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SUMMARY

The X-17 R-26 vehicle re-entered the atmosphere at & rominsl velocity

G cf 5000 ft/sec. Second- and third-stage thrust increased the velocity to &
. pesk value of 13,300 ft/sec. As the vehicle descended from 90,000 to 46,000
£t., the Reynolds number, 7Rew based on free-stream conditions and body

diameter, ranged from 1.0 to 16.5 million.

>

Temperatures were measured at 23 locations on the nose, a 9-in. diameter,

.
2

nickel-plated copper hemisphere. The surface of the noee was polished to a

g

nominal 1/2-microin. rms surface finish, except for two narrow patches of 45~
microin. rms roughness. These rough patches both covered s major thermocousle

run. One patch started et the 20-degree body-angle location, while the other

ot et

began at the LO-degree position. Data were also obtuined on a smooth control run.

3 “‘6

The results of the data analysis indicate that transitiorn first occurred

on the U5-microinch rms roughness runs at the l&s-degree position. The transi-

tion front then moved forward on both thermocouple runs onto the polished

SRR
ENESTAA, o

portion of the nose to the 15-degree location. Transition occurred on the

smooth control run sbout 1.5 seconds after transition was detected on the

rough runs.

[’.'L_‘he most significant fact observed on this flight was that roughness

- R
}wl

RO
Moty

14

caused early transition but did not control the rate or extent of the sub-

sequent forward movement of the transition front]

ot
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INTRODUCTION

The Lockheed Missile Systems Division has been engaged in a research
and development program in accordance with the provisions of Contract
AF O4(645)-7. The purpose of this program is to obtain aerodynamic heating
data during the re-entry of a ballistic vehicle into the atmosphere of the
earth. An originsl program of twenty-five research flights was plenned to
obtain this data for various nose shapes over a range of Mach and Reynolds
mutbers. This program had been recently completed and the results obteined
have been summarized in Reference 1. An additional flight was contracted
for, after completion of the original program. This repcrt documents Flight
R-25, the twenty-sixth of the research flights.

The test vehicle is a Lockheed designed, three-stage bellistic missile.
The tandem configuration conaists of five solid-fuel rocket motors. A
single X¥-20 motor is used to power the first stage, and a cluster of three

XM-19 motors is used for the second stage. The third stage is powered by

a single XM-10El motor. Stability of first stage is obtained by a symmetrical

arrangement of four tail fins. Second- and third-stage stability is achieved
by flaring the aft end of each stage to form a truncated cone. The third,

stege contains the nose cone and telemeter package.
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A more complete descxription for a typical vehicle, including general-

arrangement and inboard-profile drawings, weight-and-belence and alignment

sumaries, and an instrumentation schedule, is given in Appendix A of

Part I in Reference 2.
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; The BE-25 flight test vas conduchbed 22 August 1957. The vehlcle was
Imunched from Cepe Canaversl, AMMIC, Florida, at 1003 hours, EST. The

lsuncher setiiag wag ?’?:3“5 _&levation. and 75'3 azimuth. The existing winds

produced & trajectory vhich wes equal to & zero-wind lsuncher setting of

77.4° elevetion and 887o asimuth. I
Camera tracking dats vas obtedned until the vehicle disappeared

through & cloud layer at about 15,000 £t. «ititude. Radar tracking dute !

wvag obtained sver the apegee of the trajectory to the first-stage-separation

eltitude of §3,560 7t. ITgnaitlon of the Pirst-stage rocket was normel, and

£irst motion occurred at 0.34 sec., AFMIC time.

ot &

Pigure 1 presents the first-stage velocity, sltitude, and range time

histories, bésetjx on & coumpubed extrapclation of the rader data. The ex-

§

panded time history of the first-stage boost phase, Figure 2, indicates

ooy
. H

that the motor performance was normal and that 8 maximum velocity of 5100

feet per second was realized. Figure 3 contains the corresponding Mach-~

o~
‘

number and Reynolds-number time-histories. Atmospheric dsta obtained at

!

launch were used to determine the Mach number and Reynolds mumber. The

Reynolds nvmber 1is based upon free~stream properties and the nose-cone

R

Prave—
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Separatica of ithe first and seccnd stages occurred at 93,500 £t.

altitude at 309.86 sec. Velocity at the time of separation was k4,860 ft/sec.

Second-stage ignition occurred O.74h sec. later at 90,500 £t. altitude.

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

at 75,000 £i. altitude.

Third-stage ignition cccurred satiasfactorily 2.46 sec. after second-

stage ignition.

The final configuration wes boosted to & peak velocity of

13,300 ft/sec. at 58,500 £t. altitude. Figure 4 contains the second- and

third-stage velocity and altitude time histories.

and Reynolds numbers are shown in Figure 5.

The correspording Mach

A summary of important events during the fiilght is given in Teble I,

below.
Table I
Sumgary Of Importapt Events
Event Tme (sec.) Velocity {fps.) Altitude (£t.)

