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f estyrto=:P/w
Iie

,•ICfe Skin-friction coeffictent
-• I D Body diameter

|e Internal energy I
! ; .f Density ratio =(p/. w)

h Static enthal:y

H Total enthalpy

k Thermal conductivity
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M Modulus in heat-conduction equations

p Pressure

Pr Prandtl number

q Heat rate

r Distance from axis of revolution to body surface
R Body radius e U 2

o e e Uro d
Re Integrated Reynolds number =

R lie2 ro 2
•!1DI Reynolds numDer based on diameter and free-stream

•, "Lp, ul UDconditions =P.. d e e
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• 3 Rel Reynolds number based on body radius and free-stream

conditions = -L 2,
A fw 2 rdx

ReWT Turbulent Reynolds number = ° P____
r Ue

11v o 'e

l Ge0  Reynolds number based on loc -", conditions and momentum

thickness e Ue

t Time l

T Temperature

u Velocity

x Distance along body surface, measured from stagnation point

y Distance normal to body surface

[z Velocity ratio = (i/u.)

ol Thermal diffusivity = 4 p c

SP Angle between tangent to body surface anCi free-stream direction

Polytropic constant = (clh/ 4De)s

5 Skin thic!.mess

5 Boundary-layer thickness

6 Depth of thermocouple

S0 Angle oetween normal to body surface and free-stream direction

• 0 Momentium thickness

x Body-surface curvature

A [ p Absolute viscosity

V Kinematic viscosity

SP Density
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ST Shear stress or Reynolds stress

0 = yl(p/ pe)½

1 Free-stream -onditions ahead of shock

A Stagnation-point condition

e Local condition just outside boundary layer

-. o Body-surface condition
SI

I vp Thermocouple location

t2 Stagnation conditions behind normal shock

T Transition conditions

IF Body-surface conditions
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SUMARY

The X-17 R-26 vehicle re-entered the atmosphere at a nominal velocity

I-L oof 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

L ft., the Reynolds number, ReD, 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,

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

nominal 1/2-microin. rms surface finish, except for two narrow patches of 45-

microin. rms roughness. These rough patches both covered a major thermocouple

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

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

The results of the data analysis indicate that transition first occurred

on the 1 5-microinch ms roughness runs at the l5-degree position. The transi-

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

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

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

rough runs.

I he most significant fact observed on this that

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

lsequent forward movement of the transition front]

4• £LOCKHEED AIRCRAFT CORPORATION MISSILE SYSTEMS DIVISION
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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 original program of twenty-five research flights was planned to

obtain this data for various nose shapes over a range of Mach and Reynolds

numbers. This program had been recently completed and the results obtained

have been summarized in Reference 1. An additional flight was contracted

for, after completion of the original program. This report documents Flight

R-26, the twenty-sixth of the research flights.

The test vehicle is a Lockheed designed, three-stage ballistic missile. L

The tandem configuration consists of five solid-fuel rocket motors. A L
single XM-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 powezed by /

a single XM-19E1 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

stage contains the nose cone and telemeter package.

T

-2- M
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A more complete description for a typical vehicle., including general-

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

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

Part I in Reference 2.

I-3-
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* TRAJECTO•Y

Tie R-2b flight test wvas conductedP 22 August 1957. The vehicle was

-~nched. fom Cape Canu•e•._l, Ai Florida. at 1003 hours, EST. The

launcher setting vaw4 77-3° elevation and 750 azimuth. The existing winds

produced a trajectory Which w equal to a zero-wind launcher setting of

77,.-)'elevation and 88E avzimuutihi.

Camera tracking data vas obtUined until the vehicle disappeared

through a cloud layer at about 15,000 ft. cltitude. Radar tracking dats

was obtained over the apogee of the trajectory to the first-stage-separation

altitude of 93,,500 ft. iLgnition of the first-stage rocket was norma4 and -

first motion occurred at 0.34 sec., AFMC time.

