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Prelimingry Report on Diffuser-Soreen
Combingtions for Reducing Wind-Tunnel Turbulence

Antrodugtion

An Anvestigntion of the effeot of fine sorsens in wide-
angle 4iffusers was undertaken after it wag reporied by
Holsllan and Nichols (referenoce 1) that the efficienoy of a
diffuser was improved by a soreen across the downstrernt end.
Velocity measurements showed that the reslstancs 1.o::s500 Ly
the screer assisted in the filling of the Jifiuser. The
sffect was later confirmed by Squirs and Koy (refercnca 2).
ﬂono of the investigators, however, studicl the 27720t in
sufficient detall to explaln how the tlllJ_.ng wng soecmsliched
nor what arrangements would give the beet rasuvite. Tha purpcee
of the present investigatlion was first to goln orn urdcratznding
of the prooess, »nd seoond to dlacover tie vractical possi~
bilities of diffuser-screen gomblnations.

The greater part of the experimentesl work done so fer hae
been tc study the flow phenomsna with single screeng spsnning
various sections of r ooniﬁal dirfuser. By making det-~iled
iurveyn of the dynamio and -tatlio pressures throughout the
diffuser, pertiocularly in the neighborhood of a scresn, the
action of the soreen =nd the proceas by which it distributes
the flow have been made olear. A brlef disoussion of thils
aspect of the problem will be given here., Detalls of the

sxperimental results will be given lrter in a como>rehensive

ftnul report.
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- The present report desls msinly with one of the possible
applications of diffuser-screen oombinations; nanely, the uee
of a wide-angle diffuser to uvravent uresgure drop through
daisping soreens located ghead of the entrance con2 of a wind
?unnol to reduce turbulence, A achematioc arrangemzint 1z shown
in Figure 1. The effectiveness of fine screens in reducing
turdulence is shown in reference 3, and seresnc ars now used
in » number of wind tunnels where low turbulzncs g Aesirad,
A rapid expansion in crosa section chead of asrc2.2 hre alama
been employed to advontage to reduce the precaurce Arc, thiosah
soreens, rnd the idea of dietributing screens Lhzow;h ¢ vife-
angle diffuser, as shown in Figure 1, was suiir:t.d . e7ersl
Yoors ago. Arrangements of thls sort heve not bron Loivrotiga
and some interesting poseibllities have gppenred the
useful to those who mey vwish to use dsmping acrceng.

It dirfuser-screen combinatione =re to be used to reduge
turbulenoce, the first requirement is that there shsll be no
flov separation in the diffuser. If separation oocurs, the
diffuser will probably generste aore turbulence then the
soresns can damp out, and the inatabﬁllty accomsanying

separation will probnbly give rise to objectionable pulestions,

The first question to considsr is then whether screens can

vrevent flow separation in a diffuser of such wlde anglé that
seorration would normally be expected. Bince so zuch depends

on this cuestion, & brief discussion will de given of ths

v
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" exoerivents verformed to f£ind out hov a soreen affects the

flow in a diffueer.
Syabols
q = 4dynamic prsssure.
P = atatic pressure.
A = oross-sedtional ares of duot or diffuser.
PE « flow of potential energy.
KE = flow of kinetio energy.
Subsoripts 0, 1, 2, ... n when uso@ with q, p, PE, KE,
and A refer to speoific poeltions, eee Fig. 1. For
example, 9 and p, are the dynamic and static pressures
in the duct at the entrsnce to the diffuser.
= reference pressure. Actually this 1a the pressure drop
acrose the entrance cone C, Fig. 2.
ohange in ststic pressure aoross a screen or between
two points, the points being denoted by subecripte.
pressure~drop coefficlient of soreen.
number of eoreens.
ratio of turbulent fluctuwaticns downstream from &
nunber of soreens to the fluctuations upstrern from
the soresns.
Exne 8iny Soree
The exverimental arrsngement for studying diffuser-screen
combinations 1s shown in Figure 2. A centrifughl fan et the
far end drawe the 21ir throngﬁ the systen which consists of a
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eoniosl diffuser, D, between two lengths of round duct
foraing the entranoe end exit. The Aiffuser, shown agsin in
Piguree 3 and 4, ia the only one on whioch results have been
obtained so far. Its shape and dimengilons are ghown in
Figure 5. Ths area retio ie 4 to 1 »nd the total inoluded
angle ie about 78 degrees.

