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PAPER

High� delity replication of surface texture and geometric form of a
high aspect ratio aerodynamic test component

Karl Walton1, Leigh Fleming1, Martin Goodhand2, Radu Racasan1and Wenhan Zeng1
1 EPSRC Centre for Innovative Manufacturing in Advanced Metrology, University of Hudders� eld, Canalside East Building 3/ 04,

Hudders� eld, West Yorkshire HD1 3DH, UK
2 Whittle Laboratory, University of Cambridge, 1 JJ Thomson Avenue, Cambridge CB3 0DY, UK

E-mail:k.walton@hud.ac.uk

Keywords:surface roughness replication, resin casting, infrared thermography, boundary layer transition, areal surface texture

Abstract
This paper details, assesses and validates a technique for the replication of a titanium wind tunnel test
aerofoil in polyurethane resin. Existing resin replication techniques are adapted to overcome the
technical dif� culties associated with casting a high aspect ratio component. The technique is shown to
have high replication� delity over all important length-scales. The blade chord was accurate to 0.02%,
and the maximum blade thickness was accurate to 2.5%. Important spatial and amplitude areal
surface texture parameter were accurate to within 2%. Compared to an existing similar system using
correlation areal parameters the current technique is shown to have lower� delity and this difference is
discussed. The current technique was developed for the measurement of boundary layer� ow‘laminar
to turbulent’ transition for gas turbine compressor blade pro� les and this application is illustrated.

Nomenclature

Span Aerofoil length parallel to
the leading edge

Chord Aerofoil width perpend-
icular to the leading edge

Reynolds number A dimensionless number
used to relate� ow char-
acter similarity with varia-
tion in � ow parameters
(similarity parameter for
� ow viscosity)

Mach number A dimensionless number
used to relate� ow char-
acter similarity with varia-
tion in � ow parameters
(similarity parameter for
� ow compressibility)

1. Introduction

Surface roughness and the associated drag on aero gas
turbine components is a central consideration for
design and in-service ef� ciency. The study of the
in� uence of surface roughness on the� ow over the

complex geometries of gas turbine compressor blade is
relatively underdeveloped. The work detailed in this
paper forms part of the wider effort to improve
understanding of the in� uence of surface roughness in
this context and particularly with respect to boundary
layer transition.

1.1. Roughness induced drag and boundary layer
transition
The region of� ow over a aerofoil surface where
viscous forces dominate is termed the boundary layer
[1]. Increased skin friction and thus drag due to surface
roughness is determined by the roughness character
and the nature of the boundary layer. A‘laminar’
boundary layer is associated with low drag which
increases as transition to the‘turbulent’ � ow regime
occurs, though a‘laminar (viscous) sub layer’ always
persists close to the surface. Surface roughness is one
factor that can in� uence(laminar-turbulent) ‘trans-
ition’ though there is no reliable method of predicting
it. In addition to increasing drag by causing transition,
roughness asperities that project through the laminar
sub-layer cause a direct increase in drag by the
formation of eddies. This effect increases momentum
transfer from the surface to the turbulent boundary
layer increasing its magnitude which is often referred
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to as ‘thickening of the turbulent boundary layer’.
When this mechanism is preceded by roughness
induced transition this is described as‘premature
transition’. Thus roughness induced drag is limited to
these two different and physically distinct mechanisms
and when neither is acting, a surface is said to have
‘admissible’ roughness or to be‘hydraulically smooth’.
It is important to distinguish between these drag rise
mechanisms as premature transition cannot be
accounted for in existing models of roughness induced
drag. No single test method is available to measure
roughness induced drag and distinguish which initial
‘drag rise mechanism’ is at play. Roughness induced
drag is measured directly by the momentum loss wind
tunnel technique[2], but to identify possible prema-
ture transition an infrared thermographic technique
must be used. In a high speed wind tunnel the
temperature the boundary layer of a test surface has a
higher temperature than the bulk� ow. Due to the
their differing� ow character the turbulent boundary
layer is seen to be hotter than the laminar boundary
layer, thus the transition is visible in the infrared. This
technique is only suitable for thermally insulating
surfaces[3] as metals disperse heat too quickly to
sustain an adequate temperature gradient for current
thermal cameras to capture. The solution to this
problem, described in the current paper is the
manufacture of a facsimile of the titanium test aerofoil
in a thermally insulating polyurethane resin.

