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BOUNDARY-LAYER EDGE CONDITIONS AND TRANSITION
REYNOLDS NUMBER DATA FOR A FLIGHT TEST
AT MACH 20 (REENTRY F)*

By Charles B. Johnson, P. Calvin Stainback,
Kathleen C. Wicker, and Lillian R. Boney
Langley Research Center

SUMMARY

A flight experiment, designated Reentry F, was conducted to measure heat-transfer
rates for laminar, transitional, and turbulent boundary layers on a 50 half-angle cone
3.962 m (13 ft) long with a preflight nose radius of 2.54 mm (0.10 in.). Data were
obtained over an altitude range from 36.58 to 18.29 km (120 000 to 60 000 ft) at a flight
velocity of about 6.096 km/sec (20 000 ft/sec). The nominal values of the free-stream
total enthalpy, sharp-cone Mach number, and the wall-to-total enthalpy ratio were
18 MJ /kg (8000 Btu/1b), 15, and 0.03, respectively.

Calculated boundary-layer edge conditions that account for effects of the entropy
layer and corresponding local transition Reynolds numbers are reported in the present
paper. Fully developed turbulent flow occurred with essentially constant boundary-layer
edge conditions near the sharp-cone values. Transition data were obtained with local edge
Mach numbers ranging from about 5.55 to 15. Transition Reynolds numbers, based on
local condition, were as high as 6.6 X 107 with an edge Mach number of about 14.4 at an
altitude of 24.38 km (80 000 ft). The transition could be correlated with previous flight
data taken over a Mach number range from 3 to 12 in terms of parameters including the
effects of local unit Reynolds number, boundary-layer wall-to-edge enthalpy ratio, and
local Mach number.

INTRODUCTION

The optimization of heat protection systems for vehicles that operate at high Mach
numbers in the atmosphere requires reliable predictions for heating rates, particularly
transitional and turbulent heating rates. Existing theoretical prediction methods are
based on data obtained in ground facilities and limited flight experiments. (See refs. 1
to 3.) Most of these test conditions fall significantly short of those experienced by reentry
vehicles operating at high Mach numbers.

*Title, Unclassified.
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Because of the limitations in previous transitional and turbulent heat-transfer
data, the Reentry F flight experiment was conducted to obtain heating and transition data
at boundary-layer edge Mach numbers up to 15, total enthalpies of about 18 MJ/kg
(8000 Btu/1b), and wall-to-total enthalpy ratios of about 0.03. These data will extend
the range of existing data and can also be used to evaluate current theories for turbulent
boundary layers (refs. 2 and 3) and to guide future development of these theories.

Initial results from the experiment were reported in reference 4. The basic mea-
surements and analysis of results have been reported in references 5, 6, 7, 8, 9, 10,
and 11. Some of the work in these references, particularly that concerned with heat
transfer and boundary-layer transition, required knowledge of the local flow conditions.
These local conditions, used in the references, were taken from initial results of the
computation of boundary-layer edge conditions presented herein. This report discusses
the methods used and presents the final results for the calculated boundary-layer edge
conditions for the Reentry F flight experiment. The results of a study of the correlation
of the Reentry F transition data (refs. 4 and 5) with other flight data will also be pre-
sented. The effects of vehicle nose geometry, angle of attack, and Reynolds number on
transition are presented on the basis of ground test data at Mach 8.

SYMBOLS

Values are given in both SI and U.S. Customary Units. The measurements and
calculations were made in U.S. Customary Units.

A,B constants in equation (2)
ayj coefficients in equation (1)
D base diameter of model
b 07 SRP (-0.05M¢?)
e
ij it i
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00
H total enthalpy
h altitude; static enthalpy
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nondimensionalizing transition length variable used in calculating Reynolds
number (see eq. (1)), can be s, 6% 6, or some other length variable

nondimensionalizing constant length used in calculating Reynolds number
(see eq. (1)), can be D, 1 meter, model length, or some other constant
length

Mach number

1/N
u

exponent for N-power -law profile, &= @)
€

effective Prandtl number

power for unit Reynolds number

Pele

local unit Reynolds number, m
e

local Reynolds number based on surface distance from stagnation point,

Pele
he °
. e Pele
local Reynolds number based on surface distance to transition, o St
e

free-stream unit Reynolds number

local transition Reynolds number based on approximate 6t* (see ref. 12)
nose radius

surface distance from stagnation point

surface distance from stagnation point to beginning of transition

time

local velocity



Voo free-stream velocity

Xt axial distance to transition from virtual origin of vehicle

y distance normal to body surface

a mean angle of attack of vehicle at center of gravity

aR exponent in modified Crocco relation, ;% = <l>aR
e~ Hy \Ye

B mean angle of yaw at center of gravity

o boundary-layer thickness

5* displacement thickness

Gt* approximate displacement thickness defined in reference 12

6 momentum thickness

Be cone half-angle

Bc,eff effective cone angle used to obtain surface pressures by tangent-cone theory

fs cone half-angle for which shock shape was obtained

K coefficient of viscosity

p density

@ azimuthal angle for cylindrical coordinate system

Subscripts:

