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Introduction

EVELOPMENT of advanced high-speed missiles and reen-

try aerospace vehicles has prompted continued research in
aerothermodynamics with increased emphasis on accurate predic-
tions of their aerodynamic performance. In such applications, the
effects of surface ablation have received considerable attention. In-
herent in the ablation process is surface erosion and accompany-
ing development of surface roughness and mass blowing. Surface
roughness generally causes augmentation of the skin friction over
aerodynamic surfaces, whereas blowing causes a reduction. In an
ablation process, these two phenomena interact and their combined
effects on skin friction are not well understood.
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The effects of surface roughness on skin friction have been ex-
amined in many experiments and numerical calculations. Since
Nikuradse’s! work on sand-grain pipe flows, experiments on rough-
ness effects have been reported.'~* The effects of roughness have
been considered based on the standard of sand-grain roughness ini-
tially proposed by Schlichting.? Roughness elements were analyzed
using equivalent sand-grain roughness. Many studies on the effects
of mass blowing on skin friction have been reported for a wide range
of flow speeds. The effects of molecular weight of the blowing gas,
wall temperature, flow Mach number, angle of attack, and boundary-
layer transition were addressed in various investigations.’~® The
experimental results do not always match and, in some cases, the dis-
agreement is quite significant. Lin et al.” contributed a large scatter-
ing of experimental data on effects of transverse curvature, pressure
gradient, flow being not fully turbulent, different wall temperature
ratios, Mach numbers, and how gases were injected from the sur-
face. Jeromin'® and Laganelli et al.” also pointed out that the effects
of blowing on skin friction become more significant as the Mach
number increases.

Many numerical simulations of ablation''~!* have been reported
recently. Issues related to the design of thermal protection sys-
tems (TPSs) for spacecraft and hypersonic reentry vehicles were
examined by considering the thermal response of the material and
mass injection. The surface roughness effects of ablation, especially
on the skin friction and other aerodynamic variables, are not re-
ported.

There are currently no theoretical analyses that can be used to
evaluate skin friction under the combined influence of roughness
and blowing. Voisinet'> and Holden'® reported experimental stud-
ies on the combined effect. Based on experimental observations,
Voisinet! suggested a functional relationship to couple roughness
effects to those of mass blowing. Laganelli and Sontowski'” pro-
posed a method that includes the effect of pressure gradient to predict
skin friction with coupled roughness and blowing.

Inspired by the work of Laganelli and Sontowski!” and the exper-
imental findings of Voisinet,'> we have developed a new computa-
tional methodology to calculate the combined effects of roughness
and blowing on skin friction. The two-step approach involves itera-
tive calculation of skin friction with roughness and a second explicit
calculation using the information obtained in the previous step. The
results of skin-friction calculations for a supersonic turbulent bound-
ary layer over a flat plate will be presented and the results will be
compared with available experimental data.

Technical Approach

Effect of Roughness on Skin Friction
Goddard'® proposed a correlation of the form

¢f" ¢} = fgRey) M

to account for roughness effects on skin friction for adiabatic no-
blowing walls. The superscripts o/r and o/o represent without-
blowing/with-roughness and without-blowing/without-roughness,
respectively. Also,

e =uey/ (¢! [2)(0e/Pw) ()

ks denotes the equivalent sand-grain roughness height. The func-
tional form in Eq. (1) was not explicitly given in Goddard. A com-
parison with data (Fig. 27 in Goddard!®), however, showed satis-
factory agreement. Nestler' replotted Goddard’s results using the
logarithm to the base 10 of a roughness Reynolds number and in-
cluded the effects of wall cooling.

In this study, a correlation has been developed to fit the data in
Fig. 27 of Goddard.'® The new correlation can be written as

Rep = u'rkx/uun

" [e5? =1+40.889[0.365(T, /T,) + 0.635]
X (lg Re, — 1g Re;) (Rek > Re,ﬁ) 3)

Re;, represents a critical roughness Reynolds number, below which
the skin friction is assumed not to be affected by the surface
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roughness. The value of Re{ used by Goddard'® was about 10. The
roughness Reynolds number is defined using the skin friction coeffi-
cient with roughness ¢?/". As a result, Eq. (3) maintains the implicit
nature of Goddard’s'® formulation. Note that Nestler’s' correction
for nonadiabatic conditions has also been included.

