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Shock Wave/Turbulent Boundary-Layer Interactions with
and without Surface Cooling

Lloyd H. Back* and Robert F. Cuffelt
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, Calif.

An experimental investigation was conducted to delineate the structure of the flowfield and temperature
distributions in a shock wave/turbulent boundary-layer interaction with and without surface cooling. The Mach
number upstream was about 3.5, and the wave angle was 23°. The wall to stagnation temperature ratio was 0.44
with cooling and 1.1 with heating. A detailed map of the interaction flowfields deduced from numerous boun-
dary-layer traversing stations revealed the influence of wall cooling on the flowfield, wave structure, and size of
the flow separation region. With surface cooling, the size of the separation region was much smaller, and the
separation and reflected shock waves merged together near the edge of the velocity boundary layer, extending in-
to the freestream as one wave. The measured rise in pressure P2/P j across the interactions of 3.1-3.2 could be
estimated using oblique shock relations in conjunction with the observation that the mass flux p Kocl/r in the ex-
panding flow between the incident and separation shock waves in the diffuser. The increase in the measured
heat-transfer coefficient h2/h1 = 2.3 and wall shear stress T2

/Ti = 1-6-1.7 across the interactions were estimated
reasonably well by using semiempirical relations.

Nomenclature

cp = specific heat at constant pressure
h — heat-transfer coefficient
H = enthalpy or shape factor
M = Mach number
p = static pressure
p, = stagnation pressure
p't = pitot pressure
q w = wall heat flux
r — radial distance
Sj,Ss,Sr = incident, separation, and reflected shock

waves
T = temperature
Tt = stagnation temperature
r+ = dimensipnless temperature (T t — Tw) /qw/

P . . - W T C - / | U . )
u = velocity component parallel to wall
u + = dimensionless velocity u/u T
UT = friction velocity (rw/pw)V2

V = velocity
y = distance normal to wall
y + = dimensionless normal dis tancepwu ry/^w
z = axial distance
a = frictional heating parameter u2

r/2cpw Tw
|S = heat-transfer parameter qw/TwpwiircPw
d = velocity boundary-layer thickness
d* = displacement thickness
A = thermal boundary-layer thickness
6 = momentum thickness
X = angle between flow and shock wave
IJL — viscosity
p = density
a = shock wave flow deflection angle
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wall shear stress
stream function

upstream of incident shock wave
centerline
condition at edge of boundary layer
stagnation condition
wall condition

Introduction

MANY experimental investigations have been made in
the past on the flowfield and heat transfer in shock

wave/ turbulent boundary-layer interactions, e.g., Refs. 1-13.
However, there is little information on the variation of the
structure of the flowfield and temperature distributions in in-
teraction regions with the amount of surface cooling.

This investigation was undertaken to determine the mean
flowfield and temperature distributions in a shock wave/tur-
bulent boundary-layer interaction along a surface which could
be either cooled or heated. The impinging oblique shock wave
produced an interaction region in which other waves were for-
med that contributed, along with the incident wave, to the
overall compression of the flow. The flowfield in such an in-
teraction depends upon the upstream Mach number of the ex-
ternal flow, the inclination angle of the impinging shock
wave, the mean structure of the boundary layer and its
thickness before the interaction, and on surface cooling, as
will be seen. In the interactions examined herein (Figs. 1 and
2) the impinging shock wave penetrated deeply into the boun-
dary layer, and, because of the abrupt pressure rise in the flow
in the near vicinity of the surface, the momentum deficient
shear layer separated, reattached, and underwent subsequent
redevelopment downstream of the interactions. Measuremen-
ts were made with surface cooling which often is necessary to
maintain- the integrity of surfaces subjected to high-
stagnation-temperature streams and on which shock waves
may impinge to increase further the heat transfer, e.g., in
supersonic diffusers, supersonic inlets of air-breathing
engines, and along parts of vehicles in supersonic flight.14

Measurements also were made with a relatively small amount
of surface heating in order to appraise the influence of the
thermal boundary condition. The influence of wall cooling on
the increase in surface pressure across shock wave/turbulent



APRIL 1976 SHOCK WAVE /TURBULENT BOUNDARY-LAYER INTERACTIONS 527

4?
o
2

l_- 3
PASSAGE
LENGTH, cm

.
> 2.2
D 2.5

—r
h, =

Twl=106rv/rn SEPARATED! __ ^PREDICTION
FLOW —— *-

Fig. 1 Shock wave/turbulent boundary-layer interaction with sur-
face cooling.

boundary-layer interactions has been found to be relatively
small, as indicated by the measurments of Gulbran et al.8 at
high Mach numbers over a range of wall to stagnation tem-
perature ratios Tw/Tt from 0.3 to 0.8. This trend is consistent
with the present measurements, although the influence of wall
cooling is to change the flow structure and position of the
separation shock wave Ss.

