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FOREWORD

This preliminary flight report for Vehicle R-26 is submitted under
the terms of CCK No. 23 (dated 2 May 1957) to Contract A¥ ol(645)-7 with ]
the Ballistic Missiles Division, Air Research and Development Command.

A final report on the R-26 vehicle will be submitted within three monthe

of the flight date.

Prepared by:

D. M. Tellep and

H. Hcshizaki

Approved by:

M. Tucker

J. M. McCutcheon
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NOMENCLATURE

c Specific heat

c Skin-friction coefficient
D Body diameter
e Internal energy

f  Density ratio = (p/p )

h Static enthalpy
H Total enthalpy
Y Thermal conductivity

m Molecular weight

M Mach number

4 4°
aAt

M  Modulus in heat-conduction eguations -
P Pressure

Pr Prandtl number

q .Heat rete

r Distance from axis of revolution to body surface

X
R Body radius 2
= ’ f Pe He ue I'o X
Re Integrated Reynolds number =
" H.2 r,2
‘1D Reynolds number based on diameter and free-stream
P u, D
conditions = 1 1
Hy
viii
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Rem Reynolds number based on body radius and free-stream
i £, uw R
conditions = My 05 = o {
Hy - f p, u ' rdx
Re T Turbulent Reynolds number = - o :
I‘l w rO ue
E Re° Reynolds number bused on local flow conditions and momentum
; P Y, )
thic'ness =
He
[ t  Time
T Temperature
u Velocity
l x Distance along body surface, measured from stagnation point
l Yy Distance normal to body surface
z  Velocity ratio = (ii/u)) " 1
©  Thermal diffusivity = k/pc ?
B Angle between tangent to body surface and free-stream direction ;
]
¥y  Polytropic constant = (Oh/ ae)s | 4
é Skin thickness 4
é Boundary-layer thickness
€ Depth of thermocouple {
0 Angle between normal to body surface and free-stream direction
0 Momentum thickness
K Body-surface curvature
u Absolute viscosity
|
y Kinematic viscosity
1
P Density
L
ix
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T Shear stress or Reynolds stres:c
1 3
g =" (P/p )
o]
Subscripts
. Free-stream conditions ahead of shock
A Stagnation-point condition
e Local condition just outside boundary layer
o] Body-surface condition
P Thermocouple location
t2 Stagnation conditions behind normal shock
T Transition conditions
w Body-surface conditions
X
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Separation of the first and second stages occurred at 93,500 ft.

altitude at 309.86 sec. Velocity at the time of separation was 4,860 ft/sec.
Second-stage ignition occurred 0,74 sec. later at 90,00 ft. altitude.

t ) The second-stage configuration was accelerated to a velocity of 9,000 ft/sec.

{ at 75,000 ft. altitude.

i Third-stage ignition occurred satisfactorily 2.46 sec. after second-

| stage ignition. The final configuration was boosted to a peak velocity of
N 13,300 ft/sec. at 58,500 ft. altitude. Figure 4 contains the second- and

third-stage velocity and altitude time histories. The corresponding Mach

and Reynolds numbers are shown in Figure 5.

A b by S e

- A summary of important events during the flight is given in Table I,

i below.
[ Table I
Summary Of Important Events
r i
: Event Time (sec.) Velocity (fps.) Altitude (ft.)
i First-to-second
: : stage separation 309.86 4,860 93, 500
t ‘ Second-stage ignition | 310.60 4, 800 90,500
; Third-stage ignition 313.06 9,000 7k, 200
l Peak velocity 31h4.7 13, 300 58, 500

The longitudinal, normal, and lateral accelerations during re-entry are
| presented in Figs. 6 and 7. In the vicinity of third-stage burnmout, 31h4.7

( seconds, the normal and lateral accelerometer data (Fig. 7) show that the
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vehicle was pitching with an amplitude of ebout 3 degrees.
at this time was 2.3 cps. Four seconds after third-stage

angle of attack decreased to about one degree.
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. SUMMARY
\
3

The X-1T7 R-26 vehicle re-entered the atmosphere at a nominal velocity
of 5000 ft/sec. Second- and third-stage thrust increased the velocity to a
peak value of 13,300 ft/sec. As the vehicle descended from 90,000 to 46,000
ft., the Reynolds number,Je.SD, based on free-stream conditions and body
diameter, ranged from 1.0 to 16.5 million.

Temperatures were measured at 23 locaticns on the nose, a 9-in. diameter,
nickel-plated copper hemisphere. The surface of the nose was pollshed to a
nominal 1/2-microin. rms surfz;ce finish, except for two narrow patches of 45
microin. rms roughness. These rough patches both covered a major thermocouple

run. OCne patch started at the 20-degree bedy-angle locavion, while the other

began at the 40-degree position. Data were also obtained on a smooth control rtm‘

The results of the data analysis indicate that trsnsition first occurred
on the U45-microinch rms roughness runs at the 45-degree position. The
tion front then moved forward on both thermoco onto the polished
portion of the nose to the w%k@agréé"fg;;ion. Transition occurred on the
smooth control M’bﬁf‘;‘j seconds after transitlion was detected on the
rougp;i'fmﬁ;.

