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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 technigues are adapted to overcome the
technical dif culties associated with casting a high aspect ratio component. The technique is shown to
have high replicationdelity 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 currenttechnique is shown to have Idelity and this difference is
discussed. The current technique was developed for the measurement of boundaopdgerinar

to turbulent transition for gas turbine compressor blade gdes and this application isillustrated.

Nomenclature

Span

Chord

Aerofoil length parallel to
the leading edge
Aerofoil width perpend-
iculartothe leading edge

Reynolds number A dimensionless number

Mach number

used to relateow char-

acter similarity with varia-

tionin ow parameters

(similarity parameter for
ow viscosity

Adimensionless number
usedto relateow char-
acter similarity with varia-
tionin ow parameters
(similarity parameter for

ow compressibility

1. Introduction

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 iruence of surface roughness in
this context and particularly with respect to boundary
layer transition.

1.1. Roughnessinduced 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. ‘laminar
boundary layer is associated with low drag which
increases as transition to tharbulent ow regime
occurs, though daminar (viscou} sub layeralways
persists close to the surface. Surface roughness is one
factor that can inuence(laminar-turbulenj ‘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

Surface roughness and the associated drag on aersgbsdayer cause a direct increase in drag by the
turbine components is a central consideration fdbrmation of eddies. This effect increases momentum
design and in-service afiency. The study of thetransfer from the surface to the turbulent boundary

in uence of surface roughness on thav over the layer increasing its magnitude which is often referred

©2016 IOP Publishing Ltd
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to as'‘thickening of the turbulent boundary layer Where
When this mechanism is preceded by roughness D. S s
induced transition this is described gwemature s CF(M R)/ a(W : (X
transition!. Thus roughness |.nduce<.j d.rag 1S I|m|teq to A ‘differencésurface is formed by subtracting the
these two different and physically distinct mechanisms . )
. . . . . reghca surface from master surface at the optimal

and when neither is acting, a surface is said to hav : .
) o ) ) cross correlation position from above. The square of
admissibleroughness or to bydraulically smooth . .
It is important to distinguish between these dra risthe rms roughness of this difference surface is then

P g 9 "Sfivided by the square of the rms roughness of the mas-

mechanisms as premature transition cannot t%E{surface to give the difference parameter. Thus two

accounted for in existing models of roughness induce Entical surfaces perfectly aligned would giv@, a

. : i I
drag. No single test method is available to MEasI&e of 0%. Unlike CGhRaxthis parameter is sensitive

roughness induced drag and distinguish which initi scale variations. Both of these parameters are
‘drag rise mechanisnis at play. Roughness induce%xpressed in percentage terms

drag is measured directly by the momentum loss wind A replication technique similar to the one devel-

twnnel tec.h.nique{Z]., but to identify possiple PrémMa- 55edin the current paper is reported by Koch and Kat-
ture transition an infrared thermographic techmqu«?erwe [7]. They use the well-established two stage
must be used. In a high speed wind tunnel the,q4ing method; aexible female impression of the

temperature the boundary layer of a test surface hag,3gter is taken in silicone elastomer, epoxy resin is
higher temperature than the bulkow. Due to the ,c,ym cast into this mould to form the replica.