Iigute 1 presents the first-stage velocity, altitude, and range time

histories, based on a computed extrapolation of the radar data. The ex-"F

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

that the motor performance was normal and that a maximum velocity of 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 nimber is based upon free-stream properties and the nose-cone

4Y L

LOCKHEED AIRCRAFT CORPORATION MISSILE SYSTEMS DIVISION~



Separation of the first and second stages occurred at 93, 500 ft.

altitude at 309.86 sec. Velocity at the time of separation was 4,86o ft/sec.

SSecond-stage Ignition occurred 0.74 sec. later at 90,500 ft. altitude.

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

al. 75,,000 ft. altitude.

Tbird-stage ignition occurred satisfactorily 2.46 sec. after second-

stage ignition. The final configuration was boosted to a peak velocity of

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

below.

TTable I

SS• Of 1m~ortant Events

Even_ t Tm sc) Velocit fs1Atitude (f.

First-to-second ,

stage separation 309.86 4, 860 93. !00

LSecond-stage ignition S3O.60 4,_800 90._000
SThird-stage ignition 313.06 9, 000 74, 200

Peak velocity 314-7 1,3000 58,000o

The longitudinal, normal4 and lateral accelerations during re-entry are

Spresented in Figs. 6 and 7. in the vicinity of third-stage burnout., 311.7
S~seconds, the normal and lateral accelerzmeter data (Fig. 7) show that the

LOCKHEED AIRCRAFT CORPORATION SYSTEMS DIVISION
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vehicle was pitching with an amplitude of about 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
[

L

SILI

i L•

;• -6-

LOCKHEED AIRCRAFT CORPORATION -6 MISSILE SYSTEMS DIVSION

:.'- . : " "9,- "[



IISTNJEiTATION

[I
The R-26 nose wus a 9-in. diameter hemisphere. It was fabricated

from high-purity, vacuum-melted copper (Cupro - Vac E, supplied by Vacuum

v Metals, Inc.) and plated with a thin layer of nickel. Thermocouple plugs

were fabricated f-om OFHC copper.

Instrumentation consisted of 8 ultradyne pressure transducers and

23 chromel-alumel thermocouples. The detailed locations of pressure

L. orifices and thermocouples are shown in Fig. 8. The thermocouples are

[2 given letter designations from A through W for reference in the remainder

of this report. Table I1 lists the thermocouple locations, depths, and

7' wall thicknesses. Pressure orifice locations are presented in Table III.

The thermocouple installation technique is described in Reference 2,

Part II, Instrumentation Section.

Elm
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Table II [
R-26 Thermocouple fkc.ations

Angular Distance from
Ther-.couplle Stagnation Point (Degrees)

A 0
B 15
C 22.5
D 30
E 37.5
F 45 45-microinch rma -

G 52.5 roughness area°
60 beginning at 400I 67.5

J ~~75 3

L 37.5
4 45.0 control run,

52.5 1/2-microinch rms

0 15

11-1.5 30
R 37.5

11.5 145-microinch rms roughness
T 52.5 area beginning at 200
U 60
v 67.5

Total wall thickness 0.755 in.
Depth of thermocouple junctions 0.025 in. After buffing
Thickness of nickel plating 0.005 in.

LOCKHEED AIRCRAFT CORPORATION MISSE SYSTEMS DiVISION8
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Table III

I j R-26 Pressure-Orifice Locations

Orifice Angular Distance From Stagnation Point, (Degrees)

4A 55
1 B 65

C 65
D 70
E 75

G 85
H 90

2-9
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SWR=C FMhSH 1

The R-26 nose was plated vith 7 mils of nickel over a copper strike

applied at 75 amperes per square foot for three minutes. Plating results

were good. and the surfs- was buffed and polished with various grades of -

diamond compounds in the usual manner (Reference 3).

During the buffing operation, the nickel plate was completely removed

in a small region (See Table IVW, below), and it vas necessary to replace

the nickel using Dalic electroplating procedure. The dcepest pit on the I
instrumented surface was 60 microinches deep. All defects of depth greater

than 20 microinches are listed below in a polar coordinate system defined
as distance from the stagnation point in inches, and degrees counter-clockwise

fro the +Z axis looking aft. The general surface finish as inferred from

interferograms was about 1/2 microinch rm .