K_y‘he most significant fact observed on this flight was that roughness
caused early transition but did not control the rate or extent of the sub-

sequent forward movement of the transition front.

«1-
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TRAJECTORY

The R-26 flight test was conducted 22 August 1957. The vehicle was
launched from Cape Canaveral, AFMIC, Florida, at 1003 hours, EST. The
launcher setting was 77.3o elevation and 750 azimuth. The existing winis
produced a trajectory which was equal to a zero-wind launcher setting of
77.4° elevation and 88° azimuth.

Camera tracking data was obtalned until the vehicle disappeared
through a cloud layer at about 15,000 ft. altitude. Radar tracking data
was obtained over the apogee of the trajectory to the first-stage-separation
altitude of 93,500 ft. Ignition of the first-stagé rocket was normal, and
first motion occurred at 0.34 sec., AFMIC time.

Figure 1 presents the first-stage velocity, altitude, and range time
histories, based on a computed extrapolation of the radar data. The ex-
panded time history of the first-stage boost phase, Figure 2, indicates
that the motor performance was normal and that a maximum velocity ..f 5100.
feet per second was realized. Figure 3 contains the corresponding Mach-
number and Reynolds-number time-histories. Atmospheric data obtained at
launch were used to determine the Mach number and Reynolds number. The
Reynolds number is based upon free-stream properties and the nose-cone

diameter.
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INSTRUMENTATION

The R-26 nose was & 9-in. diameter hemisphere. It weas farricated
from high-purity, vacuum~-melted copper (Cupro - Vac E, supplied by Vacuum
Metals, Inc.) and plated with & thin leyer of nickel. Thermocouple plugs
were fabricated from OFHC copper.

Instrumentation cqnsisted of 8 ultradyne pressure transducers and
23 chromel-alumel thermocouples. The detailed locations of pressure
orifices and thermocouples are gshown in Fig. 8. The thermocouples are
given letter designations from A through W for reference in the remainder
of this report. Table IT lists the thermocouple locations, depths, and
wall thicknesses. Pressure orifice locations are presented in Table III.
The thermocouple installation technique is described in Refe,ence 1,

Part II, Instrumentation Section.
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R-26 Thermocouple Locations

Angular Distance from
Thermocouple Stagnation Point (Degrees)
A 0 M
B 15
c 22.5
D 30
E 37.5 L
F k5 Ls-microinch rms
G 52.5 roughness area
H 60 beginning at 40°
I 67.5
J (&
K 30
L 37.5
M hs.0 control runm,
N 52.5 1/2-microinch rms
0 15 )
P 22.5
Q 30
R 315
S 45 L5-microinch rms roughness
i 52.5 area beginning at 20°
U 60
\ @75
W ™ _
Total wall thickness 0.755 in.
Depth of thermocouple junctinns 0.025 in. After buffing
Thickness of nickel plating 0.005 in.
e
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Tahle III

R-26 Pressure-Jrifice Locations

Orifice Angular Distance From Stagnation Point, (Degrees)
A 25
B 60
C 65 |
D 70 {
E ™
F 80
G 85
H 90
1
|
~T- 1'
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SURFACE FINISH

The R-26 nose was plated with 7 mils of nickel over a copper strike
applied at T5 amperes per square foot for three minutes. Plating results
were good, and the surface was buffed and polished with various grades of
diamond compounds in the usual manner (Reference 2}.

During the buffing operation, the nickel plate was completely removed
in a small region (See Table IV, below), and it was necessary to replace
the nickel using Dalic electroplating procedure. The deepest pit on the
instrumented surface was 60 microinches deep. All defects of depth greater
thar 20 microinches are listed below in a polar coordinate system defined
ag distance from the stagnation point in inches, and degrees counter-clockwise
from tke +Z axis looking aft. The general surface finish as inferred from

interferograms was about 1/2 microinch rms.

After the polishing operations were completed, two roughness patches
were made on the surface. Both patches were approximately 45 microinches
rms and covered the two major thermocouple runs. An 80 TP carborundum
abrasive was used to roughen the patches. The patch covering thermocouple
run A-J began 40 degrees aft of the stagnation point, and the other began
at the 20-degree position. Other details avout the roughness areas are

indicated in Fig. 8.