#rst-to-second

stage separation 309.86 L, 860 93,100
Second-stage ignition | 310.80 L, 800 90, 500
Third-stage ignition | 313.06 9, 000 Th, 200
Peak velocity k.7 13, 300 58, 500

The longitudinsl, normal, and lateral accelerations during re-entry are

presented in Figs. 6 and 7. In the vicinity of third-stage burnmout, 314.7

seconds, the normal and lastersl accelercmeter data (Fig. T) show that the
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vehicle was pitching with an amplitude cof sbout 3 degrees. The roll rate
at this time was 2.3 cps. Four seconds after third-stage burnout, the

angle of attack decreased to about one degree. L
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INSTRUMENTATION

. The R-26 nose was 8 §-in. diameter hemisphere. It was fabricated )

o from high-purity, vacuun-melted copper (Cupro - Vac E, supplied by Vacuum
Metals, Inc.) end plated with a thin lasyer of nickel. Tnermocouple plugs .

- were fsbricated from OFHC copper. :

' Instruzentation consisted of 8 ultradyne pressure transducers and :

) 23 chromel-alumel thermocouples. The detalled locations of pressure P
x, orifices and thermocouples are shown in Fig. 8. The thermocouples are §
= given letter designstions from A through W for reference in the remsinder ;
= of this report. Table II lists the thermocouple locutlons, depths, and :
? wall thicknesses. Pressure orifice locaiions are prasented in Table IXI. ‘

The thermocouple installatlon technique is described in Reference 2, ,
i_ Part II, Imstrumentation Section. ‘
ZI -
- :

ot
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Table II

R-26 Thermocouple Ii.:ations

SIS s . P

1M3D-2600

Therxzocouple

Angular Distance from
Stagnation Point (Degrees)

0 b
15
22.5
30
37.5

A
B
C
D
E
F 45 45-microinch rms
G 52.5 roughness aree
: €0 beginning at Lo°
I 67.5
J 5 _J
K 30
L 37.5
M 45.0 control run,
) 52.5 1/2-microinch rms
0 15 )
P 22.5
Q 30
R 37.5 |
8 s 45-microinch rms roughness
T 52.5 area beginning at 20°
. U 60
v 67.5
W 5 _J
Total wall thickness 0.755 in.
Depth of thermoccouple junctions 0.025 in. After buffing
Thf ckness of nickel plating 0.005 in.
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Teble IXT

5 R-26 Fressure-Orifice Locations
J%

i Orifice Angular Distance From Stagnation Point, (Degrees)

55
60 .
65
70
75
80
85 -
90 3
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SURFACE FINISH

The R-26 nose was plated with 7 mils of nickel over s copper strike
appiied at 75 smperes per square foot for three minutes. Plating results -
were good, and the surfer~ was buffed end polished with various grades of =

diemond compounds in the usual manner (Reference 3).

ECU VYR

During the buffing operation, the nickel plate was completely removed

in a small region (See Table IV, below), and it was necessary to replece

the nickel using Dalic electroplating procedure. 'The dcepest pit on the s
instrumented surface wass 60 microinches deep. All defects of depth greater
than 20 microinches are listed below in 8 polar coordinate system defined

as distance from the stagnation point in inches, and degrees counter-clockwise
from the 47 axis looking aft. The general surface finish as inferred from

interferograms was about 1/2 microinch rms.

After the yolishing operations were completed, two roughness patches : -

were made on the surface. Both patches were approximately 45 microinches

Ol

rms and covered the two major thermocouple runs. An 80 TP carborundum
sbrasive was used to roughen the patches. The patch covering thermocouple i
ran A-J began 40 degrees aft of the stagnstion peint. and the other began n

at the 2C-degree position. Other details about the roughness areas are

"

| fee

indicated in Figo 80

«10~
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L Table IV
g List Uf Burface Defects i ;
{ i
Defect Distance Degrees Dismeter (mils)|{ Depth E
‘ {miecroin.} ,
|
¢ Pit 0.6 105 3 15
Pit 0.7 250 3 50
‘; Pit 1.2 o 5 60
! Pit 1.4 165 2 20
Pit 1.9 120 3 20
Pit 2.1 240 L 30
Pit 2.2 15 7 50
Pit 3.3 3095 5 25
Dalic Patch ‘
-Nickel Interface 3.9 T0 1-1/2 in. sq. 20-30 !
Pit 4.3 335 8 50 :
i N
i |
H
X !
z :
T
E‘.\ *
g H
& ;
i :
i ‘
%tu
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TELEMBETEWING AND DATA REDUCYION

Hoee temperature daha on the R-25 filght were monitored on telemeter
chapnel 16. The genersl gquslity of the data wae not ns good as on previous
fiighte, due possibly {o & ddrty or worn commuistor. Although nose tempera-
ture data were obtaineéd Lo spprowimstely nine seconds after third-stsge
burnouk, the dsta were reduced only up to 321 seconds (approximately 6.5
seconds after third-stage burcout).

