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!his presents an evaluatim of accuracy for five separation cri-  
teria to predict the separaticn point of tm-dimensional turhlent  b ~ d -  
ary layers. PredicM separation points were canpared with the wprimcnt- 
ally measured p s i t i m s .  In addition the separation p i n t ,  in which t t ~ u  
skin friction aaproacks zero, obtained fran solution of Prapdkl's bounda- 
ry layer equatims for one case was canpared with the predicted points, 
The evaluated cr i ter ia  were Stratford's, stratford's with modification of 
it's constants by Cebeci e t  al., Townsend's, Sandborn-Liu ancl the shap- 
factor criterion. It was concluded that cri teria of Townsend, Sandborn- 
Liu  and of shape-factor predict separatim points w i t h  enough accuracy nee- 
ded for engineering prposes. The separation point obtained fran hcundary 
layer solution gives a point far upstream £ran WE measured one. An q- 
rical. criterion to predict the s e p r a t i m  p i n t  is c d u c t e d  here for sep- 
arated flcw induced w i t h  forward-facing wall je t  injected fran base of a 
forward-facing step. 

A = dimensionless parameter, Ecp. (6) 
C = constants, (qs. 5 to 7) .  
C = skin fricticm coefficient, r w /  (1/2 iJ2 < = presmre meff icient. ( p - p o ) / ( l / 2 ) ~ ~  

c - pressure gradient in x-direction, (dlddx). w- 
h = slot-height. 
H .= step-height. 

H ~ ~ =  w p f a c t o r ,  6*/e 
2 I = nmentum ratio, X (h/61) 

n = exponent, (eqn.7) 
p = pressure 
Re = Reynold's n-r, (U.6Vp J .  
u,v= X and y canponents af velocity, respectively. 
U = velocity cutside of hcundary layer. 
V = j e t  velocity. 

sitrst;reamwise & s ~ c *  
y = distance normdl to the surface cb the body. - 
Xs. = normalized distance, (eqn.9). 

6i  = displacanent thickness of the rain flow a t  posFticm of step-Erant 
before f i t t ing it. 

e - nmentm thickness. $ U/U il.u/U) dy. 
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P = kinamtic viscosity 
9 density. 

= shear stress. 
= deviding streanline etqle, (eqn.4).' 

3 = velmity ratio, (V/vo0) 

o = minimum pressure point. 
ps = past separation 
s = sepxatian point 
w = hell 
oo = free stream condition h f o r e  f i t t ing the step. 

The bcundary layer equation for steady, ir~ccmpressible two-dimensimal 
flm withcut body force which are known a s  Prandtl's bwmiary layer q m t -  
i m s  are f93 : 
m t i n u i t y  eqn. : (&I/&) + (&?/by) = 0 (1) 

a2u X-IncnEnano eql. : urn&) + v(2u,ay) =-(l/'$g + P q (2) 

ymcmentum eqn. : 
ay 

(3 

Here quatian (3) indicates that the pressure is transnitted without 
change through the boundary laver t o  the surface. 

Omti tsch 181 has  s;Ixrwn that the Navier- Stokes equations requires 
the condition by 

(4) 
for thE: separation. 
&re + i s  the angle a t  which the deviding streamline Leaves the wall., r 
is the kall shear stress and the suffix w denotes the wall conditions ?see 
Fig.1). 

Fig. (1)- Sqaratim p i n t  an f l a t  plate 

The relation given in eqn. (4) shows t ha t  the pressure changes in p 
directicm in the vicinity af separation, and therefore the boundary l q d r  
equaticms are not rnore valied. This rneans that i n  regions up to t k  vici- 
nity af separatian irr hounQry layer flows mer solid boundaries with adv- 
erse pressure gradients the baurdary layer equations are valid. Haever, 
in the ,separation region the solution methods of the bundary layer qlua- 
tions do not apply. 'Phis is evident because the pressure distribution of 
a separated flow i s  usually different fran that of an wsep3rated flow 
abcut the same bsdy as shuwn by the result given by Oswatritsch. Further- 
~ 3 1 : e , a  the - made in the derivaticn af the bmdary layer 