-8a
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{ Table IV i
T List Of Surface Defects
Defect Distance Degrees Diameter (mils)| Depth j
. (microin.)
Y i
] Pit 0.6 105 3 15 |
Pit 0.7 250 3 50 s
f Pit 1.2 40 5 60 '
5 Pit 1.4 160 2 20
Pit 1.9 120 3 20
r Pit 2.1 240 L 30
I Pit 2.2 15 T 50
' Pit 3.3 325 5 25 !
. Dalic Patch 1
[ -Nickel Interface 3.9 70 1-1/2 in. sq. 20-30
| Pit k.3 335 8 50 |
0 i
| 5
{ ‘
{
{
1
i
|
[
| |
|
{
[
|
-9-
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TELEMETERING AND DATA REDUCTION

Nose temperature data om the R-26 flight were monitored 6n telemeter
channel 16. The general quality of the data was not as good as on previous
flights, due possibly to a dirty or worn commutator. Although nose tempera-
ture data were obtained to approximately nine seconds after third-stage
burnout, the data were reduced only up to 321 seconds (approximately 6.5
seconds after third-stage burnout).

The actual temperature data are presented in Figs. 10 to 32. Automatic
decommutation of the data was possible up to 312 seconds. Betweer 312 and 321
seconds the data were manually decommutated.

Thermocouples R, S, T, U, and V ylelded questicnable temperature data
beglnning between 316 and 318 seconds, as seen in Figs. 27 to 3l.

Tiose static pressure measurcments were obtained on channel 1k. Due to
in-flight calibration shifts, the data are believed to be accurate to only
1.5 percent of total bandwidth. The actual pressure data during re-entry

are presented in Figs. 55 to 63.

-10-
LOCKHEED AIRCRAFT CORPORATION AT MISSILE SYSTEMS DIVISION

——
L




o

e ¢ 60 ¢ ©
e <

IMSD-2595

THERMOCOUPLE DATA-SMOOTHING TECHNIQUE

The commutated thermocouple data contein a certain amount of scatter,
which would produce erratic heat rates if used as reduced. Therefore, in
order to solve the transient heat-condﬁction problem at each thermocouple
location, it is necessary to first smooth the data.

The data-smoothing technique uses a second-degree, least-squares,
"walking" polynomial. A least-squares parabola is fitted to nine consecu-
tive data points, and the center value of the parabola is taken as the smoothed
data point. The polynomial ir then advanced along the raw data by dropping
one data point and addirz a new >ne. The procedure is repeated to cbtain
additional smoothed points. Details of the data-smoothing techrique are

given in Appendix A of Reference 1. , 1

=11~
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METEODS OF ANALYSIS

The state of the boundary layer at each thermocouple location during
re-entry is determined primarily from a comparison of the observed heat
retes wlth laminar and turbulent predictions. The observed heat-transfer
and temperature distributions over the surface are also examined for evidence
of transition.

The laminer and turbulent heat-transfer predictions were made for the
measured trajectory using the Rocket-Panel atmosphere (Reference 3) and
actual nose temperaturé data. The laminar heat-transfer rates were predicted
from the AVCO stagnation-point theory (Reference 4) for an equilibrium
boundary layer with Prandtl mumver 0.7l and Lewic mumber 1.4. The Bromberg-
Lees theory for the distribution of laminar heat transfer (References 5 and 6)
was used. Turbulent heat rates were computed from the theory by Denison
(Reference T), which extended Van Driest's procedure (Reference 8) to blunt
% bodies at hypersonic speeds and also by a method developed by Bromberg, Fox,

A and Ackermann (Reference 9).
Application of the boundary-layer theories requires a knowledge of thc
inviscid flow field outside the boundary layer. The inviscid flow was
'determined vy combining the Newtonian and Prandtl-Meyer pressure distribu-

tions and assuming isentropic expension fiom the stagnation point. The

-12-
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e Prandtl-Meyer flow was matched io the Newtoniea pressure distribution et a

| point where the pressure and derivative cof pressure with respect to angle

are identical, as suggested by Leez. A specific heat ratio of 1.4 for the

Prandtl-Meyer expansion was found to glve good agreement with measured

i pressures on previqus flights. Tae heat-transfer predictions and momcntim-
. thickness Reynolds numbers contained in previous repcris on hemispherical
L nose shapes (References 10, 11, 12, 13) were based upon a Newtonian preesure
distribution over the entire body. The modifications introduced by the new
method into the significani parameters such as q/q,, Eé/R?lR”’ y Pgu /pyuy,
and ﬁEQt/RelR (a fuy) (T/4) (1/F]) are shown in Figures 65 to 69.
Differences are introduced at body angles greater than about 550.

The observed heat rates were deduced from the temperature data by

solving the transient heat-conduction problem. A one-dimensional analysis

in which constent thermal properties were assumed was made at each thermo-

couple locaticn. This method neglects the effects of lateral conduction

o

end curvature of the surface. However, the large temperature gradients

L across the skin which occur during re-eniry are accounted for.

