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ABSTRACT 

PREDICTION OF THE TURBULENT BOUNDARY LAYER SEPARATION 

A method for the prediction of the location of turbulent boundary 

layer separation is developed. The method is based on the inner and 

outer velocity distributions technique developed by Stratford, together 

with a separation criterion which applies directly to the separation 

position. 

For the inner regi on, the model employs the empirical one-parameter 

boundary layer separat i on profiles proposed by Sandborn and Kline. For 

the outer region the equivalent velocity distribution for the flow on a 

flat plate has been used. The resulting formula for predicting the 

separation position is a simple non-linear algebraic equation. 

The method is tested by comparing with several well documented 

separation measurements. The results show a good agreement in the 

prediction of the position of turbulent separation. The calculated 

pressure rise to separation is also in good agreement with experimental 

results . 

An experimental s t udy for a turbulent boundary layer up to and 

thr ough the separation region has been made to further demonstrate the 

present method . The measurements were taken along the test wall of a 

two dimensional diffuser. Mean quantities, turbulent intensities and 

the wall shear stresses were measured. The velocity profile integral 

parameters were evaluated from the measured data. The results are also 

compared with the separation model suggested by Sandborn and Kline. At 

the start of the separation region, the velocity profile correlation 

falls approximately on the unrelaxed separation correlation curve given 
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by Sandborn and Kline. The velocity profiles in the separation region 

are well represented by the two-parameter separation profiles suggested 

by Sandborn. 
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Chapter I 

INTRODUCTION 

Separation is mostly an undesirable phenomenon because it is 

associated with large energy losses. Most conventional aerofoil 

sections are designed with a flow configuration such that separation 

occurs just prior to the trailing edge to provide optimum performance. 

For this reason it is an important problem in the boundary layer 

application to determine whether the flow will separate from a specific 

surface of body; and if it does, it is essential to know where the 

point of separation occurs. 

In the past a considerable amount of effort has been made to 

develop methods for calculating the turbulent boundary layer. Because 

of the complicated phenomena associated with the formation of the 

turbulent boundary layer, all existing methods are empirical or semi

empirical. Most of the methods are based on the momentum or energy 

integral equations in conjuction with empirical expressions representing 

the shape and the behavior of the velocity profile. Gruschwitz (1931) 

introduced a shape factor n , which was related to the velocity at a 

distance equal to the momentum thickness from the wall, and found that 

separation occurred fo r n ~ 0.8 . Doenhoff and Tetervin (1943) chose 

the form factor H, which is the ratio of the displacement thickness 

to the momentum thickness of the boundary layer, as a single parameter 

in the development of t he turbulent boundary layer. The criterion for 

separation was that H should lie between 1.8 and 2.6. Truckenbrodt 

(1952) suggested a shape factor L which was a function of both H 

and H* , the latter is the ratio of the energy-dissipation thickness 

to the momentum thickness. Separation occurs for L = -0.13 to -0.18. 
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These methods and others (Ref. 17) are reasonably accurate except 

near separation where none of the predictions appear to approach the 

separation criterion, as was indicated by Sandborn (1971). Furthermore, 

the mathematical complexities associated with these methods are con

siderable. Since these numerical or step-by-step methods require an 

amount of work which is not practical in actual applications, it is 

therefore important to devise a simple technique which would quickly 

lead to a reasonably accurate prediction. 

Stratford (1959A) developed a rapid method for the prediction of 

flow separation which can be applied directly to the separation 

position. The equation of motion was integrated by a modified inner 

and outer solutions technique. Near the wall it was assumed that the 

velocity was proportional to the square root of the distance from the 

wall when the flow approached separation. For the outer region, since 

the losses due to the shear stresses are almost the same as for the 

flow on a flat plate, a solution was obtained in terms of flat plate 

flow. According to Stratford, the accuracy of the prediction in the 

pressure coefficient at separation is about Oto 20 percent. Sandborn 

and Liu (1968) obtai ned results similar to those of Stratford by using 

both linear and parabolic velocity distributions in the inner region. 

Results from these highly approximate velocity distributions suggest 

that more accurate predictions of separation may be possible by using 

more accurate empirical velocity distribution relations. 

The purpose of the present study is to develop a method to 

improve the prediction of the separation by using more realistic 

separation profiles. The one parameter family of separation velocity 

profiles proposed by Sandborn and Kline (1961) was employed together 
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with Stratford's two layer concept. Although the Sandborn and Kline's 

model is also inadequate to represent the velocity distribution in 

detail, it has been shown to fit most separation measurements in the 

overall integral effects. Data from various sources and from the 

measurements in the CSU separation wind tunnel were analyzed to test 

the present method . The results show a good agreement in the prediction 

of the position of turbulent separation and in the pressure rise to 

separation. The separation profile parameter can be expressed as a 

unique function of non-dimensional pressure coefficient of the flow 

field. 
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Chapter II 

REVIEW OF LITERATURE 

2.1 Definitions and Concepts 

Boundary layer flow has the property that under certain conditions 

the flow in the neighborhood of a wall becomes reversed causing the 

boundary layer to separate. Prandtl first explained the phenomenon of 

separation of a two-dimensional boundary layer as shown in Fig. 1. A 

fluid particle moving in the immediate vicinity of the wall is retarded 

by the friction of the wall. If the pressure increases downstream the 

particl e may not have sufficient momentum to move farther into the 

region of the increasing pressure, and its motion will be brought to 

rest at some point S . Further downstream of this point, the external 

pressure wi ll cause it to move in the opposite direction. The point 

of separation was defined in Prandtl's concept as the limit between 

forward and backward flow in the immediate neighborhood of the wall, 

or the wall shear stress. 

au I o 
TW = µ cly W::: (2-1) 

It is now evident that Prandtl's model of boundary layer 

separation is too idealized for general engineering applications, since 

much of the undesirable features of turbulent boundary layer separation 

are associated with unsteady character. Kline's flow visualization 

studies (1957) showed that turbulent separation began as a local, 

unsteady, three-dimensional phenomenon. The separation was seen to 

develop into what was thought to be a statistically "steady" type of 

separation. These flow visualizations indicate that turbulent 
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separation is not always an abrupt event as implied in the classical 

model of separation. Sandborn and Kline (1961) suggested that a 

transition region existed where the flow changed from the "unsteady" 

to the "steady" type separation. The experimental measurements by 

Liu (1967) demonstrate the existence of the transition region in the 

turbulent boundary layer separation. Liu's measurements indicate that 

at the start of the transition region a small positive mean wall shear 

stress exists. Only at the end of the transition region does the time 

average of the wall shear appear to vanish. Recently, Sandborn (1971) 

proposed a more general model for boundary layer separation to include 

time dependent boundary layers in the framework. The new model is 

based on the concept of an adjustment time for the boundary layer, and 

separation was defined as the removal of viscous restraints at the wall. 

Thus, the transition region was viewed as a region over which the flow 

adjusts to the removal of viscous restraints at the wall. At the start 

of the separation region, boundary conditions are such that viscous 

effects at the surface are negligible. At the end of the region the 

complete velocity distribution has adjusted to the surface condition. 

If a laminar boundary layer approaches separation in a sufficiently 

mild pressure gradient, the whole l ayer can adjust to the boundary 

conditions. In this case the transition region reduces to a point. 

On the other hand, if the approach to separation is very rapid, or for 

a turbulent boundary layer, the velocity distribution does not adjust 

to the wall conditions and a transition region exists. The nature of 

the turbulent boundary layer is such that a transition region would be 

expected. Fig. 2 shows a sketch of the proposed general model of the 

separation region. Experimentally, the start of the separation can be 
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identified by the flow visualization technique . Tufts, smoke and other 

chemical compounds have been used for th i s purpose. It is believed 

that most turbulent boundary layer separation measurements were made at 

or near the start of the separation region. 

2 . 2 Ca lculation of Turbulent Boundary Layer Separation 

Since the complete phenomena associated with the formation of 

turbul ent boundary layer are f ar from understood at the present time, 

a l l existing methods for the calculation of t urbulent boundary layers 

are either empirica l or semi-empirical. These methods are based mainly 

on the integral forms of the momentum and energy equations using 

empirical expressions for shear and dissipation in turbulent flow. 

2.2. 1 Methods based on the momentum integral equation 

The momentum integral equation was first derived by von Karman by 

integrating the boundary layer equation from y = 0 toy= h > o (x). 