The 18~inch diameter entrance duct with the screened
entrance cone (C in Figure 2) is mede un of four 3-foot
eections so that the entrance length may be varied. The full
12=foot length is the only arrengement used sc far in any of
the tests. The 36-1nch diameter exit duct 18 aleo mede up in
seotions, but the full length of 18 feet was zlvaya used,

The inlet of the fan connects directly to the 36~inch duct.
Speed oontrol is obtained by rsdial inlet vranes on the fan.

Fi,.¢ acreens were obtnined in a2 variety of eolidities
80 thset soreena with pregsure~drop coefficients from 0.5 to
2.6 were availesble for study. The pressure~drop coeffiolent,

denoted by k, is defined aas

. 4p
x q

where Ap is the preuuz.'e drop soross the screen and q is the
dynamio pressure of the flow through the soreen, k was

determined 1n sll oaeea by messuring Ap ~nd q for a eample of
sach soreen inatalled in the 18-inoh duot 3 feet from thes end

of the entrance cone, In gll cases k wrs found to depend on
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She vind epeed (or more sccurately etated, on the Reynolde
Nusber) se well ne on the eolidity.

The eoreene were installed one at a time in various oross
seotione of the diffuser, and for eaoh screen in each position
surveye of the dynamio pressure and statio pressure were made
throughout the Aiffuser. A specially constructed pitot-static’
fube of emall dimensions was used g0 thot pressures could be
measured to within one inch of the unstream slde of a screen
and to within 1/2 inoh of the downstream side. All runs werse
sade with sn entrance duot length of & dismeters (12 feet)
end an entrsnoe veloolty of sbout 100 feet ver second. By
following thle somewhat tedious procedure much was learned
about the so-ocalled "filling" prooess snd phenomens appeared
that were not at all in aocord with nreviocusly conoeived notions
on.the subjeot. For example, it wes sssumed thnt, with e soreen
placed in some seotion of a diffuser where the flow would
normally be separated, tpe pressure drop aoroes the soreen
would foroe the dead air through snd thus would induce a flow
in regilons where none existed before. The effect was aasuped
%o be snalogous to removsl of wake or boundary layer by
suotion. This concept was beeed on the supposition that the
etstio pressure would be essentially oonstant over any orose

esction. “hen meessuremente were made with a soreen placed

acroes the extrems downstresam end of ths diffuser (which wae

ths first srrangezent to be tried), 1t was found thet the statie




pressure was far from constant over s cross section, but was
bigher in the ocenter than at the edges Just ahead of the soreen.
and was Jhst ths reverse immedi:tely behind the soreen, The
difference in strtic pressure across the screen at any point
vas just equal to Xk times the looal dynamic pressure. Accord-
ingly, where the velocity waszero, es in the dend rPir regions,
there was nc pressure droo snd consequently no suctlon effeos.
Since sepcration occurred well forward in the difiuvacr {about
S inches from the entrance end), this cazce corresnonded goorox-
imately to thnt of s jet impinging egeinct the scrasn. The
only effect of the screen thet in any way eporonshed s £illing
effect wne a divergence of this Jet as it apsroaclied the sorzen
and a continuation of the divergence on the dovnatrczm side.
After several screene with a variety of cuefficlents were
investigated in the downstresm end of the diffuser, the same
routine was repeated et 6-inch intervals teken orogressively
farther ond farther upstream, with only one screen in the
diffuser 8t a time. In all cmses the eftect wae essentislly
the seame; nnuely, & divergence of the etresm on the 2proach
side in the menner of a free jet and a continued divergence
of the streom on the downstireom side. The dead-air spsoes
were reduced by the spreading of the Jet but othervwiee apneared
to be unaffected. Binoe latersl spreading was rapid near the

goreen at the edges of the jet, the stresm continued to spresd

rapidly on the downstream side and in nearly sll coses rseched
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the walls of the diffuser Just aft of the soreen and strongly
resisted separation from then on. Thus the Qeed alr space was
eliminated on the downstress side of the soreen even though
ons sxisted on the upstream side. The soreen therefore
exhibited a far greater filling effeot on the downastream aidol
then on the upstrean side, 7This sets certain definite require-
ments on the nositioning of a screen 1f senaraticn shead 1s to
be vrevented. In a straight-sided conicsl (iffuser the screen
may be only & little aft of the sesarstion poirt (» few inchee
in the present diffuser), otherwise there 711l slwnys exlst

a "bubble" of trapired dead sir regsrdlesas of the treszture~drep
coefficlent of the screen.

