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apgTRACT . .

i work has been {gllowed in that ‘the potont:ial ﬂw pattorn

APPLICATION OF BOUNDARY TAYER THEORY
AND REYNOLDS NUMBER EFFECTS
QN THE PERPORMANCE OF -rynaomcn INERY ..

\
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v
'l‘hiu repo presents ‘n attempt to asuu re
published experimental wo::ks and to produce , in

gults obtained

!rom
conjunction with theo:etical analysis, wore accurate means

: and. h;edicting tho onut and, magnitudo of

- of estimting
high 1ouu at low Rcynolds numbe: It dasoribés an o |

i veotigation into .the effects of B.eynolds number. on the
£flow. through a two—dimnoional turbpmchina.\ 'L'he main work
'com:lnts of.zapproximate mthemtioal analysi- of representa—

tivo £1om h‘l& a typica). coinprenor geomtry 'rhe genarany

‘ noooptod- approach for the devol.opment of the t,haoratical

as a bu:l.o !or furtho: calculation o£ naynold-
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nmbor and boundary 1ayox momeﬁt'&in thicknou. T

e
: .
’ PR . ,‘h-’ 'K A
. R - ',, C , S e
. N o

. ' " R
A ¢

.~
!mc_gmrnl qh;:am:uucs o/f .’mwmr rbo\mdury 1ayot dovclop-




/.

number. where laminar breakaway ie 1ike1y to-oecur. An attempt

in determining Ehe flow patterﬂ eepecially at low Reynolda

is made to conetruct a quantitative picture on the per!oxmanoe .-

9
i
¥

s s e TR

pronounced when the floﬁ enters the laminar regime where

‘eg§§gy- It follows a 3 power lew in the laminar region

of a turbomachine in relation to the. Eeynolde number variation,

.

surface pressure gredient and free stream turbulence.

', } . y
i : 3 - : -
3 R . : . . R

A semi-empirical method of predicting critical Reynolds number
-at transition is presented. The correlation between the per-
fOrmence qf e turbomechine and Reynolds number ‘variation is

establiehed; it clpares well with other published results..

It is shown that the Reynolds number effects are most

high loseee are expecte due to viscous dissipatiog of

and a »1 power law in the turbulent region. If separation'

A 1AW AT ey o T TR T N et ..

of-the laminar. layer takes place before the.point of tran- .-

sition at 10& keynolde number, the separated boundary layer ‘f

might be 80 stable that reattachment of Plow in a tqrbulent ' ..

X4

form in impossible and the’ performance could deteriorete

repidly. It ie also shown thet design criteria and methode

‘can”be modified to -ansure imp:oved performance at «a specific

Reynolde number or over a lerge.renge of Reynolde.number. .
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1,0 INTRODUCTION ._ Lo L
. e _ .

:«'"' 244 . . N
As the range of uses for gas turbine engines continies to

*“"““—"“~VW-expandT—the—need_tomknnu_whatheffects variation in size and

i+

{

changes in the inlet conditions can have‘hn performance
becomes“increasingly important. Small compresscrs, for
example, are now being used in outerspace; conventional
.turbojetgfe;e also designed for flight at high altitudés‘
where the Reynolds numbe; is extremely small, According to
theyprfﬁzipal of similarity, all dimensionless parameters

should be theoretically unvaried under testedxconditions in-

‘ﬂe;der to have the expected perfprmance. The,performance ‘of

a’turbomachine can be defined in terms of the achieved pres-.
sure ratioltcgether witp the associated values of total
temperiture riee and polytropic efficiency (Appendix'I).' It
can be shown by,dimensional analysis that these param:ters

are functions of nondimensionel groups representing the presg-

sure tatio (Pz/Pl),'the rotor Mach number (UA/E), the flow

'cpefficient (RJT/P) and the Reynolds number (Rc) of this flow

(Apbendix I). In general, the first three parameters repre-
\

aenting as they do the blade Mach numher level, the flow Mach

numbexr_ level and the pressure ratio which are considered to be

}_the pxedominant parameters controlling the performance, whereas

er similarity is usually neglected. Under

cartain conditions, igniilcant changes in. pertormance*can

relult from changes in the flow Reynolda numbcrs and it is {f;6

thene efteets which are ntudied ‘in this pape:. ] 1- T

“J




. Reynolds number. is varied.

MY
R !
. L.
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The performance of a wide variety of compressors, when tested .

__over _a range of Reynolds numbers, has been analysed in the past,

...s%_

in an attempt to produceia satisfactory CEEEEEation of the

:results. ' Two Basic approacﬁes to the problem of producing such

. x//

a correlation have been followed (Reference 3,5 and 6). One.is

related to a knowledge of the detailed changes that take place‘

8
within each ftage in a compressor and could incorporate data

derived from both cascade tests and interblade row measurements

t

in an actual machine. The ‘other is to assume that the rotating

machine consists of a control volume, whose internal behavior
and’interactions can be neglected but behaves in a consistent
and repeatable manner dependent on the .geometric parameters
which define the control volume itself In tﬂis analysis, the
first approach is adopted to represent a qualitative discussion
of boundary—layer benavior and at tne same time to treat the )

quantitative aspects of boundary layer theory as applied to

- _-cascade pIades. The second approach is aiso\adopted in an attempt

to correlate the experimental data empirically The method'of

correlations in this report appear to . be. satisfactory for pre—

LB
‘dicting of compressor performance and avoids considering the

detailed flow changes that occur within the machine as the >

A%y
~




2.0 OBSERVED EFFECTS OF REYNOLDS NUMBER VARIATION N

. o b . { . .
, M ﬂ " . , . R . . > v
N . : -5
. . ¢

Figure 1 shows the general characteristics of a oom&ressor !

map . in which the Reynolds number effect is shown.,

The performance of a compressor is,ripreeented:in"terma of a
series of constant speed “CHARACTERISEIC" each -of which
describes the stable ranges of operation of the machine at a.
given blade ‘Mach numberdluéf') The upper boundary of each.
characteristic is determined by .the complete breakdown of
stable flow conditions and is known as the surge point,whereas
:the lower limit is controlled by the choking condition. A
uvariation in the level of Reynolde number eppears to produce a
bodily shift in both thé flow-pressure ratio and the efficienny
(Appendix IiI) pessure characteristics ae indicated in Fiq.~i,' X
mwith very little change in theig,ehape. It is therefore nec-
essary to define'equivalent points on the characteristics f°?4

« %

edch level of Reynolds umber so that any change.in.performancec

- . ’ +

can be observed.

In order to remove any ‘effects which might resuit from heﬁ'ges~ —

t was decided A |
. o T
to chdose operating points at which/t e mean velocity\triangles' : |

Ifor the maohine remain unchanged. This can: be achieved approx- ' -

in operation of one. stege relative to the nex

. imately by conaidering operation of the wachine at point of -
. :conetant input power, that ie. at a conntaﬂt\value of cP QAT/TI)

¢ V:"‘(g

(AppendixII)‘ The: chanqeu in flpwfandietticiency parametera:fifﬁf




R . .
g . . ,
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D A ﬁave therefore been defined in relcéicn to .this crite:ion and I )
are depictcd in Figcré'l. S8ince these~chanqes.aro known as
functions of Reynolds numbef, (Appendix 1) it is possible to

build ué a new chargctef{stfc at any regquired level of Reynbl&s*
number from;g measured charaéterfctics., The chhnge§~in surge - ’¢'

pressure ratio, however, need not'correapopd to a constant C
«NT/TI) since surge is essentially p phenomena associated with

blade stalling. For this reason, the observed changes in the
surge pressure ratio have been correlated regardlesa of the 4';

initial value of cl;ﬁ'l‘/'r1 to 1ndicate the onset of 1nstability.

.

- (Ref 3) are qualitativaly quoted to fuczﬁéz\gnticipated trands. |

" Pigure 2 indicateé the var%ation o% maximum e;\lciency, and

-

‘peak pressure/hoefficient with ‘Reynolds numher. The distinct
\ break in the data at the critical Reynolds number is noted.

The slight shift in the critical Reynolds number is due to the

\ .. fact that the ab0ve performance parametere do not occur at the

same flow coafficient (Appendix I). Increasing the angle of
. incidence of thauflow (decreasing flow coefficient) . causes the )
- o critical Reynolds numbexr to decrease slicﬁily since the separahi~;¥~iA
éi: t R " tion bubble moves to. the léading edge. This observation can ‘:L
' ‘ be further illustrched when the blades‘ciiﬁcperating towardn :

, stall. In th;s case, the crifical Roynclds numher tanda to
approach a mihimum, resulting*in a stable saparated flow.



A review on the experimental results shows that the }ose
coe!ficient ) (Reference 5 and. 8) increasee very rapidly
with chreasing Reynolds number in a way similar to the drag
coefficient of a circular cylinder (Appendix JV) This i -
because in both cases the. Reynolds number effect is due to the
ﬂpresence cf boundary layer. When the flow eventually enters
" the laminar regime, the loesee in the cascade will be mainly
due to viscous forces provided that the pressure diatribution
outeide the laminar boundary layer is. of a kind which nearly
'prevents separetion to take place. Baeed on these observations,‘
the -loss Eoefficient of a cascade should, in principal, bear
the se;e>eesic cheracterietice of the skin~-friction coefficient
of a flat plate or a aingle airfoil. The £oi;owing relation

between the loss coefficient and‘the Reynolde number is

therefore anticipated: (Reference 22 & Appendix VI)

‘ 14

’

— ~ 5 .
w oK R ' for laminar flow -==-=(1)
‘ -~ “12 ot . )
anda o X Rx _ for turbulent flow --(2)
where = P/krvief

A
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i

~effect of transition loqetien on the drag cherecterietici\

v . .

.
S\ ’

In ghe deveiOpMent of bcendery layer on éelqade.blede

eections, the primeri'zonlidereﬁion is ﬁhether'the tran- "“.' ',-?
sition occure before or after ‘the point of leminar o -

separation.' Theporigin of turbulence and the aOOOMpenyinq . ; t,
transition from 1aminar to tu:bulent tlow appeared to be ’

of fundamental importence.' To turther this trend, the T

of eubmerqed'bodiee is now grephiceily 111eetreted by the | ‘

\
well-known flow eround a ephere et a tixed turbuience level

as represented in figure 3.‘ At low Reynolds numbers, when .

no transition oécurl, the laminer boundary layer eeperetee

_and high profile'dreg reeulte. . When. transition occurs

.

_%ﬁ_ahaﬁgé"bf_ﬂfag"charﬁc q‘(i:titi;t"r“ﬁwaém\';;%~4e=xs141e¢!~-4lihe»uu\.-u;:l:m:m :;";ill'

Reynolds number, the reeulting turbulent laysr ocan tclereee’

x:before the" point of 1am1ner eeperetion et relatively high

‘a greeter edverse preaaure gradient; separation of the

‘tuxbulent leyer 19 deleyed. end u’lawer profile dreq ie f o
0bee¥ved.& The Reynolde nupber et whioh the rather sudden S —

:xnt‘J!

correiponds to. etsc

Y}
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3.0 APPLICATION OF BOUNDARY LAYER THEORY IN TURBOMACHINERY

"/

'
0

. '
‘

3.1 General Déscrigtidn’of The.Béundarx Lazér

. - it -
Although, in maﬂy practical problems, the blpde\lurface’
X boundary layer conbtitdtes a small portion of the_flow.
field, it plays a decisive part in the determ;nation of
the actual flow characteri tics. Tﬁe elf@ét of blade
‘boundary layer development on éanpade lo;see is recognized

since the resulting wmke formation (oxr flow separation)

, contains a defect 1n total prosuure. I1f the boundary 1ayet
| ‘is very thin, the pressure distribution obtained from
'potential flow calculation could be a good approximat;qn
to the real flow. However, as the boundary layer thickens
the actual ddstribution will depart.frdm the potential
flow‘cilcul;tion. Under certain conditions, tHe boundazy. °
- layer may actuall& neparate from the surface of the blade

‘N

ﬂomowhete 1n advance of the trailiné edge. When this ..

ppens, the e entiru tlow pattern about- the cascade is

ER LR Ly
A . , e

| TQ%=. altered by the diaplacemant of ‘fluid accampanying uqch
-(g;;ﬁgf, senaration and the ideal fluid £low solution about thc ’

e oy,
payioet /fq.,_

:fa_oxiqiﬁal protile is. 1mpos:1b1e._,; L oy T .,U”




‘tion //g.tu;ghlent flow are all present. In the laminar ' .

