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Abstract 

321 

A new transitional flow model incorporating recent experiment al data for the 
influence of free-stream pressure gradient on both the inception rate of turbulent 
spots and their subsequent spreading rate is reviewed. It gives good estimates of 
transition length for steady flows with marked spatial variations in free-stream 
conditions, and successfully predicts departures from the standard N arasimha 
intermittency distribution (or 'subtransitions') accompanying sudden changes in 
streamwise pressure gradient. A quasi-steady application of the new transition 
model is used in a preliminary attempt to describe the periodically unsteady 
boundary layer development during wake-induced transition on an axial com
pressor blade. Experimental observations show the relaxation of non-turbulent 
flow behind a wake-induced turbulent strip to be an important factor in turbo
machine blade design; data for the length of relaxing flow from three independent 
transition experiments are compared. 

Introduction 

This paper is concerned with the prediction of transitional flow in cases where 
the boundary conditions change rapidly in space and/or time. The problem of 
rapid spatial variations is first examined. A new model making due allowance 
for the influence of pressure gradient on spot inception rate, and assuming spot 
spreading rate to be controlled by the local pressure gradient, is shown to give 
reasonable estimates of transition length under such varying conditions and to 
predict a priori the departures from N arasimha's standard intermittency distri
bution (or 'subtransitions') accompanying sudden changes in streamwise pressure 
gradient. 

Transitional flow behaviour in the presence of rapid temporal variations is 
then examined with particular reference to the problem of periodic wake-induced 
transition observed on turbomachine blades. Some observations of wake-induced 
turbulent spot development on axial compressor blades are compared with wind 
tunnel measurements of triggered turbulent spots in a self-similar decelerating 
flow. Ari initial at tempt to model the periodic flow on the compressor blade 
is made by applying the new model for spatially varying flow in a quasi-steady 
manner. The paper concludes by suggesting future directions for research. 
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Spatial variations - the influence of changing pressure gradient 

Previous work 

A comprehensive review of basic work on laminar-turbulent transition has been 
given by Narasimha (1985) . The problem of modelling boundary layer devel
opment through the transition zone is examined in detail by Dey & N arasimha 
(1988), who also discuss the experiment al data on transition published prior to 
that date. The early experiment al surveys generally suffer from a lower level of 
accuracy and a lack of consistency in defining the extent of the transition zone. 

The more recent survey by Gostelow et al. (1994), covering a wide range of 
pressure gradients and free-stream turbulence levels , has overcome this problem 
by fitting the universal distribution of N arasimha to measurements of intermit
tency I within the transition zone. The fitted curve is then extrapolated to 
I = 0 and I = 1 to define the onset and complet ion of transition, respectively. 
This procedure has resulted in more reliable correlations for transition length, in 
terms of the boundary layer conditions at transition onset, which are presented 
in various forms by Gostelow et al. (1994). 

It should be noted, however, that such simple correlations are only valid for 
cases in which the pressure gradient is slowly changing and conditions remain 
approximately similar through the transition zone. They may break down in 
cases such as the suction surface of an aft-Ioaded aerofoil, where transition may 
commence in a region of accelerating flow and end in a region of st rong deceler
ation. As observed also by Narasimha et al. (1984), such sudden changes in the 
magnitude and sign of pressure gradient may cause marked deviations from the 
universal intermittency distribution (termed 'subtransitions'). 

Intermittency models for spatially varying flow 

N arasimha et al. (1984) noted that a logarithmic plot of the intermittency dis
tribution of ten exhibited a piecewise linear behaviour when subtransitions oc
curred. However, this does not provide a method of predicting the intermittency 
distribution a priori for flows with arbitrary pressure distributions. 

The intermittency model of Chen & Thyson (1971) , based on the turbulent 
spot theory of Emmons (1951), purports to describe the influence of changes 
in pressure gradient through the transition zone. However, as noted by Walker 
(1989) it only allows for the changes in turbulent spot convection rates with 
local changes in free-stream velocity. The more important effects of changing 
breakdown physics and spot spreading rates with streamwise pressure gradient 
variations are not accounted for. 