This expxessim is valid for f u l l y  b x h k n e ;  f k w  w i t f a  an adverse 
pressure gradimt fd1XkArq a & h i m  pressure region where the pressure 



mininarm pressure pxkt (, ) is apps:axi.mKLtjly that of a flak-plate turhlent  
h x d a r y  layer w i t h c u t  P~?~g-lre gradient startiii frau a f ic i t i t icus  leadirq 
%e. TTE dis-e in q. 151 is measured frcm this edge. The pressure 
coefficient C is based rn caxJitions of the Imation of rnininm pressure 
and given by @ = (pp I /  (p/ZIU; ; th is  mans U.at C is equal to  zero a t  
the pint af &ninaun 8resmre. &2yrm1d1s nmker%e is bas& cjn m d -  
itions a t  the minimrm pressure kxation and rhe equival&t distance xo ; 
i.e; Re =(U x /p f . The right-hand side of Stratford's criterion C i s  an 
eqer&l  c%%ant which was subjected '20 charge f r m  0.391 to 0.35 in the 
m r s e  of the &ve t of tfie criterion according Zzo the f~llawing : - i f  C is greater f.%an 0.39, than separation is predicted when C4.39, - if C has a value between 0.35 and 0.39, * h n  separatian murs a t  the 

maxinarm value af C, and - i f  C is Less than 0.35, t k n  rto sepsfratim m u r s .  

Ibccordirig W k i ~  study m& by Cebcci e t  al. e3 1 using the mixing 
lerogth theory, the values 0.35 and 0.39 which are mggested by Stratfardl 
far C were modified by 0.3 4 0.5 respectively. 

Stratford's methcd uses onZy the pressure distxibukian and the in i t i a l  
cordlitions to prsdict i2-e values of C and X a t  the separation p i n t .  One 
wst, therefore, cr ihlate the left-$nd side Le af. ( 5 )  in rrcxhing fashion 
tokard sepration, using la each x-psi- 
ticm. The values aS C and x pint are determined, when 
the calcuhlated values &aches the emstant C for separatim in the right- 
hand side. Stratford's criterion is indepndat u p  the pressure history 
upstream of the se~b~ratjan p i n t .  

Tkis theory can be regarded as a dt-rvelcgent of Stratford's mtlxd. It 
results ~ Y I  a formla for the pressure cmff icienslt a t  sepration which inv- 
olves the skin friction coefficient a t  the beginning of the adverse press- 
ure gradient regicn; i.e, the sepration pressure dependls u p  the Reynold's 
Nrmber a t  the in i t i a l  position. T h ,  according to th is  theory, the sepa- 
ration positions are very sensitive to the s k i n  friction value and there- 
fore, an accurate deteminatim af the s k i n  f r k t i m  is required. mmse- 
rd replaced the distance x in Stratford's criGerion with the kcdl pressure 
and noted that the pressure gradient at. separation is an integral. pxt of 
thcl -ration process and that a c r i b r i m  shcruld be based cs? the pressure 
gradient upstream of s q a r a t i m  (E dx) TSae c r i b r i m  is given in the 
foUawing expressien : d ~ 6 .  

and the i n i t k l  c d i t i c a  values the 
given by eqn. (6) cant be calculated 

in maschirig fashion Immrd separation. Wlfen the calculated values reaches 
the value of C, ehen the separation pressure coefficient is determined. 



This mans that TaJnsend's theory predicts d y  the separaticn pressure, 
not the sewration lccation. 

Sandborn and Liu developed their criterion based on the same m e p t  
of Stratford's for t:wo-dimensional turkulent boundary layer with  positive 
pressure gradients when C 40.5.  This criterion is given in the follcwi~q 

P form: 

&re n is the p r - l a w  m n e n t :  of the turbLllentvelocity profile and h s  
a value b e h e e n  6 and 8. The emperical ccastant C takes the following 
values : 

for k 6  C 4.08294 
and for n=8 C 4.0528 

The coordinate x is to detedne3here also according to the same way a s  
given in Stratford's criterion. 

