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Two dimensional diffusers, both with and without teilpipes, have been
tested with different inlet' boﬁndar;,r layer conditions and various diffuser
- geonetries.

The effect on the developing boundary layer parameters within the
diffuser and tailpipe are inVes’qiga.ted for the various conditions. The
interaction of all thesé w)erious éarameters are ;‘.nvestigp.ted and their effects
on the diffuser performance determined.

A theoretical predictvion ‘bechniéue based on the momentum integral equation
and Hesd's en’creﬁ".nment function is developed and the prediction method tested
against the experimental results., This prediction téchnique was showvm to
accurately predict the boundary layer end performance perameters for thin

inlet boundary layers and low area ratios.
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HOENCLATURE,

.. Breadth of diffuser. o o Cm
| Length' of tailpipe. . .. m
'Leng‘bh of diffuser wall. | ' IR | m.
Length of diffuser. . om
Fluid velocity. - - - - ' ‘m/s

:pii v, Freestream velocity (generally taken as centreline value) /s

Mean velocity. (mass averaged velocity) - n/s

Tnlet width. (Diffuser) D R
vy Outlet width. | | " om

Iocal width of duct.‘ | : m
1% - Kineti;z energy correction factor.

Yomentum correction factor

of Divergence angle.
Distance from inlet of diffuser. : . m
4 lomentum thiclmess. . | m
& Displacement thiclness. ‘ ' m

Shape factor.

R Arez ratiof (Yi /W2) )
AS . In_let aspect ratio. b/wl
Cpl : Pressure recovery co‘efficient.
' ﬂz | Effectiveness. | |
Q Densi’c.;‘vri of fluid. ‘ - ke/md
Re(NR) Réynolds no. based on inlet width and meen velocity.
local static pressure. I-Z/mfmm E,0
X Inlet static pressure. | ‘ N/m?mHZO_
liass flow. o ke/s
Cp ' Pressure recovery coefi‘ioieﬁt based on a téilpipe
L ressure, B '
Cp . Thergy. corr;acvted Coe . . ‘i
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Kineaatic viscosity of fluid,

Re based on length.
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in‘ ‘x:nany, fluid flow systess .i‘t is requiréd. to increase the static
pressure in} the systexi by meé.ns of decelerating the flow and i'educing the
kinetic e’aergy 'ovi‘lthe fluid, Provided that the flow everyvhere is subsonic
- this méy be achieved with a diverging duct. These are used extensively in
such systems as gas turbine intakes, venturimeters, wind tunnels and air
'conditioning systems.
| This particular.work is confined to two dimensional dii‘ms‘ers, although
conical diffuser performance is included in the review of relevant.‘work.

A two ;limensional difjfusér‘ is one which has two components pf velocity,
one al?ng and .th'e ovther pérpendicular to tl;e long;itﬁdinal axis. This
;i.mplies an infi;nite diffuser breadth which is not possible in.practice.
'Howev.er, it has been sh'ov}n $hat for ratio of breadth to width, known as the
jAspéct,Ratio (4S), of greater than six, the sidewall effects are minimel
(this is discussed in further detail in the following section).

It is »interesting to note that 'mé.ny large annuler diffusers may be likened to

a two dimensional diffuser having a large aspect ratio.

(1) Dirfuser Geometry. -
A tvwo dimensional diffuser éeometry (s}_movm in ;i‘igure 1) ma;f be described
4' _b'y a combination of various paranmeters.
" The ones favoured in the present investigation aret~
Area Ratio (4R) = wp/my
Divergence Angle = 2;{ |
Inlet Aspeci; Ratio (.A.S) = b/F;

Distence from Inlet = x/- vy
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Two other possible parameters aret-
Diffuser Wall Length Ratio L/w,
Diffuser Axiel Length Ratio X/w,
If a d:_f“user is followed by a ta.;lplpe then an erbra Ia‘ameuez';~
Te.llplpe Lenn'th | = n
(vhere n = 1ength of tailpipe/tailpipe width).

In diffusé;cs a corner radius is normally provided at the diffuser inlet
and exit. These radii Ix'evént the diffuser wall length and the axial length‘
" ‘from being determined accurately. Therefore, in this work the ratios L/w‘

I'I/W,. have not been used. Fowever, several earlier workers have expressed
performaﬁceAdéta in terms of L/w, and ¥/w, in addition to either area ratio

(#R) or divergence angle (2p).

Diffuser Performance and ¥low Parameters.

(i1) Inlet boundary layer thiclmess:

| The mlet bourdary layer txnclmess is usualiy desorl’oed by the ratio
of alsglaoeaent tnickmess to th the inlet width (25 /vy ). The inlet
A .boundary layer may also be described by a ratio of the momentum thiclmess
%o half the inlet width (20/w, ). The shepe of the velocity profile mey
be illustrated by the ratio of 88, kiown as the shape factor (H).
Fuller definitions of those boundery layer parameteccs: will be‘ﬁncludcai in

N éllapjber I1T1.

- (111) Flow regimes.
- There are three basic regimes of flow within 3 diffuser:-
(a) -Uhéepara'ted flow; This occﬁrs vhen the boundary layer remains
u;,at’ca‘ched to the d‘ii‘i‘u'ser '(7:;11 at 211 times.
(v) fi':Separate:I flow; It is generally accepted that this occurs when
the bouadary 1ayer‘ becomes detached from the wau'(}mhough it mey
re-attach at s later stage).

(¢} Stall; This occurs when a stagnant, recirculatory flow is yresent.

' |



The fluid near the wall %ends to move ups&ewj.~ Stall is an
advanced stage of flow separation., N |
There are various degrees of stall and separation in é, diffuses ey but
-the two preceding definitions are genera.ll:f used?‘ to‘.d‘i'sgri;ninatg vetween
separation and stall. - |
(iv) Perk‘ormance para;:xe'ters.
' Several 'para'neters are needed to ass‘essf-dii‘iuser ’é‘e;‘i’§r53:1ce, but-the.t'}rov.'
- most commonly used are:- - . | . |
(a) The }fn?essure recovery coei‘i'icieﬁt (cp) waich is déflned as the ratio
| of the statlc pressure rise between any statlon dovmstrean oi‘ the
dlfﬂlser inlet (p) and the station at the diffuser inlet (p,), to
\ .
the mlet dynanic pres;ufe, eQu. s Where ﬁHlS the nass gver'aged
inlet Yeloclty. 3 .
Hence Cp = (p - p)/%Qu? |
(b) The diffuser effectiveness which is defined as the ratio of the static
pressure rise between the station at in‘i_et an_d a station doxmstréam
' ,(p - p,), and the dynamic pressure decrease _be‘cween"the two posi’ci'ons’,
* vhich is ¥(Qu? -Qﬁ-?_2 Y therefore ‘éi“i‘ectiv;aneléss : (4() for incompressible
flow feduces tos- - S o
A= (v - p)/EQE2 (1 - /4w

" This is not an  energy efficiency since‘it uses the mass averaged

- ~

"-%_'v'elocity @l in the calculation of he dynami¢ pres"ure.
A true energy efficiency may be obtamed by tq“:_nr* into accou.nt the

diécrepancy incurred by using the value c;f mean velocity deterained fronm

“the mass i‘low,(i. e. T = '/QW S:,Q udw.). | ‘

Hence the kinetic energy 'us.'_ng 4 will be; * Qu 7 or J-@ 83 dw --— (1)

The true kinetic energy is ,quu?’ T — (2)

Therefore to convert the mass averased velocity veﬂue of ine’cic energy to

the true value of 1'3'1181:5.(: encrgy & kinetic enefr*y correv’cﬂon i‘acmo* ™ can

be used, Thus from equations 1 and 2,Xmay ’oe aei‘med as:wr'

f Qu3d / f Qusdw . (33)




which reduces to: -

<= 1/uf) ()2 @ ()

or & = 1/Wj:1(%)3 ay

Cp may be corrected to a true energy recovery.

CPE = (p - P()/';é' eﬁu?'ai

and similerly for effecti’.veness_

A(/E = (P - Pl) %Q(“tﬁtz" D(l-l

Other parametérs used include:

The total pressure loss coefficient A which is given by the exgressionj-

A =1 (p-p)/AeE?(2

: Tha'eforg)\ =1 - /P(_

uncqrrected)\_ is not strictly a total pressure loss coefficient.

(v)

the Inlet Reynolds nunber (Re).

w, as the characteristic dimension.

Livesey however, points out that since the kinetic energy is

Another form of total pressure loss coefficient is used by Idel Chik

An important parameter used in describing the inlet flow condition is

m' 7,

//‘
(vi) = Summary

8-)6

~—~—

The various flow parameters used in this work are:-

"

ft

=

1"

38 :

Inlet parameters.

or u,w,
%

&

= shape factor.
Divergence angle of diffuser.

Area Ratio of diffuser = w,/w,

2

- 1/AR%)

Hence the fnlet Re. is

' Re number (based on inlet width) = O, w
displacement thiclmess ()
Homentun thickness ()

(degrees)

This is usually based on the inlet width



A

3]

Pressure recovery coefficient = (p - p.\f;‘ge(u;")
Effectiveness = (p - P.)/‘:E‘Q(ﬁ\l - a2

1, (Yiun3
Xinetic energy correction factor = /w 5.0 (5) dy



REVITY OV PREYIOUS TORY,

Certain early work was'done on diffusers by vai-ii'ous workers such vasA .
"BORDE}and VENTURD ¥ in the 18%h century, but the first really comprehensive
study was carriéci/ out by GIBSOY 1. He published many pé.pe*;'s on .hisv v:or‘.':v
betveen 1910 ahd 1913. Tn his experinents he tested over 90 different
diffusers, both plane walled and coniéal, with angles of (ii\ier'gazce varyiﬁﬂ'.
from 3° to 180° and érea ratios from 2. 25 to 10, 96' -- Hls {;ene:ral conclusmne;
on the effect of divergence ang'!e and area ratio on pf'essure recova'y have

been borne out by subseguen’c workers in this field. An example of Gibsons

tory . '
introduc'aag work is shovm in figure 2,

I.1 - Effegts of Geometry.'
I.1.1 . Area Ratio (R) end Divergence ingle (2f) |

The effects of geome‘ry of the diffuser. has undeigone ex‘l:enswe work
and the optimun d:.vergence angle hes been found to ‘be in the region of 7°,
the exact angle varying with inlet and streém 't;onditions.

'ﬁLllmi'et al conclude that the optimum divergence 'e.ngle 'lies between
6° and 8°. At these angles of divergence the orptirmunm ef fec’clveness occurs
at low srea ratlos (a'oprommately 2 in unsta.lled dlfﬁl“el‘.;,. 'Howevcuf;
the optimm pressure racovery coefficient o_ccqrs'at-r_iigh grea_ratios with
‘ sligh‘b separation in ‘the diffuser. These n;@ds eve éliown in figures
3é and 3d. D"'??If“fsand K"‘I&THOFF:‘R draw similar conclusmn 1*@ their
wov’k, shovm in figures 3d and 4. ) |

Gibson, however, found the ooptimmum p*eo$11ﬂe 'f‘ocovery coefficient ’co
%e.depéndent on diffuser type. Hls optimum dlver'bence any 1es .‘eré 50 for
conical, &° for square end 10° for a two dimeasional dlfifuser of AR = 4.
Thié cen be seen in figure 2. These values, howewigzr, _aré suspect since

he used a tailpipe vressure tapping aprroximately two diffuser exit

diameters dowastrean., 1lore recent workers have showm that when a diffuser

is credited with the pressure rise in the tailpipe, 'thent '__‘('iiAivergence
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angle at optimum performence is increased by 2 to 3 degress. Tous Kline
postulates that the reason Gibson's work varies from the Agenerally accepted
values is due to this small tailpipe addition.

3

A later worker in this field VULLZIRS carrie:i out an investigétion into
the performence of difiuse;:'s with plemun diséherge.  He situated the diffuﬁer
just dovnstream of the fan éischazjge. There was no flow siraightening of any ’
. kind between the fan end diffuser i'nle%. Since inlet flow symmetry end
turbulence have ariarge effect on performance, and no inlet conditions were
stated, his results ﬁave not been included in the review., Hore important

work was done by HUD]E'.ITO%’"

in 1952, His diffuser performance (Cp,_) was
based on the maximum pressure in the tailpipe. EHe published data for area
ratios of 1.5, 2,0 and 3.33 (showm in figwre 5).

His results ore consistent with those of GIBSON and shows the optimm
tailpipe recoveﬁ*y to occur with a diffuser of AR ’= 3.3% and diverzence angle
10° at a position .3.5 eﬁt dismeters dovmstféam. The optizmwa value of Cp
in the tailpipe was 0,82,

This value azgrees with ¥Yline's Optimu}n‘ of 0,82 for 2¢ = 7? with an AR=
"% 3,33 and a p}enum discharge. = However, Budimito's value should be: siightly
higher due to tile addition of the tailpipe. However, at optimum divecgence
angles,' (7° for plenum discharge and 10° for ‘tailpipe' disbharg‘e) the difference .
between Cp and Cpy is‘ so slight that it may be obscured by expérimental error.

" The following general conclu‘sions o opti‘mwnv area.ratios and divergence
angles may be drawm from previous workers.

1. The maximum diffuser performance occurs between 6° and 8°.

2.  Optimum effectiveness ocours et area ratios of approximately 2.

-3 Maxioum values of Cp ociurs at aren Totios of ap-roximately 3 or
slightly greater.

4, The zctual velues of maxium pressure recovery coefficiint increases

from ‘0.65 and 0.85 as the inlet boundary layer decreases. |

This effect is shom in figures 3¢ and 3d.



Leles  ASPECT HaAT1IO0 (AD)
.Li’c tle vork has been conduciel solely into the effect of »snedc fatlo
(AS) on o dmensmnal diffuser performence. However, ¥iine'et al state
that exoermental ev:.dence leads o the conciusion that aspect ratLos grezter
than six m.ll meke sidewall effects insignificant (shom in figure 6).
Even on small aspect ratio. diffusers (4S = 1), it appears that aspect ratio
is a much less ﬁmrtmt factor than Area Retio in governing the performance
of_ the'Unstallec‘i &if;"user. . However aséect ratio must be taken into accou.n'l;
.. vhen results such as those of DERRICY > and KZLYVHOFF-R, are assessed.
(Derrick and Kelnhofi‘e:‘" investigated a diffuser hiving an aspezt ratio less
than unity). |
i.2 " Effec’c of Inle;c Boundary Layer Conditions.
1.2.1 Boundéry Layer Thickness. |
The effecht oi‘ boundary layer thickness appears to be one of the most
'.significan.t factors governiﬁg diffuser perfofmance. Trerefore work which
j doe’;s not state the inlet boundary layer condition is of lit't'le rractical
'value.‘ | | . |
‘The inlet boundary layer .thiclméss is described by the ratio of the '
displacement thiclmess to half the inlet width i.e, '25;7“’1 . DERRICKS
K who uses fully developed flow conditions (287’;,5 0.11), states that the
Vinlet boundéry layer thickness for a fixed geometry'dii‘i‘userk establishes the
“absolute maximum Cp for that diffuser. Further, the inie‘c conditions affect
. tne performance more then flow regime. He states that génerally as the inlet
bounderyla.'fer thickness M@ee;ses, then Cp andAZdecz{ease (this is showm in
- i‘igu‘e—':?c and 3d).
KLI}-TEa haos done ex’censive vork oh the effect of the iniet béundary layer
tm.c-:ness, i‘rom2<5,’- 0.007 (vm.ch he uses to define a thin boundary lajer)
257\'&' = 0.05. I'b mey be noted that fully developed flow at the inlet rould
have a value of« /W of eround C.11l. (This has been found during preliminary
invéstig.-.tions in the present vork).

, I
¥line has 'mapped' these inlet conditions for various divergence angles

b

and erea ratios, (Examples of these can be seen in figires 3a, 3b).

‘ .
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Using this date, i'igtires 3c, and 3d were plotted. T‘pese show ‘that for
optimm geometric conditions (AR = 3.0, 24 = 7°), the 'variatior; of inlet
‘boundary layer thickness fro;n Z57w1 = 0.007 to 0.05 re.iuces“the mazrm:n’}p
- from 0.85 to 0.65.  Kline et 2l also nétg that mc:r‘z,ases in boundery layer
thiclkmes: are 'usual'ly‘generated by an inci'eased inlet.piﬁe length. This
increase may, however, have the eflect of mcreasme, the tu.rbulence mtens:.t,{,
(to ve discussed later) which also has an efi‘e"t on performa.nce. |
There is a-limited amount of data for fully develc‘)ped i‘low at inlevt.v.
WATTIAYT 6 for this inlet condition shows that pezk rec_ové:c“y.occurs at divergence
anglés betwe@ 10° and :20°, .
Ano‘thec inlet parsmeter Whlcn has an effect on nerform,nce is the boundary

T note that sha.pe factor H and 25 / W1

layer shape factor H. 'OO’iE and KLIIE
tbgethér }moba..'bl‘y have an effect on‘peri‘or.mance but did not investlgat_e 11;.
1.2.2  Turbulence Intensity ({G'2/0) ,

The level of' ‘curbﬁlence intensity affects the Uerfomance of the diffuser.
Purbulence intensity bemg defined as the ratio root nean square value of the
flow veloc::.ty fluctua‘blons, /2 to the nean velocity-of the flow U, (J—T?/U)

WAIEC'MT, RENEAU and VLB’F‘6 observed that the 7eve1 of ’curbulence
affected the an¢le at whlch stall mcept:.on occuzu ed.. They noted that, gen-
erally, in small diffusers \71'Bh dlvergence engles of less than 200, 1ow
“turbulence levels delay stall mceptlon. Hox.ever; .at higher divergence
angles and larger diffuser wall lengths, hizher- inlet turbulence levels delay
stall inception.  They conclude thet ressure réco‘\Ter_jr is a Mction of both
- Tinlet turbulence intensity and the boundary layer t'hic!mess.. These results
are shown in figure 7. ) |

¥line et al conclude that with a turbulence :Lntens:n:y of less than 3

the flow will be unaffected. If turbulence levels exceed T then a large

“transitory stall regine will only occur at higher orea ratios.
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i e AL MUBL WhLLES St BE bhalr L0W ibulece HIVEISLLIES \ N o9)
will have little effect but with hign inlet turbulence intensities ( %)
the -onset of stall is delzyed end therefore p:esm;z‘é 'réc’overy may be slightly
increased. .

1.3 ' / . Diffuser Performence.

‘ 95118 e{;/al éhcw con'clusivel:} that optimim pléi'fo.z'énéhce bccui‘s at low
area‘ratlos, (2 $o 3), divergence angles bet‘veen 6° 1o 10o and a thin mlet
boundary layer. . | They also conclude ’ch—jc the optlmum pressure recovery
occurs in a large area ratio dvfluser, (c.ppromately 3 ) c«t the onset of |
slight flow separation. Iz, however, flow senaraulon uncree.ses presmre
pressure recovery Will‘fall. ¥line et 2l postulate a- c;'l bman for the det-—.
échment of’ th.e bouﬁdary le;y'.sr, vhich correlates the peak I‘ecove;r'y geonetry.
Their criteribn is that the flow will leave the diffuser ’nll when, ‘che local
momentum thicknhess gradient reaches O 012 1e§f O'.012.‘ This they call
'their detachment. criterion and is derive'd in Tre’f.‘ 2 éh;aptez" Se
1.4 Reyaolds Iumber Efi‘eats"(v‘ie)"

‘ Reynolds number for a diffusex' is gener’ally based on the inlet width or |
diemeter. Kline in his extensive worlf on two dimééional diffusers assumed
that Reynolds Tum ber (vased on inlet width) had no sw gnfw cant effect over
the range of his tests. Although the Reynolds lumber dld vary, Ilme carrled
out no tests to substantiate this viem. ‘CO"YRELL' and IiﬁKLﬁJﬂ)zg conclude
that Reynolds Fumber is only important in 1ts effect on, the size of the
bounacry leyer tnlcmess. ' N '

" Similerly FERFETT 21no‘l:es that in theory for a,giwi«'an diffuser geometry
J and upsirean conditions then a veriation in Reymolds I'.;t.mbér'_‘v:il‘l very the
inlet ‘oomﬁdssry .1&,‘[({? thiclness, and theréi‘ore peri‘ormahcé;- Secondly he points
out that for a given inlet boundary layer thiclmess thei‘.;-%:eynolds Twaber lv.rill
‘ai‘fect'the rate of grovrth 6:[‘ the boundary layer Withiﬁ fhe-difﬁzser and ’11ep§e
perfornmance. Ee goes on to roint out that il one cons:.dcr_r's a s:T_fnjﬂe D wer

. law velocity profile then it is evident that as Pezmolas 1’umbcr increases

*
then 26/V\,11*:ill be reduced. This trend is shom in hﬁs m:ne_ :_*nea'sd vorh
where he found ;/1/( end Cp to increase until Reyaolds humbetr 1*eaf~nes 2 x 10°

’ A\



after which he notes thzt :i’urtﬁec increzses in Reynolds Fumber ;:roduée no

detectzble increases in Cp oriqu_. ) | |
RIPPEY |, found thet Cp was essenticlly constent in both conical end: two

dimensional dif*"users for a variztion in Reynolis Iumber froam 8 x 104 to

6 x 105 . GIBSON T in 1910 also stated that he found no cnange in pez‘fomance

with Reynolds Iumber over uhe range used in his work, (4 x 107 to 2 % 10 5)

12
- but gives no further information zbout his ues’cs. YOUNG and GREZN did tests
from Reynolds Xumbers of 1 x 10 5 0 1 x10 6 and their data. shows that up to
~the transonic region the: ReJnolds number effects were negligible. ’.13& =

13

and ¥LINE! , end FOX and XLINE ~did not find eny variation in performence with

Reynolds Humber, although the bests wre confined to Reynolds Humbers of 5 x 10°

to 2 x 104 |
Kline, how_e%%er,, sugges‘bsr three possible effects on performance of Reynolds

Number variation,

(i) If the Reynolds Fumber is below 2 x 104, then on increase in Reynolds
Humber .will produce an increase in performance parameters.

(11) If Reynolds lumber is above 2 x 104 end either a jet flow regime exists
or the performance cherateristics have not reached their optimum values,
then there is still a slig,hfc Reynolds Tumber dépendence.

(i.ii) Optimun performance is independent of Reynolds Mumber,

" pupmiTmo4 did publish some data on Reynolds Mumber effects, (shown in
figure 8). He showed that for & perticuiar diffuser (AR - 3.33, I/w, = 16,67,
24 = 7042') the maximun rressure coefiicient, Cp, , increased by 2055 .as the
Reynolds Iumber increased from 3 x ].O3 to 3 x 104 .; As the Reynolds Fumber
was increased a;O'ove 3 x 104 y 'Ehe increase in CpL\vas much reduced.f | The max-
irmm ;Rey'nolds Tumber was 5 x'104"".' This value corresncnds to the lower limit
used by most workers in the field. |

It is important to note that for many of these reported tests, particulerl

. those at low ’Yeynolds Tumber, the apperent effect of peri‘orua.nce was not sinply

due to the transltlon of lamlner $o turbulent flosw.

.5 . , ‘MTailpipe iddition. |

1
’

The effect of tailpipe addition hes been investigated by numnerous workers.,
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The first being that of GIBSOZ.% who used the tailpipe pressure to commute
the performance of his diffusers. |

| . From his data it can be estimated that his tzilpipe had a lengvh of
:appz'oma'tely-two outlet diemeters (/ = 2), and his optimum tailpipe pz'essure
recovery (Cp,_) ocaurred Wluh a d:.vergence engle of 11° (with two dimensional -

2 et al also did work on the effect of constant area ducts

d:.fi‘users;. : KLIA;-E~
. following the diffuser, He postulates that the pressure rise in the first
part of the tailpipe is due to the increased unifornity of the velocity profile.
" However he concluded that the value of pressure recovery (Cp) at the exit
I;lane of rthe diﬁusez; was independent of the failfipe to v,*ithin' the uncertainty
of the data. |

The fraction of pressure fecovery which occurred in the tailpipe (A cp )
vas small (up ;co" 773) for diffusers operating without flow separation.
However it increased as the amount of separation incre;ased unt.;il transitory
stall was established, vhen it wes about 209,  REID-Cshowed that the addition
6£ a ta,ilpipg improved the performance of the diffuser and increased the
'.;liveln;gence angle requir:d for optimum performance. EUDD-'IIQOA’ aiso found that
the pressure 1“ecovm:'y (Cp) increases when a tallplpe was added to the dlfi‘user
(showm in flé}l_e 9 and also floure 5)e For a diffuser of L/w, = 16,67, 2f
.-_= 7°421, and en area ratio 3.33, then the maximum Cp, occurﬁd in the tail-
plpe at 3.5 exit widths dowstream (/}. - |

. COCYAELL and MARKL! \TD29 also foumzi thet for a configuration of 15
‘di'ygrge'nce angle, AR = 2,25 with a fully developed flow, the addition of a
."_"bailpipe increases the overall recovery increases dramatically by about 607%
| KELWEOFFER and DERRICKs state that performncé increased by the addition
- of é. tailpipe of 6 hydraulic diameters long. Kline in discussing Derricks
paper suggesis that complete veiocity transverses of tailpipe and diffuser
could be tzken and wouid be a worth while topic of research.