Solomon et al. (1995) extended the Chen-Thyson model to incorporate the 
latter effects, using data of Gostelow et al. (1994) for the dimensionless spot 
breakdown rate N = naBtfv and data compiled by Gostelow et al. (1995) for 
the spot spreading half-angle a and spot propagation parameter a, as shown in 
Fig. LA slight modification adopted here is that the spot breakdown rates for 
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Figure 1: Correlations for spot spreading half angle a, spot propagation rate 0' and 
generation rate N. Experimental data from various sources compiled by Gostelow et 
al. (1995). 

negative pressure gradients have been assumed constant at their zero pressure 
gradient values. The latter change was made because the small amount of data 
available for accelerating flow made extrapolation dubious. 

These data correlations are expressed analytically as . 

a = 0.03 + (0.37/(0.48 + 3.0exp(52.9Ào))) 

Q = 4 + (22.14/(0.79 + 2.72 exp( 47.63Ào))) 

N = { 0.86 x 1Q-3 exp(2 .134Àeln(q) - 59.23Àe - 0.564ln(q)) 
0.86 x 1Q-3 exp(-0.564ln(q)) 

if Àe ::; 0 
if Àe > 0 

(1) 

(2) 

(3) 

where Ào and q are respectively the the local Pohlhausen pressure gradient pa
rameter and free-stream turbulence intensity values. 

The intermittency distribution from the new model is given by 

[ l Xi a (dX) lXi ] I = 1 - exp -n ( ) - tan Q dx 
Xt tan Q U Xt 

(4) 

where nis the spot generation rate (m-1s-l) and U(x) is the free-stream velocity 
distribution. Assuming the turbulent spots are triangular in planform, with 



324 

IR 

17 

~/6 
:; 15 

14 

2 {)()() 

151X) 

$. /(HKJ 

51X) 

2. n 

!L. r /.5 

! 
11 In 
~ . 

n.5 

• 
. ; 

1 ' 

/ ,,/ 
1 " 

1 " 
1 " 

1 :' 
1 :' 

I ,' 
,:" . 

1/ 
I : ' • 

I ,' 

Transition zone predictions 

• 
• 

n.99 

n.9 

0.81'-

n.6 

0.4 
I: • 

I:' 

I-
...... Dey, Nara.<imlla n.2 

- - ehen, n,y.wn n.1 
••• i - Newmethod 

o.n L--.o--L~--'-<"-""""~.L...-.."""""'--,--'--,--'-..........J 
o 200 41)() 600 800 J{)()() J21)() WH) I6IX) 

x (mm) 

Figure 2: Calculation of transit ion in flow with a changing pressure gradient, Experi
mental data from Narasimha et al, (1984) - case DFUl. 

leading and trailing edge celerities of aU and bU respectively, the propagation 
parameter is given by (j = tan a(b- I - a-I). 

The model retains N arasimha's concentrated breakdown hypothesis, with 
the spot generation rate being determined by the boundary layer parameters 
and streamwise pressure gradient at transition onset. As seen from Fig. 1, the 
application of positive pressure gradient may alter the generation rate by an 
order of magnitude. The spot spreading angle and propagation parameter are 
assumed to vary continuously through the transition zone, according to the local 
value of À(} obtained from a purely laminar boundary layer calculation. 

Fig. 2 shows the results of the new model for the flow DFUI reported by 
Narasimha et al. (1984). Case DFUI involves an increasing acceleration over the 
forward part of the transition region; this is subsequently relaxed to near zero 
pressure gradient at the end of transition. The new model successfully describes 
the the observed intermittency distribution; in particular, it predicts the marked 
kink or 'subtransition' in the logarithmic intermittency plot of F(-y) around 
x = 900 mmo The comparative predictions by the methads of Dey & Narasimha 
(1988) and Chen & Thyson (1971) exhibit a linear variation in F(,) over the 
whole transition region, with slope approximating the observed behaviour in near 
zero pressure gradient conditions over the rearward part of the transition zone; 
the marked reduction in growth rate of intermittency in accelerating flow over 
the forward part of the transition zone is not predicted. 

