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TURBULENT SEPARATION
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SRMARY

This  paper presents an evaluation of accuracy for five separation cri~
téria to predict the separation pomt of two-dimensicnal turbulent bound-
ary layers. Predicted separation points were cmxpared with the experiment-
ally measured positions. In addition the separation point, in which the
skin friction approaches zero, obtained from solution of Prandtl's bounda-
ry layer equations for one case was compared with the predicted points,
The evaluated criteria were Stratford's, stratford's with modification of
it's constants by Cebeci et al., Townsend's, Sandborn-Liu and the shape-
factor criterion. It was concluded that criteria of Townsend, Sandborn-
Liu and of shape-factor predict separation points with encugh accuracy nee-
ded for engineering purposes. The separation point obtained from boundary
layer solution gives a point far upstream from the measured one. An empe-
rical criterion to predict the separation point is conducted here for sep-
arated flow induced with forward-facing wall jet injected from base of a
forward-facing step.

NOMENCIATURE::

dimensionless parameter, Egn. (6)
constants, (eqns. 5 to 7). 2
skin friction coefficient, Tw/(l/2)gU
pressure coefficient, (p-p,)/(1/2)8U

pressure gradient in x-direction, (d:p/dx“; .

slot-height.
step~height.

*
shape-factor, & /@

mamentum ratio, A2 (h/61)

exponent, (egn.7)

pressure

Reynold's number, (U.61/p .

X and y camponents of velocity, respectively.
velocity outside of boundary layer.

jet velocity.
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X = streamwise distance.

y = distance normal ‘to the surface of the body.

is = normalized distarnce, (egn.9).

§1 = displacement thickness of the main flow at position of step-front

before fitting it.
6 ‘= momentum’ thxclmess, df u/u A=) gy.
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= displacement thickness, f (-u/UYy

kinematic viscosity i
density.

shear stress.

deviding streamline engle, (ean.4).
velecity ratio, (V/U
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SUBSCRIPTS

minimum pressure point.

past separation

separation point

wall

free stream condition before fitting the step.
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INTRODUCTION

The boundary layer equation for steady, incompressible two-dimensicnal
flow without body force which are known as Prandtl's boundary layer equat-
ions are [9] :
contimity eqn. (Bu/Bx) + (w/y) = (L)

2
x-momentum eqn. ¢ u(@u/AX) + v@E/RY) = (/T + ¥ %y-‘zl @)
y-mamentum eqn. @ % =0 . (3)

Here equation (3) indicates that the pressure is transmitted without
change through the boundary laver to the surface.

Oswatitsch [8] has showm that the Navier— Stokes equations requires
the condltlcn

@, - -5 = Lens &2 (@)

for the separation.
Here +is the angle at which the dev1ding streamline leaves the wall, T
is the wall shear stress and the suffix w denotes the wall conditions Ysee

Pig.l1). /
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8 x
Fig. (1)—- Separatia1 point on flat plate
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The relation given in egn.(4) shows that the pressure changes in v
direction in the vicinity of separation, and therefore the boundary lagcr
equations are not more valied, This wmeans that in regions up to the vici-
nity of separation in boundary layer flows over solid boundaries with adv-
erse pressure gradients the boundary layer equations are valid. However,
in the separation region the solution methods of the boundary layer equa-
tions do not apply This is evident because the pressure distribution of
a separated flow is usually different from that of an unseparated flow
about the same body as shown by the result given by Oswatitsch. Further—
more, all the assumptions made in the derivation of the boundary layer
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equaticns break down in the separation region. It is clear that the Navier—
Stokes equations must be used to calculate the £1nid motion in separatnd
region; but no samafaz;tciy theory for obtaining this has been found and
experimental solution is the enly resort at present time.

Recently, several investigators { refs 1 to 5) have developed wew app-
raximate technigues for separation point predictions depending only on emp-
arical determined coefficients. By these criteria, the separation point
can be predicted, for engineering purposes, with great easy and modirate
acouracy. These simplified expressions for predicting the separation loo-~
aticns of two-dimensicral, incompressible turbulent bourdary layers are
presented shortly in this work. Using the expermental meagurements of
separated turbulent boundary layers cenducted in EG] an evaluation of
the accuracy for the prediction criteria given in [1-5] by canparing the
measured and predicted separation points i= carried cut in this paper. The
used measurements in {6} were carried cut in separated wurbulent boundary
layer using forward-facing steps with and without forward-facing wall jets.
The pressure distributions, separaticn points, skin friction, sowe velocity
profiles and the initial canditions vere measured with good accuarcy.