‘boundary 1eyer adjacent to the wall, while in the turbulent

~and turbulent flow regimes are markedly different due to the' ,

'fact that viscoun (skin friction) .drag is predominating

‘in relatinq the boundary 1ayer momentum thiekpenl to the

ol

’ 4

) 3 ’ +

In a conventional compressor deeign, laminar, tranli-
regime, the- dissipation of energy is confined within the

regime it takes place in a region of intense turbulent
mixing and is not directly related to the friction at the
wall. The behevior .and loes charaqsfrietice iﬁ the leminar

in\the.laminar flow, whlle the pressure drag is predominating .
in a turbulent and/or seperated flow. Therefore the . e

o

loeation and‘hature of the treneition,between the regionl“' .
are significant in petermining the magnitude of the L o '
reaulting weke. One of the moat important correlation . ,f'g :f,,

prenlurL 10!: cootficiunt ‘has been e-tpblilhed as below:

r‘l + v R -

(R.fn 5) ) I . ; v"' o F, N -

2 1ou, (or the -

«‘7

uq Appcﬁﬁi: ! %M) '




an analysis of the composite effects of diftoront-boundary
layer reqimes.‘ The prineipal factors affgcting thL boundary

. layer are the local surface pressure diptribution ‘(pressure

turbulent level. (Ref. 5) Othexr factors such as lecondary

S

flow and three dimensional effects are belicved to be

of secondary;impartance and hence neglecézg\tu”the analysis

: -

& that follows.ry

‘3.2 . Laminar Béundary-Layer L : L ‘
T . o co ‘ o ' .

The boundary layer equation was first developed by Von-Karman

in the following form: (Ref. 5) .

s SR --— o

It £ollown that the -olution of viscous flow in a turbo-
machinery requiral the pot.ntfil flow about the blade

« o ‘
- -.m.m.—h.. [devaloped squations’:(s % 76) for predicting '

s+

y aro:

gradient), the blade-chord Reynolda number and the free-st eam

rows to be doturminod tirtt (figur 4). Inwncfs 10, '-‘ g

tho growth nnd -epnraticn o£ the laminaz boundary layer.:.fg,_



-
¢

'-Whero m = velgecity dist ibution form factor

This mathod, deve pad £rom equation (4), resultl in a
non-dimensionaiﬁ“orm parameter for the velccity dintribution
across the laminax\ layer, which is a function of valocity
distribg;ion'in.the main atream: Beparation is\expected.

to occur when ghis parameter reaches a given;gglue (m = ,082
Reference 13). According to this method, the position of
the laminar sepam‘tti'on point ‘is primarily .'chafactez"i.zec‘l,

" by the boundary lay;r thickness and the locai gr&diént

of free stream velocitﬁ over(tﬁe Slade surface up to that

.‘2

point.

Hence, the value 3f 'm' at each point along the blade
surface for a prassura &istribution»computad from the poten-
tial flow thaory -is unique and. 1ndapendent of the ahnoluqe
magnitude of ‘the volocity.‘ Thlu approximation is good only
when the cxporimentaﬁ valccity digtribution" romains clole
to. thd potontial flow diatribution xcqardlel- o! Raynoldn

:_numbo: variation.‘ By rtWtitinq .qui%}on (58) in a non-

dimonnional :orm nhj‘”,“ f;j‘,:,x'n,. C

'

. »




, Rewrite equation (6) and substitute equation (5b) 'to obtain

S —-— T4 o . (54)
) . o . . d(fb/()’ e . .
3 . o . , . W : . '

Equation (Sd)‘ipdicates that laminaxr sepafation point is -

L

a function of local velocity gradient, momentum thickress

Mg g

and blade-chord Reynolds numbar.,(Appéndix V),.Fhrthyrmore,
R , ’ , 1
1 ' separation will not occur until 4 (V/V_) becomas negative, ie,
. | .o ; . m . ' .
(- ' -

flow is beirig decol‘o:ated.' | o a S p

! .
f [

.

¥ 4

The values of 'm’ along the suotion surface (Appendix.V). o
of the blade can be calculated as per 'oquation' (5a) and ) ,

LN

is pro,séntoa in ﬂgur- 5 as a function of ‘surface ;!ilﬁanéé. -

- For 'separation to take place, we set m = ,083 in equation -

4

(5d) toobtain © . - .0 o .

[ ' N . ?
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the point of laminar separatioh as the Reynolds n

decreased,

'If'transition'éo'turbulenttflow takes élace before the
*y laminar seﬁagetion point ie reached, eepargtibn of the lamin
1ayer'ﬁill not occugﬂapd the local pgeeehre rise will ﬁe
maintained (Appendix I¥).. 1f the traneitiqn'mOVee back
towards the trailing edge, as would result from.a reduction
Of Reynolds number, separation will ‘begin but will be
arrested soon after the trenlition point when the bcunda:y

layer returns to the surface: in the turbulent form. However,

. further movement-of the transitiop point in % rearward ~'
direction ellowe separation to develop bdfora the lub~
aequent recovery in tho turbulent layer end finally, a =

stage is reached at which breakewey is. compl‘%a bafore . :

trantltibn ‘rasulting in no further :iue of statie pressurs.
The Reynolds number at this stage’ corteeponde to the ' ' ;jf
“m;nimﬁmuhgit;gglggeynoldc*nunber :esﬁlting in a stable - .

R . ¢ . N T 3, v : c .
- separated flow. .. g.;.~¢r_- o N T S \

’
[




point prior to the. 1aminar separation point dapending

A
on the' critical Reynolds number and the 1ave1 of disturbance.
The relative positions of laminar separation and transicion

e of great importance in deciding the perfomanoe of the

blades' Although the exact mechanism causing the transition

wn, the first and by far the mosgt guccess— | )

is not wel

.ful ‘theogetical work on this aubject has oxplained many

fascinating phénomena as;iooiated with transition and has

led to believe that ptoper\disturbing frequencies within

the boundary are a preret!uilite for transition to take o -

place. (Referenoe 5 & 10) 2 ’ " /
‘Basically, this theory was concerned with instability of
the laminar boundary layer with anpgoé\-to infinitesimal

,‘ oacillation within the layer}. In a atable lag\inar boundary

layer tha diu:urbanoas aro damped, while in an unstable '

boundary layar the diltrubancea are amplifiad. .'rqﬁbpoint

of division called the nautral or instability point, de-
nda on the origin of tho dinturbanoo. The existence of

inatabi.lity in a 1aminar boundary lay,ar indioates that -

tranaition :Lo pouiblo but not necessarily, after the neutral

' U O P . — )

point. a'ha aotual trmition to a ‘fulxly developed turbulent T
motion w:l.ll occur soma distahée dmm:tream (Referenoe 5)e;
ceording to thig theo:‘y, an Lnata'isﬂlity ot the 1aminar TR

boundary J.ayer rasulta fxom (1) viacous affoo'ta (2) jounda:y
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rinstability poiné is a function of the bdundery-leyer

- the ‘boundary layer- overra’ donsiaerable part_of the. blade

s - 4 - II
- 7 . )

layer  thickening. - The theory further indicates that thHe
L

Reynolds number R§. Below some value of Reynolds number,.

infiniéesimal oscillagions-;re damped. - This particular

value is defined es the critﬂpal Reynolds number. On the

ethEr-nandeoscillations are amplifieg\ﬁhen the geynol&s/' )

number exceeds this critical‘neyno;ds.number. Voo L

)

. , . " C] . ‘ . ; '
The methematical appfo&chfto the problem of transition - - -
has so far been limited’ to a study of the amplification '

of ‘small disturbances in the laminar layer, In spite of

“the fact-that the work on boundary layer theory and develop~’
_ ment by Dr. Schlichiting has had notable luccees in its

agreement with expezimentel data (Reference 10), this

approach ‘has not yet reached the stage at which prediction

of actual transition point- in flows where pressure gradients

are present may be undertaken.- However;,the instability ' . ‘;w//
theoxy has demonstrated that the qhange to turbulent flow -

appearajto ke gradual rather than a sudden occurrence. This

rauggesta that transition is not merely a function of

velocities distribution end houndary thickness at a particular
point but also, in pene, determined by the development oﬁ

;
> . "

surface., : . “‘5;‘ Vf~‘i,;':,'yf S ;-j.ﬁv’ oo T

s . N . o
"\ ’. . R AR e . . ‘ -

»COleqpn Dup. Donaldson (Ref. 1) has aucoesafuily camputed o
the onset of transition frbg a set~of mpdelling equations 12;54'*3 ST
jas Qhéwn in figura 7.-“ utabla;nneuﬁxal,and unqtable ;
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"Theha eoneiderationh ere illuetrated—qraphieally in figure

regions are clearly defined and are compared to the
classical ;inear stability theory.

.

)

3.4 Effect of Reynolds Number and Pressure Gradient on Transition

Py y

v

¢ ’ '

Following the preceding analysis. the instability value of

the boundary 1eyer Reynolde number will depend 1ar§bly on -

the form of the velocity'ﬁrofile of the basic,boundary-layer. '
'idow.' Thie profile is determined primarily by the longi~- |
tudinal preeeure gradient. The greater the positive pressure
gradient, the lower the bpundary-layer Reynolds number at '
inetability. In translatiﬁgvthese results in terme’of the ST
blade-chord Reynolde number, the boundary-layer Reynolde' : o

number Rs can be ‘expressed as- (Appendix Y ' / .
= - ' ) B
, ', ‘ . . . o . \ N
‘116- = R (v Vv, 1(870) . ™ .
o ’m N ’ ‘
Thus the éloser the poi%;stb”the blade leading edge (the ' w

emaller the value of (&<, the larger the blade—chord |
Reynolds number (or v o’V1) neceeeary for the attainment L .o
of the instability value of the bounderywlayer Reynolde

[ Y

number’atyihat point.. In other worde, inetability conaition SRR

occur noqner at’'high blade-cho:d Reyno}da numbers (or v /vl).“Vi

96. which shows the rearltsﬂof tne daloglation of the insta- 1“

bility point for vaf!bue hl&ﬁe—ehord‘neyn01d: qgébers on”

S
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‘attack. The effect of the increased surface pressure

transition. 'As previously discussed, the instability
theory has indicated that the critical Reynolds number at

- quently exprgssed in terms of a turbulence factor,

gradient and Reynolds number on the.location of the -
instability as angle of attack is increased is clearly *
indicated. . .

.

3.5 Effect of Free Stream Turbulence On Transition.

v ‘ * . !

§

o

The drag- characteristics of spheres have provided a means

+

for evaluating the effects of freestream tu;bulenée on

transition is.a function of the turbulence parameter defined . _—
as )(I/LD (Ref. 5). Experimental verification of thia'

'effact is represented by figura 8, which illustrated the K

aarlie: transition aqsociated with increasing free-stream

turbulence. The turbulence in a c#lcade tunnel is fre-

defined as the ratio of the criticdl Reynolds number’
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»3+-6 Reynolds Number Effects on the géundxry Layer Momentum .,

at zero turbulence to thevmeasured crltmcal geynolds number -

of the.sphere. The effective Reynolds number ‘for a, blade

3

section, defined as blade-chord Reynolds number times turbu-

n

lence factor of the tunnel has used to repregent a Aransition.

parameter that includes the effects 6f free-stream turbulence.