For st eady, two - di mensional , incompressible flow it assumes the form 

de e 
dx + (H+2) U 

T 
w 

(2-2) 

where His the form f actor defined as the ratio of displacement o* 

to momentum thickness e , thus 

and 

H = a* 
e 

Joo U 
o * = (1 - -) dy 

0 U 

e = J00 

~ (1 - ~) dy 
0 U U 
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In order to determine the variations of momentum thickness along 

the contour of the body, data on the form factor H and the shear 

stress at the wall 
T 

w 

pU2 
are needed. This information was obtained by 

each author in a different way. In spite of the different assumptions 

for the shear stress , and form factor H, most of the methods led 
w 

to the following equation. (See for example Rotta, 1962) 

(2-3) 

where C i s a constant to be determined from the laminar boundary 

layer at point of transition x=xt , and n, a, bare constants. The 

constants are slightly different for different methods. 

For the prediction of separation a second equation, the so called 

shape parameter equation is needed. Various authors used different 

shape factors for the turbulent velocity profiles and established 

differential equations for them as well as for the momentum thickness. 

Gruschwitz (1931) introduced the shape factor 

uly= 8 2 
n = 1 - C- 0 -) 

where uly= 8 denotes the velocity in the boundary layer at a distance 

y= e from the wall. Separation occurs for n • 0.8 . Buri (1931) 

chose for this purpose the dimensionless quantity 

I 
r = e du Cu e)4 

U dx V 

Separation occurs when r • -0.06 . The method due to von Doenhoff 

and Tetervin (1943) assumes that the shape of all turbulent boundary 
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layer profiles can be expressed as a function of a single parameter 

H. Separation occurs for values of H greater than 1.8 and less than 

2.6. Garner (1944), Maskel (1951), and Schuh (1954) also employed the 

parameter H , but with different functional forms. All these methods 

appear to give some insight into the problem. 

2.2.2 Methods based on the momentum and energy integral equations 

Using a similar approach, Wieghardt (1948) deduced the energy 

integral equation by multiplying the boundary layer equation by u and 

then integrating from y = 0 toy= h > o (x) . In the case of steady 

two-dimensional incompressible flow the energy integral equation takes 

the form 

2 Joo 'T oU 
0 pay dy (2-4) 

where 8* is the dissipation-energy thickness defined as 

2 
8* = J00 

U (1 - ~) dy 
o u 

0
2 

Truckenbrodt (1952) assumed that turbulent velocity profiles 

formed a one-parameter family of curves, as was done by Doenhoff and 

Tetervin, and introduced a shape factor L in the form 

JH* dH* 
L = Ho* (H-l)H* 

where H* is the ratio of dissipation-energy thickness 8* to 

momentum thickness 8 . He found that Ho*~ 1.73 . Separation occurs 

at L ~ -0.13 to -0.18 . Rotta (1952) made use of the parameter H* 

and assumed the logarithmic profile in his calculations. Spence (1956) 

introduced 
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= u\y=8 
y u 

as the characterizing shape parameter and supposed the shear stress 

distribution to be a function of the shape parameter as well as the 

non-dimensional pressure gradient. These methods and others are 

reasonably accurate except near the separation where none of the pre

dictions appear to approach the separation criterion (Sandborn, 1971). 

In most cases the mathematical development is very complex. For further 

details concerning the calculations of the turbulent boundary layer and 

the comparison of the various methods, references can be made to 

Thompson (1964), Schlichting (1968), Rotta (1962), and Chang (1970). 

In particular, the recent development of this subject has been summa

rized in Ref. 17. 

2.2.3 Methods based on the inner and outer solutions 

The method of inner and outer solutions was first introduced by 

von Karman and Millikan (1934) for the laminar boundary layer calcula

tion. By a slight modification of von Mises' equation, two solutions 

were found, one of which was exact at the wall while the other was 

exact at the outer edge of the boundary layer. By matching these two 

solutions at the inflection point of the velocity profile, the final 

solution was obtained. In addition, a relationship for predicting the 

position of laminar separation was derived, although the resulting form 

was difficult to apply. Doenhoff (1938) modified Karman and Millikan's 

solution and derived a form which could be applied to any flow case 

rapidly. Unfortunately, the accuracy of Doenhoff's method is question

able. Stratford (1957 ) assumed that in the outer layer the pressure 
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rise mainly produced a lowering of the dynamic head profile; the 

losses due to the shear stresses being the same as for the flow on a 

flat plate. In the inner layer, on the other hand, the pressure force 

was assumed to be balanced entirely by the shear force. The inner 

solution was matched smoothly with the outer solution at a suitable 

point . A simple formula for predicting the laminar boundary layer 

separation was obtained in the form 

dC 
x 2 c c--12.) 2 

= K 
s p dx 1 

where C is pressure coefficient defined as 
p 

C 
p 

= 1 -
u2 

~ 
0 

(2-5) 

Stratford suggested that a value for K1 = 0.0076 should lead to good 

prediction of separation. Curle and Skan (1957) pointed out that 

K1 = 0. 01 04 would give a bett~ prediction. Liu and Sandborn's (1968) 

testing of Eq. (2-5) indicated that K
1 

lay be tween 0.0076 and 0 .01 04 . 

Similar to the inner and outer solutions for a laminar boundary 

layer, Stratford (1959A) obtained a relation for the prediction of the 

turbulent boundary layer separation. Based on the mixing length theory, 

the formula was derived as 

1 

= 0 .78 (10- 6 Re)10 
(2-6) 

where Re is Reynolds number. Townsend (1962) assumed a logarithmic 

profile at the initial position instead of a power law profile as was 

used by Stratford. Liu (1967) obtained similar results by assuming 

that in the inner layer the eddy viscosity is constant near the 
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separation point. The point of separation was given as 

l (2n-l) dC !_ 
C 4 ( _E.)2 "' 
p XS dx 0.22 c2 (2-7) 

c2 varies from 0.377 for n = 6 to 0.24 for n = 8 • 

2.3 Boundary Layer Separation Profiles and Correlations 

The prediction of the boundary layer separation depends on the 

understanding of the velocity distribution in this region. The 

analyses of Stratford (1959A) and Townsend (1962), which led to the 

prediction of continuous separating turbulent boundary layer employed 

a velocity distribution of the form 

u a 

1 

( ~)2 
y clx (2-8) 

near the wall. Sandborn and Liu (1968) obtained results similar to 

those of Stratford by using both linear and parabolic velocity 

distributions in the inner region. Results from these highly approxi

mate velocity distributions suggest that more accurate predictions of 

separation may be made by using more accurate empirical velocity 

di stribution r elations. 

Sandborn (1959) developed an empirical velocity profile which can 

be used in laminar as well as turbulent flow. For laminar boundary 

layer separation the empirical velocity profile is reduced to the form 

u y ~ - r::-- y 
IT - 1 + ( 1 - 6) cS [ v - >-0 £n (1 - 6) -1] (2-9) 
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where 

2 

\s = 
6 dU 
v cl.x 

For t he t urbulent boundary layer separation the profile becomes 

rr - 1 - c1 - f) m (2-10) 

where m is a constant depending on the free stream flow conditions . 

From the analysis of these empirical velocity profiles, two types of 

s eparation , r e laxed (steady) and unrelaxed (unsteady), were identified. 

The words steady and unsteady were used in the original paper. In the 

model proposed by Sandborn (1971), the transition region was viewed 

as a region where the velocity distribution relaxed or adjusted to the 

boundary conditions. Therefore, the words relaxed and unrelaxed have 

been t hought to be a better description of the process. For the 

rel axed separ ation case , the relationships between the profile 

par ameters can be expressed parametrically in terms of A0 

6* 2~ + 1 

6 = 
1)2 (~+ 

e (2~ + 1) 
= - , 

Q cr-T; + 1) 2 

2~ . 6 - --·----
(2~ + 1) 2 

2 (~ ) 2 

(2~ + 1)
3 

1 

(2 / - \6 + 1) 

(2-lla) 

(2-llb) 

For the unrelaxed case , the empirical relationship between the profile 

parameters was given as 

1 
H = l + (1 - 6*/ 6) (2-12) 
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Equations (2-11) and (2-12) are replotted in Fig. 3. The upper 

curve is called the relaxed separation correlation, while the lower one 

corresponds to the unrelaxed separation correlation. The unrelaxed 

separation curve has been found to agree well with most turbulent 

separation measurements. Both experimental measurements and analytic 

solutions of laminar separation have been shown to fall approximately 

on the relaxed separation correlation curve. 