CRITERTA FOR PREDICTING TURBILENT BOUNDARY-LAYER SEPARATION
Stratford's CriterionL 1]}

Stratford derived a simple criterion based on the two layer concept of
the turbulent boundary layer to predict the separaticn positions. He ass-
umed that the cuter part of the boundary layer is affected anly by the
downstream pressure gradient and the initial velocity profile and the inner
part is locally in equilibrium and is independent of upstream conditions.
The theory results in following formila to be saglsfied at the turbulent
separats.m point at Reynold's number of order 10

e a};?» 1% (1070 3 = ¢ s (5)
This expre.«..mm is valid for fully turbulent flow with an adverse

presgure gradient following a minimum pressure region where the pressure
gradient is zerv as shown in Fig. (2). When there is
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Fig. (2) adverse pressure region with separation.

a 1+:=g1m of laninar flow, or a region of wrbdlent flow with a favorable
pressure gradient,” Stratford assumed that the velocity profile at the
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minimam pressure point (g ) is approximatly that of a flat-plate turbulent
boundary layer without preéssure gradient starting from a ficititious leading
edge, The distance y in eqn. (5) is measured from this edge. The pressure
coefficient C is based cn congitions of the location of minimum pressure
and given by 8 = (p-p )/(9/2)0" 3 this means that C is equal to zero at
the point of minimum Pressure.® The Reynold's numberFRe  is based on cond-
itions at the minimm pressure location and the equival®nt distance X,
i.e; Re =(U x /¢ }. The right-hand side of Stratford's criterion C iS an
empericgl c&nBtant which vas subjected to charge from 0.39 to 0.35 in the
course of the development of the criterion according to the following :
~ if C is greater than 0.39, than separation is predicted when ¢=0.39.
- if C has a value between 0.35 and 0.39, then separation occurs at the
maxinmm value of C, and
- if C is less than 0.35, then no separation cccurs.

According to the study made by Cebeci et al. [}] using the mixing
length theory, the values 0.35 and 0.39 which are suggested by Stratford
for C were modified by 0.3 and 0.5 respectively.

Stratford's method uses only the pressure distribution and the initial
conditions to predict the values of C_ and X at the separation point. One
mist, therefore, calculate the left-hEnd side of eqn. (5) in maching fashion
toward separation, using local € and d&C_/dx corresponding to each x-posi-
tion. The values of C_ and X atFthe ration point are determined, when
the calculated values Peaches the constant C for separaticn in the right-
hand side. Stratford's criterion is independent upon the pressure history
upstream of the separation point,

Townsend's Criterion [2 ]

This theory can be regarded as a develaopment of Stratford's method. It
results in a formula for the pressure ccefficient at separation which inv-
olves the skin friction coefficient at the beginning of the adverse press-
ure gradient region; i.e, the separation pressure depends upon the Reynold's
number at the initial position. Then, according to this theory, the sepa-
ration positions are very sensitive to the skin friction value and there-
fore, an accurate determination of the skin friction is required. Townse-
nd replaced the distance x in Stratford's criterion with the local pressure
and noted that the pressure gradient at separation is an integral part of
the separation process and that a criterion should be based on the pressure
gradient upstream of sgparation (& p/t?os:) . The criterion is given in the
following expressicn : ps

a
oy T2 1. e
Mfﬁ;—-f&%? ps-cmi+ﬁ+1og“tﬁt) c (6)
fo
where c
"as 03362 2 +2.609°%° ;= (pp)/(g/20 adC isan

emperical ccnstant wh&gh is suggested by Tosnsend by the value 3.4634.
The other nomenclatures in egn. (6) are defined in figure (1).

Using the local C_ , (&C_/dx) and the initial condition values the
left-hand side of Townsend's ¢riterion given by egn. (6} can be calculated
in marching fashion toward separation. When the calculated values reaches
the value of C, then the separvation pressure coefficient is determined.
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This means that Townsend's theory predicts only the separation pressure,
not the separation location.

Sandborn-Liu Criterion [4 ]

Sandborn and Liu developed their criterion based on the same concept
of Stratford's for two~dimensional turbulent boundary layer with positive
pressure gradients when Cp % 0.5. This criterion is given in the following
form: ;

ac

-~ (2n-1) /4 _p, 0.5_

Cp . (x Ix ) = C N
where n is the power-law exponent of the turbulent velecity profile ard has
a value between 6 and 8. The emperical constant C takes the following
values :

for n=6 C =0.08294
and for n=8 C =0.0528

The coordinate x is to determine®here also according to the same way as
given in Stratford's criterion.

When the calculated value of the left-hand side in eqn.(7), using C_,
(&C_/dx) and n at every position x in marching fashion toward separationl,)
rea¢hes the corresponding value of C in the right-hand side of equation,
then the separation location and separation pressure are determined. The
two limits of C in Sandborn-Liu criterion give a range in which separation
occurs. The value of C = 0.0528, which is based on n=8, gives the highest
possible separation pressure.

