
Chapter 7

CD Stator Observations

7.1 Introduction

This chapter describes a study of the mid-span flow through the CD stator blade

row. The C4 stator blade row studied previously in Chapters 5 and 6 was removed

and replaced with the CD stator blade row, as detailed in Chapter 3. The study

aims to address several questions raised in open literature regarding use of circular

arc leading edge profiles in compressor blading. Do the velocity over-speeds caused

by a circular arc leading edge profile cause boundary layer transition near the leading

edge? If the suction surface boundary layer becomes turbulent near the leading edge,

is it relaminarised by accelerating flow following the leading edge over-speed? How

is the boundary layer development influenced by unsteady wake passing, incidence

and Reynolds number effects? To investigate these questions, a range of experimental

techniques were applied in a similar way to the investigation carried out with the C4

stator blade row described in Chapter 6.

A preliminary investigation of the flow around the CD stator was made using the

MISES steady flow viscous–inviscid solver of Drela and Giles [36]. This study identified

several incidence cases of interest for detailed experimental investigation. Flow surveys

were made upstream and downstream from the stator blade row using a three-hole

probe to determine the pitchwise average flow angle at stator inlet and exit. The time-

mean surface velocity distribution of a stator blade row element was measured using

a blade instrumented with static pressure tappings. The velocity distributions were

were compared with steady flow predictions obtained from the MISES flow solver.

Reasonable agreement was found considering the significant approximations inherent
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in the MISES modelling.

The unsteady flow over the stator blade surfaces was studied using an array of hot-

film sensors at mid-span. The measurements were interpreted using the PDF/PVC

method developed by Solomon [154] to yield the temporal variation of ensemble av-

erage intermittency on the blade surface. The results showed the pressure surface

boundary layer was highly turbulent over wide ranges of incidence and Reynolds num-

ber. The flow on the suction surface exhibited strong wake induced flow behaviour

which was found to depend on both incidence and Reynolds number.

Hot-wire and three-hole probe measurements made downstream from stator blade

were processed to show the temporal and pitchwise variation of ensemble average

velocity and turbulence properties. The measurements were also processed to estimate

the pressure loss coefficient for the stator blade row. The latter results were compared

with predictions from the MISES flow solver.

7.2 Circular Arc Leading Edge Profiles

The flow around a leading edge of an aerofoil is known to significantly influence the

downstream boundary layer development. The choice of leading edge geometry is

therefore an important consideration in blade design. There are two types of leading

edge geometry commonly used in axial turbomachinery blading: circular arc and

elliptic. Walraevens and Cumpsty [182] and Tain and Cumpsty [167] discuss how

circular arc leading edges offer a reasonable balance between acceptable performance

and practical manufacturing tolerances. Leading edge radii of blades used in the core

compressor of a large turbofan engine are typically 0.25 − 0.75% of chord [167]. A

high-pressure compressor blade with a chord length of 20 mm may have a leading edge

radius as small as 0.15 mm. Accurate manufacturing of leading edges this small is

not practical without incurring great expense. There is also evidence that ingestion of

small particles during the normal life cycle of a gas turbine engine leads to erosion of

blade leading edges, which can substantially alter leading edge geometry and overall

performance [139].

The use of circular arc leading edges may be common, but it is not without criti-

cism. As discussed in Section 2.6.3, the flow around a blade with circular arc leading

edge accelerates around the arc, then rapidly decelerates near the discontinuity in

curvature at the blend point of the circular arc to the main surface. This rapid ac-
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celeration and deceleration of the flow appears as a ‘spike’ in blade surface pressure

distribution. This is also referred to as a velocity ‘over-speed’. The rapid decelera-

tion is known to cause boundary layer separation, transition, and reattachment over

a small surface length. Promotion of turbulent flow over most of a blade surface is

undesirable both in terms of aerodynamic performance and blade row loss.

There have been several studies of the flow over turbomachinery blades with cir-

cular arc leading edges. Sanger and Shreeve [141] studied the two-dimensional flow

over a CD stator in a cascade wind tunnel. The blade profile, designated 67A, was

tested over a range of inlet Reynolds numbers (Re1 = 4.7(10)6 − 6.9(10)6) and inlet

flow angles (α1 = 24.5◦ − 46◦ ). The inlet flow angle for design point operation was

39◦ . The suction surface boundary layer was observed to separate and reattach as

a turbulent boundary layer very close to the leading edge (x/c < 0.05) for inlet flow

angles greater than 36◦ . At inlet flow angles between 32◦ and 36◦ , transition to tur-

bulence occurred via a large separation bubble near mid-chord (x/c = 0.5− 0.6). The

sudden jump in transition location from mid-chord position to near the leading edge

with increasing incidence was expected to substantially increase blade loss owing to

the increased momentum thickness; however, this was not observed in the measured

pressure loss coefficient, which remained low and relatively constant for inlet flow an-

gles between 32◦ and 40◦ . In their discussion, Sanger and Shreeve [141] comment

that realistic loss estimates at a near-design inlet flow angle of 39◦ could only be

achieved by assuming the boundary layer had relaminarised in the accelerating flow

region between x/c = 0.05 and x/c = 0.30.

Cumpsty [24] reviewed cascade test data by Andrews [3], noting a lack of explana-

tion as to why leading edge spikes did not cause severe separation and a substantial

increase in loss coefficient.

Stator cascade 67A was later studied by Elazar and Shreeve [38] using laser Doppler

velocimetry (LDV). Measurements were made at inlet flow angles of α1 = 40◦ , 43.4◦

and 46◦ : flow angles considerably greater than the design inlet flow angle of 39◦ . In

all test cases, the boundary layer shape factor on the suction surface remained about

1.6−2.2 over most of the surface, suggesting continuously turbulent flow following the

leading edge separation bubble. The boundary layer experienced a mild acceleration

following the leading edge over-speed, not sufficient to relaminarise the boundary

layer. The studies of Sanger and Shreeve [141] showed that the acceleration following

the leading edge is much greater for operation at near design and negative incidence.
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Later studies of cascade 67A by Hobson and co-workers [70, 71] were made at high

incidence, similar to those noted above.

Hobson et al. [72] later designed a new controlled diffusion stator for cascade test-

ing. Cascade 67B contained half the blade count of 67A. The camber was increased to

achieve the same amount of turning as 67A. The design inlet flow angle was 36◦ . An

elliptic leading edge profile was used in an attempt to remove the leading edge spikes

prevalent in 67A. This approach appeared to successfully prevent leading edge spikes

at an inlet flow angle of ≈ 38◦ . Hobson et al. [72] presented results at a Reynolds

number Re1 = 2.1(10)6, for which there was a well defined laminar separation bubble

on the suction surface near mid-chord. A transitional boundary layer was observed

upstream from the bubble at a Reynolds number of Re1 = 3.8(10)6. In the high

Reynolds number case (Re1 = 6.4(10)6), transition was assumed to have occurred

near the leading edge, although little detail of this was provided. In both low and

medium Reynolds number cases, the boundary layer shape factor remained surpris-

ingly low (H ≈ 1) upstream from the separation bubble in what was described as

laminar flow. The study nonetheless emphasises the strong influence of incidence and

Reynolds number on boundary layer development. The elliptic leading edge profile

was successful in preventing a separation bubble near the leading edge low incidence.

However, other studies by Walraevens and Cumpsty [182] and Liu et al. [105] suggest

that separation bubbles will form on blades with an elliptic leading edge profile at

off-design incidences.

Hodson [74] studied the flow over a turbine blade section in a cascade wind tunnel.

The blade geometry depicted in the study shows a circular arc leading edge, although

detail of this is not given. Flow visualisation experiments showed that a small separa-

tion bubble formed on the suction surface, near the leading edge. Measurements from

surface mounted hot-film sensors showed that the turbulent boundary layer immedi-

ately downstream from the bubble was relaminarised by the strong acceleration of

the free-stream flow. Hodson [74] claimed that the acceleration parameter K greatly

exceeded the accepted threshold for relaminarisation of 3.5(10)−6: an acceleration of

this magnitude is common on the suction surface of turbine blades. This study clearly

demonstrates that a turbulent boundary layer near the leading edge of turbomachinery

blades may be relaminarised by strong acceleration.