E reference conditions

e local conditions at edge of boundary layer

w wall conditions



FLIGHT VEHICLE AND TRAJECTORY

Description of Vehicle

The Reentry F flight vehicle, shown in figure 1, was a 50 half-angle cone 3.962 m
(156 in.) long with an initial nose radius of 2.54 mm (0.10 in.). Except for the graphite
nose, the vehicle was constructed from several truncated beryllium conical shells,
1.524 cm (0.6 in.) thick, bolted together to form a smooth external surface. (See ref, 6.)
The nose of the vehicle back to station 21.59 cm (8.5 in.) was constructed from graphite
to withstand the severe heating near the apex. This nose piece had an initial cone half-
angle of 5.3833°, This change in cone angle resulted in a 1.016-mm (0.040-in.) rearward-
facing step at the graphite-beryllium junction, which prevented a forward-facing step
during the data acquisition period. A gap was also provided at the graphite-beryllium
junction to allow for thermal expansion of the outer graphite shell of the nose. This gap
tended to close during the data period. (See ref. 6 for construction details of the nose.)
Details of the exterior geometry of the graphite nose are shown in figure 1,

Instrumentation

The vehicle was instrumented with thermocouples at 21 stations, 12 of which were
located on one conical ray. (See fig. 1.) The ray with the 12 stations is denoted as the
major instrumentation ray, or simply the major ray. The calculations presented herein
are applied mainly to this ray. A more detailed description of the Reentry F instrumen-
tation can be obtained from reference 6.

Trajectory and Vehicle Motion

The vehicle was launched from the NASA Wallops Station on a modified Scout vehi-
cle. The launch operation and trajectory are described in reference 6. The prime data
acquisition period occurred over the altitude range from about 36.58 to 18.29 km (120 000
to 60 000 ft). However, the body motions were such that below about 27 .43 km (90 000 ft)
the trim angle of attack increased, with the major thermocouple ray being continuously
located on the leeward side of the body. (See ref. 7 and figs. 2 and 3.) Consequently, the
temperatures of the beryllium shell were higher along the ray opposite from the major
ray, and as a result, some axial distortion or bending of the vehicle occurred. The anal-
ysis of this thermal distortion is given in reference 10.

The mean trim angle of attack, as measured from the axis of symmetry of the unde-
formed vehicle, never exceeded 0.75° during the prime data acquisition period. (See
fig. 2.) Locally, however, thermal distortion (ref. 10) increased or decreased the local
inclination angle with respect to the free-stream velocity vector. For example, at
18.29 km (60 000 ft) altitude with a trim angle of attack of 0.75°, thermal distortion
increased the local angle of attack at the most forward thermocouple station on the main
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ray to 1.550. This angle of attack is rather large for a 5° cone; however, it occurred
only at the most forward station at the end of the useful data period and had a negligible
effect on the main objective of obtaining transitional and turbulent heating data.

Although the main ray was predominantly leeward below about 25.91 km (85 000 ft)
altitude, this ray was not the most leeward ray, but was about 10° from the most leeward
ray. This circumferential displacement could have some influence on the local heating
rates and the variation of transition with angle of attack. The possible influence of angle
of attack and roll angle on boundary-layer transition will be discussed in a subsequent
section in which ground-facility test data are described.

METHODS FOR SOLVING BOUNDARY-LAYER EQUATIONS
WITH VARIABLE EDGE ENTROPY

The effects of nose bluntness on boundary-layer edge conditions were first discussed
in reference 13. Subsequently, several methods were developed for calculating these
effects for laminar, transitional, and turbulent boundary layers. (See refs. 14 and 15, for
example.) In reference 14 the problems associated with matching the viscid and inviscid
portions of the flow were noted. However, a recent paper (ref. 16) compared a boundary -
layer method including variable-entropy effects with results from a more exact viscous-
shock-layer method and found excellent agreement between the two methods. Therefore,
one of the possible limitations of conventional boundary-layer variable -entropy methods
has been shown to be minor.

Laminar Boundary Layer

A description of the present method used to account for the effect of variable entropy
at the outer edge of the laminar boundary layer for an ideal gas is presented in refer-
ence 17. A brief review of this method and a description of its extension to include the
effects of a real gas in thermodynamic equilibrium will be presented.

In reference 17 the similar boundary-layer equations were solved numerically, and
an iterative procedure was used to determine the external inviscid flow condition. In this
procedure the mass flow in the boundary layer at a given station for each iteration is
equated to the free-stream mass flow through a portion of the bow shock. For the first
iteration, the constant value of normal-shock entropy is used. For a known shock shape,
it is then possible to locate the coordinate, on the shock, of the streamline that enters the
boundary layer at the selected body station. The shock shape and entropy downstream of
the shock were obtained from conventional inviscid flow-field calculations. (See refs, 18
and 19.) The gas with this entropy and total enthalpy (determined from known flight veloc-
ity and static enthalpy) is expanded isentropically to the static pressure at the selected

6 W



body station. The static pressure at the edge of the boundary layer was obtained by the
method of references 18 and 19. The new values for the fluid conditions exterior to the
boundary layer are used in the next iteration. The boundary-layer equations are solved
again, and a new set of edge conditions are determined by the use of the mass balance
noted above. This iteration procedure continues until suitable convergence to a specified
external flow property results. For the present application, the convergence criterion
was a 1-percent (or less) change in the external velocity.

Tables of the fluid properties, p/py, pu/pEuE, and NPr,e used in reference 20
for the solution of the boundary-layer equations, were extended (by use of refs. 21 and 22)
to include the variation of these properties with local pressure. These tables were used
for the solution of the boundary-layer equations, and they were also used to obtain fluid
properties for calculating Reynolds and Stanton numbers. The acoustic velocity, including
the effect of pressure, was obtained from reference 21.

