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SU IARY

A1 cxperamental and theoretical investigation 1s carried out on
effusion cooling of a turbine nozzle blade in a cosgcads turmel.  The
permeable surface of the tect blade 1z made of woven stainless sicel
wire clolh brazed to the spine 1n such a way that the effusion flow can
be individually controlled over a namocr of regions on tolh corvex and
concave surfaces of the blade form. In this way, the chordwioe cffusion,
Flow dastributior requircd to rpradace mulorm surface tonpersiurs at mid-
span, and the tempera-ure dastribotzon at rid-span yroducced by uniforn
effvsion arc deterrdned ard comparced witk ihe corrcsgonding theoretical
predicticns,

In the laminar flow repion of the blade boundary layoer the effusion
flow to achieve a roguired temperaturc is muclh higher thon predictced and
in the turbulent flovw region the {low 1s lower than zredicted., The two
rcquirericnls combane to ~ive en overall ccoling cffectivencss for tic
blede surlocceo which is very little diffcrenl from an internally cooled
impermeable rotor blade alse teslud 1n a cascade. The large effusion
flow reguired in the laminer region may be duc to the practieal limitation
of the nurber of indavidually conirollable offusion rogicns cince the
static progsure pradient over tine leading edge part of ihe bliade surface
1s vory lerge and fne variaizon in effusion cooling air supply pressures
recuared must also, therefore, be very large.

The sclution to this problem lics in the use of permeable materials
of either variabl. permeability or varisble thiclmess over a relatively
wide rangs of permeability or thichkness.
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1.0 Introduction

Of the various ways of cooling a turbine blade 1n a hot ges strcam,
there 18 one way which theorctically, und.r most circumstances, is very
much more cconomical i1n cooling air than others. This methed 18 offusion
cocling, which mecans thal the cooling air posses continuously from o cavity
inside the blade, through a pormesble surface into the oxternal boundary
layer. In doing so, the coolang air builds ap o ocol air film arcund the
hlade and rcduces the rate at vhich heat is transferved to the blade.  The
extent to which this form of cooling is thecrcticclly better than other
forms, depends lergely on tno state of the boundary laycr. If the boundary
layer is completely laminar over the whole blade, thon maximm ceonomy can
be achicved,  Ir, however, therc arc large arcos of tnrbulent {low on the
blade surface, then theorctically, 2t is likely that the ¢ffusion ceoling
loses some of its considerable advaniage and the loss 13 lorge or amall
depending on vhether the Roynolds nmumber ls larp: or small.

Turning to the ovractical oroblem of +turbinc blade cooling it is
necessary, of course, to check the theoretical resalt and to assess as {far
as possible the problems of intreducing cooling air inteo the mainstrcam
boundary layer in the quantitics ideally rcouzred. A further unknoim which
could be of consnrdersble mmportance is the effcet of the effusion flow on
the position of the transition point and the boundary leyer conditions after
the transaition point.

Te undertske an anvestipgation of thesc offecets it must be possible
to detcrmine the indavidual charactceristics at the various chordwise positions
over the blade surface. Tagure 1 1llustratos the turbine nogzzle blade uscd
Tor an investication in a nigh temperature cascade tumnel, The ecighiecn
individual passages takinge the cocling air to the permeable surfoce give a
congiderable degree of frecdem in opplication of cooling air and allow a
fair comparison with theory to be made,

The two conditions most casily treated thcoretically are first, the
pondition in which the blade surface temperature is madntained constant by
cherdiise varlation of effusion flow rote on the bleds and sccond, the con-
dition in which the effucion #low retc 1s constant over the whole blade
surface,  This latter solutilon gives the chordwisce zemperature distribution
over the blade and is fruc only for smell blade tomperaturc variations,

These two conditions have beon thoroushly investigated experimentally
cever a wide range of Reynolds numbor, tanperature and iach number. A second-
ary aspect of the investipation is the rolishilaty and structural difficultiecs
agssociated with this form of cooling. These peints arc treated as secondary
in the prosent investigation since the blade was designed primarily as a
research instrument and not as a blade with necessarily direct engine appli-
cation,

2,C The test blade and high temperature tunnel

2471 Slade design

The blade shown in Figure 1 is largely sclf-cxplanatery.  The
grooved blade spine made of mild steel produces cipghteon scparatc and indivi-
dually controllable cooling supply regions on the blade surface. A seection
of the blade iz 1llustrated ir Figure 2 and dimensions in tabular form are
given in Appendix ITT.
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. T)czw.eﬁble alrin must he
i to the Blade form.

Tae peometry of the hlawe 1s such tha
roelatively tha_n and cooable of heing bont accura
The only availsble rat.ricl to s vtasfactorily fu thuse and other
nccmssary m:chanical requaraments at the tine of nonufacture of the blade,
vas woven stainless sbte L wire cloth, called Hullgndc,f cloth.,  The cloth
18 voven from 0,008 ir, cireulcr wire nnd 1s subscouently cold-ro}_led to
T“I‘Oduce within certein limits the ruqulr-‘d romeabilily. 4 micrograph

the eloth before and < *‘ter tostine 1s showm an Dipurce 2 and 1n tais
LJ.g:ure t2o, can be scen the bC'thﬂ of weave rolollve fo the chordwise
darection.

3 :-——-

|._It.

The cloth wes brazed to the mild stcul spine wath 'Colmoacy!
nickel-chreme brazing «lloy at o temperatuce of about 1120°0, in a reducing
simesphers without a {Iur. This process reguires A cleoarance of less
than 0,002 in, betweon the wir. cloth and thet »-rt o’ the blade spine to
which 1t 1s bdrazed. The broring couscd no apprecinble reduction im the
permenbility of the wire cloth wnd jJudging oy sibscquent tests, The Jjoint
tetween the cloth and the ribs of the blalc spine was eflcotive

% ghteon thormecouples wore provaded to mcasurc the mid-span blade
surface tumperature for each seporate cffusior region and in additron tvo

thermocouples to mcasure the spine torperature ot mad-sman.

2.2 Heture of the flo Llwoush the permcable surface

Tdeally, the effusion flov through the blade surface should be
aniform and nornal to the surfecc over a srall elemont of svriface however

amall that clement ray bo, The Flow throuzh the wire cloth 1s not of this
naturc owine to ths fainitc mumber of wire strands per inch and the directional
infiucnce wmposed on the effusion air by the veave of the clnth. Az showm

in Fipurce 2 that part of the weave of the cloth which appears on the surface
runs in a cherdwise dircetion and tests with woatcr md smoke have indzcated
that the effusion flow threough the wmare cloch is of 1he type 1llustreted in
Figure 2.