A recently study by Wheeler et al. [187] investigated the unsteady wake perturbed

flow over a CD stator blade in a low-speed research compressor. The blade featured a



7.2 Circular Arc Leading Edge Profiles 103

circular arc leading edge profile with a relatively large included wedge angle of 32◦ . By

comparison, the CD stator blade studied in this thesis had an included wedge angle

of approximately 16◦ (at mid-span). The studied showed that the flow the leading

edge was strongly influenced by passing rotor wake disturbances. The boundary layer

on the suction surface did not continuously separate or become fully turbulent at the

leading edge; rather, turbulent spots appeared under the wake trajectory near the

leading edge. Larger leading edge wedge angles have the combined effect of reducing

the magnitude of the over-speeds and increasing the free-stream acceleration at the

leading edge: both of these factors would reduce the likelihood of a leading edge flow

separation.

Numerous studies of the flow around flat plate aerofoils with circular arc leading

edge profiles have shown that a separation bubble will often form near the leading

edge blend point [5, 44, 45, 167]. The influence of unsteady flow on the boundary

layer development was studied by Funazaki and co-workers [44, 45]. Wakes shed

from an upstream blade row were simulated by a belt of moving cylinders. Hot-wire

measurements of the flow near the leading edge showed that the separation bubble

was periodically suppressed by passage of a wake-induced transitional strip. This

strip appeared to lag the trajectory of the passing wake. Considerable time was

required for the bubble to reform following passage of the wake. The mechanism for

the suppression of the bubble was not clearly identified, although Funazaki et al. [45]

observed turbulent spots upstream from the steady-flow point of separation. The fact

that the turbulent strip lagged behind the wake at the separation bubble suggests

that the turbulent spots originated in the boundary layer upstream from the point of

steady flow separation.

Numerous studies have shown that mid-chord or rearward separation bubbles oc-

curring further along blade surfaces in the adverse pressure gradient following peak-

suction may be suppressed by wake-induced transition occurring upstream from the

steady-flow point of separation (see Hodson and Howell [75] and Halstead and co-

workers [61–63]). Wake-induced transition on the surface of turbomachinery blades

has long been assumed to be of the bypass mode, where turbulent spots are locally

produced by an interaction between the highly turbulent wake fluid and the bound-

ary layer [111]. There is still considerable debate about this breakdown mechanism.

Recent research suggests this simplistic model does not adequately describe the tran-

sition process. The flow at the leading edge of compressor and turbine blades differs
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from mid-span flow behaviour: here the boundary layer experiences both high levels

of turbulence due to passing wakes and unsteady flow perturbations associated with

the negative jet effect of the passing wakes. The transitional flow phenomena at com-

pressor blade leading edges is the subject of a more detailed investigation described in

Chapter 8. This chapter is concerned with the overall flow development around CD

stator blades and how this is influenced by incidence and Reynolds number.

7.3 Preliminary Study of the CD Stator

A preliminary study of the flow around the CD stator blade row was made by Howard

[80] to identify incidence test cases for detailed experimental investigation. The study

was made using the quasi three-dimensional flow solver, MISES, of Drela and Giles

[36]. As noted in Section 2.4, the MISES flow solver is well regarded for its abil-

ity in predicting steady flow boundary layer development on aerofoil surfaces where

secondary flow effects are small, i.e. away from endwall regions. A set of integral

boundary layer equations describing the boundary layer development and the inviscid

Euler equations representing the free-stream flow are solved simultaneously using a

Newton method.

The analysis performed by Howard [80] was used to identify four main test cases

of interest in the present investigation. These test cases may be described in terms of

both stator inlet flow angle (α1) and incidence (i = α1 − β1):

Case A, α1 = 41.9◦ , i = −3.1◦ : a low incidence test case typical for a low Mach

number stator with high stall margin.

Case B, α1 = 43.8◦ , i = −1.2◦ : an intermediate incidence between the low incidence

Case A and design incidence Case C.

Case C, α1 = 45.4◦ , i = 0.4◦ : design operation for the stator blade row. The lead-

ing edge spikes are near equal in length and the stagnation point is very close

to the geometrical leading edge defined as the intersection of the mean camber

line with the leading edge. This situation is also referred to as zero incidence.

Case D, α1 = 48.2◦ , i = 3.2◦ : a high incidence case typical of an embedded stator

in multi-stage compressor.
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7.3.1 Modelling Approach

The blade pressure distributions corresponding to these test cases were recalculated

in the present study using MISES version 2.4. The MISES ‘iplot’ routine was used

for post processing solutions from the MISES flow solver. The iplot routine uses the

leading edge stagnation point as the origin for surface length calculations. This is

a convenient choice since the computational mesh moves during the solution process

to align element edges in the streamwise direction: this includes the leading edge

stagnation streamline. Unfortunately, the leading edge stagnation point moves with

incidence, changing the origin of the surface length coordinate. Although this only

alters total surface length by a small amount, it is quite significant at the leading edge

where movements in stagnation point are large compared to surface length coordinate.

This problem was overcome in this study by referencing the surface length coordinate

to the geometrical leading edge defined by intersection of the mean camber-line and

the leading edge circle. This approach was successful and the computed surface length

for each side of the stator blade remained constant over a wide range of incidences.

The surface length coordinate s/c calculated by the MISES ‘iplot’ routine was

expressed as s/smax by dividing by smax/c. The coordinate s/smax shows greater

detail of flow around the leading edge than the more widely used x/c coordinate.

The surface pressure distribution, also obtained from the iplot routine, was ex-

pressed as a dimensionless pressure coefficient Cp = (p− p1)/(P1 − p1).

The stator blade profile was trimmed at the trailing edge blend points as rec-

ommended in the Mises User’s Guide [37]. Omitting the trailing edge circle slightly

reduces the surface length calculated by the iplot routine. This is not normally sig-

nificant in blades with a small trailing edge radius; however, the CD stator has a

relatively large trailing edge radius, making a surface length correction necessary.

An inlet turbulence intensity of 4% was applied at model inlet. This is represen-

tative of the flow inside multi-stage compressors [18].

7.3.2 Predicted Surface Pressure Distributions

The surface pressure distributions are shown in Figure 7.1. All distributions exhibit

leading edge spikes characteristic of circular arc leading edges. The extent of the

acceleration around the leading edge is indicated by the relative height of the over-

speeds. This is observed to be a strong function of incidence, and has a significant
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influence on the predicted boundary layer development.

In Case A, the suction surface spike is relatively small and the deceleration is

not sufficient to trigger transition. Transition occurs near s∗ = 0.35 in the adverse

pressure gradient following peak suction.
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Figure 7.1: Predicted CD stator surface pressure distributions at various incidences
(MISES, Tu=4%, Re1=230000)

As incidence is increased in Case B, the suction surface spike height increases,

and transition occurs in the region of deceleration following the spike (s∗ = 0.03). In

this case the solver does not predict flow separation. Here, the skin friction factor

approaches zero but transition takes place without separation.

At design incidence (Case C), the solver predicts separation and transition in the

region of rapid deceleration following the spike between s∗ = 0.030 and s∗ = 0.035.

The high incidence in Case D results in a larger leading edge separation bubble.

The greater level of turning increases the adverse pressure gradient toward the trailing

edge of the suction surface, resulting in turbulent separation near s∗ = 0.92.

In all cases, the pressure surface boundary layer experiences sufficient deceleration
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to cause separation and transition to turbulence near the leading edge, with turbulent

flow over most of the surface.