The actusl temperzture dsta sre presented in Figs. 10 to 32. Automatic
decommitetion o the éata was possihle vp to 312 seccnds. Between 312 and 321
geconds the dats were menusily decommutated.

Thermosouples R, 8, T, U, asund V ylelded questionable temperaturd dats
beglnning vetween 316 and 318 seconds, ae seen in Figs. 27 to 3.

¥ose static pressure measurements were obtained on chanvel ik, Tue to
in-flight calibration shifts, the dats are belleved to be sccurate to only
1.5 percent of total bandwidih. The actusl pressure dote during re-enfry

are presented in Figs. 55 to 63.
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ST T

THERMOCOUPLE DATA-EMOOTEING TECHNIQUE

D Rt s a0 1 i ol

porage

. The commmtated thermocouple data coniain a certain amount of scatter,

e

- which would produce erratic heat rates if used ag reduced. Therefore, in
order tc solve the transient heat~conduction problem & each thermocouple '

location, it is necessary to first smocth the data.

‘fhe dzta-smoothing technigue uses a second-degree, least-squares,

%

"walking" polynomial. A least-squares parabola is fitted to nine consecu-

P
o

tive data points, and the center value of the parabola is taken as the smoothed

n data point. The polynomial is then advauced along the raw data by dropping

1 e - b

one datz point and adding a new one. The procedure is repeated to obtain

sdditional smoothed points. DTetails of the data-smoothing technique are

given in Appendix A of Reference 2. :
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METHODS OF ANALYSIS

e

The state of the boundery layer at each thermocouple location dwring

Py

re-entry is determined primarily from a comparison of the observed heat

H

rates with laminar and turbulent predictions. The observed heat-transfer

[ 2.0 2
#

and temperature distributions over the surface are also examined for evidence

of transition.

The lsminsr and turbulent heat-transfer predictiors were made for the

measured trajectory using the Rocket-Panel atmosphere (Reference 4) and
actual nose temperature data. The laminar heat-transfer rates were predicted N
from the AVCO stagnation-poini theory (Reference §) for en equilibrium

boundary layer with Prandtl number 0.7l and Lewis mmber 1.k, The Bromberg-

lees theory for the distritution of lsminar heat transfer (References 6 and T)

was used. Turbulent heat rates were computed from the theory by Denison L

Reference 8), which extended Van Driest's procedure (Reference 9) to tlunt -
’ '

g’ bodies at hypersonic speeds and alsc by & method developed by Bromberg, Fox, -
£ and Ackermann (Reference 10).
i Ls

Application of the boundary-layer theories requires a knowledye of the

IR

pat

.

inviscid flow field oubside the boundary isyer. The inviscid flow was

Byl

determined by combining the Newtonian and Prandtl-Meyer pressure distribu- s

M

tions and sssuxzing lsentropic expansion from the stagnation point. The

-

'

T DT M Y

e
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Prandtl-Meyer flow waes matched to the Newtonian pressure distribution at a
voint where the pressure and derivative of preseure with respect to angle
are identical, as suggested by Lees. A specific heat ratio of 1.4k for tne
Prandtl-Meyer expansion was found to give good agreement with measured
pressures on previous flights. The heat-~transfer predicticns and momentum-
thickness Reynolds numbers containnd in previous reports on hemispherical
nose shapes (References 11, 12, 13, 14) were based upon & Newtonian pressure
distribution over the entire body. The modifications introduced by the new
method into the significant parameters such as q/qA, %/RelR, n, P, ue/plul,
and Re_,/Re, (#_/#,) (T /T,) (1/F,) ere shown in Figures 65 to 69.
Difterences are introducad at body angies greater than about 550.

The observed heat rates were deduced from the temperature data by
solving the transient hest-conduction problem. A one-dimensional anelysis
in vhich constant thermsl properties were assumed was mpde at each thermo-
couple location. Thir method neglects the effects of latersal conduction
and curvature of the surface. However, the large temperature gradients
across the ekin which occur during re-entyy are accounted for.

A two-dimensional, constant thermal-property snalysis wes made for
thermocouple poeitions A through I and O through V on the two major thermo-
couple runs. This procedure sgsumes axial symmetry but takes account of
lateral conduction and curvature of the surface. Detalls of the above
methods are presented in Appendices E and G of Reference 2. The constants

used in the heai-transfer analyses described sbove were:

Exlt Thermal diffusivity, @ = 0.0011k £+°/sec.
Thermal conductivity,k = 0.0603 BIU/sec-ft. °F.

