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SUMMARY

S81ix stages of medium stagger free vortex blading, with rough
surface finish, were tested in the N,G.T.E. 106 compressor, Overall
characteristics were determined at various speeds and compared with
those of similar blading with the conventaional smooth finish.

It was established that apprecisble losses in temperature rise
coefficient and efficiency were exhibited, and hoped-for gains in per-
formance at low Reynolds numberswere not realised, There was no change
1n the general shape of the characteristics at any speed.

The condition of the boundary layer on a blade of the fifth stage
stator row was investigated by means of pitot traverse and sensitive film
techniques. No sppreciable difference was found in this respect

between the two sets of blaedes.
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1.0 Introduction

The 106 axial flow compressor (Reference 1) is 2 low speed multi-
stoge experimentol mechine intended for the comparison of the aerodynamic
performence of various designs of blades.,  Blade menufecture, for this
compresscr as for others, tends to be a costly process, and it is cbvious
thet useful economies could be made 1f blades cost by the lost wax process
were to be used without subsequent surface fimshing, It was realised thet
the imperfection of finish would result in a cnenge of performance, but it was
hoped that thzs would not be sufficient to inv:lidate comperative tests
{i.e. between different blcie dgesigns with similor surface flnlsh) such as
are normally performed on this compressor. The present tests were intended
to inwveetigote the choange in performonce, due to the surfece imperfections,
of blades of conventional design.

In importent secondary aspect of the tests relsted to the effect of
surface roughness and exeresccences at low Reynolds numbers., It 18 well-
known (see for instance Reference 2) thet under certein condaticns of low
Reynolds number, the profile dreg of e body in smooth fluid fiow can be re-
duced by the artificial inducticon of turbulence i1n the houndery layer; the
explanation being thet seporeotion of the otherwise laminar boundary layer is
purevented or deloyed, wath a resultant reduction of Fform drag, this reduction
being greater then the concomitant increase of skin dreg. Two methods of
indueing turbulence in the boundary leyer sre the use of a trip ware (of
dimensions compersble to the boundiry leyer thickness) set on the surface an
& suitable posation perpendicular to the direction of flow; eond the roughen-
ing of the surfnce. The latter mathod has been the subject of o patent (Ref-
erence 3).

The present blaCes could be regarded as using both of these methods.
In the memufacturing process, the wex model blades were cost an three-part
dies; the die joints left fleshes in the wax, extending the whole length of
the model blades cn either side of but necr the leading edge, snd along the
traaling edge. These flashes were revroduced on the actual blades. It was
thought that the flesh nesr 4tne leading edge on the convex surface might act
&8s a turbulence inducing wire, snd thet the surfoce roughness of the blades
maight hove the scme eftect.

It would have been possible to heve used two-part dies, with the
resulting flosnecs on the leading edge end on the traaling edge, but 11 was
thought thet this would heve resulted in poorer performance at off-design
incidences,

If the supposedly beneficial effects of the convex surface flash ond
reughness were in feew reslised, the resultant effect ot low Reynolds numbers
on the overcll compressor performance would probebly be an increased efficiency,
et eny r:te at low flow coefticients, and possibly a decrease an the surge flow
coefficnient resulting from sn increased blade stolling incidencs.

Por convenience, the rough-surfaced and conventionsl blades will be
described es "rough" and "smooth" respectively

2.0 Description of apparctus

2.1 The compressor

The 106 compressor is described in Reference 1. It 18 2 low speed
mlti-stsge compressor of constant annulus damensions and a dirareter ratio
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of 0.75. The blade heigzht s 2.7 1n. and the mean dzemeter a1z 17.2 1n.
Lt the normel running speed of 5,000 r.p.m., the mesn blede speed 18
229 ft./sec., and the blade Reynolds numbor besed on this specd 1s

1.3 x 10°, A general arrangement 1s shown in Figure 1. In these
tests, six steges werc used with on axial spreing between the blade rows
of about 0.9 in., the blade cherd beiug approximately 1.1 1n. A new
feature was incorporated in stsge five; & segment, holding two adjacent
bledes of the stator rainc, wes made so that 2t could be removed and re-
placed during running; this encbled the two blades to be trected with
a flow-sensitave fiim and replaced for a short taime, the object being to
obtein an indication of the state of the blade boundery loyer. The seg-
ment 1s shown in Figure 2,  In practice, two anterclicngesble segments
were used, holding rough and smooth blades respectively.