A further woy in vhich the test blade deznrts from the idesl is

due to the wadth of the slot comstitunting one of the cichtcen anjection
arcas. M erternal choraasce prossure grodaert ocr oac of thesc scetions

f the blade form peraipaery is such thuet the variation of Dressure across
ﬂm width can be nany times greicr than the pressure drop required to i'orce
the awr {hroush the permesble matorial (Fasurce 2). Thcre is o t:‘ucloncy
therelfore, tor the mainstrean pas to £lov through the wire eloth rato the
cocling air slot in the high prezsure region and flow cut agoain maxed with
cooling air in the low pressurc roglon ail wathin the wadth ol onc slot.

The only way of overcoming this offcet is to have continucusly vary-
ing thickness or permeability of the blade surface which, zn the former
instance, means Laving a very low pormeability beeruse the moximum thocke-
ness of matcranl is limtod by the goom try of the blade form,  Some
information on thie permeskziity of wire cloth relative to other permeskble
raterials 1s paven in Appendix TV,

2.3 Tigh temperature tunnel design

An 1llustration of the tunnel 1s shown in Ficure 1 and xndicates
most of the feafures both of the turnel ond the cascade with the instruments.
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The range of operstion of the tunnel 1s between 200°C, and 1000°C,
and blade exit Mach numbers of up to 1.0 wath anproximately atmospheric
conditions at outlet. The temmerature range from 200°C, to LHO®C, is
achieved by operation with one combustion chamber unlit.  Effective
mixing under these conditions 1o acnieved by deflecting the air and gas
streams af outlet from the zombusiion chembers so that the {wo streams
meet in the centre of the mizing box, The success of ihis method s
demonstrated by the temperature and veloelty distributions shovn in
Figure 3.  The coscade has exr-ht hlade paitohes made —p o” eight water-
cooled blades and the iest blade,as indicated in Tigire 1, The two-
damensional verloruanne data for the impe meable cascade blade adjacent
to the test blade 18 given in DMigure 3,

2.4 Ingtrumentation

Apart from the blade insiruments which have alrsady beeu described,
there is provision for nctorised vipsiream and dowmstream traversing on the
centre line of the cascade, Total vressure, terperaiuce and angle neasure-
ments can be made at these positions and in add:tlon there are fixed total
Fressaire, static pressure and temperaturs instruments in the tumnel walls,
upstrean and downstream,

7
o

e “Yest econditions

The tests of the effusion cooled blade are breadly divided inte two
parts. Tor the first part, the blade chordw:ize lemperature distribution
at mid-span 18 maintained uniform under a series of different mairstream
test condations, This 13 done by control of the ceolin: air flow rates in
the eishteen effusion regilons of the blade, For the second part cf the
series, the effusion is maintained equally divided heiuecen the eiphteen
regions for a similar set of mainstream conditions.

The results of the two parts cre in Lerms of, firct, the cffusion
flow rates required 4o achieve a uniferm temperaturc daistribution and second,
the temmerature distrivution produced by unilorm effusiou.

The range of mainstream ges tempera‘ure 1s {rom atmospheric to 1000°C,
and blade exat llach number from C.N. to C.95, These combine o zive a wide
range of Reynolds nurher, not all of 1t however, completely freec from Mach
mamber effcels. The coolinz air temperature veries between 20°C. and .0°C.
8o the complete range of conditions is roughly .-

Re 1.6 =10 % 10°

T 1,0 b2
G m .
-C

im Oy —-C.95
1.0 osults of investisation
o Theoretocal

To provide information necessary for a theoret.cal analysis, the
pressure dristribution round one of the cascade blades was cbitained at -—arious
¥ach numbers by means of twenty static cressure tappiness an the blade surface,

Prom this distribution the mneompressible velocity dlstributicon wos calculated
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and 21so ihe slope of the wvclogity gradients for a number o points on

the blade suriace, These results are tabulated in Apoendix ITI.  Using
this 1nformation the chordrase L.mperature dictributicn for uniform
cffusion flow and the Tlow distribuilon reg:ired to achieve unilorm sur-
face iempereture were caleulailed according to a method gaiven in both
Reflerences 1 and 2.  Altacugh the actual rrocedure of calculation is
dilrerent in Refercneest and 2, *he two methods ere the same 1n prineiple
and yreld very sirilar rezulis, The pranciple on which the theory is
based 1s that of spprorimating the flvs over the turbine blade to the flow
over a serics of wedgas, the nngle of the wedpes corrosponding to the rele
of change of the wvolocity at the rmarticulor voint on the blade surface
being considered.

Although the theoretical solution giving the varaation in effusicn
flow required to give unilom blade temperciuvre is gencrally ap licable,
the solution fer the variation of blace surface temperaiure with constant
effusion flov is true only for a small variontion of surface temperature
ard 1z therefore, only an oppreoximation in thrs instance. A [urther
approximation whick 1s made is to assume that the flo; an the turbuleat
region is sinilac to that over a flat plate and that the Nussclt rumber
in this regron 1s unaifeeted by the effusion flow anto the boundary layer
ad 18 therefore,thic some as that Cfor an ampsrmeable surface without
efiusion. T are 18 aome ovidence to show +hat the latter assumption
is valad but the evidence s not conclusive.

The reaults of the theoretical vwork are shiovn in Figurcs 10 and 11
and 111 be discussed in conjgunction wiith the cxperiment=al rosults.

L,2 The temperature distribution and cooling e ‘cctiveness
of a blade vwitii unaform swrface effusion

Uniform cffusion over the blade surface corresponds almost exactly
to equal distribution of cocling flow to each of the eightcen slets in the
spins of the experimental blade cxecpt at the lesding cdge and trailing
edce. At these positions, the arce of surfoce supplicd individually with
cooling air 1s zbout twice that al the other pozcbions on the blade. his
means, in offect, thot 17 all the ceooling air s divadcd coually botwoen
the eightzen effision regions, the flov por untt blade surface area at the
leadaing and traaling edgpos wriil e half thot for the rest of the blade,
The provision of equal flow For coch slot vas, however, accepted, bocause
to set the lealing and treilin- edwe flows an the corrcct ratic so that
the flow per unit area of blade surface vas uniform over the vwhole blade
surface would have absorbed considerable tosting, taime, Specd of ftesting
vag irportant becausce of the unkromm life of the blade, The effusion

flov was thersfore uniiorm over 2ll the blade surface except at the immediate

leadaing and froiling edges whore rate of offusion 2o about holf what it
siiould ideaslly have been.