-* . . . ’
.o !
’ i ’ ‘A

a °
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e
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Generally speaking, the boundary layer behavior is
. - . ¢ :” ¢
fairly well understood,as‘long as.the transition occurs

-

either before the separatlon point or at a large distance

. AP \ :
&ownstream of the separation. In the fyfner case.'a thickening

+ N ‘

flow breakaway and hlqh form drag are observed. Vlhen transi-

of the boundary layer occurs in the region o?ftransition

as the flow passes to the turgulent state. In the" latter
r .

case the laminar boundary layer remains separated, and the e

tion occurs ‘close behind the point of laminar separatmon,

however,~under normal conditions, the separated laminar

boundary may réattach to,the surface as & turbulent layer,.

(Y _pr——

e

,previous 1am1nar separation.x

‘forming a sort of bubble of locally separatea flo&; “The -

reattached turbulent boundary layer is considerably thicker

than if transrtion\had oocurred at that point thhout a




Vs
Attempt is now made to construct a quantltatlve plcture

of the antlcipated variation of boundary—layer monentum thick-

ness on a blade surface over a wrde range of Reynolds number,

pressure distribution, and turbulence level. such a composite

plot will not only constitute an effective summary of‘the'pre—

cedlng theory &as applied-to blade-sectiona,_bnt may also be of

¢ - 4

interest in identifying desirable\or undeslrable'areas of

"‘. o

i

cascade operation.

» e e e

[ ‘ i | -

The comparative variation of trailing—edge boundary~layer

momeAitum thickness (&c) with blade-chord Reynolds number is

presented for two levels of pressure gradient in figure 9

(data obtained from t&ble 1, Chapter a) "At low values of Rc
=t the'5““ﬁdary—Is“entire%y~Laminarrvand*~1n~dagxggégs with increas-

k- ' i ing Rc as shown by curve d-c¢ in accordance with the .5 power law,
7 4

y ' At some value of Rc, indicated by 'A' in the figure,.Rc becomes

o . : éufriciently large that transition from a laminar to a turbulent

? , v layer occurs at the'trailing‘edge. This Reynolds number appears

to &ield the minimum;boundary-layer thickness. When dhe blade

% loading (lift coefficient) is increased thestransition moves
) s e .

orward—from -the tya linq edge, and the boundary~layer.thickness

\ . falls somewhere below the laminar and turbulent curves. Finally,
(zéﬁ ag the transiticn péint approaches the 1ead1ng edge the boundary

1ayer will essentially assume the characteristics of‘the fully e

turbulent flow.'
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point 'A' further to the left of curve c-c'. Increased

turbulence will result in increasing the minimum boundary .
layer momentum thickness as showé in figure 9. 'However,

the effect of turbulence vanishes when low Beynolds number

is encountered. -‘In this case, curve c-c coincides with = - \

‘curve c~-c' and: the flow resumes the laminar characteristics.

- . . v
. q

4.0 SUMMARY AND CONCLUDING REMARKS —
. < | i B

*

4.1 Summary. e

3

The previQus conSiderations indicate that a consxderable
range of trailing~edge boundary~layer momentum thickness cam
be obtained from blade sections, depending on the surface '

pressure distribution, Reynolde‘number, and turbulence level,

In. two-dimensional-cascade research, therefore, it appears

)

D
()
iy
D
[
»
o

highly desirable ¥o- ident1 (,‘ s range

- blade sections in the: general loss against Reynolds number

'spectrum. Actually, the effective Reynolds number should be

considered 80 that turbulence level can also be included
Such identification can aid in determinimg~the best regionf

of cascade operation and also be of use in correlating test data

' from different compreseor geometry. Furthermore} in view'of “the

f‘ﬁicant consideration in compressor design., Reduced'neynolds

¢
‘

~laminar breakaway at .low Reynoldr

;number, the question of Reynolde number effects might be a signi-

’
¢




nufber in compressor design may arise for small~ scale ) .

'model units and/or fof operation at- hiqh altitude.

I . .

- . °

4.2 Concluding Remarks

Pe
e

itlis'appafent"from the preceding analysis that the

houndary-layer theory currently available is incapable /
of cohpleteiy predicting~the vigcous flow abo&@ a* two- .
dﬁmensional\cascade. However, the cualitative information
provided bylthe theory.can serve as a useful guide in
obtainingxand intenpretingtcascede data. Furthermore,

some quantitative results can be obtained from the theory

@

in its present state ftor a*ttmitedtrange—ef+£iew—condltions_*___h____

and assumptions. : o e eem

i

o

The principal conclusion reached from the qualltative o
‘ F
evaluation of cascade boundary-layer behavior is the large T
eenaitivity of the losses to blade-chord, Reynolds number

and free~stream turbulegbe Apparently, a wide range of : v

T ﬁmnnnhna#&ayes}%ees~4iyétenm1 @b) can be obtained for.

a conventional cascade'geometty, dependinq upon Reynolds : E /

number and tuxbuience.jcrheafmportance of the identiflcation

and evaluation of. Raynoldsunumher effects in cascade o D .




. The primary shortcoming of quantitative evaluation

be |} - "is tne‘inabiliky of theory to predict the location and

JA‘ Q?\ characteristics of the transition from laminar to turbulent
§?E o | flow. Widespread use of the guantitative caloulations ‘
;v s will follow the ability to locate the transition poxnt ' s
*ﬁ* ﬂﬂuwessfel_w.—_mhis4:mm§mﬁis difficult to be treated

T e——

theoretically, an attempt should be made to determine an

empirical correletion valid for the limited variety of

- ‘ blade shapes currently in use.

’ 50 SOME DESIGN CONSIDERATIONS ON,REQNOLDS NUMBFR EFFECTS

~ iy

\. ‘
N

'Iiiis fiow p?séible to establish some sQrt of design

‘criteria with regard to the.laminar brEEFEWE?‘Eﬁa‘transikiun
at low Reynolds numbef~ At high positive incidences Ehe

P = Ta bttt S UL R R Y b Eov sacg eV

pressure'dxstributions have, on the corivex suction surface, {
a sharp suction peak located -close behind the ieading I

edge. As the incidenoefis reduced this peek becomes more : C

~

) -~ . rounded and moves baok‘towards‘the trailing edge. If the

.CR5 :

, © . peak lB too sharp and’ is followed by an excessively steep

, ' pressure gnadient.tnen fne*parformance—e£~the_compxessor
r‘;&» ' 3. ,'will deteriorate significantly due to the pronounced viscous J ,~'

@

effeet and the wake mixing behind the point of separation‘3

'mhus it appears that pressure distributions with a moderately




-sharp suttidn’peak near the leading edge on the ¢onvex
’ . ‘ v oo ™ ¢

surface are like;y.to give the beet.overall performanoe
at low Reynolds number. ' '

i ’ “
An appreciable pressure rﬁee before the separation

point will be beneficial "in that it will promote early.
transitions and BO tend to create a turbulent layex before
the theoretical laminar separadion point is reached. The
type of pressure distribution which‘permits an appreciable
pressure rise before the lam;nar separation point is of
- the form having ; sharp suction‘peak'oloseﬂto_the ieading

,edge.‘ Althougnlthe moderately peaked pressurevdietributione'

characteristics at low Reynolds numbers by inducing transi-

tion tO'occur before\é&e'point'of'laminar separation; Thereée
'is a definite limit to improvement by this means as above a
~critioa1 1ncidence laminar braakaway js acain encountereo.
For this reaspn and because the ‘turbulent layer covers a-

large proportion of the-surface due to early transition,

los in ‘the turbulent rggion sre increased. The advantage
N A

of designing fg;”early.hransition to avoid leminan'separation

.\‘ + p CE

,at low.quholds numbers.woul§ be partly offset hy thex
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s b
is obtained. Although no theory has thus far given any
indication of how this optiqym Reynolds number ‘can be
determined, its existence has called for every considera-'. ‘
tion to be given in the preliminary design stage. '
Y

Although re}iable design criteria for transition-

point location for general airfoil flow are not currently
available, some ‘work, has been done along these lines. An
investigation of an NACA 65 series airfoil, in roference 5
revealed that a griterion for transition.based on boundary
~ layer Reynolds number can be satisfactorily established
as R§ = 800 (where d iS'the normal distance from the
airfoil eurface to a point within'the boundary distance
from the_airﬁail;ﬁurfaoelto a point within the boundary

)

layer where the velocity is equal to 0.707 of the velocity

at the outer edge of the-boundary-l;yer). This result
agrees'cloeely_withithat of Donaldson ifiguré.?) and

could be uged;ae a desion critetion to ensure improued B

ko . i

performance over a larée range of Reynolds number.
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6 .0 PREDICTION OF THE CR%I’ICAL REYNOLDS NUMBER .

v
.
i Lo .
- . . . . ‘e
; ! . ' .
5 .

A major qiffiﬁf{ﬁ'}{._ yet remaining in° tfe computation

of blade boundary=~layers ‘:1?_25 the successful prediction of °

the location of the transition point, This'problem is

in a very difficult realm of viscous~-flow theory because™
&

i
of the close relatiomof the transition point to the

~N-

. Reynolds number and free-s,tream turbulence of the £low. |

From the previous analysis, it. is shown. that sebaration‘

,

of laminar bouq‘dary occurs at the peak v'elocity.point.'
The boundary . la’yer mue't go into t_rénsitions so that a .

turbulent mechanism can be set to cauge the flow to re- .

attach. B2s previouelj/, noted, transition is dependent

.

upon Reynolds number (Rs) calculated from boundary layer’
thickness and local velocity at a given point. ‘Inspit_e
of the fact that gtream” turbulence level ‘and the pressure

gradient influence this number considerably, _some empirical .

‘ correlations have found to exlst between Rs at separation
, i and the length ‘of the separated rergion. In ‘principal, two
) I&; diatinct types of transition can take place, one holding o

for very 1ow turbulence level (1esn than 1%) anc’i the

other occurring when tlie turbulence level is relatlvely
hiqh (say 3 4%) il ) |

- o gl oy oy o mr‘_
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In the caBe of turbomachine, high turbulence level
ie anticipated. The cascade data. cf Sawyer have now , ' :
been used to construct the'relaticﬁ”between the Ry at ‘

1]

separation and the length of the bubble as shown in fig. 10. (REf, 24

Two curves have been derived for turbulence levels of

b “
A‘“iii““‘“‘““'“i%~an6—3T4%ereepectiyely. By use ofgghese,experimental o

s

- curves, the distance«between the’ separation point .and the

.

point of reattachment ban ‘be estimated for any gimilar
B | type of cascade if Rs ' at separation is known; Surthermore,
these curves can be used to find the case where the separa-

" tion bubble will extend to the trailing edge of the airfoxl,

W
. ]
. \ -

) thus. giving the critical Reynolds’number. . ,
1€, ' .&\ ‘ ' : .. ‘. ' . " ) ' ": ' ‘ l‘

\

' fegard to the boundary ieyer‘groﬁth‘as foilbws:,(ncf.SY

R 9"“ SAf'Vc)j ds s (10) ‘.1_\::- B

'
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x?i: Since 2,5 D RLV/V. (5 /C) . (12) . .

% , '

P4 , | |

& fJ'\ ‘ Assume that the éurvature of the blade is small over }

. o the leading edge pdrtion of the airf01l, the boundary

layer thickness" growth follows the form of a plate as

—————— ——— e ——— - _ —_—

expreé@ed by equation (13) (Rnf £.15) . o
m— -

/o = MR

,w;ere . R __V‘,a/o "‘V'(‘/;) (a/r. )-._. pbr\,(_ a___\.‘___{____ ‘(14) N i .

This approximation is justified provided that the' ,

(3 - o

-

radius of curvature of the blade, R, is at: least ' SRR

‘same order of magnitude’ as X. \By wrifing the mOmentum !

equation in the direction normal to one surface as in ref.29 |

OPfoy =LolPV/R e

"where y = position vector normal to the surface

'

R = curvature of the surface oL

(0] = “tﬁe order of magnitude of"

2 AP 1 AureNIp o

or "lboundary layer wLOJVT »

, ;_«';"LOJ(;V:.')/K /'( ( ":‘A‘j) , o

.