In keeping with the observed adjustment concept, Sandborn (1970) 

recently suggested a more general form of the velocity profile. The 

model employed a "slip" parameter I;; in the form of 

u y m y U = 1 + 1;; ( 1 - 6) 1 [ m1 £n ( 1 - 6) - 1] (2-13) 

where is a constant depending on the free stream flow conditions. 

The parameter 1;; is equal to 1 for relaxed separation, and 0<1;;< l 

represents all possible unrelaxed separations. Equation (2-13) is 

shown in ,Fig. 3 as dashed curves. The unrelaxed separation curves 

correspond to values of I;; from 0.80 to 0.85. The experimental data 

fall in a region between I;; = 0.81 to 0.90 . 
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Chapter III 

THEORETICAL ANALYSIS 

Many of the approximate solutions for turbulent boundary layers 

have already been discussed in Chapter II. The present analysis is 

based on the inner and outer layer concept developed by Stratford 

(1959A); in the inner layer the empirical separation velocity profiles 

proposed by Sandborn and Kline (1961) is employed. 

3.1 The Outer Layer 

For the flow under consideration a constant pressure exists for 

a distance x , beyond which the pressure begins to rise abruptly. 
0 

In the outer layer, the shear force is small compared with either the 

inertia force or the pressure gradient. It may be assumed, following 

Stratford's Concept, that the losses in the outer layer due to the 

shear stress in the present flow situation is the same as for a flat 

plate flow (which has identical conditions as far as x=x 
0 

but 

which continues at constant static pressure thereafter). By applying 

Bernoulli's equation along a stream line, the following formula is 

obtained 

½ pu
2 

(x, ~) = ½ pu 12 (x, ~) - (p - p
0

) (3-1) 

in which the prime denotes the comparison profile of constant pressure 

for the flat plate case. ~ is stream function defined as 

~ = JY u dy 
0 

and the condition ~ > ~- denotes the stream line of Eq. (3-1) is in 
- l 

the outer region of the profile . Thus, the dynamic head at any point 
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downstream of x is equal to the dynamic head at a corresponding 
0 

point in the comparison profile of flat plate flow minus the rise in 

static pressure. 

The following power law velocity profile is assumed to exist for 

the constant pressure flow 

1 
u' 

Cy' / o '/ u= (3-2a) 
0 

where 

0 ' = (n+l) (n+2) 8 I 

n 
(3-2b) 

1 

8 I 0.036 X Re 5 = (3-2c) 

and n can be approximated by 

n = t og10 Re (3-2d) 

as suggested by Stratford (1959A). 

Differentiating Eq. (3-1) with respect to w, and replacing 

a a 
u aif by ay yields 

au
1 

ay (x , w) 
= au' I 

;:) y I ' 
lX, W 1 ) Cw :: w. ) 

1 
(3-3) 

where 

w = w' (3-4) 

from the continuity considerations. 
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3.2 The Inner Layer 

In the inner layer, the inertia of the fluid is small. In 

particular the inertial force at the wall is zero, so the pressure 

force must be balanced entirely by the shear force, that is 

..zJ2._ _ dT 
dX - cly (3-5) 

which follows from the equation of motion by neglecting the inertia 

forces. This balance at the wall can be achieved only when the shape 

of the velocity profile is altered. The inner layer starts to grow 

from the point x=x
0 

, y=O , and the slopes of the velocity profiles 

have to change in the region beyond X = X 
0 

Several different assumptions have been made for the velocity 

profile in the inner layer when the flow approaches separation. Coles 

(1954) assumed that at the point of separation the velocity profile 

could be described by the wake function alone. By assuming that the 

mixing length is proportional to the distance from the wall and setting 

the wall shear stress equal to zero, Stratford (1959A) obtained the 

velocity distribution near the wall in the form 

u = (3-6) 

Stratford suggested that Eq. (3-6) could be regarded as the first term 

of the series expansion representing the whole inner layer profile. 

However, this assumption leads to an infinite shear stress at the wall 

rather than a zero wall shear. Since the shear stress at the wall 

1 1 

dU I - 2 1 ~) 
2 

T = µ = y ( 
K2p w oy y=o ax (3- 7) 
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becomes infinite when y approaches zero. Liu (1967) obtained a 

linear velocity distribution by using a constant eddy viscosity for the 

inner layer. Results from these highly approximate velocity distribu

tions suggest that a more realistic empirical velocity distribution 

relation may .improve the prediction of separation. 

For the present study, the one-parameter separation velocity 

profile proposed by Sandborn and Kline (1961) 

u y m 
- = 1 - ( 1 - -) u cS (3-8) 

will be analyzed. This empirical profile has been shown to fit most 

turbulent separation measurements. In addition, the two-parameter 

separation profile suggested by Snadborn (1970) 

IT= 1 + s (1 - y/cS)ml [m1 in (1 - y/cS) - l] (3-9) 

will be investigated. The comparison of Eqs. (3-6), (3-8), and (3-9) 

with a set of turbulent separation profiles measured by Stratford is 

shown in Fig. 4. Linear and parabolic velocity distributions assumed 

by Sandborn and Liu are also shown in Fig . 4. It is apparent that 

Eqs. (3 -8) and (3 - 9) are more acceptab le than that of Stratford's or 

Liu's . 

3.3 The Equations to Predict Separation 

At the join between the inner and outer layers continuity is 

specified in 1)! ' u 

layer are equal to 

(3-3) and (3-4), 1)! 

and 

u , and 

that is 1)! , u , and au 
ay 

au 
ay for the outer layer. 

for the inner 

From Eqs. 

and -au for the 1 1 t outer ayer are equa o ay 1)!' and 

au' 
ay' for the corresponding point on the flat plate comparison profile. 
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Therefore, l/J and clu oy for the inner layer are equal to and clu' 
cly' 

for the corresponding point on the comparison profile. Thus, at the 

join, the following equations are satisfied 

clu au' 
ay = cly' 

(3-10) 

(3-11) 

where and clu are the values obtained from the inner layer. ay 

3.3.1 Prediction of separation by using the one-parameter 

velocity profile 

The one-parameter velocity profile is given by Eq. (3-8). The 

d · 1 f ,,, d clu f h · 1 h correspon 1ng va ues o u, ~, an cly or t e inner ayer at t e 

join as well as U I ' l/J I and clu' 
cly' for the comparison profiles are 

u = u [l - (1 l_)m] 
0 (3-12a) 

0 
m+l 1 

l/J = u [y + m+l (1 - f) - m+l] (3-12b) 

clu m-1 

cly = u [E!. (1 - l.) ] 
0 0 (3-12c) 

and 

1 

u' = u (y'/o '/ 
0 

(3-13a) 

U n 1 n+l 

l/J ' 
0 

Co') 
n (y I) n 

= n+l (3-13b) 

u 1 1-n 
cl u' - - --

0 
Co ') n (y I) n 

cl y' = n (3-13c) 



19 

Substitutions of Eqs. (3-12) and (3-13) into Eqs. (3-10) and (3 -11) 

produce 

1-n 
1 

1 u 
8 y' - m-1 

1 0 n ] - [mn u 8' Cp-) 

1-n 
m+l 

u m-1 1 
[ 

1 0 8 y' n ] -1 + 
m+l 8' ( 8') mn u 

n+l -
Y I n 

( 8' ) = 0 (3-14) 

From Eq . (3-1) and the definition of C , it can be shown that 
p 

C 1 
u2 

= -
u 2 p 

0 

2 2 
( ~: )n (1 

u 
= - ··-:-z ) 

u' 

Substituting Eq. (3-12) and (3-13) into Eq. (3-15) leads to 

2 

where 

I -

cp = C ~' ) n 

( ~o )211 

() I = 
(n+l) (n+2) 

n 

-
8 ' = 0.036 x Re 

1 - [ -mn 

8 I 

1 
5 

8 = 
(2m+l) (m+l) 

8 
m 

1-n --y' n 
( 8') ] 

m 
m-1 

2 

(3-15) 

(3-16) 

(3-17) 

(3-18) 

(3-19) 

and 8 can be calculated from Eq. (2-3). For example, Garner (1944) 

used n = 6 , a = 0.0076, and b = 3.67 . Eq. (2-3) then reduces to 
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1 

e ( u~ )6 
= u- 3 · 67 cc+ 0.0076 J;=x u3

·
67 

dx) 
t 

(3-20) 

For the quantity n, which pertains to the flat plate comparison 

profile at x = x , Stratford (1959A) suggested the following form 
s 

where 

n = ,Q,og
10 

Re 

Re= 
U X 

0 S 

\) 

The relation between y 
8 

1 U 6 
l_ = 1 - [ uo 
8 nm 8' 

and y' 
8' can be obtained as 

1-n 

y' ) n 
( 8' 

1 
m-1 

(3-21) 

(3-22) 

(3-23) 

Thus, the join at the separation position is determined. Eq. 