.CI0ONLLD and E’QK’loboeﬁ“vea that such large v&a.atn.ons occurred between

plenunm discharge and ?ai_lpipé that ’phe use of pienum ‘dishcarge data to predict

tailpipe dischsrgse performance could lead to serious jerrors being incurred.
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In conclusion it seeas generzlly agreed that the additios of a tailrire
erformance, {except at very low divergence angles) due to- the

will increase per
improvement in the velocity profiles in the tailpipe and the subsequent momen-

tum recovery.

->



Chapter Two.

THE PRESENT TIVESTIGLTION.

IL.1 Main Indicetions of the Review,
11.1.1 The Diffuser Geometry. - |
Most of the /x;.;orl: reviewed in chapter I was coi;éérnéd with either_ﬁro
dimenéy;gnal or wisﬁehic difiusers hzving plenun or jbaiipipe discherge. g
' The verious divergence angles and area Tabios have t;een' covered com;i‘éhenéivéiy.
1T.1.2 Diffusezl performance | |
The previous chapter indicates that the optimum ?érfofma_hée occurs waen the
divergence angle occurs :between 7° and 10° and the area iatio 1ie§ between
two and three for a two dimensional diffuser. The actunl ahgie and area
ratio is dependa?t on the -inlet and outlet condi‘cioﬁs, ei‘fectiveness decreases
for area ratios ébove two and pressure recovery coefficient (cp) dec;;'eases for
aréa ratios above three, also an increase in area ratio appears to pi'omo’ce
separation.v The effect of the 'd.ii‘iuser inlet \bouﬁdary layer thiclmess is
reas:,or;ablg conclusive, As the boundary layer ’thickens s it adversely affects
the. diffusers overall performance, however, it must be" ﬁoted that the method
of boundary 1ayer‘generation co;.lld be of some impo:_(‘tafgc:é due to flow turbulence
ef?ects. . - | |
The presence of a dovmstrean tailpipe appears ‘to. increase performance in
high erea ratios, high divergér}cel angle difihs*ezfs.‘ :; Ho‘v'vgever the developing °
velocity profile within the diffuser (and t—ulplpe if f'i‘{:ted) appears to have
‘been lergely ignored. , . | ' | V
| The effect of Reynolds Number (Re) (:oased on inlet 'widtli) e:ppears a little
uncertsain, since many workers have assumed i’cs‘ effects ‘Eo.b_e .negligib‘le buf
not carried out tests o ;rez'ify t’ﬁeir assumptions. It f{oﬁm however, appear
that most workers have assumed thet for Reynolds Hu;n_be:r{s .'(Re) above & = 1¢ &
the effect of Reynolds Hum r_-rv (Re) is small. Tnou{gh'th_é'in“iet boundary layer -
thickmess would appear to significantly affect this poin’f .o£ independence,
| The effect of turbulence intensity hés not i‘ecei'\vre(i"{;;ﬁ_xﬁ[clf;’ifaﬁltention, ‘how-
ever, ’ghe work done on this seened to be in agreement“as“ _j'b_o :.'Lf;_éf‘__i‘.ect.



For values of turbulence intensity less than %5 the performance will be
‘unéi'feéted', 4above &%, however, the boundary layer stability ;i.S im-roved az.1d
-~.thé 'ons,etb of a *l:r;ansitory stall regime will tend to only occur at high area
' "fatios.
I1.2 - ~ The Pre,sentinvgstigation
It has beeﬁ’ shova by the litcrature survey that a diffuser with plenua
: discharge has an optimun geometrical configuration (for meximua rressure
recovery (Cp) ) of aprrozimately T° divergence angle and an area ratio (43) 4
'of 3, A diffuser w:'g.‘cﬁ a tailpipe fitied (i.e. a parallel duct mounted
dowastream of _the diffuser exit) has.an optimlllm_ congiguration o.:£' 10° aiva'gence
angle and an area ratio(AR) of approximately 3. . T4 has however‘. been noted
that the devélgping velocity pi'ofile within the diffuser and tailpipe has been
largely ignored, élthough sone workers comment on‘ the u‘sefulnegs of such
information, This is surprising since it is the improvement on the velocity
.profile of the tanl.ipipe' vnich yields 2 bpetter verformsnce for the overall |
tdii‘ﬁlser tailpipe combination. It was thefefonedeci_ded Yo :'nvestiga’cé, both
,theo;étically and experimentally the developing- boundary layer paramcters -
" within the dif;‘user and tailpipe and their effect on the performance parameiers.
| Aiso the effect on the overall performance by the addition of a tailpipe was
investigated. ‘ ‘
For the theoretical investigation the Integral method used by Ferrett?!
\;Tais further developed for applica’cion to two dimensional diffusers, both with
_:and._withou’c tailpipes. This method is based on the lomentum integial equation
 exid uses the concept of entrainment as posiulated by Head for the "auxiliary"
equation. Fowever the assumptions of the Head me’t':;z:od are only valid if
a substantial potential core flow exists at all points in the system,
Therefore recordings of the developing velocity pro'file enabled the potential
core 1o be measured at v_arious stations along the diffuser and $ailpipe. A
preliminary in‘\.iestigatiqn was carried out on an exisymetric parallel walled
rig, to detérmine ’che,lemgbhf of inlet pipe required upsiream of the diffuser
té proc’luce the I‘éél;ﬁed iniet bbﬁndary layer conditiéns. - With @his data &

. o



rig was designed and constructed to give three differeat diffuser inleb boundzry

*

layer thicknesses from2%= 0.01 to fully developed (28 0.11); turee

E vdivergvez‘;_c‘:_é an‘gles'oi‘. 50, Z:Oo and 15%; +two area ratioé for each divergence
_.éhgle and either plenun or tailpipe discharge. The rig was also constructed
‘ so that veloé_ity In'averlses'cotild Dbe taken at verious stations along both the
diffuser and‘ tailpipe to facilitate investigaticnl of the developing velocity

. profile. | |

~ With this ri‘g‘all thirty six different confizurations were tested and ilhe

.developing velocity p;ofileéme_asured. Also a test to determine the effect

of terminating the tailpipe at the maxdimm pc‘éssure position was‘ peI‘fbrmed.
Tests vere also carried .out on one configuratia to determine tl\}e effects

of increasing Reynolds lumb<r on performance for the three different inlet

boundary layer th‘icknesses.



Chapter Three.

FIOW DEFINITIONS D PERFCRIANCE PARLUTETIRS,

I o Boundary Layer De.finitions.v |

| ‘These bou.nc'l‘ary layer defiriitions are true for two dimensional flow
only’(i. e. flow pgrallel “to and perpendicular to the flow direction in one
plane only). Fﬁller derivations cen be found in appendix 8. ‘
ITI.1.1 Displacement Thickness (5")

This is defined as the distance bj which the wall would be required to
move towards the ceﬁtr,eline oi‘ the difi‘uss—:r if there weré no bou_ndary layer
p‘r’esent (i.e. flow ve1001ty was at the free steam or centre line value at
all points, u.nli‘orm flow veloc:u.ty) to maintain the same mass flow. This
is denoted by' the s /1ol & 2nd has the value J (1 - :0 Yaw.
II1.1.2 Xomentum Thiclmess (O )

The homen'bum Thlclmess has no strict physwd neanlng as in the case
of'g , though for the t-o dimensional case it can however. be defined as the
distance by which the wall would have to be moved to maintain a constant flow
of momentum flux past the position if the flow velocity was uniformly at the
mainstream velocity.  Though thls does not hold for the a*asymetv*lc case.
For two dimensional flow ©= fuo(l -4 ,)dw, Momentum Thiclmess (B) is
Strlctlj tne distance the wall would have to be soved, to pass the deflCmey
in momentum flux through that. space at the. ;zaln_stream veloc‘lty but for two
din;ensional case the distances are the sazne, but ’?hey are not for the sxisy-
metric case. |
I11.1.3 Shape Factor (m)

This is the ratio of dlsnl'xce"xent thickness (6) to momentum thickness
. (6) and is deaoted by the symbol H.  This is an important flow parameter
sa.nce it partialiy defmas the shape of a velocity profllgrgan be used to
give an indication of the onset of separatlon. Th:.sAgenez'ally accepted to

occur wvhen H exceeds 1.8 for non diverging flows. For diverging flows values

of H in 'lme region of 2.5 to 3 may be obtained before separation ocours.

!
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If cen also indicate flow irregulsrities and asymmetry.
111.2 . - o Flow Properties.
;'11'1. 2.1 lean Velocity.
' i?or'the purpose of this '.vork the mass averaged velocity u was used waich
can be deu.ned as the veloclty requ:red to give the szme mass flow ¢1ong the
duct and’ tnerefore mst have a value of G = 1/(’Wjeudw, therefore for
) n.ncompress:Lble flow would have a value of T = 1/wf‘ vdw. Since this vzlue
is obtemed from mass flow equivalence, a kinetic energy errrection factor X
mist be used for klnetlc energy equivalence (X= X Sw dw) and similerly
for momentum flu;: equivalence a momentum correction factor @ rou‘d be requu‘ed‘
(@ WS v dW)

IIT.2,2 Flow Steadiness (or Unsteadiness).

\

The unsteadiness is usually quoted as the ratio of the maximun fluctuation
in the static pressure to the mecan static pressure i.e. unsteédinesw(pmax -
7 min)/ p]
111.2.3 Reynolds Number (Re).
" The Reynolds Mumber for the present investigation is determined using the
nass avera;fed flow velocity at the inlet to the diffuser and the viscosity ,
density and tne width at the diffuser inlet station: (Re = @ u W/,q,
III. 2.4 Fluid Properties.

" Since the flow velocities are low, any local Ma-ch‘ number will be less than
6;‘25 and the flow may be assumed incompressible. This implies that temper—
'a“vlm_:_res‘are constant along the duct anu tims density a.nd viscosity .v;ariations
may be ignored. In addition static pressure and temperature msy be assumed

t§ remain constant across any cross éection. )

It may be noted that errors will be incurred here particularly in the
case of density since .static fressure is not constznt along the duct, however,
the error is less then %7  This error could be eliminated for certain
perameters using the static pressure at ’che. roint in question for the calcu-
lation of the density insbead of using the inlet station velues.

|



1.3 " Flow Reginmes.

There ere three basic regimes of floiv, these are;- 7
(a) TUnseparated flow, this occcurs when the bqun&é.fy Layer remeins attached |
to the diffuser wall ot all bines, | o -
(b) Separa,ted flow' It is generally accepted that thls occurs '"hen the
boundgy layer becomes de’cached from the wall (thouc,h 11; may re-at .,ahh at a
later stage). N
(¢) Stall; This occurs when a stagzaﬁt recirculating flow is presenf and"
the fluid near the wall tends to move upstreaa. Sfali is an edvanced stagev
of flow separa’clon. |

There are various degcees of stall and sep aration mth:.n é. d:.fi‘use“ buf
the two preceding definitions are generally used to discriminate between stall
and separation; ‘ | |
- IIT.4 _ Turbul ence Tntensity.’ |

The level o:i' turbulence préoent in the flow "is expressed as the R.I%S
vc.lue of the flow velocity ;luutuatlons, \/J-? to the mean veloc:.ty of the
flo*v 0 y l.e. \/7} this can be seen in f:.g;ure 10.
II1.5

Performence Parameters. (

«

The performance param~ters chosen to be of i.ritéi‘ést in this invéstigatiozi
were:- )
(a) The Pressure Recovery CJei‘flclent (¢ p) , '-; : \AV'
."'hls is defined as the ratio of the St’ltld pressu*‘e rise between the dlf“uoer
.mlet and another station dovmsiream, and the mleu value of ¥ @ U; of
the fluid, where U is the mass aver aéed veloc:.ty_and the. refore % z Qu.i
is not the true inlet winstic energy of the fluid, ' ‘
Therefore Cp = (p - ‘pﬂ/' Q&,Z. |

This lS the paramoter of gen=ral interest to ’che des:wn since diffuse:‘s
are mcluded to increase the static rressure at tne exoense of the flow

Yinetic energy’. Cp therefore zives a Q.llde to tne relgtmnslnp between the

two parameters.
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(v) Energy Corrected Cp. (Cpg ).

This is the Value of Cp previousiy defined_ but corrected for the error J.ncu.rre:x

' ’}by caleuleting the inlet kinebic energy with thé mass averzged velocity.

:This is achieved by including the kinetic energy correctioﬁ factor (o< ),
defined earlier os wa(v_,é)gdm | | _ |
Therefore Cpp can be expressed 'as:f Cpg = Cp/(x = (p- p,)/lz <, Q, G2,

C(e) Effectivéness of the Diffuser. (). -
Effécfiveness is'defined as the ratio of the preésure chanze between the inlet
and a dovmstrean sta{aian end the change in the "Finetic nergy" between the
fwo stations ;(Again based on mass averzged vélocities, therefofe; tﬁe
effectivéne;s is not a true energy efficiency). | |
7 = (p-1p) 3QE-RH")

-~ for ingompressipie flow can be expreszed as ‘

v = (p-p) £ Q @-9%or (p-p) FEUE(L-1/AR?),

| . The effectivéhess,'as its name implies :ives a rough guide to the

jeffectiveness of the diffuser in converting kinetic energy to a static pressure

'risé: Tais is not however én energy efficiency due to the error incurred in

- using the mass averaged velocities.

. (d) " Energy Cc;rrected Effectiveness ('IZE). . | |

Tﬁe energy corrected effectiveness of a diffuser has.the samefdefinition as

the'effectiveness exéept that the kinetic energies based on mass averaged

- &élocities are corrected by the inclusion of a kinetic energy correction factor
:§<,forvéach station, therefdre,ﬂyecan be expressed as:- | |
= (o= [ Be i - p G)

or for incoapressible flow o

= (p-p) fEe (B -Gl

oxr .

| n(ég CP/&(C%I;C‘A/Asty

(e) 1Loss coefficients,

The most general lossgcdefficient used (N) is expressed as:-
N o= 1- (p-pg)/%eaf(l—‘l/ﬁ«ﬁz) = 1.9 |

* - ‘A,



This expresses the loss as a total pressure loss fhroug‘a the difms_ér,
but as with effectivencss (41\ does not give the true energy loss since it
emnploys T,he m2s8s averaged velocity and would t‘le’rexo*'e have to b,ave a unifor:z:
flow velocity at OOuh stations .to give an energy' 7oss coei‘flclen'c. i
energy corrected 'botal loss coefficient is given by the'express;onz . |

Ky =04 - 0p = X (Al/A)




‘ Chavter Four.

EXPERDTITAT, PASTIITIES,

‘.IV.l ' | Choice cf the Experimental ‘I.Zig.’
The work of ¥line et al and. Yelnhoffer and‘Dc—:r'icI-: described in chapter
I, indicated th=t areas of intecest for optirmum diffuser performance were,
angles of divergence from 50 to 150 and arez ratios in the range of 2 to 3,
| It was therefore decided to coustruct a varizble geometry diffuser having
three possible divargence angles, 59, 10° and 150 and two area ratios, 2 and
3, To this was added a detachable tailpipe which could be varied in length
- 40 a marimm of 12 diffuser exit widths for AR = 3, and 18 diffuser exit widths
for R = 2. It was also required that the boundary layer could be inter-
changed at the inlet to the diffuser between thin, thick and fully develoved.
T'r;e method‘usec.i to vary the inlet boun'dary layer thickness was to mak.e
'i;he duct length variable. This pérticular méthod was chosen because the
duct could be constructed easily and significant variations ir; turbulence
intensity a.nd velocity proi‘ilevdistortion were unlikely, In addition the use
~of a duct‘ enabled a se-ies of static pressure 'Eappings to be positioned at
various stations upstream of the diffuser inlet.. Hence th.e effect oi‘.
streeniine curvafure on the diffuser inlet static pl;essure coulid be eﬁcamined
. and the static pressure reading cor‘:eéted by extrapoiating reéults ta‘a-:én along
'the @uct upstrean §f the zone ai‘i‘e;ted by sireanline curvature, For the
three inlet boundzry layer thicknesses, the inlet duct was reouired to be three
different lengths. The values of boundary layer 'bhiclf;_ness chosen (based on
~’l:he displacenent thiclmess/half‘the duct width) vere 0,01, and 0,06 for the
thin and thick bound:ary layers respeé%ively,, and.from a simple powei' lew
analysis a fully developed inlet flow was found to be 1.n the region of 0.11.
| To deter.:ine the .ac‘mal duct lengths required for these boundary 1ay'er
conditions a rrelininary M'fes‘;igation was carried out on a 3" dia:peter brass
tube.  Since these fesults were for an a:clsyx%“etric case the values oi‘Zc??D

. . * . s pn
were therefore smaller than required values of %As/,, but since this efiect

‘ “



reduqés with the boundary layer thicknéss a fair comparison can ve made if
‘suitable allowance is made, | | |
.2 | Preliminery Tivestigation

A brass tube shown schematically in figres lla "ana 11b, wes used to
carry out a‘preliﬁinéry investigation into the grorth of a turbulent bounﬂ,ry
layerf/i A pitot traverse‘(shown in figure 22) was located in tapnlnﬂ" and
traverses of the developing boundary layer made, (%he tappings are shown in»:
figure 12). The results obtained'(figure 13), cléariy shoﬁ that for a
~fully developed flow, 28™ /b = 0.084 for aﬁsyrg;e"criclcase, an inlet pipe
length of x/D in the Tegion of 32 to 36 is required. V:Tﬁeréforé, a value of
x/w; of 37 was chosen for-the tvo dimensional case giving a'2t§¥/w1 value
of 0.11 at the diffuser inlef. For a value of 248?/W1 of 0.06 the reiatiqn-
ship.shbws thaf'x/D values in the fange of 1i to 12 for the ay{syégtr*c case,
. give the requlred boundary leyer tmc’mess, ‘but since the two dimensional
boundary layer has a larger 28*/w, than for the axlsymetrlc case and the
boundary layer growth is slower, a value of l; was chosen, i.e. 1 metre.
For the thin inlet boundory leyer a value of x/w,0f 1 vas Ehosen this being
thebsmallest value allowable to avoid the effects of the boﬁﬁdarv layer |
trip wire. (The trip wire is descr ‘bed 1aterfiﬁ’tﬁisAchaptér). The values -
of x/w, = 37, 13 and 1 zave diffuser rig inlet‘béuqdérj layer values of
2,8‘"“/wl of; 0.11, 0.06 and 0.01 respectifély,, ;(Tﬁé full résults of the.
.preliminary investigation aré showa in apéendik,é.); éhese vglués of inlet
duct lengbh, determined from the nreliminary investization, were all sub-
stantiated by early tests on the main diffuser ernerlmental rig. |
};1V.3 - Diffuser Rig Design.

The.expérimental difliser fig,shown schematically;iﬁ.figure 14;consisted
of a radisl flow fen, setiling chamber»contractioﬁ and'éxperimental diffuser
‘Tig, From.th: previous work of other researchers“ suamarlsea in chapter one,

it has been shown that for sidewall effects to beuunlmal;‘the aspect ratio

(4S) should be at least six. Therefore, an inlet‘aspédfﬁ';tio of eignt was
chosen.  The width of the duct was determined from_pohéideréfibp of the
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mihim.m dimension which could be accurately t‘r'aw*éz;sed by a pitot tube in the
bounder} layer. To satisfy this objective it was decided thaf; the m’.dth. di‘
~ the duct would have %o be at least 80 mm., thus giving a duct‘bread‘bh of 640z,
The investigation was only" concerned with inéo:z;:réssible fiow (the mach |
number being less then O. 25y,  Tnis requirei a volumetric flow in the region
of 7,600 cubic ft/min. at d'eli'-fa'y pressures from 50 mm. to 250 m= water geauge
(the preliminary calculations made to estimate these quantities are shown in |
appendix 1). It was decided that the best means of acheiving this large
variatidn in delivery pressure, ‘Withou‘c resorting to a vai‘iable speed fan, w=s
by using' a 24 inch, baclward curved aei‘ofoil section radial -flow fen running
at 2100 rpm , powered by a 25 h.p, motor, with a radially feathering daaper
ét vthe inlet fto the fen. ; However it was found duripg mreliminary investigat-
fons t?at with. a snall back pressure (50 mn w.g.), the fan needed io be
damped to a very low inlet area. This cansed the fan discharge to becone
very unstable, préduciﬁg both a flow which pulsated severely and excessive
vibration of‘ the fan and the experimental rig. Thus it was found necessary
to slow the fan speed down to 1800 rpm. for the thin and thick inlet boundary
léyer conditions. This measure produced a stesdy and non pulsating flow,
IV. 3.2 Sett;ing Cheomber and Contractions.
The fan discharged through Va flexible coupling into a 6.6 netre x 1 metre .
x 2 metres long sebtling chember.  The settling chember (shown -in figure 15).
consisted of five sets of 28 s.w.g. x 16 me’sh‘wire gauzes and two 2" cell by
75 mmi long aluminiunm honeycomb flow strei:hteners (8" x 75 mn gives a cell
~diameter ‘b& cell length ratio of %4 as recommended by the National Physical
Laborztory in their publication H.P.L. 1218.26). |
This settling chember dvisch'arged into a perspex contraction, constructed
to N.P.L 1218 spe:ification {The co-ordinmtes of the contraction profile? are
g:i'v’en in appendix 1) to 'give' a thin boundary layer and wniform pr‘;.ufile (shovm
in figire 16a) at thé exite. In order to ensure that the boundary layer was
turbulent on exit from the contraction the boundary layer was ftripped'.
From Pgnkhurét and Holders text "Wind Tunnel Technique" it was calcﬁlated that

!
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2 boundery layer trip wire of diemeter (25 m: at the contraction exit plzane
would be required to effect this, thus ensuring e;.‘mrbulen.t 'boundary i-ayer
on entry to the diffusing section. (caleulation shovrn in ia'ppendi'z.l). |
_IV.3.3 Diffuser and Tailpipe. | | |

The i‘low from the conhantvon passed J.n'GO the- mlet ducf, whose dimensicns
(mentn.oned ey 1ous1y in this chapter) were deter :Lnai bJ the bounu 7‘y laJer
thlclmess required at the inlet plane of the dlfﬁzser. Therr the flow
entered the experinental difiuser and tallplpe. |
| The inlet of the diffuser vas Siven a 12mm blendn'ng raciius on the corner,
| as ehown in figure i? . This was to reduce the p‘oodbllrby of the boundary
seperatmg f?‘o'n the wall on eatering the diffuser. 4 blending I'arl""us was
also given to the defﬁusa'/tallplpe Jjoint though the effects on the bound Ty
laya‘ here vould not be as serious as they could be at the inlet since a
. sharp corner would not tend to separate the bound':rj L.Jrr from the wall at
this point.

The alffuser/tallplpe rig wvas cons.,ruc’ced from 1" thlc perspex sidewalls
with slots milled along then, These slo ts enaoled the diffuser and tailpipe
walls, which were both consiructed of 3 n perspex sneet, to be located in :
position. Thls mabled ’che various conflnm ﬂtﬁon he dli‘fuser and
tailpipe (12 in all) to bve cn-anged qulc;»:ly. The val ls were sealed in the

-

slots by slicone grease and the joints tapea to nre'vent air. lewkege.

~

) .. The complete asoembly was secured to the mleu section DJ a flange at the

";:T‘_;.nlet of the diffusing section. Tie bars were used to clamp ’che sidewalls
and thus secure the vwhole assembly rigiély tozether., - 1ls can be seen in
figures 18 and 19. '
IV.3.4 Static and Pitot Taprings.

The velocity of flow was measured by a pitottrave:é*'se vaich was located '
in taprings as shown in figure 20. Initially i"r,'{i'as?e.n*éisagei to use these
tappings for 50‘1;21 the pitot and the stztic m‘esoﬁe"te‘b"inrvs, by incorporatinrr

a 0,6mm Gismeter hole in the lozabing head for the p:.tot ’srave_ se, and there-

fore %o obtain the dynamic head directly. Unfortunately a certa:.n emou_nt

!
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of interaction was experienced between the pitot -head and the static tarping
when the pito’c head was traversing close to the wall *.*rhich cau.sed inaccurzcies
ln the dyna._ﬂc head (shown ity an aprarent uls’cor'blon of the veWOc:L“y j1alo) ile
‘Tioure 21) F;.nally an mdependent- static tapring of 0.8mm dieneler was
incorporated as shown in figure 20.

iV.4 ) N , : .'Instxunmtation.

V. 4.1 Pito'i; Probe.

The actuel. pitot traverse was taken from a design' used by‘Ferre’ct21 in
his invéstication;into tzuncated coniecal diffusers.,

The actual ’)l'GOt locating head was larger and the pitot probe was of a
larger dlomater, 0. 6mm dianeter with a bore of 0.15 mm diameter. . This
was done to reduce the response time of the instrument and thuslre.move the
necessity i’or balmc:\.ng manomete‘cs or othqr' 7'anfra'xen't:s. Also a spring ¥
incorporated in the micrometer screw movement to remove any ﬁacklash. The
instrument is showa in figure 22,

fg‘he pitot was traversed perpendicular o the diffus.er wall since it was
the' bouﬁdar;;r layer wnich was of major interest, and the .cosine error at the
centreline was at a mxiwmum less than 1.  Due to the thickmess of the pitot
‘prove tubing\(-O.Sml) some rotation of the end was experienced due to drag.
| Tais wes caloulated, (shown in appendix 1) and found o be never more than

220! which gave an error of 0.08% end was neg 1ected.
";V..4.2 lanometers.