)
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x@‘ in order of magnitude than (?(—) . This means that pressure _
o " ' ,
?;’%" , ‘-Ji‘thin the boundary layer at any value’'of x scarcely ¥
o !
’f‘f n differs from the pressure at the edge of the boundary
’,-:' A ‘ ' ! .
) layer at the same value of x. Thus, the approximate
_momentum .equation-in the y direction takes the trivial |
form | R \ ’
2P — 0~ (onyif R==) L 1n .
; Y o X<l
.5*‘?‘ o
2 , A : | :
Hence, for a flat plate:
3 .5 ‘ .
! x e a8
) ' , S o ‘ ’
Al . It follows that = = ‘ S ' -
Ak - . (' \ ' . -
Y , ?' = S ,5.,, .5.\ _._________.,_..,_.\ (19)
3 ' < CTE 5 .~ JrdcC . .
3  hence Ps =R M/ 15 2 ) f5
:jﬁ.\/./\/, 5 ——— (200 .
/
L . The relation of (ELJ vs (é) at separatxon condltion has ~
bé“ﬁ‘éEfabttshE&*fram—figure—*6+——~ﬂs“ea&*ﬂew—be“gbta*“e .
(a?\ from equation (20) for ‘any" desired level .of blade chord
. N
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Reynolds number.
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£l ' Equation (10} can be rewritten in di.men.sionlvess :

o ' . form in lterms o'f the blade chord, inlet velocity and , '

. blade—chord Reynolds nuinbexr. - " . ' . | :
- e/c)a.. 45 v,/V)j (\//V)ct ¢) — @ "

‘ S . . - N S I
i @ : using the relation c;f . T ' '
H : . * : I "
s ‘ ' ‘ -
'*32‘ . * L . Ea g ec\/o/\/ /C

S AV VT ‘8 Yar . <o
' 0 =R\ Ofc ' H -—-~—-—~\ (22)

¥y
N . . ‘ f

o L ‘ * | Y ‘
i, P where H=a/6 ; - Ra ==Ved/fpy Co

: . | VV—KLV/W9/C %"H ,' ‘ '
| vepmrynOREH I
L. R = R, (e/c)%* S
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The gquantity- 5/3' in equation .(23) can be evaluated
P 5""!

from a Eypical boundary layer velo’?:ity distributions just’

prior to separation and can be assumed to be constant with

Reynolds number. Alternatively, it is possible to
_approximate this quantity (%’ ) using flat plate approach
e B e o ;"?' N ‘ ,

w D e T -

as follows: S R , T

x

L)

a

, Since _ é/ﬂ —-=5//,€:

A

5% =172,

L *
= 2.9 ——  (21)

° ‘.

2

¢+ by definiti_on, is the ratio of the ie’ngth of the
separated region t;.o'the', b%gndary layer i;ic);ness > at the

LY

point ‘of segé,xqtién. ~
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| @ AL = |—(5/c} | ’ ’ S
o - : (V/V)%* (%) S L e
- ' | = (5/c) / :

o = 73\//V] %) (26) . o
f L, =AN%) : S

. o ptLesey’y i .

| where A - 73y.j\}: e . '
— ¥ . I e
| ‘ A_is computed as a function of Ry -at the range of L
A ’ critical Reynolds number in the folléwing fashion. (Tahle 1)
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; Another relation exists that \nusk be /atisfied .at o
; . Y - ' "
y ' separation: namely, the experimental curve ghown in

A . , : " , , ’ ~
" ‘35 ) ' fig. 10. Graphing these two relations simultaneously. Y

: » ‘ * !

i

L

QE’ ' ) . By plotting the results of Table 1 in.figure llf

frcas -

OREE,
f

%> <

we obtain a quantitative relation- for turbulence level, .
» ' e .veiocity gradient and'critical Reynolds number at
£ I transition. By reducing the turbulence level and

number tends to go to a hlgher value. This means transi- . -
3 tion from laminar to.turbulent is delayed in agreement

3 -

with the previous. qualitative analysis.’

A

8.1 Concluding Remarks o , N .

Hdwevef, the foregoingupredicted critical Reynalds
&
number is unique fér each compressor configuration. The

3 g ' . conflguration to another. It is' therefore a’ very difficult

-*

task to establish any one value of llmlting Reynolds number

that w111 hold for all’ blade shapes gthe term limiting

Reynolds number refers to the Value of Reynoldd number at

:jwhich large rise in 1985 1evobseryed). “on tha.basis of ~ G

¥ - . gives the critical Reynolds numbers (fig. 20). 4 o '{

velocxty gradient (llft coefficment) the critical Reynoldsz' | y

Vo ‘critical Reynolds number 1n fact varies “from one geometric o

s —

e I e o e - WO
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the'available cascade data presented in figure ll, it

appearsvthat serious trouble in the minimum momen tum

[

(1#5 thickness region may be encountered at blade chord Reynolds

; A}
numbers below+-.6 x 105. (pef.5) ) ,

. .
'

@ -7, It seems there exist a universal critical Reyriolds

’ “number for compressors of dlfferent design which can Jbe

. .

~ ! geherallzed in a fashion sxmilar to the well known critlcal

Reynolds for/blpe flow, provided that the compressors are

N
of geomef‘ic simllar, for example, a ‘representative model-

scaled from a prototype. Althbugh, -some work has befn i ,f

done along this line in an attempt to generallze the flow

| ftﬂ> | @' parameters such as frmction coeff1c1cnt vs Beynolds number
from one geometry,to another (Ref. 17), the information -

C onxthis subject'investigation ié,bi no'ﬁeans‘complete apd .
‘:. ,ie limited only to some.simple geometries such as rectangu-

. -lar'ducts and scircular pipes. In addition, the flow “

correlatzons (Ref 17 ) between these - geometries held only

in a ‘certain range of Reynolds.number. ‘It appears that

there is a need to further this trend of study so that . ,

a more’ universal critxcal Reynolds can be generalized

i

. ) ¢ .
- a .‘_d;fferent size and shape.. Thls un;versal crxt;cal Reynolds

N e 3 . .
T .number Ievel is nntici. &’ted to have a value of 6 x 105 ‘ 4

(iﬁ@‘ T fxcm the test results of cascade Land. compressors of
¢ .
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7.0 THEORECTICAL ANALYS IS or REYNOLDS NUMBDR F'FPL'CTS
on THE FLUID PROPFRTIES

i

In order to derive the basic'relationships between

the fluid'pfopertieé and the Reynolds Numbef,'it'is worth-

while to examine the energy exchange ratc in the mean flow

and the disturbances. Dr. Mollochristensen (Ref. 14) SN
has recently devéloped'the energy exchange equations from
the equations of motion. For mean. flow the energy equation

is in the form of: - Y

ot — L5 ] (u,i. -gt;%%j ‘_,) OAL U, _,__%‘ "__(Ju/;;’ - 1!/ (:-c,:? ,-_]_, (2-,)

o kK ’.5)(,"3’?2‘)
t,‘ ° ,v . q\
‘ ’
and for disturbance: = - - o ’ '
e | K ' { ’- ‘*"'"7
Yo =l O ) o E g1t B — o

.
.\‘

~The first two terms in‘the’right of equation, (27 and

o

28) show that the Tlucﬁuatlons, through the Reynolds

stresses, chang:.'ﬁ' (&'(' ')) and that|'E" (& a_)) also

’

,decay due to viscous dissipation., The third. texm of

equation (27) and ( 28) can be regarded ‘as divcxgenﬂe term.

Thus integrating cquation‘(27)’over‘tbe volume defined by




KW

the solid boundary to obtain the following relation: 5t

= L, .
B ‘,,ég) /‘fd" = “‘W’u. 3‘4‘ )dv —UD‘“"‘//( P'“l i +,Lt,,: tanbo TN
. ) ¢ . . ‘ ' PR
. -.952‘71 a5 (29) - ,
1 m . " ‘ i‘:‘\'
3 ',\;'ﬁ" . ! - ? o "
] . . o e
; L |
.. . N * ' ks
\ The surface integrand (third term) is zero since it
/ﬁ‘ vanishes on the boundary and in the free gtreém as well. , ,
‘ // We have, therefore, , '
/ A ' ‘ 0
% V4 .
} TR a...)[///dv-u— f/j(ﬂx 1{)('>,£_,)-—Q-D)ol_v-—«—-———‘(30)
»< Rald
i . . ) ) , \
%‘ T~ To convert the above equations into a nondimensional form?
% we introduce a velocity scaleYUo, and a length scaled , .
5 Ty * such that . . . : R - | . Tf{
+ R : S ot : T Tl
H , 2 y i Ny \ o SR
‘. L (Fpfferav = = ffluiay (duig v ‘&‘;{?’S)ﬂ/ Vv —  (31). e
: . S ' \\.. e S, o o . '1"‘2;’15".’:‘

n,'.\ ' ' ’ - . .. ) c, _,'a‘ [
f; . .

. where: D = The product of v;scous stress and stralnﬂ} ‘ - s
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SR 1‘-'The d;ssipaéion‘tuhctioh'fof,flucthdéions RN T

o P. ;'11.32,1', is the boundary Rcynolds number 7 . L
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,,in the turbulent flow is assumed“such that L

: i
As indicated by equation (31), the growth of instabi-
lity is thus governed by a balance between production

(first term) and dissipations (second term) of fluctuations.

~This balapce is directly dependent upon Reynolds number.

It becomes obvioushthat for each laminar flow there is a

r~

unigue critioal Reynolds number which marks-the instability.

v

When similarity is maintained in the region of laminar flow,
the ba51c relation between the Reynolds number and fluid

properties is of the form: . ° S , ‘ ,

s

N X VB, for laminar flow (32)

where 'n' iF to'a large extent determined by empirical

A ‘ J- ‘
correlations. .

-

4

.

' Since Reynolds number is a measure of -the 1argest
scale (inertia iorce) to a viscous dominated scale - (viscous
force) with a given typical velocity, the ratio of large
to viscous limit scales increases’at high Reynolds number;

?et,&;be the wavelength of the jth instability; if similarity

.-»}r‘ ‘.

4




¥ . -
N .

taking )\7(»vto be a measure of the Re& olds number
{ . * . .

N = nlogR,  for turbulent flow -------= (36) - '

.

- .

This means that'large changes in Reynolds number o
is required to makendignificant changes in fluid properties. :

The value of 'n is agaln to be’ determined from empirical

' P
. .. B
. .

correlation. . %, \ : : :

8.0 REYNOLDS NUMBER EFFECTS ON THE A ‘ ‘ “
EFFICIENCY OF TURBOMACHINERY . . e .

‘

’ N

The investlgation on losses in cascades perfgrmed qQverxr

v

the last decade and thé refinements in bouna ry-layer _ ‘

theoriea have contributed significantly to the understanding

' of the nature of -thege lossee.‘ Only a certain percentage of. .

the 1osaes are viacous 1osses and the remainde of éhe loases'

is caused by separation ‘of the boundary layer vrom the blade : T

surface and subsequent mixing.~ The- significan e of these
different types of loases with. regard to Reyno ds number
effectp is that only the viacous losaea expres ed by a. . .

relation, ie (Pcf..y

n!—!_'l
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Whe.rt;\,n'=¥ 0.2 to 0.25 for turbulen£ flow

‘and n = 0.5 for laminar flow., .

In contrast, the separation and mixing losses do not .

< .

necessarily follow equations (38) and may only be insigﬁi-.

ficantly affected by the Reynolds number.
o

[N

. ' ' i
_Series of cascade test have.been carried out in a

number of institutes to determine the effects of Reynolds
L

*

number on thé performance of a. compressor. Most of the

early work was reviewed by Ainely with emphasxs ‘on the ra

It )has been reported by many K -

,

changes ln'efficiency.*

ihvestigators that the eﬁficieﬁcy did in,fact vary according‘

, to René; The:value of"h':appeared'ﬁo be affected b&
compressor geometry and inlet- Mach. number level. (Prf.24)

i . v [

‘

'Two definitions of. eff;ciency have been used to
’ -
calculate the performance of turbomach;nery.

