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Cooling and Roughness Effects on Transition on Nozzle
Throats and Blunt Bodies

Montana State

Anthony Demetriades*
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Observations of boundary-layer transition in a supersonic wind-tunnel nozzle throat were made in the region
where the local Mach number increased from 0.4 to 2. The wall temperature ranged from adiabatic to 0.66 times
the stagnation temperature, and its surface was roughened with random sand-grain, weave-type, and wire-screen
roughness. It was found that wall cooling accelerates trapsition markedly regardless of surface conditions and
that for a given height the random sand-type roughness is generally the most effective transition trigger.
Transition location was much less sensitive to weave-type roughness and its orientation, although a drastic
transition Reynolds number decrease was noted when the weave wavelength increased. With the roughness small
or absent, phenomena involving boundary-layer relaminarization were observed. A substantial portion of these
data cannot be accounted for by existing blunt-body boundary-layer transition correlations.

Nomenclature
a,b,c,d = empirical (experimental) constants in Eq. (1)
k = roughness height
k = dimensionless roughness height
M, = edge Mach number

= pressure, Torr or mm Hg abs

= stagnation pressure, Torr or mm Hg abs

= stagnation pressure at the beginning of transition,
Torr or mm Hg abs

q = flow dynamic pressure, Torr or mm Hg abs

Ry = surface radius of curvature
Rey = momentum Reynolds number, p.t.0/p,
Reyr = value of Rey at transition

S = wavelength of roughness pattern (Fig. 2), cm

T, = Jocal edge static temperature, °F

T, = wall temperature, °F

Ty = tunnel stagnation temperature, °F

t = ‘““land area” (width) of weave-type roughness
(Fig. 2), cm

u, = local edge flow velocity, m/s

X = distance parallel to surface (x = 0 at throat), cm

o = angle between flow vector and weave-type
roughness axis, deg

¢ = boundary-layer momentum thickness, cm

e = edge fluid viscosity, P

0e = edge fluid density, kg/m?

Introduction and Background

MONG all high-speed boundary-layer transition phe-

nomena debated over recent years, some consensus
seems to have been reached on the data describing transition
on roughened blunted objects, e.g., on the windward side of
spheres or sphere cones. This consensus has been expressed by
Batt and Legner! in the form of an empirical formula that
correlates the momentum Reynolds number at transition by

b
Reyr = [(k/6)(Te/T)]

= Ut ek /Ry W
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The values of @ = 500, b =d = — 1.5, and ¢ = 350 quoted by
Batt and Legner resulted from their extensive survey of exper-
iments with greatly diverse flow facilities, models, and mea-
surement methods?® and are consistent with physical argu-
ments advanced by Van Driest,® Dirling et al.,” and others. It
is noteworthy that a good portion of the data in this survey
was free of disturbing noise generated by turbulent wind-tun-
nel sidewall boundary layers®3; other data®* subject to this
noise were rationalized by the decreased importance of the
noise in the presence of the surface roughness on the experi-
mental models.

It is the purpose of this paper to discuss two issues inherent
in correlation Eq. (1), in the light of new transition measure-
ments bearing on the size and type of roughness, and its
importance relative to the surface temperature T,,. One key
issue is the association of the roughness height with the inverse
of T,,. The rationale here is that as T, is lowered the boundary
layer ebbs, exposing the tops of the roughness elements and in -
turn causing roughness-triggered transition. Wall cooling,
which might otherwise suppress Tollmien-Schlichting instabil-
ities® and delay transition, thus finds itself promoting transi-
tion by effectively increasing the roughness height. Another
viewpoint, however, states that roughness is not necessary for
the appearance of transition on cooled blunt bodies™!? and
that wall cooling by itself can make the layer turbulent, per-
haps by triggering instabilities not yet measured or under-
stood, such as those related to crossflows or Goertler vor-
tices.!! To arbitrate these two diverse views, transition
measurements were indicated on cooled blunt bodies with
smooth walls to find the effect of T, when k£ = 0.