The pitot probe, which was described previously was connected to an
"f—‘Airi‘low Developments" manometer greduated 3.n 1.0mm's water gauge intervals
fx'om - 10mm o 600z, Tue to the distancc between the graduations, approx-
:Lmately 1.5mm, it is uniikeiy thei the readings teken are of a2 greater
accuracy than T 0.5ma ot wa*l;ver gange. The static pressure side of the
manoneter was also comnected to a T.,E.H4:3icrommzometer. | Tais micromanémetez‘
was graduated in 0.2m of water guuge ,hich vas megiified by an optical
systen and had 2 rangebof 0.0 to 600.0 mm of water {l;auge. The probable

' Co . o . + o
accuracy of this instrument was in the region of = 0.1lmm of water. The

[
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Static Tapping

This dimension v;as determined
when all the tappings where in
position© The tappings were all
measured then machined to the
smallest sise to <0.000Cy~0*0005H
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small inaccuracy was caused by friction in the slidving.glass g‘aduated suspéndeg
measure and flpat systeﬁ. '
It was found that o considerable bime Jdag was mherent in the sys‘ce.m'.due

.to the small sizg of the static pressure fap::iné; (0.'8;3':3)_>and j:h_e vo’f_.u_fne.‘
within the'miczomanomé;aez’. T‘nis nad the effect of aa..‘pdng out smzll pressure
i‘luctuations/:‘i.n the systen‘l.’ This demping could bé increased if necessary oy
incréasing the restriction in the static pressure li‘né»byv t‘;'le use of a w-ra':tv‘e,.'
Due to the small size of the pitot probe bdré, t\heﬁé vas aisd a considei'a‘qle .
time lag 6n this side of the differential system which could alsvo be increased
i‘urther by the use oi‘ a, flow restriction valve if necessary, thus giving the
effect of daméing out small pressure fluc’cuations’. It‘ was therefore found
unnecessery. to additionally damp the instruments :oy ’ché use of»reéervoﬁrs.
In addition to‘ these two rﬁanometers a 36 tube multiﬁzbe manometer was used aﬁd
attached to thé static p;'essm‘e tappings.' 'l“pis was énployed to determine
the most important positions at vhich to make vélocity .tTave.arses.

. The layou'ti of the fresure measuring systems ‘fihich were used are shown

schematically in figure 23.
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The Pitot Probe Head
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Chapter Five.

GENIRAL TEST PACOCZDURE LYD RANGE GF TZSTS,.

V.l Preiiminary Investigetion Procedure,

Dur:.ng the’ prelininery investigztion, the pressure measurement circuit
as conn‘eci:ed initially as indicafed by the schematic layout shovm in figure
24 (i). The-'fﬁ‘béedure followed using this layout was as follows:

Any flow in the pitot dy.amic pressure side caused 2 pressure dii‘fa‘en—
tial across thé restriction 'C! which was indicated on the balancing
- manometer. Tﬁe balar;cing valve 'A' was then opened aﬁd air bled ipto the
system through the res;triction 'B'.  Vhen the balancir;g manometer showed no
differential it could be assumed that the value of pressure 'P! had been reached
in the mi@omomete‘r. -Unfortunately this system wé.s so seansitive to small
'varia*bions in~flow that it was difficult to obtain g-balance and any slight
" drift gave the irppres;io.‘z of valance not being acheived, It was therefore
_ decided to use the simpler system show: in figure 24 (ii) together with
. a }arbar pitot head diameter. Thus the response time and the effect of
drii‘t were reduced. |

| Using this systen, tests‘were perforimed at 22 stations along the brass
tube vhich has been described earlier. The e;cpez:irnaatal pro'cedure was the
' same as that used fo*f' the main diffuser work to ‘be descrlbed later in the
. che.pter. The only dif e{rence between the prelim o_nary investigation and the

main one was that, during the former, velocity traverses were taken at every

- station.

..il.2 Experimental Procedure for Diffuser Inves,tigafion.
| The rig was assembled to fhbeA required coni’iguﬂation,' (inlet duct length
divergence angle, area :;‘atio and tailpipe length).

The pitot probe was then adjusted so that thé centre line of the probe
hesad would be O‘Sﬁn. froa the wall when in position. The reason for the
pitot ‘pro.be not being positioned at the wall was to retiuce the effect of

the local presaure gradient cansed between the pl’co’c head and ’che wall thus
causing the siv'camllnes near the wall to be deflectkd towards the wall.

) \_
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The ~po.si’cioning; of the probe head was accompiished by the use of a feeler .

gauge (figﬁr‘e 25) being placed under the head ‘and then adjustiné; tﬁe zero by

‘mecns of a g['ub screw at the very top of the pitot ‘braverse, merked 'A' on

 figure 22, B -

. The probe was then pléced J_n the first position upstream of the difmsa*

1n1et and traversed to the duct centre line, 'I'he fan was started and the

damper opened slowly until the centrelme velocity nead was in the region of

350 mo. Ve g (77;2/3) or 400 am for fully developed flow conditions. The

" pitot pfobe head was then returned to its original positon at 0.5mm. from the

vall end the rig left for a few minutes to allow the fan and flow to stabilise.
The position wes treversed initielly at 0,5m. intervals folloyied by

larger incréznents (depe:zding on the boundary layer thickness) to thé centreline

of the duct. Thilst traversmg the duct, the readings were pWOtted to ensure

the ellmmaulon oi‘ erroneous results (these only tended Yo occur when the flow -

in the bounuary layer was becoming unstable.). A time of between 15 to 20

‘seco'nds’ was allowed betwe:n each reading to‘ aliow the manpme'bérs to reach

év stéady s’cat'e condition. | |

| "The traverse was tnen returned to zero, removéd from the duct, re-s«t to

‘ its initial O.5ms condition, end ploced in the next stztion of interest, vaich

Was aeternmed fron the multitube manometer (mentioned in the prev:ous ch'mter).‘

Another travecse fo the duct centreline was then ca-rwed ou“c. » This jrocedure

" vias reapeateu until -all the stations of interest had veen fraversed. if,

hovev«.c, the flow had sepzrated or stalled only a stat:.c pressure measu; emcn'c

2 was taken at the- statlon.

| This data vas placed on conputer punch cards and rrocessed intp the requis-

ite form and the required. peraieters ‘calculated by the data reduction program

described m the following Qhapfie:c (chapter V1). = ;

V.3 ' -Range of Tests.

Test were carried out for three diffuser inlet bowidary layer thiclmesses
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of 2 5§%/u, of o.oi, 0,06 and 0,11 which were described as thin, thick end
fully develored resrectively. For these three inletfvcondi_ti'ons a ser‘ies Aof
Reynolds Mumber teets were carried ou’?;ey:.bldftlhmbers 'r’angi.ntr ffom, 6 x 10““
to 4 x 105 . These tes’cs are listed in Table I (the. full results can be seen
in appenalces 5- and 6). . These tests esteblished here the limits of Rej*olds
Kumber” dependence lay and thereby mdlcated the llmtmg value; of Reynolas
- Humber for subsequent tests. - |

The next series of tes»s were comprehensive: Veleca.Ly traverses for the |
three inlet bounaery layer tnlc‘messes at the statlons of mterest both in
the dlffuser and tallplpe (v'nere fitted). These tests were CaI‘I‘led out for’
three angles of diffuser dlvecgence (5 , 10° and 15 ) a.red for each angle tvo
area ratios were tesled (2.2nd 3). 411 these geometric and flow conditions
- were tested both under plenum dlscnerge and tallpwe discharge condl’cn.ons.
This produced a total oi‘ 36 different conflg,uratn.ons, the resul‘cs of whi ch are
shovm in appendix 6. |

" A test was also made with a thick boundary 1’ay’er and e..divez"gence angle

of 10° with the tailpipe terminated at the maximim rressure -position (as deter
mined from the\mul..titube manometer) to determine the ..efi‘veet o.fv this nmeasure.
All these tests are listed- in Table I. | |

Additional tests were also carried out on the teet T‘ig. . One of these
tests was to take stutlc pressure readings in ’che :Lnlet i‘or each configuration
_m order to determine the actual static pressu.e at the inlet to the diffusing -
section (as mentioned in chapter IV). A'nother ’cest was to carry out full
A velocity traverses of the duct at varioﬁs' sta’cions,_'.and m pariticular .a't
fhe'inlet, to debermine the sﬁmnetr;} of the flow. (This parAticule:r test helped
to resolve 4the pitot and static interaction which caused ;_aistortion at vthe wall
| and thus very much accentuated the slight distortioﬁ vca,us'ed by the trip wire).

Also tests were carried out to verify the assumptions of: inlet duct length

required to obtain the required inlet condition to the dii‘i‘us_er which were

based on the preliminary invesiigatvions wi .,h the brass p *o

ve. . As mentioned °
- in the previous chapter a good ag‘eemen’c was acheivédbe‘tween the required

. - ‘.
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TEST Ho.

109
‘12
110
111
103
104
102

101

105
108 -
106
107

202J
201
203
204
205
206
207
210

208

209

S 211
214
212

213

CoIDITION CF RIG,

Thin Tnlet B/l (28, = 0.01)

5° £R2 plenum discharge.

5° £R2 tailpipe discharge.

59 AR3 plemunm discherge.

5° fR3 tailpipe discharge.

100 .

10°

IR2 plenum discharge.
AR2 teilpipe discharge.
#R3 Plenum discharge.

Tailpipe discharge.

tR2 plenun dischsrge.
AR2 tailpipe discharge.
AR3 plenum discharge,
AR3 tz2ilpipe discharge.’

Thick Inlet B/L (28w

5° AR2 plenum dischargze.

5° AR2 tailpipe discharge.

5° fR3 plenum discharge.

5° #R3 tailpipe discharge. .

10°
10°
10°

10°

10°

10°

15°
150

15°

AR2 plenum discherge.

AR2 tailpipe discharge.

AR2 optimum tailpipe lengtﬁ.
AR3 plenum discherge. B |
JR3 taiipipe discharge.

AR3? tailpipe discharge.

AR2 plenunm discharge.
£R2 tailpipe discharge.
AR3 plenum discharge.

#R3 tailpipe discharge.

g +

-—

0.06).



T=ST No, COEDITICY OF RIG.
Fully Developed Inle’t; flow = 0.11 -
302 : 15° AR2 plemum discharge.
301 | 15° AR2 tailpipe discharge.
03 / | ©15° R3 plemum discharge.v.'v
304 "’f’/ - 18P ;,Rjtail'pipe diéchafge.
305 | 10° 4R tailpipe discharge.
205 - 160 £R3 plenum dishcarge‘.‘.
207 _ | . 10° AR2 plenumdischarge. |
308 o ' 10° AR2 tailpipe discharge.
309 o 50 AR2 plenum discharge.
310 | IR T 50 AR2 tailpipe @ischarge.
1 5° AR3 plenun discharge.
212 ‘ . - 5° tailpipe di:scﬁailge. .
000 : " Thin inlet bound‘arjl'layer inlet profile.
350 Fully develoved Velocityv;téoi‘ille.. (inlet).

'

REYIOLDS Fo. TESTS =~

Confijglré.tion.

Test Ho. Re. llo, ‘

1 4.68 x 105 10° AR5 tailpipe thin boundery
2 444 %105 © 1ager. |

3 4,25 x 10° ‘ |

4 2,25 x 10° '

5 .44 x 10%

6 1.07 x 110°

T 2,61 x 10°

8 3,02 x 10°

9 0.61 x 10°



LTOV 11Ve CAIVECYLIIVIUD JiWVe VOUILL Loic biULle

RET I  4.08 x 10° 10° #R 3 Tailpipe thin boundary
| B | léym'. | |
ER 20 SR - 3,5 x ;05 5° AR 2 Tailpipe thick boundery
Coa L " 2.9 x10° layer
2 N 2.0 x 105 |
23 - 1.4 x 105
24 - 0.5 x 10%
.30 : , C 4.6 x 10° 10° AR 3 tailpipe thick boundary
0 3.6 x10°  layer. '
32 o 2.9 x105
33 - 2,3%10°
34 - 1.7 x10%
35 . 0.6 x 10°
o ‘ 4.0 x 10° - 15° AR 2 tailpipe fully developed
n 3,9 % 105
42 3,5 x°10°
43 \ _ 3.2 x 10°
.. 44 ) ' 2.6 x 105
5 ' 2.2 x 10°
46, 1.5 x 10°
50 . 4% x 10° 10° AR 3 tailpipe fully developed.
5 - 3.8 x 10° |
52 ' 3.4 x 10°
53 ‘ 2.4 x 10°
54 1.8 x 10°
55 1.4 x 10°



Chapter Six.®

Vi.l1 | : - DATA REDUGRION,

The data reductvovx was carried out by a yrograa on an I.B.1% 1130 co...mtc—:r.

The data ob’cgzmed durmg the expermental run was punched onto data cards in

the follom,ng sequeaces -

(a) The dlvergence angle, area ratio, tailpipe length dld the demgaa:hed

nuzber for the run.

(b) The atuosrheric jressure teaperature.

(e) Tile static pz‘eésu;e at the position, being traversed, width at the posi-

' tion. The number of the position, distance of the position from the
diffuser inlet, the centre line dynemic pressure.

. (d) The pitot dynamic [ressure measured in mm. water, 'I;he distance between
the readmgs and the nuaber of readm zs at that particular spacing, less
one, were then read idn and repeated untll all tho date for that position
‘had been read in.

The program produced the parazneta's 1istéd below (nurerical integration

- vas performed using a modified Simpson's rule subroutine, as outlined in

appendix 4.).

Mean Velocity, O

}
2
9q
o
o
o
bl

-— .

_Re. Fumber, (Re)

D

Y
N
3

Non-dimensionalised displacement thiclmess, 2 wa ,}7\’\,}- “/u:,\ dw’
Non-dimensional ‘omentum thiclmess, 26/w = Q/WJ‘ U/uc (1- u/uo) dw
Shape factor, H = &%/

W,
Kinetic Fnergy Correction factor, = 2/w 5 ( \ dw.
Pressure Recovery Coefficient, Cp (p -7 )/.L QU
Effectiveness,”{= (p - p.)/%_@(.a‘ - U )

or in the case of stazlled or separated flow, = (p - p))
' 5eG,2 (1—1/AR?)




Energy Corrected Effectiveness, = (p - p,)

Te (= ui- o a%)

Energy corrected Cp, Cp = .L
1 < e“' ul

HMomentum Correct:.on Coefficient, % 2/7: S ( u/u \ dw

Non-a:.mens:.onal dls’cancn i‘rom diffuser inlet,

x/w, = Distence from diffuser inlet.
‘Width at difiuser inlet.

An exemple of these parazeters is ta‘xbu‘lated in Teble II Graphs showing
velocity profiles and variat.ions in Cp, Cpg , and /7»( aiong t}le duct from |
the diffuser inlet are _illus’crated in figures 262 and‘26b svimilar graphs were
plot’ced for each diffuser conflruratlon tes’ced |

A flow dlagram of the program is shovm in flg,ure 27 and the ac’cual progum

is included in appendlﬂc 4,
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DATA DTEDUSTIONT PROGIMTL.

Start

!

Resd in Simpsons
rule subroutine.

‘ i

Continue to
mein program.

}!

Read test Na and

details of configuration.
Read atmospheric temper-
ature.and pressvre.

¢

I test Ho.
Yot = 0 or -ve.

{

.Calculate ¢ Density,
Viscosity (Dyn & ¥in).

]

¥
Read : Local widt
static press, ¢ Dyn.
press, dist. from inlet
and position nimber.

g0

Determine if duct is
begining to divege.
If so take previous
posibion as "inlet".

;

Reed : Yo, of readings
-1 (1) & disiance
between rdgs. (H).

{

Read IN + 1 sets of
data.

FIGURE...27
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Calc: U, dist from wall
mon. deficiency mass
Deficiency, K.E,; flow

Yomentum and vexrious

functions of above. _
Store in arrays then call

Simpsons rule subroutine.

¥

Integrate using
Simpsong subroutine
L1

& then revurn Lo main
progran and Swi,

I'EM'#O

Read IH & 1 >0

If ¥ = 0 take

sum as final result
and store in arrsy.

R4
7

Plot graph of vel.
against dis. fronm
0

wall for position,

A

Calculate values of

Cp, Cpg 34, '(u(x p
’(/w and ”tove in srray.

Scale axes according
to 'x' value

Plot points for ) B

Cp, CPC’”{ A{E ,(..ll OBQH\—\C

-dist from inlst.

¥

Print in tabular form.
Arrays for v :

e A—

vy Py %G, Re 1%, Cp, Cpe
A{)A(é ] 2;9/\(\/,1 QG/W() H) (57)(/\}.1,

Position, inlet B/L
thiclmess and config,
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' Chapter Seven.

RETIDLDS X0, T=STS.

VIL1 | . The Test Conditions.

As mentione& in Chapter V the Reynolds lumber dependence ‘b;ests were
mainly cerried out for one diffuser geomé’crj (24 = 10°, AR.= 3‘? with a
tailpipe fitted), and the Cp measured between the inlet and exit planes of
thé dif user, (‘For the exit plane a position ' (.25 mm upstream of the exdt |
was used). Tests on this configuration were carri_ed out for three inlet
boundery thiclmnesses with Reynolds Numbers véry:ing from approximately 6x 104
to 4vx 105' . Two additional ‘test\s on the other geometries were carried out
éubsequen‘cly. These were:-; : |
(a) The i‘i:r's"l:‘.eu:’id:‘t'b.ionai~ configuration tested was for a fully developed flow
into a 15° divergence angle diffuser of area ratio 3, In this test the Op
was measured at a position 0.0252 into the tailpipe i.e. xe/7, = 0.1 (where
xti_s the distance measured from the diffuser exit pla.ne'into ‘*'che tailpipe).

(b) The se”cond‘ was a thick inleb boundery layer with a diffuser configuration
of 2¢ =5 and AR = 2 with the Cp faken between the diffuser inlet and the
diffuser exit plane. (as for t.e 10° case).
Vil.2 Réynolds Yio. Tests Results.
VII.2.1 Thin Tnlet Boundary Layer. ) ’ ’

~ For the thin inlet boundary layer (2 3?‘/.,4.: 0.01) it can be seen that C§
is iargely independent of Reynolds number in the region of 2 x ZLO5 upwards,
but below this the dependence would appear to increaAse" slightly, though the
. Cp remains within X5 from Re's of 1 x 105 pwards (figure 28). Below this
value it is dii‘;’icult Yo determine tae effects due %o the difficulfies in
neasuring the loﬁ )i‘low velocities with a p:'i.tot static pmbe.
V‘II.2,2 Thick Inlet Bouniary Layer.

 With e thicker inleb boundery layer (287w = 0.06, this value increases

as the Re. No. decreases), the Cp falls sharply and also there is a noticeable
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increase in the Reynolds Tumber (Re) de_éendence for this particular flow
condition. The Reynolds number dependence would appezr to Dbecoize siglii‘iéant
in tiie Tegion of Reynolds numbers of 2.5 x 105 and lower (i.e, grezter -then
*1¢5).  Below Re..= 2.5 x 105 Reynolds number depeﬁdence increases sharply end
~at a Reynolds number of 1x 16° the Cp has fallem by %5, this can be seen on
figure 283, ' |

. VII.Q.B Fully Developed Flow.

For the fully developed flow case a similar trend can be seen but even ‘
more markedly thsn fgr the two previous inlet conditions, in that by Reynolds
numbers around 1.0 x 105 the Cp has fallen by as mu‘ch as T
VIi.2.4 F}lrthe*f' Reynolds Number Tests.

~ This effect is s_hovm_everi‘more in the test on the 15° diffuser with tue
fully developed inlet flow. In this test the Cp was 12 lower at a Reynolds
number of 1 x 105 than at a Reynolds number of 4.0 x 105 .  An opposite effect
cen be se-n for the 5°, AR = 2 test with the thick inlet boundary layer, in
that the Cp falls off less quickly at low Reynolds numbers than for the ]_.O°,
AR = 3 configuration. (shown in figure 29).
VIii.>. 1. General Conclusipns ‘from the Reynolds Mumber Tests.

For convenience a critical Reynolds number will be defined such that all
flows with Reynolds numbers abo—}e this are independent (to v‘ri‘thin %) and
conversely all flows with Reynolds }hnnbefs below this are dependent on Re,
This critical Reﬁolds ¥umber should not be confused with the general meaning
of criticzl Reynolds Number.

It can be seen from the zraphs of pz*ess;ure recovery coefificient (Cp)
against Reynolds Yumber for the three dif;“c—:rent ‘iniet boundary la?rér conditions
(for a 10° divergence angle diffuser), shown in figure 23, that the point of
Reynolds Xumber (Re) independence occurs. at a higher Reynolds Humber as the

boﬁndary layer thickens and it would sees reasonable to assume that the effect
- will be as shown extrapolated .in fizure 28. ‘ The results also showa a similar
trend to those showa by'I“E’-{RE’I‘Tzlin his water tests.

Tk,le tests carried out on other divergence angles would seem to indicate .

\ ~

1

.
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that for a given boundary layer condition Reynolds nuzber independence decrezces
away _from' the optiununm geometrical coni‘igurat‘ion.
ViL.4 . Discussion of the Results.

f‘fom t};g e;c;ceri:nen’cal results it can be’ se:n that the proba'olé rezson for
the increése in Reynolds numbez; dependence as the Reynolcis nurber decreases
‘ '6e10w the ériticgl va.lue,l is due to an increase in the boundary leyer thick-
néss (28* /v )»-. The boundary layer will grow as the Rejuolds mnumber is re-
duced,. shown in figure 31. A sin“xilar‘ effect can be sem for the momentunm
thic’.r:néés (28/w) and to a muich lesser extent for.the shape factor (8), (showm
in figﬁre z1). It is. therefore aprarent that as Reynolds number decreases
the boundary layer thickens end Cp falls.

This is due to the reduction in the momentum of the boundery 'layer which
decreases its abilit'y to..flow against the adverse pressure gr'adigzat in the
difiu;a-, them.efor.e causingiincreased dis%:ortion of fhe boun&ary layer velocity
'.profile and a reduction in the Cp of the diffuser (shown in figures 28 and 29).
" The di'stortion of the velocity profile will also reduce the éffectiveness of
‘ the"diffusei‘, (showm 1n figurre %0). '

These tests show that performance is never independent of Reﬁolds number
-althougn the‘éi'ependency is nmarkedly less significant as the Reynolds nu..ber
' increases. |

It als‘.o shows that the inlet boundary layer thic}cness, ;and the géomeiz‘ical
: configuration of the diffuser afiect fhe extent of the Réynolc‘.s number depen-
. éence.‘ Therefore it can be concluded that for Rey..olds numbers 3.0 x 105
the effect of Reynolds number dependence on any of fhé tested configurations
1s less 'bhaﬁ 15'3 However the tests would seen 1;5 indicate that a more gdverse
condition, such as a very high divergence angle, mer increase the Reyuqlds
number dependence to even hig;’gér values of Reynolds nuzber,

It wes therefore assunmed for the ’ga'zéral dsiffuser testing, discusséd in
chapter VIIT, that if the inlet Reynolds numbers were kept .a‘oove 5,0 x 105

the Reynolds nurber effects would be negligible. However the vork did show
/ : i

that Reynolds numbar effects above 2.0 x 104, are nqt as neglipgible as meny

'
‘
'
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Chavter Eighi': .

DISCUSSION OF T== EXFEIRINEITAL RESULTS.

oy “ééne;al Observations from the Plemusm Discharge Work.

Chepter I éhows that previdtis workers seea to show that the pressure
re-covery co»effiéiépt (cp) éhould be at a maziﬁma for zn area ré.tio of ap;iox—
.imatély 3.0 and .Aa divergence angle of 7°. Vhereas the optimun eff'ectivenekss.
(o) occﬁrstat a divergence angle of 7° also, but an area ratio of 2.0.

The results obtained during this investigation indicate that the optimum diffuser
geometry- for pressure. recovery coefficient (Cp) end effectiveness (4 ) occur
vith a divergeﬁce angle of SC? and area ratio of 3.0 for both parameters.

However it zﬁust be borne in :mind thaet this investigation was carrieci out at
'a_round :bhe optﬁimu;m geome'brf:es for bo‘c_h Cp and AC and figure 33 shows that the
optimun pressurc;, recovery (Cp) probebly occurs in the fegion of 6° to 7° depen-.

- ding upon the thiclmess of thé inlet boundary layer.

VIIL 2

" Plenum Discharge Pressure Recovery Coefiicient. (cp).

VIII'2.1 Thin Inlet Soundary Layer.
| Closer exaaination of the results indicate that though distortion of the
' bc‘mndary layer\is low for the 5° divergénce angle diffuser of AR = 3.0, the
boundary layer thiclmess is becoxﬁw'_ng very large, caused by'the.long wall .1en§h .
and the adverse pressure gradient BP/&- Therefore .e.ny i‘urthér‘ increaée in
eirea‘ratio (4r) wil i)e unlikely to have any effect for the case of a thin
inigt boundary layer at inlet to the difiuser. The pressure recoféry coeff-
}ﬁcien% (cp) for a 5° included engle diffuser can be seen o be ob its opbimun
‘i‘o.r an area ratio of 3.0.