The predicted boundary layer growth through the transition zone is toa rapid 
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despite the intermittency distribution being reasonably weIl estimated. This indi
cates that there are deficiencies in modelling of the emerging turbulent boundary 
layer which remain to be addressed. 

Temporal variations - periodically unsteady fiows 

Triggered turbulent spots 

Fig. 3 shows the development of transition in a strongly decelerating lami
nar boundary layer subjected to periodic perturbations from triggered turbulent 
spots generated at a fixed position by blowing through a hole in the surface. The 
time-space (t - x) diagram uses shading to indicate ensemble-averaged values of 
RMS disturbance level integrated over the boundary layer height; the contours 
indicate ensemble-averaged values of velocity profile shape factor H (displace
ment thicknessjmomentum thickness). 

The development of the triggered spot is evident from the band of increasing 
disturbance level which appears at the upstream limit of the figure at times be
tween 25 and 30 ms. This is accompanied by a sudden reduction in shape factor 
H at the leading edge of the spot. Prior to the spot passage the unperturbed 
laminar layer undergoes a natural transition with a characteristic fall in shape 
factor and the RMS disturbance level peaking around the centre of the transition 
zone. 

Behind the spot is the familiar relaxation zone (or calmed region ) which is 
characterised by a low disturbance level and a slow return of H to the unper
turbed laminar value. The energyzing of the surface layer associated with the 
passage of a turbulent spot has the very important practical implication that 
laminar separation will be temporarily delayed in this region. Another impor
tant consequence is the stabilisation of flow associated with the lower shape 
factor values in the relaxation zone; this significantly delays the natural transi
tion process behind the spot, as evidenced by the tongue oflow disturbance level 
extending beyond x = 500 mmo 

Wake-induced transition 

Fig. 4 shows a similar time-space contour plot for the process of transition on 
the suction surface of a C4 section blade in an axial compressor stator. t* is time 
normalised by the rotor wake passing period; s* is surface distance normalised 
by the blade chord. The shading indicates ensemble-averaged intermittency ob
tained from a chordwise array of surface hot-film sensors; it changes from white 
to black as I increases from 0 (fully laminar) to 1 (fully turbulent). 

The dark wedges commencing around s* = 0.1 at intervals of t* = 1 corre
spond to transitional and turbulent flow wedges induced by passing free-stream 
disturbances from the wakes of upstream rotor blades. These are interspersed 
with laminar or transitional flow regions extending rearward to around s* = 0.9. 
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Figure 3: t - x diagram for a triggered spot in an adverse pressure gradient. Shading 
indicates RMS disturbance level integrated over the boundary layer height . Con tours 
give the shape factor H . 

The turbulent strip which should have originated around t* = 2 is missing be
cause the corresponding rotor blade was removed to investigate the influence 
of changing wake frequency on the unsteady flow behaviour. In the absence of 
this strip, the turbulent onset following the passage of the preceding strip moves 
forward to around s* = 0.5 when the following wake-induced transitional strip 
arrives. The inter-wake turbulent onset would probably asymptote to a fixed 
streamwise location, given a sufficiently long time interval between successive 
rotor wake passages (possibly around s* = 0.4 where laminar boundary layer 
separation is predicted by a steady flow boundary layer calculation). 

These results mirror those of the triggered spot observations, and clearly 
indicate the existence of marked flow stabilisation caused by a preceding wake
induced turbulent strip. The altered boundary layer profile behind the wake
induced turbulent strip is ab Ie to maintain laminar flow regions over the majority 
of the blade surface, whilst preventing intermittent laminar separation provided 
tha~ the rotor wake passing frequency is sufficiently high. Full optimisation 
ofaxial turbomachine blade design clearly requires a detailed understanding of 
these unsteady phenomena and an ability to incorporate them in engineering 
design calculations. 
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Figure 4: Wake-induced turbulent spots developing on an axial compressor blade. t - s 
diagram of ensemble averaged intermittency. Wake induced turbulent strip at t* = 2 
eliminated by removal of a single upstream rotor blade. Particle trajectories for l.OU , 
O.88U, O.7U , O.5U, O.35U overlaid. 