The regulig obteined at a gas temperaturc of 250°C. and over a
range of linch mumber from 0.0 to 0.95 are shown in Fipures L aad 5. At
each of thesc iaci numbers the vorisble is the coolang flow ratio, viz.,
the ratio of total cooliny niass Plow to the mainstream rass flow through
one blade oitel,  Agalnst this parometer is plotted the gas cutlet flow
angle and loss cooffleoient at nid-sper for the offusion blade and the
ad jacunt solid cescnde hlede respectiv.ly.  The mean mid-span blade
relative temrerature as also plotted against cocling flow ratio and 1s
expreszed in terms of the rvtico of the surface mean blade tomperature to
the mainstream gas tomperature taicine the cooling air supply temperature
as & zZorc.
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The wvariation of’ the effusion cooled blade performance at the
various Reynolds or Mach numbers i1s not great and in each instance the
outiet pas flow engle seems to be unaffected by a change in effusion flow.
The mid-span blade temperature of the effusion coolcd blade 1s reduced o
halfway between the gas and cooling air tempesrature {or flow ratios of
1% per cent to 2 per cent.

The two=dimensional loss coefficient increases with increase in
effusion flow ol a rate such that the loss 1s sbout double that of the
a0lid blade f'or belween 3 per cent and 4 per cont cooling flow,

The loss coefficient corresponding to a particulsr effusion flow
decreases a little ag the temperature of the mainstreaw 1¢ ra.sed from
atmosphers 1o 250°C,

The surface temperaiure distrivutions at the mid-span of the blade
for these conditicns are shown in Fagure 5. The general shape is similsr
throughout, the mean temperature level being a functicn of the flow ratio.
The leading edge temperature is high corresponding Lo the region of high
heat transfer. On the convex surface the temperature then falls and
rises again at a position which could be the transation point, Surface
marking on the solid water-cooled blades indicatc that the transition point

is at a position X/é = 0.7 measured from the stagnation point on the convex
surface, with flow scparation just upstream of the trailinz edge. The test
blade 18 not, however, so well cooled as the cther coscado blades and the
effugion flow 1s likely to cause transiticn much nearsr the leading edge.
Evidence suggesting therefere, that the transition point on the effusion blade
iz at a position X/E = 0.35 from the leeding edge is nol considercd unreason-
able. It 13 possible also that the flow separates from the surface beforc
caching the trailing edgo. The surfacc markings on the concave surface of

the solid blades indicate trensition at an ¥/o of 0.7 from the leading edge
and this corresponds tc the positicn of & sudden rise in temperature on the
concave surface of the permesble blade,

Pagures & and 7 give similar information to that shown in Figures
L and 5 but the variable s gas temperature instead of lach number.

The effect of gas temperature on the relataive temperature of tho
blade is small up to a temperaturs of 500°C.,  Above this temperaturc, the
mean blade relative temperature at a particular i'low ratio begins to aincrease.
About 20 per cent of this increase can be attributed to the combined effect
of radiation to the blade, Trom th. surfaces at gas temperaturc upstream and
downstream of the cascade and radiation from the test blade to the water-
cooled blades in the cascade. The assumptions made to calculate the radi-
ation are that the emissivity of all surfaces 1s 0.8 and that thc blade
receives heat from the tunncl surfaces (assumed to be at gas temperature)
in the 'axzal' directaon and radiatcs to the cooler cascade bladzs in the
'circumferential' directicn. The cffcetive arcas are taken to be the pro-
Jected areas in cach instance. This approximate correction to the rclavive
temperature of the test blade is plotted in Fagure 6 and indicates that
the majoraty of the effect of increasing gas tcmperaiurc 1s due to radiation
from the surrounding surfaces.

The effect of high gas tomperaturc, othcr than rediation, can he cal-
culated by the melhed gaven in Reforcnee 1. There 1s a tendency for the
blade relative temperature to docrease waith an incrcase of gas to cooling
air temperature ratio bubt the effect 13 amall,

As in Figure 5 the tomperaiurce distribution graphs on Figure 7
indicate that af therc 1s boundary layer transition on the concave surface of
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th. blade at X/E C.7 the effect of it becomes more abrupt at the

1 -~ e
hasher tonmperaivres.

i

The tempsrature distribution curves show the position of a loceal
failure of the hrazed  cint between the wire cloth and the blade spine at
770°¢, The farlure occurred towards the blade tip on the convex surface,
o allowing the majoraty of the cooling azr bto pass chordwise and cut at
the trailing edre instead of passing through the permesable surface,

i3 Ve effugaon drgiribution and ccoling effectiveness
el o blede rrata uniforn surface temperature

Voo 9 shows dhie flow dissribution needed in the blade to achieve
a unxlomm blade surfee ftevpes tire at varions lfach rmusbers. The tempera-
tures ave thore moaguzed by the “herrocouples in the middle of each )
elffusion Ylor e ab ceutre sraw. The Llale relative teamperature, loss
cosf "irient end ouvtlet sngle under thene condaitlons of effvaion flow are
saovm in vigure L. ilere apoir, the effect of Reynolds rumber and Mach
n@ﬁber npon the conling perforvsnce is act laree.  The effusion flow has
Little ofiect uoon the gas outlet augle but rroduces ar. increase in loss
o?efflciont to soout the game exient as for the uniform effusion conditions
shown 1 Taieure L., Trom Faere 9 1% 18 elear thet a large cooling flow
iz required at the leadin: cdue of the bhlade. This curve of fleow falls
farrly rapidly away fwom the leading edre but increascs again at distonces
(.35 of tiue chord and 0,7 of the chord away from the leading edge on con-
ven and eoncave surfaces recpectively, The dineresase in effusion flow
necded at these points s altriouted to trensition of the boundary layer
from laminar to turbalens flow. In the turbulent region the flow require-
ment Increases with an increase in Reynolds number as predicted theoreti-
cally and discussed iurther in Section L./