The compressor

qverall efficiency % is deﬁ.ned in terms of t.he ratio of
tﬁe work . supplied per unit flcw rate in a reversible ad:abatic
compresbor td the actual work supply per unit flow rate in

'..( .¢\

the actualycompreascr betwecn aimiiar entry md delivety " "‘&

pressure & Anathars, .conaept xof efﬁciency :Ls of.ten' used, i
: '. ?~ - » 7
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compression through a small increment of pressure., The !

P I k.

relation . between the polytroplc effzcxency and the overall

((T\ efficiency may be obtained for a gas of constant speCich
: ) N ' ) f

heat. Reference 1§ derives. the desired relation'as (Appendix

l

. IIX) C ,
, ) . ¢ .g.-; ‘é‘
AN T ==(P/P) \J/’(P/p F_1} --——-—(39)

H

T T S AL T e

w St AN
.
e,

&

. ) , [} . .
In general practice, 'the inefficiency (or loss) being

e el M -

S42

defined as, (1 - 'Ip) is used for data correlation from which

o O

|
. < |
the value of 'n' is determired. As suggested by equation : |

|

“w—

-

-(32), the effects of Reynolds number on. the 1neff1c1enc1es
(Paf:28) '

s

can be generally correlated by the _equation of the form

_T__—_ZL— mA-‘(l"'A) 2‘/?04) - (40)

where- 'A' represents the source of losses lndepen—

dent of Reynolds number. " In order to concentrate on the

effects of Reynolds number on the loss characterlstics it , f

appears oonvenient to set "A" = Ovresultinq‘inxthe following.

& expression . - - .

' ' 11 (Rc. )\- L g '(41',

Lo=Trew 'wm« SRR S o .

T - where n=pg: i _;@ff,,,:"f,f‘, , "):Vl”(kif"'

-
e
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(@ R one of the best reported testﬁ (Ref..4) on ‘Reynolds

'
I

: ‘é"and 'ﬁ ' are defined as the Mach number correlation -
o parameter and qompressor‘sensitivity parameter respectively. )
(‘53- - The correlation éarameter"p' has been estab;ished~as shown
in figure iZ by NACA method of esfimdtiﬁg shock loss (Ref. ?4)
The parameter 'q' was cofrelated by cohbining‘the effecfs :°
3@ of aspect ratio- and the geometr'y of a mult1~stage compressor‘
in such a way that the paramégg} 'q! represents a quantlty | 7 .
bglng defined by the ratio of effect;ve 1ength to the mean '
_annu;us height. Fiqure 13 éhows ghe influence of compfeésér

geometry on compressor sensitivity to Reﬁnoldé number., -

i
'

& . , .
0 1, pree 4
» 4 K3

fhe vglue of 'n' has been reported’to Vayy from ;l to
.2 in the turbulent flow,regime and reach .5 in the laminar’
flo@'regime. Ssome of the test data of a PT6 T300 gas |
. turbine obtained by'UACL is preseﬁted in figure 14. (Ref 29). The
change in compressor effic;ency has been found to follow*the -
‘ law of (1™ { ) = k'Re” Where the xndex 'n' has a vald”“‘f . .
,; - .131 (slope = 7;60) above the cr1t10a1 Reynolds number. The .

[4
m) - value of ' n' is ’fopnd, in. agreement with h ‘= ,104, using

the -

" n = p.q correlation. ’ _ 3 . .

,
! ‘ :

4t

ndmber effeqt is alao shown in figure 14 Apcofdiﬁg to. . gu:,

.
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' is given below: (Rqf,23)

¢

43, ' ,

o . . 3
‘these risults, the_value of (1 -7 ) is inversely proportional

to the 2 power of the Reynolds number through the range of

\Reynolds numbers above 5 x 105 provided tn‘é%the compressor

passage is aerodynamically smooth. When the surfaces are

rough, there will be no. Varxation in performance withe .

. Reynolds number (ie,:n' approaches gero). In thls respect,

‘ e . . . .
the flow pattern through the compressor exhibits the same

13

basic characteristics as otﬁer fluid flows. However, when '

the Reynolds number falls in the range of 1 X 105 to

95 x 1q , the lnefficiency is found inversely proportional

'to the .5 power ('n' = .5), 1ndloating that the flow has

enﬁered,the'laﬁinar flow regime. For the purpose of

comparison, a summary of résults suggested by Carter, et,a;'

It iS‘believed that the correlation obtained by Ca 7

et al is based on the overall efficiency To 111ustrate

this point further,, figureuls shows the t&%t xesults of a-

- \ 0.)\

NASA compressor (Ref. 13) in which the qverall ef£101ency

r\*r.

is quoted and the .2 power law is observed.u In order to
show the difference when the definition of polytrépic

-

AT NN o 5 A S 2 N MR S r £ (SRR PR it QL AU ML 550, 0 2 e R S N R s e AR A
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figure 14 using the .relation of'equation (37) for
1 S e & "n’ ' .
sign. The result is that the index 'n' decreasgs to .l,

. / . ) . .
(g" ' when the polytropic efficicncy is employed.

' 2.1 Concluding Remarks

"It éppears thet\the .1 and .2
a more accurate correiationlwhe compressor‘performance is ' '
- referred to polytrop;o”eff ency and overall isentropic |
efficiency respectlvely. Theorectically, better performance
may be achieved at very low Reynolds;number by artif:cially
'agltating ‘the boundary 1ayer‘ Thls étatement is based on
the observatlon E"_E‘some poor unlts at high Reynolds * *
number provide sllghtly better performance at low Reynolds
number. The 1mportance of’ boundary layer development on

the performance of compressor ‘is thus recognlzed. ,

)
[l R .7 °

’
) -

.0 REYNOLDS NUMBER EFFECT ON_COMPRESSDR TEMPERATURE RISE

L . D
- . - s ’ Lo

-

- Because the calibration of temperature probes varies

with Reynolds number, it is extremely diff;cult to determlne ‘

the effeot of Reynolds number on_compressor temperature rise.

v, i,,].)




C o
L The overall temperature rise is: ‘“”Fxlf £513) -
’ ’ “ ’ .
i B . aT T 2 MR
. o - —_—— e &_,—_l_ ’.+ ‘A 1 ﬂ (45) '
; N : , ' fovecan ! lgeco " anp,
'.‘ ‘!‘\\ l ’ .
;“V ) . \\\ A—I— ) ) ,
" " where —=--| is also known as slip factor (.i/CfAQT) .
S VR 7 e
| & - | . A
1‘3‘ ’ o . ’ ) )
; o~ ~~ . which indicates the gas temperature rise sdue to energy .
3 ~ } , . * .
4 I _/ additions. A il deflnes the windage factor ConT .
; T ' —,—l HE (i‘u-)é_—)lmnbﬁlé
4 . U
, ’ o . . .
- ,

. which measufes_theAgas temperature rise due to windage

] . N

“at the back face of the compréssoriand the casing as

well. The compressor work factqrfis\defined as. the 'sum

'

of ‘slip factor and windage factor. - Y ‘
B I 1 . ; ‘

‘The change in éﬁr with Reynolds number can be : ,
. ]

estimate by the law of friction factor on a!flat plate o ,

resulting in the followxng expre551on. . '

a o . .

.

. . ‘ ,A-m-'xr AT ~ '.. . } , ‘ . .
@ ‘ ' . . A,_.S«F: . ‘)( ‘ ' (“)
| | T e f‘,u. : L VAR
oot o : b a'-\ ,‘ﬁ" S S
,(1§§4 L. The windage factor is therefore considered ‘to be a function
R i .

iﬁ‘?{“’ ’ f of waight flow and ReynOI&s qumber,. Reference,l3 reveals~ *“7 *:

1
PR
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46 - -

o ' e
, ,@§, | . ,

that the temperature rise due tQ windage, decreases:

) f .

e

linearly as flow rate zncreasgs. The variation of

friction.as a function of R is ‘given’below | '

[
- . .

"".‘,“ f = l~328,(Rc)“'5 for laminax flow =-==--~ (47)

» - o

Jn :‘.\ A . - . *
{//E\§\<074 (R;)-’z for turbulent flow ~---- (48) ;‘ S
. } «,' Q-’ - . .
The observed trend in compressor work factor shows o

that the slip factor is also a functlon of flow rate and . '
hé?noldn number. If'the relative flow angle leaving the

trailing edge'is agsumed to be,eééentially’constant:.

‘(cqhstant deviations), the slip. factor will decrease .

- : \

lineanly as the axial velocﬁty is inoreased. Since

decreasing Reynolds number tends to increase through . -

flow velocity it should also decrease’ slip factor.

. J}‘t s i . . '\'

In summary, Both compopents of work factor, ie, slip

’

o

'factor and windage faJtor ‘'should decrease with increasing )
flow. Howevery the alip factbr should increase Vith A ", o T\\

.increasing Raynolda number, while the wxndaqe factor should

decrease. - """1lf.}:‘~“. - e ,'v;’-:' )

. R . A N . - .
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Fig. lé\ahgws the compressqr work factor V£ d@?lgn co

equivalept flow for different Reynolds number level at

.~

7‘!“ l‘ - which the data were obtained. These data were gathered L

R Y NP PR TR

. from the test results of a NASA 6" compressor (Ref. 11).
' It‘illustrated that the work faFtor,is a function of . - SR

fﬁﬁa ,'eqhivalent weight flow and is practically independeﬁt o
' lj‘ vh ' s ) .
of Reynolds number. From equation (45) it éollows that. :

Bicaest ot TON PR O

‘

) , AT - . . v | . ‘
| | é%: ) OVERALL = constfnt regardless of Reytolds number : |
B . / . \ . -
( Lo / S ~ ;"
+ variataon., - o o . o ‘ g

-r

l\ ' ' 3 i *
s . . [ . 3
u g

("5" 5% Concluding Remarks =~ . , b 5_ £

& e, o L . T o &

. - 2?. Thls importaﬁt result confirms)the early observatxon - ;

‘ o in Chapter LJLG%’fﬁgi the shifting of compressor opgratlng &, : S

""WQ-' [" oint .due to varration in ReYholds number follows the ' : §

CAU constant‘A 1ine on the compressor map. It';slaiso true ?
to conclude that the compressor overall tempéréture rise |

! ' . i
. s N

is practically insersitive to any change in Reynolds
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17..0 REYNOLDS NUMBER EFFECT ON NASS FLOW. .-

/r'
1 -

‘ : .gl ) ‘ N
(f'\ The maximum. mass' flow passifig through evéompreesor
at any given speed will be determined by ehoking in. one

of its blade rows. It has been found, in general practice

that the flow is usuélly governed by choking‘in the first ™

stage rotor when dperated at or near de51gn condxtlen |

(design speed). This can be explalned by the fact that |

the Mach numeer.level is higher in rotors than stators

and that it tends to/fall throughout tﬁe mach§ne du¢ to . N
5f“’ increasing temperature. However, these conditions do

. "*'\ not apply at low speeéds and the flow is normallg,éetermined

% , ' by the final stege. On this‘b%sis, QEE‘Reynolds number ’ ] o

; which will enable oee compressoizgo be compared with aneEEEE‘\\;\\\\\\

| \ "_ is one defining the flow conditiens within the first rotor |

- : ; blade passage. |

Gompdrison plots of total pressure.ratio at design-

. (7,\ " speed for seven Ieveis of Reynolds ‘number is' presented in °
,f.,: . figure 117 as function of design equlvalegt mass flow. ' ' (;
' ‘. had - ta . ’ \\ L v . N
- %W These data are obtainedxfrOm the test résults of a N '
N . ‘. ¢ . L. ' )
o 6-inch centiifugal compreSSQr at design speed (Ref. 13).
As the Reynolds number was decreased from one level to °
B )('k \‘\J , .
“« - - .
» ) y . ’ . . , ) r__,‘.‘r-.u.__-_. -
. ! : s : ‘Q' L e ) ; ‘44
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- : | ,
Snotber. tﬁz mass flow decreases accordingly. These
' ‘trends can be explained in terms of the boundafy'layer
4;*‘ 'thicknéss inFreasingiwith'lower Reynolds number, thereby
decreasing the'effective flow a&eas ﬁh;oughout the
coméressbrp, The relations of mas; flow vs Reynoldst‘umber
=, can be develdpeq’baséd on 'the model law (Moody formula)

1

as follows: (Ref.16)- . , 1

Rz A L B

[}

. u’ThlS expression shows that the ratio of the losses 1n1;wo
machlnes is a function of the ratlo of the\llnear dimen-

: ~ sions of the machlnesvcpmpared.
. Conszder that Dl and D2 represent the dimensions of. -
one machlne including its boundary layer thlckness at two

. :‘* ‘”( different levels of‘Reynolds number. .If the Mach number

.. remains practiéélly\ugggﬁnged, such that the mass flow

. \\‘ . .
is proportional to the effeciIVe\gi?w area (Dz) then,
. , ’7;\\\\" ’//‘/~<

) ~7(50) .
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By plotting mass flow and Reynolds number on the logarithm

coordinate, we obtain the diagram shown in figure 18. The

straight linéﬁrelationship indicates that the index (.2/n)

has a value .equal to the slope df this straight 1i?e.
. N f/)
Hence e ot 0875 7;.[5n5 ) | ;

;
. S .
_ . -/"y' ’ .

o 23 ———em (54) - -

. .