' (3-14) can be solved for ~ if a relation between the profile 

parameter m and the free stream flow condition is found. The 

pressure coefficient 

from Eq. (3-16). 

C of the separation condition can be obtained 
p 

In the subsequent chapters the results of th~ present method will 

be compared with ava ilable published separation data and with data 

from the CSU separation wind tunnel . In particular, the correlation 

between the profile parameter m and pressure distribution of the 

flow field will be determined. 

3.3.2 Prediction of separation by using the two-parameter 

velocity profile 

The two-parameter velocity profile is given by Eq. (3-9). The 

quantities u, 1/1 , and au cl y for the inner layer at the join follow 
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from Eq. (3-9) directly. 

U l 1 
y r.11 

[ml i n (1 - .r) u = + 1;; (1 - -) 0 0 

u l y + 
1;;0 

m1+1 2m1+1 
ljJ = m1+1 (1 - .r) [m +l 0 

1 

- m t n 
1 

1;; (2ml +l) I 
(1 - .r) ] -o 2 

(m1+1) 

-1] I (3-24a) 

(3-24b) 

(3-24c) 

Following the same procedure as in one-parameter profile case, the 

equation for the join at the separation position can be obtained as 

l+n 

2 U ~ (1 
m -1 1-n 

[ -1;;nm1 
- .r) 1 i n (1 - t) ] u 0 0 

0 

n+l u 1.1 
m +l 2m1+1 

.r + 1;; (1 - .r) 1 -- u m1+1 [ m +l n 0 0 
0 1 

- m i n (1 - l.) ] - 1;; 
1 o I = 0 

The separation condition for C may be derived as 
p 

= 

2 

2 
- 2 
n (1 - ~) 

'2 u 

,-
(~)n L j 

u 2 
1 + s (1 -

0 

[m1i n (1 - t) - 1] f 2 

m .r) 1 
0 

(3-25) 

(3-26) 
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The relation between y/ o and y'/ o' is given in the form 

where 

y' -8' -

6 0 = 
i: 

m -1 
U O I (l _ l_) 1 u-;s o 

0 

(3-27) 

1 
2 

i: (10m
1 

+ 6m1+1) (3-28) 

(2m
1 

+ 1) 

6 , n , o ' , and 6 ' are already given as Eqs. (3-20), (3-21), (3-17), 

and (3-18) respectively. 

In this case there are two parameters to be determined before Eqs. 

(3- 25) and (3-26) can be applied. The parameter m
1 

, determines the 

shape of the profile, and i: is a measure of the degree of adjustment. 

At the present time the values of and cannot be predicted 

independent of the experimental measurements . The comparison of this 

method wi th separation measurements will also be made in Chapter 5. 

3.3. 3 Flow with favorable pressure gradient or laminar boundary 

layer over the region up to X = X 
0 

For a boundary layer having a region of favorable pressure 

gradient up to x , Stratford suggested that 
0 

x used in above 
0 

equations should be replaced by an equivalent value X defined as 
0 

X 3 
X = f o (~) dx 

0 0 U 
0 

(3-29) 
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where x and X are the actual .and the equivalent distances from the 

leading edge respectively. The criterion for equivalence is for the 

values of the boundary layer momentum thicknesses at the point of 

peak velocity to be the same for both the cases of zero pressure 

gradient and favorable pressure gradient over the first part of the 

boundary layer. For a flow which has a region of laminar boundary 

layer up to x , the equivalent distance 
0 

the following equation 

3 25 

X 
0 

(-v-?· u ·- X 
Cy__)s d X = 38.2 (~) 8 [ f t 

0 xtUt ut 0 u 
0 

X 

Cy_) + f 0 dx 
xt u 

0 

might be calculated from 

5 

(~) 
xt 

]8 

(3-30) 

where the suffix t indicates the values at the laminar-turbulent 

transition position and the suffix o refers to conditions at the 

position of peak velocity, or at laminar-turbulent transition, 

whichever is further downstream. 
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Chapter IV 

EXPERIMENTAL EQUIPMENT AND PROCEDURES 

The experiment was performed in the separation wind tunnel located 

in the Fluid Dynamics and Diffusion Laboratory at Colorado State 

University. The main purposes of this experimental work are to study 

the flow characteristics in the separation region and to provide data 

for the prediction of the turbulent boundary layer separation. The 

mean velocities, turbulent fluctuations, and the shear stresses along 

the wall of the test model were measured. The experimental equipment 

and procedures used in this study are described briefly in the 

following sections. 

4 .1 Wind Tunnel 

Measurements were taken in the boundary layer developed along the 

floor of the 10-foot test section of the CSU separation wind tunnel 

shown in Figs. 5 and 6. The wind tunnel is of the open circuit type 

and the air speed in the tunnel is controlled by means of a variable 

speed motor. An axial fan is employed to draw the ambient air through 

a circular inlet, past two transition sections, and then into the test 

section. In the fiberglass transition section the inside diameters of 

the wind tunnel vary from 36 to 18 inches and in the sheet metal 

transition section the cross sectional shape of the tunnel changes 

from round to square. The front part of the test section is a flat 

plate with a uniform cross section of l'-6" by l'-6", and a length of 

3'-5 1/4". The shape of the rear part of the test wall is similar to 

that of a diffuser (Fig. 7), which was designed to produce separation 

and to hold the flow in a separating state for some distance downstream. 
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Static pressure taps of 0.02 inch diameter were embedded along the 

center line of the curved test wall. Honeycomb screens located in the 

v~ inlet section produced a free stream turbulent level, - 0- , of about 

3 percent . The measurements were made in a vertical plane along the 

center of the tunnel. The maximum air speed in the wind tunnel is 

about 45 fps. Turbulence levels of the order of 40 to 50 percent have 

been encountered in the separation region. The start of the curvature 

of the diffuser wall was chosen as origin of the coordinate system in 

the x-direction. 

4.2 Instrumentation 

4.2.1 Pitot static tube 

During measurements the free stream velocity in the tunnel was 

checked by a 1/16 inch diameter pitot-static tube located in the 

uniform test section. The pitot static tube used was calibrated 

against a 1/4 inch diameter standard pitot static tube, which in turn 

was calibrated in a whirling-arm apparatus. The outlets of the 

pressure probe were connected to a pressure transducer by plastic 

tubing. 

4.2.2 Hot-wire probe and anemometer 

Mean velocities and turbulent fluctuations were measured by means 

of the hot-wire t echnique. The hot wire, made of 80 percent platinum 

and 20 percent iridium wi th a diameter of 0.0004 inch, was operated by 

a constant-temperature anemometer designed at Colorado State University. 

By using a constant-temperature hot-wire anemometer the electric 

resistance of the wire and its temperature are kept constant. A slight 
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variation in velocity will result in a variation in heat loss from the 

hot wire, which in turn produces an unbalance of a Wheatstone bridge. 

Any unbalance in the bridge is compensated for by means of an 

electronic feedback system. The feedback system senses the unbalance 

in the bridge and alters the current to the bridge to rebalance it. 

Such a feedback system operates almost instantaneously, and it can 

follow and balance the bridge for frequencies up to 50,000 cps or 

greater. Mean voltages of the output signal of the anemometer were 

determined with an integrating circuit and a digital voltmeter. The 

integrator was empl oyed to obtain long time period averages. The 

periods of averaging used was about 30 seconds for the present measure

ments. The integrator could easily be calibrated by introducing a 

non-fluctuating voltage from a power supply for the required time of 

integrat ion. The root mean square of the output was measured by a 

true r ms vol tmeter. 

The wire was a ligned so that the axis of the sensing element was 

parallel to the floor and perpendicular to the flow direction. Typical 

wire lengths of the order of 0 .04 inch were soldered to supports 

protruding from a 3/32 inch diameter ceramic probe. The ceramic probe 

was held by the sliding bearings of the probe holder, which in turn 

was held by a horizontal bar mounted on the axis of the probe actuator. 