Further detail of predicted flow behaviour is provided examining the variation of

mass averaged outlet flow angle and total pressure loss coefficient with incidence and

inlet turbulence. The pressure loss coefficient calculated by the MISES solver may be

written as

ω =
P2isen

− P2

P1 − p1
=
P1 − P2

P1 − p1
(7.1)

where P2isen
is the total pressure resulting from isentropic flow through the blade row,

and noting that total pressure is conserved in isentropic flow (P1 = P2isen
).

The MISES ‘polar’ routine was used to obtain data for ω and α2 over inlet flow

angles α1 between 40◦ and 50◦ , using a step size of 0.05◦ . The flow solution at each

point was used to initialise the next solution point. The quadratic convergence of the

solver required typically 3–4 Newton iterations for each solution. Circumferentially

averaged pressure loss coefficient and outlet flow angle were evaluated 80%c axially

downstream from the trailing edge of the model (based on CD stator chord).

The results are shown in Figure 7.2. An abrupt increase in each loss loop occurs at

a particular inlet flow angle: this point is observed to depend on the inlet turbulence

level, with the step occurring at a lower incidence as the inlet turbulence is increased.

The reason for this behaviour may be explained by considering the predicted boundary

layer development. At low inlet flow angle, the flow deceleration on the suction side

leading edge spike is not sufficient to trigger transition. Instead, this occurs further

along the surface by separated flow transition, as indicated by the perturbation in

pressure coefficient around s∗ = 0.35 for Case A shown in Fig. 7.1. Increasing the

inlet flow angle progressively increases the deceleration following the leading edge

over-speed, until the point is reached where boundary layer transition jumps to the

leading edge, resulting in a greater coverage of turbulent flow over the surface, and

thus a substantial increase in loss coefficient.



7.3 Preliminary Study of the CD Stator 108

41 42 43 44 45 46 47 48 49

1 ( )

0.0

0.1

0.2

0.3

0.4

0.5

s*
tr

0.012

0.016

0.02

0.024

0.028

0.032

0.036

-28

-27

-26

-25

-24

-23

-22

-21

2
(

)

Tu=4.0%
Tu=2.0%
Tu=1.0%
Tu=0.5%

C
as

e
A

C
as

e
B

C
as

e
C

C
as

e
D

Figure 7.2: Predicted exit angle (top), pressure loss coefficient (centre), and dimen-
sionless surface length to transition onset on the suction surface (bottom) from the
MISES flow solver (Tu=4.0% and Re1=230000)
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The boundary layer calculation method used in MISES, as described in Section 2.4,

uses a variable en method where the critical amplification ratio ncr is a function of inlet

turbulence. The en method is more likely detect transition in low Reynolds number

flows with and an adverse pressure gradient than the bypass transition correlation

developed by Abu Ghannam and Shaw [1] (see Drela [35]). Increasing the turbulence

level reduces ncr and also the spatial distance over which disturbances are amplified

before breakdown is predicted. Thus increasing the turbulence intensity causes the

transition to move to the leading edge over-speed at a lower incidence.

The investigation using the MISES flow solver has shown the flow deceleration

following the suction surface over-speed may be sufficient to cause separation, tran-

sition, and turbulent flow over most of the suction surface. The study has identified

four incidence test cases which result in a variety of predicted flow behaviour.

7.4 Range of Experimental Investigation

The results in the previous section suggest that flow behaviour on the CD stator

suction surface is highly sensitive to flow incidence. It follows that accurate knowledge

of the stator inlet flow is required before undertaking detailed flow measurements.

All measurements presented in this chapter were made using the turbulence grid,

which was shown in Chapter 5 to give a uniform turbulence intensity at entry to the

stator blade row of 3 − 4%. In addition, hot-film and surface pressure surveys were

performed with the stator blade row aligned in the IGV wake street (a/S = 0.0).

The flow angle at inlet to the stator blade row was measured using the three-hole

probe, also used in previous studies with the C4 stator blade row (see Section 6.3).

The probe was positioned in the rotor–stator axial gap 18.7%c axially upstream from

the stator leading edge (based on C4 chord). The surveys were made by clocking the

stator blade row in 32 equal steps over one pitch of the CD stator blade row. The CD

stator blade row was clocked over a longer circumferential distance than in previous

studies with the C4 stator blade row, owing to the larger blade pitch. The surveys

were completed over a range of flow coefficients (φ) and reference Reynolds numbers

(Rec). The axial and peripheral velocity components were mass-averaged across the

passage to obtain pitchwise average stator incidence as shown in Table 7.1.

The stator incidences presented in Table 7.1 are very similar to previous measure-

ments made with the C4 stator blade row. This is not surprising since the CD stator
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Rec flow coefficient (φ)
0.550 0.600 0.650 0.675 0.700 0.725 0.750

75000 i◦ - 2.5 -0.5 -4.1
Re1 - 133000 142000 149000

95000 i◦ 5.2 3.1 0.5 -3.1
Re1 163000 171000 183000 191000

120000 i◦ 5.2 3.3 1.4 0.4 -0.8 -2.1 -3.2
Re1 206000 216000 226000 231000 234000 237000 241000

160000 i◦ 5.8 3.7 0.5 -3.2
Re1 278000 291000 308000 322000

Table 7.1: Matrix of measured operating conditions for the CD stator blade row:
pitchwise average incidence (i◦ ) and inlet Reynolds number (Re1) at entry to the
CD stator blade row for various values of flow coefficient (φ) and reference Reynolds
number (Rec)

was designed to reproduce the same exit flow field as the C4 stator blade row.

The flow coefficient required to stall the compressor was much lower than that

for the C4 stator. Audible surging was noted at φ ≈ 0.50 with the CD stator, and

φ ≈ 0.54 with the C4 stator (both cases with turbulence grid and Rec = 120000).

The longer chord length of the CD blades imposes a lower pressure gradient on the

annulus walls through the stator blade row, thus reducing the flow coefficient required

to separate the hub wall boundary layer, which was considered by Oliver [122] to be

the principal factor initiating stall in this machine.

A decrease in incidence was noted as reference Reynolds number (Rec) was reduced

from 95000 to 75000. This is consistent with measurements made by Solomon [154]

at Rec = 60000 and Rec = 120000, and is indicative of the critical Reynolds number

for the C4 blading in the upstream IGV–rotor stage.

A reference Reynolds number of Rec = 160000 gives a typical stator Reynolds

number of Re1 ≈ 300000, which is the minimum recommended by Halstead et al.

[61] for low-speed testing. The corresponding Reynolds number based on leading edge

radius is Rer ≈ 5000. Tain and Cumpsty [167] quote typical values of Rer for blades

in a core compression system of a large aircraft at altitude cruise: Rer ≈ 2600 for

the first stage rotor and Rer ≈ 12700 for the last stage rotor. The measurements

presented by Tain and Cumpsty [167] were mostly performed at Rer ≈ 12000.
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7.5 Surface Pressure Distribution

7.5.1 Introduction

This section presents measurements of the CD stator surface pressure distribution

made using a blade instrumented with a row of mid-span surface pressure tappings,

as detailed in Section 7.5.2. The measured results are compared with flow predictions

obtained from the MISES flow solver.

7.5.2 Instrumentation

A CD stator blade was instrumented with a single row of static pressure tappings at

mid-span position. The number of pressure tappings was limited so that all tappings

could be connected to a single 48 port Scanivalve connection (allowing sufficient ad-

ditional connections for measurement of reference pressures, etc.). The spacing of the

tappings around the blade surface was designed to give highest resolution around the

leading edge. The first two tappings on either side of the leading edge were spaced at

2 mm. A tapping on the leading edge was included in the original design, but was later

omitted to preserve the strength of the leading edge. The remaining tappings on each

surface were spaced using a double-sided successive ratio to achieve a smooth transi-

tion from the finer spacings at the leading and trailing edges to the largest spacing

near mid-chord.

The layout for the pressure transfer tubes was made using the three-dimensional

CAD model used during manufacturing of the blade row. This model, developed in

commercial CADKEY software, was used to specify paths for machining the tracks for

inlaying the pressure tubes, as shown in Fig. 7.3. The pressure tracks covered more

than three quarters of the blade span from the hub side. This was done to allow future

measurements of pressure distributions at other spanwise positions. The tubes were

gathered together and passed through four holes drilled through the stator mounting

boss.