their Qiffering ow character the turbule.nt boundaryy/acuum casting as detailed by Akoyéliis used to
layer is seen to be hotter than the laminar boundaggas resin to avoid bubbles compromising surface
Iayer,.thus t.he transmgn is visible '”the'nfrfired-T_h'rseplication quality. Koch and Katterwg] applied
technique is only suitable for thermally insulatingeir technique to the replication of bullets for forensic
surfacedq3] as metals disperse heat too quickly tg,rposes and have a patent application for that pur-
sustain an adequate temperature gradient for currefiise [9]. This technique was assessed using the
thermal cameras to capture. The solution to thi@CFmaxanstmetrics by Songt al[10]. They report
problem, described in the current paper is thgyean values of CGE,and D, as favourable as 99%
manufacture of a facsimile of the titanium test aerofoiing 196 respectively.
inathermally insulating polyurethane resin. Bergstronet al[11] also used the idea of correlat-
ing by plotting the point heights of master and replica
1.2. Areal surface metrology and replicatiorelity ~ surfaces against each other. Thus, deviation of regres-
High delity replication of surface roughness has lorgion line gradient and coefient of determination
been practiced in theeld of surface metrology to(R) from their ideal values of unity for these plots
allow the measurement of surfaces not easily accedigpme useful metrics for replicatiodelity. In addi-
directly, or for surface archiving. Hansehaland tion trends in the distribution of these correlation
Nilsson and Oh|550|[]4, 5] report areal parametric p|0tS can give meaningful information about the nat-
comparison results form a range of rigid thermosettirigf€ of errors in replicationdelity, though they report
polymers and silicone elastomer. They report typicaP replication results using their techniques.
gures of 10% variation i(8a, Sz, Vmp, Vvc, Vyior
single stage replication of machines surfaces with g-1. Objectives
approximate Sa range of 8127 m. However warp- |nthe present paper the primary objectives are to;
ing and shrinkage due to heat generated during curing Demonstrate a method for precision replication of
make most of these dedicated roughness replicati¥®th geometry and surface texture of a high aspect
resin options inappropriate for a precision castin@tio test aerofoil in polyurethane resin. Use a full
application. More recently Soreg al[6] applied the ange of current surface and geometry comparison
normalized cross-correlation functi€CR in this tec_hniques_to assess replicatidelity._VaIidate repli-
context, the CCF is the sum of the product of the poirfidtion delity by direct aerodynamic drag compar-
heights of two superimposed areal surface measuf®"- _IIIustrate the aerodynamic apphcatlon_ pf the
ments. CCF. is then the maximum value for this technique to megsurg bgundary layer transition on
function when the mastefM) and replicaR) mea- rough test aerofoils using infrared thermography.
surement elds are optimally aligned. Thus two
identical surfaces perfectly aligned would give 2a Materials and methods
CCFRnax value of 100%. However, they note this
parametefis not sensitive to a difference in the relative. 1. Replication resins
scale of surface heights between topographiesirofhe rst stage of replication Micros&t was used it
similar shape To mitigate this limitation they offer a is a proprietary highly elastic synthetic rubber replica-
second metric called the topography difference patien compound developed for and well proven in the
meterDs. replication of surface roughness dgtaij with faithful
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1,
i

Figure 1.Cross section of the test aerofoil. ShowfAgtrailing edge thickness 0.5 m(B) maximum thickness 5.5 mn{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, showir{g) the incremental test surface roughness red®yf@o le; mounting points and
registration points.

replication claimed to length scalesto O [17] . It processed in parallel with T2 to capture the eight
has been shown that for similar applications Micrancrementally textured test surfaces. Aerofoil T1 was
sef™ leaves no signcant surface residjed, and is replicated in polyurethane resin to give aerofoil R1
dimensionally stable when cured. (Replicaor Resinl

In the second replication stage a two part thermo- Separate aerofoils were used for drag and surface
setting polyurethane casting resin was used; polygkture assessment for logistical reasons as the two
(monome) and isocyanate polymerising catalyst apFocesses were carried out at separate locations.
mixed in equal quantities. The mixture has a viscosity
and density close to that of water and cures witha3. Aerofoil replication
claimed linear shrinkage of approximately 0[2%. 2.3.1. Stage one

Figure3 shows the open empty replica casting box in

2.2. Testaerofoils which the two stage replication procedure was car-
Figurel shows a cross section of the test aerofoil, thied out.
pro le of which is designed to simulate thew Figure4 shows a sample titanium aerofoil moun-

conditions over a typical aero gas turbine compresded in the casting box andgure5 shows the casting

blade. The trailing edge sectigh) has an aspect ratiobox assembled ready forst stage lling. Microset™

of approximately 1:200. This slender character poséd] silicone elastomer was injected via the two nozzles

signi cant technical challenges in achieving higf€), until the riser tube¢B) were both approximately
delity replication of both geometric form and surfacbalf lled with elastomer. Theller holes were plugged

roughness in the casting process. The test surfacegnst the casting box transferred to a compressed air

the replicated aerofoil must be unmarked by moulgressure vessel and allowed to cure for 24 h at approxi-

parting lines or casting runners and risers, thus acc#3ately 50 psi. The ends of the casting box were then

formould llingis limited. removed and the remaining bolts slackened to allow

Two titanium aerofoil{T1 and T2 were manu- the titanium aerofoil to be extracted.

factured; T2 was shot blasted and then incrementally

polished by a massishing process. At each polishin@.3.2. Stage two

increment the aerofoil was wind tunnel tested to med&he mould void was thenlled from the top with

sure the drag induced by the surface roughness copolyurethane resifil4] via new sprue and riser tube

pared to the hydraulically smooth case. The secoadjure5(B)). The casting box was then returned to the

aerofoil T1 seen ingure2 was suitably masked andoressure vessel to cure for 24 h and the same pressure

3
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Figure 3.ShowingA) Steel casting bdB) additive manufactured inseiS) mounting and registration poin{®) stage 1 risers, and
stage Zpouring poind sprue and rise(E) stage 1 sprugmjection points.