Examination of the 10° divergence angle, iR = 3.0 diffuser results show
th‘at the disjortion of the‘ boungiery laya“, shom by the shape factor (E), is
not sufiiciently lerge to cause seperétion' of the boundary layer from the‘wall

and the bouwndary layer thicimess at the exit plane of the diffuser (2 5%/\*.'7_)

indicates that further diffusion may be possible without inducing separation
- I' - 1

|
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or inéreasing the boundery layer thiclmess to such a velue that it would either

promote separatiozi or reduce the recovery (shovrh in figure 25). - Tnef.ﬁeféfe
a higner pressure recovery coefficient could probe'.b.ly‘ be attained by using an
area ratio of 4.0. | o

For the 15/° d:.vergerce anele diffuser it cen be seen that a further
increase-in the area ra’clo (2R) should also increase the pres"ure recovery
coefficient, though probably less than for the 10° d:.f-;user since the,adversen'
pressure gradient Op/dx is very severe end sl\igh‘o fhickiixg of the boundery
leyer togefher with increasgd distortion may induce‘ ,sepa.ratipr.- of the boundary.
layer. Thus it can.be; concluded that the results ére pfo‘ﬁably misleading, in
that the optimum erea ratio for peak pressure recévery (Cp) for a 5° div'ergmc.e
angle diffuser is 2.0, Any further increase in }\B would cause th.'e boundery
layer thickness to become 50 lerge that it would make further improvenent |
unlikei.y. However, in the cases of the 10° ‘and 15° d:.ver gence angle dlfiusers,
the boundary layer thickness is sufi 1c:.en1:1y- small to allow a further increase
in the area ratio (4R). Also since the shape: factor (H) is i‘au‘ly small the
boundary 1ayér could still withstand a further loss of momentum, Therefore
the optimum geomefry probably lies betwée:n 7o and 160 ‘div'ergen'ce angle with
an area ratio (43) of betwesn 3.0 and 4.0, vhich is.i‘n'égi'eanent with many
previous workers. | |
VIII.2.2 Thickening of the Inlet Boundary Layer. .

Any increase in the inle't\boundary 1a.ya' .thic};e'ss: has a severe effect .on‘
"bhe pmes:ure recovery of the dlffuser (Cp), .:hovn in flgu.re 33 (though it is
less marked with the 5 difiuser). This is because there is less forward
.momentum in the boundary layer and also the rate of entrainﬁezat of -momentum
into the boundary layer is low:r with the thicker mlet bound layer. Thus
the dlstortlon oi‘ the bou.ndar,f layer vhen flowing agamst an adverse pressure
gradlent (dp/dx) is more severe, and therefore smal_ler pressure gradlents

give better pressure recovery in the diffuser. Figiré ‘35 shows that for flow

with a2 "tuick" inlet boundery layer (2 5*/w = ,06) flown.ng.fm a dlfﬁloel‘ with

an area ratio (4 i2) of 3.0 the boundary 1ayer mll separaue from ’che diffuser
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wall vhen the dlvergence ang le is betweea 10° a2nd 15°. . Hoviever, fully devel-
oped flow at the inlet (2 8%/w, = 0.11) is more stablé within the diffuser
than the thick boundary layer. Figure 35 also shows .,nat for this fully
developed inlet flow case there is a reduction in the d*sto*'tion‘ of the bouniary
layer as 'bhe dljergence angle 1s 1ncreased above 10° (ac defmed by the shane
'fac*bor»r/(H)). ‘ This is due to the lower preszure recovery and therefore a
smaller édvez*se pressure g;‘adlezt, ~ This rhenomenon .1s'-d~1scussed more _fully in-
paragraph VIII.S5. |
Therefore it can be generally conc;.uded that any increase in the diffuser
inlet boundary layer th@ckness»will reduce the pres_sure recovery céefficient
(Cp) and redudés the ability of the béund ary 1ayé to fiow a,:'ainst an adverse
pressure gradlent (ép /éx) due to its lack of momentum thus mcreas:.ng the
distortion and’ the 111(e13(bood of separatlon or stall mthm the dlfﬁzsa‘. |

This reduction in 'Cp‘ with the boundary 1ayei‘ thickness can be seen in i‘igure .
36. |
VITL.3 Plenum Dischérge Effectiveness (4().
VIII.?.1 - Thin Inlet Boundary Layer.

It musf be noted that effectiveness' is ususally lon'ly of secondary importance,
the important iarameter being generally the pressur}e lrécbx}ery coefficient (Cp); 4
which gives an indication of the efflca.ency of the duﬁzser in converting the
inlet Iflnetlc ensrgy into a pressure rise at ‘the dlfmser exit. The effect;ve -
ness ("L) is used to glve a measure of the pronov ulon'of 'the kinetic energy
reduction occurring within the dli‘fuser waich.can be. accounted for by the static
pressure increase. However é term such 'as éi‘fi'ciency ;ttor this parameter,
‘even vien corrected for energy. dencw en01es, would be mlsleadmo' therei‘ore
ei‘lec‘b:.veness is used to denote this Daranet This prgvents problenms
occuring from the use of a highly effective diffuser (“ei?ficient“) with low
pI:essure‘ recovery when a high pressure recovery is re_qu'ired. |

For a thin inlet boundary layer the effect ulvenem; of the diffuser can be

seen in figure 37 to be a'b a maximuz with a dlfﬁzser dlvergence anglie of 150

a.nd an /R = 3,0, This again is contrary to the findings- of G:n.'bson1



However Gibson used a2 tailpipe pressure tapring to measure his pressu.fe
recovery, this alone would give quite a large discrepancy ageinst plenum'&is-
charge work. The reason for this is in thé use Qi‘ the ’eﬁ:préssioﬁ for effect-
‘iveness based on mass continuity within the dif_ﬁisez'"(’;(, = ¢p/(1. - 1/,532,')).

The use-of this- erpresswon only gives a irue estmatlon bf the enerb/ ei‘fe'*t—-
:wmess'/of a difiuser if the mla’c and out‘l et velocrby pr'oi‘:.les are wdentlcal. »
~ Therefo*e as the distortion at the diffuser exit plane mcreases the Vine’cic .
energy based on the mass continity (‘1‘9‘42) mcreas:.ngly underestmate., the
actual exit kln.e’clc energy (% _( u* dw) and for cer'ta:.n cond:.tlons the error
can be in excess of 105, (éhovm in figure 97). ‘The addltlon of a tailpipe
vnll recover some of this ener'gy 'deficiency' incurred i‘rom the use of the
continuity expression by reducing the distortion of the velocity proflle (dls-
cussed in paragjaph,VIII 4\, thus as ‘in Glbson's case overestlmatmg ‘the

plenum discharge effectiveness. Vhen the ei‘ ectlveness is corrected for this '
energy deficiency \lv)y usi;ng the kmetlc energy' correction factor o< , the effect-
iveness (4Z ) will increase considerably. .Th.e‘ use‘of this cor“éoted value of
ef;ectlveness (4( ) is shown in figure 37 and v'b can be seen 'bhat this !'true!

- effectiveness (/V( } is higher than the normally used ef‘fectlvenesc ("(_ Je
 The effect is most marked for the_e highly dlstorted pr_of:.les 1 e« IR = 3'0’
2;!'= 1o°; 15°.,  The 15° divergence angle diffuser with an area ratio of 3.0
J.ncreases in efLectlveness from 0. 95 for i to 0 97 for J'(E an increase of
appromately e However the optimum arez ratlo}-rem,_ns at B.Q, and not 2.0
as found by meny previous vorkers, also the divef'gen&:e éngle of 15° can be seen
;tb, be the optimum geomeiry for peak efféc%iveness. |
VIII.3%.2. Thickening oi‘ the Inlet Boundary Layer,

If a thicker boundary léyer is mresent at the inlet -Lo.the dlflus r dis-
tortion of the boundary layer increases, showm by a,n mcrease in the sh‘,po‘
factor (n The figure 37 shows the peak efi ectlveness (xc) to occur with a
diffuser area ratio (:&.R) of 3.0, suu?ar to the 'b.n_a n.nleu boundwy layer con-
dition. The divergence angle of the diffuser for thl opt:.r*uzl value of
ei‘i‘ect:%vaqéss (4 ) is reduced to avalue of 5° and _fiaurne 37 i.n‘digate’s thot

Al ‘ -
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the divergence angle for per;l{ efi‘ectivenéss may be évén émaller..

The use of the energy corrected effectivness (4,(:) changes this 's‘itu'ation
entirely and the optimum geometry of the diffuser is chenged to 15° divergence
angle and area ratio of 2,0, This is important since it cen be seen that if
a tailpipe is to be included in the system, as in gibson's Vork, then some of
this energy :uay be recovered in the tailpipe a,s a static pressure rise and thus
“the Cp-L and A('E (tailpipe values) would be likely to increase above the diffuser
plenum'dishcarge %ralues. The use of the enei'g:{ cbrrected effectiveness gives
the same optirum geometries for both thin and thick inlet boundary layer thick-
nesses. The effect of a further increase of the inlet boundary lé.y.czr thickness
to a fully developed flow con'dijion af the inlet can be seen in figure 37, to
give optimum values of 4 and 4(E at the same area ratio i.e. 2.0. Also, the
divergence anzle rrqu:_red for the peak effectiveness (4() is similar fo that
for a thick inlet bounda;'y 1ayec, that is 5° or less. - Howéver for the optimum-.
u'( the divérgence angle is again 15°,

‘.These are important design points since the use of optimum plenum discharge
effectiveness to design a diffuser/tailpipe syster'a would indicate the uée of
the vrrbng divergence angle for the system, |
v111.4’ Discussion of Tailpipe Addition.
VIII.q.l Conpar 1son with Plenum Discharzge. .

Figure 38 shows that wi uh 2 thin boundary layer a‘b the inlet (2 5"/\7
.001) there is a reduction in pressure recovery coefficient (Cp) at the diffuser
exit plane for the diffuser/tail ripe combination wvhen compared with the plenum
discharge case, However, for thick inlet boundary 1a,yer‘s and i’ully developed
inlet flows the values of jressure recovery coefficient (Cp) for plenum dis-
and for tailpipe discharge at the diffuser exit plane are the same, within
experimental error, for all except the 15o di_ve’rgenée angle, This. error, howéver,.
can be"explained. In bof;h these cases the diffusers have stalled, but in the
- plenum dischargé case the flow stalied much earlier wi%;hir; the diffuser than
it did in the diﬁ‘user/tailpipe configuration. Tms indicating that for non-
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optimum conditions there is an effect fransmitied into the diffuser from the

tailpipe addition. Co"*arlson of the figures 34, 35 39 and AO show thzt ihe

Ai: ghape factorfo“at the diffuser exit plane for both tallplpe dlscnarge and

:plenum discharge ex 4 re the same, w1th1n exnerlmental error, and that the boundary
| layer thicknesses (25 /Wl"at" theexit plane have a high degree of sinilerity
‘féf the fwo.discharge casés; This indicates that the tailpipe has an almost
. neg11r1b1e effect on the flow within the diffuser (except at the limit of the
flow stgbility i.e. separation or stall), However figgre 28 would se-n to
" ‘contredict this statement forbthe case\&f a2 thin inlet boundary layer.

indicated by a fall in pressure recovery within the diffusing section vhen a
tailpipe is fitted |

- Results taken Just 1n 1dé the diffuser (thzt is, at a pooition‘25mm up-
suream of uhe dlf“uoer ezlt plane) with 2 thln inlet boun*ary layer (showm in
figure 41) show that for an area ratio of 3 there is a very good agreaent
between the plenum and tailpipe discharge values of pressure recovery coeffi-
bieﬁt(Qp) within 1¢5 and Ior an areca ratio of 2.0 the agresnent is within 2%
éxce%t for the 5° divérgence angle diffuser, This sﬁows that the tailpipe
. has a negligﬁble effect on the flow within the diffuser even for a thin inlet
bbundary(layegﬁat the inlet to the diffuser. It is only with 2 thin inlet
4boundary.1ay§r and low area rati§s'that there is auy apjreciable [ressure re - '
covery ‘on' or snortly after the diffuser exit plane.for a plénum dischargé
(shownbin figure 42), This indicates thét'the sudden expansion occuring at
'the exit plane diffuses upstream affecting thb flow v1th_n the diffuser elluntlj,
f‘therefore the inciusion of 2 tallplpe will degrade the performance for this con-
dltlon.

| For tailpipe discharge, figure 43 shows that within the tailpipe there

is a conSlderable~pressure recqvery for all boundery layer thicimesses at the
inlet, and all geometries except for the small divergence angles with a low

1.5,
viL @

area ratio (&r = 2,0). This is due to the very small distorition of

boundary layer end therefore wall frictional losses in the tailpipe offset
H / . ‘ ’ [ -

any slight increase in pressure recovery., It can also be seen that for

;
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tﬁe thiclk and i‘ully developed flows an improvement in tne Jressure recover
coefllclent (f‘n) is of the oraer of %5 for a 50 div»srgezice angle dlf;user,:
. 8% for a 10° diffuser and 10% for a 15° dlfmser. 'T‘his f:oﬁ’:d however,
_.mcreage up to 204 for a 159 divrgence ancle dnfuser n.,h an area ratio of
2.0 e.nd a fully” developed flow at the mleu.

VIIL. 4. 2 Pressuré Recovery Coei‘ficient (Cp\

It hes been shown that only in the czse of =z tm.n mle’c bouﬁuary layer

flowing into a small area ratio (AR = 2.0) and 2’ small'dlvergence angle

(29{ = 5°) dii‘i‘qser is there no incresse in the pressure vi*e:over:_f' coefficient

by including a tailpipe. This is due to the very lovf dv‘iStortion of the velo-

city mrofile within the diffuser, showz by the lov shape factor (H = 1.6)
coupled with the thin boundary layer at the diffuser exit (28%/w, = .11).

However for all the other confi@fa’cions testled thefe is an :'mcreo.s-e‘ in the
pressure I‘e::overy‘coeff'icient (Cp) by using a"tgilpipé.' The incresse in CPL'
,(CPL = tailpipe r.ec.overy) to thel plenum dischar{ge.' figunrs can be seen to be
very marked for thick and fully developed inlelt boun‘dar,y layers, | especially

: with.hig;h area ratios and with divergence angles ..ébove‘ll_O‘v’; fpr example figure
44 shows that there is a 30% increase for a 159 divengence an.gle diffuser, with
en area ratio of 3.0 and a thick inlet bouﬁd.ary lader This reduces to a 157
in;:rease for a 10° divergencé angle diffuser and an areca rétio of 3.0 with a
thick or fully developed flow at the inlet. = . ..
.ViII'. 4.% Position of the Iax:unum Recovez‘y;: -

As the boundery layer at the inlet t,hick.ens: the.n' t‘he vosition of the
maximm pressure'recévery in the tailpi;‘\)e. noves doxt.'.r;sh‘éam (this is showm in
figure 45). - Also as the dis’cér‘cion of the boundery 1ayér -‘Wivthin ’t;he diffuser
increasés then the positilon of the peak recovery also mov’éé doxms@eefa.

This is as expected since as thé distortion-increas‘es 'bhé‘defiéiency of momen-
tum within th;e boundary layer increases therefore it '_willl'te:'s'ce longer for the

transfer of momentum into the boundary layer from the core flow to occur.

Mother factor affecting the transfer of momentum £¥0 : he core flow to

the box%ndary layer is the tiliq}mess of the boundary layei at the inlet to the

v
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tailpipe, therefore a5 the inlet bounda:'ylajer {trickens for a given geonmeiry

- difiuser then the position of CpL maximiz moves dovmstrean. With a low |
divergence angle difiuser (24 = 5°), a low area ratio (2,0) end 2 thin inlet
boundery layer fhe position of thenamu:num recovery in the tailpipe moves so
far upstream thaet it cdincides with the diffuser exit plane; T’nereforé, with
" a csmaller area ratio the 10° and 1‘50 divergence angle diffuser pezk recoveries
.will move upstrean until at some small area ratlo fhey %ill be coincident with
the difiusing section exit plane. At this condifion there is obviously no
advantaée in having a tailpipejin fact a slight improvement will yrobably be
attained by using a plenum discharge. An interesting point worth noting is
the effect of terninating the tailpipe at the position of maximum recovery.
rThis. vas done for a 10° di}{a'génce angle diffuser of an- area ratio 2.0 with a
thick ipiet bom}d'ary layer.  The values of CpL maﬁmm for the whole tail-
pipe and the “truncaied® tgil.pipe are 0.645, and 0.644 respectively vhich indi-
“cates that terminéting Jo:he tailpipe at the pezk Tecovery position has nol
measurable effect upon the preszure recovery of the diffusa'/tailpipe configur-
ation, This is as expected since th.e results ha‘vé shown that the tailpipe
has little or no effect on the ¢onditions within the diffuser, e:-'.cenf at the
limit of flow ;uablllty, *herefore it would seen reasonable to eypect a further
length of parzllel duct doms’cream of the termination point to have little
effect on the conditions at the point of termination.

© VIIL. 4.4 Optiﬁum Pressure Recovery.

It has been shown by the results that the maximum pressure recovery occui’s
for a particular divergence angle and bound ary layer thickness when the area
ratio is such that the flow at the diffuser exit plare is distorted to the linit
of flow stability within the diffuser, (onset of separation)s This flow con-
dition will exist vat the geometry for optimum pressure recovery for both plenum .
end tailpipe discharge; ‘The results showm in fijsure 44 indicate that the
~optimum geometfies for both discharge conditions are coincident. However .
figure 44 may not be sufficiently comprehensive to give a true indication of

the diffuser/tailpipe optimum geometry.
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It has.béen shown previously that the iﬁclusion of a tailpine hzs t’nev .
rei‘i"ect of ‘e':{ctending. the 1iuit of flow stability to nigher dlivergence engles
than wculd be.’expected with plenum discharge. Therefore the optiﬁm divergence
 angle i‘or'é diffuser/tailpipe combination will be higher then that for thebA
optimim préssure recovery for plenum discherge. The optimum geometry for a
system fitted with a 'ba.ilpip'e is 1likely to be in the re-ion of 100 divergence
angle with an area ratio of 4.0 to 5.0. In contrast with 7° for plenum dis--
}charge with an area ratio of aprroximately 4.03 Both these geometries are
fqr thin inlet boundary.layer conditions. Tn;'.s area ratio for {he optimum
pressure recovery wiil r;educe as the inlet boundary layer th'ckems, \tI;eI‘e may
also be a slight reduction in the diveregence angle required.

VIII. 4.5 Effept?.vaqess. (.A(L)

It-has been mentioned several times during this chapter that the addition
Qf a failpipe does not affect the performsnce of the diffusing section signi-
ﬁicantly, thereforé the effectiveness ("O at the diffuser exit plane will be
l.owa"h than the energy corrected effectiveness (ACE) due to the distortion of
the béund::.ry layer, this can be seen in the expressions.,

Y U/CTE VZ: -3 [— 1
4’(_1 CP/(O(l ,'0(2 /AR2 ) '“'""‘“:‘ 2

. L
Therefore since (X,and ,are always greater than unity, with high distortion of

1

i

the \}elocity profile within the difiuser K2 will becbme. large and will raal:é

T thé expression (Oi - 0(2 /an2) iess than (1 - 1/iR2) cue to this very high
}falu-e of (Xé » Unlike the plenum discherge case there is a reduction in the
dié’cortion v.rithin‘ tailpipe vhus the 042 value reduceg.ma!:jng the expression

| ( o - 0(2/.4112 y greater then (1 - 1/:R2). Tmus 4(E_becomes less than the

value of eflectiveness (4(,) shown in fizures 49z - 491.  There is also'a

general imprévanent in the effectiveness (/‘( ) in the tailpipe due %o tae .

improvenent in the velocity profile and prescure reodvery. This was true for

all the coni’ig,urations testedf The reason for this quite avporeciable increzse

in the pressure recovery coefficient and the effectiveness (/‘(_) is solely due

|
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to the improvement of the velocity profile (showm in flfure 45} causea by vhe
. re—eaeréising of the boundary layer in the tailpipe therefore reducing thev flow
: kinetic enefg, This cen also be seen in figures 51 and 52 by the abrupt fall
' 1n both bounaary layer thickness (25)7w )} and the shape factor (E) on entering
"‘.t'he t_ailpipe.’ The éffeét, howevér, can be seen to be more marked with the
gr’eé;ter distortion : of. the boﬁndary layer within the 'dii‘iuser; indicating that
the maxinum pressﬁré recovery will occur when the flow is near to separation
é,t the diffuser. eﬁt plene, (as previously mentioned).  Also as the boundary
1a ayer thlckens and as dlstortlon increases then the crossover point of
ef:.ect:.veness (M) eand the energy co*‘rected effectiveness (@moves domstreen
due to the greater momentum transfer required, and for the case of the thicker
boundery layers the momentum transfer will be much slower. Another i;oint of
interest canbe séen vrherli hiéh values of pressurg gradient ép /éx exist as
in the léo divefcg.ence- engle diffuser. In tﬁi_s case there is a secondary initial
_créssover of4( and /ZE preswﬁably; due to the \I.rery.high initial diffusion without
severely distorting the boundary layer, (showm in figure 49 k). ’ It can be also
seen ih fimmes 49z - 491 that as the boundary layer at the inlet to the diffuser
'_bﬁickens then the energy correc;ced effectiveness falls more rapidly in the 4
tailpipe due to the increased wall friction for the thick boundary layers and
fully developed flows. This effect is shown in figure 90.
VIiI.S Fio Stability in Plenum and Tailpive DlSCﬂ?"‘g,eo
*. The flow 'stability' seems ’co be very sensitive to the shape factor (H)
.énd-'.boundary layer thiclmess (25’*/?1 ) combination. For a thin inlet boundary
lajer tnlc‘mess and a thin local boundzry layer ’cmc»mess (2 5,7?: }, the shape
~factor () can reach a value in the region of 3.0 bei‘ore any separation of the
boundary layer occurs. However for thick inlet bourd ary layer flows and i‘ullv
deve”oped inlet flows, shzpe 1“ac*cors in the region of 2.0 to 2.2 appear ’co be
the limit for stable flow (Tais is showm in figure 5% and table V).
".':“nen for a particular configuration having optimum geomeiry, this »oint
is rézached, the boundary iayer'th’iclmess continues to inérease but the shape

/
indicates an increase in the rate of growth

" ’
factor reaains vonstant, This ‘
perl s due to small amounts 8f "transitory' or

in the mqmentum thickness,

.
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'iﬁcipient"separation at the wa2ll., This effect épp ?rs>to be en indication
of 1mm1nent separation of the boundary layer. Vicu_e'54 sLoﬁs-a profi’é.fo*
& 10° divergence angle difiuser of area ratio = 3.0 at a position Vna"e the
shape factor (7) has reached a va’ue of 2.26. The proflle shows aef‘nlte.
‘1nstab1L1ty of the bounaary lajer probably due to slwgnt tran31t10vy seoaratlon
occurring, Dlvervence ang es above this can be seen to cause the dlf“user B
- to stall, However conparison of figures 34, 35, 39, 40 and table IV show
‘that stall inception in a diffuser fitted with a\tailpipe occurs further dow -
stream in the diffuser (This can be éeen in table Iv. hich gives 'H' values
at tno same p01nt for a:plenum and tailpipe dlscharge) - This indiéate°,
that there is a slight interaction between the tailpipe and difiuser vhen the
flow is apcroacnlng the 11m1t for stable flow due\to a diffusion of the more
stable tamlplpe flow upstream. Also talck inlet boundary ]agers seem to be
less stable thaﬁ fully developed flows. 'Thmg is a fungtlon of the lower
préssure gradient‘associéted with- fully developed inlet flowé, and can be seen
reflected in the shape factor (H) in figure 39-'and the lower values of pressure
recovery (Cp) for fully develofed flows, |

Another interesting point observed &ur:'_nn the tests was that when slight
or tran31tory senavatlons occurred, the flow senarated from the diverging valls..
However, When the diffuser "sualle\l" 11: 'l:ended o senarate from the side wall
and ‘flow dowvn one side of the difiuser only,‘(thms phenomenmwls lllustrated
in figure 55}, the flow would then after several mw4utes cheange over to tue
other sidewall. - The reason for the stall occurrlngjontthe sidewall is probably
due to the large divergence angle (150)'£equiring quite.a cp@siderable
.momentum change when the flow stalls to fqllow,the'dive:ging-wall vhereas by
stalling from the sidewall the abrupt direétion and théfgfére momentum change
can be reduced but ~ sufficient cross seciion chénge océﬁfring to .reduce the

tdiffusion! of‘the flow.




LCVO .r

100, «

20, 1
'800‘

700 9

(mm)-
&

i SN
©
[ ]

A

&

Distance from. wall

3

. 10.‘

0.