Experimental Apparatus and Measurements
The test section consisted of a short subsonic duct 12.7 cm

in diameter and 1.4 diam in length, a supersonic conical noz-
zle with convergent and divergent half-angles of 10° and a cir-
cular arc throat with a 4.04-cm-diam throat, and a diffuser
with a relatively long second throat of 10.8 cm diam and 11
diam in length. Ambient air was compressed and heated at a
remote distance upstream of the subsonic duct by combustion
of a small amount of methanol introduced by a spray nozzle.
The flow was accelerated in a contraction section (area ratio
11.6), downstream of a calming section, to a nearly uniform
flow at the subsonic duct inlet with a fairly thin velocity boun-
dary layer. This boundary layer was turbulent as a result of a
boundary-layer trip located just upstream of the subsonic
duct inlet, where cooling began. The flow discharged into the
atmosphere from the diffuser.

The measurements reported were made in the constant-
daimeter region of the diffuser where a shock wave, generated
upstream by the compressive turning of the flow in entering
the diffuser, impinged on the turbulent boundary layer along
the wall. The boundary layer was determined to be turbulent
by its structure in the wall region discussed subsequently. The
Mach number upstream was about 3.5, and the wave angle
was 23°.

By heating the air at the remote distance upstream to Ttj
= 835°K and by circulating water through individual, cir-
cumferential coolant passages, a cooled wall to stagnation
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Fig. 2 Shock wave/turbulent boundary-layer interaction with sur-
face heating.

temperature ratio TW/T. of 0.44 was obtained. The surface
heating condition was acnieved by using ambient temperature
air (Ttj =295°K) and circulating heated water through the cir-
cumferential passages, the temperature ratio Tw/Ttl being
1.1. For both thermal boundary conditions, the upstream
stagnation pressure pf] was about 6 bars. Compression of the
air to ambient pressure occurred far downstream of the shock
wave/turbulent boundary-layer interaction in a pseudoshock
region. Since the flow passed through the choked nozzle
preceding the diffuser, the momentum fluxes were nearly the
same in the freestream before both interactions. However,
because of the different flow stagnation temperatures, the
unit Reynolds numbers peue/ite and velocity boundary-layer
thickness 6 were different before the interactions. For surface
cooling, pX = 1410kg/(cm-sec2), Pehe = 8.9x 104 cm'1,
and 6=1.65 cm; and for surface heating, peu2

e = \3>40
kg/(cm-sec2), peue/^e -3.7 x 105 cm'1, and d= 1.52 cm. To
obtain a detailed map of the interactions, boundary-layer
measurements were made upstream, within, and downstream
of impingement at numerous axial locations (Figs. 1 and 2).
These measurements are described subsequently.

The static pressure distribution along the surface was deter-
mined from numerous sharp-edge 0.51-cm-diam taps. Dif-
ferences between the wall static pressure and the ambient
pressure were measured with transducers. Stagnation tem-
perature was measured just upstream of the nozzle by three
thermocouples spaced 90° apart circumferentially and 2.5 cm
from the axis. These thermocouples generally read within 1%
of one another. The air mass flow rate was measured with an
orifice upstream of the combustor, and, for the hot-flow
tests, a rotometer was used to measure the mass flow rate of
methanol.

The wall heat flux for each circumferential passage was
calculated from the measured water mass flow rate, water
temperature difference, and passage gas-side surface area. A
correction for the heat loss to the surroundings was made by
obtaining measurements with no internal airflow. Most of the
2.5-cm-long passages contained water sidewall ther-
mocouples; when not measured, this temperature was ob-
tained from the average bulk water temperature and the
passage heat flux by using conventional heat-transfer
relations for channel flow. The gas-side surface temperatures
Tw then were calculated from the heat conduction equation.
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Fig. 3 Pitot pressure and temperature surveys with surface cooling.