Thus, the hot-wire probe could be moved through the boundary layer to 

measure the mean velocity profiles and turbulent fluctuations. The 

probe was calibrated against a standard hot wire probe in the wind 

tunnel in the free stream outside the boundary layer . The standard 

wire i n turn was calibrated i n an open circuit type small calibration 
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wind tunnel. A typical calibration curve of voltage output versus 

flow velocity for the boundary layer hot wire is shown in Fig. 8. 

4.2.3 Probe actuator 

The hot wire probe was moved vertically through the boundary layer 

by means of a precision actuator. The movement of the actuator was 

controlled by an actuator controller. The position of the probe could 

be read at one thousandth of one inch intervals by means of a dial 

indicator which was connected to the actuator movement. The position 

of the probe with respect to the tunnel floor was determined from the 

dial indicator readings when the probe was touching the floor. The 

total travel distance of the actuator was approximately 6 inches. The 

actuator was fastened to the tunnel floor outside the tunnel, so that 

only the moving axis of the actuator was allowed to protrude into the 

boundary layer to minimize the disturbance to the flow. 

4.2.4 Surface gage 

The wall shear stresses were measured by means of a surface gage, 

A Ludwieg type (1950) heat transfer-shear stress gage was employed. 

A thin film platinum gage was mounted on a 0.003 inch mica sheet and 

glued to the surface of the test section. The surface gage was 

calibrated in the flat plate region of the test section. The cali

brated gage was then moved to the downstream stations. 

4.2.5 Microtector manometer 

In the calibration of the pitot-static tube and the standard hot

wire probe, a microtector manometer (Fig. 9) was used . The microtector 

combines the principles of the Hook Gage type manometer and solid 
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state integrated circuit electronics. The accuracy and repeatability 

of the gage is within ±0.00025 inch of water throughout its Oto 2 

inches water column range. A pressure to be measured is applied to the 

manometer fluid which is displaced in each leg of the manometer by an 

amount equal to one half the applied pre,ssure. The hook is then 

lowered until it contacts the manometer gage fluid. The instant of 

contact is detected by completion of a low power A.C. circuit operating 

at a frequency of approximately 2000 cps. Completion of the A.C. 

circuit activates a bridge rectifier which provides the signal for 

indication on a sensitive D.C. microammeter. 

4.3 Experimental Procedures and Data Reduction 

4.3.1 Flow visualization technique 

The start of the turbulent boundary layer separation was 

identified as the forward-most point where smoke was seen to reverse 

when released downstream. Smoke was produced by burning cigars with 

service air. The rate of smoke production and injection into the air

stream were carefully controlled by means of settling bottles and. 

pressure regulators. The area of separation was also alternatively 

identified by tufts indicating the forward-most point of flow reversal 

and by observing the evaporation rates of chemical tracer sprayed on 

the surface. A mixture of Methyl Salictlate, Glycerin, and fine Kaolin 

powder was used as the tracer. Results of these visual observations 

indicated that separation of the turbulent boundary layer occurred at 

approximately the 9 inches station. Separation was also observed to 

occur in the corners soon after the start of the curvature of the wall. 

Thus, the region of separation was not two dimensional across the 
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diffuser. The observed separation appeared to be similar to many 

actual cases encountered in real applications. 

4.3.2 Measurements of the mean velocities and the turbulent 

fluctuations 

In the preliminary measurements, the mean velocity profiles were 

measured by means of total and static pressure tubes. The high 

turbulent level and low mean velocity encountered in the separation 

region making measurements of mean velocity with the Pitot-static tube 

difficult. Moreover, the directions of mean velocity vectors might be 

appreciably different from point to point in this region. Consequently, 

the hot wire technique of measurements was considered preferable over 

that of Pitot-static tube in the measurements of mean velocities for 

the present case. In transient measurements, the hot-wire anemometer 

has been accepted as a standard instrument for experimental studies of 

fluctuating velocities of the air flow. 

In the hot-wire annemometer applications (Sandborn, 1972), it has 

been found that the heat loss from a specific hot wire is a function 

of velocity, temperature, fluid properties, and flow direction. For the 

present experiment, the temperature and the fluid properties of the flow 

were reasonably constant, and the mean flow direction along the vertical 

plane of the center line was approximately in the x-y plane. Thus, for 

a hot wire with its axis parallel to the floor and perpendicular to the 

flow direction, the heat loss might be assumed to be a function of the 

total velocity only. The relation between the mean heat loss and the 

mean velocity could be expressed by the modified King's Law 

I 2R - A+ Bur R-R -
a 

(4-1) 
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where r varies with Reynolds number. The dirivative of Eq. (4-1) 

with respect to u yields an expression from which the velocity 

sensitivity can be obtained. However, for this study a straight

forward method was used. The mean velocity was obtained directly from 

the calibration curve of the hot-wire voltage output versus flow 

velocity. The sensitivity of the hot wire was evaluated from the slope 

of the calibration curve. Therms values of the turbulent fluctuation 

~, was obtained with arms voltmeter. 

4.3.3 Effect due to large turbulence 

In the measurements of the mean velocities and the turbulent 

intensities, it was assumed that the fluctuating part of the velocity 

was small compared to the mean ve locity. For a wire, as shown in 

Fig. 10, the total velocity which affects the convective heat transfer 

around the hot wire is 

1 
2 

2 2 2 ut = [ (u+u I) + V I + w I ] 

If it i s assumed that 

u' (~) 
2 

(~) 
2 

(~) 
2 

2- >> or or u u u u 

Eq. (4-2) then can be written approximately 

u 2 
u' ( __!_) = 1 + 2 u u 

(4-2) 

as 

(4-3) 

This shows that if the wire is aligned as shown in Fig. 10, the 

fluctuating part of the signal is predominately due to u' component 

of the velocity. However, in the separation region very near the 
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surface the mean vel ocity is nearly zero, and the total velocity is 

approximately 

(4-4) 

where w' was omitted in Eq. (4-2) because it is in the same direction 

as the axis of the wire and it has a negligible effect on the heat 

transfer rates of the wire. Thus, the heat loss is equally affected by 

both the u' and v' components. The upper limit on the error in 

assuming the wire normal to the mean flow for measuring 'Vu' 2 is 

41 percent, as shown by Sandborn and Liu (1968). This maximum error 

could occur only in the region very near the surface. Since , in this 

region the boundary has a more restrictive effect on the magnitude of 

v' than on u' , it is expected that the error in u' is much less 

than 41 percent. 

4.3.4 Effect due to the solid boundary 

When a hot wire is close to a solid boundary , errors may be 

introduced if the effect of the boundary on the rate of heat loss from 

the wire is ignored. The hot wire loses heat to the surface due to 

conduction, as well as to the air due to forced convection . Wills 

(1962) showed the effect of the solid boundary on the heat loss of the 

wire for laminar flow. Due to tur.bul ent mixing, it is expected that 

correction for the wall effect would be smaller in the turbulent flow 

case than in the laminar flow case. The effect of the boundary on the 

heat transfer from the hot wire used in the present experiments for 

the no-flow condition is shown in Fig. 11. It can be seen that the 

effect of the surface becomes negligible when the wire is more than 
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0.04 inch away from the surface. When the wire is at a distance, 

y
0 

say, less than 0.04 inch from the wall, a correction for the 

molecular heat conduction of the hot wire to the wall can be made such 

that the ratio of the heat transfer at position y
0 

under a given 

flow condition to the heat transfer at position y
0 

under no-flow 

condition is the same as the ratio obtained by interpolation from the 

curves of Wills. 

4.3.5 Shear stresses along the wall 

The heat transfer from the surface gage to the flow is a function 

of the wall shear stress. It has been found that the relation between 

the heat transfer and the wall shear stress can be expressed 

approximately as 

1 

Q ::: '[ 
w 
3 (4-5) 

where Q is the heat transfer from the gage. The wall shear for the 

flat plate region of the test section is determined from the measured 

mean velocity profiles. From the velocity profiles the skin-friction 

coefficient is computed by using the Ludwieg-Tillman formula (1950). 

0.246 

100.678H R 0.268 
e 

( 4-6) 

where R8 is Reynolds number based on the momentum thickness and Cf 

is skin-friction coefficient defined as 

(4- 7) 

The calibrated surface gage is then moved to the downstream stations 

to measure the shear stresses along the center line of the wall. 
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Chapter V 

NUMERICAL PROCEDURES 

Data were taken from the measurements of von Doenhoff and Tetervin 

(1943), Hewson (1949), Schubauer and Klebanoff (1951), Sandborn and 

Liu (1968), and Stratford (1959B) as well as from the present measure

ments in the CSU separation wind tunnel. In these measurements, the 

velocity profiles near or in the separation region have been reported. 