~15-
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Re-Entry Thermal diffusivity, ot = 0.000924 £t2/sec. E

Thermal conductivity,k = 0.0555 BIU/sec-ft. °F.

e

These represent measn values of the Armour and Battelle measurements

{References 15 and 16) for the two temperature ranges.

e §

e

At the stagnation point & one-dimensional analysis was made, including
the effects of variable thermel properties. The details of this method are
described in Reference 1. The variation of thermsl properties of the copper

were described by the followlng expressions:

k = 0.062 - 6.2 x 10‘6T (B'IU/fte - sec °F/ft.)

i pe = 51.2 + 5.3 x 10701 (BIU/£53 - °F).

i

(T is in degrees Fahrenheit.)
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DISCUSSION OF RESULTS

GENERAL OB3ERVATIONS
The R-26 flight was the fourth Lockheed X-17 research f£light which

haed 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 roughness. The nose was equipped with
two roughness patches of equal megnitude but different length. The magni-~
tude of the roughness was set at 45 microinches vus in order to provide e
more sesvere test of roughness than on previous flights.

The basic reason for making the patches of different length was to

determine if transition was so completely roughness-dominated that the
turbuleat flow region would exist initially only in roughened areas. For
example, if transition should occcur 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 sensitive.

The total extent of the roughness area on initiating transition was
another effect which the different-length runs were desigmned to i.vestigate.

As on previous fiights, a controcl 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, end R~-22 flights previously demonstrated the feasibility

of conducting surface roughness experiments with a narrow patch of controlled

-17-
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roughness on the nose cone while simultaneously maintaining smooth control

areas for "naturel" traneition results. The magnltude of the surface rough-

oy

nesg ueed on the various flights ere listed below.

Surface Roughness Experiments With Hemilspheres

Flight Roughness (Microinches rms)

R-9 30

R-11 6

R-22 20 and 6§ (two patches) [
R-26 45 (two patches) !

edliioy e

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

ful to review the transition evenis on the previous f£lights.

Flight R-9

On f£1ight R-9 transition occurred at almost the same instent at all

{-_.—-‘
FRIY > TP P T2 W A SN

T E W

thermocouples between 20 and 90 degrees on the 30-microinch-rms roughness

{-.._..,..

patch. Transition did not occur on & smooth thermocouple run located 180

degrees circumferentially from the roughness patch at all times thst data

(ot
{ f
"

were obtained. About 1 second after transition originated on the rough

—
AT

patch, turbulent flow wasz observed on two secondary thermocouple runs which

were located 90 degrees circumferentially from the 30-microinch patch. The

> wome sk

momentum-thickness Reynolds numter at the 20-degree position on the rough-

ness patch was 180, the lowest observed in the RTV program.
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Flight R-11
Transition occurred almost instantaneously on the 6-microinch-rms
roughness patch between 50 and TO degrees. No forward movement of the

transition front beyond the 50 degree position was observed, since data

were lost prematurely at the 40-degree location and the flow was apparently
leminar at 30-degrees.

Transition also occurred on the control run at body angles of TO and
90 degrees at practically the same time transition took place on the 6-rms
run, and subsequently moved forward to the 60-degree position.

Laminar flow was observed on two short thermocouple runs which covered

body angles between 20 and 50 degrees.

The value of the momentum-thickness Reynolds number on the S-microinch

run at the 50-degree position at the time of tramsition was 550.

Flight R-22

Traneition originated on the aft end of the 20-microinch-rms run and

noved forward to the 22.5-degree location during sn interval of 1.5 seconds. )

The transition data obtained on the 6-microinch rms roughress run wers

questionabl> because of the fact that the heat rates were neither clearly
laminar nor turbulent. About 1 second after it originated on the 20-
microinch-rms roughness run, bturbulent flow occurred on a smooth control
run located midway between the two roughness patches. As transition moved
forvard on the 20 rms run from 52.5 degrees to 22.5 degrees, the momentum-~

thickness Reynolds number at the point of transition ranged from 420 to 280.
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R-26 Transition Results

Transition from leminar to turbulent flow wes dekected on both rough-
ness patches “etween 314.2 and 31%4.14 seconds. Tramsitdon iandtlally occurred
almost instantaneously om both rough runs st all locations aft of 45 degrees.
The heat.rate data and the temerature levels both indicate thst transition
mey hove started slightly esrlier on the longer roughness patch then on the
shorter one.

The ‘urbulent front on toth roughness runs then moved forward to the
15-~degree position by 316.9 seconds. The short and long roughness runs
started at the 4. znd 20-degree body positions respectively. Hence, surface
roughness did not control either the extent or rate of the forward movement
of the transitica fromt.

Pransition was dotected on the conbrel run spproximately 1.5 scecoads
after 1% f£irst appeered in the rough arees. All thermocouples on the control
run showed transition practically simultaneously.

The minimmre momentum-thicknese Reynolds mumbers when transition was
initially detected on the rough and smcoth 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.