It can be argued that the value of the critical roughness Reynolds
number Re; in Eq. (3) represents a measure for the minimum equiva-
lent height of the roughness that has an effect on the skin friction. For
example, the value of Re{ was set at about 10 in Goddard'® (Mach
number = 0.7-5) and 30 in Holden'® (Mach number = 6—13). The
difference in the values of Re; used in the different studies can be
attributed to the increased thickness of the viscous sublayer as the
flow Mach number increases. To account for the apparent effect of
flow speed on Re;, we consider

9 (M < 0.7)
Ret =4 10 0.7<M <3) 4)
M+7 (B<M<12)

Equation (4) slightly modifies the single value for Rej used in
Goddard'® (=10).

Effect of Blowing on Skin Friction

Mass blowing on the surface tends to reduce the momentum of
gases, increase the boundary layer thickness, and reduce the wall
skin friction. Empirical correlations have been proposed.?’~?> La-
ganelli et al.” reported a correlation that includes the effects of Mach
number, wall temperature, and injection gas characteristics. These
correlations differ significantly because they have been developed
through considering the different factors. In the present modeling,
the correlations of Timmer et al.’ and Lees and Chapkis® were
used.

Combined Effects of Roughness and Blowing on Skin Friction
Laganelli and Sontowski!” proposed a coupling method based
on transformation functions to calculate the skin friction. Voisinet'’
studied the combined effects of roughness and blowing on skin
friction experimentally. Various parametric arrangements were used
to correlate the experimental data. A better fit for the skin-friction
data for a rough surface with blowing was observed when the skin
friction with only the roughness present was used in a subsequent

correction for the blowing effects. As a result, Voisinet'> suggested
an equation of the form
(Cf/Cfo)|R+M=(Cf/Cfo)|R(Cf/Cfo)|M )

Voisinet’s'> experimental findings indicate that the skin friction for
rough surfaces with blowing can be evaluated as the product of
two terms, one representing that with roughness and the other with
blowing, with proper coupling in the calculations of the two values.
In this study, a computational methodology has been devised for
prediction of skin friction on rough surfaces with blowing. An equa-
tion similar to that suggested by Voisinet’s'> experiment is used:

e = (G [ €T) ©)

The computations involve the calculations of the two ratios of skin
friction coefficients in Eq. (6). The second term on the right-hand-
side, c;/ " /c”.{ ?, is first calculated. In this Note, Eqgs. (3) and (4) are
used for ¢}’ /c?/ °. Note that Eq. (3) is implicit and the solution
requires iterations based on given skin friction for a smooth wall.
The next step is to obtain the first right-hand-side term of Eq. (6),
™" /¢! for the mass-blowing effects. The skin-friction coefficient
on the rough surface with blowing can then be obtained from Eq. (6).

Results

A new correlation for the skin friction for the boundary layer over
rough surfaces has been proposed and described in Egs. (3) and (4).
Figure 1 shows a comparison of the proposed correlation with the
adiabatic-wall data of Goddard.'® The symbols represent the ex-
perimental measurement. The lines denote the proposed correlation
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Fig. 2 Comparison of the roughness effect correlation with findings of
Holden'® for a sharp cone with a cold wall.

with Re; =9 for the solid line and Re; =12 for the dashed line,
respectively. According to Eq. (4), these two values for Re; corre-
spond to the lowest (0.7) and the highest (4.54) Mach numbers in
the experiment. The data points appear in the band region between
the two lines with the low-Mach-number points nearing the upper
solid line and the high-Mach-number data nearing the lower dashed
line. The results suggest that Egs. (3) and (4) correlate well with the
variation of skin friction with wall roughness for a wide range of
flow Mach numbers. The eftect of flow compressibility on the skin
friction for a rough surface appears to be properly reflected through
the use of the critical roughness Reynolds number.