Velocity (Metres/sec)

VEIDCITY PROFILES TN DIFFUSER AXD TATLPIPE AT THE LTMT OF FIOV
STABILITY RS _
el e FICUREMi.54-







TABLE, e 0o ITT

Confiruration Cp max, Position of cp mex. Remarles
Thin 2 5° « 753
Thick 2 5° 656
FD, 2 5° 0 627
PLEITOH :
DISCHARGE
Thin 2 50 ¢ 700 15.787 |2.55 Position moves
Thick 2 5° « 681 22,792 |6.55 downstream as
FD. 2 5° <654 27.79  |8.55 b/1 thickens at
TATLPIPE , inlet :
DISCHARGE '
Thin 3 . 5° | 836
Thick 3 53 e 795
FDo° 3 5 « 756
PLENTH
DISCHARGE
Thin 3 .50 «845 494698 |8.13 ﬁositic;n moves
Thick 3 5% | 842 43:26 16499 upstrean as b/l
P,D, 3 50 0790 43426 699 thickens at inlet
TATLPIPE :
DISCHARGE
Thin 2 10° | o711
Thick 2 10 0583
FoDo 2 10° | o542
PLENUM .
DISCHARGE
Thin 2 10° | o732 712,05 | 3.73 | Position moves
Thick 2 103 e 645 (4644) 27034 | 11,37 dommstrean with
F.D, 2 10 « 640 : ' thickening b/1,
TATLPIPEY Pigures in () for
. DISCEARGE tailpipe truncated
, o at max, press. posn.
Thin 3 10 . 788
Thick 3 10° | .645
 DISCHARGE.
Thin 3 10° | .812 42,2570 10.40 | Position moves
Thick 3 10° | «734 42,257 10440 |} dovnstream with
FoDe 3 10° | 4729 46685 | 11,93 | thickening inlet
PATLPIPE A
'DISCHARGE
|




TABLE, . ITT conte eeee

[Configaration |Cp max |Position of Cp max. Remarks
Inlet
b/1 AR o x/r x/7.,,

iThin 2 15° | .680
ThiOkA 2 150 0515
F.D. 2 15° | 478

- PLENUL
DISCHEARGE
. |Thin 2 1%° ¢T32 | 12,139 | 4.66 Cp max, moves
Thick 2 15° « 647 240133 | 10466 upstream with
FD. 2 150 | .622 24,133 | 10,66 thickening
TAlLrirn inle*'c b/1.

DISCHARGE

Tin 3 153 | o761
Thick 3. 150 «583
FoDe 3 15° | o532

PLENTS
DISCHARGE

Thin 3 157 | 802 42,550 | 11,91 | Cp max. moves

Thick 3 15o ¢ 793 . 43,013 | 1l.94 . slizghtly upstream

FeDo 3 15 «689 43,018 | 11,94 as b/l thickens
TATILPIPE . . However longer

DISCHARGE tailpipe reqd.
A to accurately
. assess results,




 PABLE.. IIT CONbe coee

Confignration |Cp max, |[Position of Cp max, Remarks
Inlet -
b/l AR o4 | xfm x/v, | _
Thin 2 15° | 680 |
Thick 2 15° | o515
F.D. 2 15° | .478 )
) PLEIIU}J * \
DISCHARGE
Clmin 2 15° | L732 12,139 | 4.66 Cp maze moves
Thick 2 15° 0 647 244133 | 10466 upstream with
FoD. 2 1%° e 622 24,133 | 10,66 - thickening
ié‘éﬁ.ﬁ‘éﬁ ~ inlet b/1,
) ol R
Thin 3 155 | o761
Thick 3. 15 «583
F.Do 3 15 0532 .
. PLERUM
DISCHARGE
Thin 3 150 | .562 42,950 { 11,91 | Cp max. moves
Thick 3 150 «T793 43013 | 11.94 = .. slightly upstreanm
FeDs 3 15 « 689 43,018 { 11.94 . | as b/l thickens
TATLPTIPE . . - However longer
DISCEARGE tailpipe reqd.

. to accurately
. assess results,




Comparison of parameters for plemum and tzilpipe discharze. |

[ ]

3 (]

‘Fnergy corrected tailpipe value

X &p. < % C;pp Cpt //l P ’f(,t fb(’ep ’»( et Renarks.
Thin ‘inle} boundary layer 2 /vy 0.01
104812 [14103 | 1,096 |0.748 |0.684] 0,924 | 0,936 | 0,928 [0.949 |5°,42 2
: ' o . Yo effect
1,700 {14181 | 1,178 |0483%2 {04831 | 04941 | 04963 | 04947 [0.973 | 5°,4R %
- ' ' o effect
00354 [ 14086 | 16090 [0.658 | 0,668 | 04952 | 0,952 | 04966 {0,965 | 10%,4% 2
: ' _ Yo effect
0,842 | 16124 | 14166 [0.784 |04780 | 0,962 | 04926 | 0.969 |0.936 | 10°,4R 3
: Yo effect
06201 | 1,084 | 1,108 [06596 |04612] 0,949 | 0,932 | 06972 |0.931 | 15°,4R 2
' ; S ' Slight improve
06554 | 16081 | Le174 {06749 | 06728 | 00973 | 0910 | 04976 04931 | 15°,AR 3
: To effect.
Thick inlet boundary laver 2 /W1 0606
00812 | 14232 | 1,233 | 0,635 | 0,635 0.911 | 04909 | 0,945 | 0,943 | 5%, AR 2
R . : ' . , Yo effect
1,700 | 1,284 | Lo 267 | 04790 | 0.810| 0,933 | 04936| 0.936 | 0.945 | 5°, AR 3
. o : Yo effect
04358 | 1,212 | 1,245 1 0,536 [ 0,520 | 0,877 | 0.865]| 0.954 | 0,954 10%,4R 2
( Ho. | 2.942] 2,013 ) Yo effect
06847 | 16292| 14329 0,640 [ 0.645| 0,880 | C.869 | 04932 | 04925 10%,4R 3
( Hoo | 14958 2,656 ) .| s1ightly worse
' " ' o for tailp. dis
0,201 1,219 1.306 0,463 | 06 472| 0.867| 04818| 0,972 | 0,957 | 15°,4R 2
( B..| 2,056| 2,33 Better profile
for taile dis.
06554 | 5.0 1,76 04556 | 0.650| 0.6322| 0,738 - - 159,AR 3
(HEe.| 39 | 2.05) Noticable
o improvement
J for tailpipe
discharge.
p Plenum discharge value
t Tailpipe discharge value
ep Inergy corrected plenun value
et




HIGH SHAPE FACTOR STABILITY VALUES AT DIFFUSZR EXIT OR
STATICH PRIOR TO STALL, FOR PLERUY AKD TAILPIPZ DISCHARGE

- T4BLE ¥

24 AR 23% W W < CCHMENTS
15° 2 0.032 2.32 1.03 very stable
15° 2 0.173 2.05 1,22 slightly

unstable
10° 2 0.490 2.01 1,25 slightly
' ‘ unstable
10° 3, 0.182 1.96 1.22 stable
10° 3 0.2k 1.96 1.29 stable
10° 3. 0.33 2.12 1.426 stable
15 3 . 0.37 3.90 1.924 separation
15 3 .66 10 5.84 stall
15 3 0.266 1.93 1.40 unstable
10 3 .185 2,02 1.2k stable
10 3 . 250 2.06 1.33 stable
10 3 .37k 2.277 1.53 unsteable
5 3 A7k 2.05 1.765 | stable
. - (stall at |-
" o ‘next station|

15 3 . 07 2.10 1.39 unstable

10 3 « 251 2.0, - 131 stable
. )




VITI.6. Mass Continuity Check

To check the accuracy of the results obtained & mass flow continuity
check can be cafried out along the.diffusing and tailpipe sections.
An example is shown‘in table Y(a) for a 5° divergence angle,

AR = 2.0, diffuser and tailpipe with various inlet boundary layer

thicknesses.

It can be seen for the thin inlet boundary layer copdition that the
error‘in the mass flow continuity is very lov especially within the .
diffusing section (less than 0.3%), and it is not until approxim-
ately 10 diffﬁse: butiet widths (Xﬁ&i::30) .thﬁf fhe‘error exgeeds
the experimentel unéertainty. However, for the thicker  inlet
boundary layer conditions the error is greater than that which

would be expeéted from experimental uncertainty within 3 inlet

widths into the diffuser (XﬁWi = 3)

The reason for this error is the growth of the boundary Jayer on
the sidewalls i.e. the non-diverging walls. This has the efféct
of increasing the centreline velocity due to the reduction in mass
flow in this boundary leyer. This can be seen in the thin inlet
bougdq;& layer case at the very end of the tellpipe, appreximately
18 diffuser exit diamétérs dognstream. However, for the thick
inlet béundary‘layer the effect can be seen to be increésing in
magnitude down the wholé‘syétem,which would be consistent Witﬁ

a growing sidewall boundary laye?. The fully developed flow
exhibits efen larger errors within the diffuser which again indic-
ate that the errbr,is due to the thickening sidewall boﬁndary
layer, However the sidewall boundary layer appears t§ be suffic-—
iently large that distortion of this boundery layer occurs Wiﬁhin

the diffuser which later recovers in the tailpipe which is



48(v)

indicated by & reducticn in error in the tailpipe as the boundary
layer recovers. This distortion can also be seen to & lesser
extent for the thick inlet boundary layer case by the slight red-

uction in error early in the tailpipe.

e R P & o =



" MASS FLOW CONTINUITY CHECK

50 divergence angle, AR = 2, tailpipe discharge.

; z; Mass Fldw/metrenﬁréad?h (kg/s)v
:7 Thin |Mass Thick | Mass Fully | Mass
EX/Wi inlet |Flow Inlet | Flow || Dev. |Flow
- B/1 error || B/1 | Error |l Inlet | Error
% : % Flow |%
Diffusing Séction )
0.0 | 7.725| 0.0 ||6.8:8 | 0.0 | 6.830 0.0
2.66) 7.684] -0.4 ||7.039 {+2.80 [ 7.083 | +3.70
6.66} T.7ThO| +0.27 || 7.219 | +5.00 || 7.269 | +6.40
10.66} 7.250| +0.13{|7.239 | +5.70 || T.496 | +9.70
N Teilpipe Secticn
C e 7.220 |+5.40 |
. |15.78 | 7734 +0.2 {7,278 | +6.30 | 7.430 | +8.70
19.84 T.754 | +0.5
23.79 7.354 [+7.40
31.78 7.84% | 1.7 7.278 .+6.5o
46.87 | 7.906 | +2.5 ||7.39% |+7.90 | 7.296 |+6.80
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IX1L1 The Theoretical Prediction.

The ‘objective of ‘the theore'tical approach developed by Ferre‘ttzl
was to predict the boundery growth within the diffuser end tailpipe end tims
. détermine the flo':: pareneters Cp, E, end 6 a2long the diffuser/tzilpipe systen.
This mefhod of theoretical aprroach requires to be tested azpinst extensive
" “data on fhe growth of actual boundary‘layer parazeters within such a system
to determihe the validi;by of the assumptions made in pr.ed;lcting' the developing .
bpundary 1a,yef.

mrlng this investigation a fairly extensive étudy was nade of the
developing ’oouhd‘ary layer“parameters‘ in 2 diffuser and a diffuser/tailpipe
system, thus i‘ulrthe.r analysis of the accurécy-j and the iimitations oi‘ the
'prezlietiori_method‘ devel'oi:ed by Ferrett can be usefully car-ied out using t‘nis'
‘experinental date. ‘
I%1.2 The Prediction Yethod.
| "The theoretical apiroacn developed by Ferrett vwas an integral method to
solve tae bouﬁéary layer equatiions.

The momentum integral equa.'ﬁion for a two dimensional cém;&’ess;i.ble flow
is used, Head's eatrainment function (using the .c.o;npressibie form pfoposed
"by Greean) is used as the aﬁ:dliary shape factor equa.'f,ion and continuity is
vsed for the prediction of the centreline velocitiy. Greens s‘ln friction
“'1aw. is employed for the calculation oi"tl;.e él:in frictién. Air viscoéi’cy is
| dalcula‘bed from Sutheriends viscosity 1a§ end the static pressure rise calcu-
lated by application of the Puler equation along the centre line s’lz'eem.line of
the difiuser/teilpipe and the ?ressure assumed constant across the cross

ar

section,

IX% 1.3 The Boundery Layer Equations used and'the llethod of Solution.

The boundary layer equations used to describe the developing boundary
, , , |
layer are as follows:-

!
;

o



(1) The lMomentum Integral Equation for a #wo dlme.lslonal compz'e531b.e flov.
cs /2 -do 4 e[_’. 2o (H42-MP) | 1gy

~ dx My dx- (1+0.2Mc%) ,;u

(2) Continuity. ‘ .

(v - 280 (0% - 1} - dw -2
Yo (1+ 0.210 ) : Fel

() Dn.ver{,ence. _
- _
é_\‘»_' = 2 tan p‘
dx - -
(4) Entrainzent. | e
o H _ m(da)= F - mo(m®), 1. do
dx dx/ (1= 0,2402') Mo dx .

(5) . Skin Friction.

g g e )T
Vhere iFP and CfFP» are flat plate values,CfFP is derived from the e'xpressions‘
FCCfFfP = (0.012/?.'og lc‘(_ch Rg') - 0.04) - '0.00093.
Waere Fo = (1 - 10%/5)"2 and Fg = 1+0.05610%
rp is defined as 1 = 1-68( Y, andRe = Poue®

Hpp» Mo
These flve differential ecuations are then rearranfred into the non-dimensional

And B

form of:-

ae'
dx -

L]

o'(6', 1o, w/, H, HL)
do ~  Mo(6', o, w', H, H1) . PR
dx : L '

. du’ w'(@', Yo, w', H, HL) |
dx .

0]

-dE
dx

H(el, ¥o, w', H, H1)

_C}_E_]; bt m(e‘, I:{O, W',vH, Hl)
dx

Thus givings-

Y(1) - ©

Y(Z) = 5o }

(3 = . v
(4) = =

' Y(a) - Hl 5



These equations are then integrated simlianeously using thevRu'nge - Yutta
routine and values of Cp, Cpg, H, El, B, 2%y, X | and o ai'e calculatéa
contimuously bwn the diffuser tailpipe. | | |
- The solution of these equations reguires ‘th:'e i‘o'liléwi.ng difvfuser_.'iﬁi.et
data to be specified in ax}vancé. | |
1 Centreline velocity. (Uo)
2. Total temperature (Tt )
3, Effective total pressﬁre (Pre )
4.  Effective static pressure (pe )
5 D_if;ﬁser divergence (tan ¢ /2)
6. Shape factor (E) - |
7.  Momentun thi'ckn.e_ss (9)
8. I:Eeasu_r’éd static pressure (p,)
9.  Area Ratio (4R) .
"10.  Inlet width (w,)
IX.1.4 Assunptions of the Method. :
1. Since this method of prediction of the bdund'ary Tayer -Ii)arame’cers uses both
the Yomentum Integral Equation and en entrainzent i\u'ictioﬁ 'F' the solution _
assumes that tilere is no interaction betwee_:n the b’our‘;&ery layers on opposing
walls and that a potential core ve:dsts at a‘.ll. poﬁnts m th'e'd‘ii‘fuser ;bailpipe
system, Vi‘herefore, ‘it would be expected thét ’chis’i apfﬁ'c:;a.ch wvould only be
accurate for thin inlet boundai'y layers a.ﬁd-: smai‘l_}area r'etios end would become-

increasingly inaccurate as the boundary layer' gfows 'inf‘the diffuser/tailpipé

- system,

2.  The method -zssumes that the siatic pressure is con_‘stant':‘acroés the duct
cross section, which would seem a reasonable assumption fpi‘ the low mach nol's
tested. (21< 0.25) .

2 That the velocity components perpvendicular to the centreline are negligible,

4. The total temperature is constant at all long.i'tudinal ‘and trensverse

stations. Therefore the total temperature is always equai the inlet value.



De The flow in the boundary layer is steady, iwo dimensionzl gmd always
turbulent. | |
6. The normal Reynolds stres;,s tera, in the equafiozis of motion for. the
-bou;adary layer, is neglixrible. ' ( | |
IX2 Predlctlon of the Pressure Recovery Coefficient ((‘p)

IX.2.1 The Thin Tnlet Bowidary Layer. |

The theoretical and experimental Values, of pv‘essure recovery (cp) axl'eb
compared for a thin mlet boundary lajer, an area ra’clo ‘of 2.0 and plenun dis-
charbe in figure 56. There can be seen to be a very good correlatlon for the
divergence angle of 5°, (wrl:hm %5).  This flgurgmcreases slightly for the
10° ang 15° divergence angle.cases, (the error foz: the 15° div'ergez;ce‘ang;le
is 10%). Vhen the area r.atio‘ (#R) is increased to 3.0 (showm in i‘iguré 57 the
error itncreaéeé o 155 to 20 |

The adcdition of a tailpipe to this syste,‘z!n does appear to improve the sit-
uation slightly (shomn in figure 58) end for an eréa ratio of 2.0 the difference
between the predicted and experiméntal results"'is within 25, for all divergence |
angles. FHowever when the area ratio is increased to 3. 0 (flgure 59) the
1mprovement is only slight, the error being betv‘een exoerlmental and predlcted
pressure recovery falls to X 15% the over/under estlmatlon dependn_ng upon the
divergence angle. This means that the theoretlcal, apnroach overestlma’ces
the high dlvergence anrle cases =nd undereot_mates the low divergence a,ngle

‘cases. ‘ '
I%L2.2 Thickening of the Inlet Boundary Layér.

As the inlet boundary leyer thickens the error betveen predicted .and
experimental results for the plemun 'discharge incre-z—zses_._'for' all cases. For
the 5° divergence angle difi‘xiéer, of area ratio (4R) 2.0 and erea ratio 3.0

- with plenum discharge (showa in figure 60) the ercor, increases from -5 .'i';o
~10%, though at the diffuser exit plane for the are'a":r_a%;io.s“.o case, the

vreiicted and exper mental values are within %l TFigure 61 shows the 10° snd
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159 divergence angle, area ratiosé and 3 results compared with the theoretfical
results. For the 10° divergence angle case the predicted vazlues are in erreor
by up to -1%5 for the area ratio 2.0 case, and up to +1% for the area ratio

3.0 case, for the 15° divergeance éngle, area ratio = 3,0, case the theofetical
prediction overestimates by 4055.  The error in the 15° divergence angles cases
~can be substantially explained by the failure of the ,theorj to predict the
sepa:f‘ation _of »the boundary layer and infact stalling of the difiuser in the

case of the area ratio 3 difiuser. T‘nérefo;‘e, as can be seeﬁ, the error is
mich more reasonable for the ares rat;lo (4R) = 2 diffuser (i.e. &%), In the
'c,ase- of the 10°1divecgence angle diffuser the theory appears to take a mean
between the AR = 2 and the AR = 3 cases. However since the theory does not
take into account the ei‘fect- of the downstream conditions diffusing upstreanm

and affecting thé flow, which in the case of a very small divergence angle
diffuser or a ‘bailpipe would appear to be a valid assumption (as showvmn in chapter
VIII). EHowever tﬁis ié not the case when a further highly diverging section

is included. The effect of the dovmstream.conditions affecting the local
boundary layer is obviously gfea’cer for thick boundary layers and high area
ratio and highr divergence angle diffusers, In additien the interaction between
‘the boundary las-rers on the oprosing walls will increase as the boundary layer
thickens further in the diffuser., This can be seen in fig,w:.'e 62 which shows

a fully developed inlet flow case with a divergence angle of 5° and an area

\
i
/

ratio of 3. Thé experimental velue of pressure recovery coeflicient (Cp) is |
underestimated as usual for the 50 divergeace angle case but is within %% for
mich of the dif-user, however after apmroximately the first 30¢5 of the diffuser
the theory fails-to predict the ravid fall in the &% xvalues and the érror at
the exit is an overestimation by the theory of aprroximately 10‘,’5. This tr;end
1o change from under estimation to over estimation as the inlet boundary layer

o o
thickens is shown in figure 63 for a 5 divergence angle diffuser of AR = 3.0

with thin, thick and fully developed inlet boundary 1a$fers. This reduction

~——
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of the pre:h.c'blon avcuracy as the inlet toundary layer thi d'ens 1~ to ve ex*eﬁte"
since the basis of this theo*etlcal approzch is the assumption that the onﬁosup
bound -ry leyears do not interact and that a potential core exists at all points
in the systen. Tnerefore any iacrease in the boundary layer thiclmess at the
inlet must in_creasé thé error of the :rediction method which ﬁll be seen as
an overestimation of the préssure recovery.
I%3 Shape Factor (E).
IXe%.1 Thin Boﬁndary Layer at Inlef.

The prediction o.f the boundary layer shape_factor for plenum discharge
with a thin in;et-boundaﬁry layer can be seen in figures 64 and 65. The
theoretical gp;roach can be seen to underestimate the distortion of the boundary
layer for all excépt the 1_5? diffuser ;>f area ratio 3., However the general
form of the predibti_on can be seen to be very similar to the experimental res-
ults and figure 64 shows how for small diveréence angles the prediction becomes’
increasingly accuré;te. | The sharp fall in shape factbr (1) a_f,te;' the high inlet
figure (caused by the boundary layer trip wire) is accurafely predicted for .
theér’nall divergence angle diffuser. 4s the divergence angle increases the ,
prediction accuracy reduces especially when the area ratio also is increased.
However, the pr‘-ediction method fails to predict the later rapid increase in the
;hépe factor, an error which incI;eases with decreasing area i‘atios, the except- "
jon %o this being showa in figure 65 for the 15° divergence angle diffuser area
ratio = 3,0.

It would therefore seem that the prediction method 'in the case of a thin
inlet boundary layer either underestimates the c;‘owth of the displacement
thickness therefore the boundary layer growth, or overestimates the growth of
the momef\tum thiclness, bdth of wiich would be seen as an overestimation of
pressure recovery due to the incorrect centre 11ne velocity calculated.. (Thls )
vlS discussed in paraf;'aph IX 4;, This can be seen in figure 56 i‘or the 10°
~and 150 divergence angle difiusers,

IX 3.2 The Effect of Thl kening the Inlet Boundary Layer.
| As, the inlet bound ary layer thickens the prediction metbod can be seen

{
) ' ’ A N
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to again underestimate the share factor (figures 66 and 67). This can be

seen to bev grossly underestimated in the 15° divergence angle ce;se shown in
figare 67. This accounts for the very large errors in pressure recovery
predicted for this case when compared' to the actual resulis. For both 'p'lermm
discherge and tailpipe discharge (showm in figure 67), g—: is so hié) that |
within 3 to 4 inlet widths as the distortion of the boundary layer is so large
causing the boundary layer to separate, and the diffuser to stall. The theor-
étical mrediction however fails to redict this thus giving far higher pressure A
recofe:‘iés than were experienced (40% higher). '

‘I't can be éeen that the prediction method gen.erally underestimates the
boundary layer distortion for é.ll the inlet boundary layer conditions tested,
and thus i‘ai.lbs to predic{; separation of the‘ boundarjr layer, which it would
normally do when the shépe factor 'H' reached 2.8._

IX.%.4 The Inclusion of a Tailpipe.

The effect of the inclusion of a tailpipe on the shape factor 'H' is
predicted as can be seen in figures 66 and 67, However the very rapid recdvery
of the boundary 1ayei‘ is not accurately predicted, thus explaining why a more
rapid pressure rise occurs in the tailpipe at the limit of flow stability
- than is predic;ed' for the thick inlet boundary layer case. Therefore the
prediction of the boundary layer shape factor (H) is closest'for a thin inlet
boundary layer, especially with a smlall diver ence angle and area ratio.

Tﬁe pfediction of the shape factor for this case is within 22- 455 (shown in
~ Table VI).
IX.4  Momentum Thickness Prediction.

As previously suggested in paragraph IX.3 the ;hderestimation of the shape
- factor is due to an overestimation of momentum thickness. It can be seen in
figure 69 that in the early part of the diffuser/tailpipe system the correlation
between experimenical and predicted results is good, however,'as the area raztio
enlarges the errort::bhe theoretical result increases. Howevler.v.'ith low area

_ratio diffusers (AR = 2), shown in figure 70 with thin inlet boundary layer
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conditions the correlation is good, especially for the"éo'divergence angle
case and as described rreviously the shape fzctor c_:or‘relé‘tidn for this cése
is also in'good_a{«;rea'nent. Thus the bound‘ary 1‘aye1.‘. i_s- aécﬁrately -;redicfcd
for these cases, accounting for the close agreanént ﬁbéﬁ{v-ea‘l the expz—:rimenta’,
and theoretical "bzféydiction -results of the,pa*formanéé pe‘z“'_emleters for thése
cases :

"IXS Limits for Accurate Prediction of’ Fiow end Pér;foimance Para:net-ers.'

It can be séen from the resﬁlts obtained that for iov area ratios end low
di'\.rergence angle diffusers, that is below 15°., t’hé cofre}.étion between the
predicted boundary 1ayer; and the performarice parameteré is very goéd f_br a
thin inlet boundsry layer. 'Fér these particular »geomfetrical éonfigurations
the agreement r.enains}rela.tively close foi e thick inlet boundery iayer
(28%/u,- = 0,06) .and ‘even for the fully developed inlet flow case. Provided
that the divergence angle is kept below 10° the correlation is quite good for
most boundei'y layer and performanc;e parameters,‘ ev‘e.ﬁ.,‘vv'.'ithou’c eny correction

" for the interaction of the oppo.sing boundary layers.