The second issue raised concerned the type of roughness for
which blunt-body transition correlations, in general, are valid.
Reference 2 presented a comparison, predating the establish-
ment of Eq. (1), of blunt-body transition data without ac-
counting for curvature effects, and for random-distributed
(sand-grain) roughness with % defined as an average or ‘‘sig-
nificant’ peak-to-valley height. Plotted in this manner, data
from some key experiments, shown in Fig. 1, seem to follow
correlation Eq. (1) with ¢ =215, 5 = — 0.7, and d = 0. Ran-
dom, sand-grain roughness describable by a single parameter
k is, of course, idealized and, as Reda’ points out, quite
unrealistic in materials for modern applications. A material of
considerably more current interest is one with a periodic three-
dimensional pattern® generically known as a ““weave.”” A sec-
ond objective of this work, therefore, was to see how transi-
tion data with such a surface pattern compared with random
roughness, using the random-roughness data of Fig. 1 as a
point of departure.
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Fig.1 Comparison of random-roughness data taken in Ref. 2 using
the present nozzle technique, with data from blunt bodies.

Technique

The technique employed here was to simulate the boundary-
layer growth on a blunt body with the boundary-layer growth
in the sonic-throat region of a DeLaval nozzle:? Although the
simulation is not exact, the sonic-throat approach has been
recognized as an effective way of overcoming the great diffi-
culties in probing boundary layers on blunt objects at super-
sonic and hypersonic speeds. Much of the data shown on Fig.
1, supplied by Ref. 2 using just this technique, are in good
agreement with direct measurements on blunt bodies. In this
figure it is already shown that deviations from the correlation
(with @ =215, b = —0.7, d = 0) were found using this tech-
nique in the k& = 0 limit for adiabatic walls. This paper extends
the work of Ref. 2 to wall cooling and weave-type roughness.

As in Ref. 2, the flowfield was generated by the two-dimen-
sional nozzle of the Montana State University continuous air
supersonic wind tunnel. All data were taken in a converging-
diverging channel of constant 3-in. (7.6 cm) width, in the
middle of which the sonic-throat constriction is 0.7 in. (1.78
cm) high. The gradual throat curvature (30-cm radius), com-
plete optical visibility, high-precision automated probe actua-
tors, and subminiature diagnostic probes had produced de-
tailed measurements of the laminar boundary-layer profiles
and growth, reported in Ref. 2, in the range 0.4<M, <2,
100 < Rep <700, and pressure gradient parameter — 0.0005 >
0/g)(dp/dx)> —0.003 (as in all other literature quoted, the
momentum thickness refers to the smooth-wall condition).
These conditions were obtained at different distances x from
the sonic throat and over a range of the tunnel stagnation
pressure po. All surfaces of the channel upstreamof the région
where transition was generated had laminar sidewall boundary
layers.

The nozzle surface temperature T,, was controlled by liquid
nitrogen circulating in channels machined just under the noz-
zle surface and was monitored continuously by seven thermo-
couples located at 1-in. (2.54-cm) intervals along the nozzle
centerline. The cooled section of the nozzle began 10 cm
upstream of the throat and ended 10 cm downstream of it; the
10-cm distance translates, in this case, to a length equal to
110-190 throat boundary-layer thicknesses, depending on tun-
nel pressure. Because of the airflow, of stagnation tempera-
ture set at 115°F, T, could be decreased only to about
—100°F, and its distribution along x varied by as much as
25°F at any one setting; however, it was possible t6 maintain
any. T, distribution constant in time within 2°F. In all data
quoted later, T, represents an average over x with an error
band of about 10°F. The attainable T,/ T, ratios were there-
fore no lower than about 0.66 but, as will be seen, were able
to cause substantial movement of the transition zone.