The blade was instrumented by the technical staff at the School of Engineering

Workshop, University of Tasmania. Tracks 1 mm wide by 1.2 mm deep were machined

normal to the blade surface using a CNC milling machine. Polyethylene tubes with

an external diameter of 1.05 mm and internal diameter of 0.35 mm were placed into a

each track. All tracks were filled with fast-setting polyester resin and finely sanded. A

single 0.5 mm diameter hole was drilled into each pressure tube at mid-span position,
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Figure 7.3: CADKEY model of the CD stator blade with mounting boss showing
milling paths for pressure tube tracks (suction surface view)

again using the CADKEY model of the stator blade. Each tube was plugged at the

hub end of the blade by inserting a short piece of wire with diameter slightly larger

than the internal tube diameter. All tappings were thoroughly pressure tested prior

to installation of the blade in the research compressor. The location of the mid-span

pressure tappings is given in Appendix A.2.

7.5.3 Experimental Method

The three-hole probe measurements presented in Section 7.4 were used to estimate

the flow coefficients required to reproduce the four incidence test cases identified in

Section 7.3. Table 7.1 shows that for a fixed flow coefficient, incidence is relatively

insensitive to reference Reynolds number, except at the low reference Reynolds number

case Rec = 75000, where a lower flow coefficient is required to give a similar incidence

as in the higher Reynolds numbers cases.

The surface pressure distribution of the CD stator was measured using same ap-

proach previously used for measurements with the C4 stator, as described in Sec-

tion 4.7. The response of each pressure tapping to a known pressure differential was

recorded. The longest time taken for a 99% response was about 30 seconds. During

data collection, a settling period of 35 seconds was allowed after switching Scanivalve
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ports.

Measurements were made at three reference Reynolds numbers (Rec): 75000,

120000 and 160000. The corresponding stator inlet Reynolds numbers (Re1) vary

slightly with flow coefficient as shown in Table 7.1. The uncertainty in flow angle was

estimated to be ±0.2◦ .

7.5.4 Surface Velocity Predictions

The MISES flow solver was used to predict surface velocity distributions of the CD

stator for comparison with experimental results.

The dimensionless velocity U/U1 calculated by the MISES flow solver was ex-

pressed as U/Umb using Eq. (4.3).

Although the annulus walls of the research compressor test section are of constant

diameter, growing wall boundary layers and the presence of endwall secondary flows

will constrict the primary-flow streamtube, altering the axial velocity – density ratio

(AVDR) across the stator blade row. Walker [175] used measurements from Oliver

[122] to estimate the AVDR in the research compressor for the original C4 blading. The

AVDR for the stator blade row was estimated to be approximately 1.04 at φ = 0.600,

although Walker [175] notes this is probably accurate to no better than 3%. This

effect was not modelled in the computational study, although it would be expected

to improve the agreement between predicted and experimental results, particularly at

high loading where such effects are likely to be most significant.

The inlet turbulence level was set to 1% which is a significantly less than the time-

mean random turbulence level of 3 − 4% indicated in flow measurements presented

in Chapter 5. The reason for this was to compensate for a well known tendency of

the MISES flow solver to under-predict the length of transition. Drela [35] discusses

this, noting that the MISES solver does not model the transition process: rather,

it mimics it by a lag equation that predicts the increase in turbulent shear stress

following transition. Reducing the inlet turbulence increases the critical amplification

ratio required to detect transition and consequently the spatial distance for transition

onset. This has the effect of increasing the size of separation bubbles and the associated

interaction with the inviscid free-stream flow.

This behaviour also noted by Tain [166], who used MISES to model the flow around

a flat plate with a circular arc leading edge profile. Tain [166] modified the Reynolds

stress formulation in the MISES solver, and introduced an empirical constant, which
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was adjusted to give best agreement with the experimental data. Tain [166] also

manually specified the transition location, thereby bypassing the MISES transition

detection method.

7.5.5 Surface Velocity Distributions

The CD stator surface velocity distributions measured using the surface pressure tap-

pings are shown in Figures 7.4 and 7.5. Predicted velocity distributions obtained

from the MISES flow solver have been overlaid for comparison. The measured and

predictions results show good agreement considering that the measured results are

essentially a time-average of an unsteady velocity distribution, and that the MISES

predictions are a two-dimensional steady flow solution. Differences in overall match-

ing of the velocity distributions are expected due to the approximations inherent in

Eq. (4.3).

In Case A, the presence of a separation bubble on the suction surface is indicated

in the experimental data near s∗ ≈ 0.54 for the low Reynolds number case (Re1 =

148000). The corresponding MISES solution predicts a separation bubble slightly

upstream at about s∗ ≈ 0.4. Separation bubbles are predicted at higher Reynolds

number; however, these are small and have little appreciable influence on the surface

velocity distribution.

The decrease in velocity differential across the blade surfaces in the low Reynolds

number case (Rec = 75000) may be partially explained by the lower flow coefficients

required to maintain the required incidence test cases (see Table 7.1). It may also be

indicative of decreasing stator performance at low Reynolds number.

In high incidence Case D at low Reynolds number (Rec = 75000), the suction

surface velocity distribution flattens out towards the trailing edge (s∗ > 0.7). This

poor pressure recovery most likely indicates boundary layer separation. The pressure

recovery is generally better in the higher Reynolds number cases. The increase in

velocity at the stator trailing edge with decreasing Reynolds number may be partially

due to changing axial velocity – density ratio caused by three-dimensional flow effects.

The MISES flow solver predicts turbulent separation at s∗ = 0.78, 0.84 and 0.88; for

the low, medium and high Reynolds number cases respectively.
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Figure 7.4: CD stator surface velocity distributions. Experimental results and MISES
predictions for incidence Cases A and B
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Figure 7.5: CD stator surface velocity distributions. Experimental results and MISES
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The high level of detail around the leading edge is not well shown in Figures 7.4 and

7.5. To show this more clearly, the data around the leading edge has been replotted

over a smaller surface distance in Fig. 7.6.
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Figure 7.6: CD stator surface velocity distributions around leading edge. Experimen-
tal results and MISES predictions for Cases A–D

All cases show an acceleration from the leading edge stagnation point to the max-

imum over-speed velocity located slightly upstream from the blend points. This was

also noted in experiments on a flat plate aerofoil with circular arc leading edge by Tain

and Cumpsty [167]. These experiments also showed the point of maximum over-speed

velocity moved progressively toward the blend points as Mach number was increased.

The stagnation point also moves as incidence is varied. In the design incidence

Case C, the stagnation point is very close to the geometrical leading edge.

The surface velocity distributions in Cases A–C show a discontinuity in gradient

following the pressure surface blend point. This is strong evidence of a leading edge

separation bubble, and was also predicted in solutions from the MISES flow solver.



7.6 Hot-Film Surveys 118

The size of separation bubble and its associated influence on surface velocity is strongly

related to the specified level of inlet turbulence: reducing the inlet turbulence increases

the bubble size and produces a larger perturbation in the surface velocity distribution.

In general, separation bubbles are more easily identified on surfaces without large

curvature changes, such as flat plate aerofoils with circular arc leading edges (e.g.

[45, 166]).

The MISES flow solver predicts a separation bubble near the leading edge of the

suction surface in both Cases C and D. This is too small to have an appreciable

influence on velocity distribution for Case C. At the higher incidence in Case D, the

bubble becomes larger and a characteristic discontinuity appears in the predicted

velocity distribution. The corresponding experimental results lack sufficient spatial

resolution to accurately quantify the extend of separation bubbles.

The time-average observations of unsteady surface pressures presented in this sec-

tion must be expected to differ somewhat from the steady flow solutions from the

MISES flow solver. The investigation of a CD stator in a low-speed research com-

pressor by Wheeler et al. [187], noted in Section 7.2, included a numerical prediction

which showed the height of leading edge over-speeds varied significantly during wake

passing phase. This highlights the importance of unsteady flow effects at the leading

edge of compressor blades.