Transitional and Turbulent Boundary Layer

A description of the method for calculating the real-gas flow properties at the edge
of the turbulent boundary layer, including the effects of variable entropy, is presented in
reference 15. A brief description of the main features of the method is as follows: The
momentum integral equation, modified for variable entropy, is integrated by using the
Van Driest II skin-friction relation given in reference 23. The boundary-layer velocity
profiles are determined from a correlation of N with a parameter defined in refer-
ence 15 and the density profiles are obtained from a modified form of the Crocco enthalpy-
velocity relationship. Heat transfer is calculated from an empirical correlation of the
Reynolds analogy factor as a function of the ratio of wall to total enthalpy. (See refs. 24
and 25.) The properties of air in thermodynamic equilibrium were obtained from a
computer subroutine described in references 18 and 19 and the Prandtl number from
reference 22.

In the transition region the skin-friction coefficient and the velocity-profile expo-
nent N were assumed to vary with surface distance as hyperbolic tangent functions from
a laminar value at the start of transition to a turbulent value at the end of transition. At
the start of transition, the entropy at the edge of the boundary layer was matched with
that from the laminar-boundary-layer calculation described previously. In addition, the
boundary -layer velocity and total-enthalpy profiles were matched as closely as possible
to laminar values by adjusting N and apg (ref. 15). This procedure resulted in rea-
sonably well matched values of the boundary-layer thickness and boundary-layer integral
quantities at the beginning of transition.

The general method of solution is iterative, in which repeated calculations from the
beginning of transition to the end of the body are carried out until the change in velocity



at the edge of boundary layer from one iteration to the next falls within the convergence
limits. The convergence criterion is the same as that used for laminar flow, that is, a
change in velocity of less than 1 percent between iterations,

DISCUSSION OF RESULTS

Boundary-Layer Edge Conditions

The boundary-layer edge conditions were calculated for the flight conditions listed
in table I. These flight conditions represent (1) the most probable nose radii (ref. 8) (the
nose radii presented in ref. 8 are close to the nose radii used in the calculations of the
edge conditions), (2) the mean trim angle of attack (ref. 7), (3) vehicle deformation
(ref. 10), and (4) the location of the beginning and end of transition (ref. 5). The angle of
attack for 25.91 km (85 000 ft) and above, given as zero in table I, was actually finite but
was so small that the assumption of zero angle of attack could be made with a negligible
effect on the boundary-layer edge conditions. The effect of vehicle deformation on the
local angle of attack was very small down to altitudes of 21.34 km (70 000 ft) and was not
considered except at 18.29 km (60 000 ft), where two cases were computed. The first
case was calculated for the mean trim angle of attack of the undeformed vehicle. This
case, with no deformation, is believed to represent the vehicle attitude for that part of
the body with a turbulent boundary layer since the body bending in these areas is small.
The second case at 18.29 km (60 000 ft) included the effect of angle of attack and body
bending by assuming that the representative angle of attack on the forward part of the
body is the sum of the mean angle of attack and the angle due to thermal deformation in
the area of the forward measuring station. This case is believed to represent the local
attitude of the vehicle at the beginning of transition which occurred near the 40.6-cm
(16-in.) station at this altitude.

The calculated edge conditions Rg, Mg, te, and ty, are presented in figures 4,
5, 6, and 7, respectively. The edge conditions for the laminar portion of the boundary
layer were calculated to the 3.658-m (144-in.) station for all altitudes. The curves
representing the laminar conditions in figures 4 to 7 are dashed downstream of the begin-
ning of transition. Sharp-cone conditions are represented by a dash-dot curve for con-
ditions that vary with surface distance and by an arrow for values that are constant,.

A modified tangent-cone approximation was used to obtain inviscid flow properties
at the edge of the boundary layer at angle of attack. Presumably, the small angles of
attack experienced by the vehicle would make this approach reasonable, The method
consisted of solving the variable-entropy boundary-layer equations for a cone with a
pressure distribution equal to that of the basic 5° cone plus or minus the trim angle of
attack. The shock shape used, however, was for a 59 cone at zero angle of attack, This
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procedure appeared justified on the basis of results obtained from linear perturbation
methods. (See ref. 26.)

In figures 4 and 5 the variable-entropy edge conditions often overshoot the sharp-
cone values. This overshoot is caused by the overexpansion around the blunt nose of the
cone, which results in a value of entropy along the shock that is below the sharp-cone
value. However, a short distance downstream from the overexpansion, the entropy at the
shock approaches the sharp-cone values and then the edge conditions approach the sharp-

cone values.

From figures 4 and 5 it can be seen that the Reynolds and Mach numbers at the edge
of the turbulent boundary layer were very near sharp-cone values. The Mach number was
essentially constant, with a value of about 14.6, from the end of transition to the last mea-
suring station. The wall-to-total enthalpy ratio (fig. 7) was essentially constant, with val-
ues ranging from about 0.03 to 0.05, over the vehicle where the boundary layer was turbu-
lent. The velocity of the vehicle was almost constant over the altitudes where turbulent
flow was obtained; therefore, the total enthalpy was nearly constant and equal to about
18 MJ/kg (8000 Btu/lb). Thus, the only boundary-layer edge fluid property which varied
significantly for the turbulent portion of the boundary layer was the local Reynolds num-
ber. This varied from a minimum of 94 X 108 at 25.91 km (85 000 ft) altitude to a maxi-
mum of 320 x 108 at 18.29 km (60 000 ft) altitude. These results, therefore, indicate
achievement of the major goal of the flight experiment — namely, to obtain turbulent
heating rates at high Mach number, high total enthalpy, and low wall-to-total enthalpy
ratios.