Three kinds of roughnesses were tested. Random sand-type
roughness was once more utilized, but this time under wall-
cooling conditions. Wire screens made of stainless steel mesh
were used to simulate ‘‘weave-type’’ surfaces; chemical etch-
ing of brass shim stock was used to produce similar weave-
type surfaces in the grid pattern shown on Fig. 2. The average
peak-to-valley height k& of the random sand-type roughness
was defined statistically from profilometer records. For the

screens k was defined as the “knuckle” at the crossing of two
wire elements and thus was twice the.mesh wire diameter, and
for the etched roughness & equalled the shim thickness (Fig.
2). For the screen and etched roughnesses, therefore, k was
known with high precision; for the etchings, the periodicity of
the pattern was characterized by an equally well-known wave-
length (the quantity S in Fig. 2). All roughnesses were attached
on thin, flexible sheets (‘‘overlays’’), dimensioned to span the
tunnel and designed for attachment on the nozzle surface by
an adhesive, covering the cooled section of the nozzle block. A
total of 16 such overlays, including a perfectly smooth one and
covering a k range from 0-to 0.0072 in. (0 to 0.018 cm), were
constructed and tested.

Measurements

The measurement of boundary-layer transition was done
with a hot-film anemometer probe, the tip of which consisted
of a 0.02 in: diam (0.05 cm) Kimax glass rod sharpened into a
slender wedge. A 0.02 x 0.004 in. (0.05 x 0.01 cm) platinum
film, located at the stagnation line of the wedge with its long
axis parallel to the surface and normal to the flow, was pow-
ered by a constant 30-mA current and was connected to an ac
detection circuit with a 500-kHz passband. While the signal
obtained with the film was indistinguishable from the elec-
tronic noise when the boundary layeér was laminar, intense
signals rich in high-frequency content were always present
when the layer was turbulent. As was also done in Ref. 2,
transition was detected for each particular overlay and wall
and stagnation temperature by positioning the film sensor
inside the boundary layer at a fixed distance x from the throat
and ‘‘sweeping’’ the tunnel pressure p, over a wide range while
recordlng the film output. By noting the p, levels at the begin-
ning and end of the transition process, the Reyr, £, and T,/ T,
values were determined for this transition ““event.’’ A total of
466 transition events were recorded for various combinations
of overlay types and values of x, py, and T, hence also for
Reyr, M, , k/0,and T,/ T, including ‘‘beginning’’ and “‘end”’
values of Reyr. By carefully throttling the nozzle coolant and
monitoring the thermocouples during the p, sweep, it was
possible to duplicate the observed transition phenomena with-
out hysteresis due to the direction (increase or decrease) of the
Do change.

The technique of Ref. 2 presented earlier depended on the
so-called wideband detection method in the seénse that for
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Fig.2 Basic configuration and nomenclature of etched roughness
(top) and screen roughness (bottom).
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adiabatic conditions, and independent of the character of the
roughness, turbulence onset occurred quite uniformly over the
0-500 kHz spectrum. When cooling was introduced in the
present work, turbulence growth was found to be frequency
selective, i.e., the transition process was more evident at cer-
tain frequency bands than others. Being outside the direct
interests of the research, this phenomenon, which deserves a
second look because of its implications in boundary-layer
stability, was not pursued further; to keep the measurement
reliable, a narrowband technique was also used, for the lower
T,, by which transition was detected from the study of a
narrow high-frequency band behavior vs py. By comparison
with the wideband data, a consistent definition of transition
was achieved when this band was centered at 100 kHz.

Results and Discussion

The effect of wall cooling on the smooth-wall beginning
transition is shown in Fig. 3. In the region of the nozzle
shown, which has a favorable pressure gradient, transition is
moved upstream along the nozzle as T, decreases. This effect
was also observed without exception for all added roughness
regardless of its type or height. In fact, observations of the
transition Reynolds number Reyr vs random-roughness height
k, made at later stages of the experiment and shown on Figs.
4 and 5, confirm this finding by the obvious extrapolation of
the data to &k = 0. It therefore appears that the presence of
roughness is not a requirement for explaining why cooling
moves the transition zone upstream. As mentioned in the
Introduction, this effect of wall cooling has been observed by
numerous investigators*!2!¥ on blunt bodies; the cooled noz-
zle surface once more behaves similarly despite its imperfect
simulation of blunt-body flow and the possibility of instabili-
ties inherited from upstream regions of the tunnel circuit.