Detailed observations of wake-induced transition have also been reported by 
Halstead et al. (1995) for blade surfaces in m ulti-stage axial compressors and 
turbines. Unsteady hot-wire measurements of boundary layer development were 
used to complement surface film data in these studies. Fig. 5, reproduced from 
Halstead et al. (1995), illustrates the morphology ofboundary layer development 
on the suction surface of a stator blade in an embedded compressor stage. The 
behaviour is closely similar to that observed in the present study, but the exis
tence of an alternative mode of transition in regions of the t - x plane between 
successive wake-induced turbulent strips is more clearly evident. 

Quasi-steady calculations for wake-induced transition 

The transition model for spatially varying flow described above has been applied 
in a quasi-steady manner as a fi.rst attempt at modelling the periodically un
steady flow associated with wake-induced transition. The results are compared 
with experiment al data of Halstead et al. (1995) for the boundary layer devel
opment on the suction surface of an axial compressor stator (Test Point 2B), 
shown in Fig. 6. 

Fig. 6 presents data for three separate cases: 

1. Long-term time-average values of boundary layer parameters. 
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Figure 5: Unsteady boundary layer development on an axial compressor blade Halstead 
et al. (1995) - Test Point 2B. 

2. Ensemble-average values along a wake-induced transition path in the t - x 
plane (Path 1 shown in Fig. 5). 

3. Ensemble-average values along a path bet ween successive wake passages in 
the t - x plane (Path 2 shown in Fig. 5). 

The ensemble-average values fiuctuate quite significantly during the wake passing 
cycle, the values for the wake path being around twice those for the long-term 
time-mean. 

The boundary layer calculations have all been implemented with the time
mean surface pressure distribution reported by Halstead et al. (1995). The linear 
combination integral method of Dey & N arasimha (1988) was employed with the 
following modifications: 

1. Calculation of the laminar component was progressed beyond separation 
by the artificial device of maintaining the shape factor Hand skin friction 
coefficient Cf at their separation values of 3.70 and 0.0 respectively. 

2. The initial momentum thickness for the turbulent component at transi
tion onset was assumed equal to that of the laminar component, and the 
power law model for starting the turbulent calculation was limited to one 
streamwise step. 
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Figure 6: Quasi-steady calculation of the boundary layer development in the unsteady 
flow on the suction surface of a compressor blade. Symbols are experimental data of 
Halstead et al. (1995) - Test Point 2B. 

The transition onset was variously computed or prescribed from experimental 
data, as described below. The intermittency variation through the transition 
zone was computed from the model for spatially varying flow described above. 

The time-mean boundary layer calculation was implemented with transition 
onset at 38% su ct ion surface length (SSL) as calculated from the method of 
Ghannam & Shaw (1980). The free-stream turbulence level of 2.2% at transi
tion onset was estimated from measurements upstream of the blade row, with 
due allowance for variation in free-stream velocity up to the onset point. The 
predicted variation in boundary layer thickness, as indicated by the moment urn 
thickness Reynolds number Re, is in surprisingly good agreement with experi
ment. However, this is somewhat deceptive in view ofthe significant fluctuations 
in ensemble-average values mentioned earlier and the less satisfactory predictions 
of velocity profile shape factor H through the transition zone. 