1.2. Areal surface metrology and replication� delity
High � delity replication of surface roughness has long
been practiced in the� eld of surface metrology to
allow the measurement of surfaces not easily accessed
directly, or for surface archiving. Hansenet al and
Nilsson and Ohlsson[4, 5] report areal parametric
comparison results form a range of rigid thermosetting
polymers and silicone elastomer. They report typical
� gures of 10% variation in(Sa, Sz, Vmp, Vvc, Vvv) for
single stage replication of machines surfaces with an
approximate Sa range of 0.2–1.7� m. However warp-
ing and shrinkage due to heat generated during curing
make most of these dedicated roughness replication
resin options inappropriate for a precision casting
application. More recently Songet al[6] applied the
normalized cross-correlation function(CCF) in this
context, the CCF is the sum of the product of the point
heights of two superimposed areal surface measure-
ments. CCFmax is then the maximum value for this
function when the master(M) and replica(R) mea-
surement � elds are optimally aligned. Thus two
identical surfaces perfectly aligned would give a
CCFmax value of 100%. However, they note this
parameter‘is not sensitive to a difference in the relative
scale of surface heights between topographies of
similar shape’. To mitigate this limitation they offer a
second metric called the topography difference para-
meterDs.

Where

D Sq Sq . 1s
2

M R
2

M�� �� ( )( ) ( )

A ‘difference’ surface is formed by subtracting the
replica surface from master surface at the optimal
cross correlation position from above. The square of
the rms roughness of this difference surface is then
divided by the square of the rms roughness of the mas-
ter surface to give the difference parameter. Thus two
identical surfaces perfectly aligned would give aDs

value of 0%. Unlike CCFmaxthis parameter is sensitive
to scale variations. Both of these parameters are
expressed in percentage terms.

A replication technique similar to the one devel-
oped in the current paper is reported by Koch and Kat-
terwe [7]. They use the well-established two stage
casting method; a� exible female impression of the
master is taken in silicone elastomer, epoxy resin is
vacuum cast into this mould to form the replica.
Vacuum casting as detailed by Akovali[8] is used to
degas resin to avoid bubbles compromising surface
replication quality. Koch and Katterwe[7] applied
their technique to the replication of bullets for forensic
purposes and have a patent application for that pur-
pose [9]. This technique was assessed using the
CCFmaxandDsmetrics by Songet al[10]. They report
mean values of CCFmax andDs as favourable as 99%
and 1% respectively.

Bergstromet al[11] also used the idea of correlat-
ing by plotting the point heights of master and replica
surfaces against each other. Thus, deviation of regres-
sion line gradient and coef� cient of determination
(R2) from their ideal values of unity for these plots
become useful metrics for replication� delity. In addi-
tion trends in the distribution of these correlation
plots can give meaningful information about the nat-
ure of errors in replication� delity, though they report
no replication results using their techniques.

1.2.1. Objectives
In the present paper the primary objectives are to;

Demonstrate a method for precision replication of
both geometry and surface texture of a high aspect
ratio test aerofoil in polyurethane resin. Use a full
range of current surface and geometry comparison
techniques to assess replication� delity. Validate repli-
cation � delity by direct aerodynamic drag compar-
ison. Illustrate the aerodynamic application of the
technique to measure boundary layer transition on
rough test aerofoils using infrared thermography.