For the predi ction of the turbulent separation position, the experimental 

data for the variations of free stream velocity and momentum thickness 

along the x-direction are needed, although the latter can also be 

calculated directly from Eq. (3-20). 

5.1 Velocity Profile Parameters 

Velocity profiles of the form expressed by Eqs. (3-8) and (3-9) were 

fitted by the least square method to the available mean velocity profiles 

in the separation region. 

Velocity profiles of the one-parameter family (Eq. (3-8)) were 

fitted to the data for values of m varying in the range of 1.01 to 

15.00 at equal increments of 0.01. The value of m giving the smallest 

computed variance would henceforth be substituted into Eq. (3-8) for 

subsequent computations. 

Similarly, for the case of the two-parameter family of velocity 

profiles expressed by Eq. (3-9), the parameters was first set equal 

to a fixed value in the range 0.70 to 1.00. For this fixed value of 

s = s· , say, the value of 
J 

which gave the smallest variance, 

2 
o . was determined just as in the one-parameter case. s was then 

J 

allowed to take on values at equal increments of 0.01. Consequently, 
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for each sj , there corresponded a m1j , giving the smallest variance 

2 
(J • • 

J 
and resulting in the 

smallest 

The combination of the parameters 

2 cr were used in Eq. (3-9). 

The reason for the choice of the ranges for m In Eq. (3-8) and 

for and in Eq. (3-9) was that all available separation velocity 

profiles appeared to fall well within this region. The fitting pro

cedures were carried out with the aid of Colorado State University's 

CDC 6400 computer. 

5.2 Free Stream Velocity and Momentum Thickness 

For systemic calculations, the experimental values of the free 

stream velocity distributions, U(x), were first fitted to a suitable 

degree of polynomial by the least square method. 

In applying Eq. (3-14) or eq. (3-25) to predict the turbulent 

s eparation position for the actual applications, the variations of the 

momentum thickness along the x-direction should be calculated directly 

from Eq . (3-20). However, since the purpose of the present study was 

to test the accuracy of the derived prediction formulae, the 

experi mentally determined momentum thickness was used. To expedite 

calculat ions the experimental values of 8(x) , were also smoothed out 

by a polynomial of the same degree as that used in the free velocity 

distribution case. 

5.3 Prediction of Separation 

With the velocity profile parameter m from section 5-1 and the 

data of free stream velocity U and momentum thickness e from section 

5-2, Eq. (3-14) can now be solved for y'/8' for any point along the 

x-direction. The values of 8 ', e•, 8 , and n, which are needed in 
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solving Eq. (3-14), can be obtained from Eqs. (3-17), (3-18), (3-19), 

and (3-20), respectively . The pressure coefficient Cf is then 

obtained by substituting y'/ o ' into Eq. (3-16). The calculations 

proceeded point by point in the downstream direction. If the computed 

pressure coefficient Cf agrees with the experimental results, the 

separ ation point is then determined. 

In solving Eq. (3-14), Newton's iteration scheme was used in the 

form 

(i = 1,2,3, ... ) 

where f(x) = 0 corresponds to Eq. (3-14), the prime denotes 

differentation . This s cheme refines the initial guess X. 
1 

of a root 

of the general nonlinear equation f(x) = 0 . Each iteration step 

requires one evaluation of f(x) and one evaluation of f' (x). The 

iterative procedure is terminated if the following conditions are 

satisfied 

where 

o< 0.0001 and If (xi+ 1)1 < 0.01 

0 = 

I xi+l-xi I ' 
xi+l 

Ix . 1 1 > 1 
1+ 

Ix. 1-x.l, Ix . 1 1 < 1 
1 + 1 1+ 

If no solution can be obt a ined for the specified initial guess and 

iteration steps , the procedure would also stop. 
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A similar procedure would also be applied to the case of the 

two-parameter family of velocity profiles. For a point on the surface, 

Eq. (3-25) is solved for y/o with the velocity profile parameters, 

s and m1 , from section 5-1 and boundary layer thickness o from 

Eq. (3-28). The other data can be obtained in the same way as in the 

case of one-parameter family of velocity profiles. The join y'/o' 

can be determined by substituting y/o into Eq. (3-27). The pressure 

coefficient Cf follows from Eq. (3-26). The separation position is 

then determined by comparing the pressure coefficient Cf computed 

from Eq. (3 -26) with the experimental results. 

Equation (3-25) is also solved by the Newton's iteration scheme 

as described in the one-parameter case. Numerical computations were 

again performed on the Colorado State University's CDC 6400 computer. 
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Chapter VI 

RESULTS AND DISCUSSION 

6.1 Prediction of Turbulent Boundary Layer Separation and Comparison 

with Experimental Results 

Figures 12 through 26 show the fitting of one-parameter velocity 

profiles (Eq. (3-8)) and two-parameter velocity profiles (Eq. (3-9)) 

to the measured separation velocity profile data. The calculated 

velocity profile parameters, m in the one-parameter parameter profiles 

and and in the two-parameter profiles are also shown in Table 1. 

For the present measurements (Figs. 12-16), at the 9 inch station the 

one-parameter profiles could be fitted to the separation profile Closely 

except near the surface. Downstream of the 9 inch station the discrepancy 

between the one-parameter profiles and measured separation profiles 

increased in the x-direction. The measured velocity profiles in the 

separation region were found to be well represented by the two-parameter 

profiles. For the data obtained by other investigators (Figs. 17-26) 

the separation velocity profiles were also found to be consistently well 

represented by the two-parameter velocity profiles. In fact, excluding 

very near the wall the neasured separation velocity profiles were in 

reasonable agreement with the one-parameter profiles, with the possible 

exception of the measurements of Sandborn and Liu at station 3.5. The 

correlation of this velocity profile parameter was shown by Sandborn 

and Liu (1968) to fall near the relaxed separation correlation curves. 

All the other separation profile correlations appear to approach the 

unrelaxed separation curve. 
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For any point along the x-direction, the join y'/o' (or y/o) can 

be evaluated as described in section 5.3. The pressure coefficient 

C is obtained from Eq. (3-16) or Eq . (3-26) respectively . If C 
p p 

computed by Eq. (3-16) or Eq. (3-26) agrees with experimental value, 

the separation point is then determined. 

The positions of flow separation and pressure coefficient at 

separation as computed from the prediction equations, using (a) the 

one -parameter profiles and (b) the two-parameter velocity profiles 

were shown in Table 2 and in Figs. 27 through 41. The computed results 

using Stratford's method and the measured results in the present series 

of experiments as well as those from other sources were also presented 

in the table and in the figures for comparison. 

The points of separation calculated by both the one-parameter and 

two-parameter methods were found generally to be closer to the actual 

separation point than that computed form Stratford's method. The 

percentage difference of the predicted pressure coefficient from the 

measured values for the one-parameter and two-parameter methods were 

also found to be generally smaller than that calculated by Stratford's 

method. In most cases the difference between the predicted and experi

mental pressure coefficients was less than 10 percent by using both the 

one-parameter and two-parameter methods. Since the predicted separation 

points computed by the two-parameter method were about the same as those 

by the one-parameter case; (and difficulties might be encountered in 

solving the two-parameter equation having logarithmic velocity profile 

in the inner layer) the simpler one-parameter method is suggested for 

prediction purposes. From the present results it appears that very 

accurate representation of the velocity profile in the inner 
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layer is not critical in the prediction of the separation 

position. 

Although the one-parameter method requires the solution of a non

linear algebraic equation, it is still preferable over the more 

cumbersome step-by-step and other numerical methods which involve a 

lengthy iteration procedure of solving the differential or difference 

equations. The equation for the join in Stratford's method can be 

solved directly. However, it involves a term expressing the gradient 

of the pressure coefficient which is not presented in the present 

method. Near the separation, the degree of accuracy of this gradient 

term calculated from experimental data is sometimes questionable. 

Due to its simplicity and reasonable degree of accuracy, the present 

one-parameter method may be employed in actual applications. 