A two-dimensional, constant theimal-preperty analysis was made fox
tkermocovple positions A through I and O threugh V on the two major thermo-
coupis runs. This procedure assumes axial symmetry but tekes account of
lateral conduction and curvature of the surface. Detalls of the above

methods are presented in Apperdices E and G of Refereuace 1. The constants

'used in the heat~tranzfer analyses descrlibed above wer=: |

1 o
{ Exit Thermal diffusivity, @ = 0.0011k £t°/asec. I

Thermal conductivity,lk = 0.0603 BIU/sec-ft. °F.

,_..._...,
L
b
(&)
t
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Re-Entry Thermal alffusivity, @ = 0.00092k £1°/sec.
Thermal conductivity,k = 0.0555 BTU/sen-ft. °F.
These represent mean values of the Armour and Battelle measurements
(References 14 and 15) for the two temperature ranges.
At the stagnation point a one-dimensional analysis was made, including
the effects of variable thermal properties. The details of this method are
described in Reference 16. The variation of thermal properties of the copper

were described by the following expressions:

1 k ~ 0.062 - 6.2 x 10700 (BTU/ft2 - sec °F/ft.)

pc = 51.2 +5.31 x 1077 (B’I‘U/ft3 - °p).
(T is in degrees Fahrenheit.)
~1ha
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DISCUSSION OF RESULTS

GENERAY, OBSERVATIONS

The R-26 flight was the fourth Lockheed X-1T7 research f£light which
bad as its purpose the determination of the effect of controlled surface
roughness on transition Reynolds number. The R-26 experiment was designed
to clarify the effects of surface roughress. The nose was equipped with
two roughness patches of equal magnitude but different length. The magni-
tude of the roughness was set at 45 microinches rms in order to provide a
more severe test of roughness than on previous flights.

The basic reason for making the patches of different length was to
determine if transitiou was so ccmpletely roughness-dominated that the
turbulent flow region would exist initially only in roughened areas. For
exampie, if trausition should occur on both rough runs and exist only as
far forward as the start of each run,it could be fairly concluded that
transition was highly roughness senslitive.

The total extent of the roughness area on initirsting transition was
another effect which the different-length runs were designed to investigate.

As on previous flights, a control run of thermocouples was provided

to supply the fundamental comparison of transition in rough and smooth areas.

Review Of Previous Results

The R-9, R-11, and P-22 flights previously demonstrated the feasibility

of conducting surface roughness experiments with & narrow patch of controlled

-_[_5-
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roughness on the nose cone while simultaneously walntaining smcoth control
areas for "natural” transition results. The magnitude of the surface rough-

ness used on the various flights are listed belov.

Burface Roughness Experiments With Hemispheres

k Flight Roughness (Microinches Tms )
: R-9 30
E R11 6
R-22 20 and 6 (two patches)
F R-26 I (two patches)

Before discussing the —Tesults obtained on Flight R-26, it will be help-

ful to review the transition events on the previous flights.

Flight R-9

On flight R-9 transition occurred at almost the same instant at all
thermocouples dbetween 20 and 90 degrees on the 30-microinch-rms roughness
k patch. Transition did not occur on a smooth thermocouple run located 180
degrees circumferentially from the roughness patch at all times that data
vere obtained. About 1 second after transition originated on the rough
patch, turbulent flow was obaserved on two secondary thermocouple runs which
vere located 90 degrees circumferentialiy from the 30-microinch patch. The
moment a-thickness Reynolds number at the 20-degree position on the rough-

] ness patch vas 180, the lowest observed in the RIV program.

16~
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R-26 Transition Results

Transition from laminar to turbulent flow was detected on both rough-

ness patches between 314.2 and 314.}4 seconds. Transition initially occurred

almost instantaneously on both rough runs at all locations aft of 45 degrees.

: The heat-rate data and the temperature levels both indicate that transition

; may have started slightly earlier on the longer roughness patch than on the

E shorter one.

The turbulent front on both roughness runs then moved forward to the

E 15-degree position by 316.9 seconds. The short and long roughness runs

started at the 40O- and 20-degree body positions respectively. Hence, surface

roughness did not control either the extent or rate of the forward movement

of fhe transition front. 1
Transition was detected on the control run approximately 1.5 seconds

after it first appeared in the rough areas. All thermocouples on the control

run showed transition practically simultaneonsly.

The minimum momentum-thickness Reynoids numbers when transition was

initially detected on the rough and smooth runs were 350 and 370 respectively.

After the transition front moved to the 15-degree body location, the momentum- [
thickness transition Reynolds number was approximately 200. i
A more d=tailed discussion of the R-26 transition events is presented under !

'Behavior of Transition Parameters' in this section. A summary of the R-26

transition events is given in Table V. |
In Table VI the conditione on the R-26 nose at the time of tramsition are

cdﬁpa;'ed to those on previous flights vwhich used the hemispherical ncse shape.