So far the term “filled" has been used r~ther loosely %o
mean flow without sepsration., Actually there may be all
degrees of tillihg from a nearly stagnant reglon near the walls
with an S~gheved veloclity distribution oharacteristic of
inoipient seporation to ¢ condition aporoaching a thin boundary
layer with a high veloclity gradient near the walls. In order
to give the word definite meaning, r filled condition will bs
defined as the condition where the veloolity distribution is
similexr to the distribution just shead of the diffuser.
Ascording to this definition, a diffuser 1s filled throughout
when the dlstribution of axial velocity across any plane normal

to the axis 1is simllar to the dlstridution of velooclty across




o af-
& se0tion of the parallel duot just aheand of the diffuser,

I% was found that no single screen studied would fill the
dlfrulor in accordance with this definition. Vhen a ecreen
was plaged Just fr» enough forward to orevent separation

on the upstiream side and had a k value high enough to keep
separation from teking plaoce in the remainder of the dif-
fuser, the diffuser wes somewhat underfilled ahead of the
screen and overfilled just aft of the screen. The ters
“underfilled" refers to an altered dlastribution with velool-
tles provortionately lover near the wall snd higher near the

center, and "overfilled" refers to the reverse condition where

the velooitiee are proportionately higher near the walls and
lower in the center. Theae are vurely qualitotive terms.
It appeared, however, that by proper cholce of k 2nd proper
placing of several screens a falr aporoach to a filled con-~
dition ocould be reallzed.

In all ceses effiolencles were caloulated from the observed
stetio snd dynamio preesure, The efflolency of a diffuser
is usually defined as the ratio of the lnorecse in the flow
of preasure energy to the loss in the flow of kinetic energy
on passing through the aiffueer, This definiticn wae sdopted
in the present work. Looal effiolencies vere defined in terms
of this rstio taken Detween any two oross eectione. Vhere

the ;tatig and dynsmic preseures varied over s croes section,
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the flov of kinetic and presssure energy had to be obtalned
by summation. Logal sffiolencies were found io be high in
reglones vhere separation was orevented by a screen, provided
no ecreen was between the two cross sections considered, As
~the filled condition was aporoached between any two crosg
esctione, the local efficiency there approached 1C0 percznt.
The efficiency always took & sharp drop through s sorcen

becauee of the drop in static pressure scisss the gcoreen.

Froa this it may be concluded that the significent lossea
in a filled diffuser will ocour at the soreens.

C by t 8 t
g€ 8 mbinations

When ecreens are selected solely for the reduction of
turbulence, the aim is to use as mary screens ns possible
or a¢ high & k value as possible consistent with the allowable
reduction in snergy ratio of the tunnel. When selecting a
diffuser-soreen conbination for the reduction of turbulence
there 1s in addition the very importent requirement that
there shall be no flow eeperation in the diffuser. From the
results with single screens it was evident that a filled or
overfilled condition could be obtained, at le~st in the portion
of the diffuser aft of the first screen, merely by using enough
eorsens. The overall efficlenoy tros sure to be low with any
of the eoreens on hand, but in prinoiple at }eent it could be
varisd at will by having sn unlimited selection of k values.
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For exasple, s filled condition obtained with many screens
of low k value would produce higher efficiencles than few

soreens of high k value. It seemed most loglosl therefore

to decide on the efficlenoy desired and then aim for the
greatsst possible turbulence reduction under these conditions.
In most modern wind tunnels the ratio of q, to q, (Fig. 1)
1s so small that q, is a negligible factor in the power con=-
susption. If then the flow of kinetic energy in zection - 1s
2ll that is lost, the price in power consumed will prolably
not be too much to vay for the privilege of using sorceas.
It seems reasonable therefore to require only that thexe
shall be no dron in statio pressure soross a diffuser-soreen
‘combination. This means that a diffuser of any size msy be
used, i.e., A,/A, may be gs large as dssired, snd thst the
‘oversll effiolency is to be zero. It was decided to adopt
this oriterion and then try to produoe the optimum arrnngement
aof soreens in the 28-degree diffuser.