2.2 The blades

2.2.,1 Desien and genercl finwsh

The blodes were of medium stogser Treo vortex design ond Ch section,
Design detazls ere given an Apperdix 1. The smooth bledes were of alum-~
nium alloy cast an movel dies, with subsequent hand finishing end encdising.
The rougn bledes were cnst by the lost wax process an (R, Crown Mex, a
smoota rotor blede end a smooth stator blade being used as mesters.

The die {lashes on the rough bloades wers rather variable, both on
ony perticuler tlode, and from bizde to blade.  Approxumate dimensions
ere 1ndinated in Figure 3. The bwo long ncse flashes extended nesrly the
whole length of the blade, on either sade of the leading edge and sbout
Gu1 une from 1t; necr the tip they turned through 9C° and merged in a
short fin-like flash of irreguler shope situated on the lscding edge.
Typiccl long fleshes were 0,001 to 0.002 in. high end 0.010 1n. wide;
eithough on some oledes 1t 18 pirobeble that these damensions wers exceeded,
wiirle on others the flash wes barely distingaisheble. Ifhese dimensions
wers found by cutting secctions of a typresl blade and optically progecting
taom, On ahout 5 por cent of the rough bledes the leading esdge i1tself
wog very rough and :rrregular, The treiling edge flosh woas a thin jegged
fen; oo seme bledes 1t wes negligibly smell.

The surfacc fanish wes also o somowhat variable gquantity on the
rouvh blades. Typiocl grephs derived from "Tolygsurf® records are showm
cn Fagurs L f'or both rouga cnd smooth blades.

The radius of the fallet where the bleac proper goins the root wo
chout 0.2 1n, g5 compered wrsh the nowinel volue of 0,125 1n. Tor the
smocth blaodes,

“retogrophe of rough ond smeoth stoutor blaodss are ghown in Fapure 5,
The smooth blade has a moutled appscrance whicn reduces the contrast in the
shovorapns,

(1]

22 Eedting and woouriey

Both rough ond cmooth Llades wers set ab the required stagser angle
by means of & straaght edge sct ~gminst the concave side of the blade ab
meen drometer, The sore setlong cngles were used for both rough end
smooth Ylndes, no «llowance being w-ie for the effect of the nose {losh
en the conecove side., L {lish whoen wos 0.002 1n. proud of the blode
surfacs would resdlt in on angulcr error of cbout 0.4° {z.c. the blade
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outlet angle would be decreased by this esmount). The accuracy of setting
wes sbout *0,1°.

Sections of six rotor and six stotor bledes, rough and smooth, ware
progected optiecslly to 20 times full size. The blade forms of all the
blades sppeared to be satisfectory. The following are the arithmetic meens
of measurements of comber and thickness deraved from the progjections for
the mean diameter position.

RBlades Rotor St tor
Camber t/c Camher t/c

Smooth  26,7° 0.103 32.1 C.410

Rough  27.5° 0,107  32.4  0.143

Design  256.E° 0.100 34.0  0.140

These figures indicote thet for the soaoe setting engle, the rough
blades had outlet sngles about 0.5° and 0.3° sgaller than those of the
smooth bledes for the rotor and stator respectively, allowing For a 0.002 an.
flash on the rough blodes, It is assuned that the semple blades are e fair
representation of the remainder,

2.2.3 Tap clerrences

Llthough the tip clserances on the 106 compressor are checked during
assembly, 1t is probeble that sone rolative movement between the stater
raings and the rotor occurs during the finel lockains of the statur rings in
posibion, Thus precise running values are not known, end may vary circum-
ferentielly. The asseuwbly valuecs for the cest blades were sbout 0.025 in.
for both roter and stator and C.,030 in. for the smecoth bledes. It is not
thought that this difference i1s i1mportont.