The time-resolved hot-film measurements presented in the following section provide

more detailed information on the unsteady flow phenomena occurring on the blade

surface.

7.6 Hot-Film Surveys

This section describes an investigation of unsteady transitional flow behaviour on the

CD stator blade surface. Measurements from a mid-span array of surface mounted

hot-film sensors are interpreted to determine temporal variation of ensemble average

intermittency, as was previously done in Section 6.5 using a C4 stator blade. The

pressure-tapped blade used for measurements presented in Section 7.5.5 was replaced

with a blade instrumented with hot-film sensors for these observations.
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7.6.1 Hot-Film Sensor Array

A CD stator blade was instrumented with an array of 75 surface mounted hot-film

sensors. The film was designed to cover approximately two-thirds of the blade surface

in the spanwise direction. The original intent was to wrap a single film around the

blade surface from one trailing edge blend point, around the leading edge, to the other

trailing edge blend point. A variable sensor spacing was used to give high resolution

of flow detail around the leading edge. The film was designed to have a sensor (#37)

located at the geometric leading edge of the blade. The four sensors adjacent to

this sensor were spaced at 1.27 mm. These were followed by four sensors spaced at

2.54 mm. The remaining sensors were spaced at 5.08 mm with exception to the trailing

edge, where the last 4 sensors on the pressure surface were spaced at 2.54 mm, and

the last 5 sensors on the suction surface were spaced at 2.54 mm. The finer spacing

towards the trailing edge was aimed to provide greater resolution of boundary layer

separation phenomena in that region.

Figure 7.7: CD stator blade with array of surface mounted hot-film sensors installed
in the UTAS research compressor
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The custom-built ‘Senflex’ film array was manufactured and attached to a sta-

tor blade by Tao of Systems Integration Inc., Virginia, USA. The construction was

similar to the hot-film array used in previous studies with the C4 stator blade (see

Section 6.5.1). The sensors were electron beam deposited onto the film surface. They

were of standard size (1.44 × 0.1 mm) and protruded a distance of 0.2 µm from the

surface.

A scaling error occurred during manufacture of the film, which increased the film

size and sensor spacings by a factor of 1.016. The first and last sensors (#1 and

#75) extended past the trailing edge blend points and were removed by trimming the

film at the blend points. The scale error was not considered to adversely affect the

function of the hot-film array. The three sensor spacings, including the scale error,

were 5.15 mm, 2.58 mm and 1.29 mm.

The radial twist of the blade combined with changing profile thickness made it

difficult align the sensors at mid-span position on the suction surface. To overcome

this problem three separate films were attached to the blade surface: the first extending

from the pressure surface trailing edge blend point (s∗ = −0.977), around the leading

edge to s∗ = 0.14 on the suction surface; the second from s∗ = 0.14 to s∗ = 0.56 on

the suction surface; and the third from s∗ = 0.56 to the suction surface trailing edge

blend point (s∗ = 0.970). The second and third films were rotated by a small amount

to align the sensors at mid-span, and then the film was positioned on the surface to

maintain a sensor spacing close to specification. A filler applied at each film joint was

sanded and polished to give a seamless transition between films. The sensor locations

presented in Appendix A.2 were measured by traversing a telescope mounted on a

stand with vernier scale.

7.6.2 Measurement Technique

Surveys using the array of hot-film sensors were made at the four incidence cases used

in the surface pressure surveys. Measurements were made at three reference Reynolds

numbers (Rec): 95000, 120000, and 160000. Preliminary measurements were made

at Rec = 75000; however, the PDF/PVC intermittency algorithm could not reliably

distinguish between laminar and turbulent flow events at this low Reynolds number. A

similar problem was noted by Solomon [154] when processing hot-film measurements

from the C4 stator made at Rec = 60000. The problem was overcome in the present

study by increasing the low Reynolds number test case to Rec = 95000, which still
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gave a suitable range for studying Reynolds number effects on flow behaviour.

The same measurement technique was applied as in previous measurements made

with the C4 stator blade (see Section 6.5.2). The number of sample points was in-

creased from 1024 to 2048 for tests at low Reynolds number Rec = 95000. This

ensured at least 6 rotor passing periods were acquired during each sampling period.

The sensor combinations chosen for simultaneous data acquisition had a minimum

spacing of 4 mm to minimise thermal interference between sensors. A maximum of 5

anemometers were used for simultaneous data acquisition.

7.6.3 Surface Intermittency Distributions

The hot-film data were processed using the PDF/PVC intermittency detection method

used previously for the investigation with the C4 stator (see Sections 4.10 and 6.5).

The spatio-temporal variation of ensemble average intermittency and probability of

calmed flow are shown in the conventional t∗ ∼ s∗ graphs in Figs 7.8–7.11.
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Figure 7.8: CD stator surface intermittency distributions for incidence Case A. Colour
contours show ensemble average intermittency (〈γ〉); line contours show probability of
calmed flow in intervals of 0.1; white lines show particle trajectories at 1.0U, 0.88U,
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Figure 7.9: CD stator surface intermittency distributions for incidence Case B. Colour
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Figure 7.10: CD stator surface intermittency distributions for incidence Case C.
Colour contours show ensemble average intermittency (〈γ〉); line contours show prob-
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Figure 7.11: CD stator surface intermittency distributions for incidence Case D.
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7.6.4 General Observations

The flow on the suction surface is a complex pattern of wake-induced transitional

strips and calming, not unlike other observations of wake-induced flow on compressor

blade surfaces (see Walker et al. [181] and Halstead et al. [62]). In contrast to the flow

on the suction surface, the flow on the pressure surface is almost completely turbulent,

except for cases of high incidence at low Reynolds number. The flow on both surfaces

shows a strong dependence on both Reynolds number and incidence.

In all test cases, short intense bursts of turbulent flow were detected very close

to the leading edge (−0.05 < s∗ < 0.05). Their relative timing coincides with the

arrival of the turbulent rotor wake at the leading edge of the stator blade. Figure 7.12

shows greater detail of intermittency distribution around the leading edge at medium

Reynolds number case Rec = 120000. In most cases, localised regions of turbulent

flow are detected on both sides of the leading edge, typically for −0.02 < s∗ < 0.02.
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Figure 7.12: Temporal variation of ensemble average turbulent intermittency (〈γ〉)
(colour contours) around the CD stator leading edge (Rec = 120000)
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These flow events are unlikely to be turbulent spots given the strong acceleration of the

flow and the low momentum thickness Reynolds number. The most likely explanation

is that the boundary layer is buffeted by the strong turbulence or vortical and pressure

disturbances associated with the passing wake.

The events are consistent with the arrival of rotor wake and have been used as the

origin of overlaid particle trajectories travelling at several fractions of the free-stream

flow: 1.0U, 0.88U, 0.7U and 0.5U.

A second detection of turbulence occurs further along each surface, close to the

blend points, in decelerating flow following the leading edge over-speeds. These dis-

turbances were identified as turbulent spots from examination of raw hot-film mea-

surements. The flow on the pressure surface separates near the leading edge and then

reattaches as a turbulent boundary layer as indicated by the rapid rise in intermittency

following the blend point. In the high incidence Case D, wake-induced transitional

strips are detected on the suction surface close to the blend point near s∗ = 0.05.

Wake-induced transitional strips on the suction surface are observed in nearly all

cases shown in Figs 7.8–7.11. In incidence cases B and C, the leading and trailing edges

of the strips are approximately parallel to overlaid particle trajectories at 0.88U and

0.5U. This is generally consistent of the envelope of wake-induced transitional strips

observed in other studies of transitional flow on compressor blades (i.e. [62, 181]), and

agrees with experimental measurements of turbulent spots in flows with an adverse

pressure gradient [34]. The strips observed close to the leading edge (0.05 < s∗ < 0.3)

in high incidence Case D have a very low growth rate, which is typical of low turbulent

spot spreading angles in accelerating flows [34].