2. Materials and methods

2.1. Replication resins
In the � rst stage of replication MicrosetTM was used it
is a proprietary highly elastic synthetic rubber replica-
tion compound developed for and well proven in the
replication of surface roughness detail[5], with faithful
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replication claimed to length scales to 0.1� m [12] . It
has been shown that for similar applications Micro-
setTM leaves no signi� cant surface residue[13], and is
dimensionally stable when cured.

In the second replication stage a two part thermo-
setting polyurethane casting resin was used; polyol
(monomer) and isocyanate polymerising catalyst are
mixed in equal quantities. The mixture has a viscosity
and density close to that of water and cures with a
claimed linear shrinkage of approximately 0.2%[14].

2.2. Test aerofoils
Figure1 shows a cross section of the test aerofoil, the
pro� le of which is designed to simulate the� ow
conditions over a typical aero gas turbine compressor
blade. The trailing edge section(A) has an aspect ratio
of approximately 1:200. This slender character posed
signi� cant technical challenges in achieving high
� delity replication of both geometric form and surface
roughness in the casting process. The test surfaces of
the replicated aerofoil must be unmarked by mould
parting lines or casting runners and risers, thus access
for mould� lling is limited.

Two titanium aerofoils(T1 and T2) were manu-
factured; T2 was shot blasted and then incrementally
polished by a mass� nishing process. At each polishing
increment the aerofoil was wind tunnel tested to mea-
sure the drag induced by the surface roughness com-
pared to the hydraulically smooth case. The second
aerofoil T1 seen in� gure2 was suitably masked and

processed in parallel with T2 to capture the eight
incrementally textured test surfaces. Aerofoil T1 was
replicated in polyurethane resin to give aerofoil R1
(Replica or Resin 1).

Separate aerofoils were used for drag and surface
texture assessment for logistical reasons as the two
processes were carried out at separate locations.

2.3. Aerofoil replication
2.3.1. Stage one
Figure3 shows the open empty replica casting box in
which the two stage replication procedure was car-
ried out.

Figure4 shows a sample titanium aerofoil moun-
ted in the casting box and� gure5 shows the casting
box assembled ready for� rst stage� lling. MicrosetTM

[12] silicone elastomer was injected via the two nozzles
(C), until the riser tubes(B) were both approximately
half� lled with elastomer. The� ller holes were plugged
and the casting box transferred to a compressed air
pressure vessel and allowed to cure for 24 h at approxi-
mately 50 psi. The ends of the casting box were then
removed and the remaining bolts slackened to allow
the titanium aerofoil to be extracted.

2.3.2. Stage two
The mould void was then� lled from the top with
polyurethane resin[14] via new sprue and riser tube
(� gure5(B)). The casting box was then returned to the
pressure vessel to cure for 24 h and the same pressure

Figure 1.Cross section of the test aerofoil. Showing;(A) trailing edge thickness 0.5 mm,(B) maximum thickness 5.5 mm,(C) width of
45 mm,(D) mounting and registration points. The aerofoil has a uniform cross section along its 118 mm length.

Figure 2.Titanium test aerofoil T1, showing(A) the incremental test surface roughness regions(B) pro� le; mounting points and
registration points.
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recorded from stage one. The replication process is
summarised schematically in� gure6.

2.4. Replication� delity
2.4.1. Surface metrology
A focus variation(FV) instrument(Alicona IFM G4)
[15] was used to assess surface topography with; 20×
microscopic objective, 2.9� m lateral resolution
(approximately 1� m sample spacing) and 60 nm
vertical quantisation and automatic� eld stitching. T1
and R1 surfaces were characterised(see� gure7) in

� elds of 1�× �1.3 mm at locations spaced centrally to
the roughness bands along three spanwise lines, one
central to the chord and one approximately 10 mm to
both the leading and trailing edges of this line, 48� elds
in all. To ensure optimal alignment for comparison
purposes these sample� elds were precisely located
with the use of a mounting jig and speci� c surface

Figure 3.Showing(A) Steel casting box(B) additive manufactured inserts(C) mounting and registration points(D) stage 1 risers, and
stage 2(pouring point) sprue and riser(E) stage 1 sprues(injection points).