‘

<

Finally we obtain
. R . 0)75
"lz, ‘ ( Ztl )

s n. Kes

~(55)

'

whiéh is similar in nature to equation (32).

»

Y, o
‘To verify ghi; correlétipnffurﬁher, some test .data
»oqfained by A.é. Wassel (Ref.24) and UhCL(RnfLZQJ havé
been réplotfed iﬁ.figurg 18. It waé found that they also
follow cloéely the same coireiatidﬁ as shown in éqﬁation {55).
lThe différénce of these straight lines is’ immaterlal since
they represent a;geomet:y of their dwn. Neﬁbrtheless, this
correlation’ié applicéblé'to anylturbomachlnery provided -
‘that they are operating at or close to design speed with

the eaceptxon that there is a varlation 1n Reynplds number.
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(according to equation‘(55) at:the correspgndihg Reynolds
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10,1 Concludihg Remarks : . ,

The foregoing analysis does not restrict itself to
two d%menéional flow nor does it ignore the casing .
boundary layer effect. Since temperature rise raﬁio
is insensitive to ' any change in Reynolés numpber, it is R

possible to define- the locus of constant & on the

o | T, )

the compressor map simply by calculating the mass flow

number. A typical constant or locus is. shown, in - .
; e o
1

figure 17.

A -

o

In compar;ng efficiencies of differlng overall : | .
pressure ratio, it is essential to compare their polytroﬂic
efficienci§8'(or ipfinitesimalgstage efficiency). This
efficiency assumes ﬁha% actval pressurée rise is’achievgd - .
bf én ihfinite'number of small ihcreaséments in pressure
at the same eff;ciency being therefore 1ndependent of
pressure ratio. The polytrop&c efflciency(r is calculated‘

from the measured temperature rise and pressure accordlng P
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- It follows that

(e RS g1 o
' l_oj(Px/F-) loy(ﬂ/f’v ) et o [qj - (GKO) .
. ) (3:- |
T ) L Lap (P /R) KRS (61) *

. T
The appearance of logarithm in’ (g—%—)‘ indicates that
the pressure ratio is more'sensitivé‘to change of
Reynolds number than the efficiency or mass flow as

' discussed in the previous chapters. Again the index .'n'

is to'be determined frgm data correlation. N
. i ' \ i

“The performance of a 3.7 inch diameter six-stage

NASA axial flow compressor (Ref. 12 and a6-inch radial , -

bladed centrifugal Fompressor (Ref. 13 are presented

in Fig. 19 and'l7 respectively. With these typical
' 2

data being available, the method of determining the

index 'n' is now summarized as follows: ' o (

(1) Sselect any constant_gg-line on h/éomprqssor map

1 . o
. Fig. 17, except those'geiqg.close to shrgq or
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(2) Compute log (5—0 at the points pf,interception .
. . 1
QF\ for each level of Reynolds number. {
\}
. P, : o .
i (3) Plot j0g9 (5—) and the corresponding Reynolds number
| 1. '
i‘ &Y on the logarithm coordinates as shohn in figure 20.
: (4) Repeat (3) until enough points have been obtained
and plotted in the abové diagram. ’
(5) "The index 'n' is now determined from the. slope of
: ‘the line joining all the pdihts in figure 20. o, e
. . ' { f
e~ #  Withn = tan 4® = ,07 \
) The'pressﬁre ratib~variatioh with Reynolds number‘ig then
Lo . formulated as follows: ; '
. ) ‘ ) P ) , , . ' ’
©  log (53) =xr_ %7 ———emm - (62)
. 1. C *
' { )
5

:?,\ ' 1.1 ‘Coﬁcluding Rema%ks. - .

: e The perfbxmance degradation in pressure fa:}o
‘iﬁ\  L appeared to beMMOre'sen51tAve tq the change in. Peynolds
F‘\* S A3 ot

A o number than

"d

> ‘
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. 12,0 CONCLUSIONS

i

3

. . B
The theoretical consideration of the boundary layer behavior

. ' . ‘ |
and the analysis of test data lead to the following conclu-
. - ' q“ i
sions: y

~

(1) The polytropic efficiency and the oversll isentropic

efficient compressor were found to follow the .1 and .2
e . «

power law ‘in turbulent reqion respeetively. The non-viscous

losses are almost independent of Reynolds numbér variatjion.

B4

(2) The Reynolds number effects on mass flow variations can

o - - .0875
P Y ( -
; be expressed as' M,/M; (Re,/Re, )

A

\ - E

_{3) The performance degradation in pressure'ratio' appeared.

T

- to be more\” sensitive to the ,chﬁnge in Reyno"lds number than

any other performance parameters. The correlation between

the pressure ratio and Reyno, dé number can be ’expresséd as’

P - .07 : ‘
| 3 log (Fg) ="KR, | . N
. ' SRR 1 . T I : ,
. (4)- The temperature QT hé;, been prdvec}” thédretically

“ . . . T N . . .
Lo P . : . ,1'~ . . . 0 N \

R

and axpe:imantally \mchangcé Jgaga’taless of Reynolds numb/er

variat:ion. l‘he vn‘ia' 'n in mr&asor performance

“:11
E

) B .
[ . ¢

- oo . "

‘ . . L.




(5)

(6)

7

'

- simidar. . - o Sk

"It is possible to predict and at the‘sameyﬁime'tb

thus fol{:ws the constant %%ﬂling on the compressor
map. Thus, a new compressor map can be predicted
should there bé a Reynolds number variation.
Transition from laminar to tﬁ?buleﬁf flow is
indicated by the critical heynoldslnumbcr which
is in genéral a funﬁtioﬁ pressure gradient disfl

tribution and the degree of turbulence in the

I4
. \ i

main stream. 1 _ . .

The location and .natuge of transition point is
extremely impertant in determining the performance
of a compressor. Tfansition‘can be controlled by

varying the blade-chord Reynolds nudber, and/or

by the local velocity dlstrlbutlon in the free

stream if the turbulehce level has been fixed

at a certain value.

%

e ‘
¥ ¢

locate~the criticai Reynolds number at which the
transxtlon takes place based on the combination
of Thwaite's equatlon and the emp1r1&gl cascade

'

data provided that the compressor is geomet:icaliyf
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W(B) . There is an optimum Reynolds number at whiclji the

omaximum efficiency is obtained by balancing the

4

losses between the laminar and‘turbulent region,
-

(9) The pressure distribution with a moderately sharp

, . \
. suction peak' near the leading edge -on the convex

surface is likely to give the best overall

s
»

performan;e at low Reynolds number. °

.
- i

—

(10) There 15 apparcntly a universal critical Reynolds e
. - \_&__l__/ —_ -

number which can be generallzed toﬂapply to a famlly

of compressor geometry, The method of correlation

»t&’;;;BIE\QPre universal appllcatlon of partlcular

‘results is 1ndlcatéd.

*,
’

(11) The'Reynolds number effects could becomé.éigﬁificant

‘on the performapce of a turbomachlnery when the

1aminar flow regime is predominatlng. The performqpce
of a compressor,can in fact deterloraté eQen mpore
rapldly if separation of laminar layer has- taken ' :

place ‘before the point of transltlon.

—— = — b

,ﬂ;(IZ) Based on the test data analysed, the Reynolds number

efgect on the performance of- centrifugal units seem

2 « . <

to be the aama aa that af‘gxial flow type. l,:l;*]
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12.0 ' RECOMMENDATION ‘ e T
' L . s . . .\\—%\“\
ﬁ’? qut?é;‘i;>estigation on this subject study could
: include:, < :
N . . \.‘“\\ N 3

Theorectical "and/or empirical methods of determining
the optimum and universal critical Reynolds nufiber

ghould be gttembted.. - -

-

Theorectical methods couid‘be used to derive the
most suitable form of pressure distribution forla
given Reynolds'number; This pressure diStribution ‘
is of ugéful iﬁ,&electipg the compressor gegmetry
in its preliminary design stgge. |

' ' '

ez p— -

More work have to be doen in connection with
transition probiem_sq that'reliable desién criteria . J

can be set forth for very general conditions of

P

Reynoldﬁ number,'turbulénce and pressure distribution.

When such criteria are available, theorectical

l,:houndary layer calculations will probably have to

.

'cqnce:n themselves with 2 rpnge of possible "

Y g

transition,pdint locatibns.«



”

(4) ,There are 's‘til'l oi:héi‘ sm:rceé of Reynolds number

effecls to Be cons ggerecf in the development of *

o . the casing béunda:;y iayer and in‘'the cgasg: of , v
. I | ' three-dimensional flow. Alfso, the ext;;nt t.o d .

’ - . - which fcas;::ade viscous—floQ charactc‘ristic’s will-

) f-;?.;f . ‘ be reflec’te’§ in the compressor is g es‘tionable..

B ] ‘ | < » )
s Jhe answer to-these questions must Re supplied Ve
y continued gomparative research. ’
I . ' - . -,
. . r . .
N W : 3 v .
' . . ’ , . '
f}, ‘ N i <L -7 : \
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Dimensional Analysis for the'COmpressiblé Flow. Machine

. -
—)
°

«

The most commop sfstematié approach to finding the dimension-

©°

less number'from a sét‘of independent variables is®the method
of Buckingham, often referred topas’ﬂ'theorem or Buqklngham s
o ‘ TT theorem.. For the compressxble flow machine analysis, we
have -the following significant variables which can be
- exnréssed qpnveniently in the form of: |

[
'

c ot

" ’ ‘.Pozi 7. =,f(D{‘DeSilgn, POl, Tol" ﬁl, U, l)' R, k)

.
: .
L Q .

. . ' \

'} Where Po, and N are the éressure risé aftﬁr compression “ -

e 2
+ . and thermal efficiency respectively. They are tredted.
as dependent Yariables.

. D and ﬁesign represent the linear ‘dimension and a particular'
design: of the machine being tested. - . = - - .

N ‘/ e ’ L «a s

B . - ‘-':' 4 . ‘ | ‘ \
" "Po, (inlet total pressure), To, ( inlet total temperature)-

'ﬁ.(mass<flow) andtJ‘(thermachanical rotational. speed of the

-

““machine) are the basic pataneté#s in test conditions. a




1 -,

. 7

I>(Kinemetic Viscosiéy), R{gas constant)‘and k(specific‘

heet ratio) represent the fluid properties.
, - : o ,
Thus, é‘totaf of nine ihdeﬁendent v%rieblee are présent.