In the low incidence Case A, strips are detected further along the surface near

s∗ = 0.35 at high Reynolds number; the onset of wake-induced turbulence moves

progressively rearward as Reynolds number is reduced. In the high incidence Case D,

wake-induced transitional strips are detected very close to the leading edge over the

whole Reynolds number range tested; here the large deceleration following the leading

edge over-speed appears to play an important role in the flow behaviour, and this is

discussed in greater detail in Chapter 8.

A region of calmed flow follows each wake-induced transitional strip as shown by

the line contours of calmed flow probability. The PDF/PVC algorithm detects calmed

flow if the shear stress continuously falls following detection of a turbulent event.

Detection of calmed flow is terminated by the first subsequent increase in shear stress.
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In most of the test cases, regions of relaxing flow are terminated by the arrival of the

next wake-induced transitional strip. It is highly likely that different flow behaviour

would occur at lower wake passing frequency. This effect was studied by Halstead

et al. [62] and Solomon [154] in research compressors by removing a blade element

from the upstream rotor blade row. These studies showed that the calmed region

following wake-induced transitional strips eventually wears off, allowing separated

flow transition to occur in the flow between wake-induced transitional strips.

The medium and high incidence Cases C and D show a decrease in turbulent

intermittency towards the trailing edge of the suction surface. This may be partially

due to the reduced ability of the PDF/PVC algorithm to detect turbulent flow in

decelerating flows with low wall shear stress. The low levels of ensemble average

intermittency in high incidence Case D do not necessarily indicate separation, although

this was predicted by the MISES flow solver. Figure 7.13 shows an enlarged view of

the ensemble average intermittency distribution for medium Reynolds case shown

in Figure 7.11. The colour contours here show ensemble average intermittency in

more detail over a lower range. Both intermittency and the quasi wall shear stress

(not shown) continuously fall toward the trailing edge. The fact that wake-induced

transitional strips continue along the surface with very low levels of intermittency

suggests that boundary layer separation has not occurred.

This observation is also supported by examination of a typical set of simultane-

ously acquired quasi wall shear stress traces shown in the lower part of Fig. 7.13.

Patches of turbulence are observed to convect in the free-stream direction. A large

suction surface flow separation would be expected to cause reverse flow near the trail-

ing edge with disturbances convecting in the opposite direction to the free-stream flow.

The two sensors closest to the trailing edge show very low levels of quasi wall shear

stress between patches of turbulence; the disturbance amplitudes are falling rapidly

with a tendency for the disturbance convection velocity to decrease. In addition, the

corresponding surface pressure measurements shown in Fig. 7.5 show a small pressure

recovery toward the trailing edge: this is significantly greater than the pressure re-

covery in the low Reynolds number case (Rec = 75000). These observations suggest

the boundary layer is close to separating, but remains attached near the trailing edge

blend point. Similar observations were made in the other Reynolds number cases for

incidence Case D.
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Figure 7.13: Hot-film measurements near the CD stator trailing edge (Case D, Rec =
120000). Top: colour contours of ensemble average intermittency (〈γ〉) with line
contours of probability of calmed flow in intervals of 0.1. Bottom: typical set of
simultaneously acquired quasi wall shear stress measurements. Sensor locations are
indicated by 5. Lines show particle trajectories at speeds of 1.0U , 0.88, 0.7U and
0.5U .
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A very interesting feature is observed on the suction surface in the high incidence

Case D in Fig 7.11. Wake-induced transitional strips appear very close to the leading

edge near s∗ = 0.05. This raises an important question: what is the nature of these

disturbances? To answer this, a collection of typical simultaneously acquired hot-film

sensor measurements close to the leading edge is shown in Figures 7.14–7.16. The data

for all cases A–D are presented in terms of quasi wall shear stress and each record has

been individually scaled to highlight the shape of the disturbances.
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Figure 7.14: CD stator hot-film traces at Rec = 95000

In all test cases, disturbances are observed very close to the leading edge near

s∗ = 0.05. These are consistent with the turbulent spots observed by Schubauer and

Klebanoff [150]. The wall shear stress rapidly rises from the laminar level; this is

followed by a period of high frequency fluctuation, and then a calmed zone where the

wall shear stress continuously reduces to a near laminar level. This leaves little doubt
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Figure 7.15: CD stator hot-film traces at Rec = 120000

the disturbances observed close to the leading edge in incidence Case D are turbulent

spots.

Several types of flow phenomena may be responsible for the disturbances observed

near the leading edge in incidence Cases A–C. The disturbances may be small turbu-

lent spots, turbulent spots that have partially relaminarised or ‘puff’ phenomena that

eventually cause turbulent spots when conditions allow. The mean convection speed

of puff type disturbances is similar to that of turbulent spots (0.7U), which makes

them difficult to distinguish from turbulent spots [12].

In Cases A–C, characteristic wake-induced transitional strips are not detected until

further along the surface (s∗ > 0.25); however low levels of ensemble average inter-

mittency are detected near the leading edge. There are several likely explanations for

this. The PDF/PVC algorithm will only detect turbulent flow if high frequency fluc-
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Figure 7.16: CD stator hot-film traces at Rec = 160000

tuations occur over a window period; most disturbances do not have such a sustained

period of fluctuation and are not identified as turbulent. The variability in arrival

time of the events (or ‘phase jitter’) may result in low levels of ensemble average inter-

mittency. The events become less periodic at low Reynolds number and as incidence

is reduced. Nonetheless, the majority of disturbances, travel along the surface with a

mean convection speed of 0.7U , eventually forming into the wake-induced transitional

strips shown in the t∗ ∼ s∗ plots of ensemble average intermittency.

Many of the turbulent spots observed near the leading edge do not grow as spots

in flows with a zero or adverse pressure gradient. Inspection of the raw hot-film

data shows that some spots grow, while others decay or vanish altogether. The wide

variety of phenomena observed in the data make it difficult to make firm conclusions;

however, the growth of turbulent spots clearly appears to be affected by the strong
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favourable pressure gradient. Experiments have shown that the spot spreading angle

reduces with increasingly favourable pressure gradient (see D’Ovidio et al. [34] and

Zhong et al. [198]). There is little available information on the effects of very strong

acceleration approaching K ≈ 3.0(10)−6 on turbulent spots in low Reynolds number

flow. Reynolds number effects are also likely to be important and may be responsible

for the observed damping of turbulent spots. Preston [132] reviewed experimental

results of artificially triggered transition on flat plates. Drawing on similarity between

skin friction – momentum thickness Reynolds number relationships in flat plates and

pipe flows, Preston [132] proposed a minimum value of Reθ = 320 for self sustaining

turbulent flow on a flat plate in a zero pressure gradient. Walker [175] observed

turbulent flow on the suction surface of a compressor blade with values of Reθ as

low as 200, and proposed that the minimum value of Reθ would likely be reduced in

flows with an adverse pressure gradient. Preston [132] also notes that the method of

triggering turbulent flow or ‘transition device’ can influence the entrainment of fluid

during transition.

As discussed in Section 2.2.4, the acceleration parameter K is a generally accepted

indicator of relaminarisation. A turbulent boundary layer subjected to a sustained

acceleration of magnitude greater than K ≈ 3.0(10)6 − 3.5(10)−6 will most likely

relaminarise. However, most experiments carried out in the controlled wind tunnel

environment are made at sufficiently large momentum thickness Reynolds numbers to

avoid ‘viscous effects’ [184] and may be less applicable to the low Reynolds number

situation at a compressor blade leading edge.

Figures 7.17 and 7.18 show the predicted acceleration parameter and correspond-

ing momentum thickness Reynolds number variations on the stator suction surface

obtained from the MISES solutions presented earlier in Section 7.5.4. As expected, the

results show that both parameters are influenced by incidence and Reynolds number.