Figure 4.Casting box. Showing a test aerofoilin situbefore
closing the casting box.(D) Stage 1 risers, and stage 2(pouring
point) sprue and riser. Note the test aerofoil is not T1.

Figure 5.Casting box. Showing arrangement for injection of
microset.(A) Casting box(B) risers for microset, and sprue
and riser for PU pouring(C) injection points(sprues) for
Microset.
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topography landmarks. Final adjustment and align-
ment was done by overlaying microscopic� eld images
in a suitable graphics package and then cropping the
point height maps to match. For each measurement
� eld the Alicona captures a full colour image at the
same resolution as the point height map. This
alignment and cropping process required the use of a
dedicated routine written in Alicona’s scripting lan-
guage. The acquired data was processed using the
Alicona’s proprietary algorithms via scripting lan-
guage. A second order polynomial surface was� tted to
and removed from the data sets to eliminate the
aerofoil geometry, followed by a Gaussian 'S� lter'
(short wavelength noise� lter) of 0.004 mm wave-
length. A long wavelength 'L� lter' [16] was not applied
as all longer surface wavelengths were to be considered
in the surface replication comparison. The point
height correlation plot method was used to compare
the results for regions A1, A4, and A8. Sample

locations A, B and C, 1 through 6 were compared
directly using the areal surface parameters Sq, Ssk and
Sal. Sq(� m); the rms height and the standard deviation
of the point height distribution for the surface. Ssk(-);
skewness of the surface height distribution or the
extent to which it is dominated by peaks or pits
[17, 18]. Sal(� m); fastest decay autocorrelation length
[17, 18] and a measure of the spatial(lateral) scales of
surface topography. Taken together these parameters
represent a good description of surface texture char-
acter for comparative purposes.

For a single relocated sample� elds(not listed in
� gure 7 approximately 1�× �1 mm) in each of the
hydraulically rough regions(1–5) of T1 and R1 the
� delity parameters CCFmaxandDswere calculated and
compared. Five repeated replications of R1were cast
and the repeatability of the process was analysed for
the measurement� eld in region 4.

Figure 6.Replication process schematic. Showing stage 1, mould preparation(A)–(D), stage 2 replica casting(E�+ �F), (A) 3D printed
casting box insert.(B) Titanium test aerofoil is� xed.(C) Microset elastomer is injected into the� rst stage casting void(yellow). (D)
Titanium aerofoil is extracted from elastomer mould.(E) Polyurethane resin is poured into the elastomer mould.(F) Polyurethane
replica is extraction from the mould. For clarity, the casting box is omitted and the orientation of the casting arrangement is altered.

Figure 7.Showing test aerofoil T1 and measurement locations and surface region numbering for T1 and R1. Showing(LE) leading
edge.(1–8) Roughness regions and measurement locations(A) 10 mm to leading edge of mid chord,(B) mid chord,(C) 10 mm to
trailing edge of mid chord. Sample locations are addressed by number and letter coordinates.
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2.4.2. Aerofoil geometry and drag validation
A half rough, half hydraulically smooth Titanium test
aerofoil(see� gure4) and its replica were prepared to
assess replication geometry� delity using the gomTM

[19] optical 3D coordinate measurement system. In
addition a wind tunnel method was used to compare
the aerodynamic drag losses of the test aerofoils. This
drag testing was carried out in a transonic type wind
tunnel with a range of continuous� ows over Mach
number(M) 0–1 and Reynolds(Re) 0.1–1�× �106.

2.5. Aerodynamic application
An infrared camera FLIR A315[20] was used in
combination with the wind tunnel described in section
0 to investigated the in� uence of surface roughness on
boundary layer transition on the test aerofoil R1.