EXPERIMENTAL VS THEORETICLL PARAVETERS

2z =
8 oo :
g  Jv~£R2~‘ Cp H 28,/4i1 o

1 .*-X/m EXP |2-D TH AXT.TH | EXP 2D X1 EXP 2-D  pAZ-TEEORY
2.66 <367 -;350' ' 571 11,47 | 1,47 1,60 § 0.019 .018 026
6.67 617 .615 757 § 1.50 1.48 1.53 0.0329 LOb2 .058
10.66 T 748 .755 754 ¢ 1.6 1.50 1,41 0,069 .072 066
ATHOS. .753% -

© PAILPIPE
AR2 X/u || EXP - 2D IN &1 EAP 2D CAXT EXP 2-D X1

| 2.66 328 | oLz w540 § .58 | 146 | 1.6 o026 | .08 |  .o26

| 6.67 556 571 675 | 1.53 1.48 1.53 NollTA Ok2 .058
10.66 . 684 .699 L6714 1.59 1.50 1.141 063 .O7€ 066

11579 .7C0 717 662 f 1.44 1.42 1.36 078 | 095 .076
19.84 '« 699 «715 654 § 1.36 1.38 1.3% .079 .097 .085
31,78 . 691 .708 - 1.27 1.33 - 084 121 -
L6.88 679 ~698 - 1.25 1.20° - 073 - .152 -
AR=3 X EXP 2D AX1 EXP 2D AX1 EYP 2-D Iv41
2.66 325 | .29 550 | 1.48 1.46 1.61 .021 .018 .026
10.66 * «689 59 863 | 1.51 1.50 1.68 .06h 074 .120
18.32. 800 .69 865 1 1.63 1.55 1.45 .102 <1l .13%8
22.31 832 .72k 863 | 1.69 1.57 1.41 117 .186 <1l
ATI'i%. 0836 -

 TATLPIE 'R
AR=3 X/W | EXP 2D AX1 EXP 2D AX1 EXP 2-D AXT
2.66 +329 <29 490 1.9 | 1,46 1.€0° } .021 .018 .026
10.656 687 .5 783 | 1.56 1.50 | 1.73 067 LO7h .122
22.31 | 831 .72k 783 | 1.68 157 1.41 .116 .186 . 145
29.3 - | 841 .728 780 || 1.47 | .47 1.36 .126 . 206 .57
ko.6 = | .8kk 727 770 # 1.33 1.3 1.32 b 116 .225 . 175
kg.7 -+ 045 .726 - 1.2k 11035 - .092 .2k -

458.7 -} 843 .725 - 1.22 1.33 - 074 | 256

s
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X/W1 EXP TH-2D AXT ELP 2D Iy4t EXP 2D L1

0.76 .188 .20k $320f 1.647 1.55 1.72 013 .009 012

2.6k 513 550 LE7L F 1,654 1.53 1.92 .029 .02 Rolith

L. 65 .658 .696 631F 1.739 1.57 1.56 JOh47 Rolltt .050

ATMOS 711 '

TAILP.

AR=2 <

X/W1 EXP 2D AXT EXP - 2D AL EAP 2D AL

2.65 519 .535 674 Y 1.65 1.54 1.94 .029 .023 .OL5

L, 64 668 | 697 681 1.762 1.58 1.56 047 JOLL .050

6.04 .721 753 | 681 1.77 1.58 1.48 .058 .058 054

8,04 .729 2753 678 F 1.50 " 1.48 1.43° 1 061 062 .058

12.05 J7352 .751 671§ 1.35 1439 1.37 .059 .071 .066

17.72 <731 b7 - V1.29 1.35 - 062 .084 -

27.35 727 .739 - 11.28 1.32 - .071 .105 -

33.78 .719 - .

39.03 .74 -

L2,38 .710

PLENUM _ :

AR=3 EXP 2D A1 BXP 2D AXT EXP 2D X1

L, 65 426 .638 764 81,592 1.62 2.43 f0.021 .050 .106

6.31. .693 .768 776 % 1.631 1.66 1.90 .050 .073% <120

11.06 .784 .879 784§ 1,670 1.78 1.58 .076 . 148 . 136

ATHMOS. }  .788 : : .

TAILPIPH ) ' )

AR=3 EXP 2D AXT EXP 2D V&1 EXP 2D AXT

2.64 87 .587 .691 § 1.58 1.54 2.10 027 o2k 052

6.31 .682 .796 «792 § 1.62 1.62 1.85 . .051 06k .07

11.06 .780 .886 .797 £1.80 1.73 1.54 .033 . 130 .120
" 115.76 +795 .897 .796 § 1.49 1.5k 1.45 .036 .150 .128

19.76 .801 .8g7 794 b 1,47 1.47 1.0 .0g7 .156 <136

31.76 <811 .896 .

Lo, 26 812 894
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2 = 15
© . |'PLENUM AR 2 . -CP. f 31 28/
x| Exp 2D AXT ZXP 2-D | AXT EXP 2-D KT
0.66 .oy <270 L3 1 2.317 | 1.570 1.0k 005 ..009 01k
2.6k .596 .662 6791 1.975 |1.630 1.7k Notisg .023 Loll
ATHMOS 680
TAILPIPE :
AR=2 EXP 2D AXT EXP 2-D AX1 EXP 2-D EXT
0.66 .2h9 272 AL 1,704 1 1.59 1.92 013 .009 .01k
2.6h 612 " 661 685 2,124 | 1.6k 1.73 Ol 031 .0h3
L, 13 .703 .758 687 1 2.282 11.65 1.54 .058 LOL6 046
6.14 72k .758 686 {1 1.531 [1.49 1.45 .062 .052 .050
8.14 . 730 «757 683 111.381 | 1.43 1.405 .062 .057 054
0.1k o731 +"756 - - 1.40 - - - 060 - v
12.14 732 755 - {1.287 }1.38 - .058 .066 -
16.14 .732 .752 - 1.38 © - 076
2h.13 {729 747 H,1.2l+3 1.2k - .067 .C90
PLENUM :
AR-3 EXP 2D AT EXP 2-D AT EXP 2-D AX1
‘ (2.92) - (.okk)
2.6 1 |1580 .661 |SEP'N {1.827 {1.64 |sEP'M .036 .030 | SEP'N
L.29. .663 784 1.747  11.73 .0l5 054
7.27 749 .894 1.650 [1.90 .052 118
ATMOS .76
TATILPIPE :
AR=3 || EXP 2D AXT EXP 2-D AX1 EXP 2-D AXT
(2.97) o (.0bs)
2.6 . |l.560 664 |SEP'N |11.75 1.65 | SEP'N 034 .031 SEP'N
L, 29 . 639 .738 1.74 1.73 .051 .054 :
7.27 {728 .889 1.81° 1.9 .090 112
7.93 |74k 900 1.82  11.88 09k «120
13.9% " {.777 .900 1.30 1.52 083 134
119.9%  ~|L792 .899 1.25 1.43 .082 <146
27.93 .8C0 .898 1.24 1.35 .077 .62
3 b2 . 801 897 : _
28,29 L 801 .896
Lo,95 L 802 .895




Chanter Ten

POSSIBLE TYTIISTONS OF "TRE.

'?  g;l ‘“t .b | Reynolds Kumber.

The préséﬁt investigation has showm that diffuser performence is not as
independent of inlet‘Re. as meny workers éssume{ ’ Thérefore useful work cbuld
be carried out on %he followingt-

‘(i) | The effect of Reynolds numbér on performancé perameters for diffusefs
“ with both plenum and'tailpipe discharge to determine the effect of
V tailfipe adaition on Reynolds nurber: dependance.
(ii) The efzec* of dlffuser configuration (up to hlgh'dlvergence-angles
| and area ratios) on Reynolds number effects.
(iii) The effect of Reynolds number on the inlet boundary layér parameters.
X.2 | . v Boundary Layer Stability.

‘ The pfesent.wor‘ indicates that there is a relationship between shape
facltor and displacement thiclmess which could be used to define the onset of
bbﬁndaré layef instability. Therefore if work was cafriea out with verying
Boundary layer thiclmesses and shape factors by using more varied divergence
-angle diffuséré\than uéed in this work, with two area ratios to check the
correlation, The relationship couid theh be accurately estazblished, this
wﬁuld give a Quch better parameter than shape factor.(H} for détermining the
- onset of separation. | | | |
X;B : | Theoretical Prediction.

' .“T‘he theoretical prediction method tested indicated that with large ares
tfafios and thickening boundary layers the boundary layer prediction .beconmes
increasingly inaccurate. . Therefore the inclusion of some factor té allov
for the reduction of enfralnment with a thickening boundary layer could be
usefully enployed to increase the accuracy of this method at high area ratios

and boundary layer ‘thicknesses.



Chapter Eleven

MATN CONCLUSIONS.

Xnl - The Reynolds Yumber Lffccts.

The Reynolds number mvestlgatlon (cn apter Vll) shows oonclus.vely tna‘L
Cp is dependent on the inlet Reynolds number for all '~Re,molds ‘numbers.,
As the Reyholds nu:nbei' decreases the inlet b’oundary»lay‘ex_' thickness, the mom-
entun thicimess, and the shape factor (E) increase.  Also as the inlet boun-
dary layer thickmess is increased (by the additioﬁ of a.n‘:i;nla:’svpipe) ‘the
Reynolds numb er dependance increases at the lower ﬁeyn’olds nﬁmb,'ers," iridicating
the sole reason for tﬁe iﬁérease in Cp' with inoreasirig Reynolds mimber is- dué

to the reduction of the 1n.Let boundary layer thlc‘mesd, this 1s also shovn by

a reductlon in momentum thickness and shape i‘actor..‘

The Reynolds number deoendance increases as the.diVergence angle increases -
and as the 1nl~t boundar,,r 1a,yer thlcknesv and shape factor increase.

However the experimental results md:.cate that the resui Lts #22e within l" for

5

Reynolds numbr's above 3 x 107, though there are. J.ndlcatwons that this error

will increase for diffusers with divergence ‘a.ngles ab_ove‘-l5°. Therefore it
can be concl{lded that the effects on perfor‘max{ce of Rg;{nolc':s .ﬁumber are as
follows:- ‘ e ' ’ o

1.  For inlet Reynolds numbers aﬁéve 3 xll(ﬁ,' ‘tfhe‘ ‘pe:;‘formancé is independent

L]

of Reynolds number, . L
A2. For very high divergence angle difiusers, stalled diifz%users or diffusers
“in which a jet flow r'egimé. eiists the Reynolds n{mﬁér depencie.nce will
increase and may be significant above 3 x 105.
3, That the optimmn diffuser geometry is independent of Reynolds muinber
(since as optimum configuration zre approached; then the Re dependence

appears to reduce. )




.2 Diffuser Inw}estigation Conciusions
X.2.1  The Effect of the Boundery Layer Perameters.
Xl.2.1.1 Inlet Boundary Lajer Thiclness. |

Tnerease of the inlet boundary layer thiclmesé, defined in fhis_ wor¥ by
the displacement thickness pori-dimensiona}isﬁ by dividing by-the local duct
width, has a“sevei_‘é effect oﬁ the perfomance of thé dif user cszusing a fzll
in pressure recovery and effectivaless. This effect is particula.;c‘ly notice;
: ableii_‘n the case of the higher divez"gerxc;a engle diffusers (due to the higher
dp/dx values), and there ‘ié a generally increased growth of the boundary
layer perameters with tine thicker inlet boundary layers thus indiéating a
slower rate of momentum tran.sfer.

Tt can th’er._efore' be ébncludéd fromn the results bf this work that the sma-
ller the inlet boundary layer thickness th'e-higiler will be the pressure rec-
overy snd the effectivencss of the diffuser. |
X1.2.1.2 Effects of Thickening the Boundsry Layer

As fhe boundery lay‘er thickens there is an increased tendency for the
boundary layer to separate,. (dqe to the lower rate of momentum tra.néfer},
however vhen the boundary layer is aprroaching a fu}ly developed condition at
inlet the pressure recovery falls by up to 40 - 505 of that of the thin inlet
boundary layer case thus giving the appearance of an increased stability of
the boundery layer as the inlet flow approaches a fully develoéed cohdition.'
Xl.é.l.B Shape Factor (E) )

The inlet shape factor for the thin inlet boundéry layer was part‘icularly
‘high (due mainly to the boundery layer trip wire).- If can be seen from the
profile fiure i6z; thet there is a slight velocity deficiency on the centre-
line, however, vthis would not affect the pe‘r‘i‘cgaancg severely. - The distortion
dﬁe to the trip wire, hoy:eier, would reduce the performance, due to the mom-
entun deficiency of the boundary layer, this was most noticeable with the case
of the high divergence angle difiusers 1n vhich high pressure gradients occur,
and ahy deficiency of momentum in the inlet boundary 1ayef is less likely to

)
§
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recover for these cases., Therefore the perforn m;:e vc.lues for tke hw’g}n éiv~
ergénce angle difi‘usem mzy be 1orez' tmn that whicn vou d nomaT lj expected,

As the botmdx,y layer thickens in ths d:.__usa“ tne ao:.-w.ty of the d“i‘fusm'
.to withstand i‘urthe‘r' diffusion is a function of oo*ch che boundery 7a,,rcr tui cl'
ness aﬁ the snape factor. , ThJ; st‘, with a .;:xal- .boundary 'ajc'r' ’ch:Lc’/:nes.> .

"~ the flow is able ’co vithstand hlglly dlSuOI"bpd flows (J.. €. bla,ﬂ shape _avtor: o
vhereas with a large boundary layer thlc}mess a much_ smaller shape i‘actor

can be withstood‘ before separation occurs.  Tms rhcan be seen that there

is anirnpor’canf link bgtwe@ the stability of the bounr*arylayer, the displece-
ment thiclmess and the :shape factor, this is discussed more fully in ;paré,—
graph X1.2.,1.6 - | ~ o

X1l.2.1.4 Flow Upsteakli'r;es's.

The ﬂow,uﬁsteadiness, that is the fluctuation of the static pressure
with respect to the mcan static pressure'was’ at a loﬁvievel‘for 2ll this.work.
However it was noticable that the unsteadrness j_ncr‘e'asé.d with ‘the erea ratio
.and.fi‘iva‘gence angle and was at a maximum at sep_e;'ation or bnset of stall,
indicating that the separations were neither symmeﬁ'ié or stable conditions.
¥1.2.1.5 Finetic Energy Correction Factor (of -

This parameter was calculated for the erper 'nen‘l:al results and Jche values .
of.pressure recovery and effectiveness were corrected })y.the *inclus:'gon of
. this factor. . ‘ S o -

" For the pressure recovery coefficient (Cp) the éor:rected value was always
lover, since o_(i(inlet value) must e.lways«bé less ’cnan i.O. Though the error
" between Cp and CPE vas never very large, due to the sméll i'nilet.‘ kipetic enersy

correction factor (largest for fuily deveioped inlet fi'ow conditions).

The effect on e‘ffec‘civéness .is sonewnat different, "'-s':i‘nce the kinetic

ene:f'c;y correntlon i‘actor (0<) of the developing boundar vy 1ayer is taken mto

accomt, It vas seen that i‘or roderately hlon dlverg,mhe anﬁle diffusers

(29’ = 150) the effectiveness underestimated the ene’cg_y corrected value

éeverely therefore indicating that when a tallploe is flt‘ed the effective-
ness will increase as the distortion, and therefore 't;_he §<, of uhe oounda:'y

. AN



layer dec_rgases. This effect becomes more vmarked as the divergence angle and
the AR -mcreése.

Gene‘r ally i _'b can be concluded that the distortion of the velorsity profile
'céusing the .d:L crepancy between’l( andﬂ(' s 1s zn important consideration when
‘ designing a fluid flow systen vhere a tallplpe 13 fltzed, especially if plenum

discharge data is used. The use of non energy corrected eifectivemness would not

<

.only give 2 pessimistic assessment of the effectiveness but may also indicate
-a totally incorrect geometry fo;.r' the ontimm effectiveness of the system being

. designed_. | \ |

 X1.2.1.6 Flow Stability Criteria.

The use of a reiationship between the icinetic energ? correctio';; factor (X )
and the dispiaqement thickness 23*/ w is shown to be unreliasble in predicting
instability of tﬁe boundary layer, and similar displacement thicknesses and
klnetlc energy correction factors cen have totally different flow stability.

Shape factor (H) which has often been postulated as a criterienfor flow
js‘sab'ilifcz/' also does not define the area of instability adequately.

,Howex;er, a relationship between shape factor (H) end the boundery la;yer stab-

- ility, and could usefully be used in prediction techniques, such as the one
tésteﬁ using this work, to mredict flow seperation. For very small boundary
la:}er thiclmesses,high shape faétors of ‘tho order .of _3.'0 can be sustained vith-
out instebility, vheress at higher boundary layer th‘ic}:‘ne‘sses above 253*/17 = 0.2,

g 'l‘;h:e limit of stability is constént at a value of shape factor of 2.0
_"x1. 2,2 " The Effest of Diffuser Ceonetry. |

,' )CL. 2.2.1 Diveréence Angle and Area Ratio.

- The divergence angle and area ratio have similar effects on thé performance
of the diffuser. 4is the c‘lv'r“ﬁ nee ézgl'e increases the value of dp/dx and
therefore distor‘bion of 'the boxmda’ry.layer increa.ses‘, whereas with increasing
AR the boundery layer thic¥ness for a given divergence a.ngle increases.

Therefore these tvo naremeters ere intecdependent in determining the
‘pe:ci‘or.mnce of a diffuser since a low divergence mvle will g.L e a hl_h boundary
laver' t‘nc‘mess bu’c a 10'"42 value, and 2 high dlvo_ nence an'fle, a hl&;l pressure

{ dx
-y



gradient in conjunction with a thin boundary 7ey€r. "~ Since the inter-

dependence oi‘ distortion. and boundsry layer thictness. . has beeﬁ mmtioinai

Urevmusly, it must follow that for a par tlcular mlet bounaery layer con-

.ditions there mist be _opul.mm georetries for both pres.surg recovery end :
effective:aess."/' o
N.2.2.2, Tbe Optimmm Geometry

The optimum configuration for rressure rec‘oveff{.>i's.between 70 and 100
at an erea ratio of approximately 4, (for a thin inlet’ boundary la.,,'er
This will reduce both in area ratio ad dlvergence angle as ’che mleu boun-
dary layer thickens. The effect of these geometric parameters on dli‘f‘uc
effectiveness is similar except that the optimum diffuser effectlvemess occurs
at a lower zrea ratlo, (approximately iR = 2,0) .

An ezceptlon to this ociurs with thellnqlus_ion-of a tailpipe(i’n' the system.
This increases the optimum area ratio, due to”the rﬁe&duct‘i'c.ri_‘ in the distor-
tion of the boundéry layer. . | » /
X The Addition of a Tailpipe
1. 3;1 The Effects with the Diffuser Georrie%cry.

The inclu__sion of a tailpii)e cen be detrimental sﬁ:_ low .a:c.'ea ratios due to
the difiusion i?'lich occurs outside the difi‘ueer-'e;.{i.t Aplane.. 'However at
higher area ratios and high divergence angles. thece is a narlfrxi improvement
in all performance par ameteks, and infact the dultlou oi‘ a tailpipe has the
efze“\, of increasing the divergence angle a'i: w_nch the optlmam performance
occurs since the increased distortion oi‘ the oounaary lajer Tecovers melde
- the tailpipe and the inclusion of a ta*lpr*e to a stal ed diffuser results in

a large performance increase.

X1.3.2 The Effect of the Tailpipe on the Diffuser Parameters.

There is a slight stabilising effect on the boundJy luyer within the

4.

- difiuvser transmitted from the teilpipe, thus mcre’sm' tne alvergc.nce angle

at vhich separation will occur.  This ef-ect howeve:‘, 1s lf" it@d to casés

of h: gn boundJy layer distortion, and at other condltlons the e_-evt of the



tailpipe on the diffuser psrsmeters isnot nmeasuresble. This is 2lso true
' within.-the'tailplpe itself end if truncated a2t the naximm pres'r; re position
_the parameters at that point remain the sem=, (within experimeatsl error).
XL.3.3 L ~Positionof Peak Recovery in the Tailpipe.
4s the boundary Tayer at the inlet thickens the sdvantege of the inslusion

’o‘f a té.iipipe iné;‘e_ases. | However the nomentum transfer required to improve
thé boundary léyer trofile is slower and thus a ‘whger tailpipe is requiréd ‘
for thei optimum pressure Irecovery, This 3;.3 séen as a movement of the peak
’ 'pressur.e'position dovnsiream as the inlet boundary layer thickens.
X1.3%.4 ,. The General Effects of Tailpipe Addition

It can bé generally con.cluded thats
1. The in.clusion of a tailpipe is only detrimental for a very 16;'.; area ratio
and for moderé%e‘ divergené:‘e engles rrobably @.é to°
2. F;)r large .area.. ratios, particularly v.':r'ch. high di\fergence. angles, the
. addition of a tailpipe 'aiways -improves the performance.
3. . There is no effect on ths conditions within the diffuser transuitted
'upstli‘eam by ;bhe adiition of a ‘tailpipe. The e'xcepti.on to this is at the limit
‘of flow stability where some stabilisation of the difiuser boundary layer is
introduced by the addition of a tailpipe.
4 Vhen a diffuser has stalled largs.increases in Cp can be obtai.ned(ﬁ.p to
5057} by the inclusion of a tailpipe. ’ |
X1.4 Theoretical ?Tedictién of Per%‘orm:.nce- and Bouhdsry Layer Parameters
-Xi,_4.1 : ’Pressure Recovery Coef.icient (Cp) and Effectiveness (’p{)

| The theoretical prediction technique tested zave ‘\;fer'y good correlation
‘between theoretical end experimental performance perameters for the divergence
angles tested, that is up to 15°,. and providing the area ratio WasA not gr‘ea"c‘er
than 2.0. Above this area ra‘;:io the pz;ediotion. ikechnigue becomes increasingly
inaccurate. Increase in the inlet boundary layer thickness reduces the‘
’a.ccuracy of the prediction though not narkedly for the low ares ratio éases

(ar = 2).



AteGe o Liaouliivon 0L Dounuary Layer rerameters.

The prediction of the boundary layer thiclmess is accurate for smell ezrea
ratio d¢if’users. Si.ilarly the prediction of the momentum thiclmess is -quite
aocurate for a small area ratio diffuser end a snall divergence angle, bub
'as the div gencé angle or erea retio incresse the predic‘bion of the ncomen-
tum thickness becomes increasingiy inaccurate. Fowever ihe momentum thiclmess
is very sm2ll numér.ically end therefore accurate prediction of this persmeter
is very dif:icult. The prediction of shape facior (H) is quite accufe.t e, for
all the difiuser. geometries tested except. vnere flow instability or stall occurs.
However even in the case of ’flow instability or stall fhe shapé factor predic—'
tion can be seen 1o foliow a similar trend to the actual resu.lts, though
underestinating the actual vélue.

Xl.4.3 Predig:tion‘ of Separation of the Boundary Layer.

The predict.ion’ of separation of the boundary layer by the program is attem-

pted by fhe use of a crifcical'shape factor to define vhea separetion will occur.

The vealue oi' 2.8 used in this analysis ‘i‘s somevhat high and a’ vaiue of 2.2 would

seerﬁ to be a more suitable value, this would increzse the accuracy of the pre-

diction of separated flows. However it has b'een shown in chapter YIII that

there is a def:inife relationship between the displace;aen‘b thickness and shape

factor at separation. Therefore the inclusion of a function 'of 29%7 end E

to define separation could be included into the prediction program to give a

more accurate mrediction of separation.

Xl ded Error due to the Boundary Layer Interaction.

The error increase with thickening inlet boundai‘y'layers occurs not only
"with g thickening inlet bounda;'y luyer, but zlso with low di“fergen(.:e angle
large area rati.s. This is due to an interaction beiwe:n the bound-ry layers
on the opposing walls an& si;me tﬁa, basis of the rrediction technique is that
of a potential core e:ci::?invg at all times then this will obviously reduce the

‘»accure;cy of the technigue. The inclusion of some fom of blockage factor
depending upon the displacement thiclmess to allow for the interaction of the
opposing boundary la;-rc:ré could be included to increase the accuracy ﬁth

increasing boundary layer thiclness.
' - \
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EXRITTIINNTAL RTIC DESIGH CANSUIATIONS,

1.1 Ezperimental Rig Static Tressure Drowv.
For the maximua flow regquired, that is Il = 0.2, the mean flow velocity

- required would be 224 ft/s which corresponds to a flowrate (Q) of 112 cu ft/sec

or 6850 cuftfuin,  This corresponds 4o an inlet Reynolds mmber of 3.5 x 1092

(based on s 3" inlet width).

1,1.1 Settling Chamber Pressure Drop.

- From H,P.L 1218 for @ 210" x 210" settling chamber, with a flow velocity &0

28 £t/s would have the following loss coefficients.

(0]

Al

17t for honeycomb flow straishteners (2) = 0.5,
'Y for wire gauzes (5) = 0,2

mh refore }‘:' = 11

il

Therefore A4 h, 99 inches V. g. :
(Dynamic iead = 0.18 inches veg. )
1.1.2 The Contraction.

- The lccs facbor for the contraction 'Fo' = 0.05

=

Therefore A hy = 0.58 inches w.g  (Dynamic head = 11.4 ins. w.g. )

«

1,1.3 . The Inlet Duct.