After thee a lushing operations were completed, two roughness patches [
were made on the surface. Both patches were appro.,dmately 45 microinches

rms and covered the two major thermocouple runs. An 80 TF carborundum i

abrasive was used to roughen the patches. The patch covering thermocouple

ran A-J began 40 degrees aft of the stagnation point, and the other began I
at the 20-degree position. Other details about the roughness areas are

indicated in Fig. 8.

-10-[
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1 Table IV

List Of Surface Defects

Defect Distance Degrees Diameter (mils) Depth
(microin-)

Pit 0.6 105 3 15
Pit 0.7 250 3 50
Pit 1.2 40 5 60

SPit 1.1 3-O 2 20
Pit 1.9 120 3 20
Pit 2.1 240 4 30
Pit 2.2 15 7 50
Pit 3.3 325 5 25
Dalic Patch
-Nickel Interface 3.9 70 1-1/2 in. sq. 20-30
Pit 14.3 335 8 50

i ,i

I[.|-7
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TELERR G AND iATA RaMC9!XON

EI
Nose temperature data on the R-26 flight were monitored on telemeter

ebainel 16. The general quality of the data was not as good as on previous

flighta, due possibly to a dirty or•i mrn ccmmutator. Although nose tempera-

ture data were obtained to approximately niae seconds after third-stage

buxrtout• the data were reduced only ap to 321 seconds (approximately 6.5 1

aeconds after tahird-stage burnout),

Mipheactual temperature data are presented in Figs. 10 to 32. Automatic .
decomitation o:." the data vas possible tp to 312 seconds. Betieen 312 and 321

seconds the data vwere m ua1VI decommutated.

Thermocouples R, 8, T, U,ý nd V y1elded questionable temperature data

begLnning between 316 and 318 seconds, as seen in Figs. 27 to 31.

Nose static pressure measurements were obtained on channel 24. Due to L

in-flight calibration shifts, the ftta are believed to be accurate to only

1.5 percent of total bandwidth. The actual pressure data di•ing re-entry

are presented in Figs. 55 to 63.

LOCKHEED AIRCRAFT CORPORATION MISSILE SYSTEMS DIVISION
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TE7PM0COUPLE DATA- T TECHNIQTUE

The commutated thermocouple data contain a certain amount of scatter,

Iv which would produce erratic heat rates if used as reduced. Therefore, in

order to solve the transient heat-conduction problem ý:r each thermocouple

location, it is necessary to first smooth the data.

The data-smoothing technique uses a second-degree, least-squares,[.
"vwalking" polynomial. A least-squares parabola is fitted to nine consecu-

tive data pointe, and the center value of the parabola is taken as the sw~othed

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

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

additional smoothed points. Details of the data-smoothing technique are

given in Appendix A of Reference 2.

.II
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Ii

leoIEfDS OF AMALYBIB F
The state of the boundary layer at each thermocouple location during

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

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

and temperature distributions over the surface are also examined for evidence

of transition. F
The laminar and turbulent heat-transfer predictions 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

from the AVCO stagnation-point theory (Reference 5) for an equilibrium

boundary layer with Prandtl number 0.71 and Lewis number 1.4. The Bromberg-

Lees theory for the distributi.)n of laminar heat transfer (References 6 and 7)

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

(Reference 8), which extended Van Driest's procedure (Reference 9) to blunt

bodies at hypersonic speeds and also by a method developed by Bromberg, Fox, L
and Ackermann (Reference 10). L

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

inviscid flow field outside the boundary layer. The inviscid flow was Ll

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

Stions and asst=u:_J isentropic expansion f.-=o -the stagnation point. DieU

E A-1k--
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Prandtl-Meyer flow was matched to the Newtonian pressure distribution at a

j • point where the pressure and derivative of pressure with respect to angle

are identical, as suggested by Lees. A specific heat ratio of 1.4 for tne

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

pressures on previous flights. The heat-transfer predictions and momentum-

thickness Reynolds numbers containeld in previous reports on hemispherical

nose shapes (References U, 12, 13, 14P) were based upon a Newtonian pressure

I F distribution over the entire body. The modifications introduced by the new
method into the significant parameters such as q/qA e/RelR, 7 Pe Ue/PlUl,

and Rewt/ReL (9.11./) (Tw/TI) (1/Fl) are shown in Fiogres 65 to 69.