e S n _and Ple
of Soreens for No Yressure Drop

On the basis of experience with single soreens in the
28-degree diffuser, it appeared that n few elmple relations
aight serve to govern the seleotion and plecing of soreens
in a diffuser to attsin the ocondition of no pressure drop.
Ths relations will be valid only Aif the diffuser is filled.
While results with other Aiffussrs would be very helpful, it
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appears t‘rol the results now avallable that £illing ie always
poseidble 1f sorsens with a gufficlently low k value can be
obtained, The unknown factor in the procedurs is the per-
aiseible upper limlting value of the k or solidity for the
soreens, alnoe this depends on the angle and shape of the
diffuser and the condition of the entering flovw.

When the velocity dlstributions in all gsectlons of the
diffuser are similar (filled condition), the sxial veloclty
in different sectlons ia' ianversely proportionsl to ths crees-
esctional area. If the energy lesses in regilons not occuplied
by screens are negliglble, the totnl preesure along easch
etreanline 18 conetant until a screen 1s met, and the statio
pressure rise from section o to section 1 (Flgure 1) 1s glven
by

APy = 9%~ (1)
Also, by neglecting an: difterence between the total veloclty
and the axial component -
/o, = (A/p)? (2)
From (1) ana (2)
APo1 * % [1 -(:ﬂz] (3)

Screen 1 is now to be placed so that the preesure drop
through 1t 1a Juet equal to Ap,;. If Xk; 1s the preesure-drop
coefficlent of screen 1, the pressure drop les given by k;q;,

and when the saereen is in the desired position
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hq - %[1 -(;ﬂz]

By means of equation (2), equation (U4) reduces %o

M/A = (kg + 1)Y2 (s)

If successive screens are positioned by the smme rule, 1t
follows that

A /2 A 1/2 A 1/2
If" (xp72) 7/, I:‘ (340075, .. Kn"%f = (kpel)

Thus the crosa-sectional area and consequently the axiel
position of escoh screen 1s determined in terme of the k vealue
for the soreen.

The overall area ratio 1e

ag/hg = xs1)Y 20002 L (ka2 n

1
or Ag/Ag = (k41)2 (8)
Af all of the k's are the same. This will be apnroximately

the case when all screens are allke. Vhen the srea ratio of
the diffuser 1s specified, the number of screens lg fixed dy
k. For exsmple, in the present diffuser with Ap/A, = 4, the
the following numbers are found by equation (8):
k N e ) ons

0.5
i i

2

1

3
15

(6)
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Without additional informstion, 1t would not be known

whether to uas 1 screen with » k value of 15, or 7 soreens
with 8 k value of 0.5. For the 28-degree diffuser with the
relatively thick boundary layer produced dy an entrance duct
length of 8 diameters, enough information wae alresdy avail-
ublc froa experiments on single screens to limit tha cholce
to k values of 1.4 or less. Accordingly, the errangemente
shown in Figures 5 end 6 resulted by epplyinp the foregolng
rclatloﬁs. The performance of these two arrengcmenta is tcken
up in the following sectlon.

A designer lacking aerodynamic dsata on his d@iffucer could
4o 1little more than ohoose fine soreens with the lowest
801141ty obtrineble and hope thet the k vnlucs were sufficiently
low. Since thls situntion 1s rather unsatiafactory, sn
effort 1s being mnde to learn more sbout the limiting k
value in relation to the diffuser and condition of the
entering flow.

Regulte wish Hultiple Soreens

Two arrangeaents of 40- and 30-mesh soreens were attempted
using the relations {6) for determining positions. These are
shown in Figures 5 and 6. 7The cholce of these screens was
deterained by two objectives, first to see whether by
following relations (6) the overall efficiency would be zero
(zero overall static pressure Arop), and second to get some

indication of the upper linmiting k value. With thess two
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mesh siges 1t was impossible to uee exactly the right number
.of soreens, as seen by the fsot that the third 4O-mesh soreen
414 not resch the end of the diffueer and the fifth 30-mesh
soreen extended a little beyond the end. With suffilcient
attention paid to the selesotion, the right number could have
been ueed.