vhe larce effusion Tlow required at the bhlade leading edge is
frobably greaier than the ideal requirement for the follewing rcason,
The {thc.mocouple which andilontes the temperature of the leading edge
effgion region is rositioncd near the gtagnation poant,  This is the
porat of mavamra heab iransfer and raxumm external pressure. The lead-
wng edac 15 supnlicd with ccoliis air at 4 constant pressure, so 1 the
ntoenation souxnt 13 %0 be cocled to Bhe remuilred value, thne other parts
ol the leadiyr ediz w1l be owvor-cooled, firstly because of the lower
extoraal pressore on tie Llade surfice ard secondly because of the lower
oot Sronsfor coctficonle suay from lac stagnatica point. The film-
coolzny, wreperties of the exc. ss of cooling air at the leading edge pro-
~ably accounts for e fact that lattle or no cooling air is required for

the elfuozon avea durcetly dovmstiream of the leading edge, on the convex

[ N

garfoce of taz Llade,

Lol Comparison 1oth theory

for that part of the boundary layer flow which is laminar,
Reforences 1 and 2 gave methods Tor fanding theoretically the variation
in efLsion flow required to meintain constant surface tcmperatlure over
the azrofoil. In Refererce 2 an assoaption is made which conables a
sulition to be obteadned Cor the cffusion regquirement in the ‘turbulent
ToLTon, “he essuspbions ore that lhe fraiction coccfficients are the
sa1e ag those for a flat plaic with turbulent flow and that the Nusselt
nurber 13 unchanged by effusion ia this region and remains the same as
that for an impermeible surfoce, The effusion requircments are, it is
ga.d, overcstimated in this way by an unlmown but probably small emount,
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A golution is alno given for the surface termmerature variation pro-~
diced by a univorm elfusion [low over the surface bul this 1s only a very
ap-roximate resalt unless the verzalions in surface tomperature are very
small compared with tle difference between gas and cooling air temperature.

‘he theoreticel results are prooented 1 Fistres 10 and 11, The
upper sraph slows the Nusse&t}number varxation with and withoul effusion
flev asswuing, dronsition ai o = C,35 from the leading edge on the convex
surface and at Yo = C,7 on tbe concave surfeace, T+ will be noted that
sudlen transitica 1s assumed, whersas in practice transaiien probLably takes
nlace over a funite d“stance The naddle grovh in Figure 10 shows the
theorsiical effuamon Plow quariities requircd to preduce a uniform blade
terperature which g halivay helwees pas and cooling air temperaturce at
Reymolds nwaber 1 x 107 i 5 x 10° reansctively. hig regsult s com-
pared watl the evwoersusntal alsiribusion at a Rejnolds number of 3.7 x 10°.
The effusron flov re mred ., oot~y tlaa predicted 1n the Jeading edge region
and very rach Jens twn predieteld an the durbuleat ragion on the convex
surfoce, hes~ dwe imconsialeacies corbue to produce fair agreement
betwee 1 theory and experiucal on the overall verformance as shown in the
Jover groph., Lovevor, .o asawaptions made corncorring the effusion {low
reonireneat in the twahulent recion and the assunption of immediate {transi-
{lion are both unr-al stic by an unknown amount and it does not scem that
a cencral agreemcni betlwesn theory and praci_ce can be argued from this
narticular cose,

Tl sare oo be se2d Icr the arrcement between the theoretical and
experimontal temperatuce dasirobulilons and nean Lemperature for unifiorm
efTusion flow shovm wn Mpure 1.

Coasidering the 1aminar flow repions only, it is this region in
viaich theovy anl erperazmental results might be exnected to agree reasonably
woll. The Plor Lo nrednee a unilorm temperature and the temperaturc for
vnaform effugion are boih hirher than »redicted. There are tio posoible
roasens for thiz.  The farst 1+ that the effustion flov through the woven
wire clotly as not the »leal homorcucous efTusion flow normal to the surface
agsumed in the theoret 2ol ircatmunt anl the effect f this non-homogeneity
upen the conditzong of ~rowth and shavne of the boundary layer represents
an unknown faclor, Tne second r.ason 1s associated with the limited num-
ber of wndependeat eoolins Plov wroas in thz test blade. The pressure
gradient ovew the blade sarfece is large compared »1t4 the pressure drop

the corling flov zn passing throuzh the vermeable surlace., The effusion
flov s not thersfore uniform in the chordwlsc Care t&on over the width of
ona of ine gooling arees 1nto vhich the tcst blade s davided, Thie 1=
varsiculerly true at the leadiny edre and as alraady described i1n the last
er“ﬁrmpu of Geckmen 1,3, it 1s al this position that the practical limi-
talion resul s zn the cngoctlon of cxocss of cooling air in order to cool
tha thermocoaple at the gtopnoation point dom to the required level

!._l

In the tv~bulont region the coolln; oir remzrcment is very much
o

Fhina eguinasodl thicoreticall . The theory 1 baesed on the assumption
of Roemolds aarlc oy and Trictios coet’icienls for flor over an impermeable

lzzz

fat ~date. The effects of surface pressure sredient and effuszon flow on
tre hiode are not therefore consaﬂ“rud The valiyity otherwise of thesc
SomWItons, 433 fC te e dnvestzrated, but comparains the simplified theory

1t s, thc mean Ihissclt nlmber 1n the turbulent
reTion ¢ uly Joouﬂ ﬂalf the predicted value.,
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locnl offfusion on blade temperature

Froure 12 shovs the chordrisce terperature dislribution over the
blade achicved by effusion of a fixed cuantaty of air ot indavidual cool-
ing roxrois over the convex and concave surfaces of thz blade, The test
was 1ntonied to show the cxtent of the f1lm cooling effect downstream of
on aagoetior possiion and also the most econcmicel position at which to
1atrodice conling wir on o film~cooled blade or blade in which the effusion
s oily Joeal,  The vurves of Faimurc 12 show that the rate of increase in
timperetore dovretromm of cn effusion rezion 1s generally fairly rapad.
The wradicab of thig part of the curve Lends 1o inerccsse ag the point of
angecilen vevcs [rom the Lol oo cdee to the tonaling odge. This would
gug et ihad fvlbe~coolon, o more persiztont vhen the air is injected near
the Jeadine .dre.

r
PR LEI

re.n blade tomporatires undoer these ~onsitions of local ingec-
t.on are shovm ua G Iover sroph on Frrace 2 The tvo curves indicate
that the mos! cconomaucenl pesition for loeal injection 18 Just downstream

of the leadiyr od, <. An clfusion Liow of -+ mer cent at this posation
cduaces the meon blade relat ve lorporalurs 1o 0.7. The effectiveness of
local effusion 1z a funcbion of both the Tersmsternce of £ilm cooling effect
dovmstrcam of the ingection point and the Mussclt number at the point of
mpcetion tiself,  Ior most blade desagns, therefore, there 1s probably an
optimum point somevmerc between the leading edge, wherc the heat transfer
cocfficiert is hagh nnd the trailing edge, where film cooling can have no
ef'fect.

b6 Bladc spinc temperatures

Firare 13 shous tho blade gpine temperasures ncasured at mid-span
at the one third and tvo third chord pogitions indicated in the Tigure.
The temporaturcs are plotied in the same non-damensional terms as for the
blade surface iemperaturcs in Fipurcs 4 ond 6 and were in fact, obtained
suullanously vith the results presented in these tvo Tigures.