" o
Sinceje.consietenf dimensional oystem is one.thet composed o
'of the smallest nu%Ber of quantities in fe&ms of thch all
entities and relationsﬂcan be expresoed, we have in the
case of turbo-machine fluid meohanicé, such feur ‘prime’
quantities as length (L) Mass (M): time (T) and temperature
(0).. Therefore, according to the TT theorem, we should
pave the following results., ' ’

9 (independent variables) -4 (prime parametersn

=5 (lndependent dlmen51onless groups)

~

Now each Lndependent variable is written in the form in

.

which only the prime parametera are present as follows

Variables - Basic Dimenslonel Forms

o

L
- M/nTe




. , 3§thematically1,the‘first dimeﬁsionless group, M1, céan

be found by chosing D, Po,, Tol, ﬁ and m in the following

‘ fashion: , . CL :
2 . < . ‘ N
‘r".}w , ' . . ¢ ! h A ! ¢ .
A a b, c.d.e C : ’
i M, = Po,". To m )
35 I , 1 =D Poy 1 R ‘ ' S L |
¥ & ' ’ ! .

) ' o o' o a ' ’ d. , . -
C* ORERPSLY (M7 (L*T) ) *6% (L/ (0*T) ) * (M/T) - .
, “peb +2d p+C -2b-2d~&  c-d- . i o
e , =], M - * *9 . . ,
) L . () ' ‘ - /’
| | _ )
+ ' . ‘ ‘ . i /
‘Hence - a-b+2d =0 . . - - |
; [ - pee =0 - oo
| -2b-2d-e =0 . - N

. 8. P c—dﬂ o , . . . LI . 4

: , R . . . ) R
_. Ao o )
f . ' ' - . '
. . b ‘ N N - .

. . o can set e=l ' o

4 . r v -
3 . N N . . . .
A

_5 ' then ~ b = -1° . PR :
. : h+l+2&= 0_ ' <

. ” ' ’
—r M . t .
Y , . . .
LN . - \ : .
. - . ¢ . d a , ) } R k k
. - , . v . . s
1 » : . =
, - . : - .

' g T . " ) % < - . BN
C ' L c=1/2 o ~ S
v . 1 . . - « .
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= the aerodynamic apeed or the rotor . T |
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. ~a~c =0 - o ‘ v

T -~ b¥2e =0 o -

set a=1"" : N \ S

. 1 N\ . '

¢ ‘then - c = -1 ) - o ' B

and b= 2 - ' ~
, TTg =(an/0 = Reynolds Number a ‘ ,
T, = K = specific heat ratio . "

1T5 = Deéign of the Machine. ~ S "

. . ¢

” .

Finally, we arrive in the fd;m as follows: : _‘; yA\j

4 Poy/Poy, 7 ;‘*)(( x_"__.._r‘mol s _UD _,-wD%/y ', Design,K)
: ’ Po, D¢ fRTo,K R

. .

‘Now for a given fluid and a particular mabhihe k , R and

¢ ' . L .
. Design are known quantities and we ocan.reduce the above

! »

relation to : - L
' » . v . . . ) ’, ' i

. .
. . - \

. ,.I_’°Z/P°1',"lj'f(- 4T , vp .Unzlp) e
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Therefore the performance of a machine is a function of -

: . flow coefficient, rotor Mach number and the Reynolds - '

3 ’ , - mff
3 TR number as shown in figure 1. Coe ) .

“
f .

. /

’ Note however that another dimgnsionlesa group, the powér
AR . £ _ '
- coefficient can he constructed from.the pressure ratio

Po,/Po, and the.flpw coefficient. ' .

4 . ‘ ! . * ’ i .
. Po,/Po; % O JRTo, . m P‘;z RTo, ~
. ‘ 3 . . ' ‘ ' » ' ,
. Po,D B,D“B; J/RTo, | o ‘
. . ,..“._M =2 A H// ) .
o : 2 Co . .
' : o PF)QﬂJRTol ‘ .
, ' : ' = Power . . '
- , —T—-f———_~ ' . > . .
_ R - p“po, JRTo, : | L
. . '. / ' . ,l ) ! .
. which is treated as a dependent dimensionless group. ! , .
S , |
S T ) R ;r iy A X 6 CEad |

TR BT Iy
Katiadee & oy
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. © APPENDIX II

* -

Energy Conversion . , o

.

. "-. _Conversion of kinetic enerqy of compressible fluid to thermal
4 energy. .

; ~ The velocity components _of a‘fluid'paiticlé is shown on a o

%’ 4 . cylihdripal coordinate; C, represents the velocity componefit
_in'the radial direction, To, the velocity éomponent.in the

' tangential direction, and.E}, the velocity in the axial direc-
[ ,

/ ' . ,

’ - tion. y //,‘6} : | | |

‘: ‘ L .
) . .7 -  dm = thé”maés of 'the
| ><" fluid particle.

, 'gc-the acceleration
Since . of gi‘gvity‘. -
and , N=unit vector

. ) @
or .

‘.

F o=
But g_g_ﬁﬁn d(ég'_’."we d<€9+-ﬁ-6&cz+c dga + Cq dt's




am §c (RxCT )/ge PR T

nF,

n
-3
fl

Torque applied to a fluid particle about the

Z axis. ' o

~ A

Lx ¢ = angular mmi&t\im about the 2 axis
» am _ _
\r'l‘ = qE d _(-le C )/ge

For steady, one dimensional flow, we can integrate over a-

control volzme to obtain -

zT=,Z§“‘E a (AxC)/ge . .

T =

aps

. , ' . .- | -
- =" . !'n""“ ( {lzCe," [ZICDI) . . ‘ . S

For axial flow compressor [2, /2,-[), B ' o
ZT o= c,,?ca.)/qc e |
T WET = mWAR ( Gy c., )/gc e (W-ratational speed) _
| AK - lll U (Co, -,Co. )yﬁm ‘ . - 5" ' 5 . :»
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Ah=U A%g = CpAT —(1)

> ' a ¥ ' . .
Thus, the work(or temperature iise)per unit mass is equal to the

product of rotational speed and the change in tangential velocity
fcompenents.' , |
Furthermore %ﬁ —(—_ ) (“Ce )y = ngaT {J
0l ﬁ o1 VToi9¢ 01

* The velocity triangle is shown at the mean section of a compressor

:’rdtor as,follcws: : , .
o | | vrelégi] ’vabs(l) | Abs = -Absolute Velocit¥
U rel = Relative 'Velocity

——
- 1 = inlet

Vrel QQ_f:\abs(Z) : .2 = outlet . . | N

U =rotational speed .

fFor'the gack of illustration, the inlet velocity triangle is’now -

combined with the ocutlet velocity triangle.

AC 9 . - :
' ‘\. ‘ ' ' {
_ Vab o e .
. Vreel 2) A Vabs (1) ) -
.o rel (1) . C ‘
5

‘ Qc ind;caﬁed in equation (2) above, the*ﬁelocity friangle'is a
function of inlet temper‘ture (T ) fhe above'velocity diagram
can be reconstructed to exclude the effect of inlet temperature

‘variations without changing its shape. ‘ . . o




-

Now ifjg_krotor Mach Number) is Kkept constang?gﬁ will remain

. Tor ° - . X Tor

unchanged in order that ( —) (Ace) = Constant, and hence ‘
. J_—l JP:l ’ o

2T = Constant.

T .

01 - , .
. ' 4 N ~\
Th13 means the velocity diagram will not vary regardless of change

- in inlet conditions and hence eliminatesvthe interference of one

stage relative to the next. This results in only two independent

’

variables of interest remaining in affecting the performance of

Eduapion (1) ;n Appendix I takes oh the form of

. - . '

& compressor.

- the follcwing:

P .
12 m ’T - VD
1501"7 A 1?"‘——"01 aal ,

4
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'APPENDIX III " RN

,:'

Definition of ‘Efficiency (/

. ~ toe . , . - A
(1) Over-all Isentropic Bfficiency
_‘ \ . . ) N
The compregsion p’rbéess can be demonstrated clréf’arly on
, a temperatgg eni::;oPy diagram as shown. The isentropic
‘efficiency is defined as the ratio of ideal work to the
&ctpa.l work req\iired to achieve the pressure rise. Hence N
"o
. ~ we have,
'0
‘ . , ﬁ -~
/'Ic = Oh ideal - -, :
4Oh actual T ‘
for ideal gas h = C,T " ’
. | ) ) h .' . ‘ .s /' = ' ) i
=~CpTo2 To1) . . o
’ *mp . s ' ‘ ' . “ + i
=((Roa/Tgy) =21 * 0/ T T
N L o R .
’ k l : °y o
-, N .
Since . Toz/T01"Poz/?dl"ﬁf .y
ey & ’ : , R . N
‘ 4 - ‘r.' .h-.“‘,’?‘\ . kﬁl 4 ] (l:\ . , , ) .
Th : e R ' - T . oo
, | ercfo:e( ,“13‘T01((902/Po;’f2f.11?/‘§To _aay
“ls. ‘ S o . ‘ ‘ ’: ) x o
R A (Y . e ‘ ) /
‘ “ :vm‘ - i T “ s é.:*""“” i - - ;o ' , ° . //
' ﬁ » i e 5:’ " o ‘
0, "} " ' 0’ a i \ , T ) }
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(2) Polytropic Efficiency (or Infinitesimal Stage Efficiency)

1

/

When compression is accoﬁpiished with several similar stages
8 . B .

of equal efficiengy, the temperature at entry to each

succeeding s%age is higﬁer than that due to isentropic

)
* compression by virtue. of the inefficiency of the preceeding

stage. ThlB leads to the idea that there is an infinite-
simal %tage efficiency which is indeperident of pressure —
ratio or number of actual stages. Thus, for a small in- ' //;\~—_,{

crement.of\pressure¢SP, from an initial pressure.P, there
is an isedt:oﬁic’efficiency KP equal to Zkyém:. Thus,
following the expression of equation (1.1) for a finite

temperature change,

; k-1
HT* : , T -
fare () - A

and ’ -
, 7,.&'/'1'- (1+0/P )’-‘—}:- -1
) T
Qﬁﬁy .w S H ‘2' l‘
S . ,;j . o R ' ;
4 . R s ! -




M ’
N i
-
. -
b

Expandlng the term in braq;ets a opé\sé second order
. ? Q
. » terms, -

P |
] *

Bl
o
)__3
“
-

Replacing Aﬂ“with ar! anafSP-#ith dP and integrating
a e . N ‘ Ve -

over‘g finite pressure change Pl“to P2 and temperature

change m to T

. | e - ‘

“ A ;-
A . . ‘
o /[ aT. ( d'P ‘ e .
:", - K)(P Pl ' .
. _{ A
{ °Hence
NS

» D [(l) = ”' 'Ln(pl 2 '

. ]
- .

.-’ s ) ) ' - ’K__—;‘ ) .w, Vv :‘ ' s
l} ) ¢ . and g YP :..-:.:.' l” ‘ | (1,2.:2)’

. N 4
.
I - .
.
-

0 -‘. o
. . M e -
g 5
.
- . ‘. .
- L
- .
e

' ) Equaggon (2. 2) gives and expression for‘%ﬁ through a
. (‘i’~ ’

A N
; presSure ratig'Pz/P if the initial temperature Tl,and L

",
actual tempqrature fbr an ifreversible proceas, T, a%e knoWn. :
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: . .
. "'
o . ' v
.
.
t .

~ z -
. ! ,g -
0 .
3 . s
© Lo
? ( ” A Vs »‘7
N ‘ B
. . «
AY . [ . + ¥
LS ‘ - ‘ . - - ~
e
ot ¥ R
P 4 . . ‘ . ‘
\ "~ v
VAR SR
[ o
I T, . i
0 o i e . A
S (2N AN
‘;. a, l}‘
B i L
; &
N y . ’
? . .
‘
' - ¢

R

. b ®S
- ‘, :, A 1 -A‘:Y},‘\' LA - R NPT
I A U e .