Differences are introduced at body angles greater than about 55°.

The observed heat rates were deduced from the temperature data by

solving the transient heat-conduction problem. A one-dimon'sional analysis

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

couple location. This method neglects the effects of lateral conduction

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

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

A two-dimensional, constant thermal-property analysis was made for

thermocouple positions A through I and 0 through V on the two major thermo-

couple runs. This procedure assumes axial symmetry but takes account of

laterel conduction and curvature of the surface. Details of the above

methods are presented in Appendices E and G of Reference 2. The constants

used in the heat-transfer analyses described above were:

Exit Thermal diffusivity, X = 0.00114 ft 2/sec-

Thermal conductivity,-k 0.0603 BTJ/sec-ft. oF'

-15-
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I2
Re-Entry Thermal diffusivity.. at 0.0009211 ft /see.

"Thermal conductivity, k = 0.0555 HIM/sec-ft. 0F.

These represent mean values of the Armour and Battelle measurements L

(References 15 and 16) 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 j
described in Reference 1. The variation of thermal properties of the copper

were described by the following expressions: L

k = 0.o62 - 6.2 x 106T (mlU/ft 2 - sec OF/ft.)

Pc = 51.2 + 5.31 x 103T (BIM/f 3 - OF).

(T is in degrees Fahrenheit.)

I[

L
L
L.

[

-16-
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DISCUSSION OF RESULTS

I GENERAL OBSERVATIONS

The R-26 flight was the fourth Lockheed X-17 research flight which

had 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 magnitude but different length. The magni-

tude of the roughness was set at 45 microinches 7-.,s 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 transition was so completely rougbness-dominated that the

turbulent flow region would exist initially only in roughened areas. For

example, if transition 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 sensitive.

The total extent of the roughness area on initiating transition was

" I another effect whizh the different-length runs were designed to iLvestigate.

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 R1-9, R1-11, and R-22 flights previously demonstrated the feasibil-ity

of conducting surface roughness experiments with a narrow patch of controlled
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rotgbness on the nose cone while simultaneously maintaining smooth control

areas for "naturjXI transition results. 7he r,•pitude of the surface rough-

ness used on the various flights are listed below.

Surface Roughness Experiments With Hemispheres

Flight Roughness (Microinches rms)

R-9 30

R-1f 6

R-22 20 and 6 (two patches)p e

B-26 45 (two patches)

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

ful to review the transition events on the previous flights.

Fiqght R-9

On flight R-9 transition occurred at almost the same instant at all

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

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

degrees circumferentially from the roughness patch at all times that data

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

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

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

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

ness patch was 180, the lowest observed in the RTV program.

-18-
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j ~Flight R-II

Transition occurred almost instantaneously on the 6-microinch-rms

roughness patch between 50 and 70 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

[ laminar at 30-de&Tees.

Transition also occurred on the control run at body angles of 70 and

L 90 degrees at practically the same time transition took place on the 6-rms

run, and subsequently moved forward to the 60-degree position.

L- Laminar flow was observed on two short thermocouple runs which covered

I body angles between 20 and 50 degrees.

The value of the momentum-thickness Reynolds number on the 6-microinch

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

I Flight R-22

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

moved forward to the 22.5-degree location during an interval of 1.5 seconds.

The transition data obtained on the 6-microinch rms roughness run wer*v

questionable because of the fact that the heat rates were neither clearly

laminar nor turbulent. About 1 second after it originated on the 20-

F1  microinch-rms roughness run, turbulent flow occurred on a smooth control

run located midway between the two roughness patches. As transition moved

• forward pn 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.

