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SUMMARY 

An investigation has been made at bIach numbers of 1.61 and 2.01 over a range 
of free-stream Reynolds number per foot from about 0.5 x 106 to 4.3 x 106 to 
determine the effects of fabrication-tyye surface roughness on boundary-layer 
transition.. Twelve types of surface roughness, including step, wave, crease, 
waffle, hemstitching, and swept configurations, were investigated. The tests 
were made on an ogive-cylinder body of fineness ratio 12.2, the roughness ele- 
ments covering the cylindrical portion of the model. 

The results indicate that there was little or no difference in transition 
characteristics for the hemstitching and smooth-waffle type of surface roughness. 
For most of the other types of roughness configurations, surface roughness 
decreases the transition distance by approximately a constant percentage over 
the test Reynolds number per foot range. Transition distance decreases nearly 
linearly with roughness height for two-dimensional, protruding, unswept type of 
surface roughness. Generally, roughness shape has relatively small effects on 
transition and Mach number has a s m a l l  favorable effect. 
face roughness appears to have a larger detrimental effect on transition than 
the transverse or unswept type. 

Sweptback type of sur-  

INTRODUCTION 

Knowledge of boundary-layer transition has always been of importance to the 
designer of supersonic aircraft. Recently, however, there has been a strong ten- 
dency to downgrade the significance of laminar flow. The trend toward the devel- 
opment of supersonic aircraft flying at very high altitudes at low free-stream 
Reynolds numbers per foot, however, can lead to significant runs of laminar 
boundary-layer flow near wing leading edges and fuselage noses if the surfaces 
are smooth. Unfortunately, at these supersonic flight conditions, frictional 
heating will tend to distort the surfaces, and the resulting surface roughness 
will tend to precipitate transition to turbulent flow. It appears desirable, 
therefore, to explore the possible magnitude of the effects of fabrication-type 



surface roughness on transition at supersonic speeds ,and to establish limits 
wherein the effects may be reasonably small. 

The transition tests were made on 12 types of fabrication roughness built 
into the cylindrical portion of an ogive-cylinder model having a fineness ratio 
of 12.2. Both two- and three-dimensional-shaped roughnesses were investigated. 
The tests were made at nominal Mach numbers of 1.61 and 2.01 over a range of free- 
stream Reynolds number per foot from about 0.3 X 106 to 4.5 X 106. 
longitudinal axis was always dined with the free stream. 
was determined by schlieren photography and typical schlieren photographs of the 
flow over the roughness elements in the transitional phase are included. 

The model 
Transition location 
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transition Reynolds number based on free-stream conditions and axial 
distance to transition 

axial distance measured from tip of model nose 

axial distance to transition 

axial distance to transition on average "smooth" body 

APPARATUS AND TESTS 

Wind Tunnel 

This investigation was conducted in the Langley 4- by 4-foot supersonic pres- 
sure tunnel at Mach numbers of 1.61 and 2.01. Calibrations of flow in the test 
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section indicate that the Mach number variations about the mean value of free- 
stream Mach numbers are about kO.01 in the region occupied by the model and that 
tbere are no significant pressure gradients or flow irregularities in stream flow 
Cirection. 

Models 

A 50.0-inch-long 4.096-inch-diameter >caliber-nose ogive-cylinder model was 
-;he basic configuration of the 14 sting-mounted models tested. 
smooth in the ogival nose sections. Two of the models, used only to establish 
-the basic pressure gradients on the test models, had no roughness elements. (See 
fig. 1.) 
Long Pitot-static probe extending from its ogival nose. Both models were instru- 
mented with approximately three-dozen static-pressure orifices (see table I) in 
a single row parallel to the model center line. The remaining 12 configura- 
tions had a number of cycles of a particillar type of fabrication roughness con- 
structed into the cylindrical portion of each body. (See figs. 2 and 3 for photo- 
graphs and detail sketches for most of the configurations investigated.) These 
roughness types included longitudinal and circumferential rows of roughness resem- 
bling hemstitching (usually the product of welding a thin skin to stringers or 
ribs), a waffle-like surface (resulting from heating a thin skin mounted on a 
honeycomb core), grooves, forward-facing steps, steps with grooves, creases, and 
protruding waves. Each roughness had a nearly constant cycle length, varying from 
about 0.4 inch for waffle-like roughness to a range of 1.5 to 2.0 inches for the 
step- and wave-type configurations, and an approximately constant height ranging 
from indentations of about O.OOl5 inch for the hemstitching models to ridges of 
0.053 inch for some of the wave configurations. The heights of the various rough- 
ness elements were selected to be representative of fabrication imperfections 
found on recent production transonic aircraft of aluminum construction, and the 
cycle lengths were chosen, in the case of the step, wave, and groove models, to 
provide enough cycles on the models (table 11) to obtain a measurable difference 
in drag in balance tests (the results of which were previously reported in 
ref. 1). 
model unswept, on one model the roughness was swept 45O, and on two models the 
surface roughness was installed parallel to the model longitudinal axis. In the 
case of the three-dimensional waffle-like roughness, orientation angle has little 
meaning. Since it is difficult to illustrate the waffle or hemstitching type of 
roughness, no sketches are shown for these configurations. It should be men- 
tioned, however, that both waffle models had irregular hexagonal lattices of 
ridges with spacings of about 0.25 and 0.30 inch between parallel ridges. 
smooth-waffle model had a rather gently wavy surface with waves approximately 
0.002 inch in height; whereas, the coarse-irregular-waffle model had rather sharp 
ridges which varied in height from as little as 0.001 inch to a maximum of about 
0.006 inch, with an average value of more than 0.004 inch. 
models consisted of rows of dimples or indentations varying from a few ten- 
thousandths of an inch to a maximum of 0.0015 inch in depth, with the rows spaced 
about 0.4 inch apart. 