The boundary-layer edge conditions for the laminar and transitional regions can be
significantly different from those for a sharp cone. For example, the Reynolds number
for the blunt cone at 36.58 km (120 000 ft) altitude is about a factor of 10 less than the
sharp-cone values at s = 12.7 cm (5 in.). This difference increases about two orders
of magnitude at 18,29 km (60 000 ft). In addition, the local Mach number at this location
is also reduced by a factor of two or three.

The bluntness effects on the laminar boundary-layer edge conditions are small in
the downstream portion of the cone. In fact, the calculated laminar edge conditions
approach the sharp-cone values near the end of the vehicle for all altitudes.

These large variations of edge conditions with altitude and distance along the body
strongly influence the local Reynolds numbers and the local Mach numbers at transition.
For example, the transition Reynolds numbers at the beginning of transition varied from
a maximum of 65.6 x 106 at 24.38 km (80 000 ft) to a minimum of 0.81 X 106 at 18.29 km
(60 000 ft). The corresponding Mach numbers were 14.43 and 5.55. The highest Mach
number at the beginning of transition was 15.1, which occurred at 30.48 km (100 000 ft)
altitude with the location of transition near the rear of the vehicle.



Transition Data

Reentry F data.- The transition Reynolds number data from table I are plotted as a
function of unit Reynolds number in figure 8. At 30.48 km (100 000 ft) the transition
Reynolds number is about 43 X 106 with a unit Reynolds number of 15,1 X 106 per meter
(4.6 x 106 per foot). At 24.38 km (80 000 ft) the transition and unit Reynolds numbers
increase to about 65.6 X 106 and 33 x 108 per meter (10.05 x 106 per foot), respectively.
Below 24.38 km (80 000 ft) the transition and unit Reynolds numbers decrease and at
18.29 km (60 000 ft) are 0.81 X 105 and 1.94 x 106 per meter (0.59 x 106 per foot),
respectively. In figure 9 the transition Reynolds number is presented as a function of

local Mach number. The maximum Mach number for which transition data were obtained
was 15.1 at 30.48 km (100 000 ft) altitude. Here the Reynolds number was about 43 x 106,
As the altitude decreased, the transition Reynolds number first increased and then
decreased while the local Mach number decreased. The maximum transition Reynolds
number is obtained at a Mach number of about 14.43. Figures 8 and 9 should only be

used to indicate the range of transition Reynolds number, unit Reynolds number, and

Mach number for the Reentry F data, since only a few of the parameters that can influ-
ence transition Reynolds number were constant over the trajectory.

Data points from Reentry F for the beginning and end of transition (Xt) for intervals
of not more than every 609.6 m (2000 ft) are shown in figure 10. These values of Xt
were obtained from reference 5 from experimental measurements of heating plotted
against axial distance for a given altitude. The edge conditions for the x; locations
were found from cross plots made from figures 4 to 7, in which edge conditions were
plotted against altitude for a given x; location. These edge conditions and transition
distance were then used in determining transition correlating parameters.

Correlations of Reentry F data.- In reference 12 correlations of transition data
were obtained from over 700 data points from flight and ground tests. The flight data
were limited to sharp cones at small angles of attack (o = 09) with local Mach numbers
ranging from 3 to 12. The correlations were obtained from a statistical, parametric

study, by use of a large computer program which considered the combined effects of unit
Reynolds number, Mach number, and boundary-layer wall-to-edge enthalpy ratio.

Correlations of the Reentry F data by using two correlating parameters,
Rg Rg*
log i and log _t
101" ""0.65 101""0.225
(R;) (Ry)
ence 12, are shown in figure 11. Both correlating parameters indicate a linear variation
with Fq, and both parameters appear to correlate the data equally well. The hooklike
variation of Rst with R and Me, which is noted for the high-altitude data in figures 8
and 9, is almost eliminated by using the correlating parameters in figure 11. The results

as functions of F1p, similar to those of refer-

10




in figure 11 suggest an influence of both local unit Reynolds number and Mach number on
the transition data since the wall-to-total enthalpy ratio was essentially constant over the
altitude range where the plots in figures 8 and 9 had the hooklike variation.

A refinement and extension of the method of obtaining the transition correlations
presented in reference 12 is described in part in reference 27. The general objective of
this new method is a further reduction of the standard deviation from least-squares curve
fits of the correlated data. This second method was formulated by assuming that the
parameters which determine the laminar -boundary-layer profile have a strong influence
on the stability of the laminar boundary layer and its transition to turbulent flow. For a
sharp cone with no mass transfer from the wall, the major parameters which control the
mean laminar profile are Mg and ty. In addition, the local unit Reynolds number must
also be considered as a parameter in view of results reported in reference 12. The total
enthalpy and pressure level can have some influence on the laminar profiles; however,
their influence on transition is expected to be small. As a result of such reasoning plus
the insight gained from past experience, the following form for a correlation was assumed
(ref. 27):

i i
R ift

®R) 99 e

The largest value for i and j actually used in the calculation was 2; therefore, the
form of the equation should be able to account for the data with a transition reversal which
occurs as a result of the lowering of the wall temperature. (The equation cannot account
for a re-reversal in transition unless i>2.) The parameter ty/te correlated the data
better and resulted in a simpler equation than ty alone. (Note that te =1 (Me) for an
ideal gas.) The constants for n and the matrix of ajj values given in table II were
determined by trial and error as described in reference 27, which used the over 700 data
points from flight and ground tests from reference 12.

