 

.q- . O  

�9 + 
- X  

�9 " - O  ~ 
X "  

, 0  . - 

x - leading edge (C_1e=0.92) 

o - mean (C_m=0.70) 

+ - trailing edge (C_te=0.59) 

40 45 50 55 60 65 70 75 80 

X (mm) 

15 
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gradient  (Re, = 12 x 106/m, T o / T  w = 1.4, Tu = 0 . 1 % ,  z = 0rnm). 

freestream velocity. No evidence of this latter effect is manifest in the results of this 
experiment.  However ,  the current results are more in agreement with those of Sankaran and 
Antonia  [10]. They  found that,  in a mildly-favourable pressure gradien't, the leading-edge 
convection rate of the spot maintained the constant fraction of the local freestream velocity it 
normally takes under zero pressure gradient, while the propagation rate of the trailing-edge 
(as a fraction of U~) increased over its zero-pressure-gradient value. 

It should be pointed out that there are differences between this experiment and the others 
discussed here [8, 10] which must be critical to the results. First, neither experiment [8,10] 
focused on a constant pressure gradient like those of this study. Second, in neither of the 
other  experiments were turbulent spots tracked at acceleration parameters as high as those 
repor ted here (see Figure 13). Indeed,  consideration of the effect of acceleration parameter  
on the fractional propagation rate of the trailing edges (C,e) of the spots proves instructive. If 
C t e  is assumed to be constant over the interval between two successive thin films, then it can 
be represented by the equation 

= 1 ~  ~z dx 
C'e At Jxl U~(x) ' (7) 

where At is the time of travel between the gauges located at x I and x2, and U= is the local 
freestream velocity. 

In Figure 15, C,e is plotted versus the average acceleration parameter  over the interval 
between the thin-film gauges, K. Data from both the mild favourable and strong favourable 
pressure gradients are shown, and the uncertainties of the measurements are indicated. For  
comparison,  the fractional propagation rate of the leading edges of the spots over the same 
interval has been drawn as has the value of Cte in zero-pressure-gradient flow. It seems that 
at these conditions (dP/dx = constant) C,e is dependent  on the value of the prevailing 
acceleration parameter .  As K ~acreases past 1 • 10 -6, Cte deviates from the value it takes in 
zero-pressure-gradient flow and begins to approach the fractional propagation rate of the 
leading edge. This implies a reduction in the streamwise growth rate of the spot, and this 
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makes  sense intuitively when one keeps in mind that a turbulent boundary layer will 
relaminarize if K reaches a certain threshold level (=3  x 10-6). 

Some results of turbulent-spot spreading angle at various conditions are presented in Table 
2. It can be seen that,  as expected, the lateral growth of turbulent spots is greatly inhibited 
by a favourable pressure gradient. This is in general agreement  with estimates of the effect of 
pressure gradient from artificial-spot studies, and it supports the conclusions of Gad-e l -Hak  
et al. [11] that spots spread laterally by the local destabilization of the laminar boundary 

layer at their edges. Also, the values of 8.2 ~ and 6.0 ~ given for the spreading angle at Mach 
numbers  of 0.55 and 1.32, respectively, are significantly lower than that generally accepted at 
incompressible Mach numbers  (~11 ~ from Ref. 2) and indeed lower than the number  
deduced for the half angle at M| = 0.24 in the current study. These results support  the 
theoretical  prediction of Doorly  and Smith [27] that the spreading angle of a turbulent spot 
decreases monotonically as f reestream Mach number  increases. It should be pointed out that 
spreading angle has been found to be a weak function of the local Reynolds number  by a 
number  of researchers (e.g. Schubauer and Klebanoff  [3] and Wygnanski [8]). However ,  the 
values repor ted for the subsonic Mach numbers  were determined at equivalent values of R e  o. 

The  spreading angle at Mach 1.32 was obtained at a slightly higher value of R e  o. Thus, the 
repor ted  value at Mach 1.32 is if anything slightly larger than that which might have been 
found if complete  equivalency of R e  o had been obtained among all three cases. 

Detai led results of turbulent-spot spreading-angle measurement  in the favourable pressure 
gradients can be seen in Figure 16, which is a plot of the spot trajectory in the x - z  plane. On 

Table 2. Estimates of turbulent-spot spreading angles under various conditions. 

Pressure gradient Spreading Angle Uncertainty 

Zero, Ms = 0.24 9.9 ~ 1.0 ~ 
Zero, M~ = 0.55 8.2 ~ 0.8 ~ 
Zero, M~ = 1.32 6.0 ~ 1.5 ~ 
Mild Favourable 3.9 ~ 0.1 ~ 
Strong Favourable 3.3 ~ 0.1 ~ 
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Figure 16, the error  bars denote the standard deviation of the results, and the trajectories 
have been measured over roughly the same intervals as those in the x-t plane. In contrast to 
the results of turbulent-spot growth in the streamwise direction (i.e. leading-edge and 
trailing-edge velocities), there appears to be no significant variation of turbulent-spot lateral 
growth (i.e. the slope of Figure 16 is constant) with the acceleration parameter ,  K. Again, 
note  that the range of Figure 16 is that portion of the plate where the pressure gradient is 
constant (see Figure 12) and the acceleration parameter  varies as illustrated in Figure 13. 

C o n c l u s i o n s  

Turbulent  spots have been tracked in a boundary layer undergoing natural transition at 
gas-turbine-representative conditions. The separate effects of pressure gradient and compres- 
sibility on the growth characteristics of turbulent spots have been assessed. For the first time, 
turbulent-spot leading- and trailing-edge convection velocities have been extracted from 
natural-transition data at compressible conditions. It was observed that in a zero pressure 
gradient,  the spot leading and trailing edges propagated at essentially the same fraction of 
the freestream velocity observed by other  researchers at incompressible conditions. The 
constant favourable pressure gradients studied here were found to have little effect on the 
convection rate of the spot leading edges, which was found to be roughly the same fraction 
of the local freestream velocity seen in zero pressure gradient. By contrast, it was observed 
that the velocity of turbulent-spot trailing-edge propagation does not scale directly with that 
of  the freestream and is dependent  on the acceleration parameter.  

It is also possible to make estimates of the growth rates of turbulent spots from the results 
of these experiments.  Results of turbulent-spot spreading angles indicate that the lateral 
growth of turbulent spots is decreased by both favourable pressure gradients and increasing 
freestream Mach numbers. In addition, it was also shown that the streamwise growth of 
turbulent  spots can be affected by a favourable pressure gradient. At large values of the 
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a c c e l e r a t i o n  p a r a m e t e r ,  K,  the  t ra i l ing-edges  of  t u rbu len t  spots  a p p e a r  to p r o p a g a t e  at  ra tes  

which  a p p r o a c h  those  of  the  spo t  l ead ing-edges ,  imply ing  a s ignif icant  r educ t i on  of  spot  

g r o w t h  in the  s t r eamwise  d i rec t ion .  
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