The pertinent data on these screena are s8 follaows:

Wires size Solidity | 4
(inoh) upstreana downatrean
let __2nd  3rd __ 4th  Gth
30 mesh 0.0065  0.354 0.70 0.73 0.76 0.82 0.90
40 mesh .0065 .53 1.17 1.25 1.39

The effect of velocity on k value accounts for the
inoreasing k vith dlatence downstrenm. ’

The 4istribution of dynamio preasure across sections A,
B, C, sna D ar; shown in Figure 7 rnd 8. There is no evidenos
of separation in either ocase. The exaot degree of filling is
difficult to judge from these ourves, but qualitetively at
lesst the diffuser would be oslled "full” in hoth cases. The
distribution of q/gqy 1s remarkably uniforz in section D.
Curve B is ohareoteristic of distributions Juzt shead of a
single soreen or of 2 first soreen when without screens
separstion would oocur ahend of the soreen. This shape e

a manifestation of ourvature of the streesmlines outward toward

the walls on the approach to the soresn. In Rgure 7 the




~15~
points nesr the left side of curves A snd B show some acatter.

This generally indiocates instebility snd may maan that the
flow shead of the first 4C-mesh soreen is none too well
attached, #ith the 30-mesh screens, no unsteadiness or
instsbility was in evidence.

For ocontrast, the distribution obtained without sny
soreens in the Alffuser are given ln Figure 9. The flow was
unsymmetrical, and separatlon 1ls indicsted rfor dlestributions
B, C, »ond D. The manometer surged violently, showing evidence
of a whipping of the astream from one side to the other.

Figure 10 showe tne increase in the flow of potentisl
energy, which for a uniform g aocroes a section 1s the seme
as the =tntio preesure rise, for 30- ~nd 40--mesh sersene snd
for no scrcens. The increase i1s expressed as a nergeniege
of the incoming kinetic energy. The sudden drops occur at
the scresns, £nd the rises elsswhers are the result of
diffusion. At first 1t was thought that values below zero
weres the result of using a k v:]?:: :gm’c?: Bnlocity at the
center rether than a procerly welghted average values for the
soreens; hut after 1ook1ng into the matter further, it was
found thst this negative vslue resulted frox energy losses in
diffuesion rather than tqo large drops across the screens. A
large vert of the lose in diffusion ocours shsad of the first

soresn.
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Figure 11 shows the decresse in flov of kinetie encrgy,
expressed as a percentaege of the inconing kinetic energy,
for the two screen srrangements »nd no screene, together with
the theorstical deorease. Perfeot pgreement with the theo-
retical curve would mesn perfect f£illing. The agreement
indicates 2 closs apnroach to f£illing for both the 350~ znd
Rko-pesh moreens.

The efficiencies sare shown in Figure 12.
looal efficiencies but finsl efficiencles up to & 2o polnt
oorresponding to g glven axial distance. %hs ;;;i& 2T lciencey
with screens is less than zearo. An abrupt arcp ozeuras at exsh
soreen, and ss pointed out above, the £inel e’flicisncy 4e3ess
$herr zero, not because the drops are tco grest, but Tcesvao
the Aiffuslon ie not 100 percent efficlent elsswh:zre in the
diffueer. The effiociency of the diffuser alone, as affected
by the soreens, was calculated from the results nnd is also
shown in Figure 12. It will be noted that the greatest loss
ccours ahsad of the first soreen.

Judging by the end values on the stepwise curves, at an
aximl distance of 36 inches in Figures 10 and 12, the 40-mesh
screens seem to be the better oholce. Thie is misleading,
however, becsuce there was too little scoreen present in the
case of the UO-mesh snd too much in the osse of the 30-~meah
(see last soreen position, Figures 5 and 6). The diffuger

efficliency is highest for the 30-mesh, and hrd the right amount
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of soreen been used in both cases, the 30 mesh would have
shown superior performance in every respeot.