At a sgos tomperature of 280°C., the spine temperaturcs arc very
much 1oer than the cquivalent blade surface temperatures, but as the gas
tompersbure ancresses, the spine rclative temperature also dncrcascs,
probably becouse of radiation from the vwire cloih to the blade spine. If
this 1s mo, the ellcot should be diminished by an ancreage in Reynolds
moibor because al the hirher Reynolds pumbers, the heal transforred to the
gpine by radition will be a smaller proportion of the heat quantities being
tranaforred by convectior.

The fact that spine temmeraturces arc much lower than the surface
terceratures represcnts o consaderable adventoge which this type of blade
has over those 705 in whach the coolang process 18 distributed over the
whols scetlon of tine blade. it means that the srine whach would carry
the Londiag and cen“rifvrgnl loads on the blade 1s maintained cool and the
pormedble blade surface,7ich 1s at a higher tcmperaturce and has struc-
turally o lower mcecnonzical strength is carreed by this cocl spinc.,

ol Comparigon with nn internally air ccoled bilade

iy W

e ccolins efootivencss of the effusion cooled blade 1g compared
wilty that of a selid pissore cooled blade an the upper half of Fagure 14,
The 1azsa, e~cooled blale 1s that reserted ir Refercnce L and the mass mean
tunperature of this rotor bladc in a cascade tunncl and 1n o turbine s

iy



compared -ith the swrfoce temperature of the effusion cocled nozzle blade.
The Iower spine itcmperatvre of the effusion blade 1s not considercd since
its value probrbly deoends on the detalled construction of the blade,

Consadering the mean cooling of the offusion blade under conditions
of wniform tarmerature and uniform cffusion flow, the effoctiveness is
abeut cquivalent to that of the passsge coolcd blade in the casende and
better than that for the pasgarme cooled blade in a turbine., It 13 not
known 1.£ a turbine rotor test of the offusion blade would reveal the same

Liferenee in performance as for the solid blade but it can be said thot
the figure reveals no ocutstending advaricre to be gained by effusion cool-
ing 1n this particular vway. Chthcr points of comporison are considercd 1n
Seoticn ¢,0,

b8 Lffarion ol constant proessv-e

The lower half' of Fimure 15 shows the big inercase in blade loss
cocfficzont and poor couling achicved by effusicn throurh a simple shell
Torm ¢f permenble matocrial, The materaal wag in this instance porous
bronse /15 inch th.ck sith a pereabilaty of (a= 60 x 107 ) and of the
same shape as the cascade Plades, The supply prossure was maintained at
2 Lowvel sufiicicnt to pass thoe required total ouantity of cecoling £low but
there waz no control over tho distribution of the effusion flow around the
tlade surface. Under thosc conditions the pressure drop through the ver-
neoble moterial was small comvared with the pressure variation round the
blade ilself and mainstream gas flowed into the blade in the high pressure
regions and flowed out into the mainstream mixed with cooling air in the
low pressure reglons, This probably accounts for the high loss coefficients
and the poor cooling yerformance.

5.0 Mechanicsl strensth and blockase of pores

The effusior ccoled blade for the major part of the testing was
constructed from a mild ateel gpine with stainless steel woven ware cloth
brazed {to 2t as shown in Fazure 1. The brarzing material was 'Colmonoy'
and ghﬁ procese vwas carried oul in an i1nert atuosphere at a temperature of
112090,

“he blade fzaled at a temperature of 770°C., and the failure took the
form of a separativn of the wire cloth from the spine in the region of the
brazed joint, It 1s possible that the failure vas due to oxidation of the
211d steel near the brazed joint and not failure of the brazed joint wtself.
The region of failure vas, however, limited and a substantial part of the
structure remained intact even after gevoral hours running with a gas tempera~
ture of over 1000°C.

Measurements of' the permeability of the wire cloth both before test-
ing began and on completion of the whole test series revealed no evidence of
biockage of the wire cloth by particles in the mainstream flow. The cool-
ing eir was dried wath Silieca Gel particles and filtered with a 'Porosint'’
perous bronze element with a pore size of about 0,000 in. Tt is unlakely
therefore, that particles of sufficient size to block the wire cloth were
carried 1n cooling flow ond no experience was gained on possible blockage
using wunfiltered atmospheric air,



£.0 fract ¢l sr-laication of effugion cooling

The trel™oig acscerated with olfus »~n cocling which were expectled
hc ihcoret nal 2onlysis and erphasised by the test are, first, the
¢ of ihe preesure variation arcund the blade soction and second
ﬁ nee of cooling efTocrivensss on the position of the transition
xegion. fa Gesoribed in Section 4,3 the 1imitation of ihe nuniber of

wndeperdently cortrellsblc eilusion regroas vrobahly accounts for the
exceas of co *“nq 21 over tlat theoretieally predicted ain the laminar
flow rooion at the leading edre of the blado. The solution to this pro-

Blor s cxther the use of varzable permicability material or variable thick-
ness moterial malcled to tac pressure distribubtzon round the particular
wlade sectlion Soing conoidsiad.