=18~
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Table V
Summary Of Transition Events
Thermocouple | Surface Time When Body Angle | Foremost |Comments
run Finish Transition Where Tran-| Point of
(Microin. rms) Was First sition Was | Trarsition
Detected First (Deg.)
(8ec.) Detected
(Deg.)
A-J 45, starting 3144 45 15 Transition
at 40° body moved for-
position ward over a
2.5 sec.
interval.
K-N 1/2 315.9 30 30 The most
forward
thermocouple
was located
at 30°.
o-W 45, starting 31h.L 45 15 Transition
at 20° body moved for-
position ward over a
2.5 sec.
interval.
-19-
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+fect Of Surface Roughress On Transition

Without discussing transition Reynolds number or other transition
parameters, but confining attention only to the physical events which
occurred during re-entry, the R-9, R-22, and R-26 results show quite con-
clusively that the surface roughness which was present, (20-15 microin.
rms) caused premature transition. On each of these flights considerably
higher heat rates and surface temperatures were observed in roughened
areas than in smooth areas.

The results obtained from the 6-ﬂic¥oinch rms surface on the R-11
and R-22 flights indicated “hat roughness of this magnitude did not cause
early transition. Hence, for the boundary-layer conditions encountered
in the X-17 series, a rough dividing band fcr surface-roughness effects
appears to be established.

When reviewed in the sbove manner, the results from the roughness

experiments seem gquite clear. However, when attempts are made to correlate

the date from the various flilghts by comparing transition Reynolds numbers,

-the results become somewhat obscured. In the past flight reports the

i 1 momentum-thickness Reynolds number at the point of transition has been used
as & correlation parameter. When the transition Reynolds numbers from all

| the X-17 flights are compared, it is found that independently of whether

; 0 the surface is rough or smooth, ReoT covers the same range. This indilcates,

g therefore, that Re9 is probably not the best chcice for a correlation

number, since it tends to obscure the physical facts.

The above fact is clearly illustrated in Fig. 9, which summAarizes

the minimum free-streum transition Reynolds number and the corresponding

-2]-

[ ' LOCKHEED AIRCRAFT CORPORATION el MISSILE SYSTEMS DIVISION




o

i e e ot

T P e,

203
ssmsans
ssseeas
sssess

®
ssons
esscsse
[ ®
“
XX X
[
ssesceo
s®ss0
P800

IMSD-2595

Re9 's obtained on hemispheres. The minimum value of Reg does not .occur
T T

at the minimm free-stream transition Reynolds number since Re9 is a func-
tion of body position.

Transition occurred on the R-9, R-22 and R-26 roughness patches at a
much lower fre=-stream Reynolds number than on the smooth surfaces and on

the 6-micruin. rms patch on the R-11 flight. The Re, 's obtained on the
T

same roughness patches, however, fall Inte the same band as those obtained
on the smooth surfaces. One reason for this behavior 1s that at high Mach
numbers the momentum-thickness Reynolds number 1s almost proportioned to
the square root of the free-stream Reynolds number at a given body pcsition.

Another reason is that the momentum-thickness Reynolds number at
transition is also highly dependent on the body location at which transition
is detected. As an example, on flight R-11 treunition occurred at practically
the ssme time in the trajectory on both the smocth run and the 6-mic;oinch
mme roughness run, but the transition momentum-thickness Reynolds numbers
were T20 and 550, respectively. This is because transition occurred at the
T0~dcgree location on the smooth run and at the 50-degree iocation on the
roughness patch.

The free-stream Reynolds number, however, which is independent of the
body location, demonstrates quite clearly that surface roughness causes

early transition.
RE-ENTRY TEMPERATURE DATA

The raw temperature dsta obteined during re-entry are presented in

Figs. 10 to 32. Points which were discarded in the ccmputations are indicated.

-22-
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An exsmination of the data at thermocouple D indicates that the
thermocouple probably malfunctioned and that the data,therefore, are not
valid. As indicated in the table below, the temperatures reglstered by
thermocouple D were seversl hundred degrees lower than those indicated

by neighboring thermocouples.

Time Temperature ( of‘) h
c D E
215 1100 650 1000
315.5 1320 830 1300
16 1570 1000 1560

The iemperature distributions along the surface of the nose at various
times during re-entry are shown in Figs. 33 and 34. The data were smoothed
by hand to obtain values for these figures. The temperature profiles on
the two major thermocouple runs, Fig. 33, indicate laminar flow to approx-
imately 3l’+.5 seconds. By 315 and 315.5 seconds there is clear evidence of
transition on both runs at thermocouples aft of 50 degrees. At later times
the %emperature profiles on both runs are still roughly simlilar, although
consistently higher temperatures are recorded along run O-W in regions
where the flow was turbulent.

