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Abstract 

In this report some of the methods for analyzing the turbulent 

boundary layer are applied to experimental data measured in full scale 

flight test. The values of turbulent surface shear coefficient, Cf, 

were obtained using several experimental techniques and theoretical 

methods. 

The measured boundary layer growth was very much in excess of 

the growth predicted by Ross' treatment of the momentum equation. The 

values of trubulent shear measured by Clan ser's method were in good 

agreement with values found by Preston* s method. However, the Squire 

and Toung formula used with experimentally determined values of 

momentum thickness and velocity yielded values of surface shear consider¬ 

ably higher than either of the experimental methods. The values of 

surface shear obtained from the von Karman momentum equation showed 

erratic scatter and, in general, increasing trends toward separation. 
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The ability to compute the growth of the boundary layer on a surface 

and to predict its subsequent separation from the surface is of primary 

importance to the design aerodynamicist. The von Karman momentum equation 

(Ref. l), written as 

7*. ~ ~T (1) 

has been used with success to predict the behavior of laminar boundary 

layers, (Refs. 2, 3). furthermore, Clauser (Ref. h) has found agree¬ 

ment between this equation and experiment for "equilibrium” turbulent 

boundary layers. In general, however. Equation (l) shows considerable 

disagreement with experimental data in the case of turbulent boundary 

layers particularly near separation, (Refs. 5 6). The cause of this 

disagreement has been attributed, by some, to the fact that Equation 

(l) neglects the stresses due to the turbulent motion in the boundary 

layer. 

In view of these discrepancies, there have been revisions made 

to Equation (l) by Bidwell (Ref. 7), Goldschmied (Ref. 6), van Le (Ref. 

8), Ross (Refs. 9, 10, 11) and others. These revisions consist, for 

the most part, of the inclusion of stresses due to the turbulence in 

the boundary layer. 

Ross (Ref. 9) has written the revised momentum equation as 

where the last term in Equation (2) is due to the anisotropy of the 

turbulence. This last term has been estimated by Ross who shows that 

CONFIDENTIAL 



Equation (2) may be writ gPNPIDINTIAk 

Ross further suggests that Equation (3) may explain uhy Clauser (Ref. h) 

obtained good agreement between Equation (l) and "equilibrium" boundary 

layers since in Clauser's work the changes in H were relatively small. 

Methods of predicting boundary-layer growth have also been offered 

by Rotta, (Ref. 12), Kalichman (Ref. 13) and others. In general these 

methods are based on the von Karman momentum equation or some other 

treatment of Prandtl's original boundaiy layer equations. 

Since all of the methods of predicting turbulent boundary layer 

growth require some knowledge of the surface shear, the problem is 

further complicated by the lack of a simple accurate experimental method 

for the determination of turbulent surface shear. Many techniques have 

been proposed for the measurement of shear in turbulent flow but most 

of these methods, although accurate, are too complex or delicate to be 

easily used outside the laboratory. The hot-wire anemometer has been 

developed to yield very accurate data (Refs. 5 and Ih) and it is used 

almost exclusively in laboratory measurements of turbulence properties. 

Other developments for shear measurement include heat transfer elements 

(Ref 1$) and free floating elements (Ref. 16) which measure the shear 

directly. Also Stanton (Ref. 17) devised a method for determining 

shear from the properties of the laminar sub-layer. All of the above 

methods require rather complicated apparatus and for the most part are 

suitable only under favorable conditions. 

Ludwieg and Tillman (Ref. 19) have found that turbulent boundary 

layer profiles may be ^0rni & un^versa^ 
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curve which is independent or pressure gra* CONFIDENTIAL mt or pressure gradient. And using this universal 

curve as a basis, Clauser (Ref. I4) has presented a method for the determination 

of the turbulent surface shear from the mean velocity distribution in the 

boundary layer. Goldschmied (Ref. 18) also suggested a very similar method. 

Both of these methods exploit the existence of a region of similarity 

near the wall in turbulent boundary layers. Preston also has developed 

a technique for measuring turbulent shear based on this region of similarity, 

(Ref. 20). Although Clauser's method and Goldschmied, s method require 

a plot of the mean velocity profile, Preston accomplishes the same result 

with a single pitot tube. 

CONFIDENTIAL 



The test vehicle for these tests was a modified Schweizer TG-3 

sailplane (Figure 1). The measurements were made on the left wing panel 

in a test strip located some three feet outboard of the fuselage. The 

airfoil in the test section is the NACA Ujl6 with a chord of five feet, 

(Figure 2). The surface of the wing is smooth, the plywood leading 

edge being filled with spot putty and wet-sanded. There are several 

breaks evident in the contour, one at chord where the fabric cover¬ 

ing joins the plywood leading edge, another at h7»$% chord where the 

riblets end, and one at 62.!# where there is a partition built inside 

the wing. The airfoil has a 2# chord plain unslotted flap which is 

perforated for suction. 