Lysenko and Maslov!4 have suggested that transition on
smooth-wall models internally cooled to low T, during wind-
tunnel measurements may be due to ice particles forming on
and ‘‘roughening’’ the surface. Among the early observers of
cooling-induced transition on blunt bodies, Cooper et al.!’
carefully considered and rejected the possibility of surface
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Fig.3 The smooth-wall temperature dependence of the tunnel stag-
nation pressures at which transition was noted, near the nozzle sonic
point.
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Fig. 4 Dependence of the midpoint transition Reynolds number at
the sonic point, on random roughness height and wall temperature.
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Fig. 5 Dependence of the midpoint transition Reynolds number at
the supersonic side of the throat, on random-roughness height and
wall temperature.
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Fig. 6 Dependencé of beginning-transition tunnel pressure on wall
temperature (smooth wall).

ice acting as such a transition ‘‘trip.”’ In the present experi-
ment, excellent visibility of the complete nozzle surface up-
stream of the throat allowed continuous checks on ice forma-
tion throughout the tests. Surface condensation was first
detected at about — 50°F, and ice formation first appeared at
— 80°F, both long after transition began its march upstream
as T,, was lowered (see Fig. 3). It was concluded that surface
condensation could not explain the sensitivity of transition
location to T,,. ’

Figure 6, whose ordinate denotes the stagnation pressure pog
at which transition onset was first recorded, contains interest-
ing information on the stability of the cooled flow. At wall
temperatures of 0 and —40°F it is seen that the curves have a
minimum near the sonic point; thus for certain stagnation
pressures it would appear that the ‘‘turbulence’” at that point
is preceded and followed by laminar flow as would occur in
relaminarization. Actually, the technique used only goes as far

- as to say that the “‘turbulence’’ was activity at specific regions

of the spectrum, which activity was damped at some down-
stream distance. It could well be that this phenomenon, al-
ready mentioned earlier in connection with the narrowband-
vs-wideband technique, is the result of a complex instability
behavior of compressible boundary layers over a curved sur-
face, with pressure gradient and heat transfer, which invites
detailed study in the future.

The effect of wall cooling on transition with the sand-type
random-roughness overlays in place is already evident on Figs.
4 and 5. With such roughness, transition movement and possi-
ble relaminarization or restabilization phenomena, the latter
as just qualified, were evident only for low k values; as the
roughness height increased, the 7, effect decreased until it was
barely discernible. For these data departures from the blunt-
body ¢‘correlation”’ of Fig. 1 were small and occurred only for
the low & limit shown on the left of the figure.

Initial experiments with the etched weave-type roughness
overlays featured relatively small (on the order of 2-3) ratios



DEMETRIADES: COOLING AND ROUGHNESS EFFECTS 435

T T T T T T
600 4%;— Smooth-Wall Datum

400

(53

RegT Uncooled
End0-0 Yl
200 + Beg.o—o} Random Te/Ty=0.86 J
8 Erched
H} Screens ¥
&=DJ (Kk=knuckle)
0 { 1 1 1 1
0 | 2 3 4 5 6
K (Mils)

Fig. 7 The effect of roughness height & on transition Reynolds num-
ber, for three different types of roughness (adiabatic sonic condi-
tions).
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Fig. 9 The transition Reynolds numbers observed with the efched
roughness, compared with the correlation of Fig. 1.

of the wavelength S to the width ¢ of the roughness and an
orientation of the pattern axes so that the incidence angle «
was zero (see Fig. 2 for definitions of S, #, and «). The
transition location on these overlays remained sensitive to T,
but the location itself differed little from that with smooth
walls, as shown in Fig. 7, which also shows the much greater
tripping efficiency of the random (sand-type) roughness. Fig-
ure 8 shows the tunnel pressures and nozzle locations of tran-
sition obtained with the same etched patterns positioned with
their major axes at o = 45 deg incidence to the flow direction.
Little difference is seen between these and the o = 0 deg re-
sults, and at T, = 0.66T, the results for o = 45 deg actually
give slightly higher Regy values than those at « = 0 deg.
Transition- midpoint data obtained with the weave-type
(etched-overlay) roughnesses are shown on Fig. 9, drawn in
the coordinates of Fig. 1 for comparison with random rough-
ness. The weave-type data are widely scattered, lie far from
the “‘correlation’” of Fig. 1, and show transition occurring
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Fig. 10 Effect of weave-type roughness wavelength on the midpoint
transition Reynolds number for adiabatic walls, £ = 0.004 in. (0.01
cm).