At 317.0 seconds temperatures in excess of the melting point of copper
were indicated by thermccouples 8, T, and U. It is of interest to note
that at 317.0 seconds the nose lnternal l.)reesure shows a discontinuous

Jump to higher levels (See Fig. 63). These events suggest the possibility
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that shortly after che melting point was reached & hole was burned through
the nose, increasing the internal pressure in the nose.. If this actually |
did occur, it wculd not have had any influence on the resulis of the ex-
periment, since the transitiorn events as well as the major portion of the
heating were completed before 317.0 seconds.

The raw temperature data ottained from thermocouples K, L, M, and N
in the short control run show distinct changes in Qlape at about 316 seconds, :
indicating trasnsition. The corresponding temperature profiles are shown
in Fig. 34. The profile obtained from thermocouples located beneath thc ,

largest roughness patch are included in this figure for comparison. The L

data show quité clearly that considersbly more turbulent flow occurred on i

the rough patch than on the smooth control runm.

RE-ERTRY HEAT RATES3

The heat-rate plote for re-entry are presented in Figs. 35 through Lk. SN
Observed heat rates are compared with le.vinar and turbulent predictions.
Observed beat rates obtained by a two-/!imensional analysis are presented
k‘ for the majority of the thermocouples comprising the two roughness runs.

The heat rates are discussed below by comparing resuits at each

geometrical location. The location is identified by the angle between a

normal to the surface and the free-stream direction. Reference should be

s 5,

made to the drawing of the nose (Fig. 8) aund the 1ist of tharmocouple

locations in Table II.
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Thermoccivle A, 0° ‘Pigure 35)

At the stagnation point a one-alwensional heat-conduction analysis
was made to obtaln the observed heat rates for the two cases of variable
and constant thermal propertles. Yor the viriable thermsl-properties
case, the variation of the nose-cone thermal properties with temperature
is glven in the 'Method: of Analysis' section.

Accounting for the variable thermal prope-ties decreases the obsefved
heat rates by about 10 percent in the vicinit;' of peak heating.

A twe-dimensionat constant thermal-properties anulysis was also made
at the stagnation point to obtain %the observed heat rates. The two-dimen-
sional analysis, which accounts for body-curvature effects and lateral
conduction, ylelds observzd heat rates sbout 12 percent below those cbtained
by a2 one-dimensional analysis.

If 1t 1s assuned that the effects of variable thermal properties are the
same for a one- and two-dimensional analysis, the observed heat rates obtalned
by a two-dimensional variable thermal-properties solution can be estimated.
This estimated observed heat rate, show» as a broken line in #ig. 35, is

between 10-15 percent higher near peak heating than the laminar prediction.

Thermocouples B And 0, 15° (Figure 36)

The observed heat rates at thermocouples B and O are in good agree-
ment with each other at all times data were obtained. The laminar predic-
tion is about 25 percent below the observed heat rates in the neighborhood

of peak heating.
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A comparison of the observed heat rates at this location with those
at the stagnation point indlicate that the boundary layer was lamirar at
the time of peak heating. The heat rates indicate that transition occurred

at both thermocouple locations between 316.8 and 317.0 seconds.

Therizocouples C And P, 22.5° (Figure 37)

The observed heat rates at thermocouple C and P are in good agree-
ment with each other. The laminar prediction at this location also under-
estimates the observed heat rates.

At this and subsequent locations, two turbulent predictions sre shown.
One is due to Denison (Reference 7) and the other is due to Bromberg, Fox,
and Ackerman (Reference 9). The latter is referred to as the R-W prediction
for convenience. Transition to turbulence is indicated et both thermocouple
locations between 316.4 and 316.7 seconds. The turbulent heat rates are
slightly higher than the R-W prediction,which is in turn slightly above

the Denison turbulent prediction.

Thermocouples D, K, And @, 30’ (Figure 38)

A two-dimensiongl analysis was perfcrmed at thermocouple Q only. The
temperature data at thermocouple D is questionable, as poimted out in the
discussion Qf re-entry temperatures, and was eliminated in the two-dimensional
analysis of thermocouple run A-J since they would affect the results at the
neighboring thermocouples. On the short control run, K-N, there were an
insufficient number of thermocouples to perform a satisfactory two-dimensional

analysis.

-26-
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A comparison of the heat rates at thermocouple Q and the preceding
location indicate that transition occurred sometime after 31k4.3 seconds.
The hedat rates after this time are considerably less than both turbulent
predictions and much higher than the laminar prediction, which suggests
the possibility that the boundary layer was in transition. After 317 |
seconds the observed heat rates fall between the two turbulent predictions,
indicating fully developed turbulent flow.

Transition occurred at thermocouple K on the control run bétween
316.0 an¢ 316.4 seconds, considerably more than one second after trrnsition
bad cccurred at thermocouple Q, which had a b5-microin. rmé roughness sur-
face. During the time the flow was laminar at thermocouple K, the laminar
prediction underestimated the observed heat rates. After transition the
observed heat rates at K were higher than both turbulent predictions.