Semilocal heat-transfer coefficients were computed from

h = qw/(Ht]-Hw)

With surface cooling, the coolant water was heated to
maintain the wall temperature above the saturation tem-
perature of the water vapor in the products of combustion,
and thus to prevent condensation on the wall. The water flow
rate for each passage was measured with a rotometer (near
midscale readings), and the temperature difference of water
flowing through each passage was measured with three-pair
difference thermocouples. The flow rates through the
passages were adjusted to maintain nearly the same tem-
perature rise in each passage in order to minimize axial con-
duction between passages.

The wall shear stress also could be estimated from the
boundary-layer measurements obtained with relatively small
probes that extended into the viscous sublayer upstream and
downstream of the interactions. Semiempirical analyses are
considered in conjunction with the measurements in order to
obtain additional information about the flow and to deter-
mine the change in heat transfer and wall shear stress across
the interactions.

Thermodynamic and flow variables were calculated for the
products of combustion for the heated-air case, but transport
properties were calculated for air,15 since the methanol-to-air
mass flow rate was only 3.1% (see Ref. 16 for the negligible
effect of a small amount of water vapor on the viscosity of
air). Calculated temperatures of the products of combustion,
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Fig. 4 Pitot pressure surveys with surface heating.

with the assumption of complete chemical reactions, were 1-
2% higher than the measured gas temperature.

Probes and Measurements
Boundary-layer surveys were made across the flow with

small, flattened pitot tubes 0.010-0.015 cm thick with a 0.005-
cm-high opening, and an aspirating thermocouple probe
0.025 cm thick. These probes were similar in construction to
those shown in Fig. 2 of Ref. 17, except that the tips were flat-
tened. With the probes resting on the surface, the distances
from the center of the probes to the surface were determined
by visual observation with a 64-power telescope with a lens
scale. The pitot tube was located 45° circumferentially from
the temperature probe. These probes were inserted in a ring
3.8 cm long that was moved from one axial location to an-
other from test to test at the same operating condition. In the
data reduction, a value of the specific heat ratio 7 = 1.4 was
used.

The probes were moved normal to the surface by a
micrometer lead screw. The surface location was determined
by electrical contact, and the probe location from the surface
was determined with a helipot. The probes were motor-driven
at speeds up to 0.6 cm/mm in the outer part of the boundary
layer but were stopped and started to make measurements
near the surface. The pressure difference between the pitot
tube and wall static pressure tap was measured with a tran-
sducer. The output signals of the transducer and ther-
mocouple were plotted vs distance from the surface. The
length and diameter of the tubes connecting the pitot tube and
wall pressure tap to the differential transducer were chosen to
minimize the response of a simultaneous step pressure input at
the probe tip and wall tap. At the traversing speeds used in the
outer part of the boundary layer, no difference was observed
between the readings obtained by traversing away from the
surface to the edge of the boundary layer and then back again
toward the surface.

Because of the presence of shock waves in the boundary
layer, some .discussion of the influence of these waves on the
probe readings is in order, along with some estimates of the
accuracy of the measurements. The pitot tube measurements
are believed to be accurate in the vicinity of shock waves, as
indicated by the measurements in Ref. 18, where the pitot bow
shock/oblique shock wave interaction influenced the pitot
tube reading only at distances less than one tip height from the
oblique shock wave. A small pitot tube, therefore, also is a
good indicator of shock wave position, as shown in Figs. 3
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and 4 by the abrupt change in pitot pressure in traversing
across shock waves. A more detailed pitot tube traverse across
an oblique shock wave was shown in Ref. 19, Fig. 1. From the
pitot probe readings on either side of the the oblique shock
and the known upstream stagnation pressure, the orientation
of the flow to the oblique shock wave is specified. The effect
of yaw on the pitot reading is expected to be negligible down-
stream of the incident wave, which turned the flow, at most,
through an 8.5° angle. (Figs. 1 and 2). Pitot tube readings are
shown in Figs. 3 and 4 up to the location where the probe was
resting on the wall.