2.3 Instrusentotion

2.5.1 Total pressure rise

Two five-point pitet combs spaced 180° epert, were installed on the
outlet annulus as indicated 1n Figure 1. Fach pitot tube of the comb faced
the some woy; the corresponding tubes in the two combs were connected toget-
her and to fluid menometer columns; the cowbs were yawed to give meximum
readings (which ocourred summlteneously on ell the prtot tubes) at a flow
coefficient of zhout 0.67. Eanch pitot tube sempled an equal increment of
radiug, and the arithmetic mesn of the fave readings was taken as the delavery
pressure, The inle: total pressure wes teken as the preveiling ctmospheric
Pressurs, The loss across the intcke gauze and in the i1nlet annmulus was
therefore neglected; but these losses were smell and in any case they would
not invalidate comparative tests.



2.5.2 Mess flow

Four stotic tubes placed in the inlet snnulus as indicated in
Figure 1 were commened and connected to a Betz menometer. The read-
ings were calibrated for mess flow azoiast a stondord orafice in the
outlet ducting.

2,343 Speed

Speed was ocasured for «11 the tests by means of a Hasler hand
tachometer.

2.3¢4 Inlet tempersture

This wos measured by mecns 0of a rorcury-in-glass thermometer at
the conpressor inlet.

2.5.5 Torgue

The draving motcr wes supported in trunnions at each end, and the
torque reaction on the caosing wes reasured by means of an avery balance.
The balrnce had a varieble linkeoye which wes adjusted te give zsro def-
lectacn of the motor cosiag ot each torque reacing; error dus to out-of-
balance of the casing and stiffness 1n the electrical comnections were
thus gveided.  Fach trunnion w's supported in contra-roteting ocuter races,
the objeel being to ronimise hysterosis.

The zero reading of the belance was t:ken a3 thet obteined by the
extrepolation to zero speed of a series of torgue readings at very low
specds (whsre the asrodynamic torque 1s noglizible). This makes an
elicwince for compressor bsaring friction. Unfortunately, the friction
torque of bell bearainss is known to risc with speed, but not in an essily
delermined mammer, Thus olthough nomparisons of parsmeters depending on
torque {between diffuovent types of biades) ot the same speca are velid,
tnose st dufferent govicds (betwsen tne same cr different types of blades)

2te  The inportent pararmeters thus affscted sre temperature rise co~
gff1iezent ond efficicney.

Tandage torque is elso not sllowed for, but 1t 1s probeable that it
grmounts te a fairly constant proportion of the blede serodynamic torque over
the whole speea ronge,

2.3.6 Measurinents ot very low soeeds

For tests at speeds of 6C to 200 r.p.ow, o micro-manvmeter had to
be used for tne recsursment of the coverall pressure rise and anlet stetic
depression, The raero-nonometer was very slow in reaching its egurli-
brium cosition, cnd to sposd up the observotions 1t wos neccssory to re-
plece the two prtet combs by two single patot tubes of 0.25 in, interncl
dloameter. Mo atbtempt wms rade to corrcet for the cffect of low Reynclds
mmber on elther the outlet pitot readin.s or the inlct static mass flow
calibration.

It woas not possaible to reorare the torque ot these low speeds.
The .easuring gear wns Lot sufficiently s:neifave, and the nerodynamic
torque wes suell compered to the besrang friction. Thus neither tempera-
ture rise confficients nor cifficicncics could be caloulated.



2.3.7 Blade surfoce pitot troverses

A device wes construct.d whereby o fine pitot tube could be traversed
chordwise scross the convex surfece of o stator blade ot mean diramoter, there-
by sempling & part of the boundary layer. Bypodermic tubang of 1.0 mm nut-
slde diameter was used for these tests. The stator blade chosen was one
of those an the removsble segment positicn of stage 5 (para. 2.1 and
Figure 2). The traverse could thus be performed on rough and smooth blades
successively, under the same running concitions, by replscing one of the two
available segments by the cther, fitted with the alteraatave blades. The
pressure was measured differentially against the outlet static pressure of
the tlade row at outside diameter, on a sensitive manometer, Alternatively,
a stethoseope could be connected to the pirtot tube, 1n order to irvestipate
changes in noise across the blade surface.

3.0 Test trchnigue

2.1 Oversll measurements

Pressure rise coelficient, temperature rise cosfficient, and total
head efficiency, were determined for successively decreasing wlues of flow
coefficient, The methed of eslculation i1s irdicated in Appendix 2.