Figure 4 Casting box. Showing a test aerafoditubefore
closing the casting bofD) Stage 1risers, and stagp@uring
point) sprue and riser. Note the test aerofoilisnot T1.

Figure 5.Casting box. Showing arrangement for injection of

microset(A) Casting boXB) risers for microset, and sprue
L. . andriser for PU pourin¢C) injection pointyspruejfor
recorded from stage one. The replication process iSvicroset.

summarised schematically igure6.

2.4. Replication delity

2.4.1. Surface metrology elds of 1x 1.3 mm at locations spaced centrally to

A focus variation(FV) instrument(Alicona IFM G4 the roughness bands along three spanwise lines, one
[15] was used to assess surface topography with; 2fentral to the chord and one approximately 10 mm to
microscopic objective, 2.9n lateral resolution both the leading and trailing edges of this line, dRlis
(approximately 1 m sample spacingand 60 nm in all. To ensure optimal alignment for comparison
vertical quantisation and automatield stitching. T1 purposes these samplelds were precisely located
and R1 surfaces were characteri@ gure?) in  with the use of a mounting jig and specisurface

4
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Figure 6 Replication process schematic. Showing stage 1, mould prepéfa+iin), stage 2 replica castiig+ F), (A) 3D printed
casting box inser(B) Titanium test aerofoil isxed.(C) Microset elastomer is injected into thest stage casting vojgellow). (D)
Titanium aerofoil is extracted from elastomer mol§.Polyurethane resin is poured into the elastomer mdii#d?olyurethane
replicais 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 (BEBdedating
edge(1-8) Roughness regions and measurement locatiriO mm to leading edge of mid chof@) mid chord,(C) 10 mmto
trailing edge of mid chord. Sample locations are addressed by number and letter coordinates.

topography landmarks. Final adjustment and aligihecations A, B and C, 1 through 6 were compared
ment was done by overlaying microscopetd images directly using the areal surface parameters Sq, Ssk and
in a suitable graphics package and then cropping tal. S¢ m); the rms height and the standard deviation
point height maps to match. For each measuremegf the point height distribution for the surface. $3k

eld the Alicona captures a full colour image at thgewness of the surface height distribution or the
same resolution as the point height map. Thisyent to which it is dominated by peaks or pits
alignment and cropping process required the use 0[?7, 19. Sal m); fastest decay autocorrelation length
dedicated routine written in Alicorgscripting lan- [Jh7 1d and a measure of the spaiaitera) scales of

t b

guage. The acguwed datq was procesgeq using sur('?ace topography. Taken together these parameters
Aliconds proprietary algorithms via scripting lan-

guage. A second order polynomial surface \asl to represent a good Qescription of surface texture char-
and removed from the data sets to eliminate tH&Fter forcomparative purposes. o
aerofoil geometry, followed by a Gaussian I8r For a smgle_relocated samplelc_is(not listed in
(short wavelength noiselter) of 0.004 mm wave- 9ureé 7 approximately x 1mm) in each of the
length. A long wavelength 'llter' [16] was not applied Nydraulically rough regionl-5) of T1 and R1 the

as all longer surface wavelengths were to be consider@délity parameters CGlxandDswere calculated and

in the surface replication comparison. The poirtompared. Five repeated replications of R1were cast
height correlation plot method was used to compa@nd the repeatability of the process was analysed for
the results for regions Al, A4, and A8. Sampike measurementeldinregion4.