-19-
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B-26 Transition Re,,;ults
Transition from lsiinar to turbulent flow was detected on both rough-

ness patches between 314.2 and 314.4 seconds. Transition inJtially occurred

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

The hest.-rate data and the temperature levels both indicate that transition

may have started slightly earlier on the longer roughmess patch then on the [
shorter one.

The turbulent front on both roughness runs then moved forward to the I
15-degree position by 316.9 seconds. The short and long roughness runs

started at the 40 an. 20-degree Ixdy positions respectively. Hencej surface

roughness did nat ctntrol either the extent or rate of the forward movement

of the transition frnt.

Transition was &.tected on the control run approximately 1.5 secoads

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

run shoaed transition practically simrltnniously.

The minimm nomentum-thickness Reynolds nmbers when transition vas

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

Aeter 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

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

transition events is given in Table V.

In Table VI the conditions on the R-26 nose at the time of transition are U,

compared to those on previous flights which used the hemispherical nose shape.
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Table V

i: 3uxSmmary Of Transition Events

F Thermocouple Surface Time When Boeq Angle Foremost Comaents

run Finish Transition Nhere Tr,-an- Point of
(Microin. rms) Was First sition Was Transition

Detected First (Deg.)
(Sec.) Detected

v ___________ _________ (Deg.)

IA- 45, starting 314A 45 15 Tranoition
Sat 1hO° body moved for-
position war -ter a

-- 2.5 see.A.interval.

K-H 1/2 315.9 0. 30 The most
3 forward,

thermocouple

was located
at 300.

O-W 45., starting 314.4 45 15 Transition
at 200 body moved for-

position ward over a
2.5 sec.
interval.

I 1
T'7
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Effect Of Surface Roughnese On Tranoition

Without discussing transition Reynolds number or other transition

Ii 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 (20-45 microin.

Srms) caused premature transition. On each of these 4 lights considerably

higher heat rates and surface temperatures were i. -.-ved in roughened

[I areas than in smooth areas.

The results obtained from the 6-microinch rms surface on the R-11

and R-22 flights indicated that roughnecks of this magnitude did not cause

early trauitiou. Hence, fur the boundary-layer conditions encountered

in the X-17 series, a rough dI-riding band for surface•-roughness effects

rappears to be established.

%When reviewed in the above manner, the results from the roughness

experiments seem quite clear, However, when attempts are made to correlate

i the data from the various flights by comparing transition Reynolds numbers,

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

momentum-thickness Reynolds number at the point of traneition has been used

as a correlation parameter. When the transition Reynolds numbers from all

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

i the surface is rough or smooth. Re covers the same range. Tis indicates.,

therefore, that Re9 is probably not the best choice for a correlatioc !

number, since it tends to obscure the physical facts.

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

the minimum free-stream transition Reynolds number and the corresponding

LCL-23-
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Re Q's obtained on hemispheres. The minimm value of Re'T does not occur

at the minim T free-stream transition Reynolds number since Re9 is P rune-

tion of body position.

Transition occurred on the R-9, R-22,and R-26 roughness patches at a

much lower free-stream Reynolds number than on the smooth surfaces and on

the-6-microin. rma patch on the R-U2 flight. The Re0 to obtained on the

same roughness patches, however, fall into the same band as those obtained

on the smooth su'rfaces, One reason for this behavior is that at high Mach

numbers the momentum-thickness Reynolds number is almost proportioned to L
the square root of the free-stream Reynolds number at a gLven body position.

Another reason is that the momentum-thickness Reynolds nuwber at

transition is also highly dependent on the body location at which transition

is detected. As an example, on flight R-32 transition occurred at prart:1i2alJy

the same time in the trajectory on both the smooth run and the 6-microinch

•2s rougmness rtmn, but the transition momentum-thickness Reynolds numbers

were 720 and 550. respectively. Thio is because transition occurred at the

70-degree location on the smooth run and at the 50-degree location on the

roughness patch.

The free-stream Reynolds number. however, which is independent of the

body location, demonstrates quite clearly that surface roughness causes L
early transition.