Figure 2 shows a comparison of the predicted and the measured?
roughness effects on a sharp cone with a cold wall at hypersonic
speeds. The cone half angle is 6. = 10.5 deg. The freestream Mach
numbers are M =6.6-11.3. The Reynolds number per meter is
Re/m=2.3x 10"-26 x 10" and the wall temperature T, =0.2—
0.387,. The solid lines represent the proposed correlation for
T,, =0.387, and the dashed lines that for 7, = 0.27,. Calculations
are shown for two Re{, 14 and 20, which roughly correspond to
the lowest and the highest Mach numbers in the experiment. There
is a higher level of spread of the data points at hypersonic speeds
than at supersonic speeds. However, it appears that the data cluster
around the correlations. The results in Figs. 1 and 2 indicate that
the proposed correlations for surface roughness can provide satis-
factory predictions for both flat-plate and sharp-cone geometries at
supersonic and hypersonic speeds.

The supersonic flow over a flat plate with roughness and
mass blowing has been calculated using the present prediction
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Fig. 3 Comparison of the calculated and the measured results'’ for a
rough wall with and without blowing.

methodology. The data'® reported were for Mo, =2.9, Re,/m =
3.8 x 10°-30.1 x 10%, x = 1.98 m, and k = 0.1 mm. The sand-grain
roughness height is k; = 1.22k and the mass-blowing rate m = 0—
0.1465 kg/m? - s. The Van Driest II transformation and Karman skin
friction equation for incompressible turbulent boundary layers were
used to calculate c;./ ‘.

For these cases with various amounts of mass blowing, the mea-
sured and the calculated skin frictions are given in Fig. 3. The
comparisons are presented in the form of (c'j'f/ " /C‘}/ ?)calculated VS
(c’j’f/ "/ c}'./ “)measured- Therefore, for a case where the calculated value
agrees exactly with the data, the corresponding symbol would fall
on the straight line with a slope of one, which is represented by
the dashed line in Fig. 3. The symbols in Fig. 3 cluster around
this dashed line, indicating that the calculated skin friction agrees
well with the measurements. An error bound can be obtained us-
ing the linear regression of the symbol data points, which is shown
by the solid line. For comparison, the faired line of Laganelli and
Sontowski!” has also been included in Fig. 3. On the average,
the error relative to the experimental measurement is within 4%
for the present calculations and is about 20% for Laganelli and
Sontowski.!” The present predictions represent better agreement
with measurement.

Summary

In this Note, a new computational method for the prediction of
the skin friction for high-speed turbulent boundary layers with abla-
tion is described. The method calculates the skin friction by making
use of the existing validated experimental correlations developed
for surfaces with roughness and for surfaces with mass blowing,
respectively. Results have been presented for high-speed turbulent
boundary layers over a flat plate. When compared with the available
measurement, the results obtained by using the present method agree
well with the data. The computational procedures involved are al-
gebraic operations and can readily be implemented into prediction
software currently used in the research community and in indus-
try. For instance, it may provide the much-needed wall-boundary
conditions for computational fluid dynamics studies of high-speed
flows with surface ablation. The formulations can also be extended
to examine additional aerothermodynamics effects, such as angle
of attack, rotation, and surface heat transfer at high speeds. Note
that, since the methodology is not fundamentally generic, detailed
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validations or modifications of the correlations may be needed when
the present method is applied to problems with, for example, geo-
metric variation to the test cases.

References

INikuradse, J., “Stromungsgesetze in Rauhen Rohren,” VDI Forshung-
sheft, Series B, Vol. 4, No. 361, 1933; English translation, NACA TM 1292,
1950.

2Schlichting, H., Boundary Layer Theory, 4th ed., McGraw-Hill,
New York, 1960, p. 616.

3Holden, M. S., “Experimental Studies of Surface Roughness Shape and
Spacing Effects on Heat Transfer and Skin Friction in Supersonic and Hy-
personic Flows,” AIAA Paper 84-0016, 1984.

4Keel, A. G., “Influence of Surface Roughness on Skin Friction and Heat
Transfer for Compressible Turbulent Boundary Layers,” AIAA Paper 77-
0178, 1977.