5
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Figure 8 Test aerofoil T1 and a black polyurethane replicésRawing reinforcing rogs

2.4.2. Aerofoil geometry and drag validation for T1 but were absent from R1. Such spikes are
A half rough, half hydraulically smooth Titanium testharacteristic of the use of a FV instrument on a
aerofoil(see gure4) and its replica were prepared tesurface having localised regions of low surface micro-
assess replication geometnelity using the gof!  texture. Crystalline blast media being retained in the
[19 optical 3D coordinate measurement system. kurface or localised high polish are likely causes of low
addition a wind tunnel method was used to companaicro-texture. These spikes were hand cropped from
the aerodynamic drag losses of the test aerofoils. Tthis surface to the median value of the surrounding
drag testing was carried out in a transonic type wirglirface. They are inherently high aspect ratio and can
tunnel with a range of continuousows over Mach increase extreme surface parameters by up to 100%,

number(M) 0-1 and Reynold&Re 0.1-1 x 1(P. though Sq, Ssk, Sal are typically affected by less than
1%. Removal was limited to spikes greater than
2_5_Aer0dynamic app”cation appI‘OXimately 20% Of the nominal Surface hEIght

An infrared camera FLIR A31B(] was used in However, remaining artefacts of this type are consid-
combination with the wind tunnel described in sectiored as a possible source of reducedlity in the
0 to investigated the inience of surface roughness oforrelation parameters. Figu#s) and(2) show false

boundary layer transition on the test aerofoil R1.  colour relief maps of region A4 on aerofoils T1 and R1
these give a visual indication of the overall replication

and repositioning delity. Figured(3) shows the false

3.Results colour relief map of the data set gained by subtracting
o the point heights of2) from (1) this is an example of
3.1. Replication the (M-R) ‘master—replica surface referenced in

Figure 8 shows the black polyurethane replica teglyyation(1).
aerofoil R1 produced by the technique detailed in the A signi cant proportion of thisdifference ma’p's

currentwork and the titanium test aerofoil T1. close to an ideal uniform plane that would represent
perfect replication the remaining pits and peaks thus
3.2. Replicated surface metrology representreplication and alignment errors. Figjd

Within the range of the wind tunnel test conditionsshows optical micrographs of region A4 on aerofoils
regions 6, 7 and 8 of the test aerofoils were determin€&dl and R1, the same region seen gures9d(1), (2)

to be hydraulically smooth, i.e. their surface roughneasd(3).

had no in uence on ow. Thus the regions having  The polished plateau regions of the replicated sur-
roughness levels equal to or lower than region 6 deees in gure9 (R1(A4)) show evidence of a replica-
not considered for the current aerodynamic applicdion artefact in the form of small scale surface texture
tion but are included in the assessment of theot present in the original surfaces. Figuré&)—c)
replication processdelity. A small number of optical show point height correlation plots of region Al, A4,
spike artefacts were seen in some of the samgitis and A8 respectively for aerofoils T1 and R1.

6
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Figure 9 False colour relief maps for aerofoils T1, R1@reR 1), with optical microscopic images of T1 and R1. Allmeasurements
refer to the relocated sample region(8de gure7).

The replication artefact noted in region A4 has lismall mean difference in Sq and Sal respectively in
tle impact on the overall character of the surfactablel. Signi cantly poorer delity is indicated by the
However, as the vertical range of the surface decreasemtion in skewneg$sh of the replicated surfaces,
and the plateau regions become predominant at higlough this is to be expected as Ssk is sensitive to surface
levels of polish the artefact becomes a smamt outliers, as it is the thir¢cubig moment of the surface
component of the surface texture. This trend diieight distribution. The mean and standard deviation
decreasing replicationdelity is illustrated in thé¥® of the regional percentage differences in parameter are
values of regions Al to A4 to A8 irgure 10. For quoted to give an overall impression of thaelity of
region A8 the area of the correlation plot correspeplication and its variance. The hydraulically smooth
onding to the highest points on the surfdegion’ ') surfaces of regions 7 and® values of approximately
shows signicant distortion. This generalised shiftind m) showed a 15%20% increase in Sq values with
of points height correlations toward tlreplica axis replication, though the overall trend of decreasing
illustrates the dominance of this small scale texture omughness with region was unaltered. A negative corre-
the increasingliplateau likésurface. lation between surface polish and replicatiolelity is

The in uence of this textural artefact is also clear @lso seen ifi2]], though the surfaces are sigrantly
the areal parametric analysis of the replication techiéss rough than those in the current study. The cause of
que. Peak material voluni®¥mp) and reduced peak this loss of delity on increasingly smooth surfaces is
height(SpK both re ect the spect character of this not clear, though it is possible that heat evolved during
surface portion and for sample locations A5 ands&@ curing may in uence this.