A more detailed discussion of the R-26 transition events is presented under
"Behuvior of Transition Paremeters' in tbis section. A summary o:r the R-26
tranaition events is given in Table V.

In Table VI the condizions on the R-26 nose at the time of transition are

compared to those on previous filghts which used the hemispherical nose shape.
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Table V
. Sumnery Of Transitior Events
- Thermocouple | Surface Time When Body Angle | Foremost |Comments
run Finish Transition Yhere Tran-{ Point of
o (Microin. ims) Was First sition Was | Transition
B Detected First (veg.)
(8ec.) Detected
i“ (Deg. )
L.
i A-J 45, starting Ah.b hs 15 Tranoition
i. at 400 body moved for-
position ward over &
- 2.5 sec.
i interval.
K-N 1/2 315.9 n 30 The most
I forward
thermocouple
wvas located
'é" at 30°.
=
0-W 45, starting 31h.4 45 15 Transition
] at 20° body moved for-
l position ward over &
2.5 sec.
I interval.
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Effect Of Surface Roughness On Tranuaition

Without discussing transition Reynolds number or other transition
parameters, but confining attenticn only to the physical events which
occurred during re-entry, the K-9, R-22, and R-26 results show guite con-
clusively that the surface roughness which was present (20-45 microin.
rme) caused premature transition. On each of these “lights consideratly
higher heat rates and surface temperatures were v. ..ved in roughened
areas than in smooth areas.

The results obtained from the 6-microinch rms surface on the R-11
and R-22 flights indicated +that roughness of this magnitude did not ceuse
early trausitica. Hence, Tur the boundary-layer conditions encountered
in the X-17 series, a rough diriding band for surface-roughness effects
appears to be established.

When reviewed in the above manner, the results from the roughness
experiments seem qulite clear. However, vhen asttempis are made to correlate
the data from the various flights by comparing transition Reynolds numbers,
the results become somewhat obscured. In the past flight reports the
momentum~-thicknese Reynolds mumber at the point of {raneition has been used
as 8 correlation parameter. When the transition Reynolds numbers from all
the X-17 flights are compared, it is found that independenily of whetner
the surface is rough or smooth, RegT covers the seme range. This indicates,
therefore, that Re9 is probably not the best chcice for a correlation 7
number, since it tends to obscure the physicel facts.

The sbove fact is clearly illustrated in Fig. 9, which sumarizes

the minimm free-stream transition Reynolds number end the corresponding

-23-
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Rag ‘s obtained on hemispheres., The minimm value &f Reg does not occur
T T

at the minimm Tree-stream transition Reynolds number gince Re, is » funce

e
tion of bedy position.

Transition occurred on the R-Q, R-22 and R-26 roughness patches at a
much lower free-stream Reynolde nuwber then on the smooth surfaces and on

the 6-microin. rme patch on the R-11 flight, The Re, 's obtained on the

O

same roughness patches, however, f£sll into the same band as those obteised
on the smooth suvfaces. One reason for this behavicr is that at high Mach
numbers the momentum-thicknesa Reynolds number is almost proportioned to
the square root of the free-stream Reynolde mumber at 8 glven body position.

Arother reason is that the momenium~thickness Reynolds number ab
transition is also highly dependent on the body location at which transition
i8 detacted. As an example, on flight R-11 transition occurred at prectically
the same time in the trajectery on both the asmooth run and the 6-microinch
a8 roughneas run, but the transition momentum-~-thickness Reyrolds mumbers
were 720 and 550, respectively. Thig is because transition occurred at the
TO-degree location on the smooth run and at the 50-degree location on the
roughness patch.

The free-stresm Reynolds mumber, however, which is independent of the
body location, demonstrates quite cleasrly that surface roughness cauwses

eerly transition.

RE-ERTRY TEMPERATURE DATA
The raw temperature data obtained during re-entry are presented in
Figs. 10 %o 32. Points which were dlscarded in the computations are indicsted.
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An examination of the data at thermocouple D indicates that the
‘thermocouple probabiy malfunctioned and that the data,therefore, are not
valid. As indicated in the teble below, ithe temperztures registered by
thermocouple D were several hundred degrees lover than those indicated

by neighboring thermocouples.

Time Temperature (°F)
C D E
315 1100 650 3000
315.5 1320 830 1300
316 ik70 1000 1560

The tempersture distributions along the surface of the nose at various
+imes during re-entry are shown in Fige. 33 and 34%. The data were smoothed
by hend to obtain values for these figures. The temperature profilses on
the two major thermocouple rume, Fig. 33, indicate laminar flow to approz-
imgtely 31k4.5 seconds. By 315 and 315.5 seconds there 1s clear evidence of
transition on .uth rms at thermocouples aft of 50 degrees. AL “‘ater times
the tempersture profiles cn both runs are still rougnly similar, although
consistently higher temperatures are recorded along run O-W 1n reglicns
vhere the flow was turbulenmt.