A correlation of the Reentry F data is shown in figure 12 by using the correlating
parameters from equation (1) and the empirical coefficients from table IL (Additional
coefficients for flight, ballistic-range, and wind-tunnel data can be found in ref. 27.) If
there was a perfect correlation with equation (1), the data would lie along a straight line
through the origin with a slope of 1, referred to as the line of perfect fit. The parameter
Rét*/(Rl)O'3 (where 1= 0.3048 m (1 ft)) correlated the data near the line of perfect fit.
The Rst/(Rz>0'7 parameter did not correlate with the line of perfect fit but did show a
linear variation. Generally, a group of parameters can be found that will adequately cor-
relate transition data from a particular experiment, as seen with the RSt /(Rl)0'7 param-
eter. However, the generality of a group of parameters is increased if they correlate
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data from several experiments. The transition data from free-flight tests of cones used

in reference 12 and the Reentry F data have been compared in terms of the above corre-
lation parameters.

Comparisons of Reentry F data with other flight data.- In figure 13 about 80 flight
data points from reference 12 and the Reentry F data are correlated by use of the param-
eters RSt /(RZ)O'GS and Fj. The standard deviation from a straight line fitted by the
method of least squares for the 80 data points from reference 12 is less than 45 percent.
The Reentry F data, except at the highest values of F; (high local Mach number), lie
significantly below the linear curve. The deviation of the Reentry F data from the curve
at values of Fi less than about 6 is mainly due to the influence of nose bluntness on
transition. In reference 28 the effect of bluntness and angle of attack is shown for a tran-
sition correlation of R@t*/ (RZ)O.ZS with Mg for both flight and wind~-tunnel data. The
correlation showed that for a local Mach number less than about 5 the data departed from
the high Mach number linear correlation in a manner similar to the data shown in fig-

ure 13. The data that departed from the linear fit were represented by a blunt-body low
Mach number (Me < 5) linear curve fit with a much higher slope than the high Mach num-

ber (Me > 5) straight line.

0.225
The data correlate better when the parameters Rét*/(Rl) and F; are used,

as shown in figure 14. The apparent improvement of the correlation in figure 14 over
that of figure 13 is caused partly by the fact that R(,t* o« JR_S Despite the indication of
an improved correlation in figure 14, the standard deviation from the faired line is about
43 percent in terms of Rg. However, for this correlation the Reentry F data are in
closer agreement with the other 80 data points than they were in figure 13.

The Reentry F data and other flight data used in figures 13 and 14 are also corre-
lated by using equation (1) with the coefficients given in table II. Results in the form of
Rsy /(RZ>O’7 plotted against F9, shown in figure 15(a), indicate reasonable agreement
between the Reentry F data and the other flight data, with the Reentry F data usually a
little lower than most of the other flight data. For values of Fo less than 2.0, the large
scatter band is probably due to the effects of bluntness. Neither the other flight data nor
the Reentry F data lie along the line of perfect agreement (dashed line). However, a
straight line (solid line) was fitted to the flight data (ref. 12) by using the method of least
squares. The standard deviation of all the flight data (ref. 12) from the solid line is
about 42 percent. The linear fit to the flight data (ref. 12) in terms of the parameters of
figure 15(a) is given by

R

S
log1g ot.'? = A + BFy (2)
(Ry)

where A and B are 0.282 and 1.07, respectively.
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The two sets of flight data are also compared by using the parameters RGE*/(RZ)OB
and Fy, as shown in figure 15(b). Here again, the flight data (ref. 12) do not agree with
equation (1) (line of perfect agreement, dashed line). The flight data do agree with the line
faired through the data to within 38 percent (solid line), and the Reentry F data agree well
with the faired curve. The equation for the faired curve is

Rg t*
log1o - 03" 0.81645F9 + 0.56591 (3)
l

It is concluded that the Reentry F transition data agree well with other data in terms
of appropriate correlation parameters. Hence, the Reentry F data extend the range of
correlating parameters to a condition of higher local Mach number.

Wind-tunnel transition results.- It has been previously noted that the graphite nose

of the Reentry F vehicle was designed with an initial rearward-facing step at the graphite-
beryllium junction that prevented a forward-facing step during the data acquisition period.
In addition, a gap provided at this junction allowed for thermal expansion of the outer shell
of the graphite nose piece. (See fig. 1 and refs. 4 and 6.) A wind-tunnel investigation was
conducted at a Mach number of 8 to determine the possible effect of this gap and step on

transition.

Tests were conducted with a thin-skin metal model by use of the transient technique
for measuring heating to the model. A description of the model, the facility the model
was tested in, the test procedure, and the data reduction procedure are described in ref-
erence 29. Locations of the beginning and end of transition were obtained from the inter-
section of straight lines faired through the laminar, transitional, and turbulent portions
of plots of Stanton number against Reynolds number. Four different nose configurations
(ref. 29) were used in the wind-tunnel tests. A model with a smooth nose having a radius
of 2.54 mm (0.10 in.) served as the reference configuration. A 0.96-scale model of the
preflight Reentry F nose with the step gap shown in figure 1 was the second nose config-
uration tested. The third configuration tested was a 0.96 scale with a 3.56-mm (0.14-in.)
forward-facing step. (At one time it was postulated that a failure of the outer shell, which
would result in a forward-facing step, might explain the unusual laminar heating rates at
the lower altitudes of the data acquisition period. However, after the ground test of the
nose configuration was completed it was determined that the unusual laminar heating was
due not to a failure of the outer shell but rather to effects of angle of attack (ref. 29).)
The total length of the wind-tunnel models was 72.4 cm (28.5 in.). Therefore, when the
nose radius was about 2.54 mm (0.10 in.), the test simulated only the first 72.4 cm
(28.5 in.) of the Reentry F vehicle. In order to simulate the full-scale vehicle in terms
of s/rp, afourth model with a 0.508-mm-radius (0.020-in.) nose was also tested. For
a significant portion of the data acquisition period of the flight experiment, the mean



location of the main thermocouple ray was about 10° from the most leeward ray. The
wind-tunnel model was therefore tested with the thermocouple ray 10° from the most
windward and most leeward rays. The wind-tunnel tests, by using the various noses
and 10° of roll, were performed over an angle-of-attack range from 0° to 1.5° in 0.5°
increments.