The varmeability or thiciness varialion must slso be matched to the
a fugion flom rocuirements in hoth leminar and turbulent flow regions on
ihz blade sqm“acea Tiie is wrobobly eolculavie in lhe laminar region but

thoroe ag evidenes %o gup: gt trat wcoatave to the simlified theory,

the hoat translfer pates 1. the turbulent rogion are reduced by effusion
arel do not romaan about the same as for an impermeable surfoce as sug-
gogted in Refurenes 5. Under these circumsiances, the effusion flow
requircd to achi-ve a particular cooliny cffect in the turbulent region
rould be luss thon those predicied, assuming the heat transfer coefficients
of' an impermeable sucface,

If a desien of permcable blade was contemplated in which the cool-
in~ air was supslice to & pil.cle cavity 1nsade the blade, the pressure
dr-p avarlable for cffus _on Flow would be a maximum near the trailing
cders, Thes gOOﬂ“Lry of the blade imposes a liat on the thickness of
material ot this wesztion, so the nermeabilisy to sive the correct effusion
Tlo; gould teld to he very Lo, A comcability valuc (sec Appendix IV)
Pothie oracr 5 x 107 Yould be noeded, vhich 1s only one sixth of the
poerteahilily off tho woven iare cloth., The pore sime under these con-
dobione will be small and the blockage of the pores by particles carried
e she cmc?¢ng ary will probebly become a significant problem.

4.l_l¢}

Sup Ilyain, nar be the hlade at thrce or Tour different pressures
hy throttling would rcduce the daffl-ultics associated vmath the reguired
virizavicn .n pai cal w1it;y or icknouss ou+ by no means remove them.

7.0 Gorelusions

Ar. mivestipatinn of the chordrse effusion Tlow required to main-
Sain a turbione aomzlic ulamc «5 a uniform temperaturc and the temperature
drgtrivuticn oroduced o the blade by uniform chordwise effusion has been
pale ovey a wade rence of Reynolds mumber, tomporaturce and Mach maber,
These ct“pslmcdtdl resulits are compared with thcorbtlual predictions
paged om the most reasonable possible assumptzon in the laght of pasgt
G IO

Tae eoreluslons rooched are thet in the lamimar flow region of
the D1aJe suarPane boundary layer the effusion cooling required is preater
tonr et crediched theored teslly and at least part of 4his effect is
stir buled 4o ithe limatod munper of indivaidually controllable effusion

o lutiol i

Tie non-~homogerciby of tho eif ron flow through the woven waire
alolly w3 o =mosnikle cause of cariy transilion on the blede comvex surface
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ond the rositicr of the trarsation poant could pessibly be moved back
tovards ihe trailing »dge 3¢ ¢ homogencous effuszon could be produccd.

Vaen the ccoling 1lewr dastribution is adjgusted teo give unifomm
surfeee tempertiure, the mean blade surfoce tompernture s alightly
lower tnan whon the s e total gquantiiy of cooling adr is effused ot a
wniform rate over the Llade swrfrce,

A dzercase dn cooling effectivencss at temperaturces above 500°¢,
is attrabutel 4o radiction fron the sarfoces unstresn ood devmstrean of
the cescode and ot a gns tumperature of 1000°C,, th. cooling eficet is
reduced tw 20 wor cunt,

Comprrecd with oagecd
~ ~
:

i 2 teasts or a passase cooled blade, the cooling
of the effagion blal c

¢ o2s vert Lultle botter, On the other hand,
the sjane to whach the permced 3o ~oto 31l 38 atteched to Zorm the nozzle
blade hrs a much 2cor terperniure, wmnch, although prosenting scme dal-
ferentzal cxpnusion oroblars, way conctotute a sipnaficant advantare for
this t;pe of conatricl .o

o
4]
—
ja)

3
e
Y
=

<

%
£

The value of the vlade loss cocufucienl at mid-span incresses
Linearly with the croling “low ratic, the loss coefficicnt boing approxi-

mately tivice the valuc for a similar umpermcable blade vhen the cooling
Plov ratio is approximately > per cont.

frem the foregeing cosclusions, it geems that on amprovement in
overall cfTusion cooling performance wight be cobitained if (a) the effusion
Llow could be varicd smoothly round the surface rather than in a fow dis-
tinet chordirsc sieps, and (D) the porous skin had a greater nurber of
smallcr, morc wnilfeormly distributed pores so that the effusion flow would
be more bhomorcncous and less Iikely to croate carly troansition to turbulence
in the boundary layer. Unless a blade me.ts these reruwrenents, the present
tests suggest that, 1f meen surface tomperature is accepted ns & criterion,
then the cffusion coolin shovs izttle advantage an cennemy of cooling air
cver a good interzally alr cooled blisdz. Purth.r tests are desirable to
substantisz e thcse visus,
m ol efMwron cooled blade to meet the above
orescenrle dieren problem ariscs from the large
voariotion ol externnl p e ~round il blade seection. To succcssfully
wtreduce effuaze: cooling Plow into the plnde surface boundary layer
against thcose mrsssurcs in the roguirod grantitics almost certainly involves
tie ups of wuriable thickmess permesble matoricl or warisble permealility
with onaform thackness. Thoe porscability under these circumstances will

ced o Le very low, of the order of 5 x 10 m, and although this is an

sdvactsce from the point of vicw of mechanical strongth, the blockage of
Luc pores by parvicles carried in the cocling alr moy become a signaficant
problom,

£
rogillrascats, the B ocoost
'? -
—

[

Fo bhlocla~s of tlc atniniess sucel vire cleth cecurred during the
vaole tosh scrior and the farlure of ithe brazed joint betirsen the ware cloth
ani the biade spine was probably duc to oxadotion of the nild stcel spaine
an the ropoon of the brazed joint

-

L.
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APFENDEX T

Ligt of Symbols

tlade chord
distance along blade surface from stagnation peint

gas inlet angle measured from the axial direction
gas outlet angle measured from the axial direction

mean total pressure loss 1n passing through the cascade

inlet velocity to the cascade
autlet velocity from the cascade

cooling air nass flow

mainsiream mass flow through onc blade pltch
cacling mags flow per unit area per second
mainstream mass flow per unit area per seccend

totel gas temperature

blade surface temperature
mean blade surface tomperature
cocling air temperature

tamperature equivalent of outlet wvelocity

effective gas temperature (TG-O.14 Bv)

Mach number

Musselt number
vV C

2
7}

Reynolds number p

permeahility defaned in Appendix IV

totel pressure

static pressurs
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AFPEDIX I1

Surmary of oxperiluental results

EQUAL: PASSLCE CFFUSICN FLOW

Blade relative

rap. %o, Ty terperagure Loss Loss g

Min  Rex 10 effusion reference effus f on  referenca
Concave Convex cooied biade cuoled blade
surface surfnce