The acceleration parameter decreases with increases in both incidence and Reynolds

number. In incidence Cases A–C, the acceleration parameter exceeds K = 3.0(10)−6

for a considerable distance near the leading edge. Inspection of the raw film traces in

these cases show that turbulent spots prevail in most cases, but have very low growth

rates. It is possible that the period of acceleration is not sufficiently long to fully

relaminarise the boundary layer.
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The acceleration parameter is lowest at high incidence: here, turbulent spots are

detected close to the leading edge and exhibit very low growth rates. It is clearly

evident in all cases that the strong flow acceleration restricts the growth of turbulent

spots.

The favourable pressure gradient on the suction surface following the leading edge

over-speed may assist in preventing fully turbulent flow over the surface, although

the mechanism for this remains unclear. This highlights the need for further studies

of transitional flow behaviour, turbulent spot spreading and relaminarisation at low

Reynolds number.

7.6.5 Incidence Effects

Wake-induced transitional strips are observed on the suction surface in all measure-

ments. At low incidence (Case A), the strips begin to grow at about s∗ = 0.35 at the

highest incidence tested. As incidence is increased to Case D, wide strips appear near

the leading edge at about s∗ = 0.05. A similar influence of incidence on wake-induced

transitional strip inception was observed in measurements on stator blades by both

Halstead et al. [63] and Walker et al. [181]. Changes in the overall velocity distribution

with incidence may be partially responsible for this effect. The flow on the suction

surface experiences a greater region of favourable pressure gradient as incidence is re-

duced (see Section 7.6.4). However, increasing incidence also increases the magnitude

of the deceleration following the leading edge over-speeds. This may partially explain

why wider turbulent spots are observed close to the leading edge in the high incidence

Case D. The unsteady transitional flow around the stator leading edge is discussed in

more detail in Chapter 8.

The intermittency distribution on the pressure surface is generally less sensitive

to incidence than on the suction surface. The high level of intermittency (〈γ〉 > 0.9)

indicates almost completely turbulent flow in most cases. An interesting exception to

this is the high incidence Case D, for which the low Reynolds number observations

shows wake-induced transitional strips very similar to those seen on the pressure

surface of the C4 stator blade. These strips appear to travel at the same speed as

the convecting wake. This observation is more consistent with turbulent spots being

produced under the wake path, as described by Howell et al. [82] in studies of the

suction surface boundary layer development on turbine blades.

Increasing the Reynolds number causes the pressure surface transition between
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wakes to move close to the leading edge. It is likely that transition occurs via a

small separation bubble. The wake passing clearly alters the flow behaviour. This is

observed in the other test cases, but to a lesser extent, with low pockets of relaxing

flow detected in flow with high levels of turbulent intermittency.

7.6.6 Reynolds Number Effects

There is clear evidence that Reynolds number influences the transitional flow be-

haviour of the CD stator blade. Wake-induced transitional strips on the suction sur-

face rise more rapidly to high levels of intermittency as Reynolds number is increased.

This consequently results in higher probability of calmed flow following the wake in-

duced transitional strips. These observations are also supported by inspection of raw

hot-film data shown in Figs 7.14–7.16, which show greater periodicity of wake-induced

transition in the high Reynolds number cases.

In all cases, the calmed region following a wake-induced transitional strip is termi-

nated at the arrival of the next wake-induced transitional strip. In the low and medium

Reynolds number cases, a small amount of calming continues toward the trailing edge.

This suggests the calmed region has a persevering effect on the turbulent flow, which

was also recently shown in experiments by Thomas and Gostelow [168]. This effect is

not evident in the high Reynolds number cases.

Reynolds number is also well known to influence the size and behaviour of sepa-

ration bubbles on axial turbomachinery blading. In Case A at low Reynolds number,

turbulent flow between wakes is detected near s∗ = 0.55. This is slightly downstream

from the separation bubble indicated by the perturbation in the surface velocity dis-

tribution, and may indicate reattachment of the shear layer following separated flow

transition. The separation bubble may be intermittent, depending on whether wake-

induced transition occurs upstream or downstream from the steady flow point of sep-

aration. It is not clear if a continuous or well developed separation occurs in the other

cases at higher Reynolds number.
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7.7 Stator Wake Surveys

This section describes a study of the flow downstream from a CD stator blade row

mid-span element. Measurements made using a single-element hot-wire probe were

processed to determine temporal variations of velocity and turbulence properties at

different pitchwise positions. The stator exit flow was also surveyed using a three-

hole probe to determine the outlet flow angle. The measurements were interpreted

to estimate time-mean stator pressure loss and pitchwise average exit angle. These

results are compared with earlier predictions made using the MISES flow solver.

7.7.1 Experimental Method

The mid-span flow angle downstream from the stator blade row was measured using a

three-hole probe placed 30 mm downstream from the stator trailing edge. This instru-

ment was previously used to measure the stator inlet flow, as described in Sections 6.3

and 7.4.

The three-hole probe was removed from the research compressor after completion

of the flow angle surveys, and was replaced with a single-element Dantec 55P03 probe.

The probe element was positioned at mid-span height, 30 mm axially downstream

from the trailing edge of the CD stator blade row. The probe was calibrated using the

in-situ method described in Section 3.4.6 and operated using a TSI-IFA100 constant

temperature anemometer as detailed in Section 5.2.

Hot-wire and three-hole probe measurements were made by moving the stator

blade row relative to a fixed probe position. The stator may experience some variation

in velocity and turbulence; however the measurements presented in Section 5.3 show

this to be a minor effect as the grid turbulence results in uniform turbulence and

velocity in the pitchwise direction. At a flow coefficient of φ = 0.675 and reference

Reynolds number of Rec = 120000, the turbulence intensity of the flow between rotor

wakes, measured in the centre of the rotor–stator axial space, typically ranged between

2.5− 3.5% The corresponding variation in velocity between rotor wakes was less than

±3% of the pitchwise-average time-mean value.

In each survey, a total of 32 points were measured across one stator blade pitch. An

uneven step size was used to give high resolution of flow detail across the stator blade

wake. All measurements were made at a constant Reynolds number of Rec = 120000.

Time constraints prevented measurements at other reference Reynolds numbers.
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7.7.2 Stator Outlet Flow Field

The hot-wire results were processed to show the temporal variation in velocity and

turbulence properties. The results for incidence Cases A–D are shown in Figs 7.19

and 7.20.

The rotor wakes are indicated by slightly higher levels of turbulence and slightly

lower velocity. The high background turbulence generated by the turbulence grid and

IGV blade row wakes make it difficult to distinguish the rotor wakes. The level of

background turbulence, typically 3− 4%, is consistent with the stator inlet flow mea-

surements presented in Chapter 5. The pitchwise variation in time-mean turbulence

and velocity outside the wake is most likely due to minor clocking effects resulting

from moving the stator blade row relative to the fixed positions of the turbulence grid

and IGV blade row.

The wake velocity defect increases with compressor loading, as expected. The

wake width at high incidence Case D is slightly wider than in the other cases. The

pitchwise variation of time-mean turbulence in the wake shows two peaks of maximum

turbulence. This was also noted in studies of the wake behind a C4 stator by Walker

et al. [180]. Turbulence from each separated shear layer has not yet mixed through

the wake.
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7.7.3 Time-Mean Stator Pressure Loss

Pressure losses in cascades and turbomachinery stages are commonly expressed in

terms of pressure loss coefficient ω. Loss coefficients may be determined by surveying

the total pressure and velocity fields upstream and downstream from the blade row

using instruments such as hot-wire, three-hole, or Kiel probes. If the upstream and

downstream measurements are completed at different times, any variability in repro-

ducing the flow conditions between tests may contribute to uncertainty in the pressure

loss coefficient observed. Simultaneous upstream and downstream measurements over

the same blade passage would introduce errors due to probe interference.

The approach used in this study was to measure the mid-span stator wake mo-

mentum thickness using a hot-wire probe. An empirical correlation was then used to

relate the measured wake momentum thickness to stator pressure loss coefficient.