The results of the wind-tunnel investigation for the location of transition St, using
the same four models described above, are presented in figure 16 for o = 0° and for
the windward and leeward rays (o = 0.5, 1.09, and 1.59). In comparison with the data
from the model with the 2.54-mm (0.10-in.) nose radius, the influence of the step-gap on
transition was negligible at all test Reynolds numbers and angles of attack. The forward-
facing step, however, tends to move transition forward with respect to the other data at
the higher angle of attack. This forward movement of transition is more pronounced on
the windward ray. The effect of 10° roll on the beginning and end of transition was inves-
tigated and found to be negligible for these nose shapes at the angles of attack investigated.

The transition data for the smooth nose geometry with r, = 2.54 and 0.508 mm
(0.100 and 0.020 in.) and o = 00 are plotted in figure 17 as a function of angle of attack
for various values of the free-stream unit Reynolds number. There is much disagree-
ment between existing data as to the influence of angle of attack on the location of the
beginning of transition. Some data indicate that with respect to « = 0° data, the loca-
tion of transition moves rearward on the windward surface and forward on the leeward
surface (ref. 30); other data indicate that transition moves forward on both the windward
and leeward surfaces but at different rates with angle of attack. These apparently con-
flicting results may depend on nose radius, angle of attack, unit Reynolds number, Mach
number, cone angle, and test facility. The results of figure 17(a) indicate that for the
large nose radius (rn = 2.54 mm (0.100 in.)) transition moves forward with an increase
in angle of attack for both the windward and leeward surfaces over the range of unit
Reynolds numbers tested. In addition, for a given unit Reynolds number, the leeward
surface has an onset of transition closer to the nose than the windward surface. In fig-
ure 17(b) data for a small nose radius (rn = 0.508 mm (0.020 in.)) over the same range
of unit Reynolds numbers show the same trend for the leeward surface as figure 17(a).
However, for the windward surface, the four highest unit Reynolds numbers show a nearly
constant location for the onset of transition, whereas for the three lowest unit Reynolds
numbers, a rearward movement of the onset of transition is shown. The conflicting
results for the movement of transition with the angle of attack on the windward surface
indicate a strong dependency of the location of transition on unit Reynolds number and
nose radius. The present wind-tunnel data do not agree with the trend shown by the
Reentry F data (refs. 4 and 5) and found by others (ref. 31) — namely, a more forward
movement of transition on the windward ray than on the leeward ray. The present wind-
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tunnel data do illustrate the complexity of the transition problem on blunted cones at
angle of attack and serve to emphasize the need for caution in generalizing the results
of a few tests.

CONCLUSIONS

Boundary-layer edge conditions that include the effects of variable entropy have
been calculated for the Reentry F flight test over a range of altitudes from 36.58 to
18.29 km (120 000 to 60 000 ft) and velocities near 6.096 km/sec (20 000 ft/sec). The
geometry and vehicle attitudes used in the calculation of edge conditions were obtained
from previous publications and include the effects of nose radius, angle of attack, and
deformation caused by unsymmetrical heating. The transition Reynolds numbers based
on these local conditions and the known locations of transition have been determined, and
data have been compared and correlated with previous flight and wind-tunnel data from
sharp cones at small angles of attack. The following conclusions can be made:

1. Boundary-layer edge conditions over that part of the body where fully developed
turbulent boundary-layer flow was experienced were approximately constant and close to
the sharp-cone values. The edge Mach number was approximately 15, and the maximum
local Reynolds number was about 3 X 108,

2. Transition Reynolds numbers varied considerably during the prime data acquisi-
tion period. The maximum local transition Reynolds number was about 6.6 X 107 for a
local Mach number of about 14.4 at 24.38 km (80 000 ft) altitude. The minimum transi-
tion Reynolds number was 0.8 X 108 with an edge Mach number of about 6 at 18.29 km
(60 000 ft) altitude.

3. The transition Reynolds numbers for the Reentry F flight were correlated in
terms of local parameters, which included the unit Reynolds number, Mach number, and
the wall-to-edge enthalpy ratio. The correlations of the Reentry F data agreed well with
correlations from other flight data for some correlating parameters.