Since the heat rates at thermocouple D are questionable, they will

not be discussed.

Thermocouples E, L, And R, 37.5° (Figure 39)

The observed heat rates at thermocouples E and L are in good agree-

ment with each other at early times. The observed heat rates at thermocouple

R are somevhat below those at E and L. The leminar prediction is in fair
agreement with the observed heat rates at these times.

Transition occurred first at thermocouple R sometime efter 314.4
saconds. The boundary appears to have been in transition until about 316.4
seconds, when the observed heat rates begin to agree very closely with the

turbulent prediction of Denison.
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Transition occurred at thermocouple £ at about 315 seconds and between
315.7 and 315.9 seconds at thermocouple L. The turbulent observed heat
rates at E lle between the two turbulent predictions,while those at L are

somewhat higher than both turbulent predictions.

Thermocouples ¥, M And 8, 45° (Figure 40)

The observad heat rates at early times oscillate about the laminar
prediction. Transition occurred at thermocouples F and 8 at apﬁrcximately
31h.h seconds. It appears that transition occurred at thermocouple 8
slightly before thermocouple F. Transition occurred at thérmocouple M on
the control run at adout 315.9 seconds, considerably after tramsition
occurred at the two thermocouplee located on the roughness ruuns.

After 316.8 seconds, the observed turbulent heat rates are in fair
agreement with the turbulent predictions. Thermocouple F is in good agree-
ment with the Denioon prediction,while thermocouple M is in fair agreement
with the R-W prediction. In other words, the spread in the data was Just

about equal to the spread in the two predictions.

Thermocouples G, N, And T, 52.5° (Figure bl)

Before 314.}4 seconds the observed heat rates at the three thermocouple
locations oscillete about each other and are,on the average,above the laminar
prediction. Transition occurred at thermocouples G and T, located on the
roughness runs, at about 31k.l seconds. Transition at thermocouple W,

located on the control run,occurred at 315.9 seconds.

-28-
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The turbulent heat rates fall between the two turbulent predictions.
Valid tempersture data at thermocouple T was prematurely lost Just before

316 seconds.

Thermocouples H And U, 60° (Figure 12)

The observed heat rates indicate that transition occurred at thermo-
couple U at approximately 31k.2 seconds and at 314.5 seconds at thermocouple
Hf Immediately after transition the observed heat rates oscillated between
the two turbuient predictions. At later times the observed heat rates at
thermocouple H agreed very well with. Denison's turbulent prediction. Valid
data was prematurely lost at thermocouple U,and no real comparison can be

made with the turbulent predictions.

Thermocouples I And V 67.5° (Figure 43)

Transiticn occurred at thermocouples I and V between 314.3 and 31k4.5
seconds. Transition occurred slightly earlier at V than at I. The turbulent
obeerved heat rates at thermocouple V uscillate between the two turbulent
predictions. The turbulent heat rates at thermocouple I are of questionsble
validity after 315.4 seconds. Before 315.4 seconds the observed heat rates

cross the band of the two turbulent predictioms.

Thermocouples J And W 75° (Figure Llt)

At early times the observed heat rates obtained by a one-dimensional

analysis oscillate about each other. The average values of the heat rates
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are higher than the laminar prediction. Transition appears to have occurred
at thermocouple W shortly after 314 seconds and at approximately 314.4 seconds
at thermocouple J.

The cobserved heat rates after transition are slightly higher than the
R-W prediction. A two-dimensional analysis will lower the observed heat
rates and improve the agreement between the observed and predicted heat rates.

The non-dimensional heat-transfer distributions during re-entry sare
shown in Figs. 45 and 46. On thermocouple run B-J transition is clearly
indicated at 315 seconds at the 37.5-degree location. By 317.2 seconds the
transition front had moved forward to the 15-degree location. Transition
is also indicated on run O-W at 31%.5 seconds at the 37.5-degree body location.
The transition front then moved forward to the 15-degree location by 317.2
seconds.

On the control run (Fig. 46) transition is indicated at 316.5 seconds
at the 30-degree location.

Before transition occurred, the heat rate distributions on all three

thermocouple runs scatte about the high Mach-numbter laminar prediction.
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BEHAVIOR OF TRANSITYON PARAMETERS

The transition times, momentum-thickness Reynolds numbers,and values
of 6/0 on the roughness runs at transition are shown in Fig. 47. It is
seen that transition first occurred practically simulteneously at thermo-
couple locations between 45 and 75 degrees on the two roughness runs at
approximately 314.l4 seconds. The momentum-thickness Reynolds number at
the U45-degree location at this time was 350. The U45-degree location is
in the roughened area of both rune. Transition appears to have occurred
siightly earlier on thermccouple run O-W, which had the longest roughness
run, than on thermocouple run A-J. The transition front then moved for-
ward on both runs well into the polished reglon to the l5-degree body
location. The momentum-thickness Reynolds number at the 15-degree location
at this time was 200. The extent of the roughness areas did ot control
the forward movement of the transition front.