At 317.0 seconds temperatures in excess of ths meliing point of copper
vere indicated by thermocouples B, T, and U. It is of interest to note
that at 317.0 seconds the nose internsal preasure shows g discontinucus

jump to higher levels (See Fig. 63). These events suggest the possibility

LOCKHEED AIRCRAFT CORFORATION SRz, MISSILE SYSTEMS DIVISION

1

hd

S

R O




(SRR R S D R R S

IM3D-2600

that shortly after the melting point was reached & hole was burned through
the nose, increasing the internal pressure in the nose. If this actually
did cccur, it would not have had any influence on the results of the ex-
periment, since the transition events as welli as the major portion of the
heating were completed before 317.0 seconds.

The raw temperature data obiained from thermocouples X, I, M, ani N
14 the short control run show distinct changes in slope at about 316 seconds,
indicating tranaition. The corresponding temperature profiles are shown
in Fig. 34. The profile obtained from thermocouples located beneath the
largest rbughness patch are included in this figure for comparison. The
dets show guite clesrly thet considerably meore turbulent flow occurrad on

the rough patch than -u the smooth control run.

RE-ENTRY HEAT RATES

The heat-rate plots for re-entry are presented in Fige. 35 through sk
Observed heat rates are compared with lsminsr znd turbulent predictions.
Observed heat rates obtulned by a Tw..dimensicnal analysis are presented
for the majority of the thermocouples comprising the two roughness runs.

The heat rates are discussed below by ccmparing resultas at each
gecmetrical location. The location is identified by the sngle between &
normel to the surface and the free-stream direction. Reference should be
made to the drawing of the nose (Fig. 8) and the 1ist of thermocouple

locations in Table IT.
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Thermocouple 4, 0° (Figure 35)

At the stagnation point a one-dimensional heat-conduction analysis
was made to obtain the observed heat rates for the two cases of varlable
andé constant thermal properties. ¥For the varisble thermal-properties
case, the varietion of the nose-cone thermal properties with temperature
is given in the 'Methods of Anslysis' section.

Accounting for the varisble thermal properties decreases the observed
heat rates by about 10 percent in the vicinity of peak heating.

A two-dimensional constant thermal-properties anelysis 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 observed heat ra.es sbout 12 percent below those obtained
by a one-dimensional analysis.

If it 153 assumed that the effects of variable thermal properties are the
same for & one- and two-dimensional analysis, the observed heat rates obtained
by a two-dimensional varisble thermal-properties solution cen be estimated.
This estimated observed heat rate, shown as & broken line in Fig. 35, is
between 10-15 percent hicher near peak heating than the laminar prediction.

Thermocouples B And O, 15° (Figure 36)
The observed heat rates at thermocouples B ard O are in good agree-

ment with each other at all times data were obtained. The leminar 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 indicate that the boundsry layer was lsminar at
the time of peak heating. The heat rates indicate that transition occurred
at ‘se;th thermocouple lozations between 316.8 and 317.0 seconds.

Thermocouples C And P, 22.5° (Figure 37)

The obaserved heat rates at thermocouple C and P axre 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 are shown.
One is due to Denison (Reference 8) and the other is due to Bromberg, Fox,
and Ackerman (Reference 10). The latter is referred to as the R-W prediction
for convenience. Transition to turbulence is indicated at both thermocouple
locstions between 316.4 and 316.7 seconds. The turbulent heat rates are

slightly bigher thsn the R-W prediction,which is in turn slightly sbove

the Denison turbulent preaiction.

Thermocouples D, K,And Q, 30° (Pigure 38)
A tvo-dimensional analysis was performed at thermocouple § only. The

g teaperature data at thermocouple D 18 questionsble, as pointed out in the
% discussion of re-entry temperatures, end was eliminated in the two-dimensional

analysis of thermocouple run A-J since they would affect the results at the

oaf ] ON g

neighboring thermocouples. On the short control rum, K-K, there were an

g

snsufficient number of thermccouples to perform a setisfactory two-dimensional

Y

g analysis.

bt

g
1

i .
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A comparison of the heat rstes at thermocouple Q and the preceding
location indicate that transition occurred sometime after 314.3 seconds.
The heat rates after this time are considerably less than both turbulent
predictions and much higher than the laminer prediction, which suggests

the possibility that the boundary layer was in trencition. After 317

- e o
o B sl
W,«B Wﬁ la m,

seconds the observed heat rates fall between the two turbulent predictions,

indicating fully developed turbulent flow.

L |

Transition occurred at thermocouple K on the conirol run vetween

316.0 and 316.4 seconds, considerably more them one second after ‘ransition

hed occurred at thermocouple Q, which had a 45-microin. rme roughness sur-

face. During the time the flow was laminar at thermocouple X, the laminar

prediction underestimated the observed heat rates. After transition the

observed heat rates at K were higher than both turbulent predictions.