0.42  5.21 28 1.66 - - 0,069 0,038 - -

0,43 5,45 30 1,08 - - 0,066 0.037 - -

o443 5,32 28 0,80 - - 0.059 0,036 - -

041 5,00 24 0.83 - - 0,061 C.0339 - -

041 5,12 25 0,81 - - 0,083 2,076 63,3 63.9
¢l 5.1L 27 0.4t - - 0.059 0,035 |, 63.5 63,6
0.2 5,17 26 1,04 - - 0,064 0,037 63,3 63.4
c.h2  5.20 25 1,60 - - 0,07 0,038 54,0 6L, 1
.2 5.39 21 2,72 - - 0,088 €.039 63.1 63,9
Coltd  Seli5 22 2,15 - - G, 030 0,038 63,2 64,0
Q.43 2.6h a52 3.3 0,336 04533 G013 0,029 63,4 6la3
0.l 2.69 252 1.60  0.339 0,531 0.060 0,031 63,4 Elta5
Ou iy 2,70 2h8 2,46 0,070 Ce0lb G3e2 5Le2
0,13 2,66 L8 2.57 0440k 0,100 0,072 0,046 63.0 6L.2
o4 2,72 43 1.07 0.639 0.635 0,055 0.0l6 63.0 6L, 2
00 277 242 Q.54 0,807 0,503 0,049 0,046 63,6 blje2
0,60 7.55 27 0,90 - - 0,069 0,042 631 63.9
.60 7.47 27 0.70 - - 0.065 0,0L0 63,2 £3.9
b1 7,49 29 0,35 - - 0,063 0,042 63e3 64,0
0,61 7,43 2B 1,60 - - 0,076 0,040 63.2 64,0
0.A1  7.50 29 2.10 - - 0,081 C.041 63,3 ol
0,61 7.44 30 2,30 - - 0.090 0,002 63:2 Gl 0
0.62 3,75 253 3,00 0,313 0,238 0,082 0,046 63,1 6h,0
0,62  3.79 253 2,041 ahi2 0,389 0,071 0,046 52,9 6la0

0,63 3,81 53 1,68 0.522 0,483 0,064 0,046 628 63,9
0.61 3,72 253 1.35  0.573 0529 0,059 0,043 62,9 6L, 0

0.61 375 8 0.7 __ 0.778 0,607 0,053 0,043 63,1, Gl.t
.74 8,35 2 1,71 - - 0,030 0.036 63.6 . 6L9
0.75 8,37 27 1,19 - - 1 0.075 0,038 63.6 64,8
007!4 5-90 118 2-30 “ - O. O8h O.OIJ-D : 63-8 . 65-0
Q.72 5,76 121 0,52 - - 0,065 . 0,038 53,8 65,0

0.75 U35 251 2,76 0,363 0,392 0,087 0,037 63.8 65.0
0,75  6.00 253 t,45 0,582 0,552 0,06l 0,042 65,0 6h.L
0,75 5.99 257 1.02 0,633 0,671 0,062 0.041 63.54 6L.5
0.73 6,02 256 0,52 0,302 0,822 0,056 53,6

0,82 2,63 544 2,00 0,470 0477 0,073 0,048 63.2 64,8
0.82 2,63 543 334 0.318 0.302 0,088 0.0i7 62.8 64,9

0,81 2.59 552 1.18 0,575 0,583 0,080 0,043 62.8 61, 8
23,79 2.1 730 1.73 0,512 0,560 - - - -
0,80 2,03 773 3.27 0417 C. 430 - - - =
.80 2.0 76 1.54 0,613 0.639 - - - -
0.80 2,01 776 2,69 0,483 0,600 - - - -
0.80 2,00 781 1.10 0,690 0.766 - - - -
2,75 1.88 777 2,18 0,487 0.595 - el ol =
0,78 1,60 976 2,6 0,539 0,710 - - - =
0,78 1.61 585 4,10 0,418 0.618 - - - -
0,51 11.39 12 0.75 - - 0.072 0,071 53,6 63.8
0.94 9,69 62 - - 0,091 - 65.0

0,97 7.99 117 0.94 - - 0.075 0,055 63.8 6.8
0.9L 810 105 1.53 - - 0. 084 0,051 53,5 645
0,93 8.79 100 1,2 - - 0.083 0,056 6he 2 64.8
0,93 7,60 123 1.8 - - 0,080 De 056 63.9 6l7
2,91 1,80 28 1.1 B. 5? 0.550 0,071 0,061 £3,8 65.1
.53 .50 30 0.7 0,69 0,650 0,068 0.035 6l 1 65.2
0,93 5.29 271 2.08 0,461 Q420 0,082 0,090 63.5 65,
.93 5,25 213 1,52 0,557 0,530 ____0.078 __ 0.087 ___ 563.6 64,8




AVPENDTX 1T

CONSTANT TIRFPRRATURE

Blade relotive

Loss

Iogs

. =5 Temp. °C, m temperature : effusion reference effl?g 10n refe?‘énoe
tin Rex 10 1C /M% Cencave Convex ¢ cooled blade cooled blade
o surface s face I

0.42 2,57 258 1.28  0.580 0,560 C.056 0,037 6341 6iy b
01 2.57 2.8 1.66 0, 505 0.500 0,058 0,037 £3.5 6L.,5
0.39 2.5 251 2,5l 0.375 0.380 0,068 0.039 6.6 6,7
0,60 3.70 257 1,20 0.590 0,580 0,057 0,040 63.5 6l
0.60 3,77 25 0.95  0.670 0,670 0.055 0,036 63.4 6L,k
0.61 3.68 249 1.63 0.500 0.4:90 0,060 0.045 62.9 63,8
0.67 3.76 2.8 C.56 0.770 0,770 0.050 0,07 63,0 64,0
0.75 5.70 232 0,58 0.827 0,799 0.056 0.04,8 £3.5 bl 6
a.75 4.20 261 1.18 0.550 0,540 0,069 0,038 £3.8 65.0
0.75 L. 3L 253 0.389 0.691 0,460 0.062 .058 63,0 6l 6
0.76 L7 20,0 1.12 C.605 0,596 0.065 0,058 63,4 Gl 5
0.79 2.79 50k 1.25 0.614L 0.571 0.07C 0,041 £3.8 6l 6
0.78 2,72 52 0.88 0.724 0.680 0,068 ¢, 010 &1, 0 EL.5
0.78 2,82 L53 1.26 0,611 . 576 0,073 0,037 63,9 65.1
0,79 1.98 77 1,95 0.5670 0,630 - - Z -
0.72 2.00 762 1.68 0.620 0,640 - - - -
0.95 5.92 237 C. 9 0.693 0. 645 0.084% 0,091 €3.6 650