Shape Factor Criterion

This criterion is given Firstly at 1931 by Gruschwitz [5 ] through
canparison between measurements made on separated flow around an airfoil
and solution of the mamentum integral equation for two-dimensional turbu-
lent boundary layer. He found that the separation exists at the position
in which the shape factor H;Z is greater or equal to 1.8, i.e;

. ‘B, = (6 /0)2 1.8 (8)

where § is the digplacement thickness and 8 is the mamentum thickness
of the boundary layer. In most integral solution methods of the boundary
layer equation, the shape factor H,,,as given in the relation before, is
taken as criterion of seperation. en H,, takes a value between 1.8 and
2.4, separation is asmumed to exist. The difference between these two
limits of H,, makes very little difference in the locating of separation
point, wl'xeraf2 close to separation the shape factor increases quickly. This
fact is proved in the measurements given in [6] and the other similar mea-
surements.

EVALUATION OF CRITERIA WITH EXPERIMENTAL DATA;

The experimental data to be used for evaluation of the separation
criteria described above have been taken from measurements carried out by
Hewedy [ 6 ] . He conducted two series of experiments through measurements
of separated flows. The first one (called series I) is separated flow
induced upstream of a forward~facing step. In second series (II) the
Separation exists upstream of a forward-facing step in addition to a thin
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forward-facing wall jet injected from the base of the step, In series i
the initial conditions have been taken from the upstream region, which is
rather not influenced by the step, The separation locations are clearly
defined by the experimental data., For the experimental results conducted
€rom the second sepies (II) the initial conditions have been taken from
the measurements at the position of minimum pressure. The jet-flow in the
wall side is considered here as developed turbulent boundary layer. The
separation points of the jet~flow from the wall are given also by the exp~
erimental data. The measurements used here include details of boundary
layer profiles at the initial conditions, which are required for the eval~
uation. For each set of data, the evaluation of the criteria described
before will described.

a) Measurements of Series (I)

In this set of experiments the separation was induced in the flow
over a flat plate at zero imcidence upstream of a forward-facing step.
The steglheight H had the values 33 and 60 mm;
8.1&H/01 % 17.8 and 1300s&(Rey, = U_Bl/p ) #3520, Here 8L is the
reference displacement thickness theRain flow at the step front posit-
ion before fitting it and U__ is the free stream velocity of main flow
before fitting the step. R initial conditions were taken at a distance
of about 800 mn upstream of the step and the measured wall pressures were
normalized with the pressure p, and the dynamic pressure at the initial
condition (8/2)UJ in the form ep = (pp,)/ (Y20 .

Fig. (3) shows four different pressure distributions induced with two
different steps (step heights B=33 and 60 mm) and at two different Reynold's
number (Reg, = 1300 and 3520). These distributions show that the pressure
gradient ugétream of separation is nearly constent, but varies rapidly
near sparation . The measured ~ as well as~the predicted separation points
for each pressure distribution according to the separation criteria discr-
ibed above are shown. As Known, Stratford's criterion require the local
pressure gradient to determine the separation pressure and position.
However, it is very difficult to determine the local pressure gradient near
separation. For this present purpose, the pressure gradient near ra-
tizrhas been replaceg with tf?:ajt deté::‘:ni.nfegi:> by the gxtrapolated p?eeg:ure
distribution from the attached flow upstream of separation (Cptx)ps: (dcp/dx)Ps.

Values of (C ) are given in (1/m) for each distribution of pressure in
the figure. p

It can be shown that Stratford's criterion predicts earlier separat-~
ion: than is measured experimentally for all measurements in Fig. (3). Using
the modification of the constants after Cebeci et al. [3) instead of the
suggested by Stratford's the predicted separation point approaches to the
measured but still before it.

The criterion of Sandborn and Liu gives a predicted separation region
in which the separation occurs, The region exists still before the meas-
ured separation point, The upper limit of n (i.e, n=8 and C=0.0528) in
the criterion gives a separation point close to the measured for all four
cases given in Fig.(3).
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The separation pressures predicted by Townsend's criterion are higher
than the experimental values for all four cases, as shown in the figure,
It should be noted again that Townsend's criterion does not require x as
an input; therefore, the predicted C_ is not necessarily on the extrapol-
ated pressure line. The separatim'?ccaticns obtained by this method are
1?" geg)aral close to the experimental values for -cases (b),(c) .and (d) in

J-g. L)

The predicted separation point resulted fram the shape-factor criter-~
ion taking the value of =1.8 as separation point is shown also in Fig.
(3-a) in which only the v&focity profiles were measured in [6] . Taking
a shape factor of about 2.1, the separation location lies on the measured
position. ' ’