gure?) varied by as much as 30%. However, variations Table2 shows the delity(regions 5) and repeat-
in the key areal parameters Sq, Sal and Ssk in tabkility data(region 4 using parameters CGEy and
between T1 and R1 were seen to be relatively small @ndindividual region values are not quoted fatelity
approximately uniform with region. The mean andhs they were approximately constant across the
standard deviation for these parameters for regionsegions. For the repeatability study the sample in
through 6 are shown in tablie Overall vertical and lat- region 4 was measured owe different replicas of T1
eral scale replicatiordelity is high as illustrated by the(5 versions of R1

7
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A1l point height correlation A4 point height correlation
30

20

y =0.92x - 0.00
R?=0.89

y = 0.94x - 0.04
R>=0.89

T1 A4(um)
T1 Al (um) -30 20
-30
-30
By R1 A4(um)
Al(um)
C
A8 point height correlation
5
y=0.87x +0.01
Rz2=0.58
T1 A8(um)

-15

-15
R1 A8(um)

Figure 10(a)—(c) Point height correlation plots for T1 and R1 atregions A1, A4 and A8 respectively. Sample regions are down
sampledto34% 254 from 1370x 1018 to facilitate plotting. Region of interest

The mean regiondelity gures indicates adequatesquare bestt using Catid™ [27]. For this tting,
replication quality, though they are somewhat pooreggure 11 shows the discrepancy map for the dimen-
than the optimised values of 99% and 1% reported Klons of the replica with respect to the master, the two
[10. Values oDsshow a signicantly larger range than jqes of the aerofoil map are shown unfolded along the
do the values of CG. This discrepancy in the Var'leading edge. The contours appear to indicate a

iance of these parameters may indicate a variation in . . . .
ing discrepancy, as diagonally opposite corners

. r
scale changes due to shrinkage across the samples%

datain table also indicates that the current repIicatior(A) and (B) show opposite discrepancies(f) and

technique offers similar levels afelity (accuracyand  (B') on opposite sides of the map. The corner A A

repeatabilityprecision). being at the leading edge of the test aerofoil and B, B
at the trailing edge. Warping is to some extent
3.3. Replicated aerofoil geometry mitigated by the socket type mounting of both ends of

Optical coordinate scanner point cloud data sets fgte aerofoil into the wind tunnel rig. The scale
the master and replica aerofoils were aligned by leemsticates that approximately 90% of thed points

8
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Table 1.Shows values for the three locations A, B, CinregieBis 1  Table 2Replication delity and repeatability in CGlxandDsfor
onthe master and replica aerofoils T1 and$&k gure?for

detail for parameters Sq, Sal and Ssk, and their mean values the
percentage difference of these mean parameters for each region Gjuality
R1 comparedto T1, in addition to the mean and standard deviatior

TlandR1.