6.2 Correlation between the Profile Parameter and Free Stream Flow 

Condition 

To apply the one-parameter equation in predicting the separation 

pos i tion, a correlation between the profile parameter and the free 

stream flow condition should be developed. Stratford's prediction 

formula indicates that the separation position depends only on the 

local pressure coefficient and pressure coefficient gradient. Sandborn 

(1969) suggested that the separation velocity profiles should depend on 

both the past history and local conditions of the flow. A nondimensional 

quantity, a , which is defined as 

a = 
1 

X -X 
S 0 

1 
X -X 

S 0 

X 

f s C dx 
XO p 
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was chosen as the free stream flow parameter. This parameter takes into 

account the effects of the pressure coefficient, the pressure gradient, 

and the past history of the flow on the separation velocity profiles. 

The variations of the profile parameter m versus the free stream flow 

parameter cr for the separation velocity profiles which fell 

approximately on the unrelaxed separation curve are shown in Fig. 42. 

Although the points show some degree of scatter, a definite trend for 

the variations of m with respect to cr was observed. It may be 

pointed out that Fig. 42 was an experimental determined criterion, the 

accuracy of the criterion depends on the accuracy of the measurements. 

It is possible that the scatter in the points represents second order 

effects. Thus, it appears that at the start of separation the turbulent 

separation profiles can be represented approximately by the one-parameter 

family of velocity profiles. 

6.3 Flow Characteristics in the Turbulent Boundary Layer Separation 

Region 

Very little information on the development of the flow downstream 

of the turbulent separation point has been reported. Stratford (1959A) 

was able to produce a continuous turbulent separation flow throughout 

a region of pressure rise. Sandborn and Liu (1968) reported some 

measurements in the separation region, which showed the turbulent 

separation profile developing to a laminar-like separation profile. 

The geometry of the present test section was determined from 

considerations of the "continuous turbulent separation" flow of 

Stratford and the "relaxed separation" flow of Sandborn and Liu. It 

was desirable to obtain a flow which would develop beyond the usual 

turbulent separation point, with the transition region being 
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maintained for some distance downstream of this point before becoming 

fully separated flow. The actual flow obtained was somewhat different 

than originally expected. A region was observed in which the flow 

appeared to approach the desired condition; however, further downstream 

of this region the boundary layer appeared to return to an unseparated 

state. Visual observations and measurements do not indicate a complete 

reversal of flow anywhere in the separation region. Instead, a rather 

large degree of intermittent type flow was observed near the surface 

in this region. The return of the flow to an unseparated condition was 

also noted as an increase in pressure along the wall downstream of the 

separation point as shown in Fig. 43. In the separation region the 

pressure along the wall is nearly constant. 

6.3.l Mean velocity profiles and separation correlations 

The mean velocity profiles along the center l ine of the test 

section measured by the hot wire technique are shown in Fig. 44. For 

clarity, the velocity profiles are drawn on two separate sheets. The 

velocity profiles at stations of 0, 3, 6.25, 8.10, 9, 11, and 13 inches 

are shown in Fig. 44 a and the profiles at other stations are shown in 

Fig. 44 b. When the hot wire is at a distance less than 0.04 inches 

from the wall the correction of the conduction heat loss of the wire 

to the surface was made as described in Section 4.3.4 Downstream of 

the zero station, the boundary layer velocity profiles are of a typical 

turbulent shape and the boundary layer thickness increases stably. 

At the 9-inch s tation a typical turbulent boundary layer separation 

velocity profile was observed. In the separation region, downstream of 

the 9 inches station, the ve locity distributions ne ar the surface all 
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appeared to be nearly the same. This observation was consistent 

with the similarity analysis of turbulent separation given by 

Sandborn (1970). 

Figure 45 and Fig. 46 show the free s tream velocity distributions 

and the growth of the boundary layer thickness along the test section. 

The boundary layer thickened from approximately 1.95 inches at the 0 

station to 3.95 inches at the separation point (9 inch station). The 

integral parameters of the velocity profiles; disp l acement thi ckness 

o* , momentum thickness 8 and form factor H were computed from the 

measured velocity profiles . In calculating thes e parameters, 40 mesh 

points were taken across each velocity profile and Simpson's rule of 

integration was employed. Figure s 47 to Fig . 49 show the variations 

of these parameters along the x-direction. The va lues of o*, 8, and 

H were found to increase gradua lly for some distance downstream of the 

0 station, then increase more rapidly to separation. After the 

separation point, the values of o* and e increased at about the same 

rates, thus the form factor H remained a lmost the same. The integral 

parameters and the wall shear stresses are also shown i n Table 3. It 

is supposed that the energy required to create and maintain the large 

scale turbulence within the boundary layer, as it approaches separation, 

must be supplied from the boundary layer i t sel f , result ing in a loss of 

momentum and an increased momentum thickness. 

The relationship between the form fac tor H and ratio o* /o for 

the present measurements is compared with Sandborn and Kline's r elaxed 

and unrelaxed separation correlation as shown in Fig. 50. At the 0 

station the values of o*/o and H are 0 . 089 and 1.329 

respectively. Both o* / o and H increased systematically in the 
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downstream direction and appeared to approach the unrelaxed separation 

curve. At the 9 inch station the velocity profile correlation falls on 

the unrelaxed separation correlation curve. Downstream of this point, 

the correlations of the profile parameters appeared to stay between 

the relaxed and unrelaxed correlation curves. The two-parameter 

correlation curves proposed by Sandborn (1970) are shown as dash curves 

in Fig. 50. The two-parameter velocity profiles was suggested by 

Sandborn to represent the velocity distributions throughout the whole 

separation region. The present experimental data fall in a region 

between s = 0.84 to 0.89. The present results confirm that at least a 

two-parameter velocity profile is required to completely specify the 

turbulent separate region. For engineering calculations it may be 

reasonable to employ the one-parameter relation of Eq. (3-8). 

6.3.2 Turbulent intensity 

Figure 51 shows the turbulent intensity distributions along the 

center line of the test section near and in the separation region. Near 

the surface, these measurements can only be considered as first-order 

approximations. Since in this region the mean velocity is small and 

the assumption of u>>u' or v' is not val id. As separation is 

approached, local high turbulent levels as great as ten times the mean 

velocity were observed. In the separation region the turbulent signal 

from the hot wire anemometer showed a definite skewing and a definite 

intermittent charact er near the wall. The position of the maximum 

intensity in the profile is found to move out away from the surface 

when flow approaches the separation region. The measurements at 6.25 

inch station shows a maximum intensity at approximately 0.01 inch 

from the surface. For zero pressure gradient turbulent boundary layers, 



44 

maximum intensity appears to approach the surface. The shift of the 

maximum intensity position from near the surface to the outer edge of 

the boundary layer is associated with adverse pressure gradient and 

turbul ent separat i on, as reported by Sandborn and Slogar (1955) and 

Sandborn and Liu (1968) . 

6 .3. 3 Shear stresses along the wall 

Fi gure 52 shows how the wall shear s tresses vary along the center 

line of t he diff user. The wall shear stresses evaluated by the local 

heat transfer measurements were obtained by the technique developed 

by Ludwi eg (1950). The heat transfer measurements are compared with 

values of the wall shear stress calculated from velocity profile 

measurements , using Ludwieg and Tillman's shear stress-profile parameter 

re l at ionship Eqs. (4-6) and (4-7). The heat transfer measurements 

and the Ludwieg- Ti llman relation are in good agreement at most stations. 

It is apparent that the wall shear stress in the separation region is 

not equal to zero as implied by Prandtl's separation definition. The 

wall shear s t r ess decr eases rapidly when the flow approaches separation 

and becomes negligible in the separation region. 

6.3.4 Momentum ba lance in x-direction 

From the preliminary mean velocity me asurements an approximate 

bal ance of the x-di rection momentum equation was made. Crude 

est imates of t he ve locity gradients and the vertical velocity were 

obtained from contour plots such as shown in Fig. 53. Figure 54 

shows t yp ica l plot s of the terms in the equation of motion as a function 

of the normal distance from the wall. These balances indicate that the 

shear stress term in the momentum equation is small compared to the 
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inertial and pressure gradient terms except very near the surface where 

the shear stress is balanced by the pressure force. These results 

suggest that shear stress in the separation region is not important, 

as proposed by Sandborn and Liu (1968). 
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Chapter VII 

CONCLUSIONS 

A method to predict the position of the turbulent boundary layer 

separation and pressure coefficient at separation is derived. The 

method is based on the inner and outer velocity distributions technique 

developed by Stratford, the separation criterion can be applied directly 

to the separation position. 

For the outer region the equivalent velocity distribution for the 

flow on a flat plate is used. For the inner region, both the empirical 

one-parameter and two-parameter families of separation profiles proposed 

by Sandborn are employed. The results are compared with experimental 

separation measurements as well as with the computed results using 

Stratford's method. 