This wae done for speeds of 3,000, 2,250, 1,500, 1,250, 1,000 and
750 r.p.m. for both rough and smooth tlades. Thnree test runs were made
at sach speed.

At very lcw speeds (60 to 220 r.p,7. ) it was possible only to deter-
mine the pressure rise coefficient and flow coefficient (see paragraph 2.3.6)

3.2 Blade poundary laysr investigstions

Thege were all performed on the stsge 5 removable stator blades
(Figure 2 and paragraphs 2.1 snd 2.3.7). [he object was to attempt to deter-
mine, on the convex surfaces of both rough end smooth blades, the extent of
laminar, turbulent and/or separated flow.

3.2.1 P_.tot treverses

These were performed at 3,000, 4,500, 750, and 40O r.p.m. at a
flow coefficient of 0,56, on both rough snd smooth “lades, The reading
(paragraph 2.35.7) was rendered noan-dimensional by dzvading 1t by the inlet
velocity head of the compressor,

It wos possible to detect, by means of a stethoscope connected to
the pitot tube, positions of marked increase in noise, at 750 and 1,500 r.p.m.
At 300 r.p.m. there was no notiesable chenge, and at 3,000 r,p.m. the general
noise level mode o detecotion inpossible.

3.2,2 Sengltive film methods

Both 1liquad cnd solid films were tried for this purpose, the method
being to coat the blades with the Film, place them in the compressor for a
defanite tume, and then to remove them for examination, The degree of removal
of the film should andicute the kind of flow in the boundary layer.
(References L, 5, &, 7 and 8).
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The solad f1lms tried (soot and 1 * 4 diethoxybenzene) gave
indistinct results, espscially =t low speeds. It would eppesr that
the air speed was too low for the satislactory uase of eather of these
methods 1n this compressor, and 1t was exftremely difficult to obtoan
falms of even thickness.

Various liquid films were tried. In general, the more velatile
liquads could be satisfactorily epplied as thin films {by smearing wrth
the fingrr), but evaporated too rapidly. The less volatile liquads
tended to form into globulcs con the blade surface. The most satisfac-
tory laquid from the noint of view of guiving a definite indication, was
kerosine, either distilled into vericus fractions ur as supplied T or
use as engins fuel. The required tiwe cf vmrersion in the compressor
depended on the perticular frection used ond on the compresscr speed;
there wpp arsd to be a ~ritienl time lor each froction and speed, after
which the pattsrn of removal remeined comparatively steble; but often
the evidence was somewhat corflicting on this point.

In grneral, tas upstresm pert of the convex surfoce dried first,
with sometimes o strip near the trailang edge. On the concave side the
result was more variable, but this investigotion wes darected chiefly
towards the convex surfoce, The smcoth blages after removel from the
compressor could be dusted with freuch chelk to emphasise the wet regions
for photographic purposes.  The rough blades were best exammned visualiy,
as the frencn chall% tended to adhere to both wet and dry areas of the
blads surfaces.

4.0 Test results and discussion

Lo Overall charscteristics

These are plotted for spesds betwesn 3,000 and 750 r.p.m. for
beth rough and smooth blades in Figures 6 to 11, anda tne curves ars
revletted with speed os 2 secondary parameter an Fapgurss 12 to th.

A serious dilfaculty encountercd in thesc testis was the apparent
cammge of performance botween succescaive trsl runs ot the same speed.
The obvious possible czuses - fralty tent tecanique or spparatus and
fouling of tre blades - were fully investicctew without result. The
changes were not due to obscrvers! errovs, which probably would have
resulted in a random scatter of poinils rather then the displacement of
the characteristins as a whole.  An atlempt was made, wathout success,
to correlete chenges in performsnce with chengres in atmospheric humdaty.

It seems cossibls thet the seme compressor msy bave several
slightly difflerent stable rezimes of flow for the ssme externally imposed
conditiens, The difficulty of exsctly repeatang test results 1n full
gcele compresscrs 13 well-knovn, In order to obtein truly representative
resalts, 1t would probably be necessory to perform a very large number of
test runs ond deal with them cn o steszsbical basis. The amount of
testing amwvolved would not be justafied in generel by the value of the
results ebtzonad. In the pregent series of tests, & compromise was made
1in that toree runs were verformed at esch speed. The test points for
separate runs ars shown by seperaie symbels 1n Figures 6 to 11. Curves
which appear to be reasonoble neansg hove been drawn through the points.