3. Results

3.1. Replication
Figure 8 shows the black polyurethane replica test
aerofoil R1 produced by the technique detailed in the
current work and the titanium test aerofoil T1.

3.2. Replicated surface metrology
Within the range of the wind tunnel test conditions
regions 6, 7 and 8 of the test aerofoils were determined
to be hydraulically smooth, i.e. their surface roughness
had no in� uence on� ow. Thus the regions having
roughness levels equal to or lower than region 6 are
not considered for the current aerodynamic applica-
tion but are included in the assessment of the
replication process� delity. A small number of optical
spike artefacts were seen in some of the sample� elds

for T1 but were absent from R1. Such spikes are
characteristic of the use of a FV instrument on a
surface having localised regions of low surface micro-
texture. Crystalline blast media being retained in the
surface or localised high polish are likely causes of low
micro-texture. These spikes were hand cropped from
the surface to the median value of the surrounding
surface. They are inherently high aspect ratio and can
increase extreme surface parameters by up to 100%,
though Sq, Ssk, Sal are typically affected by less than
1%. Removal was limited to spikes greater than
approximately 20% of the nominal surface height.
However, remaining artefacts of this type are consid-
ered as a possible source of reduced� delity in the
correlation parameters. Figures9(1) and(2) show false
colour relief maps of region A4 on aerofoils T1 and R1
these give a visual indication of the overall replication
and repositioning� delity. Figure9(3) shows the false
colour relief map of the data set gained by subtracting
the point heights of(2) from (1) this is an example of
the (M–R) ‘master—replica’ surface referenced in
equation(1).

A signi� cant proportion of this‘difference map’ is
close to an ideal uniform plane that would represent
perfect replication the remaining pits and peaks thus
represent replication and alignment errors. Figure9(4)
shows optical micrographs of region A4 on aerofoils
T1 and R1, the same region seen in� gures9(1), (2)
and(3).

The polished plateau regions of the replicated sur-
faces in� gure9 (R1(A4)) show evidence of a replica-
tion artefact in the form of small scale surface texture
not present in the original surfaces. Figures10(a)–(c)
show point height correlation plots of region A1, A4,
and A8 respectively for aerofoils T1 and R1.

Figure 8.Test aerofoil T1 and a black polyurethane replica R1(showing reinforcing rods).
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The replication artefact noted in region A4 has lit-
tle impact on the overall character of the surface.
However, as the vertical range of the surface decreases
and the plateau regions become predominant at high
levels of polish the artefact becomes a signi� cant
component of the surface texture. This trend of
decreasing replication� delity is illustrated in theR2

values of regions A1 to A4 to A8 in� gure 10. For
region A8 the area of the correlation plot corresp-
onding to the highest points on the surface(region‘� ’)
shows signi� cant distortion. This generalised shifting
of points height correlations toward the‘replica’ axis
illustrates the dominance of this small scale texture on
the increasingly‘plateau like’ surface.

The in� uence of this textural artefact is also clear in
the areal parametric analysis of the replication techni-
que. Peak material volume(Vmp) and reduced peak
height(Spk) both re� ect the speci� c character of this
surface portion and for sample locations A5 and A6(see
� gure7) varied by as much as 30%. However, variations
in the key areal parameters Sq, Sal and Ssk in table1
between T1 and R1 were seen to be relatively small and
approximately uniform with region. The mean and
standard deviation for these parameters for regions 1
through 6 are shown in table1. Overall vertical and lat-
eral scale replication� delity is high as illustrated by the

small mean difference in Sq and Sal respectively in
table1. Signi� cantly poorer� delity is indicated by the
variation in skewness(Ssk) of the replicated surfaces,
though this is to be expected as Ssk is sensitive to surface
outliers, as it is the third(cubic) moment of the surface
height distribution. The mean and standard deviation
of the regional percentage differences in parameter are
quoted to give an overall impression of the� delity of
replication and its variance. The hydraulically smooth
surfaces of regions 7 and 8(Sq values of approximately
1� m) showed a 15%–20% increase in Sq values with
replication, though the overall trend of decreasing
roughness with region was unaltered. A negative corre-
lation between surface polish and replication� delity is
also seen in[21], though the surfaces are signi� cantly
less rough than those in the current study. The cause of
this loss of� delity on increasingly smooth surfaces is
not clear, though it is possible that heat evolved during
curing may in� uence this.