The points of separation calculated by both the one-parameter and 

two-parameter methods are found generally to be closer to the separation 

point than those computed from Stratford's method. The percentage 

differences of the predicted pressure coefficients from the measured 

values for the one-parameter and two-parameter methods are also found 

t o be generally sma ller than those calculated by Stratford's method. 

In most cases the differences between the predicted and experimental 

pressure coefficients are less than 10 percent by using both the one

parameter and two-parameter methods. The degree of accuracy for the 

one-parameter and two-parameter methods is about the same. From the 

present results it appears that very accurate representation of the 

velocity profile in the inner layer is not critical in the prediction 

of the separation position. 
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In solving the two-parameter equation difficulties were encountered 

in some flow cases due to the logarithmic velocity profile expression 

in the inner layer. Furthermore, the profiles parameters of the two

parameter profiles cannot be determined independent of experimental 

measurements. Therefore, the simpler one-parameter method is suggested 

to be employed in separation prediction. 

A free stream flow parameter is introduced to correlate the 

one-parameter profiles to the free stream velocity distributions. The 

results show that the separation profile parameter can be expressed as 

a unique function of nondimensional pressure coefficient of the flow 

field. 

Experimental measurements for a turbulent boundary layer up to and 

through the separation region have been made to further investigate the 

characteristics of the turbulent boundary layer separation. The 

measurements are taken along the test wall of a diffuser. Mean veloc

ity profiles, turbulent fluctuations, shear stresses along the wall are 

measured in detail. The integral parameters are evaluated from the 

measured velocity profiles. 

At the start of the separation, the one-parameter velocity pro

files are seen to fit the separation profile well except near the 

surface. Downstream of the separation point, the discrepancy between 

the one-parameter profil es and measured separation profiles increases 

in the x-direction. The velocity profiles in the separation region 

are found to be well represented by the two-parameter profiles. 

The relationship of the integral parameters for a new set 

measured velocity profiles are compared to Sandborn and Kline's relaxed 
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and unrelaxed separation correlation. At the start of separation, the 

velocity profile falls on the unrelaxed separation correlation curve. 

Downstream of this point, the profile parameters stay between the re

laxed and unrelaxed correlation curves. The present results thus add 

strength that at least a two-parameter velocity profile is required to 

completely specify the turbulent separation region. 

The measured wall shear stresses in the separation region are not 

equal to zero as implied by Prandtl's separation model. Instead, the 

wall shear stresses decrease rapidly when separation is approached 

and become negligible in the separation region. From the approximate 

calculation of the momentum balance in x-direction, the turbulent shear 

stress is found to be small near the separation region comparing to 

the inertial forces. These results are consistant with the measure

ments reported by Sandborn and Liu. 
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Table 1. Profile parameters for experimental separation profiles. 

m s ml Reference 

2 .82 .84 5.29 Present measurements 
Station 9.00" 

2 .10 .89 4.07 Present measurements 
Station 10.25" 

1. 94 .89 3 . 78 Present measurements 
Station 11. 00" 

1.66 .88 3 . 20 Present measurements 
Station 12 . 00" 

1.49 .87 2.83 Present measurements 
Station 13.00" 

1. 64 .87 3.18 Doenhoff and 
Teteroin et=8.1°, Re= 
0.9lxlo6 

1. 69 . 86 3.24 Doenhoff and 
Teteroin et=8.1°, Re= 
2.67xl06 

2.07 .80 3 . 48 Doenhoff and 
Teteroin et=l0.1°, Re= 
2 . 64x106 

1.64 .84 3.04 Hewson, Test 3 
Moderate pressure 
gradient 

3. 68 .88 7 . 21 Sandborn and Liu 
Station 2 

3 . 15 .92 6 . 63 Sandborn and Liu 
St ation 3 

2.75 .99 6. 25 Sandborn and Liu 
Station 3.5 

1. 24 .90 2.55 Schubauer and 
Klebanoff, X = 25. 77' 

1 .36 .83 2.39 Stratford, 
Experiment 6 , 
Station 6 

1.46 .85 2 . 66 Stratford, 
Experiment 6 , 
Station 7 



Table 2. Predicted sepa rati on positions and pressure coefficients at separation 

Experiment One-parameter method Two-parameter me thod Stratfo rd' s theory 

Cps Cps Di f fore.nee 
Cps Difference Cps Difference XS Xs in Cps Xs Xs Re ference and figure (feet) (fee t ) 

(',) (feet) in Cps (fee t ) in Cps 
(%) (%) 

0.750* . 40 1 0. 72 1 . 378 5.7 ** ** ** 0.415 .2 27 43.4 
Fi gure 27 
Present measurements 

0 . 85 4* .432 0.833 . 426 l. 4 . 907 .455 5.3 Figure 28 
Present measureme nts 

0 . 917* . 468 IJ . 884 . 447 4 .5 . 923 . 463 0 . 6 Figure 29 
Present measurements 

1. 000 * . 488 0 .975 .491 0 . 6 .983 .479. 1 ,8 Fi gure 30 
Present measurements 

1.083* .494 1. 186 .533 7.9 1 .038 .499 1 . 0 Fi gure 31 
Present meas urement s 

U1 

1.200 . 439 1. 048 .358 18 .4 1.139 . 415 5 . 5 1. 074 . 374 14 . 8 Figure 32 , Doenhoff and U1 
Teteroin (1943) a=8.1°, 
Re=0.9lxl06 

1.200 . 456 1. 197 .458 0.4 1. 232 .494 8.3 1.129 .397 12 .9 Figure 33 , Doenhoff and 
Teteroin (1943) a=8. 1°, 
Re=2.67xl06 

1. 100 .472 1.200 .49 3 4.4 1.040 .421 10 .8 1 .024 . 414 12.3 Figure 34, Doenhoff and 
Teteroin (1943) a =l0.1°, 
Re=2.64xl06 

2.333 .581 2 . 244 .579 0.3 ** ** ** 1 . 983 .544 6.4 Figure 35 , Hewson (1949) 
Test 3, Modera t e pressure 
gradient 

4 .104 . 177 4 . 113 .183 3.4 ** ** ** 4. 165 .224 27 .6 
Figure 36 
Sandborn and Li u ( 1968) 

4 .146 .203 4 .169 . 227 11 . 8 ** ** ** Figure 37 
Sandborn and Liu (1968) 

4. 167 . 228 4 . 176 .236 3.5 ** ** ** Figure 38 
Sandborn and Li u (1968) 

25 . 77 . 512 24 . 76 .492 3.9 24 . 09 .460 10 .2 24 . 00 .442 13. 7 Figure 39 
Schubauer and Klebanoff 

5 . 322 .624 4.792 .588 5.8 
(1951) 

** ** ** 
Figure 40, Strat fo rd ( 1959B) 

6.236 .682 5.320 . 635 6.9 
Experiment 6 

** ** ** 
Figure 41, Str atford ( 1959B) 

• ·1h c di·;t: 111 1.'. t' from the position of maximum velocity 3xoeriment 6 
•• \(J su lut iu 11 could be obtained 



Table 3. Variations of the profi le integral parameters and the wall shear stresses along the center line 
of the diffuser. 

'W (lb/ft2) 
X u 0 o* 8 (using Ludwieg-

I 
(inches) (fps) (inches) (inches) (inches) H o*/o 0/0 Tillman formula) 

0 . 000 44.300 1. 950 .174 .131 1.329 . 089 .067 . 00683 

2.000 43.300 2.000 .188 .138 1.359 . 094 .069 .00617 

3.000 40.200 2.000 .228 .159 1.435 .114 .080 .00464 

5.000 38 .400 2.900 .399 .252 1.582 .138 .087 .00301 

6.250 37.800 3.647 .584 .345 1.692 .160 .095 .00227 

7.050 37.300 3.680 .734 .387 1.896 .199 .105 .00156 

8.100 35.800 3.845 .890 .409 2.174 .231 . 106 .00093 u, 
0\ 

9.000 34.300 3.945 1.036 .451 2.297 .263 .114 .00069 

10 .250 33.400 4.017 1.283 .484 2.652 .320 .121 .00037 

11. 000 32.300 4.300 1.444 .534 2.707 .336 .124 .00032 

12.000 31.700 4.563 1.686 .607 2.780 .369 .133 . 00026 

13.000 31.500 4.685 1 .865 .667 2.795 . 398 .142 .00025 
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