Whereas the pitot tube measurements are believed to be
reliable, except in separation regions, this was not the case for
measurements with a static pressure probe which also was
traversed across the flow. This probe had a blunted conical
tip, an o.d. of 0.051 cm, and was located 45° cir-
cumferentially from the pitot tube in the ring. Static pressure
holes, 0.020 cm diam were located on both sides of the probe
at a distance either 10 or 15 probe diameters from the tip.
This distance has been found to be sufficient to allow the local
static pressure to recover to within about 2% of the static
pressure upstream of the probe bow shock wave.20 The
present experience, however, has indicated limitations on the
use of static pressure probes in the vicinity of shock waves19

and in the flow inclination region downstream of the incident
shock wave, similar to that observed earlier.21 In the wall
vicinity, the readings checked well with the wall pressure tap
data. Consequently, the static pressure probe measurements
were viewed with caution and were used only in some of the
data reduction. For the calculation of the streamlines and
velocity distributions, the static pressure was taken to be in-
variable radially at the wall value (established from wall
pressure tap readings) and thus to undergo a step change
across shock waves. However, in order to be consistent with a
measured 15% rise in static pressure over the outer half of the
boundary layer upstream of the interactions, presumably
because the flow had passed through an expansion fan further
upstream at the entrance of the second throat,22 the total
pressure at the edge of the boundary layer upstream of the in-
teractions was evaluated from the pitot and static pressure
measurements. The change in total pressure across the in-
cident shock wave then was calculated using the upstream
conditions and the experimentally determined angle between
the local flow and the shock wave. From this calculated total
pressure and the measured pitot pressures, the local value of
the static pressure at the edge of the boundary layer was
established between the incident and separation shock waves

(Figs. 1 and 2). The measured static pressure was constant
across the flow downstream of the interactions, _and
agreement between these measured values and the calculated
values added credence to the procedure used to obtain static
pressures between the shock waves. Flow directions thus
calculated upstream and downstream of the shock waves
(Figs. 1 and 2) also agreed quite well with the streamline orien-
tations discussed subsequently.

The recovery factor for the temperature probe was deter-
mined by calibration in the freestream at the traversing
stations for the heated-air case. The recovery factor varied
from 0.91 to 0.94. These recovery factors were used in
reducing the data across the boundary layer, even in the lower
Mach number regions nearer the surface, although the errors
so introduced were relatively small. In the near vicinity of the
surface between the pitot tube and the temperature probe
locations, with both probes resting on the wall, the tem-
perature profile was extrapolated toward the wall, guided by
the known gas-side wall temperature and the temperature
gradient at the wall obtained from the measured wall heat
flux. Errors associated with this extrapolation are expected to
be small, especially for the velocity distribution, since the
velocity depends upon the square root of the static tem-
perature. Since the thermal boundary-layer thickness A is
greater than the velocity boundary-layer thickness d (Fig. 3),
the measured static pressures were used in the outermost part
of the flow, and this led to small step changes in the tem-
perature profiles at d as a result of the calculation procedure.

Heat-transfer measurements obtained by calorimetry were
made with various length circumferential coolant passages as
indicated in Fig. 1 for the cooled-surface condition. Un-
fortunately, it was not possible to obtain reliable heat-transfer
measurements for the relatively small amount of surface
heating. Local stagnation temperatures also are not reported
with surface heating because of the relatively small dif-
ferences between the thermocouple recovery temperature and
the local stagnation temperature. However, since the total
temperature change across the boundary layer is small with
surface heating, the static temperatures still were known fairly
accurately, and, thus, the error in velocity still was expected to
be small. Further description of the measurements appears in
the discussion of results.

Results
The overall features of the interactions are shown in Fig. 1

for surface cooling and in Fig. 2 for surface heating. The axial
locations of the measurement stations are identified by num-
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Fig. 5 Streamlines: a) with surface cooling; b) with surface heating.

. z, cm
[*— REATTACHMENT



530 L.H.BACK AND R.F. CUFFEL AIAA JOURNAL

Fig. 6 Momentum flux profiles before the interactions with surface
cooling and heating.

bers. The shock wave pictures were constructed from the pitot
pressure measurements that are shown in Figs. 3 and 4 for sur-
face cooling and heating, respectively. The vertical dashed
lines in Figs. 3 and 4 represent the change in pitot pressure
across the shock waves and thus indicate the relative strength
of the waves. The waves are indentified as follows: incident
shock Sj, separation shock Ss, and reflected shock Sr. The
separation shock wave was produced by the coalescing of
compressive waves, formed as the flow in the near vicinity of
the surface separated upstream of the incident shock wave in
the region of the abrupt pressure rise. The other shock wave
Sr, extending downstream, was generated by the compressive
turning of the flow back again to follow along the surface.