4. A wind-tunnel investigation of the effects of small angles of attack on transition
along the windward rays of a 5° half-angle cone shows that the movement of transition is
modified considerably by unit Reynolds number and nose bluntness. The results on the
leeward ray always indicate a forward movement of transition with angle of attack.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., June 12, 1972,
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TABLE L. - TRANSITION DATA FOR REENTRY F VEHICLE

=+

(a) SI Units

Beginning of transition End of transition
Altitude Voo T'n, o, |8 , .
B e R R R R R o I R
per meter ’ t
36.58 6.03 119.25|2.896| 0 5
30.48 6.02 |19.79] 3.099| 0 5 2.908] 15.10 43.0 x 108 14.78 x 108
27.43 6.00 |20.07j 3.251; 0 5 2.294| 14.93 53.5 23.32
25.91 5.99 |20.03] 3.327| 0 5 2.169( 14.78 60.0 27.65 3.42 | 14.8 94 x 108
24.38 5.97 |[19.97( 3.429| .140; 4.860| 1.986| 14.43 65.6 32.97 3.117} 14.85 113
22.86 5.94 | 19.89{ 3.556( .425| 4.575|1.402] 13.29 39.5 28.16 2.629| 15.25 120
21.34 5.90 |19,95| 3.683| .660} 4.340|1.186| 11.93 29.0 24.44 2.380] 15.60 140
19.81 5.86 |19.97| 3.835( .715]| 4.285( .81B| 9.34 10.5 12.83 2.256| 15.60 168
218.29 5.80 |19.95| 3.988| .750| 4.250( .419| 5.78 1.21 2.88 2.253| 15.37 203
b1g.29 | .5.80 |19.95|3.988] 1.55 | 3.45 419 5.55 .81 1.93 2.253
(b) U.S. Customary Units
ﬁ Beginning of transition End of transition
A]tlfttude’ ft‘;asolac M :'rrlv d(;’g Bcd’:éf, St Me Local Reynolds Locih;%iérr{e}ﬁmlds Sty Mg Local Reynolds
in. number, Rg per foot in. number, Rg
120 000| 19 786 {19.25(0.114|0 5
100 000| 19 747 119.79| .122|0 5 114.5|15.10 43.0 % 108 4.507 x 108
90 000| 19 687 {20.07| .128|0 5 90.314.93 53.5 7.110
85 000| 19 638 {20.03| .131|0 5 85.4 (14.78| 60.0 8.43 134.8}14.8 94 x 108
80 000| 19 572 (19.97| .135| .140} 4.860 | 78.2(14.43 65.6 10.05 122.714.85 113
75 000| 19 482 |19.89| .140] .425] 4.575| 55.2(13.29 39.5 8.585 103.515.25 120
70 000| 19 367 |19.95| .145] .660) 4.340 | 46.7 (11.93 29.0 7.45 93.7|15.60 140
65000} 19 215|19.97| .151] .715 4.285 | 32.2( 9.34 10.5 3.912 88.8|15.60 168
260 000| 19 018 [19.95] .157| .750| 4.250 | 16.5| 5.78 1.21 .88 88.715.37 203
bgo 000l 19 018 |19.95| .157|1.55 | 3.45 16.5| 5.55 .81 .589 88.7

2 condition assumed to be most applicable for turbulent portion of boundary layer.
b Condition for 40.6-cm  (16-in.) station and assumed to be most applicable for laminar boundary layer at beginning

of transition.

o
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TABLE IL - COEFFICIENTS2 FOR F, PARAMETER BASED ON
FLIGHT - AND GROUND-TEST DATAP
B:oamam uﬁﬂ

ajj for j equalto -

0 1 2
n. -—
Ry, /(Rl) : n=0.7
1.6788 0.049553 0
1 .064804 -.0039106 0
-.013079 -.013260 .0015698

0 0.70579 0.17929 0
1 .377680 -.042345 0
-.11602 .024173 -.0011112

4 Based on minimum standard deviation.
b Reference 12.
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(a) h=36.58 km (120 000 ft); V. =6.03 km/sec (19 786 ft/sec);

rp = 2.896 mm (0.114 in.); ¢ eff = 5°.

Figure 4.- Local Reynolds number along vehicle.
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(b) h = 30.48 km (100 000 ft); V,, =6.02 km/sec (19 747 ft/sec);
ry = 3.099 mm (0.122 in.); 0, eff = 5°.

Figure 4.- Continued.
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Figure 4.- Continued.
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(e) h=24.38 km (80 000 ft); V, =5.97 km/sec (19 572 ft/sec);

rp = 3.429 mm (0.1351in.); 6c eff = 4.860°.

Figure 4.- Continued,

oy



109 _
=
8 4—-7’)%/
10 P
- ==
= Sharp cone I // P et
i / / amiuar
-~ 1
vt
- N /
//
~ Laminar / -L Transition —I Turbulent
- I !
/ /
A/
R 10 [T /
106 - /
End
— of
body
r Thermocouples
10° [ 1 1 | I [ 11 | ] ] ] |
0 20 40 60 80 100 120 140 160
s, in.
| | | | ]
0 1 2 3 4
s, m

(f) h=22.86 km (75 000 ft); V,, = 5.94 km/sec (19 482 ft /sec);
rp = 3.556 mm (0.140 in.); 6c,eff = 4.575°.

Figure 4.- Continued.
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(g) h=21.34 km (70 000 ft); V., = 5.90 km/sec (19 367 ft/sec);
rp=3.683 mm (0.145 in.); 6 eff = 4.340°.

Figure 4.- Continued.
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Figure 4.- Continued.
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rp = 3.988 mm (0.157 in.); 6c eff = 4.250°.

Figure 4.- Continued.
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Figure 4.- Concluded.
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(@) h=36.58 km (120 000 ft); V, = 6.03 km/sec (19 786 ft/sec);

rp = 2.896 mm (0.114 in.); 6 eff = 5°.

Figure 5.- Local Mach number along vehicle.
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(b) h = 30.48 km (100 000 ft); V,, = 6.02 km/sec (19 747 ft/sec);
ry = 3.099 mm (0.122 in.); 6 eff = 5°.