When the calculated value of the left-hand side in q. (7), using C , 
and n a t  every position x in mrching fashion m r d  separati&? 
the correspsnding value of C in the right-hand side of equation, 

then the sepration lccation and separatim pressure are determined. The 
two limits of C in Sadborn-Liu criterion give a range in which separation 
occurs. The value of C = 0,0528, which is based on -8, gives the highest 
possible separation pressure. 

skp Factor Ctitterion 

This criteri.cn is given f i r s t ly  a t  1931 by Gruszhwitz [5 ] thrcugh 
canparim be- measurements made on separated flow arcund an a i r foi l  
and solutian of the mamentum i n t q r a l  equation for two-dimensional turbu- 
lent bwndary layer. He found that the separation exists a t  the position 
inwhich the shapfactor  H i sgreater  or equal to 1,8, i.e; 

12 
* 'H* = (& /a b 1.8 (8 1 

where (S is the displacement thickness and 8 is the mmentm thickness 
of the kundary layer. In mst integral solution meWs of the bwndary 
layer q a t i o n ,  the shape factor H as  given in the relation M a r e ,  i s  
taken as  criterion of seperation. %en K takes  a value betwphsl 1.8 and 
2.4, separation is a s d  to exist. ~he%fference between these two 
limits af H makes very l i t t l e  differems in the lccatitq of separatim 
point, wherpclose to separation the shape factor imreases qukkly. 'This 
fact  is prwed in the measurements given in &6 1 and the other similar m- 
surements. 

The experimental data to be used for evaluation of the -ration 
cri teria described aboere have been taken fron measurements carried cut by 
Hewedy 6 1 . He ccnducted tm series of experiments through measurements 
of separated flaws. The f i r s t  one (called series I) is separated flaw 
induced upstream of a forward-facing step. In seccnd series (11) the 
separation exists upstream of a forward-facing step i n  addition to a thin 



fomrd-facing MU. jet injected £ran the base of the step. I n  series .t 

the initial cmditims have been taken frm the upstream region, which ib 
rather not influemed by the step. rjirparatian locations are clearly 
de£lned by the experhmtal data. Rz t b  a p e r h n t a l  results catlducted 
f ran the smmd secies GI) the initial ccrnditians have been taken £ram 
the measurements a t  the position of minimrm pressure. The jet-flow in the 
wall side i s  considered here as devekpd turblent hndary  layer. The 
separatim pints of the jet-flaw f rm the w a l l  are given also by the exp- 
erimental data. f i e  measurements used here include details of bounibry 
Zayer profiles a t  the initial conditions, which are required for the eval- 
uatim. FOP each set of data, the evaluatian of the criteria described 
before w i l l  described. 

a) Measurements of Series (I) 

In this set of expximents the sepucaticn was induced in the flow 
wer a f la t  plate a t  zero incidence upstream of a forward-facing step. 
T k  ste height H had the values 33 and 60 m; 
8.lSH/&4l7.8 and Urn&& = U  6Up) 153520. Here6l i s t h e  
reference displacement thickness & *%in flow a t  the step frcnt pasit- 
icn before f i t t i rg it and U is the free stream velocity of main flow 
before fitting the step. 'J%? initial d i t i m s  were taken a t  a distance 
of ahcut 800 m upstream of the step and the measured wall pressures were 
normalized w i t h  p e  pressure p and the dynamic pessure a t  the initial 
c d i t i m  (!?/2)U0 in t k  form $ = (p-p0)/($12)U0 . 

Fig. (3) shows four different pressure distrifxltions induced w i t h  W 
different steps (step heights H=33 and 60 mi) and a t  two different ReynoLd's 
number (Re = UOOand 3520). These distrilxltions show that the pressure 
gradient dhtream of separatian is nearly constent, fxl t  varies rapidly 
near sparation . The measured - as WU as*- predicted separation p i n t s  
far each pressure distrihtion accmding to the separation criteria discr- 
ibed abwe are sham. A s  Knam, Stratford's criterion require the lwl 
pressure gradient to determine the -ration pressure and p i t i o n .  
Elowwer, it is very difficult to determine the local pressure gradient near 
separation. For this resent r p s ,  the resmre gradient near -ra- 
t i m  k s  been replace!? w i t h  &t d e t e n n d  by the extrapolated pressure 
dist- iht im f ran the attached flaw upstrean of separation tCp)ps= ( d ~ p / d x ) ~ ~  

Values of ( C d p s  are-given in (lh) for each distr@ution of pressure in  
the Elgure. 

rt can beshawn 33Gt-SkrafforFsScE~rim~ predicts earlier seprz t- 
h than 5s measured qx!rbimtally Ear aU. meafjurernents in Fig. ( 3 ) .  U s i n g  
the modification of t k  oo~zstants after Cebeci el: al. [3 '3 instead of the 
suggested by Stratford's the predicted separat..ion pint approaches to the 
measured ht still before it. 