The failure to end with gzero stotic pressure drop and
gero overall efficiency shows the consequences of negleoting
losses outside the plane of the soreena. Tho cuesilon naturally
ariees ms to how lmportant this fallure would be in vr-ctice.
Figure 10 shows a loss of energy equal to -"sut 11 vercent
ot_qo. It » loss one q, may be tolerated, the loze of 1.11
G should not be of too much concern, ﬂl&ﬁﬁlly, for thise

v,

diffuser with an area rotlo of U4, Figu-: '@ . sioea ebout 6
peroent of q, remaining; oconsejuently ool 1.05 q, 18 leet.
Diffuser-Screen Combinntions rnd ‘lurbulence Redugiign.

It was not intended that turbulence mc-suyements should
be made in connection with this investigstion. It 1is
realized, however, thot s few such measurements would not be
lllca, According to reference 3, the turbulent fluciuations

are reduced on pessing through a soreen in the ratio

/(e + 12
and 1f seversl screene are used in tandem with a spacing of
several inohes or more between them, the fractional reduction
over tge group is
1/2

(2t 1)Y2 L (apen)2 (9)
Relation {9) is true, of course, only for points far enough

ra 1/(31"'1)

downetream for the fine grained turbulence from the screens
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$0 have dompletely decayed.
Fron equations (7) and (9) 1t follows that
e Ay/Ay (10)
The interssting result sxpressed by equation (10) meana

thet the reduction in turbulence is indevendent of the number
of screens and the value of k, devending only on the ares
rotio of the diffuser, when eoreens are sele:ted ;i puslisioned
for gero overall pressure drop. Actusally thr sric prescurs
drop has no direot bearing on equation (io). The physical
Teason for equation (10) 1s thst the screensa hrve Leen plaged
80 thet the fall in mean velocity from soreen to screen 1ig
Juet equal to the reduction in the fluctuations across a
screen, For the diffuser-screen ocombination 23 a rlicle, the
mean velooity is reduced 1n the spme ratio as the fluctuations;
consequently the peroentage turbulence will be the same in
the section of area Ap aft of the soreene ss in seciion o
ahead of the soreens. A reduction in »ercentage turbulence
in the working chamber ocomes about because of the ineresse
of mean velocity through the entrsnce cone, and the benefioclal
effect of soresne apyesrs in the larger contraotion rrtio
made nossible by the Aiffuser. This manner of rresgenting the
effact of soreens puts the mstter in terms fomillar to most

engineers, sinoe 2 large oontrsotion reatlo is universnlly

recognired as one of the best ways to obtain s low-turbulenoe
wind tunnel.
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If At 1s assused that a slight reduction in energy ratio
of a tunnel is a matter of sscondary importance, the economio
aspects of diffuser—goreen combinations are mainly ooncerned
wvith etruoctural coste. A glven contraoction ratio amsde
possible in part by a wide-angle diffuser in the tunnel
olrouit involves less length of struoture thon the sams con-
traotion ratio odbtained entirely by norrow-sfizle diffuscrs. It
- seeme falrly obvious that structural cost should decrears slong
with the length. For this resson it ie importsnt %o knov the
»olation between length nnd area ratio of s diffuscr-screen
combination. This question 1s now being inveztigated.
Songluding Remgrks
It should be borne in mind the$ relmtion (10), expressing
the turdulence reduction in terme of an aregs ratio, is nmerely
the result of sn arrangemsnt which reduces the kinetic energy
per unit volume of mean flow by the same ratio as the kinetio
snergy per unit volume of the turbdulence. As long as this
condition is met, the overall change in static pressure has

no direot bnarlng'on the turbulenoe.

The uvresent oriterion, intended for zero static pressure
drop, has been adopted rather arbitrarily. One may possibly
achieve soms pressure rise by judiciously omitting some of .
the scoreens and saorifiocing some of the turbulence reduction,
or he may schieve a greater turbulence reduction by using
sore soreens and getting or inoreasing pressure drop. For




oxample, soreens could be added in the maximum seotlion aft
of the diffuser with relatively little agdditional pressurse
drop. Under these oconditions the expeoted reduction in
turbulence must be calculated by equation (9).

Throughout this treetment the effect of ochanging oroass
esotion on the turbulence end the natural decay have been
neglected. It ia interesting to obaerve thst the attaln:ant
of lov turbulence by large contraction retic when no damping

soreens are used depends mainly upon fsotors thet ere here

neglected,
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