Bince the heet rates at thermccouple I are questionable, they will

not be discussed.

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

The observed heat rates at thermocouples E and I, are in good agree-~
ment with each other at early times. The observed heat rates at thermocouple
R are scaewhat below those at E and L. The laminar prediction is in fair
agreement with the observed heat rates at these times.

Transition occurred first at thermocouple R sometime after 3ik.4

¥

seconds. The boundery appears to have been in transition until sbout 316.%
seconds, when the observed heat rates begin to agree very closely with the
turbulent predictlion of Denison.

8
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Transition occuxred at thermocouple E at about 315 seconds and between
315.7 and 315.9 seconde at thermocouple L. The turbuleut cbserved heat
rates at B iie bebween the two turbulent predictions,while those at I ave
somewhet higher then both turbulent predictions.

Thermocouples ¥, M,And 8, 45° (Pigure 10)

The observed heet rales st early times oscillate about the lsminar
prediction. Transition occurred st thermocouples ¥ and 8 at approximately
314.h4 seconds. It appesrs that transition occurred at thermocouple 8
elightly before thermocouple F. Transition occurred at thermocouple M on
the control run at sbout 315.9 seconds, considerably after transition
cccurred at the two thermocouples located on the roughness runs.

After 316.8 seconds, the observed turtulent hest rates are in fair
agreement with the turbulent predictions. Thermocouple F is in good agree~
ment with the Denison prediction,vwhile thermocouple M is in falr agreement
with the R-%¥ prediction. In other words, the spread in the data was just

sbout equal to the spread in the two predictions.

Thermocouples G, N, And T, 52.5° (Figure 41)

Before 31h.4 seconds the observed heat rates st the three thermocouple

locations oacillate sbout each other and are,on the average,above the laminar

prediction. Transition occurred at thermocouples ¢ and T, located om the
roughness runs, at about 31k.% seconds. Transition at thermocouple N,

“located on the control rum,occurred at 315.9 seconds.

~30-
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%3
%é § The turbulent heat rates fall vetween the two lurbulent predictions.
E i Valid temperature data at thermocouple T was prematurely lost just before
E g é% 316 seconds.
B .
g % o Thermocouples H And U, 60° (Figure 42)
% ;% ” The observed heat rates indicate that tramsition occurred at thermo-

» * couple U at approximately 31%.2 seconds and at 31%.5 seconds at thermocouple
E : N E. Immzdiateiy after transition the observed heat rates oscillated between
g - the two turbulent predictions., At later times the observed heat rates at

¥ :
g‘ . thermocouple H agreed very well with Denison's turbulent prediction. Valid
;EE %" date was prematurely lost at thermocouple U,and no real comparison cam be
k £ =ma

made with the turbulent predictions.

Thermocouples I And V 67.5° (Figure 43)

Transition occurred at thermocouples I snd V tetween 314.3 and 31h.5
seconds. Transition occurred slightly earlier at V than at I. The turbulent
observed heat rates at themccouple V oscillate between the two turbulent
predictions. The turbulent heat rates at thermocouple I are of questionable

validity sfter 315.4 seconds. Before 315.l4 seconds the observed heat rates

crossg the band of the two turbullent predictions.

Thermocouples J And W 75° (Figure L)

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

L

analysis oscillate about each other. The average values of the heat rates

i

 guapao]
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ere higher than the laminsr prediction. Transition appears to heve occurred i '

at thermocouple W shortly after 314 seconds and at approximately 3ilt.h seconds

—

- ] ‘st thermocouple J.

.4

The observed heat rates after transition are slightly higher than the

f 2Ty

'

R-W prediction. 4 two-dimensional analysis will lower the observed hest

~r&tes and improve the agreement between the observed and predicted heat rates. g:

The non-dimensionsl heat-transfer distributions during re-entry are .

‘shown In Figs. 45 and ¥6. On thermocouple rur B-J transition is clearly g.
iﬁ@ic@teé e;{‘. 3;5 seconds at the 37.5-degree location. By 317.Z2 seconds the ’"

- “transition fz‘erst bed moved forwvard to the l5-degree location. Transition ~

pre

s also indicated on run 0-¥ at 314.5 seconds at the 37.5-degree body location. l

3

e transition front then moved forward to ‘the 15-degree location by 317.2

seconds.

T T
1
i Voot bt o

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

Before transition occurred, the heat rate distributions on all three L

PP

thermocouple runs scatter about the high Mach-number laminar prediction.