Mean regiondelity Repeatability region 4

of the percentage differences of the means. Parameter CCGRux(%) Ds(%) CCRuax(%) Ds(%)
Parameter Sg m) Sal m) Ssk) Mean 94.5 10.9 96.3 6.9
Location T1 R1 T1 R1 T1 R1 Stand.a“.j 08 28 07 L7
deviation
1 A 549 534 3810 3820 020 018 Range 18 7.6 18 3.6
B 499 481 37.00 3670 0.53 0.49
c 575 556 40.00 39.60 0.39 041
Mean 541 524 3837 3817 0.38 0.36 assess the cross sectional variation between the master
% diff 3.23 0.52 4.62 and replica. Limited overall shrinkage was apparent in
of the replica, the shrinkage in mid chord thickness was
means approximately 140m or 2.5%. The maximum dis-
2 A 6.47 628 3880 39.00 043 040 for chord lenath imatel
5 580 568 3610 3590 030 o027 crepancy forchordlength was appro>_(|maeyllﬁ0.
C 6.07 588 4070 4150 052 049 oro.g%. This d|§tr|but|on of shrinkage is as anticipated
Mean 6.11 595 3853 3880 0.42 039 as thicker sections are known to be more prone to
% diff 2.72 0.69 7.47 shrinkage. It is less clear how warping might occur,
of though it may be related to which side the mould void is
means lled from and how the resin mixes upoliing.
3 A 585 5.68 36.20 36.40 0.64 0.8
B 574 557 4030 4040 079 0.71 L
C 542 522 3890 3990 078 o076 S-4 Draglossvalidation _
Mean 5.67 5.49 3847 3890 074 0.68 The mean difference in drag coefent between master
% diff 3.16 1.13 7.55 and replicated regions of the tested aerofoils across a
of range of test ow conditions was less than 2%. This
means demonstrates that the aerodynamic performance of the
4 A 348 345 3670 3640 219 1.95 replica aerofoil closely regdites that of titanium aerofoil
B 402395 3970 3940 164 155 for surfaces both above and below the admissible
c 394 3.89 3770 3740 180 165 : :
Mean 382 376 3803 3773 1.88 172 roughne;s level. This retsuta_llldates .the surfacg aqd
% diiff 1.38 0.79 857 geometric metrology results in showing that replication
of delity is high across all sigeant length scales.
means
5 A 28 284 4240 4110 28 268 3 g poyndarylayertransition by infrared
B 315 317 4090 39.60 244 226 oo
c 294 290 3420 3420 265 244 graphy
Mean 299 297 3917 3830 264 246 .Flgure.12 shows a thermogrgm of the thermally
% diff 0.67 291 6.90 insulating test aerofoil R1, it illustrates the aerody-
of namic technique for which the replication method
means detailed in the current paper was developed. Unlike
6 A 144 147 4110 3820 464 418 the metallic test aerofoil T1 the resin aerofoil R1 is
B 215 219 5560 5480 4.47 397 capable of supporting a temperature gradient suf
c 244 242 4340 4200 462 433 o0 40 pe captured by current thermal imagin
Mean 2.01 203 46.70 4500 458 4.16 P ) 3(1 ging
% diiff 1.00 364 908 systems,.F'LIRA3150] mt iscase. '
of Transition from laminar to turbulent ow is clearly
means visible as cooler dark regions of the aerofoil become
Mean % 1.70 0.89 7.37 lighter (warmej) under turbulent ow. As anticipated
diff of transition is only seen to occur at one of two sensitive
means locations, the aerofoil leading edge or close to peak suc-
SD % diff 1.67 1.79 1.56 . L : .
of means tion (E-E). Peak suction is the aerofoil location where

pressure is lowest andw velocity is highest. In region

2 |t should be noted that region one of aerofoil T1 does not follow théB) of the thermogram the highest levels of surface
expected trend of decreasing surface roughness with polishing. Toieighness on the aerofoil are seen to destabilise the

was attributed to anissue in the parallel processing of aerofoils T1 35¢hinar boundary layer and cause transition to turbu-
T2, butdoes not affect the analysis of the replication technique.

lence at the leading edge. However transition in this
region is not complete,ow is a combination of white

from the two data sets fall within a range of 0 mm ttturbulent wedgésfrom the leading edge and the

0.143 mmdiscrepancy.
The mean of three chord prées, taken towards the peak suction. By this method, transition due to surface

ends and middle of the aerofoil spans were averageddoghness can be expressed as a function of Reynolds

remaining laminar ow becoming turbulent around

9
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Figure 11Best tdiscrepancy map of the master and replica aerofoils, the scale shows % distribution of discrépangy in

Figure 12Thermogram of test aerofoil R1 ata Reynolds
number of 750 000. Showiii4) ow direction(B)turbulent
wedgedC) laminar ow, (D) turbulent ow,(E-E) approx-
imate position of peak suctio(—G) direction of decreasing
roughness. The grey scale is arbitrary, showing only temper-
ature difference. Goodhardal[23].

number. Roughness induced drag dataa function of

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; moulling, 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 specic requirements of the current casting
process, a low viscosity, slow cure and low exotherm
rigid casting was required with highdelity surface
roughness replication qualities. Polyurethane resin
was found to tthese requirements well.

The selection of a low viscosity slow cure poly-
urethane resin blend also helped to offset these problems.