The airplane flight velocity was neasured with a balanced pitot- 

static system and a sensitive Kollsman airspeed indicator. The static 

pressure was measured with a static sonde or "bomb" which trailed 

some 2^ feet below the aircraft. The pitot pressure was measured with 

a Kiel type total head tube. 

The velocity distributions were obtained from "pressure tapes" 

which could be adjusted to measure the static pressure at ary chord- 

wise position. These pressures in conjunction with the readings from 

a total head tube of the Kiel type mounted in the free stream enabled 

the local velocity distribution to be calculated. 

The velocity distributions on the upper surface of the test section, 

measured at airspeeds of IjO, 1|2, 16, and 50 miles per hour, are shown 

in Figure 6. In all cases breaks are seen to occur at approximately 

li7.5 and 75$. It is thought that these breaks in the velocity distributions 

were caused by the surd previously and shown 



in Figure 2. The veloc sured once at the 

beginning of the test schedule and once during the tests. The 

repeatability of measurement is indicated by the double set of data 

points shovn. 

The point of transition from laminar flow to turbulent flow in 

the boundary layer was determined by the use of an aural stethoscope 

such as described in Ref. 21. A plot of transition position versus 

airspeed is shown in Figure 5# The location of transition in the 

boundary layer as detected with the stethoscope was checked periodically 

during the test schedule. Transition was said to have occurred when 

bursts of turbulence could be heard with the stethoscope. Later in 

the tests, when the surface shear was being determined by Preston's 

method, transition was detected with a pitot tube placed on the 

surface. Transition was taken to be where there was a sudden rise 

in the measured velocity. 

The boundary layer profiles were measured with a "mouse'' one 

inch in height consisting of nine pitot tubes and one static pressure 

tube, (Figure 3). The pressure from this mouse was photographically 

recorded from a multiple U-tube water manometer. Profiles were 

measured at intervals of l.!>0 inches beginning at the £.0$ chord 

position and continuing to the 70SÉ chord position or until the boundary 

layer had grown thicker than the uppermost tube on the mouse. At 

each of the chordwise positions, two profiles were measured at IjO, h2, 

hSf and 50 miles per hour airspeed. A tvpical set of such profiles 

is shown in Figure 7 and the data reduced to the conventional parameters, 

momentum thickness, 0, displacement thickness C * and shape parameter 

are presented 

1 m 
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In order to measure surrace snéar eston's method, it was 

necessary to construct a pitot tube similar to those used by Preston 

(Ref. 20). All of the tubes used by Preston had a ratio of inside 

diameter to outside diameter of 0.6 + and ranged in outside diameter 

from 0.02915 inches to 0.121^ inches. The tube used in the present 

experiment was 0.0351 inches outside diameter with a ratio of inside 

to outside diameter of 0.599, (Tigure h). The tube was made of 

stainless steel hypodermic tubing which is commercially available. 
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Discussion 

In view of the mathematical difficulties encountered in theoretical 

treatment of turbulent boundary layers, there has been a great need for 

empirical information. As a result of such experimental investigation, 

Ludwieg and Tillman (Ref. 19) established the existence of a region of 

similarity near the wall in turbulent boundary layers which is independent 

of the pressure gradient of the free stream, (Figure 9). 

Clauser (Ref. li) has replotted the curve of Figure 9 with surface 

shear as a parameter and thus developed a method for the determination 

of turbulent surface shear coefficients. A sample profile from the 

present data is shown on Clauser*s plot, (Figure 10). In general, the 

data had a slight tendency to deviate from the curves as the surface 

was approached. It is thought that this deviation is caused by the dis¬ 

placement of the effective centers of the pitot tubes in the immediate 

vicinity of the wall. The divergence of the data points from the upper 

end of the curves indicates that the upper limit of the similarity region 

has been reached. In practice, the data are plotted as shown and the 

values of surface shear coefficient are read directly. Surface shear 

coefficients obtained by this method are shown in Figure 11. 

As mentioned previously, Goldschmied has also suggested a similar 

method using the Ludwieg and Tillman •’universal" curve and a trial 

and error technique for finding surface shear, (Ref. 18). 

Preston has elicited the existence of the similarity region in 

a somewhat different method utilizing a round pitot tube which rests 

on the surface. Noting that in this region the velocity is only a 

function of surface shei medium and some 

_ _ 



relation for the surface shear stress involving“ he difference between 

the pressure measured by the pitot tube and the static pressure of the 

wall. Preston's curve is shown in Figure 12. This curve should be 

valid for other geometrically similar tubes provided the tubes lie within 

the region of similarity. Values of skin Motion coefficient found 

by this method are also presented in Figure 11. 