P
Brabxaes
L

¥

s

| -32-
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BEHAVIOR OF TRANSITION PARAMETERS

The treusltion times, momentum-thickness Reynolds numbers,end values

e  oEmp

of ¢/0 on the roughuess runs at transition are shown in Fig. 47. It is

seen that transition first occurred practically simultzneously at thermo-

couple locations between 45 and 75 degrees on the two roughness runs at

approximately 314.% seconds. The momentum-~thickness Reynolds number at

sy

the W5-degree location at this time was 350. The 45-degree location is

in the roughened area of both rune. Transition appears to have cccurred

s8lightly earlier on thermocouple run O-W, which had the longest roughness

[ 3
b1

run, than on thermocouple run A-J. The transition frunt then moved for-

ward on both runs well into the polished region to the 15-degree body

22000 B
-

¢

location. The momentum-thickness Reynolds number at the 15-degree locstion
at this time was 200. The extent of the roughness areas éid not control

the forward movement of the transition front.

Bl fraed

Transition appeared simultsneously on the entire control run, thermc-
couples K-N, approximately 1.5 seconds after transition was first detected
on the two roughness runs. The momentum-thickness Reynclds number at the
most forward thermoccuple location on this run {30-degree location) at the

time of transition was 370.

gr wu:.g ‘ Vo i Pw’g

A comparison of the transition results from the rough and smooth runs

shows that roughness caused transition tc occur earlier in the trajectory

e

but with no significant change in the momentum-~thickness Reynolds numboer.

It sbhould be pointed out, however, that the smooth control run wes not

2]
et 4§

| ——

—

f
H

’
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completely instrumented, as thermccouples were located only between the !
30- and 52.5-degree hody iocations. It is possible that the transition
front was well shead of the 30-degree location when transition was detected
on the control ruy, and shis weald result in a significant decrease in the

Fo ] p———
. H

L3

transition Reynolds number.

A qualitative picture of the cooling experienced by the boundary layer

| K]

ie obtained from the ratic of the wall enthalpy to the local free-stream

=g

enthalpy. This ratio is presented as a function of time at several ther-

mocouple locations in Fig. 4B. A cross plot of Fig. U8 is presented in

3
H
bt
]
1
4
5
s
*

Sieamre)
('S B}

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

i

EXIT TEMPERATURES, REYROLDS FUMBER, AND ACELERATIONS
The magnitude 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 dats is limited by resolution errors. =

The quality of the exit~temperature dste was below average on this

s

flight. A typical temperature-time history during exit is shown in Fig. 50.

e |

Temperature profiles on the nose during exit are shown in Figs. 52 and 53.

[P

y b The exit heat rates obtained by fairing the raw temperature dats and a thin-

S

skin analysis are of doubtful validity and sxre not presented.

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

{ : indicate a forward movement of the transition front to the 15-degree

-3k
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lorc“ion. 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 examinetion of the momentum-
thickness Reynolds-aumber history during exit,presented in Fig. Sh.

The temperature profiles on the smooth cortrol run {thermocouples K-K)
indicate that transition occ.rred at the 30-degree vody locaticn late in
the exit trajectory when the Reynolds number had decreased to a value well
below 1ts maximum.

The longitudinal accelerations experienced during exit are preseanted
in Fig. 51. A maximum acceleration of spprroximately 12g's was obtained
et 23.4 seconds. The normal and lasteral accelerations, which are not

presented, were no more than 1g.

PRESSURE MEASUREMENTS

Pressure measurements were made at S-degree intervels at body angles
of 55 to 90 degrees. Pressurzg wer: measured with respect to the pressure
inside the nose core, which was monitored separately by an absclute pressure
gage. Gage pressure measurements were converted to sbsolut. pressures by
adding the nose internal pressure.

The actual prescure data during re-entry are shown in Figs. 55 to 63.
These date were used in combination with the trajectory information (altitude
and velocity) and an NACA standard atmosphere to compute the ratio of the

measured siatic pressure at each orifice location to the stagasticn pressure.

MISSILE SYSTEMS viVISION
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Thie prossure ratio, which is nearly independent of Mach number at high
Mech numbers, is plotted as & function of body angle in Fig. 64 and com-
pared with the following predictions:

1. Modified Newtonien law for high Mach numbers

Pi2
2. Combination of modified Newtonlan end Prandtl-Mcyer pressures
with ¥, = 1.k, The Prandtl-Meyer flow 1s matched to the
Newtonian law at a point where value and derivative of pressure
with respect to angle are identical.
The results sre presented in Fig. 64, which shows that the data are in good
agreemevt with botk prediction methods (which are nearly equsl.) between
55 and 65 degrees. At larger body angles the modified Newtonian lew falis
below the dsia by increasing amounts, while the combined Newtonian -- Prendtl
Meyer prediction overestimates the data siightly. It should be pointed
out that the raw data in the time interval from 317 t> 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-pressure data showed
a sharp Jump at 317.0 seconds the data obtained after this time correlated
Just as well as earliier data,
The result that the pressures at body angles greater than 65 degrees
follow the combined Newtcnisn =- Prandtl-Meyer law better than the Newtonian

law alone was aleo obtained on previous X-17 fiights (Reference 1.)

. 36-
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