The wake path calculation uses the experimentaily observed transition onset 
of 19% SSL, with a corresponding free-stream turbulence level of 4.4%. The com
puted end oftransition b = 0.99) at 60% SSL compares very weil with the exper
imentaily observed value of 62% SSL, indicating that the intermittency model is 
performing quite reasonably in this situation. However, the values of Re indicate 
that the boundary layer growth along the wake path is markedly underpredicted. 
This is thought to be largely due to deviations from two-dimensionality associ
ated with relative flows normal to the blade surface in the passing rotor wakes: 
similar calculations for a turbine blade suction surface, where the direction of 
rotor wake relative flow is reversed, show an overprediction of boundary layer 
thickness along the wake path. There nevertheless remain significant turbulence 
modelling problems, as can be seen from a comparison of the shape factor data. 

The inter-wake path calculation uses the experiment al onset position of 52% 
SSL with corresponding free-stream turbulence level of 1.5%. This computation 
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is likely to be the least reliable, as it completely ignores the marked flow re
laxation effects following the passage of the preceding wake-induced transitional 
strip. Transition occurs somewhat too rapidly, with the predicted end of transi
tion at 70% SSL compared with 84% SSL fr om experiment. The boundary layer 
thickness is in fair agreement, but the shape factor development again shows 
significant discrepancies. 

There is a general trend in all three computations for the shape factor to be 
overestimated immediately prior to transition onset and in the forward part of 
the transition zone. This probably results from the combined effects of: 

1. The influence of free-stream turbulence in reducing the laminar boundary 
layer shape factor prior to transition. 

2. The neglecting of relaxation effects producing a higher than normal shape 
factor value for the laminar boundary layer component in the transition 
zone. 

The shape factor fails too rapidly through the transition zone, and only slowly 
recovers towards experiment al values in the region of fully turbulent flow further 
downstream. This indicates significant problems with modelling of the emerging 
turbulent boundary layer. 

Modelling of the relaxation zone 

For differential types of boundary layer calculations the extent of the relaxation 
zone following a turbulent spot should be predicted directly provided that an 
appropriate variation of intermittency is prescribed. For integral calculation 
methods, and for general engineering design purposes, it is necessary to provide 
some estimate of the relaxation time TT needed for the laminar flow to approach 
its unperturbed state. 

Table 1 gives data for dimensionless relaxation time TT = tT U / b L for the zero 
pressure gradient experiment of Schubauer & Klebanoff (1955), the triggered 
spot in adverse pressure gradient of Gostelow et al. (1995) and the wake-induced 
transition observations of Solomon & Walker (1995). bL is the total thickness 
of the unperturbed laminar layer surrounding a turbulent spot. There is some 
scatter in the individual experiments, but the values of TT are all of order 100. 

Concluding remarks 

A new model for the intermittency variation in flows with rapid spatial vari
ations has been applied in a quasi-steady manner to periodic flows involving 
wake-induced transition on axial turbomachine blades. The predictions of in
termittency for this case are encouraging, but some significant deficiencies in 
modelling the boundary layer development through the transition zone remain 
to be addressed. 
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Table 1: Comparison of relaxation times Tr = t~~ observed in different flows . q is 

local free-stream turbulence level. 

I Flow 
Schubauer & Klebanoff (1955) , flat plate, zero pres
sure gradient 
Gostelow et al. (1995), flat plate, adverse pressure 
gradient 
Solomon & Walker (1995), compressor blade 

100-220 

90 

50-150 

q I 
0.03% 

0.3% 

2.2% 

One of the most important challenges is the modelling of flow relaxation fol
lowing the passage of a turbulent spot. The increased shear stress within the 
relaxing non-turbulent flow region has the important consequences of delaying 
laminar separation and locally stabilising the flow . Some typical values of di
mensionless relax at ion time have been presented as a first step in the modelling 
process. 

Other areas of uncertainty which remain for future investigation include im
provement of the spot growth rate correlations with more experimental data and 
development of a correlation for the spot generation rate which is independent 
of the spot growth parameters and valid in favourable pressure gradients. The 
effects of free-stream turbulence on all of these parameters also needs to be clar
ified. The model could be refined to allow for changes in spot shape around 
separation and possibly to predict transition in the separated shear layer. Tran
sition onset correlations or prediction methods need to be improved as does the 
modelling of the emerging turbulent boundary layer. 
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