The picture of the flowfield and wave structure is more
evident in Figs. 5 a and 5b, where streamlines are plotted with
surface cooling and surface heating, respectively. The
streamlines were obtained from the stream function

\l/-=\ purdy
and then normalized by the centerline value for the measured
flow through the nozzle upstream for each test. Since in-
formation is not available on reverse flow velocities in the
separation region, the velocity in the reverse flow region was
taken as zero, thus making the u =0 line the zero streamline.
From velocity gradients observed in the downstream direction
with surface heating, the estimated correction for the reverse
flow would shift these streamlines toward the centerline by
about 0.01 cm. Correction for the variable pressure across the
upstream traverses would cause the outermost streamline
drawn to shift toward the wall by about 0.01 cm. There really
was no way to check the accuracy of the streamline locations
near the shock waves, except that it is noted that the flow
directions indicated by the streamlines are nearly those
deduced from the measurements across the shock waves in the
outer part of the flow. With surface cooling, the separation
shock Ss and reflected shock Sr merge together sooner than
with surface heating. This occurs because the separation
region is smaller with surface cooling and thus the separation
shock is weaker, only slightly turning the flow. The additional
compressive turning required to align the flow with the wall
generates the reflected shock wave which reinforces and joins
the separation shock near <5 with surface cooling. With surface
heating, the separation shock does not merge with the reflec-
ted shock until well into the freestream. For both interactions,
not only is the boundary layer compressed and reduced in
thickness, but it looses mass as well, as indicated by the
streamlines crossing the boundary-layer thickness between the
incident and separation shock waves. The wave pattern in-
dicated is quite different from that observed at lower
Mach numbers or in laminar boundary layers (e.g., see
Liepmannet al23).

It is clear from these observations that the size of the
separation region, and therefore the position of the separation

shock, was influenced by the thermal boundary condition.
The lengths of the separation region were 0.46 and 1.35 cm,
and the heights were 0.01 and 0.07 cm, with surface cooling
and heating, respectively. This height was estimated from the
pitot tube traverses.) In fact, with surface cooling, flow
separation could be detected conclusively only by coating the
surface with a thin film of ammonia-sensitive Ozalid paint
and bleeding a small amount of ammonia gas through the
wall static pressure tap holes. The streak patterns obtained
from this flow visualization technique are shown in Fig. 5a.
The longer separation region with surface heating could be
detected by the pitot pressure probe. Separation apparently
was delayed with surface cooling because of the somewhat
larger momentum fluxes in the boundary layer near the wall,
as indicated in Fig. 6. although the freestream Mach number
upstream of the interaction was slightly less, too. The up-
stream influence of the interactions was less than the boun-
dary-layer thickness d1 upstream of the interaction, primarily
because of the small thickness of the subsonic portion of the
boundary layer through which disturbances can travel up-
stream and be attenuated, i.e., d l / y M = : l =145 with surface
cooling. The onset of a partial wall static pressure plateau is
barely evident in Fig. 2 with surface heating, for which the
separation region was larger.

The flow in the outer part of the boundary layer and in the
external stream between the incident and separation shock
waves accelerates to maintain the mass balance for the flow
through the diffuser. The flow also accelerates again down-

Fig. 7 Velocity distributions upstream and downstream of the in-
teracfion with surface cooling.
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Fig. 8 Temperature distributions upstream and downstream of the
interaction with surface cooling.

stream of the interactions in the diffuser, as indicated by the
wall pressure measurements. In the region between the in-
cident and separation shocks, it was observed that local mass
fluxes pV varied inversely with radius r, since the streamlines
are parallel to each other (Figs. 5a and 5b). From this relation,
along with the oblique shock wave relations, the pressure rise
across the interactions could be predicted by an iterative
calculation scheme, the result being shown in the top two
graphs of Figs. 1 and 2 (labeled ''prediction").