It should e realised thot il furtucr test runs had been wmade, at any
speed, the position of itnese curves might heve been altered somewhat;
1t 18 highly unlakely, however, that the gencral ~onclusions to be derived
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from these tests would be affected. Comparisons between the rough and
smooth blades are based on these curves,

The pressure coelficients deraved {rom the low speed tests (50 to
100 T.p.m.) are shown on Figure 15. Only one or two iest runs were con-—
gidered Justified at each of the low speedas.

In Figure 16, the overall paremeters (derived from the mean curves)
are plytted against speed at the design flow coel'ficient of 0,667. in~
cluded on this faigure for completeness ere the results of the low speed
tests, extrapolsted where necessary. The drop ain the efficiencies and
the rise in the temperature rise coefficients for both rough and smooth
blades are partly due to the inclusion of bearing friction in the torque
measurement.  The rough blades show drops 1n efficiency of 4 per cent
(of the smooth blade value) at 3,000 r.p.uw to 6 per cent al 750 Tup.ices
in temperature rise coefficient of 7 per cent to 1 per cent; in pressure
rise coefficient of 12 per cent to 6 per cent respcetively; end a constant
arcp in surge flow coefficient cof 2 per cent from 3,000 r.p.m. to 750
r.pJa. Comparisens at very low spueds are perhaps best made by direct ref-
erence to Figure 15, where the rough and smooth blede characteristics show
broadly similar variations with speed; the rough blades give smaller
velues of pressure rise coefficient at flow coefficients below about 0.55,
and larger values at flow coefficients above .55,

It 18 interesting to note thot the effect of the roughness and
flashes on the performence sppears to be simler to that of blade fouling.
A test on the rough blades at 3,000 r.p.m. was mede inadvertently when
the blades were considerably fouled aftsr extensive running. The charac-
teristics are indicated in Figure 6, and shew locses 1n pressure and tem-
perature rise coefficients and in efficicncy, together with a diminution
of the surge flew ocoefficient.

The rough bledes are thus inferior te the smooth blades over mast
of the speed renge. The genersl shepe of the characteristics, however, is
unchanged, so that 1t would be reasonsble to use rough blades for comparative
tests of dafferung eerodynemic designs. It would, of' course, be necessary
to ensure that the different babches of blades were similar as regords the
surface finish and flashes, ond where tne expected dafference in performance
wes likely to be small, the added expense of the smooth blaces might be
Justafied by the eliminetinon of doubts on this point. Consadering the case
of a service compressor, the consequences of the anferior performance of
rough blades would have to be weighed against their lewor production costs,

be?2 Blade boundary layers

La2.1 Burface treverses

The results of surface pitet troverses at 3,000, 4,500, 750 and
LOO r.pemi  for a flaw coefficient of 0.66, cre shown an Figure 17. All
waere taken with the same pitot tube. This 1s zmportant, since the reading
at any position is very dependent on the shap~ and size of the pitot orifice.

Neteble features of the curves are;-

(a) The comparatively roprd changs 1n the shape of the curves
below 1,500 rpell. It 18 1nteresting to note that the
value of overtll pressure rise coefficient {(Figure 16)
shows a tendency to drop more rapidly with denrzase in
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speed belsw gbout 1,200 rupele § & simlar tendency is
apparent with the efficiency, btut this i1s probabdly partly
due to the sffect of bearinz fricticn on the torque reading.

(b} A general simlarity of the corresponding curves for the
rough and smooth blades.

(e) A marked chenge of slope from gpproxametely zere near
the leadaing edes, as the trailing edge is approached;
the position of this chinge moving toewards the leading
edge os the speed is reduced, and apparently being related
to the 1necrease 1n stethoscooe nolse at the specds where
this was investigeted. At 750 and 400 r.pe.  the slope
again approsches zgero as the troiling edge 1s wpproacned.