Figure 5.- Continued.
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(c) h=27.43 km (90 000 ft); V, = 6.00 km/sec (19 687 ft/sec);
rp=3.251 mm (0.128 in.); 6 eff = 5°.

Figure 5.- Continued.
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Figure 5.- Continued.
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(e) h=24.38 km (80 000 ft); V, = 5.97 km/sec (19 572 ft/sec);
rp = 3.429 mm (0.135 in.); 6c eff = 4.860°..

Figure 5.- Continued.
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(f) h=22.86 km (75 000 ft); V., = 5.94 km/sec (19 482 ft /sec);
rp = 3.556 mm (0.140 in.); ¢ eff = 4.575°.

Figure 5.- Continued.
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Figure 5.- Continued.
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rp=3.835 mm (0.1511in.); 6 eff = 4.285°.

Figure 5.- Continued.
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(h) h=19.81 km (65 000 ft); V, = 5.86 km/sec (19 215 ft/sec);
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(i) h=18.29 km (60 000 ft); V_ = 5.80 km/sec (19 018 ft/sec);

rp = 3.988 mm (0.157 in.); ¢ eff = 4.250°.

Figure 5.~ Continued.
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(j) h=18.29 km (60 000 ft); V, =5.80 km/sec (19 018 ft/sec);
rp = 3.988 mm (0.157 in.); Oc,eff = 3.459,

Figure 5.- Concluded.
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(a) h=36.58 km (120 000 ft); V, =6.03 km/sec (19 786 ft/sec);
rp=2.896 mm (0.114 in.); 6 eff = 5°.

Figure 6.- Local edge enthalpy ratio along vehicle. bg = 50
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(o) h = 30.48 km (100 000 ft); V. = 6.02 km/sec (19 747 ft/sec);

rp = 3.099 mm (0.122 in.); ¢ eff = 5°

Figure 6.- Continued,
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(¢) h=27.43 km (90 000 ft); V, = 6.00 km/sec (19 687 ft/sec);
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rp = 3.251 mm (0.128 in.); 6 eff = 5°.

Figure 6.- Continued.
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h = 25.91 km (85 000 ft); V., = 5.99 km/sec (19 638 ft/sec);
rp = 3.327 mm (0.1311in.); ¢ eff = 5°.
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(e) h=24.38 km (80 000 ft); V. =5.97 km/sec (19 572 ft/sec);
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rp = 3.429 mm (0.135 in.); ¢, eff = 4.860°,

Figure 6.- Continued.
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() h=22.86 km (75 000 ft); V,, = 5.94 km/sec (19 482 ft/sec);

ry = 3.556 mm (0.140 in.); 6 eff = 4.575°.

Figure 6.- Continued.
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(g) h=21.34 km (70 000 ft); V= 5.90 km/sec (19 367 ft/sec);
ry = 3.683 mm (0.145 in.); 6c eff = 4.340°,

Figure 6.- Continued.
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r, = 3.835 mm (0.1511in.); 6 eff = 4.285°.

Figure 6.- Continued.
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(i) h =18.29 km (60 000 ft); V. =5.80 km/sec (19 018 ft/sec);
ry = 3.988 mm (0.157 in.); 6 eff = 4.250°.

Figure 6.- Continued.
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(j) h=18.29 km (60 000 ft); V. =5.80 km/sec (19 018 ft /sec);

rp = 3.988 mm (0.157 in.); 6c eff = 3.45°.

Figure 6.- Concluded.
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(a) h=236.58 km (120 000 ft); V., =6.03 km/sec (19 786 it/sec);
rp =2.896 mm (0.114 in.); 6¢ eff = 5°.

Figure 7.- Local wall enthalpy ratio along vehicle g = 59,
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(b) h = 30.48 km (100 000 ft); V. =6.02 km/sec (19 747 ft/sec);

ry = 3.099 mm (0.122 in.); 6 eff = 5°

Figure 7.- Continued.
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(c) h=27.43 km (90 000 ft); V_ =6.00 km/sec (19 687 ft/sec);
rp=3.251 mm (0.128 in.); 6, efr = 5°.

Figure 7.- Continued.
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ry = 3.327 mm (0.131 in.); 0c eff = 5°.
Figure 7.~ Continued.
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(e) h=24.38 km (80 000 ft); V., = 5.97 km/sec (19 572 ft/sec);
rp = 3.429 mm (0.135 in.); 6 eff = 4.860°.

Figure 7.- Continued.
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(f) h=22.86 km (75 000 ft); V, = 5.94 km/sec (19 482 ft/sec);
r, = 3.556 mm (0.140 in.); 6 eff = 4.575°.

Figure 7.- Continued.
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(g) h=21.34 km (70 000 ft); V. =5.90 km/sec (19 367 ft/sec);
rp = 3.683 mm (0.145 in.); ¢ eff = 4.340°.

Figure 7.- Continued.

60 “ -



10

160

1
- [ i iransition Partiniont
|t
|
/
[— \
~ L]
|
— b t——
- traphite nose
t geryllium skin
L
Thermocouples
1
[ ] 1 [ 1 I [ 1 ] 1 I ]
20 40 60 80 100 120 140
s, in.
L i | 1
1 2 3 4
S5, m

(h) h=19.81km (65 000 ft); V. = 5.86 km/sec (19 215 ft/sec);
r, = 3.835 mm (0.151 in.); Oc,eff = 4,285°,

Figure 7.- Continued.
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Figure 7.- Concluded.
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