Transition appeared simultaneously on the entire control run, thermo-
couples K-N, approximately 1.5 seconds after transition was first detectza
on ke two roughness runs. The momentum-thickness Reynolds number at the
most forward thermocouple location ¢n thi's run (30-degree location) at the
time of transition was 370.

A comparison of the transition results from the rough and smooth runs
shpws that roughness caused transition to occur earlier in the trajectory
but with no significant change in the momentum-thickness Reynolds number.

It should be pointed out, however, that the smooth control run was not
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completely instrumented, as thermocouples were located only between the

30- and 52.5-degree body locations. It is possible that the transition
front was well ahead of the 30-degree location when transition was detected
on the control run, and this would result in a significant decrease in the
transition Reynolds number.

A qualitative picture of the ccoling experienced by the boundary layer
is obtained from the ratio of the wall enthalpy to the local free-stream
enthalpy. This ratio is presented as a function of time at several ther-
mocouple locations in Fig. 48. A cross plot of Fig. 48 is presented in

Fig. 49. Transition began when this ratio was at an average of about 0.09.

EXIT TEMPERATURES, REYNOLDS8 NUMBER, AND ACCELERATIONS

The megnitude of the temperatures during the exit trajectory is gen-
erally low in comparison to the total bandwidth of the telemetering channel;
hence, the accuracy of the date is limited by resolution errors.

The quality of the exit-temperature data was below average on this
flight. A typical temperature-time history during exit is shown in Fig. 50.
’I;empex'ature profiles on the nose during exit are shown in Figs. 52 and 53.
The exit heat rates obtained by falring the raw temperature date and a thin-
skin analyeis are of doubtful validity and are nct presented.

The temperature profiles on the two major roughness runs (Fig. 52)
indicate that .trans'ition occurred early in the exit trajectory at the 30-
degree body lccation. On thermocouple run O-W the teﬁrperature profiles

indicate a forwsrd movement of the transition front to the l1l5-degree
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location. It should be pointed out that this apparent forward movement

of the transition front took place while the momentum-thickness Reynolds
number was decreasing. This can be seen by an examination of the momentum-
thickness Reynolds-number history during exit,presented in Fig. 5h.

The temperature profiles on the smooth control run (thermocouples K-N)
indicate that transition occurred at the 30-degree body location late in
the exit trajectory when the Reynolds number had decreased to a value well
below its maximum.

The longltudinal accelerations experienced during exit are presented
in Fig. 51. A maximum acceleration of approximately 12g's was obtained
at 23.4 seconds. The normal and lateral accelerations, which are not

presented, were no more than lg.

PRESSURE MEASUREMENTS
Pressure measurements were made at 5-degree intervais at body angles
of 55 to 90 degrees. Pressures were measured with respect to the pressure
inside the nose cone, which was monitored separately by an absolute pressure
gege. Gage pressure measurements were converted to absolute pressures by
adding the nore internal pressure.

The actual pressure data during re-entry are shown in Figs. 55 to 63.

These data were used in combination with the trajectory information (altitude

and velocity) and an NACA standard atmosphere io compute the ratio of the

measured static pressure at each orifice location to the stagnation pressure.
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This pressure ratio, which is nearly independent of Mach number at high
Mach numbers, is plotted as a function of body angle in Fig. 64 and com-
pa.req with the following predictions:

1. Modified Newtonian law for high Mach numbers

-E,l—- = 0052 0.
t2
2. Combination of modified Rewtonlan &nd Prandtl-Meyer pressures
with 7, = 1.k. The Prandtl-Meyer flov is matched to the
Newtonian law at a puint where value and derivatire of pressure
with respect to angle »re identical.
The results are presented in Fig. 64, which shows that the data are in good
agreement with both prediction methods (which are nearly equal) between
55 and 65 degrees. At larger body angles the modified Newtonian law falls
below the data by increasing amounts, while the combined Newtonlan ~-- Prandtl
Meyer prediction overestimates the data slightly. It should be pointed
out that the raw data in the time interval i1rom 317 to.318 seconds contained
oscillations which were faired to obtain the results shown on Fig. 64. It
is of interest to note that although the nose internal-preossure data showed
e sharp Jump at 317.0 seconds the data obtained after this time correlated
Just as well as earlier data.
The result that the pressures at body angles greater than 65 degrees
follow the combined Newtonlen -- Prandtl-Meyer law better than the Newtonian

lav alona was 8lso obtained on previous X-17 flights (Reference 16).
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