This method of troversing hos beea used on a turbine cascade
(Reference 7) for the gurpose cof detecting the tronsition from laminer
to turbulent flwew. Tt 13 sssumed thet the boundory leoyer velocity
credient (meesured 1n o direction perpendicular to the surface) s greater
in the turbulent region after trinsition than in the leminar region before
trensition, &t ans rate nesr to the surface. The pressure picked up 0y
the pitot tube (if this 18 of suitably sm.ll dimensions) wall thus show a
sudden rise as the tube 1s traversed from the lominer to the turbulent
reglon,

Consadersd on this tasis, the curves save no indication of tran-
sition on the forwerd part of the surfoce. At 750 and 400 r.p.u. there
1s 2 caenge of slope towards the trailang ed e, but 1t seems unlakely the
transition would ocrur in this regi~n; prebebly seperaticn has occurred
hers to such wn extent thot tne pitot tune 1s rmersed in ¢ reglon of zero
flow and 1s picking up the prevoilang static pressurs.

L.2.2 Laguad falmg

A genersiised pettern of wet and dry sreas on the convex surface
of o blade is shown oo #igure 13, It must be esphasised that thas figure
is somewhat lceclised, tas actucl petvterns obtoaned bLeang rether variable,
end dsmendent upon the fame of imuersion, the deyree of wettang of the
surface prier to immersion, and the liguad used. chotographis of typacal
priterns (mace visible by tne spplication of frencn chalk) are shown on
Fipure 159. s fur as could be judged there wos no significant duf'ference
between the pebitcrns cbtazned on the smooth end toe rough blades under simi-
Jer cpersting conditions.

Accordin , to Reference ), the drying time 1s considerebly greater
for leminer thon for turbulent bounccry loeyers; the dry regions should thus
indicate turbulent flow {in ihe boundery leyer) and the wet sreas laminar
fiov it the ilmnersion time 13 suitobly chosen.  Fowever, the scale of the
experaments of Reference 4 wes much loxpger then in the present tests
(e.z. soroplins wings of 43 in. chord werc uscd with the scme order of air
velocity s in the present tests) although the laguad films were probably
of the same ~rder of th.ckness. I7 » liguad fiim of geometricelly sumi-
lar thickness coula have been spolied to the preszent blades, it probably
would heve oveporated 1a o prchiditively short time.  Thus a dafferent
mterpretation frem thet ¢f Reference L would orobebly opply to the pre-
sent tests.
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It seems likely thnt besides eveporation, which will be gre :ter ain
the more turbulent regions, two other effects will modafy the surface
pattern; the static pressure field over the blade surfoce and the traction
foree of the air en the laquid film.  Both of these will result in a move-
ment of the film. The static pressure field will tend to move the liquid
to the suction peak of the aerofeoil; the eir friection effect, which 1s
probebly greater in s turbulent than in a laminer region, will tend to dis—
place it towerds the rear of the blade, unless a region of reverse flow
ccours. Vaisuel exmmination of the liquid film umediately af'ter immersion
in the compressor suggested that the liguid had been forced on to the area
"B" in Figure 18, The very thin film remsining on the rest of the blade
would be quickly removed by eveporation in either leminar or turbulent flow;
this would explein the dry =areas.

There appears to be a rough correspondsnca between the reglons of
greatest slope 1n the curves of Figure 417 end the wet regions "B" of
Figure 13. A possible hypothesis would be thint the wet area corresponds
to a region of separation, follwwed ¥y re—-sttochment.  dowever, no defa-
nite stctement can be mode without mere detenled investrzation of the
boundary leyer; this would invelve traversing perpendicular to the sur-
Tace at several positions, and 21s8) the measurcment of the static pressure
distribution along the blade, The blade chords of the compressor are
scmewhat small for this purpose.

Ag fer es the comparison between the rough and the smouth blades
1s concerned, it cen e concluded thst neither the present series of tra-
verses ner the sensitive falm tests showed any signmificent difference between
the boundory leysrs of the two sets of blades.