much later than predicted from the random data; these differ-
ences persist even if Fig. 9 were to be replotted utilizing the
Batt-Legner correlation of Eq. (1) with the curvature term
included (d #0). It is likely that the comparison with the
random data is improper since the latter are characterized by
the average &, whereas they may trigger transition only by the
action of large, isolated roughness elements. The short solid
lines on Fig, 9 group the data according to location on the
nozzle, i.e., according to different values of M,, pressure
gradient, etc. This phenomenon, also noted by Batt and Leg-
ner in previous data, is yet unexplained.

These results also differ considerably from those reported
by Laderman* and Reda’® for periodic weave-type roughness,
which in their case was an efficient transition trip. These
authors, however, seem to have used surface roughness pat-
terns that were geometrically more complex than the etched
overlays used here. Furthermore, the present etched pattern
was a succession of rectangular cavities on an otherwise
smooth wall and thus belongs to a class of flows studied long
ago by Charwat et al.!é These workers found that the laminar
boundary layer over such a surface virtually ignores the exis-
tence of the cavities for the range of S/k ratios of the tests just
described and thus experiences no inducement toward transi-
tion due to roughness.

On the strength of such reasoning, it was decided to mini-
mize the distance between cavities and thus the top surface
(i.e., the length ¢, Fig. 2) of the roughness ‘‘elements’’ of the
etched pattern. Figure 10, which compares three such rough-
ness overlays of the same &, shows that an increase of the S/¢
ratio makes the etched roughness very effective and actually
more so than random roughness of the same height. Note,
however, that this empirical effect is not monotonic and that
in this particular case an intermediate S/ ratio ( = 12.6) was.
the most effective. As one would really expect, ‘‘resonant’’
roughness configurations might exist where the roughness ge-
ometry provides the best conditions for tripping the layer.

Finally, screen overlay tests were conducted with the wire
mesh geometries pictured on Fig. 2. These proved to be the
least efficient method for tripping the layer, as already shown
on Fig. 7. Data produced with these screen overlays (using k as
the “‘knuckle’’ height of Fig. 2) produced transition Reynolds
numbers Reyr higher by a factor of about 2, at nondimen-
sional roughness heights (k/6)(T./T,) =2, than those ob-
served with random roughness.

Conclusions

On the basis of the experiments reported here, the following
conclusions are appropriate.

1) The boundary-layer transition data obtained in the throat
region of the DeLaval nozzle employed strengthen the earlier
conviction that the phenomena in that region simulate quite
closely those of laminar boundary layers on blunt bodies.



436 DEMETRIADES: COOLING AND ROUGHNESS EFFECTS

2) Although roughness plays an important role in bound-
ary-layer transition on nozzles and blunt bodies, roughness
cannot by itself explain why wall cooling causes transition to
move upstream. A theoretical connection between blunt sur-
face cooling and transition is still much in demand. In view of
the present observations of possible relaminarization/restabi-
lization due to cooling, boundary-layer stability measurements
in the throat region would be equally fruitful.

3) The transition data obtained with the weave-type rough-
ness, compared with corresponding sand-type roughness data
of equal height k, generally show little effect of the roughness
on transition. For such weave-type roughness, existing blunt-
body correlations appear invalid.

4) The present data also indicate that, first, the orientation
relative to the flow vector of etched, weave-type roughness
and also screen roughness is not an important factor in in-
creasing the tripping efficiency and, second, significant
changes in tripping efficiency can occur for certain wave-
lengths of roughness patterns such as the periodic (weave-
type or screen) patterns. The latter finding would be most
interesting to pursue further, by observing the transition
movement caused by changes in the roughness wavelength-to-
height ratio. '
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