The boundary-layer profiles through the interactions are
shown in Figs. 7-9 in terms of u + , Tf, and y + . The reference
profiles from Coles' transformation theory24 depend upon a
heat-transfer parameter /3 and a viscous heating parameter 25a
(Table 1). For cooling /3<0, and for heating /3>0. With sur-
face heating (Fig. 9), the wall shear stress via the friction
velocity UT= (TW/PW) 1/2 was selected to provide a reasonable
fit of the data to the appropriate Coles' profile in the viscous
sublayer. With wall cooling, a previous experimental in-
vestigation25'26 has indicated that Coles' transformation
theory does not predict adequately the high-speed turbulent
boundary layer as also observed herein, so that the von Kar-
man reference curve, shown in Figs. 7 and 9 by the solid line,
was used to fit the data in the viscous sublayer. Near
separation in the decelerated flow region, the velocity profiles
have a large wake component, similar to that observed in low-
speed flows in adverse pressure gradient regions, e.g., Ref. 27.

The temperature profiles shown in Fig. 8 indicate that, up-
stream and downstream of the interaction, the profiles
beyond the sublayer lie considerably above the von Karman
profile shown as a reference curve. Correspondingly, the ther-
mal resistance is larger (proportional to 77"), and, con-
sequently, the von Karman form of Reynolds analogy, as well

4 6 8,01 2 4 6 8 ] Q2 2 4 6 8]()3

Fig. 9 Velocity distributions upstream and downstream of the in-
teraction with surface heating.

as other forms such as the Colburn relation, would
overestimate the heat transfer.

The change in heat-transfer coefficient across the in-
teraction can be predicted by using a heat-transfer
specification known to apply for accelerating and decelerating
turbulent boundary layers in conjunction with the integral
form of the energy equation.28 Since the energy defect in the
boundary layer is essentially constant because the interaction
region is relatively short, and the heat-transfer surface area is
consequently small, the change in the heat-transfer coefficient
is given by

h _ (peue) r Te l %
^7~ (Peue)1 L Tei J 0)

This estimate agrees reasonably well with the measurements
as indicated in the third graph from the top of Fig. 1.

In an analogous way, the change in the wall shear stress
across the interaction can be estimated by a specification of a
friction relation in conjunction with the use of the integral
form of the momentum equation. By using the Blasius
relation with a compressibility correction and noting that the
interaction region is relatively short and the shear force small,
the change in the shear stress is given by

= r _A_ ] r "« l ("4)(9+fl} r _ZL i
L pe/ J L M J L Tei J
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Table 1 Values of /? and a with surface cooling and heating

Position

Surface cooling
1
2
3
4
6
9

10
11
12
14
16
17
18

Surface heating
1
2
3
4
5
6
7
8
9

11
13
15
18
19

Z,
cm

16.38
18.28
19.91
21.18
23.07
24.9?
25.19
25.60
26.18
27.45
28.71
29.34
31.24

16.38
18.28
19.91
21.19
22.46
23.09
23.75
24.39
25.02

25.64
26.91
28.19
31.24
35.01

TV/7-,,

0.429
0.420
0.432
0.447
0.444
0.445
0.424
0.444
0.451
0.438
0.457
0.447
0.435

1.125
1.128
1.069
1.094
1.091
1.102
1.095
1.088
1..102

1.107
1.088
1.100
1.103
1.111

a.

0.0021
0.0020
0.0021
0.0022
0.0010
0.0010

0.0011
0.0017
0.0011
0.0012
0.0013
0.0014

0.0017
0.0017
0.0017
0.0017
0.0007
0.0008
0.0005

0.0002
0.0006
0.0008
0.0011
0.0012

*
-0.044
-0.044
-0.043
-0.039
-0.041
-0.059

-0.053
-0.047
-0.040
-0.036
-0.036
-0.038

-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01

-0.02
-0.01
-0.01
-0.01
-0.01

where H is an average shape factor (<5*/0) across the in-
teraction. Although this estimate does lies somewhat above
the values deduced (Figs. 1 and 2), it nevertheless does in-
dicate the magnitude of the change in wall shear stress. With
surface cooling, measured values of H were 2.4 and 2.5 up-
stream and downstream of the interaction, respectively.
Corresponding values of H with surface heating were 8.6 and
6.4, respectively, so that the average value of 7.5 was used.

As more appropriate phenomenological turbulence models
become available, e.g., Ref. 29, the present set of data should
provide a test basis for their evaluation.
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