SHolden, M. S., Neumann, R. D., Burke, J., and Rodriguez, K. M., “An
Experimental Study of the Effect of Injectant Properties on the Aerothermal
Characteristics of Transpiration Cooled Cones in Hypersonic Flow,” AIAA
Paper 90-1487, 1990.

6Timmer, H. G., Ame, C. L., Stokes, T. R., and Tang, H. H., “Aerother-
modynamic Characteristics of Slender Ablating Re-Entry Vehicles,” AIAA
Paper 70-826, 1970.

7Laganelli, A.L.,Fogaroli, R. P., and Martellucci, A., “The Effect of Mach
Number and Wall Temperature on Turbulent Heat Blockage Resulting from
Mass Injection,” AIAA Paper 78-784, 1978.

8Lees, L., and Chapkis, R. L., “Surface Mass Injection at Supersonic
and Hypersonic Speed as a Problem in Turbulent Mixing, Part IT: Axially-
Symmetric Flow,” AIAA Journal, Vol. 9, No. 6, 1971, pp. 1067-1074.

9Lin, T. C., Sproul, L., and Olmos, M., “An Aerothermal Model For
Ablation Heat Shields,” AIAA Paper 94-0247, 1994.

10Jeromin, L. O. E., “The Status of Research in Turbulent Boundary Layers
with Fluid Injection,” Progress in Aeronautical Sciences, Vol. 10, 1970,
pp. 76-189.

'Kuntz, D. W., Hassan, B., and Potter, D. L., “Predictions of Ablat-
ing Hypersonic Vehicles Using an Iterative Coupling Fluid/Thermal Ap-
proach,” Journal of Thermophysics and Heat Transfer, Vol. 15, No. 2, 2001,
pp. 129-139.

12Chen, Y.-K., and Milos, F. S., “Two-Dimensional Implicit Thermal Re-
sponse and Ablation Program for Charring Materials,” Journal of Spacecraft
and Rockets, Vol. 38, No. 4, 2001, pp. 473-481.

13Chen, Y.-K., and Milos, . S., “Ablation and Thermal Response Program
for Spacecraft Heatshield Analysis,” Journal of Spacecraft and Rockets,
Vol. 36, No. 3, 1999, pp. 475-483.

141zawa, Y., and Sawada, K., “Calculation of Hypersonic Flow with Ab-
lation for Pioneer-Venus Probe,” AIAA Paper 2000-0208, 2000.

15Voisinet, R. L. P., “Combined Influence of Rou ghness and Mass Transfer
on Turbulent Skin Friction at Mach 2.9,” U.S. Naval Surface Weapons Center,
NSWC TR-79-153, White Oak, MD, June 1979.

16Holden, M. S., “Studies of Surface Roughness and Blowing Effects on
Hypersonic Turbulent Boundary Layers over Slender Cones,” AIAA Paper
89-0458, 1989.

17Laganelli, A. L., and Sontowski, J., “Prediction of Skin Friction with
Coupled Roughness and Blowing Based on Transformation Functions,”
AIAA Paper 82-0033, 1982.

18Goddard, F. E., Jr., “Effect of Uniformly Distributed Roughness on
Turbulent Skin-Friction Drag at Supersonic Speed,” Journal of Aerospace
Sciences, Vol. 26, No. 1, 1959, pp. 1-15.

19Nestler, D. E., “Compressible Turbulent Boundary Layer Heat Transfer
to Rough Surface,” AIAA Journal, Vol. 9, No. 9, 1971, pp. 1799-1803.

20K utateladze, S. S., and Leontiev, A. L., Turbulent Boundary Layers in
Compressible Gases, Academic Press, New York, 1964.

2Marvin, J. G., and Pope, R. B., “Laminar Convective Heating and
Ablation in the Mars Atmosphere,” AIAA Journal, Vol. 5, No. 2, 1967,
pp. 240-248.

22Gross, J. F., “A Review of Binary Laminar Boundary Layer Charac-
teristics,” International Journal of Heat and Mass Transfer, Vol. 3, No. 3,
1961, pp. 210-215.

T. Lin
Associate Editor