A l l  models were 

One of these models had a plain ogival nose; the other had a 6.5-inch- 

On eight of these models the roughness cycles were wrapped around the 

The 

The hemstitching 

The plain pressure-distribution ogive-cylinder model was constructed of 
aluminum. The remaining models were made of wood covered with plastic and fiber 
glass; however, the probe, as well as the first 2 inches of the nose, of each of 
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the fabrication-roughness ogive-cylinder models was aluminum in order to minimize 
tip damage. The surface finish of all models except that of the plain ogive- 
cylinder model was very smooth, usually less than 10 microinches. The plain 
ogive-cylinder model had a root-mean-square surface roughness of 85 microinches, 
but this roughness had no effect on surface pressure. 

Tests and Techniques 

All models were sting supported from the rear and all tests were conducted 
at zero angle of attack with zero heat transfer. 
Mach numbers of 1.61 and 2.01 over a range of Reynolds number per foot from 

6 0.5 X 106 to 4.5 X 10 with the exception of the pressure models which were 
tested to a higher Reynolds number per foot of 8.24 X 106. 
the dewpoint was kept below -20° F so that the effects of water condensation 
in the supersonic nozzle would be negligible. 

The tests were conducted at 

During the tests, 

The test procedure generally consisted of starting the tunnel at low stagna- 
tion pressures and advancing to the higher pressures. 
pressure dictated by the movement of the transition front on the model, the tun- 
nel pressure and temperature were stabilized and a group of about six to eight 
schlieren photographs were taken with the knife edge parallel to the tunnel axis. 
Transition distances were measured from the negatives, and an average value was 
computed for both the upper and lower surfaces of the model at each tunnel pres- 
sure and treated as a single point. 

At intervals in tunnel 

RESULTS AND DISCUSSION 

Pressure Distributions 

The type of pressure gradients existing on the basic smooth test model w i l l ,  
The nature of course, have a strong influence on the transition characteristics. 

of these gradients can be seen from the pressure distributions presented in fig- 
ures 4 and 5 for the two test Mach numbers. 
adverse pressure gradient beginning at the shoulder of the model where the ogive 
fairs into the cylindrical afterbody and continuing to about the 40-inch station. 
This adverse pressure gradient tends to become weaker as the distance from the 
model shoulder increases. Beyond about the 40-inch station, the pressure gradien 
appears to become approximately neutral at 
M = 2.01. 

At both Mach numbers there is an 

M = 1.61 and slightly favorable at 

The changes in local pressure gradients generated by the inclusion of the 
various roughness elements on the cylindrical portion of the model were not 
determined for these tests. For the two-dimensional-shaped roughness, these 
changes in pressure distribution can be found in reference 2 for the case of 
the turbulent boundary layer. 
flow, these local pressure distributions w i l l  be considerably modified. 

It may be expe'cted that for the case of laminar 
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Schlieren Photographs of Flows 

Some typical schlieren photographs of the boundary-layer flow over the rough- 
ness are presented in figures 6 and 7. One of the primary features of this group 
of photographs is that when the boundary layer is laminar the flow disturbances 
generated by surface roughness either cannot be discerned or are weak and diffuse. 
For the models with the wave types of roughness, the laminar boundary apparently 
separates and does not flow into the valleys or troughs but effectively smooths 
out the surface contours (figs. 7(h) and 7(i)). Where the boundary layer becomes 
turbulent, the flow follows the surface contours more closely and the resulting 
flow disturbances become stronger and more concentrated. For the step models 
(figs. 6(d), 7(f), and 7(g)), the flow separations are difficult to see, but it 
is well known that the separation and reattachment angles (for example, see 
ref. 3 )  are considerably smaller than those for the turbulent boundary layer. 
Thus, the laminar boundary layer again effectively smooths out the surface con- 
tours. In the case of three-dimensional-shaped roughness (figs. 6(b) and i ' (~)),  
the stronger flow disturbances outside the boundary layer in the turbulent-flow 
case can be ascribed to the higher boundary-layer velocities close to the sur- 
face compared with those for the laminar-flow case. 