L3 Generesl remorks

1t appears thet the only change of performance at any Reynolds num-
ber sbove chout 0.3 x 10° ceused by the roughness snd {leshes 1s & general
foll 1n the primery porameters at o1l flow coefiicients; the evidence from
the rather lipdted tests, at lower Reynolds numbers as considered to be
1nconclusive, In any case, tne prescuce of imperfections on the concave
surfzcees mght be expscted to cause a genersd drop in efficiency irres-
vective of Reynolds number; the crguments concernmung the positions of
transition and separstlon apply only to the convex surface (paragraph
1.0). The drop in temperature rise coefficient of the rough blades, as
compared with tne smooth bledes, does not appear to be due to imperfections
of blade form or to inaccurscies in the sctiing of the blades; the mean
gir angle =t outlet from any row is probcbly slightly increased by the sur-
face umperfections. This could best be checked in & ccscade tunnel.
About 1° rise in =ar outlet angle for both rotor and stator blades would be
needed to sceount far the differcnce in temperature rise coefficient. The
blade outlet engles ers i1n fact epprecichbly lower for the cas{ blades
(poregroeph 2.2.2)

Reference 9 contoing en account of some tests performed on a three
stage high speed compressor. The rotor blades were smooth for e11 the
tests, Put the stator blades used were successively smooth, rough sand cast
but smooth for the leadang one-third of the cherd, and rough sand cast
all over, The results appear to be et least quolitatively in agreement
with those of the present tests. The rough surlace finish gave lower
pressure rises and efficiencies and elsc lawer temperoturc rises (as celou-
leted frem the published data). The reductaon in peek efficiency was
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5 to 8 per cent. depending on the specd zs between the smocth and the
totelly rough blades, The rough blades also showed o reduction in surgs
fleow.

1t 18 probable that the flow 1n & compressor is in general highly
turbulent, largely because of the effect of the wakes from cne btlade row
moving relatively to the next row. Honce, any device designed to ime
prove the perforumence by ceusing transition from laminer to turbulent
flow an the boundary layers wruld pe 1neffeoetive; ond surface roughnessa
and cother excriscences on both the concrve and convex gsurfrnces would be
expected merely to result in a drop of performence due $o the increased
thickness of whe (turbulent) boundary leyers, More deteiled investi-
gotion of the flrw on the blade surfoces would be necded in order to
estublish the exsct prececses occurrdng and to threw light on the pos-
s1ible effect of incrcssed roushness and chenges in the size ond posilion
of the flashes.

5.0 Conclusions

(1) The rough blades with die flashes show an infericr perfor-
mence o the smooth blades =t 2ll spoeds above eand including 750Tr.p.me .
The tests at lower speeds wore too limited for general conclusions to be
drown, At 3,000 p.p.om. (Beynclds nunber = 1,3 x 10°) there 1s o loas
1n etficiency of 4 per cent of the smooth blade velue; and 6 per cent
at 750 rip.a (Reynolas nuzber = 0.33 x 10%) , these fiures referring
to the design flow coecitzcient, Corresvondans losses un tne tempsrature
rise coefficient ere 7 per cznt and 1 per cent respectively. The tests
indicate thot the rough blade performrance is probrbly st1ll inferior down
to a Reynolds number of 0.24 » 1C°. The surge flow coeflicient of the
rough blades 18 slightly smoller than that of tne suwooth tlades.  These
fipgures are besed on meen curves drown fram the roints of three test runs
at each specd; at some speeds cousidersble experimental scatter of btest
points wus encountered,

(2) ¥or sinple comparzsons of different serodynamc designs of
blades the rougn blaucs sppecr to be &s sultable as the smooth blades,
therce being no radic.l siteration in the shepce of the overall characteris-
ties. Tt would, howsver, be egscntial to ensure that no sigmficant
verintion in surfece finish occurred betwoen the veraous batches of blades.

(3) Blzde surface travorses and sensatave f21m tests sugpest
that the boundory laysr conditions on rough anc smooth blades are very
siralor, There 18 no indication thet troasition from laminar to turou-
lent flow in the ooundary layer of the convex surface is caused by the
roughness or dic tlashes. 1t secms probable tnat there 1s no signifi-
cant region of lrminzar flow on the blades over the range of the tests.
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NOTATTON

= blede speed at mean diamcitsr
= axial velocity
= total tempersture rise per stage

totel pressure rise per stage

t

= density

= 1sentropic efficicrey

= a1r viscosity

= blade chord

= blzde pitch

= blade maxamum thickness

= radius

= air angle measured from the oxisl direction

= blade angle measured from the axisl direction

= blade ocagber

Suffices

1 before rotor blade row

2 after rotor blede row
3 tefore stetor blade row

4 after stator blade row
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ATPFIDIY 1

Blade deszgn details

The smootn blades were of free vortex desipn (design flow co-
effieient = 0,667) with deteils as below. The scotion wes Ch., on
circulor arc comber lines.