4.2. Metrology

Replication delity of the current technique is compar-
able to that reported for surface replication applications
using mean arealeld parameters as metrics. Though

Reynolds numbéfor aerofoil T1can then be correlateduinder the more exacting comparison of direct point
with the transition data. This approach makes it posdieight correlations the currents method compares less
ble to determine which of the twooughness induced well to an existing similar technique.Optimised values
drag rise mechanisn(see sectiof.1) causes the initial for CCFy,ax 0f 99% andDg of 1% are reported for the

10
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replication technique of Koch and Kattenvgd and The authors would like to acknowledge the techni-
Songet al[1( which are signicantly better than the cal support of Nick Atkins and Will Playford.

values for the current method of 95% and 11%

respectively. These parameters rely on precise alighsferences

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 parameterf1] Schlichting Hand Gersten K 20Béundary-Layer Theory
variation due to alignment error will contribute to any __ (Berlin: Springer

. . . L . [2] Baals D D and Mourhess M J 1948merical Evaluation of the
loss of delity. The technical ditulties inherentin the Wake-Survey Equations for Subsonic Flow Including the Effect of

current technigue may also adverselyience replica- Energy AdditioDTIC Document
tion delity. Unlike the technique due to Koch and[3] TropeaC, Yarin AL and Foss J F 28pvinger Handbook of
Katterwg 7] the current method combines high aspect _ Experimental Fluid Mechanics1(Berlin: Springer

ratios with sianicantly laraer resin volume and full [4] HansenH N, Hocken R Jand Tosello G 2011 Replication of
g y larg y micro and nano surface geomet@&kP Ann—Manuf.

enclosed casting. Thus poor dissipation of the heat Technob0695-714
generated during curing may contribute to the smooth5] Nilsson L and Ohlsson R 2001 Accuracy of replica materials
surface replication artefact noted igure9 as this is when measuring engineering surfdogs). Mach. Tools

nottypically seen under optimal casting conditions Manuf.412139 45
typ Yy p 9 ) [6] SongJand Vorburger T 2006 Topography measurements and

applicationgrd Int. Symp. on Precision Mechanical
4.3. Aerodynamic performance Measuremengiiternational Society for Optics and Photonics

Optimal infrared thermography results require a surfacg] Koch A and Katterwe H 2007 Castings of complex stereometric
samples for prociency tests inrearm and tool mark

to have a uniformly hlgh emissivity, meaning the surface ., ;minationFTE J39299-306
should strongly and uniformly re-emit acquired thermaljg] Akovali G 200Handbook of Composite Fabrication
energy. The addition of black pigment to the polyur-  (Shrewsbury: Smithers Rapra

ethane resin was found tatisfy this requirement [9] Koch A 2005 Procedure to produce replicas of exact size and
' shape of complex stereometric bodi@siogle Patents

(GermanyDE200510039823
i [10 SongJ, Vorburger TV, Thompson R, Ballou S, Zheng A,
5. Conclusions Renegar T B, Silver R, Ols M, Wenz W and Koch A 2012
o ) ) Topography measurements and performance comparisons
The replication process, detailed in the current report, between NIST SRM 2460 standard bullet masters and BKA
is geometrically accurate at all scales with variations in; bulletreplicaorensic Sci. Iistubmitted for publication

Sa< 2%, maximum aerofoil thickness2.5%, and [11 BergstromTS,BrownCA, Ha_lmeIRAand Kummailil 3 J 2003
Tests for the delity of replicas in surface measurement

drag IQSS 2%. ) o o ScannninJ. Scanning Micros2560-1
With the current technique replicationdelity is [12 Microset 201&roduct Inde€ommercial page for

seen to decrease rapidly for the smoothest test sur- Microsef™, available fromhttp:// microset.co.ukmedid

[ : : index.html
faces. This is attributed to a high frequency surfaﬁ% Brumbach M T and Martinez R G 20EXaluation of the

a}rtefaCt_ WhICh. may be the result of poor heat dissipa-" resjdue from Microset on Various Metal SuSacetia
tion during curing. National Laboratories
The boundary layer transition behaviour due té'4 EC Supplies 2018CPU 369(Slow CurgPolyurethane Resin

surface roughness on a low Conductivity resin test Retail web page, available frdrtip:// ec breglasssupphes.co.
uk/ p-2088-ecpu-3691-slow-cure-polyurethane-resin.aspx

aerofoil surface can be determined using infraregy 5o 25178-606 2013 B.BS EN ISO25178-60®raft
thermography. Geometrical Product Speation(GPJ Surface Texture: Areal

The accuracy in roughness replication means that Part606 Nominal Characteristics of Non-Cor{faotus
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