Table2shows the� delity(regions 1–5) and repeat-
ability data(region 4) using parameters CCFmax and
Ds. Individual region values are not quoted for� delity
as they were approximately constant across the
regions. For the repeatability study the sample� eld in
region 4 was measured on� ve different replicas of T1
(5 versions of R1).

Figure 9.False colour relief maps for aerofoils T1, R1 and(T1–R1), with optical microscopic images of T1 and R1. All measurements
refer to the relocated sample region A4(see� gure7).
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The mean region� delity� gures indicates adequate
replication quality, though they are somewhat poorer
than the optimised values of 99% and 1% reported in
[10]. Values ofDsshow a signi� cantly larger range than
do the values of CCFmax. This discrepancy in the var-
iance of these parameters may indicate a variation in
scale changes due to shrinkage across the samples. The
data in table2also indicates that the current replication
technique offers similar levels of� delity(accuracy) and
repeatability(precision).

3.3. Replicated aerofoil geometry
Optical coordinate scanner point cloud data sets for
the master and replica aerofoils were aligned by least

square best� t using CatiaTM [22]. For this � tting,
� gure11 shows the discrepancy map for the dimen-
sions of the replica with respect to the master, the two
sides of the aerofoil map are shown unfolded along the
leading edge. The contours appear to indicate a
warping discrepancy, as diagonally opposite corners
(A) and(B) show opposite discrepancies to(A*) and
(B*) on opposite sides of the map. The corner A, A*

being at the leading edge of the test aerofoil and B, B*

at the trailing edge. Warping is to some extent
mitigated by the socket type mounting of both ends of
the aerofoil into the wind tunnel rig. The scale
indicates that approximately 90% of the� tted points

Figure 10.(a)–(c) Point height correlation plots for T1 and R1 at regions A1, A4 and A8 respectively. Sample regions are down
sampled to 342�× �254 from 1370�× �1018 to facilitate plotting. Region of interest‘� ’.
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from the two data sets fall within a range of 0 mm to
� 0.143 mm discrepancy.

The mean of three chord pro� les, taken towards the
ends and middle of the aerofoil spans were averaged to

assess the cross sectional variation between the master
and replica. Limited overall shrinkage was apparent in
the replica, the shrinkage in mid chord thickness was
approximately 140� m or 2.5%. The maximum dis-
crepancy for chord length was approximately 100� m
or 0.2%. This distribution of shrinkage is as anticipated
as thicker sections are known to be more prone to
shrinkage. It is less clear how warping might occur,
though it may be related to which side the mould void is
� lled from and how the resin mixes upon� lling.

3.4. Drag loss validation
The mean difference in drag coef� cient between master
and replicated regions of the tested aerofoils across a
range of test� ow conditions was less than 2%. This
demonstrates that the aerodynamic performance of the
replica aerofoil closely replicates that of titanium aerofoil
for surfaces both above and below the admissible
roughness level. This result validates the surface and
geometric metrology results in showing that replication
� delity is high across all signi� cant length scales.

3.5. Boundary layer transition by infrared
thermography
Figure 12 shows a thermogram of the thermally
insulating test aerofoil R1, it illustrates the aerody-
namic technique for which the replication method
detailed in the current paper was developed. Unlike
the metallic test aerofoil T1 the resin aerofoil R1 is
capable of supporting a temperature gradient suf� -
cient to be captured by current thermal imaging
systems, FLIR A315[20] in this case.