\

“From OLSOX effective dia of the inlet duct = 4 x ATDA/PIADETIR =

B . B
hydranulic disneter,
Iydrenlic dismeter = 0. 44f%. = Dh

Therefore effective Reynolds number = 6,16 x 105

Giving. 3 f =0.013

'"‘he loss :zoefficient T, =  f1,/oh

Therefore A113 = 0 %o 3.5 inches of w.g. depending on inlet boundary layer

1 -

conditions required, that is the length of the inlet duct.
1ele4  Diffuser.

-

For tR = 3, divergence angle 5.

N
¥
.,
S

i}

Ahy, = 0.77 inches w. g (Dymemic head = + 10,29 inches w. g, )



L "7
RSYITOIDS 1TO« GASS 1 CASE 2 APPROX. FLO7 RATE
x10~5 I'w.g. - «W O Cu ft/rein.
* K !

v 4% 40 10,07 7000.

>0 >0 7. 16 6000.

oY 2.0 4.98 5000.

@eG 1.21 5% 22 4000,

Reynolds no. "based on 3” diffuser inlet width

71 D iffuser rig design conditions.



For AR = 2, divergceuce angle 150 ‘
Ah‘f = 6.86 inches w.g. (Dynemic head = + 8,68 inches v.g. )
1.1.5 Tailnipe,
. For fR =2, L = 9 exit diameters.

Ahg = 0.42 inches V.g.

i

For AR = 3, L = 9 exit diameters S

0.23 inches w.g.’

it

A }15
1.1.6 Plenum Discharge.

Loss coefiicient 'XK!' = 1.0

AR = 2; Ang = 2.89 inches w.g.

Q

1.29 inches w.g.

i

I.".6 The fases (onsidered..
The two extreme cases considored were:-

(1)

AR =3, 2;{ = 5%,  $hin inlet boundery layer and plenum discharge.
(2) A =2, 24 = 25°, fully developed inlet flow and %ailpipe discherge.

The maminunm and minimum valves of static pressure drop for the rig were
'égl'cua;ted using the above two confizurations. |

: Fo.c case 13 4.46 inches w.g. bcing t’he ninimum pressure drop.

For celse 23 10.07 inches of water gange for the meximum pres~ure drop.

Thls shéwn for other inlet Reynolds numbers in figure T1.

.":Tnea;ei’ore a pump of 12" water gouge minimum delivery pressure at a flow

\
of 7OCO cuft/min. Also to 2llow the flow to be varied to the lower flow con-
di‘tiéns a radial damper is required, this would increase the flow resis’cencve
slightly, but would be easily catered for in the 12 inches water gauge pressure
fan requirement.
1.1.7 ~ Power Requirernents,

Therefore the ninimum fan requirement is 10.07 static p’ressﬁre drop plus
the éynmnic head at the fan outlet this gives a powér requirenent of Q x- A h+
x 9 w. which for the desigan case is 15 E,P.

If the fan is assumed to be 80% efficient a power requirement of 20H.P inputb

vould be reguired. Therefore a motor size of 25 1,P, was decided upon.



1.2 Rotation of Pitot Traverse due to Air Flow,

1.2.1 Besic Ddta used for Calculation.

’.

Diameter of traverse = 0,032 inches,
llgsimun extensions ® = 4.5 inches
= 3.0 inches.
Calculntions based on en inlet Reynolds number of 3.5 x .'LO'5 , Mean velocity

U =224 /s, U in feilpipe = 112 £t/s (4R = 2)

<

Rep (based on pitot in tailpipe} = 1.89 x 10

Drag coefficient from PAO Cd = 0.95

Though due to turbulence of .'f.'l(‘:‘;'T, drag nay be considerably reduced.
Fd (Dreg force) funit lengih - (foot) =

Cd % Qu*a

Assuming flat velocity profile of 112 f£t/s

Pd = 0.04215 1bf/ft or 0.00351 1bf/in.

For an areg ratio of 3, ¢ = T4e 6 £5/s

3

Rep, = 1.26 x 10° , G4 = 1.00.

P
Therefore Fd = 0,00156 1bf/in.

1.2.2 Rotation of ™nd of Pitot Iraverse subjected to Flow with a Flat Velocity
Profile, | |

Figure T2 shows the assumptions made for this analysis.

i}

. .. 1 il
M = Rx - lp - Fdx% = bending moma® at x.

2
Therefore TI 42 v Rx - Mp - Fdx?

ax 2

Therefore Sc'lli IT = Rx%/2 - Mg x - RAxd/6 + A (1)
x

Vhen x = 0, dy/dx = 0, therefore A = 0
Moments about wall

=1

o - PaL%/2 - 0, thereforelly = FAL2/2 e —een(2)
Yoments about end. .
RL - Mg -~ Fa1%/2 = 0

Therefore substituting (2)
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u ( Uniform velocity profile)

(iii)

Pitot probe and

F,/unit length

sidev/oll models,



®

RL - Pd1l&/2 - FAL4/2 = O
Therefore R = FJL ——e- - ~-'-—"'~(3>

Substitute (2) and (3) in (1)

5

%}; EI . = PdLx%/2 - FdL*x/2 - Fax3/6 -~ - ——  -(la}

Therefore subsitute in (la) for x = L i.e. pitot end.,

dy ¥I = -Par?/6
dx

From fignre 72 (ii) the polar second moment of area = T /2 (RY - %)
Therefore Ixx = K /4 (rR% - 2%
= 4,362 x 1078 in% ' i

Therefore dy at end of pitot traverse in teilpipe if traversed 44" (in 6" duct)

I

dx
dy/dx = 1 x F4IL®> = 0.04073
BL 6
Therefore £ = 2°20! for iR of 3 with a 43" fraverse.

dy/dx = 0.,0181

6 = 1°2
Thus the maximum cosine error will be given for the 2°20' rotsation case.
The error for this rotation will be 0.0&5 i.e. less than 0,1% therefore was
considered insigqificen'b.
1.3 Maximum Deflection of the Duct Wall, ) '

Figure 72(iii) shows how this anlysis was carried out with the assumption
¥

of a uniform pressure at a section producing a uniformly distributed load of

vw/f%.  The wall has been likened to 2 built in beam since the ead positions are
not fres= to rotate. The analysis is not strictly correct since it assumes

the wall to be made up of strips.not connected to thei;c‘ neighbouring sirips.
This will incur & slight error which will tend to uverestimate the deflection.
However for the thiclmesses and lengths be'ng considered this will be

insignificant.

‘Bending monent at x.

= Rx - wx?/2 - Mg =M

also Ry = wL/2
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Therefore I = wix/2 - wx?/2 - lip  —ommemomomn (1%

since Q2yFT = M ~—aa(2) |, atix = 0, 1L/2, dy/dx = O equating (2) end (1) end
dvrz

integrating. Then substituiing for the above conditions in the expressions

for dy/dx and y, we oblain ‘he solution:

yEL = ot

Since thé maxinum static pressure on the rig is of the region of ~T.5" w. g
The maximun deflection will occur at the duct centreline and will be 0.035%.
" However it may Le noted that pressures of this order will c;nly be experienced
~in the inlet pipe.

Lt the outlel from the conitraction and inlet to the diffuser and along the
‘in'c et pipe there are substential flanges reinforced by 1" square steel stiffners
~to prevent this deflection being so severe and the maximum measured was 0.01"
in' the inlet pipe
1.4 Transition to Turbulent Doundary layer using 2 Trip Vire.

TAMVEURST end HOLDIR give the following relaticnships:-

Toa/y 600 —mmomr—mmmn(2)

L3

wily 36 (tosfy B e

vhere d = diameter of trip wire

[+

!

1

i -
~~
N
~—

v x = distance from leading edge.

using V = 1,6 x 10 a
o= U = 200ft/s
from (1) ' -

d> 0,575 x 10~ inches.

However for low Reynolds number where 0 nay be substantially lower a more
realistic value of d>1.00 x 16°  inches.

Similarly from (2) with a value of x = 1.0 inches.

d>5.,0 x 10 ° inches. .

Similerly this may be substantially higher for the lower Heynolds number
J

<t

ests therefore z trip wire diameter of 0.01" at 1" from the end of the con-

traction wes used for the experimentel rig. That is 0.25mm, diameter, 25mm.



APTEIDIX 2.

PRELTY TIARY INVESTIGATION O AT S7E

This rig consisted of 2 3 inch internal diameter brass tube 200t long,

consisting of two 10 ft. long tube s connecied by a flanged coupling in the
centre and with a bellmouth at the inlet.
The original rig was checked for alignment of the two pipes shown by

figure 7% and re-aligned as shovn to reduce the effect of & ster 2s much as
possible, especially in the oreas vhere nmeasurenents ware to be taken. The
'persoex' traverse positiocns were then manufactured to the form showmn in figure

12,

To deternine the be:s’u rethod of securing the tapping blocks to the tuve a
tensile test with two brass sirips connected by a fiece of purspex was ‘carried
out, Two tests for each adhesive were carried out (Araldite and Tensol No. 7).
The results of this test were that for A‘caldi"ce‘ the joint broke at a mean force
of 0.55%! vhereas the mesn for the tensol cement case was 0,981, However,
the joint did not break in shear on the adhesive/pecspex joini as in the
Araldite case but fractured the pe.spex stips therefore the stength of the joiﬁt
would be considerably highef than this value. (The area of the joints were
200 sg. mm), This test showed conclusively that thc adhésive %o use for a
brass/persvex joint was Tensol No. 7 cement.

The tube was then marked out as showmn in figure 11 (a) and drilled, The
tapping blocks were then cemented in position (using dumnmy tappings tc accurately
position the blocks)'. After this the actusl static preésure tappings to be used
were inserted and the vhole pipe interior honeci to de~burr the tappings and to
polish the interior. A boundery layer trip wire was then attoched (similar to
in the main rig) 1 inch in from the beli mouth intake end then the whole rig
level.led by neans .of adjusting the support points fo remove eny significant
deflections of the pive assembly which might mfluence the, flow.

A data reduction rrogran was then vritten to analyse the experimental worl -

on the boundary layer growth with distence can be seasn in fizure 13. Typical
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APPTVDIX 3.

TBE I?TLLT PTPE/DIFFUSER INTERFACE STREILMLINE CURVATURS,

To detemme the effect of streamline curvature at the inlet pipe/diffuser
intérface on the .Sjba'bic pressure, the static pressure vas measured along the
inlet pipe; A t;qiicél set of results ﬁ.s shown in table VIT and table VIIT,

'i'he results were plotted against the:distance from the diffuser inlet plene
(showm in figure 75)e  This clearly shows the effect of distortion of the sirea-
mlines at inlet to the diffuser, However the magnitude is small, epproximately
% lower than the wnaffected or 'effective! value. . \

| The 'effective' value of 'l;he diffuser inlet static pressure was obtained by
extrapolating the results taken sufi‘:.clently upstream of the dl.ff!l°€"" not to be

affected by the streamline curvature at the 1nl_et plane,
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Distence from trio | Uandinmensionallsed | Static Pitot Comrnents.
wire in cont. dist, from inlet. pressure | stations.
Tappings.
4
Inches 1m =/ m KO | ma H O 24 = 159, MR = 2
112, 5 - 0 - -
109.5 2781 ~1.0 215 ~210 3" from inlet
103.5 2629 ~3.0 -208 -206
91.5 2324 ~-7.0 -198 -199 )
79.5 2019 -11.0 -1384 -176 2" after flange
67.5 1715 -15.0 -133 =177
55.5 1410 -19.0 187 -175
43,5 1105 -23%,0 -96 =164 checked (96}
7l.5. 800 -27.0 -161 -149
19.5 495 -31.0 -150 -128
7.5 190 ~35.0 -156 -98.5 Tlange
3.6 76 -36.5 -98 -98 exit from
1.5 38 -37.0 -95 -98 ‘con'iz'action.

 Teble VIIT.
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del Tuput of Data.
The experimental date is analysed as shom in figure 27 (The flow diagram)
by a computer program on-an 1130 IBI computer.

The data was input as followss

1. Divergence angle, area ratio, tailpipe length and the number of the
run., | |

2. The atmospheric pressure and teaperature.

3. The width of the duct a2t 1;‘11e‘first position, the static pressure‘at

he position, the ceatreline at dyanamic pressure ét that position, and
the position number.
4o The number of readings taken é.t a particular spacing - 1, and the
distance a between the readings (mm).
5 The data was then read in. Cards 4 and 5 were then repeated until

all the readings at that stabtion hod been input,

iy

» date was then input as in 3 to 5 this was repeated

¥

6 -3 next statio
until all the data for the stations had been run, then sny additional
. runs were analysed by starting from card 1 again until all the data

- required to be analysed had been input.
. ‘ N
42 The Analysis of the Experimental Data.

The density was calculated from the stabic pressure, the viscosity was

~also calculated from the oxroression:-

o B —

5

(4.84 x 107 x (v + 27%.2) ) + 0.394) x 10~ B ¢ )

Vhen T = ambient tezverature in ©c.
The velocity was then calculated for each experimental point taken for the
relationship ¥(I} = 2p (I)/p SRR )

/

vhere (T) is the array used for that set of data a value of flow deficiency

NN
was then celculated (Used to calculate ¢ )

DEL(T) = 1 - ¥Y(I)/Uo —mmmmmmmmeeee (3)



and also 2 momentum deficiencyv term
DF KOA(T) - (1 - V(I)/00)X V(I)/To --onn- - - 4. .
Then the kinetic energy and momentum at that partlcular po_nt were calculated
‘and stored in an. array (I) |
aE(I) =3 3 xv(1)3 x e - --(5)
gon(T) = v(I) x 0 S (6)

These paremeta's were then integrated for the set of data in the may
| using a Slmpson's rule subroutine which included a routme for the 2'ths rule
_fdr use on the last four values if an od‘d nunber of 'w‘r‘alu;es was read in, |
Using this subréuti_ne the parameters were calculated ’by, infegr'atihg the data
~for each block input and then sum.ing the results to find the value for the
particular station being anal:}sed. The parameters _calculated using this
technique weres ; |
(2) Flow (mg/s) e \
(b) Mass Flow (kg/s)
(¢)' Displacement Thickness.
(d) Momentum Thickness.
() * Flow Kinetic Energy.
(£) PFlow Momentum. |
Fi;om these values and the previously calc‘:ula"b_e__ad value; theﬁi‘o’llowing paraneters.
were calculated. | |

(g) Reynolds Kumber. o

(n) ¢ .

(i) e :
(x) @

| (1) = |

| (m) op ‘ . -
(@) Cpg ‘

() «
() «
(@ A




The values of velocity for each point was stored in an array together with
its corresponding value of dlstence from the wall, for each station Cp, Cpg
ft and A(L were also stored in an array with its corresponding value of x/w, .

After the run had been analysed these values, that is, vel/di:ssfance from the

1]

wall, and Cp, Cpg , 4( , end qz’z/x/w, , were plotted by'/.the-c'émpute;ff.‘ Thi
had the advzntage of showing any obvious erronious 1’ésﬁlts or even punching
errors which had not been detected.

The data reduction program vused can be seen in figure 76 and  typical

outputs in appendix 5 and 6.



DATA REDTCTION PROGRANL

TIGURR, .. 76

[

veee FORTRAN SOUR

SUBRCUTIRE STMSM{FN,AsN)
CIMENSION FN({50)

COMMOCN H

L=0

A.:0.0

V=N

V=N/2

B=N/2.0

C=B-M

C €

S

a

i

AT EMNME

1
-
-

N TS



u;-ST.\\;OoCu¢ono FOP\TRAN SOUP\CE ST/‘TEI"ENTS EEEEEER)

- I£{C-0. 4)lr? 2
- 2 oL=1 -
6 N=N~-3
. IF{N)1
1 A=FN{1
J=2
K=2
0031227N
J=J+K
h=A+Jd=FN(T)
3 K=K
IF(L=1)}4:5;5
5 N=1M )
| A=A+0.3T5Hr (FN(K=2)+3, 08PN (=10 +3.0%FN (M) +FN LIS )
4 RETURN -
END

5,1
FEN(H+LY

RENCED STATEMENTS

£S SUPPCRTED
CRY INYECERS
ARD PRECTISION

EQUIREMENTS FCR — SIMSH ' .
N= 21 VARIABLES AND TEMPORARIES— 13, CONSTANTS AND PROGRAM= 23

YE ENTRY POINT ADORESS IS 0C20 (HEX)

SUCCESSFUL CCVPILATION

KS UA  SIMSN 1111 ' | =
1111  CB ACDR 5AF7 DB .CNT 0011 o

£}

=ICCS(CARD,1403PRINTER,DISK,PLOTTER, TYPEnRITcR,KcYBCARD)
*¥LIST SCURCE PROGRAM
*CNE WCRD INTEGERS

O-ST?\!G-Ceocnc FGRTRAN SOURCE STATEMENTS ® 00 es o2

INTEGER AR

INTEGER DIV

INTEGER RUN
CEXTERNAL SIMSN

DIMENSICN AMOM(30).
DIMENSICN V(30),DELP{30),DEL(30),DFMCM{3C), Ahc(30),V“an(30),
1W(3C),P(30),DELTA(30) TH"?A(BO);U7%El(’O},UuCL{3O);S APE(30) _
1,AK(30)},ALP(30),CP(30),E TM(DO);;NL]A(BO)31A“DA(30)14V(30)901(3 Vs
IRENC(30) sCVEL(30),ATHPR(30) ,ATEH (30)

“™



‘0eCecees FORTRAN SOURCE STATEHMERNTS coconons

CIMENSICN CPE{20) ;BETA(30)
DIMENSICN VEL(100),Y(1C0)
CIMENSION XW(30)
COVEON H S
NOTE PLACE BLANK CARD BETWEEN EACH SET OF DATA
DATA IN THE FOLLCWIING UNITS &
DI = DISTANCE FROM INLET TO RIG I.E. AFTER CONTRACTION
WM = WIDTH IN M/M ‘
WKM(KIDTHY IN M/M, NTCT = ToTﬂL KUMBER CF REAQINGS AT A PARTICULAR
-POSITICHN, SPRES = STATIC P cssu“L, TEHP I DEGRECLS CENTIGRADE
ATHP = ATHCSPHERIC PRESSUQ" [N M/M MERCURY
CELPC = CENRTRELINE TOTAL PRESSURE IN M/ WATER,
POSN = THE NUMBER GIVEN TO THE PARTICULAR LCCATIGN

ADI = THE DISTANCE FROM THE INLET (I.C. AFTER CONTRACTION) TGO THE POSIT:

IN FETRES
WRITE()65) :
FCRIAT’[%,‘OLFASE READY PLOTTER 4 PLACE PEN #z2EXACTLY%*» 1.0 INCH
LFRCY RIGHT HAND EDGE 4 THEN PRESS START V)
PAUSE
REAL(2,21)0DIV, AR, TLRUN
READ(2:29L)ATHP,TCEMP
IF{RUN) 42,422,064
CCNTINUE -
FrxrxerweNORMAL PLOTTING SCALES R R e TR R R R
CALL SCALF({0.0¢5;06:074,0.0,0.0)
CALL FPLCT(1,160.040.0)
- CALL SCALF{0C.Ct5,0,074,3:0.0,0.0)
CALL FGRIDI(2,0.0,0.0,10.0,8)
CALL FGRID(1,;0.040.0,10.0,12) .
CALL FCHAR(-10.0430.0,0.12,0.15,1.57)
WRITE(74651)
FORMAT( *DISTANCE FROM WALL (
CALL FCHAR(20.0,-8.0,0.12,0.15
WRITE(T7,652)
FCRMAT(*VELCCITY (’"]uES/SLC)‘)
DO €60 I=1,12 ®
YI=I=10.0
CALL FCHAR(~-8.0,Y1,0.1,0.1,0.0)
WRITEC(7,661)Y1
FORMAT(F4.0)
CONTINUE
DG ¢62 1=1,8
X=1%10.0
AI1=1%10.0-3.0 '
CALL FCHARI(X1,-3.0,0. 1 0. l 0.0)
HRITE(T7,6631X
FORMAT{F4.0)
CONTINUE |
CALL FCHAR{40.0,123.050¢1,0.1,0.)
WRITE(T74670)YRUN -
FORMAT(TRUN NG. ?',14)
CALL FPLOT(1,;0.0,0.0)
CALL FPLOT(2;0.0,0.0)
srwzaexxsbNOC OF NCORMAL PLOTTING SCALES swxsswwanzagss

oMM
5,0.0) | .



ERRS

3C0
3

1

160

v eSTRGaCeoewe FORTRAN SOURCE STAT

CONT INUE

"GCTG1L

E

MENTS oo

INLEY=POSH B B

ETA(INLET)=1.0

CONTINUE : :
READ(2,290) AWM, SPRES:DELPC,ADRT; PGSN 4
CONTINUE ) '
IF(AWE)40,:40,52
CGNTINUE

“J=PGSN+0.01

ABET=0.0
ARCY(J)Y=D.0
BET=0.0
BETA(JY=0.0
AAK=0.0
FLGW=0.0
FLOWV=0.0
CELTS=0.0C
DEF#=0.0
AKEN=0:0
kT=0.0
VEEAN(J)=0.0
UDEL(J)=0.0
UTHET(J)=0.0
SHAPE(J)}=0.0
RENC{J)=0.0
ALP(J)=C.
CP(J)=0.0
CPE(J)=0.0
ENETA(J)=0.0
WM OIN M/7M
W{J)=AnM=20.001
P{J)=SPRES
AWit=VALUS COF WIDTH READ IN IMN M/¥ FOR PCSN.
DI{J)=ADI1
IV (J) =AM
XA(d)Y=DI(J)/H{INLET) 3
WRITE(5,9) w4, PCSN, RUN
X‘(QIT[(J,E’-] )/«an 1TE:"’P
WRITE(5,34)0ELPC
CENSY=ATMP=13.6%25.81/(287.4=(TEMP+273.2))
AMU= ((4.84%5.001%(TENP+273. 2)] 0.394)%0.C0CO1L
ANU=AMU/LDENSY
WRITE(S5,10)0ENSY, AMU,, ANU
U SCGRT(2.0=CELPC*9.81/0ENSY)
THMPR{J)=ATHP
AT’Y(J)=TEMP
CVEL(J)=U
AY=(0.0
L=1
REACS H IN M/N
READ(2; 33NN, H
WRITE(S5,13)AMH

TG BE CALCULATE



C"ERRS:«-:STI\‘DcCco.‘o F O R T R A t\l S O U R C E

605

606

607

71

H=H%0.001

VEL(L)=C.0

IF(NN)4G)L,4C01,46

l\[\ N= fn\

DELP IN V/M WATER
READ(2,32)(CELP(K),;K=1,NNN)
CO7I=1,KNhN
IF(CELP{T))605,606,606
CELP(1)=~0ELP(I)
VII)=SQRT(2%DELP(I}=9.81/DENSY)
V{I)==V(1}

GG TC o607
VII}=SQRT{Z=DELP(I)%9.81/DENSY)
CORNTINUE

Y(Li=AY

VELIL)=V(I) 5

L=L+1

AY=AY+1C00.0%H
DEL{T)=1-V(I)/U
CrYCr{i)=(1-vIiI)/U)=v{I)/U
AKE{ D)=V (1) ==3=2DENSY

AVCH{ D)=V (T ) %=2=DENSY

CONTINUE

AY=AY-1C00.0+H

L=L-1

"HWRITE(5,35)

WRITE(S,12){DELP(K) ,K=1,NNN)
WRITE(S,326)
WRITE(S5,12¥{V(I),I=1,HH)
C[&Ll SIHS\!(V (\ynt\)
FLCOW=FLCWO%2,
CALL STMSN(DEL,DBELS,NN)
CELTS=DELTS+CELS
caLtL SIVSN(LF”PN,DNCFS,NN)
CEFM=DEFF+DMCMS
CALL SIMSN(AK-,AKEN;NN)
CAAK=AAK+AKEN N
CALL SIFMSHM{AMOM,ABRET;NN)
BET=DETH+AGET
REAC(2,33)IXN,H
WRITE(Sy13INNyH
H=H=C.CO1l
CONTINUE
IFINN)G6,8456
VEAN{J)Y=FLCW/4(J)
FLGwM=FLOYW=DENSY
RENG(J)Y=VMEAN(J) =W ({J}/ANU
DELTA(J)=CELTS '
THETA({J)=0FEFM
SHAPE(JY=BELTA(J)/THETA(J)
AK{Jd) = AAK

ALP(J)“ A/ (FLOWH=VHEAN(J ) 2% 2)

UDEL(J) = DclfA(J)54(J)
BLTA(J] 2«“Bcf/(FLCWM%VMEAN(J))

STATE

I

ENTS



SoaoSTl\:OoC"-toat FCRTRAN SOURCE ST [\ TEN’ENTS encoe oo

12
13
- 14
15
16
17
18
19
20
21
22
290G
251
30
31
32
33.
34
35
36
37
401

41

411

412

UTHET(I I =2%THETALJ)Y /W ()
WRITE(S5,;15)VMEANTY)
RRITE(5;14)YFLCW , _
KRITE(S,16) FLOWHK
WRITE(S5,17)IRENC(S) ' '
WRITE(S5,13)DELTA(Y)
WRITE(S5,;1G)THETALY)
NRITE(5;37)U0EL(J)7UTHET(J)
WRITE(S;20)SHAPE(Y)
WRITE(S5,21)AKIJ)
WRITE(S:22)ALP(J)
£0802T=1,L

CALL FPLLTIC,VELII), Y(I)) - EPRRRETI o
CONTINUE . ‘
CALL FCHAQ(VFL(L),{(L),O 08,;0.08,0.0) T

WRITE(7,:€655)4

FCRVAT(12)

CAlLl FPLOT(1,0.0,06.0)

caLlL FPLCT(2,0.0,0.0) « ' S
FORVAT(Y WIGTH = *,F5.),% POSITICON = ';F3.0,% RUN NO. t,14)
FORVAT(LIH CENSITY = ,F9.7517H DYN VISCOSITY = ,F9.7,23H KINEMATI
1 VISCOSITY = ,FC.T)

FCR¥AT(LH 1 L1S5F7.2)

FCRMAT(IXsI391X,F8.5)

FORMAT(8BE, FLCWw = +F9.6)

FORVAT(L7H VEAH VeELGCITY = ,F3.2)

FORMAT(L3H MASS FLCW = ,F9.6)

FORMAT (1 é&H REYNCLECS NO. = ,F9.2)

FORMAT(1CH CELTA® = ,F7.5)

FORFAT{9F THETA = ,F7.5)

EGRVAT(1EH SHAPE FACTGR = ,F5.3)

. FORMAT(15H VI”’TIC ENERGY = ,F1lli.1) L

FORMAT(32H K.ELCORRECTION FACTCR(ALPHA) = ,Fb6.4 ,/// )
FCF?"’AT(FJJ,]Y;Fé 11F6:27F6031F3-O) .