The criterion of Sandbarn and Liu gives a predicted separation region 
in which the separaticn m r s ,  The region exists still before the meas- 
ured separation point. The upper l i m i t  of n (i.e. w 8  and CX3.0528) in 
the criterion gives a separation point close to the measured for a l l  four 
cases given in Fig. (3) . 
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Fig. (3) Measured and predicted separation points upstream af forward- 
facing steps. 



The separation pressures predicted by %mnsend's criterion are higher 
than the experimental vdlues. for a l l  f a x  -s, as  shown in  the figure. 
It shaild be mted again that TWnsma's criterion does not require x a s  
an input; therefore, the predicted C is not necessarily on the extrapal- 
ated presswe line. !tk sqaaUen btiw obtained by th is  mthcd are 
in general close to the experimental values for cases (b) r (c) and (dl i n  
Pig. (3).  

The predicted separation point resulted £ran the shape-factor criter- 
ia takirrg the value of d . 8  a s  -ration point is shown also in Fig. 
(3-0) in  which cmly Ur v!!iCy profiles were nieasured in  [I] . Taking 
a shape factoc ob about 2.1, the s w a t h  lccatian l i e s  an the measured 
position. 

The a r r w  wer  the x-wcis of measurements plotted in Fig. (3 -4  shtxvs 
the predicted separation point cbtained fran soluticn af Prandtl's bcundary 
layer equatians far a t t a c h  flaws. As known, the krundary Layer equaticns 
w e  not valid near separatim, where the pressure gradient rmml to the 
usU. is not mare equal to zero. Therefore, the predicted separation point 
is given, a s  shcrwn, so far  upsttream af theaeasured point. 

b) Measurements of Series (11) 

In  th is  series the separation was induced also in the flow wer a f l a t  

P te a t  zero incidence upstream of a forward-facing step with a height 
af 60 nan and a forward-facity wall je t  injected f r m  the base of the 

Step. The slot height af the jet h was 2.8 mn; Re6l = (U b1,U )=UCD and 
the ra t io  H/61=14.6. 00 

A tiomtalized pressure d i s t r ih t ions  using the pressure ard the maxirmm 
dynamic pressure in the jet  p r d i l e  a t  the minimrm . 
pressure locaticn a s  reference values are plotted in Big. (4) Ihe main 
ltream flaws fran left- to right-hand side w i t h  the velocity U The step 
lbas itted a t  about ane meter fran the rounded Leading edge af%e plate 
andaf, base d the step th slot rrv, formed. Ihe forward-facing wall jet  
was b h d  f ran the slat w i t h  velocity V. TtE jet e a t i o n  paint f ran 
the will was measured for the vekci ty  rat ios Ji= W f l  1 = 2.84, 3.45, 
4.24 and 4.99. Fig. (4) shaJs the namalized pressure d%rihutions for 
these four cases. TtE predicted sepratian point aacording to the theories 
of Stra t fad,  Stratford with the modified m t a n t s  suggested by Cebeci 
et al. and Sandborn-Liu ate shtmn in the figues canpared with the ~~leasured 
htims.  

As in series (I), the Stratford's thory predicts also earlier sqrar- 
a* points than a l l  the others. With the modified canstants af Strat- 
ford's criterion the predicted separatian p i n t  l i e s  close to the measured. 
The region in  which the seps ra t i a  position l i e s  accmding to Sandborn-Liu 
c r i t e r i m  exists before the measured pasit im for cases af small pressure 
gradient in the attached flow upstream af separation (C ) as  in cases 
(c) and (d) in Fig. (4) where the measured separation *@exist inside 
the regicn for higher pressure gradients (cases a and b). I t  seems that 
the predicted separation point according tr, the criterion of Sandborn and 
Liu is dependent u p  the pressure gradient before the separation point. 

The -'s criteria carld not be applied here where the skin , 



Fig. (4) Meamred and predicted eqeraticn points upstrean of forward- 
facing step w i t h  a Eorwrd-fasing w a l l  jet. (Ii=60 mn; WrpZ.4 ;  
2.84 S A L  4.99 arii %=Urn) 



fricticn coefficient i n  the initial positicm was not available i n  the mea- 
surements. Also, the formfactor c r i t e r h  needs measurements of velocity 
profiles of the attached flcwupstream af jet separatim which were rmt 
carried out also; therefore, the cr i ter ia  caiLd mt be applied also. 