Transition from laminar to turbulent� ow is clearly
visible as cooler dark regions of the aerofoil become
lighter (warmer) under turbulent� ow. As anticipated
transition is only seen to occur at one of two sensitive
locations, the aerofoil leading edge or close to peak suc-
tion (E–E). Peak suction is the aerofoil location where
pressure is lowest and� ow velocity is highest. In region
(B) of the thermogram the highest levels of surface
roughness on the aerofoil are seen to destabilise the
laminar boundary layer and cause transition to turbu-
lence at the leading edge. However transition in this
region is not complete,� ow is a combination of white
‘turbulent wedges’ from the leading edge and the
remaining laminar� ow becoming turbulent around
peak suction. By this method, transition due to surface
roughness can be expressed as a function of Reynolds

Table 1.Shows values for the three locations A, B, C in regions 1–6
on the master and replica aerofoils T1 and R1(see� gure7for
details) for parameters Sq, Sal and Ssk, and their mean values the
percentage difference of these mean parameters for each region of
R1 compared to T1, in addition to the mean and standard deviation
of the percentage differences of the means.

Parameter Sq(� m) Sal(� m) Ssk()

Location T1 R1 T1 R1 T1 R1

1 A 5.49 5.34 38.10 38.20 � 0.20 � 0.18
B 4.99 4.81 37.00 36.70 � 0.53 � 0.49
C 5.75 5.56 40.00 39.60 � 0.39 � 0.41

Mean 5.41a 5.24 38.37 38.17 � 0.38 � 0.36
% diff

of
means

3.23 0.52 4.62

2 A 6.47 6.28 38.80 39.00 � 0.43 � 0.40
B 5.80 5.68 36.10 35.90 � 0.30 � 0.27
C 6.07 5.88 40.70 41.50 � 0.52 � 0.49

Mean 6.11a 5.95 38.53 38.80 � 0.42 � 0.39
% diff

of
means

2.72 � 0.69 7.47

3 A 5.85 5.68 36.20 36.40 � 0.64 � 0.58
B 5.74 5.57 40.30 40.40 � 0.79 � 0.71
C 5.42 5.22 38.90 39.90 � 0.78 � 0.76

Mean 5.67 5.49 38.47 38.90� 0.74 � 0.68
% diff

of
means

3.16 � 1.13 7.55

4 A 3.48 3.45 36.70 36.40 � 2.19 � 1.95
B 4.02 3.95 39.70 39.40 � 1.64 � 1.55
C 3.94 3.89 37.70 37.40 � 1.80 � 1.65

Mean 3.82 3.76 38.03 37.73� 1.88 � 1.72
% diff

of
means

1.38 0.79 8.57

5 A 2.88 2.84 42.40 41.10 � 2.83 � 2.68
B 3.15 3.17 40.90 39.60 � 2.44 � 2.26
C 2.94 2.90 34.20 34.20 � 2.65 � 2.44

Mean 2.99 2.97 39.17 38.30� 2.64 � 2.46
% diff

of
means

0.67 2.21 6.90

6 A 1.44 1.47 41.10 38.20 � 4.64 � 4.18
B 2.15 2.19 55.60 54.80 � 4.47 � 3.97
C 2.44 2.42 43.40 42.00 � 4.62 � 4.33

Mean 2.01 2.03 46.70 45.00� 4.58 � 4.16
% diff

of
means

� 1.00 3.64 9.08

Mean %
diff of
means

1.70 0.89 7.37

SD % diff
of means

1.67 1.79 1.56

a It should be noted that region one of aerofoil T1 does not follow the
expected trend of decreasing surface roughness with polishing. This
was attributed to an issue in the parallel processing of aerofoils T1 and
T2, but does not affect the analysis of the replication technique.

Table 2.Replication� delity and repeatability in CCFmaxandDsfor
T1 and R1.