The cast blades were produced by the lost wex process using
selected smooth blades as mesters. Smooth 1inlet puade blades were used
for both the rough blede and the s.ooth blade t.osts.

the rotor has 58 blades and the stator 5C, so that with blades of
1.4, 1.10 and 1.06 1n. chord at root mean zne tip diameters respectively,
the details are as follows :-

T 1n. 7.5 5.12 .75 9.37 10.0
R, 43.9 474 49.5 51.1 52,3
8, 2.9 13.7 23.0 34,0 574
8 41,0 53.7 25.5 20.1 149 .
s/c C.712 0.787 0.862 C.942 1,020
t/c 0.12 0.10 0.08
a, 12,3 22.0 30.0 36.6 42,0 '
B, 47.5 45.0 424 40,0 37.5
B, 9.3 9.0 Gely 7.7 6.9
3] 37.7 36,90 34.0 32.3 30.6
s/c Ca 740 0.788 0.333 0.875 0.948
t/c 0.10 0,414 0.12 !
&, 18.5 1743 1.2 15.2 a3 !
|

The design detaals of the inlet guide blades sre as follows:-

r 1. 7.5 8.2 8.75 9.37 40.0
B, ~1.9 -2.3 -3.7 -5.1 SN =
B, ~22.1 -20.6 -13.2 -17.8 ~16.4
6 21.0 18,3 15,5 12.7 10,0 ,
s/ QL7408 0. 768 C.333 0.876 0.918
t/c 0.10 0. 11 0.12
o, 13.6 17.3 16,2 15,2 14,3
f
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ATPEADIX 2

Nete on the calculation and signiticance of
the overall pareamcters

General significance of paraceters

At the nighest running speed (35,000 r'vp.m. ) the maximum lncrease
1n air density across the six steres 1n these tests was only sbout 8 per
cent; thus the six st.ges were efiectively iretched at all flow coefficients.
e performence can thus be regarded as that of 2 singls stage without com-
presgibility effects but with two major advantages over conventional single
stege testsi-

(1) Readings are more casily mnde beczuse of their larger
magni tude,
(2} The elicct of velocity proflle chonges and the effect of

the stages on ench othcr are take:. into account.
iz
Density 0_‘

The overall mean density of the alr i1s teken cs the mean of the
atmospheric density eand en arbitrary volue of the aensity at compressor
outlet besed on the measured totsl pressure and the correspondiang calcu-
lated asentropic temperature rice. This value s used 1n the calcu-
letion of the overall pressure rise and overall flow coeffuicients.

Flow coef zcient v%/U

The axial velocity V, 18 bazed on the oversll mean density. The
periphural blade speed U 18 taken at the mean disncter for this and for
the other non-dirmunsicnsl coefticients.

- ciea ™
Pressure rice cceificrent H8/4,U7

The density o is the oversll mesn volue defined zbove; the
pressurs rise AP 1s the measured totol pressure rise, i.e, the eXcess
eoove atmogspheric pressurce of the aritivetic nean recdangs of the two
five-poirt pitot conbs in the outlet smnalus, divaced by the number of
stepes

Tempersture rise coefficient 2/L0°

The valus plotted 1s 2gJ¥ HT/U° shere

= grovitations]l acceleration
[
J = nmechenicel equivalent of heat (1n Cenbigrade units)
Ky = specifre heot of pir ot constant pressure
&T = vvercll total toarperature raise of the sar in degrees

Centigrade, davided by the muxber of' stages
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6T is calculated from the measured torque aznput and speed and mass flow.
A correction i1s made for the bearaing friction torgue which i1s estimated
®y the extrapolation to zero speed of the torque values measured at a
series of very low speeds.

Isentropic efficiency

This is calculated from the measured total pregsure rase and the
caloulated total temperature rase.
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