-

Towhe T
RN - M

T - G e W, . SR qix; v N
. . ro R A @V‘r"' viqp‘,.;y,;ﬁ}s e kD R N AR Sl B O el Sl ¥ & SRR 5 . . .
" - A o T R
PR, n W%MM

»

s
b L

. . L 76
. . o
A L . , R .
3 . '

“(3) " ‘Cornivérsion Expression for the Isentropic. and Polytropic

Efficiency. - ‘ ’ o ) L

¥ LFrom equation (2.1), a relationship between the i'nfini{:e- ’ ‘ '
s:.mal stage e’fflciency 7(? and the ov.erall isentropic o
efficiency, 7 can be obtan.ned. Equation (2 1) yields, o /

after takxng the antm-logarithm of both "sides,

v ‘.n " ‘ v
. 2 . E ==. ( Pz )K‘P . ;. N < ’ -
_]_' . . t A ,' .' ) ' # )
from wbiigh ' L e 3 T o

$

. ' - n-r '
LT ?”T'.‘TU—F—)“ =) W

Now for the corrqs.p‘bxidi,ng comp egsion,’ the overa}.l efficieﬂcy‘ .

4;'9. is?c-ané' ' .y B} T L -
- 1T.~.. ( )ﬁr——l)—-i-—(B-Z) .

-
. *

| Equating (3. 2)idnd (3.1), theh | , . o
} L, ) - ’ ’ [

x- .
t = (Pa/p) = — '\‘, 53y ..
) 7 (Pa/ P');E%',:_} ' b (3:2) .‘ |

b Equations (3. 3) all.owé 7c and 7p to be expressed in terms '
- * - ‘

of pressure ratio. - . .- AT . .
- . ¢ . . v i - . . . . ,'

e e . 0

N e
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Appendix IV : ' -" := -

- e

Reynolds Number Effects on the Flow Phenomena for which

the Turbulent Level and Pressure Gradient along the Blade =

Surface are assumed to dbe Unvaried.,

.

$
Figure 1 shows the flow condition at which the Reynolds
number is so high that'\?lo ) transition f1bw_is promoted

€
to occur before the laminar boundary separation point is ’
reached. Turbuient flow s set up after the transition L
point. ‘ . L | " . Kv»,;

¢+ o

As the Reynolds number is decreaaing. the traneition poin
' ‘moves‘toward the blade trailing edge ‘as shown "in figure
Turbulent flow 1s delayed. The reynolda number at which
the transition point coincides with the separation point 19 . o~
" called’ the critical Reynolds number. Under normal conditions.

YGRQ turbulent boundary layer is able to reattach: onto the blade ‘~;”
. Burface.' This turbuleni boundary layer can tolerate a greater ',z;ﬁj
ipreesure gradient vefore thb aeparation of turbulent boundary

“‘z.

:‘i1gyer. " . Fig-Z orticnl Reynolds number w,_'; A . R

idminar«
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. | If the Reynolds number is further reSuced, the laminar boundary
vf : ‘ layer will separate ut the ﬁoint of separation fesulting in '\f

. , ) , [ ]
. high pressure losses._ This separated flow may be so stable’ ‘

3

~ “. ;o y : .
: that reattachment of the boundary layer is impossible. o

T . . .

P e - ——

laminar separation point \ SRR

“; . . o . By

¢ ) ‘ ' '\ , - : - .
; . separation of laminar boundary layer at low Reynolds
' o number. :
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' , Appendix V ' .
‘ | ‘ N

> ’ - . r
. .

| Ssome Important Definitions :

(1) Blade-chord Reynolds Number . - , -

Lo ' The flow of a viscous £luid near a solid surface

is found to be dependent on the ratio of inertia to

‘

fviscoﬁa forces. Thi§ non-dimensional ratio is called

’

the Reynolds ﬁumber aﬁd is given by

, The blade-Chord Reynolds Number is defined when the char-

acteristic length D is based on'the blade chord length C,

hence Re¢ = %g . | : "

' - {2) Boundary L#& er Reynoicis' Numbex

o

' It is defined wheﬁyzﬁé‘éharacteristic léhéth D is

;k . T ——based on the ‘normal distance from the blade suction
,f O suqface to a poiﬁt‘within\the boundary layer where the.
2 - velocity is equal. to .707 of qhe main stream. R

. ) . t , ' g
: P 7 : | o ‘.R‘ " ﬁ .l :
o f o ’7,>

& TR A S -Rc (—%'ﬂ @)
AR NI S S -
i§$.a' ojn‘g{;lt;) Suction Suktaco & Prolaure’Surface "

D RS

o




LS . ¥ ‘sq f‘;&\ :’i‘g;:‘ ;,;:‘h‘,,, ”‘ﬁ,‘":_:‘““t_"l_’“ R _
. . ,
80 S |
o / leading edge . '
:E::igg / pressure
surface '
, s ' " . . —
. / / . ‘
, | S —’*——-—tréinng edge /
| ™ The convex surface tends to acceterate the flow and is called -
- R f
P the suction surface;the\,\\concave surface tends to slcw down the . g
L .
| flow and is therefore called the pressure surface,
t * I< ' * ’ *
- ' (4) Total drag and Lift Force | - TN
| "‘:;_ T '~ The force on a body that résults from the motion of the : - B4
)  body through a real fluid is,in general,inclined to the path ) L 3
; direction. The component of this force parallel to ;:he pafh r ) '
' ., is called the drag and the nomal component is called. the lift, =

;g'rhg total drag is the xelultant: of viscous drag(aki.n-

. n d:ag) and preuure drag(fom drag).
1;5‘,‘ S ‘ / Skin-frict rag——'rhe drag arising from the resolved . {
cp/mpon'ents of the tangent tresses on the surface of the ° .

body. The effect of these compq’nofn ken over the whole

, exposed nurface of the body,is the- surface tion drag. . ' Tt
f‘ | Pressure drag-- It is defined as the drag force ri:s'ixzq S . o
;:‘%u* : L f:d:_n the resolved ,chnponentl‘ of the normal pressure on 't;hg - K « )
iwf‘ . ‘howidary,\mdér- ‘con-idarggién. T y T ;
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Appendix VI l ' , ’ ‘b
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8

Relation of Lift,Drag and Loss Coefficient of a Two-dimensional

L
Cascade\and Their (relations with Reynolds Number. (Ref,8&29)

" .
é . i l ) &, / \
; (For definition”of lift,drag and losses refer to Appendix V)
The axial force(Fx)exerted by . the fluid on each blade in the .';_{
‘ ' direction shown in the gketch below is determined from the
., momentum equation ' . ﬂ r
t‘i‘r \(\\": . » °

- forces on blade ::,—control surface .
Fry . , /. /,- ,
3 / /
‘ / ’//Japplieé forces
: ~ F/
/. /
- (—— m—— ' | ' . ‘ L

] 8

L Fo=(p,~p, )8+ (gp=Calm - S R

{Ly . ‘'since cb-c;.(equaﬁion bflconélnuity) : Co e
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. ’ . . Pi '/f"'i'czu/zlpz/e +C‘./2+4p,r , 4 ,' R o L ‘

where <p=pressure. 193363
N or p,-p =hf(ci-ci)=dp
o Rembf(elmcl)eopte S
- . ' -k(’cz(tamln-tano()s-Ap*s |
' / | Sj.milatly, the tangent.tal force(l'y)exerted by the fluid on
eacg blade in the’di_rec{iqn shown :ta given by; ' ‘
E‘,-ﬁ\(c,,—c.) Y T ..
-(’c,s(c.,-c.;‘) (l'n-(’c,a) 7 ' | |
-(dc; 8 (tan(~tany)
The mean veioéity through the cascade is ~~ - S A

ty : .. CwmczBecKm

: ' ‘'where tandpe tang+tansy/2 T - 4 -

. Thus,the lift -force(?,, ) perpendicular to the mean velocity

s Lew is : : S
’ ' '. F, =F.8in«3F, cosem v .
G N =kpcis (tandrtandisingm o
( Ny " . =fci8*secod tand-tand) -ap*s*s insm O - ‘
| : ‘ And the lift coefficient is defined as C - ; . i
“ CumFu/ (s pell oo T T " . ,\ e ":

oo ) -2(:/1,) (tans~ th)coump(l/l)sin—f-/(kfc.) o
. The life coefficient: representa the aeradyhamic 1oad.ing of w0

Yo, x .
> PRGN bl d , -, T u, . . L.
Ll . a blade. Lo PR o ,
LI s ) - .".: * J
[P ! - ; . - n ' ’ !
el S ‘ ' ’ : 1
fa' P} K3

i Tho dtag fOxce (Pa)paranel f.o t.he man v.locity (c..) 13 o ‘

+ "».
.
~ N
oot
P
P
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-
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X ,'.rt w fnd 1 d .
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’ . -‘ ' .F.-F,, #ino(xFyCO8 «m L
= ApP8*COBAm ) o - o
I and  Cr=F»/(5fGl) | , -
. . : =sp/ (40! ) (8/1) cos¥/ co i )\ | ' L 0
' The loss coefficient (&) is defined as " ' L
' S mop/ O5pct) - S : ,_
| Hence, c,-é(s/l)cc€£¥c§sk. | L , ' . " "
For a particular C&BCldQ“"‘;‘S/l'd,anthQ. co’nntantl ,\\{3 have the
' résu}[ts that the drag 'c?elfhci.ent is éi.:ect;y prOpo:}:tiongl to
"y

v o
v ‘\.L'Vﬂl
l c..-z(a/].) (twrtanod oo&x:Cptan%m . o
w-" ' this means C. will increase whiletC, decreauen. o T
“,L ‘ . “v‘.»'! v ! e . ° ’ . ' :
{*H ' . .n(',"" . 'r\ A‘,‘ ' , ,‘.‘ R .' . . "“

The relationship betw’éen the. abovo ',coefﬂciexiés and the Reynolda

numbor can be eatablished from the thcorectical integrated T s
drag coetf.tcient fcr imcompreuib].- flow on a flat plate.

The relult:s of Von-Ramn and. .Prandtl on C; vs_ R, baud on LNy
s .“ [ ¥
. turbulent !omulaﬁion are shown “ below: ' ) PR -
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a . ’ 85 < . .
~ Hence,given a curve of Ln Cy vs Ln R.» the variation of local
skin~friction coefficient with Reynolds number may be found

by differentiation éa indicated by the above eéug&ion. Graphically,

the term d(Ln Cp )/d (Ln R_) can be evaluated from the slope of
the curve af Ln Cp vs In Rc . The avaerage slopé in the above

graph is about'(-.lié), therefore tﬁa value of Cf‘}s approximately .-

. .equal to .424 of the vﬁ%ue of Cp . - Lo . 3 :‘?;
) From the above analysis, we can conclude that . ' 7
, Y ’ | -
| ! ‘,)é‘ f C 1_ =, 424 C DU ' A CL ) A . ' o ‘._ ,
- or Cy < Co» L "’ . .
‘\ e ' ’ -‘M—‘A‘W“‘*s‘ *
L \ ' andw C 0( R- . 176 - __,.-_-_---_a;‘_-_-_- % ) ’ ' h
| : P P % | ' Pk - L
| : finglly ’ Cf- oK R;. 176 --‘«-‘--------‘7‘:—-- (5. 3)
i A . (A—) £ C.D 0( R;. 176 ’ - ¢ s 0 0 2 e e 9 0 (5;. 4) -
[ s ' , )

These results (equation 5.1,5.2,5.3 and 5.4) are in close ,

agreement with equation (2) ,Chapter 2.0, and bquat;on (48),

Chapter 9.,0. - . S - ' .
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: Figure % .Compressor Work Ractor as a 'Funotio;l:
‘ ’ ' -of Percent Design Wquivalent\ Weight:
Flow for Various Reynolds Numbers (Ref, 12)
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