The arrow ower the x-axis of measurements plotted in Fig. (3-a) shows
the predicted separaticn point obtained fram solution of Prandtl's boundary
layer equations for attachen flows. As known, the boundary layer equations
are not valid near separation, where the pressure gradient normal to the
wall is not more equal to zero. Therefore, the predicted separation point
is given, as shown, so far upstream of the measured point.

b) Measurements of Series (II)

In this series the separation was induced also in the flow over a flat
late at zero incidence upstream of a forward-facing step with a height
of 60 mm and a forward-facing wall jet injected from the base of the
gtep. The slot height of the jet h was 2.8 mm; Recy = (U 61/3 }=1300 and
the ratio H/61=14.6. o«

A rormalized pressure distributions using the pressure and the maximum

_@ynamic pressure in the jet profile at the minimum - . :
pressure location as reference values are plotted in Fig.(4) ' The main
stream flows from left- to right-hand side with the velocity U_. The step
ﬁ;\asaa:ted at about one meter from the rounded leading edge of%he plate
and base of the step the slot was formed. The forward~facing wall jet
was blowed from the slot with velocity V. The jet separation point from
the wall was measured for the velocity ratios &= (VAU_ ) = 2.84, 3.45,
4.24 and 4.99. Fig. (4) shows the normalized pressure distributions for -
these four cases, The predicted separation point according to the theories
of Stratford, Stratford with the modified constants -suggested by Cebeci

et al. and Sandborn-Liu are shown in the figures campared with the measured

As in series (1), the Stratford's theory predicts also earlier separ-
-ation points than all = the others. With the modified constants of Strat-
ford's criterion the predicted separation point lies close to the measured.
The region in which the separation position lies according to Sandborn~Liu
criterion exists before the measured position for cases of small pressure
gradient in the attached flow upstream of separation (C__)__ as in cases
(c) and (d) in Fig.(4) where the measured separation po&ﬁtgsexist inside
the region for higher pressure gradients (cases a and b). It seems that
the predicted separation point according to the criterion of Sandborn and
Liu is dependent upon the pressure gradient before the separation point.

The Townsend's criterion could not be applied here where the skin .
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Fig. (4) Measured and, predicted separation points upstream of forward-
- facing step with a forward-facing wall jet. (H=60 mm; H/h=21.4;
2.84 5% A% 4,99 and Re&=1300)
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friction coefficient in the initial position was not available in the mea-
. surements. Also, the form~factor criterion needs measurements of velocity

profiles of the attached flow upstream of jet separation which were not

carried out also; therefore, the criterion could not be applied also,

Similar measurements for series (II) were carried out in [7] but for
a forward-facmg wall jet without step. BAn emperical separation criterion
is given in that work for H/h =l. From the measurements conducted in [6]
which are used in the present work for evaluation of the criteria, the inf-
luence of the step height to the slot height ratio (H/h) can be included in
the emperical criterion given in [7] for the range of the measurements in
the following form for 0.35 ‘(b/ﬁl)é 0.91 ; 1&(H/h)€22 ; 1300 Reg;
%2900 and 4€1%522:

%, =25 (1-3 21) (h/H)°'°7 [ (9)

where, I=(VAJ “{h/Bl) = (h/Gl) and X' is the distance between the
jet separat1m°801nt and the step front measlred in the upstream direction
of the main flow ( or downstream direction of the jet flow) and normalized
with the slot he:.ght h.

- Kyelwt x-—-—j :
| ' ~
: 1300 %Re,., < 2900
1004 : 4 511‘251< 22
§ l=Hhs 22
50 : and h/%1=0.91

[ T Y T
¢ 5 10 b -z I I?MG

Flg.(S) Correlatmn of Jjet-separation point.

Egn. (9) is plotted in Flg é for the glven range of measurements
after the results com‘hcted in 6’] [77. me curve for B/F=1l repres-
ents the equation given in 7]and the curve for H/h=21.4 is plotted as
well as the measurements carried out in [6 ) for that case.

CONCLUSIONS :

The solution of .differential boundary layer equations predicts a sep~
aration point which lies so far upstream of the measured point. This is
-due to- the break down of the assumptions on which the equations are based.
Stratford's criterion predicts also an separation position which lies far

- upstream fraom the measured. Usmg the modified constants suggested by

-Cebeci et al. imstead of that given by Stratford, the predicted separat-
ion point lies more close to the measured than the original ome but still
upstream of it. Townsend's criterion gives separation point downstream of
the measured in the direction of the adverse pressure gradient. The dist-
ance between the predicted and the measured separation points seems to de-
pend upon the pressure gradient upstream of separatwn {C. ) =(dC _dx)
The criterion predicts satisfactorily the separation pre

. Sandborn~Liu criterion predicts a separation point usmg the hlgher value
of n close to the measured location.
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