Transition Distance 

The effects of fabrication-type surface roughness on transition distance are 
shown in figures 8, 9, and 10. In these figures the transition distance xt is 
plotted against free-stream Reynolds number per foot 
configuration. 

RFT for each roughness 

The data for the models with smooth-waffle, coarse-longitudinal-hemstitching, 
and coarse-circumferential-hemstitching types of surface roughness have been 
plotted in figure 8 at M = 2.01. At M = 1.61, data were available for only one 
model in this group (fig. g(a)). These data (figs. 8 and 9(a)) indicate that 
there was little or  no difference in the transition-distance characteristics. 
They also indicate the longest transition distance characteristics with increase 
in free-stream Reynolds number per foot and were used to establish the reference 
curve presented in figures 9 and 10. 
transition on an essentially smooth surface inasmuch as, for maximum surface- 
roughness variation from 0.0015-inch indentations for the hemstitching models 
to about 0.006-inch projections for the waffle-surface models, there is no change 
in transition characteristics over the range of Reynolds numbers per foot inves- 
tigated. mere was apparently no measurable effect of Mach number on these so- 
called "smooth" bodies. 

It is believed that these data represent 

(Compare fig. 8 with fig. 9(a).) 

Included in figure 8 is a line for transition distance at constant transi- 
tion Reynolds number. 
cates that Rxt increases as RFT increases. For transition located at the 
model base (low RFT), the value of RXt is about 3 x lo6; at the maximum test 
Reynolds number per foot, the transition Reynolds number had increased to 

nearly 8 x lo6. This increase in R. occurs as the transition location moves 

Comparison of the experimental results with this line indi- 

Rxt 

.Xt 
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into a region of stronger 
gradient. (See fig. 4. ) 
transition moved abruptly 

adverse pressure gradient but a shorter run of this 
On the smooth-waffle model at M = 1.61 (fig. 9(a)), 
forward to the model shoulder at an RFT of about 

4 x lo6. This abrupt forward movement is ascribed to surface-roughness effects 
resulting from sandblasting of the soft ogival portion of the model with parti- 
cles of grit. The sandblasting problem grows more acute with increase in tunnel 
pres sure. 

In these ttsmooth't model tests (figs. 8 and 9(a)), transition at the model 
base occurs at somewhat lower values of 
in reference 4. This discrepancy can be explained, at least partly, by the dif- 
ferences in methods of determining transition. Schlieren photographs tend to 
indicate earlier appearance of transition; whereas the force tests and base pres- 
sures, as interpreted in reference 4, tend to indicate transition only after it 
has progressed sufficiently to have a discernible effect on the skin friction or 
base pressure. 

RFT than indicated for the smooth model 

For models other than the ones with smooth waffle, coarse longitudinal hem- 
stitching, or coarse circumferential hemstitching (the so-called ''smooth'' models), 
the usual effect of fabrication-type surface roughness was to decrease the tran- 
sition distance by approximately a constant percentage over the test 
(See figs. 9 and 10.) 
The approximately constant percentage decrease in transition distance appears to 
hold despite the fact that at higher values of 
tiated a much smaller number of roughness cycles. Apparently, the increase in 
the ratio of roughness height to boundary-layer thickness at the higher test 
RFT conditions tends to compensate for the smaller number of roughness cycles 
involved. Also, the movement of transition to a region of stronger adverse pres- 
sure may have an influence. 

R m  range. 
The effects were slightly smaller at Mach number 2.01. 

Rm the boundary layer has nego- 

For the case of the model with the 0.059-inch longitudinal grooves 
(fig. 9(c)), there was a change from the usual transition pattern. There was 
apparently little effect of the longitudinal grooves on transition at low values 
of Rm but, at high values of Rm, transition distance decreased markedly. 

Also, for some of the roughness configurations, there was a tendency for transi- 
tion to move abruptly forward to the neighborhood of the foremost roughness ele- 
ment and even ahead of it at the high values of 

figs. 9(e), 9(f), lO(e), and 10(f).) For several of the configurations, at 
least, this effect is ascribed to sandblasting effects on the ogival nose of the 
model. 