Quality Mean region� delity Repeatability region 4

Parameter CCFmax(%) Ds(%) CCFmax(%) Ds(%)

Mean 94.5 10.9 96.3 6.9
Standard

deviation
0.8 2.8 0.7 1.7

Range 1.8 7.6 1.8 3.6
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number. Roughness induced drag data(as a function of
Reynolds number) for aerofoil T1can then becorrelated
with the transition data. This approach makes it possi-
ble to determine which of the two‘roughness induced’
drag rise mechanisms(see section3.1) causes the initial

drag rise over each roughness band on T1. As noted,
these drag rise mechanisms are distinct and thus distin-
guishing between them is essential for meaningful
modelling and data analysis.

4. Discussion

4.1. Replication technique
The slender geometry of the aerofoil and the require-
ment for an un-split mould meant that only the
aerofoil ends were available for; mould� lling, reinfor-
cement, mounting and registration purposes. Thus
pressurisation of both stages of replication helped
improve � lling of the high aspect ratio trailing edge
and eliminate air bubbles in the casting resin. Given
the speci� c requirements of the current casting
process, a low viscosity, slow cure and low exotherm
rigid casting was required with high� delity surface
roughness replication qualities. Polyurethane resin
was found to� t these requirements well.

The selection of a low viscosity slow cure poly-
urethane resinblend alsohelped tooffset these problems.

4.2. Metrology
Replication� delity of the current technique is compar-
able to that reported for surface replication applications
using mean areal� eld parameters as metrics. Though
under the more exacting comparison of direct point
height correlations the currents method compares less
well to an existing similar technique.Optimised values
for CCFmax of 99% andDs of 1% are reported for the

Figure 11.Best� t discrepancy map of the master and replica aerofoils, the scale shows % distribution of discrepancy in(mm).

Figure 12.Thermogram of test aerofoil R1 at a Reynolds
number of 750 000. Showing(A) � ow direction,(B) turbulent
wedges,(C) laminar� ow,(D) turbulent� ow,(E–E) approx-
imate position of peak suction,(F–G) direction of decreasing
roughness. The grey scale is arbitrary, showing only temper-
ature difference. Goodhandet al[23].
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replication technique of Koch and Katterwe[7] and
Songet al[10] which are signi� cantly better than the
values for the current method of 95% and 11%
respectively. These parameters rely on precise align-
ment of the sample� elds being compared and the
technique adopted in the current paper was not
speci� cally designed with this in mind. Thus parameter
variation due to alignment error will contribute to any
loss of� delity. The technical dif� culties inherent in the
current technique may also adversely in� uence replica-
tion � delity. Unlike the technique due to Koch and
Katterwe[7] the current method combines high aspect
ratios with signi� cantly larger resin volume and fully
enclosed casting. Thus poor dissipation of the heat
generated during curing may contribute to the smooth
surface replication artefact noted in� gure9 as this is
not typically seen under optimal casting conditions.

4.3. Aerodynamic performance
Optimal infrared thermography results require a surface
to have a uniformly high emissivity, meaning the surface
should strongly and uniformly re-emit acquired thermal
energy. The addition of black pigment to the polyur-
ethane resin was found to satisfy this requirement.

5. Conclusions

The replication process, detailed in the current report,
is geometrically accurate at all scales with variations in:
Sa< 2%, maximum aerofoil thickness� 2.5%, and
drag loss< 2%.

With the current technique replication� delity is
seen to decrease rapidly for the smoothest test sur-
faces. This is attributed to a high frequency surface
artefact which may be the result of poor heat dissipa-
tion during curing.

The boundary layer transition behaviour due to
surface roughness on a low conductivity resin test
aerofoil surface can be determined using infrared
thermography.

The accuracy in roughness replication means that
the boundary layer transition location can be deter-
mined, combined with the accuracy in the aerofoil
shape, this means that the aerofoil drag can be
determined.

Further work is required to determine the cause of
the reduced replication� delity for the smoother sur-
face in the current technique.
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