Cumpsty [24] details an empirical relation developed by Lieblein [101] that relates

wake momentum thickness, inlet flow angle and outlet flow angle to mass averaged

stagnation pressure loss for an ‘unstalled’ compressor blade row. This may be written

as

ω =
P1 − P2

P1 − p1
=

2θ

S

1

cos(α2)

[

cos(α1)

cos(α2)

]2

(7.2)

Equation (7.2) neglects mixing loss that occurs over a considerable distance down-

stream from the stator trailing edge: measurements made closer to the trailing edge

may significantly under-estimate the wake momentum thickness and also pressure

loss coefficient. Mixing losses may be approximately correlated to the shape factor

of the wake. The shape factor decreases with distance from the blade trailing edge,

approaching unity as wake mixing completes.

Lieblein and Roudebush [102] developed a correlation for the mixed out stagnation

pressure loss of an unstalled blade row based on measurements made at an arbitrary

distance from the blade trailing edge. This may be written as

ω =
2θ̂2 cos2(α1)

(

1 − θ̂2H2

)2
cos2(α2)

{

1 +
θ̂2
2

[

H2
2 − sin2(α2)

(

H2 −
1

1 − θ̂2H2

)2
]}

(7.3)

where the wake momentum thickness parameter is defined as

θ̂2 =
1

cos(α2)

(

θ

S

)

2

(7.4)
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Several approaches may be used to evaluate the wake momentum thickness. In

a simple case with uniform free-stream velocity, and no wake curvature, the wake

velocity defect is equal to the difference between the velocity outside the wake U and

the velocity inside the wake u; here, the ideal or inviscid flow velocity Uinv is equal to

U . Flows with wake curvature require a discontinuity in the inviscid velocity profile

due to different free-stream velocities on each side of the wake. This also requires

an assumption about the shape of the idealised inviscid velocity profile. Walker et al.

[180] proposed fitting a curve to the the flow outside each side of the wake; the inviscid

profile was then defined by extrapolating this profile inwards to the wake centreline: a

separate function Uinv was fitted to each side of the wake. Walker et al. [180] examined

two functions for describing the inviscid velocity profile through the wake: a constant

velocity and a third-order polynomial.

In this study, the inviscid wake profile was approximated by applying a linear

regression to the free-stream flow outside the wake. The edge of the wake was identified

by considering the velocity gradient though the wake. The process was applied to each

side of the wake. The wake centre was defined as the point of minimum velocity. Use

of a linear approximation for the inviscid velocity profile was found to be less sensitive

to the location of wake edges than higher order functions. A typical wake profile with

estimated linear inviscid flow distribution is shown in Fig 7.21. The subscripts PS and

SS indicate the pressure surface and suction surface sides of the wake, respectively.
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Figure 7.21: Time-mean wake velocity profile of a CD stator blade showing estimated
linear inviscid velocity distribution (Case A, φ = 0.750, Rec = 120000)
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The stator wake momentum thickness was evaluated using the procedure proposed

by Walker et al. [180]

θ/S =

∫ 1

0

u/us

Uinv/us

[

1 − u/us

Uinv/us

]

cosα2dS
∗ (7.5)

The integration is performed across a complete stator pitch ∆S∗ = 1 at a constant

axial distance downstream from the stator trailing edge. The cos(α2) term corrects

for the fact the traverse plane is axial and not perpendicular to the wake centreline.

The pressure loss coefficient ω obtained using Eqs (7.3) and (7.5) and measured

exit angle are shown in Fig. 7.22. Flow predictions using the MISES flow solver,

presented in Section 7.3, have been included for comparison.

The MISES predictions show a greater rise in pressure loss coefficient with increas-

ing incidence. This is not surprising since the MISES flow solver predicted different

suction surface flow behaviour to that observed in the experimental results. The

MISES flow solver predicted turbulent flow close to the stator leading edge in high

incidence Case D with turbulent separation at s∗ = 0.84. The hot-film measurements

presented in Section 7.6 did show wake-induced transitional strips forming close to

the leading edge; however, the boundary layer remained in a predominantly transi-

tional state with low turbulent intermittency. The hot-film measurements showed the

suction surface boundary layer remained attached at the trailing edge, although the

low shear stress indicates it was close to separating. This conclusion is also supported

other experimental observations. The hot-wire measurements of the stator outlet flow

field did not show a large increase in wake thickness at high incidence. The suction

surface pressure distributions showed some pressure recovery to the trailing edge. A

significant separation would be expected to substantially decrease the blade circula-

tion; however, this was not observed in the surface pressure measurements presented

in Section 7.5.5. Nor was there any significant increase in stator exit flow angle, which

a substantial separation would be expected to produce.

In summary, good agreement is found at low incidence where the MISES flow solver

predicts suctions surface transition near mid-chord. Early prediction of transition is

clearly a major factor in the over prediction of loss near design incidence. Significant

disagreement is found at high incidence principally due to two main factors:

a) unsteady flow effects on transition

b) neglected three-dimensional effects from wall boundary layers
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7.8 Conclusions

This chapter has described a detailed investigation of the flow around the CD stator

blade row. The flow on the suction surface was not completely turbulent at positive

incidence, as predicted by steady flow calculations using the MISES solver. Instead, a

complex flow pattern of wake-induced transitional strips and calmed flow was observed,

with evidence of turbulence decay or relaminarisation in some circumstances. The flow

behaviour changed with incidence and Reynolds number, in a manner broadly similar

to studies by Halstead et al. [62] and Walker et al. [181].

Periodic turbulent spots occurred on the suction surface very close to the leading

edge (s∗ ≈ 0.05) at time intervals corresponding to the arrival of upstream rotor wakes.

These were observed in most test cases, although their periodicity decreased as both

loading and Reynolds number were reduced. The majority of turbulent spots travelled

with a mean speed of 0.7U , eventually growing to form classic wake-induced transi-

tional strips. The fact these originated near the leading edge points to the leading

edge as the principal receptivity site for wake-induced bypass transition. This con-

trasts with the conventional view that wake-induced bypass transition occurs further

along the surface from a local interaction between the boundary layer and turbulent

wakes convecting with the free-stream. This is discussed in greater detail in Chapter 8.

The strong favourable pressure gradient on the suction surface following the leading

edge over-speed appeared to have a stabilising effect on the boundary layer, preventing

turbulent flow near the leading edge and also slowing the growth of turbulent spots.

A small leading edge separation bubble formed after the pressure surface over-

speed, which in most cases resulted in almost completely turbulent flow over the

surface. Periodic variations in turbulent intermittency were observed along the pres-

sure surface travelling at about 1.0U . This appears consistent with buffeting of the

boundary layer by passing rotor wakes.

The stator outlet flow-field was surveyed by three-hole probe and single-element

hot-wire probe. The measurements were interpreted to determine time-mean pressure

loss coefficient and exit flow angle. The experimental results showed a more gradual

rise in loss coefficient with incidence than predicted by the MISES steady flow solver.

In the high incidence test case, the MISES flow solver predicted transition at the

suction surface over-speed, with turbulent flow over most of the surface. Boundary

layer separation was predicted upstream from the trailing edge blend point. However,
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hot-film observations made at a similar incidence showed the boundary layer was not

fully turbulent on the suction surface and there was little evidence of boundary layer

separation before the trailing edge blend point. The failure of the MISES flow solver

to give accurate performance predictions at high incidence is thought to have largely

arisen from unsteady and three-dimensional flow effects.

The study reinforces the significance of leading edge profile on the boundary layer

development. The results were found to differ significantly from previous studies of

flow over flat-plate aerofoils with circular arc leading edges. The results suggest the

design practice of having a strong a favourable pressure following the suction surface

over-speed is beneficial in reducing the extent of turbulent flow on the surface. Another

significant observation is the importance of the leading edge region as a receptivity

site for disturbances ultimately leading to turbulent breakdown. This is discussed in

greater detail in Chapter 8.