Similar measurements for series (11) *re carried out in [7] but for 
a forward-facing wall jet without step. An emperical separation critericn 
is given in  that w x k  for Hlh =l. From the measurements ccin%cted in [6] 
which are used in the present work for evaluation of the criteria, ttte inf- 
luence of the  step height to the slot height ratio (H/h) can be- included i n  
the emperical criterion given in 673 for the range of the measurements in 
the folluwing form for 0.35 ,4(h/61)g0.91 ; 1 b(H/h)Q22 ; 13a)g%1 
62900 and 4 6 1 6 2 2 :  

*re, I= (VD ) (h/61) = A ~ .  (hA1) and jZ' i s  the distance betwen the 
jet .separaticn%int and the step f r a t  meadred i n  the upstream direction 
of the main flow ( or downstream direction of the jet flaw) and normalized 
w i t h  the slot height h. 

O ! . . . . , . . . . , . . . . , . - . - I  ! * 
0 5 10 _ 4~Ir~?&%,l 

Fig. ( 5 )  (lorrelation of jet-separation pint. 

EQn. (9) i s  plotted in Pig. 5 for the given range of measurements 
after the results cmchcted in  is\ and c17 . . curve fcx repres- 
ents the equation given in [7 1 and the curve for H/he21.4 is plotted as 
well as the measurements carried aut in [6  1 for tha t  case. 

The solution W2 dizferential, kmdary hyer e~paatiocls pzedicts a sep 
araticn point which lies so far upstream of the measured point. This is 
due to the break dam of the asrmptiacqs at which the erplationsare based. 
Stratford's c r i t e r h  predicts alm an separation p i t i o n  drich lies faas 
upstream £ran the measured. Using the modified constants suggested by 
Ceheci e t  al. hestead of that given by Strafford, the predicted s w a t -  
icn. point lies w e  close to the measured than the original me but  still 
upstream of it. Tomsend's cr i ter ia  gives separation point dcrrrmstrernn of 
the measured in the directicn of the adverse pressure gradient. The dist- 
ance between the predicted and the measured s w a t h  points seens to de- 
pend  up^ the pressure gradient upstream of separation (C 1 =(dC dx) 
The criterion predicts satisfactorily the separation presgefr!?? Po 

Sandborn-Liu criterian predicts a separatian point us i rg  the higher value 
of n close to ttie measured location. 



Stratford, B.S.- The prediction of separation of the  turlxllent boundary 
layer. JEM, vo1.5, pp.146, 1959. 

ltwnsend, A.A. - The behaviour of a t u ~ b u l e n t  boundary layer near sepa- 
ration. JFM, Vol, 23, pp 536 -554 . 1962. 

Cebeci, T., bbsinskis. G.J. and .%ith, A.M.0.- Calculation of semrat-  
ion points. i n  incampressible tu r tu len t  f l w s .  J . A i r c r a f t , v ~ l .  9, 110.9, 
pp.618-624, 1972. 

Sandborn, V.A. and Liu, C.Y.- On turlxllent boundary-layer separation. 
JFM, vol.32, m.2, pp. 293-304, 1968. 

G r u ~ h w i t z ,  E.-" fikr den Ablosevor ang in der t u r h l e n t e n  Reitungss- 
chichtn. Ing. Archiv, 11, pp.321, 1831. 

Hewedy, N.I.1.- I n t e r a c t i m  e f f e c t s  in a separated flow upstream of a 
s tep  with and w i t h c u t  forward-facing wall jet. The fcur th  i n t e r m t i e  
ria1 conference fo r  mechanical p x e r  engineering, Faculty of Erqineer- 
ing, Cairo University, V-31, cctober 1982. 

Hewedy, N.I.1.-" Untersuchung eines ebenen, t a q e n t i a l  ausgeblasenen 
Gegenstrans" . &tor-Thesis, lWlM-Aachen, West Germany, 1980. 

Osmtitsch, K. - "Die ~bl6sungsbedingung von Grenzschichten" . Grenzsch- 
ichff or schung , Springer : Berlinettingen-Heidelberp" . pp. 357, 1958. 

Schlichting , H. -I1 Grenzschicht-theory" . Verlag G. B r a n ,  Karlsruhe, 
1965. 