Good agreement is shown in Figure 11 between values obtained by 

Clauser's method and values found by Preston's method with the exception 

of a region between the hl% and $7% chord stations. The drop in shear 

in this region is thought to result from the surface irregularities 

previously mentioned. 

Values of the surface shear computed using the momentum equation 

(Equation l) are also presented in Figure 11. Skin friction coefficients 

computed by this method show considerable scatter and are generally in 

disagreement with the other methods. Some of the discrepancies may 

be attributed to the inaccuracies in finding the slopes of the experimental 

curves of the parameters involved. However, as separation is approached, 

the skin friction coefficients from momentum balance show a violently 

increasing tendency which is contrary to known physical behavior. This 

error is explained by Ross who maintains that as separation is approached 

and H begins to Increase, the correction to the momentum equation 

(Équation 1) is of increasing importance. 

It is interesting to note the agreement shown between skin friction 

coefficients from momentum balance and the coefficioits from the other 

methods in the region from 2# to 3# chord at an airspeed of hO miles 

per hour. Figure 8 shows that H is practically constant in this region. 

According to Ross (Ref. cfòMcftttfiM the momentum equation 
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(Equations 2 and 3) vanishes under these conditions and Equation 1 should 

hold. 

As a further comparison, values of surface shear coefficient were 

computed from the Squire and Young relationship using experimental 

values of local velocity and momentum thickness. At the airspeeds 

above ii2 miles per hour, the momentum equation yielded values so 

scattered that they were not included in the comparison. 

Ross (Ref. 9) has presented a new solution to the momentum equation 

(Equation 3). 

Taking 

^H.jcf/i(e/u/du/^)J-C u(d%) 
U) 

He writes Equation 3 as 

6) 

Q: u 

G-tl 

(5) 

Ross further found that in strong adverse pressure gradients where 

dll 
- {%)( %r) - V* (6) 

that G takes the value 2.8. 

The data from the present experiment have been presented in the 

form suggested by Equation 5. The curve representing the data from 

which Ross* value of G ■ 2.8 was obtained is also shown. Some of the 

data points shown do not meet the requirements of Equation 6, which 

effectively states that the pressure gradient term must be predominant. 

However, within the limits of experimental scatter, the data appear 

not to depend upon Equation 6 as a criterion, all of the points showing 

th. S». trend. CONFIDENTIAL 



Ross further states 
CONFIDENTIAL 
tes that unless two-dimensi -dimensional flow is maintained 

Equation 5 gives results which fall apart from the curve G = 2.8. In 

order to determine the two-dimensionality of the flow in the present 

work, nylon tufts were attached to the wing in the test section and 

the motions and positions of the tufts were observed. 

In no case was there excessive motion of the tufts nor did the 

tufts appear to indicate a cross flow within the region where the 

data were taken. At the lower speeds and at the rear most chordwise 

positions there was considerable fluttering and in some cases reversal 

of the tufts. However, due to the thickness of the boundary layer no 

data were gathered under these conditions. 

The value of G « 6.3 determined from the present data indicates 

that the growth of 6 in the test section is much faster than would 

be expected from the results of Ross' work. The high values of 6 are 

also evident in the Squire-Ioung curves (Figure ll), which predict 

high values for the skin friction coefficients. 

The boundary layer data are also presented in a form suggested 

by Goldschmied (Ref. 18) in Figure lit. Goldschmied has shown that in 

an adverse pressure gradient there exists sane height in the boundary- 

layer at which the total head is invariant with chordwise position. 

Above this height, the total head in the boundary layer decreases as 

the trailing edge is approached and below this height the total head 

increases as the trailing edge is approached. At the surface, the total 

head is equal to static pressure and increases by definition. As the 

total head at various heights converges, separation occurs. The present 

data confirm the existence of the height at which the total head is 

constant with chordwis was made to test the 



separation criterion 
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. In Figure lu it Is seen t hat a va1ue of total 

head coefficient equal to one-half of the free stream value occurred 

at a constant height above the wing surface. This value is the same as 

that obtained by Goldschmied. 
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The results of the present investigation indicate good agreement 

between Clauser's method and Preston's method for the determination of 

the surface skin friction coefficient in the turbulent boundary layer. 

In view of simplicity of operation and data reduction, Preston's method 

is more attractive. However, where boundary layer profiles are to be 

measured, Clauser's method allows the determination of the skin friction 

in addition to the usual parameters. 

The existence of some height above the surface at which the total 

head in the turbulent boundary layer has a constant value was experimentally 

confirmed. But die to the suction applied between the and 100$ 

chordwise stations on the airfoil the method of separation prediction 

suggested by Goldschmied was not examined. 

The boundary layer data plotted in the manner suggested by Ross 

show considerable disagreement with Ross' results. Due to the possibility 

of three-dimensional flow in the boundary layer it is felt that further 

examination of the data and the theory be attempted before drawing 

definite conclusions. 
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