._.85_—
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APPENDIX IT

I

The gtatic pregsure distrabution over the

blade surface at iln 0,24 and 0,58

Convex surface In 0,24
/e 0.05 0,40 0,15 0.20 0,25 C,30 0,35 0,0 0,5 0,50
Ic'*r“PS
5P 045 0.20 0.08 0.02 0 -0.03 -0.07 -O.th 0.2k -0.31
2 M2
¥/ 0.55  0.50 0.65 0.70 ©O.75 0,80 0.85 0.90 0.55 1.00;
Ps-"‘PS I
Propt -0.35 -0.36 -0.37 -0.35 -0.32 0,28 -0.24 -0.22 -0.18 -0.i
2 2
‘ Concave surface Mn O, 24
T x/,  0.05 0,10 0.15 0.20 0.25 0.30 0.35 0.h0 0.h5
PSX—PSQ X T
e 0.87 0.85 0,8. 0.83 0,81 0.77 0.68 0.60 0.59
/o 0,50 0,55 0,60 0.65 0.70 0.75 0.80 0,85 0,90
N
X T2 0,58 0,51 0.43 0.0 0,37 0.31 0.22 0,19 0,17
E%;-sz
Convex surface kn 0.58 i
*/e 0.05 ¢ 0.10 0.15 0.20 0.25. 0,30 0.35 0.40  0.45 0,501
Py ~Fa : i
Eéﬂfrr& 0.5 0.3, 0.22. 0.6 0.12 0.09 0.03 -0,0k -0.015 =-0.26
2 SE L
X/, 0.55 0.0 0.65 ©.70 Q.75 0,80 .85 ©0.90 0.95 1.00
Py P, ' ’ -
———-——v—P — 2- -0.52 "0033 -0035 _0033 _Oc50 —0.27 "0023 -0.18 “0-15 “0.15 ¥
tz SZ
Concave surface Mn 0,58
X/ 0.05 0.16 0,15 0.20 0.25 0,30 0,35 0.0 0.45
 Pn_ D
°x 52 0,93 0.90 0©.88 0.86 0.8, C.81 0.76 0.67 0.66
Pt -Fy
‘ 2 z
%
!
P2 0.50 0.55 0,60 0.65 C.70 0.75 0,80 0,85 0.90
Py s ‘ i
PXPZ 0,65 0.59 0.50 046 0,43 0,37 0,27 0.24 0,21
£t s
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ATPENDIX ITI (cont'd.)

The incompressible velocity distribution over the blade surface and
the slope of the velocity distribution curve.

Velocity distribution ~ Convex surface

x/c 0.65 { 0,10 {G,15 [ 0.20 10,25 | 0,30 }0.35 [ 0.0 (0,5 | 0.5C

V/% 0,636} 0,843 [ 0.909] 0.945 | 0,966 C.985 11,012} 1,045 | 1,094 | 1.15

Yo
a7 )t _ ) )
- il jly [ n "
ﬁ(__—x/c) 5.1 2.2 1.0 Q,52 0.38 0,L6 0,5 0.78 1,2 0, 7h

%/o | ©.55 | C.60 10,65 } 0,70 | 0,75 | 0.80 | 0.85 [ 6.90 | 0.95

V)ﬁ 1,972 118 [ 1,181 | 41751 1.463| 1.4LLf 1.146 1 4.091 | 1.075

d{vy%;)

alz/q

0.32 | C.,06 0,04 |=0,20 { -0.3%32 | -0.46 | -0.5. § ~C.66 |-0,26

Velocity dasiribution - Concave surlace

/0 0.051C.10 1 G,15 ] 0.20 [ C,25 | 0,30 | 0,35 | 0.0 14 0.5

VAr 0.28 | 0.3261 0,354 0.2771 C.404] 0435 C.L71] C.510] ©.55,
2

a(vAr)

ETE: T4 1 .50 | 0,52 | 0,52 | 6,58 | 0.66 {0.78 | 0.80 ] 0.88

- &

LA C.50 1 055 | 0,66 | 0,65 | 0.70 | 0,75 | ©.80 | 0.85
Thr 0601 | U2 1O AT Co752 1 07831 0.%%6 | 6.055 | 0.877
d(V/vz)

, P
— | 10 1.1 1.06 | 070 [ 0.6k | 0,70 | C.6L | G35

~
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APIFIDIX ITT {cont'ad, )

ribs Trom the st

agnation point,

R:h mr-bher J: 9 2 l 3z N ! 5 | 7 i & 9
Digterine 1 rom { |
gtoonotion L 0,280 { 0,5520 G.76 {0.98 11 13i 1,004 {1.628 11,8221 2,02
o1zt i ] § ! |
Coresv: scurface

Bi» numbor ¢t 4 Pz 3 i L 5 é 7 8 2
D-etenoe fpom i
stagnation [ 0.6 ! 0,376 0,594 0,800 14,0001 1,218 1416 | 1.6181 1.812
nozal ; | !

Viedth of raibs

- G.030
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APPENDIX IV

Permeability data {for woven wire cloth and

other permeahle materials

Liags {low

[T
Permeability = - —
Surfane arsa p AP

where + 13 the thickuess of the material and AP the pressure drop of the
fluid passing through the material,

The following are the permeapility values obtained by tests of the
materaal atpressure drop of one pound per squere inch and at atmospineric
temperature.

-0
Woven wire cloth (Hollander cloth) 30 x 10 8q.7t.
-1
Sintered brenze (Porosint) Grade A 20 x 10 sq.ft.
Grade B 50 x 107" sq.fi.

Grade C 210 x 107 ° gq.f%.

The permeabality furures indzcate the comparative qualities of the
materials but since the nature of the effusion flow through the pores is
alfzclied both by their size and configuration the relation between pres-
sure drop and flow at atmosvlicric tomperature is:-

Thicknegs! Pore siza! Particle size AP 1.0 10 100 in. B0
Porosint A 0,017 in. 00001 m., 20,0015 in. 53,010 0,10 0.94 1b./sec.sq.ft.
' Porosint € 0.017 in, 0.0005 fu.  0,0045 1. 2,11 0,76 1.54 1b./sec.sq.ft.
Hollander cloth &.017 in. - 0.0030 11, 0,020 0,118 0.67 1b./sec.sq.fte

(R
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