Rm. (For example, see 

The ratio of transition distance for the model with protruding waves, 
creases, or step type of roughness to that for the average "smoothtt body is 
plotted in figure 11 as a function of roughness height. Data for the models 
with coarse irregular waffle and longitudinal grooves have been omitted inas- 
much as for the first type the roughness is three-dimensional and for the sec- 
ond type the ratio is dependent upon Rm. Data for the model with transverse 
grooves have also been omitted because the effects of indentations on transition 
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are different from the effects of protuberances. Figure 11 indicates that for 
the two-dimensional, protruding, unswept type of surface roughness, the 
transition-distance ratio decreases nearly linearly with increase in roughness 
height. Roughness shape generally has relatively small effects on transition. 
'me data generally indicate a small favorable effect of Mach number on transi- 
tion distance for the same model. For the model with the swept type of rough- 
ness (0.020-inch 45' rearward steps), the decrease in is much larger 
than for the models with the unswept type roughness and with approximately the 
same roughness height. This indicates the probability that the swept type of 
two-dimensional surface roughness will have a larger detrimental effect on tran- 
sition than the unswept type. 

xt/xt,s 

SUMMARY OF RESULTS 

An investigation has been made at Mach numbers of 1.61 and 2.01 over a 
Reynolds number per foot range from 0.5 x 106 to 4.5 x 106 of the effects of 
fabrication-type surface roughness on boundary-layer transition on a 50-inch 
ogive-cylinder model of fineness ratio 12.2. 
cated for the types of roughness configurations tested: 

The following results were indi- 

1. There was little or no difference in transition-distance characteristics 
for the hemstitching and smooth-waffle types of surface roughness. 

2. For most of the other types of :roughness configurations, surface rough- 
ness decreases the transition distance by approximately a constant percentage 
over the test Reynolds number per foot range. 

3. Transition distance decreases nearly linearly with roughness height for 
two-dimensional, protruding, unswept type of surface roughness. 

4. Roughness shape generally has relatively small effects on transition. 

5. Generally, there is a small favorable effect of Mach number on transition. 

6. Sweptback type of surface roughness appears to have a larger detrimental 
effect on transition than the transverse or unswept type. 

Langley Research Center, 
. National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., May 1, 1963. 
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TABU I.- BASIC-MODEL ORIFICE LOCATIONS 

Orif ice  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

Plain model 

1.01 
1.95 
2.82 
3.81 

5.78 
6.76 
7.76 
8.77 
9-79 
10.78 
11.80 
12.78 
13.77 
14.78 
15.78 
16.78 
17 75 
18.79 
19-78 
20.78 
22.75 
24.74 
26 77 
28.76 
30 77 
32.76 
34.78 
36.79 
42.14 
44.10 
46.08 
48.08 
49.62 

4.78 

XJ 
i n .  

~~ 

Probe-nose model 

1.01 
1-93 
2.84 
3.83 
4.84 
5.85 
6.84 
7.83 
8.82 
9.81 
10.83 
11.82 
12.83 
13.83 

15.81 
16.82 
17.81 
18.81 
19.82 
20.82 
22.83 

26.82 
28.62 
30.83 
32.82 

36.81 
38.82 

44.79 

14.82 

24.82 

34.80 

40.80 
42.82 

46.81 
48.82 
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TABLF: 11.- MODEL DESCRIPTIONS 

Description of ogive- cylinder models Number Of cyc1es 
of roughness 

Plain (83 microinches, smooth) 
Probe nose (smooth) 
Coarse circumferential hemstitching 
Coarse longitudinal hemstitching 
Smooth waffle 
Coarse irregular waffle 
0.056-inch transverse grooves 
0.059-inch longitudinal grooves 
0.010-inch steps with grooves 
0,020-inch forward steps 
0.021-inch rearward steps 
0.020- inch 45' rearward steps 
0.055inch protruding waves 
0.05Finch transverse creases 

I 10 



. 
0 
9 
0 
In 

$ 

2- 
a 
W 

d 

1 
I 

I 

I 

I + I I  

I 
rn 

m 
- 
w 

m 

5 
d 
+J 
m 

II 
L 

11 



(a) 0.055inch t ransverse creases. 
L- 61- 1059 

(b)  0.020-inch 45O rearward s teps .  

Figure 2.- Photographs of typ ica l  roughness models. 
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Figure 4.- Pressure distributions over basic smooth models. M = 1.61. 
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Figure 5.- Pressure distributions over basic smooth models. M = 2.01. 
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Figure 8.- Determination of reference transition curve for "smooth"' body. M = 2.01. 
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Figure 9.- Variation of distance to transition xt with free-stream Reynolds number per foot 
RFT for various types of surface roughness. M = 1.61. 
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Figure 9.- Continued. 
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Figure 10.- Variation of distance to transition xt with free-streem Reynolds number per foot 
RET for various types of surface roughness. M = 2.01. 
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Figure 10.- Concluded. 
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