FORMAT(FD.1,F5.1) 3

FORMAT(3F6.241X,F3.0) o :
FPRVAT(Z H ATHCSPHERIC PRESS. 3F6.2;)19H ATHUCSPHERIC TEMP. ;F6.2)

CRMAT(16F5.1) '

TQQFAI(1311A,YQ.2) .

FGRVAT(35H CENTRELINE CYN HEAD (M/M WATER) = ,F6.2)

FORNMAT(2¢H DYN HEAD IM M/M HATER = )

FCRVMAT(24H VELOCITY IN METR EQ/S"uey)

FORMAT(L3H 20ELTA=/Y¥ = ;F6.4,3X%X,12H 2THETA/YW = ,F6.4)

CONTINUE : '

IF(HI)-1(1))3,3,41

CP(J)=9.81%(0(J)=P(INLET))/(0.5=DENSY*VHEAN{ INLET) #%2)
TF(VYMEAN(J) 412,411,412

ETALI)=92.81({2(J)-P(INLEY))/(0.5% DFV’Y“V““Aw(INLET)*%2~(l O-W({INMLE
IT)==2/%(Jd)®=2))

G0 TC 50 . ”
ETALI) =281 {P(J)--PINLET) )/ (0. S5=DENSY* {VMEAN(INLET ) #%2~ ”"A”(J)f‘
12)) '
ENETA(J)=9.81=(P(J)-PLINLET))/(0.5%DEMNSY# (VHEANTIMNLET Y252 #ALP (TNLE



GeeoSTROCieene

40
59
© 60
61
62
63

10

600

604

601
€02
Caasxxwezrassssz2x2L3TTING

7C0

711
7C1

11)~ALP(J)

1ETA
1)

1~

1)

1TH
1) S
FORVAT(13,2%,F5.132%,F6.3,2X,F5.0,2%X, FAo1,2X,F8.C32X,FTub, 2% F6 .4,
12X, F5.3,3X,F5.3,08:F5,3,3X,F5.3,3%,F5.3,3X,F5.3)

FORTRAN SOURCE
PVIEAN(J) %
LAMDA(J)=1-CTA(J)
CONTINUE

CPE(I)= CP(!)/ALP(INLFT)

:21)

GO TC 1

CONTINUE
hRITE(Z;SO)ULrl(INLrT):DIV:ARsTL RUN
WRITE(5,¢0)
WRITE(5,61)
hRITE(SyéZ)
FOCRMAT(1K1)
FORMAT(120H
SHAPE

POSN  WICTH
K+E.CCRR.

DIST
PRESS.

FRGHM
RECOV.

FORNAT (120K
FACTCR  FACTGOR

FORMAT (120K MM
CGEFF.

0O7CI=1,J
WRITE(D,63)I,WMII),0T(1),P (1),

FORMAT (1 PCSN.

WRITE(5,604)

FORMATA(1X,/7)
WRITE(S5,¢00)
LO 601 I=1,J

WRITE(S,602)1,8ETA(I),

FGRHAT(4X;IZ;SX,FS.3,2X;FS:1,DK,*4

ROUTINE

CALL SCALF(C.055,0.074,0.0,0.0)
CALL FPLGY(1,160.G,0.0)
DI{INLET)=C.0

ADI=DI(J)"

XA=ADI/C.2

NS=XA

XS$=5/A0D1

CALL SCALF(XS5,7.8;, O 0,0.0)
CALL FGRIG(0G;0.0; 2,MS)
CALL FGRIC(1,0.0 1,10}
XSC=A01/10.

XSN=XSC/1.5

BETA C/L VEL.

0.0,0.
)‘040500

CALL FCHAN(“XSC’O 250 1(10 l);l 57)

WRITE(T7,7C0)

FORMAT('PRESS. RECCV. COCFFo
bG 711 I=1,10

YCP=1%0.1
CALL FCHAR{=XSN,YCP,0.1;0.1,0.0)

WRITE(7,701)YCP
FORMAT(F3.1)
KCH=XS5C A

STATIC
EFFECT~

PRESS.
IVLHLSQ

INLET M/M H2C

FOR CP +ETA

STATE M

MEAN
NERGY

VEL.
COR:\ ®

u/S

EFFECT.

CVEL(I),ATFW(I)yﬁTHPR(I):X

LocaL
ENERGY

NUFBER

ENTS

CP.

ATN.PRESS.

{1
1s X344 F5.1,4%X,F£.3)

VS DISTANCE FROM

EFFECTIVENESS?)

2DELT A

“WILTH

¢ & & 0O N O B

2TH

¢

REYHOLDS —rm=m=m ==
CORR.

b

W10

e

VHEAN(T) ,RENC(I), UDEl(I):lThFT(I),
IAPE{T) JALP(I) ,CRPOTYETA(I),ENETA(T ) CPE(T)

TENMP. X/Hl e

INLET #sx«x



ceeSTROeCoveee FORTRAN SOURCE STATEHENTS socences

CALL FCHAR(XCH,-0.08;0.12,0.15,0.0)
WRITE(7,702)
702" FORMAT(*DISTANCE FRCM DIFFUSER INLET (M £S) 1)
DO 709 1 1yNS
IE(ADI=-2.0)712,712;7111
7111 I=I+1
712 XL=1%0.2
XLL=XL~-ADI#.02
. CALL FCHAR{XLL;=0.03;0.1,0. 3,0 0)
©7C9 - WRITE(T7,703)¥%L : N
703 FCRMATIF2.1) - ' e -

~

CALL FPLOT(1;0.0;0.0)
CALL FPLCT(2,G.0,0.0)
DG 704 I= I\IEF,J
CALL FPLCT(L,CI(IV,CP(I!}
CALL FPLGT(Z,01(I),CPLT))
CAL[ PFI.\T(U)

- CALL FPLCT(1,0 I(I), PE(TY)
CALL FPLCT(2,DI(1},CPE(T))

. CALL PCINT(2)
1C4 COCNTIAUE -
CALL FCHAR(CI(J),CP(J)40.1,0.1,0.0)
. WRITE(T7,7C5)
765 FCRVMAT(Y CP.1)
CALL FPLGT{1,0.0,0:
CALL FPLCT(2,0.0,0.
LO 7061=1NLFT, J
A CALL FPLDT(I,CI(I),ETA(I )
: CALL FPLCT(2,CI(I1),ETA(I)) -
CALL POINT(1) ~ - ' .
CALL FPLCT(1,DI({I),ENETA(I))
CALL FPLCT(2,DI(I),ENETA(I ))
' CALL POINT(3)
7C6 CCNTINUE
" CALL FCFAQ(FI(J)1ETA(J)1O.1,0L170.O)
_ WRITE(T7,707)
707 FORMAT (7 FFF 1)
7C8 CONTINUE '
- CALL FCHAR{0.2,1.250.1;0.1,0,0)
WRITE(7,710)RUN

o)
0)

)
)

710 FORMAT (! RUN NC. ¥,14)
CALL FPLOT(1,0.0,C.0)
C #exxreenrCND CF PLOTTING ROUTINDE s#assutsdperaaiss
80 FORMAT(1h1l,; "IMLET B/L THICKMESS = 1,F6.4,% DIV. ANGLE = ',12,'0DEG
les AREA RATIO = %,1I1l,%', TAIL 2 LENGTH = %¥,f5.3,'4 , RUN NQ. 7',
114,/7/77)

81 FORMAT(T1241X,1251X:F5.3;1X514)
’ WRITE(5,59)
REAC(2+81)101V, AR, TL,RUN
810 READ(24291YATNP,,TEHP
IF(RUNY42,42, 064
42 CALL EXIT
END



Test Mo.

21
22
23
24_

3
32
-

35

- APPIDIX 5

MIPIEN_

Revnolds number test results.
N e

Reynolds No.

4,68 x lO5
4.44 xloé
425 x 105
2,25 xz 10°
144 x 1207
.07 x 105
2,61 x 10°
3‘02 x 10°%
0.61 x 105
4.08 x 107
3.5 x 10°
2?93:10?

2.0 x 16°

1.4 x 10°

0.57 x 10®

400 X 105

3.6 = _106

2.9 x 10°

1.7 x 167

2.3 % 10°

o

0.6 x 10°

.Confipuration

S

10° AR 3 Pailripre thin boundery

e ti

[
3
o]

i

W R 2 Tai

layer

10° AR 3 teiipipe t

layer,

oy
Pt

dam e

ck boundary

boundary



Test llo.

40
4
42
45
44
45
46

51
52
53
54

- ~Reynoids o,

4.0 x

 3.9 x
3¢5 x
3,2 x
2.6 x

2;2 X

1.5 x

43 x

2.8 x
304 x
2.4 x

1.8 x

1.4 x

10°

10°

Confi~urztion,

o e e
157 &R thaliplpe

10° AR 3 taiipipe

fully developed

fully deveioved.
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APPTRDIX 6,

DIFFUSIR EXPrnTIimel RISULTS. |,

Table IX is included here as an Index to the results These are the
tabulated results of the experinental performence and 'ﬂow- perazeters. The
graph ?ﬁ‘ts e;e of 'l.:he velocity trg.verses.and of; Cp, sz_-,, /'-( ) and./’ZE |

against x/w; for each test.




TADLE IX,

Test No. : Condition of Rig.
"hin Inlet B/L (287?; = 0,01}
109 50 2 plenum discharge. L
112 . 5° iR2 tailpive discharge.
110 50 IR3 plenum discharge.
111 50 AR% tailpipe dischatge.
103 - 10° AR2 plenum discharge.
104 10° AR2 tailpipe discharpe.
102 lbo AR% plenua discharge.
101 10° tailpipe discharge.
105 15° AR2 plemum discharge.
108 15° AR2 tailpipe discharge.
106 15° fR3 piemum discharge.
1C7v . - 15° AR3 teilpipe discharge.

*
Thick Inlet B/L (2&6/w = 0.06)

7

202 i 5° £R2 plenum discharge.

201 50 AR2 'bailpipe. discharge.

205 5° ARBQplenum discharge.

204 5° AR3 tailpipe discharge.

205 io° AR2 plenum discharge.

206 10° AR2 tailpipe discharge.

207 10° AR2 optimun teilpipe length.
210 ' 10° AR3 plenum discharge.

208 . © 10° AR3 tailpipe discharge.

209 10° AR3 tailpipe discharge.



211
214
212

213

309
310

L3110

Table TX contd.

15° AR2 plenum discharge.
15° AR2 tailpipe dischorge.
15° AR% plenun discherge.

150 AR3 t{ailpipe discherge.

Fully Developed Tnlet Flow (28’6/1': = 0.11)

15° AR2 plenum discnzarge.
15° AR2 tailpipe discharge.
15° AR3 plenun discharge.

1507 AR5 teilpipe discharge.

10° AR% tzilpipe discharge,
10° AR% plenum discherge.
10° AR2 plenum discherge.

10° AR2 tailpipe discharge,

5o AR2 plenum discharge.
50 AR2 tailpive discharge.

5° AR3 plenum dischorge. .

Thin inlet boundary layer inlet profile.

Fully developed velozity profile. (inlet).
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7.1 AHALYSIS OF LIVZTY ERPORS TN m TXP-RLENTAL RESUL

The analy31s used in thls work is the method of KILINE and ? cLP.*TOCE Q3

.‘the "Uncertalntles of single sample experlments". This analysis attemnts to
estimate the probablllty of the result to be between cerizin linits.

Te1l.1 The Uncertainty of the Velocity Values Obtained from the Pitot Probe.

V= [9 xRxT ---------- (7.1)

.where Aphis the dynamic prés:—m.re from the pitot and Pa is the atmos;vheric
fressure. N | |
- The pitot was found to be relatively insensitive .toA small angles of yaw
< 5° znd therefore any .error' from a.slbight yaw has been ignored in this
analysis. . ‘
The major area of error in the Ap value occurs in the readings taken
.near the wall, for & th:.n boundary layer d Ap/dy is very large end therefore
the wncertainty in Ap (W8p) is large. A variation in y-of as litile as
0.5 mm could yield a veriation of the order of 50mm of ‘water. The probable
~ uncertainty for the wall readings is in the region of * 3 mm of water (for a
'5.0;1 certainty, estimated ﬁ‘om tgsts on pitot po;sit:ioning). ' Therefore the
maﬁmm uncertainty in veiocity occurs nesr the wall (since 211 the other pér-
ameters remain constén't across the section). Thus‘:ifcen be esfimated that
g ’.clée readings of dynamic pressulj‘e of the stréamlir;e 0.%mn out from thé wall
__:are,generally of the order of 100 ¥ 3mu water.
" Therefore if it is assumed that the zrobability of these readings being
+

within = Zmm of water is of = -similiar order %o the certainty than the

“certainty" of the velocity (w vel) is s

SR
v vel = [(%PWAP)Z + (%\’1’ WTY‘_;. (%WPQ)’L] 2

which gives:-

v ovel = [;1 (WA + %.Z(AP)RT(Wpa}?‘-}-{’; 2(Ap)R (V‘F)’L] ——=(7.2)
- (AP’P’" . PaTa o |
! ) '



Dividing by velocity to non-dimensionalise ez. (7.2) becomest-~

1 2 4 l Cn .

rvel = [(AxAp)) 4 ( % (wpal )+ (g_@ )2 ] R—— Ky
vel hp | pa. To L |
For values of p = 100 S

- /Pa = 760 £ 0.1

. - - ‘ -
2 2
w vel El_az___ 2 é}_,‘,O.l g+ %1 o.gg ]2
vel 27100 27760 2 300
=wel = 1.5 \
velv

This value of uncertan_ny reduces at the centreline to w vel
vel

the much higher ¢ *‘tainty of the A p value, '

Therefore the uncerta:_nty of the mean ve1001ty

- E(ua-u)a = o. 5«7-3

mlé:

7.1.2  The Uncertainty in the Cp Value.

= 0,25 due to

- By a sa_r.a.lar method the uncertainty of the Cp value be deteriined,

Cp = p/égul = ADRT
2Pau1

'l;her'efore:-

7T

_wc.p = [é&CP.WA 5’ éa_«_p.wrp ;+ 2800.*_@ ag é@_q%lwalf]

o Py

which gives

wCp . = [é %_?_3%_512 .WAP;Z é e ‘—-)4,»1(- Mgingm '3+§_

'dividirig by Cp to non-dimensionalise ,
wp = Erf_é_zg2+ s 2. Evmgz_i_%?. ,-332
Cp Ap T) (P Ty

Taking typical valuesi-

- 70 % 0.35,Ap = 200% 0.5, Ta =300 % 0,5 Pan 760 £

we obtailh an uncertainty for Cp of

e [t e e

~——

-
2AnRT.vu]g] 2
5Pg. U .

a -1



o= 1,045 = 1,04

‘The main étjror in this is the value of v, which if halved would reduce the

L , , _ 1
~ ‘error to the rTegion of 0.%5%
The'l'il_cely maximum errors in the experimental results can be summarised

as followst -

-u =i 0.2 to '1.5%. ~depending on the y value.
4, = 10.5 | |
T = 0.2
CP;': ‘—’l-.O%

’Z“‘i * 1.5

&= 2o,

8 ,='i 00 255 .

It must hovever be noted that these values are for normal cases, however
at the limit of flow stability these values of ervor will be greatly i.ncreased..
T2 Errors in the Data Reduction Method,

‘ The use of the Simpson's rule subroutine for integration of the boundary
.layez; paramef;ers could incur some error due to tfxe large value oi‘du-/dy near
" the wall. This is shown for the axisymetric rig in figure 77.
| It can be seen that a simple Y7 th power 1aﬁ aépro:d.ma’qes' to the general

‘ffom of the profile (i.e %o?" ({‘)1/" vheren = 7, 1n actuel fact n = 8

givés a closer approﬁmation). Fron the I/7tﬁ powez"lax.v proi‘i_le it cen be showmn
- tha.t' as the spacing betwe-n thé readings, eépecially near the wall, reduce then
.:the».accuracy of the calculated boundery layer parsmeters will increase. (H' is
. ‘élviown for the ¥ i)owgr law profile zgainst the numbc_x_r; of readings teken in
| figure 78.). However, it was-not 'poss’ible to traverse closer to 1;he wall then
0.5mz, therefore dictatin‘g the miﬁimum step distance. It can be shown ‘that
for a '/7 povier lew profile the velue obtained for 'H! uéing the Simpson's.

ruie sub,routine is 1.411 as against an actual value of 1: 365 from the express-

. S* 2 \‘/2.
ion, H= & = 1 - (on*/(on+2)(n+ 1)
© 1-QQ-m2/(n+1)(n+1}(n+2))%2
- Therefore for n = 7, E = 1.365. '

* vhich is + 2% Vhich is a fairly large discrepancy and is larger then the

] B ;;‘a
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error incurred by the uncertainty of the ac:‘llracy" of the expez‘immtal results,
The error on the actuai profile can be e;&necfed to be. of a sinilar order,” .
however in the dlﬁ’user vhere the oroflle is dis torted the error will be mich
less marked since it is the large du /dy value vhlch causes the problem, how-
ever the thin inlet boundary layér profile has an even h:).gner du /dy value,
therefore the error can be expected to be at a maximum here due to the mab111+y
-of a Slmpson's rule subrout:.ne (based on a qaa.dratlc fu.nctlon bet een the
experimental points. ),to accurately integrate very rapld chanp'es in veloca.ty
experienced near the wall., This error at the inlet nlane can be eynec’ced to
be always gr'ee:ter than %% on H for all inlet boundery laJFI' condi tlons and of

a similer order for the displacement thiclmess and momentum thickness.




APEITIRIX 8,

DIRIVATION CI' FORITULAL AUVD BOUXDARY LAYER DEFINTTIONS,

8.1 Displecement Thiclness (877,

The displacement thickness is defined as the distance the duct wall must
be displaced in order that the actual flow rate would be the same for an
ideal flow at the vélocity outside the bour‘ldary layer. (uo).
llass flow m = _{Qudn -.-——;---._-..-..--_.._~ (8.1)
also by ae_Lmltlon I .-Qouo(w/z-é)) e (8.2}
equating (8.1) end (8.2) o

w/2- §%= j (eu 0 oo dw
‘i‘herei‘ore : §* = j:‘"-(l- ou/ Qouo)dw cemeeee(843
8.1  lomentum Thiclkness (O ).

Momentun thiclness (G) is defined as the distance %o the duct wall must
be moved ‘such thzt the ﬁomentum flux deficit thrcugh this distance B at the
':Cree stream velocity will be the same of the deficit of momentum flux in thel‘
_‘,1'»bounaitary layer from an ideal flow.

' The momentum 114 the boundary layer :
T (6.4)

:.;The* elore the deficit. from an ideal flow ¢

7
= [ wel, B (8.5)
o o .
By definition oud oo = j Qu(uo-u}dw |
. o :
Ther of 1 |
herefore 6 = J 5.5_ E 1- % g dv  ———-(8.6)
. . P oYo 0
843 The lomentum Integral Equation for Two-Dimensional, Compressible Flow.

Considering the elemen“b shovn in figure 79.
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Sinces

92 :@+b_e_g, u2 = u+aE8X ) ?'2 = th“}'gz?'.éx% o
v/o A ] Wni/ﬂﬂ_ng Wit /zég’y(‘)(

(32u?dv feudvm-d gfpudw\ 8x + pudv 4 d E ()udv '$‘8y .+ ‘nd order terms
\ 1 -(h w )

i

./‘-

) ’ e (8.»9}

Henge net flow throur;h “ur{‘aces "A and DF out of elenen.t H

Wil 3;"8)( W4 ‘/QELWOX _ ’
s | pudw 4 g éj?udw ; Ty & éj Qudw 38*{ _____________ _2-(8,10
X .
wi wA
Mass flow through face CD
(2)
@ovodx

(1) g
Where suffix Yo' denotes values outside the boundary layer

'"’herelore from continuity ;

Wi+ Vzg— Ex wit /2‘bx ’
rdx = Sud 1 (((PudmiSxad dv 38x)+ 2nd order terms
fogs = - (R (o g e

For the balance of the rate of chanse of momentum in the x direction and
"~ the applied force in the x direction.

In the x direction the rate of momentum transport througn AC 3

wi
Q vy
o
Through DF ;
jWQ
= U odv7
272 \v1+3WPSx wi+ /2‘15%
. feuzdvr«\-d euzdw}g Qu l\v +4 (| Q uzdw ‘gy+2nd order terms
Jo & ;
wA o}
Therefore increase in momentum over the length Sx $
wi+ '/z QWEx Wi+ ’/z Sox

pu 23w + d jqu%w&c}*wd J (au Zan ; Sx+2nd order terms ---(8.12)
Wi

At the limit of &x terms of 1/2 %_\zox wiil equal the values a’c
X
the wall. Therefore the increase in momentum in the x direction over the

length 8:«: 3

g QuZdw Sx + 20d order berms ———— . (8.13)

" The momentum flux through CD in the x direction ;
2 .
uoj-QOVO(L-{

\V:“'ch;v ¥ W““v?.oxsx

-uoéj P udw4d gc\)udw\Sx -d EJQudVIJ& g 4 2nd order terms
WA dxz ) dx )

-Ug ( a ( Qud“f ) 83:\ + 2nd order terms cmemeeeeon (8, 14)

(dx(c ) ) - )

1]



Pressure foree on surface CA ;
o+

=Py

- ( P‘* S % 51}(\;l+ A S*' ) +2nd order terms

on DI
Therefore net. force in x direction ;
T - ‘V 'p ity - D BW -, AT T RTINS e o o o v aane e oo s oo gt °
1 %SA ,2,75_5{.5& + 2nd ordor terms (8.,15)
Pressure force in x direction from the wall assumed that over elenent

mean pressure ;
= "__éo}___’:)__
Therefore pressure foree from wall ;
(- mtlm+d Jus=) J(p+d §OT) |
3 %_1%8:@+2nd order Herms —emmm—meee——————— (8016)

]

11

Therefore net pressure force in x direction

= - ¥peE - — ~mnm={8.17)
: Ox : . :
Force due to friction at wall 3
= -Rw8xcosd/2 /oosdfe = Twlx —cmmmmoeeen (8.18)

Therefore since momen tum change in x direction = force in x direction

d' U; eu dT’SSr""Jod 8 Qu dwggx —%ﬁ_&ml - Tw &z +20¢ order ‘bex;ms

dx dx
------------- (8.19)
dividing by O x and letting Ox tend to 0. ; L
w1 - Wi . '
a wldw) - uod j wdv) = QoUW _}_19 I — (8. 20
dx“ ¢ g dxg Q e 1 :
Vhere é_p_ has been eliminated by the bernouli equation ;
ox
’ wodip = - 1dp
‘dx Qodx
Since wy » w/2 , Equation (8. 20) can be erpressed as 3 _
v = Qoo duy, - j euzdv' + g sj Qudw -------- (8021)
2_ dx j d:r

With some re'arrangemen'b equation (8.2 I‘ becomes

.
Lo o ae, el

w1
Qou02 dx L 1od gg Qodx wd}:ﬁﬁ




84 . Entrainment Tunction S -
Yigure 80 shows the {low clement in considerabion, where m=mass flow
in the boundary layer at the section under consideration.
Thus mass flow per unlt breadth ;
&
J‘Qadw
8
= Qouok aw - ;((3- Y dw % ---------------- (8.23)

now 8* j (1 - ;

Colo

Therefore subst:ctu'bmm in (8:23) beconmes j

ho= Qouo( & -85

differentiating with respect to x ;

Y

@:ggﬁw-%
dx T odx .

substituting E1 for (S -8)/
_d_._ 'Pouo(g —-5"‘) = f(Hl, 8-—8),(' Qolo)

which can be expressed 1n the non-d:mens:waal form;

. Qolo dix

There F = Heads endrainment function.
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