RZ-EWWTRT PERAUMR DATAE

The ray teuperature data obtained during re-entry are presented in

Figs. 10 to 32. Points which were discarded in the computations are indicated.
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An examination of the data at thermocouple D) indicates that ther

thermocouple probably malfunctioned and that the data, therefore, are not

L valid. As indicated in the table below, the temperatures registered by

thermocouple D were several hundred degrees lower than those indicated

by neighboring thermocouples.

Time Temperature (OF)

C D B

315 1100 650 1000
315.5 1320 830 1300
316 117o 1000 1560

The temperature 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 314.5 seconds. By 315 and 315.5 seconds there is clear evidence ofI

transition on .-Ah runs at thermocouples aft of 50 degrees. At 'ater times

.. the temperature profiles on both runs are still roughly similar, although

consistently higher temperatwes are recorded along run O-W in regions

,where the flow was turbulent.

At 317.0 seconds temperatures in excess of the m-eltcing point of copper

"were indicated by thermocouples S, T, and U. It is of interest to note

that at 317.0 seconds the nose internal pressure shows a discontinuus

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

I ORR
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that shortly after the melting point was reached a hole was burned through

the nose, increasing the internal pressure in the nose. If this actually

did occur, it would not have had any influence on the results of the ex- F:
periment, since the transition events as well as the major portion of the

heating were completed before 317.0 seconds.

The raw tmperature data obtained from thermocouples K, L., M, am- N

&i. the short control run show distinct changes in slope at about 316 seconds,

indicating transition. The corresponding temperature profiles are shown L
in Fig. 34. The profile obtained from thermocouples located beneath the

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

data show quite clearly that considerably more turbulent flow occurred on

the rough patch than ,;a, the smooth control run.

FO-ERM HEAT RA

The heat-rate plots for re-entr. are presented in Figs. 35 through 44.

Observed heat rates are compared with latinar =d turbulent predictions.

Observed heat rates obt~tned by a -Ž-dimensicua1 analysis azre presented

for the majority of the thermocouples comprising the two roughness runs.

The heat rates are discussed below by comparing results at each

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

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

made to the drawing of the nose (Fig. 8) and the list of thermocouple L.

locations in Table I7. I

I
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I Thermocouple A, OP (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 variable

r and constant thermal properties. Ivor the variable thermal-properties

case, the variation of the nose-cone thermal properties with temp.rature

is given in the 'Methods of Analysis' section.

Accounting foi- the variable thermal properties decreases the observed

i. heat rates by about 10 percent in the vicinity of peak heating.

A two-dimensional constant thermal-properties analysis was also zA•e

at the stagnation point to obtain the observed heat rateu. The two-dimen-

sional analysis,ý which accounts 10or body-curvature effects and lateral

conduction, yields observed heat ra~es about 12 percent below those obtained

by a one-dimensional analysis.

S-. If it is assumed that the effects of variable thermal properties are the

same for a one- and two-dimensional analysias the observed heat rates obtained

by a two-dimensional variable thermal-properties solution cen be estimated.

This estimated observed heat rate, shown as a broken line in Fig- 35, is

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

Thermocouiplet B And 0 15., (FIgSie 3)

The observed heat rates at thermocouples B and 0 are in good agree-

ment with each other at all times data were obtained. The laLmiar predic-

j tion is about 25 percent below the observed heat rates in the neigbborhood

of peak heating.

Fi
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A comparison of the observed heat rates at this location with those

at the stagnation point indicate that the boundary layer was lminar at

the time o? peak heating. The heat rates indicate that transition occurred

at 'both thermocouple lo'ations between 316.8 and 317.0 seconds.

Thermocouples 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 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

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, &And , 360 (Figure 38)

A two-dimensional analysis was performed at thermocouple q only. The

temperature data at thermocouple D is questionable, as pointed out in the

discussion of re-entry temperatures, and waa elimimted 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.

-28-
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B1|IA comparison of the heat rates at thermocoupie q and the preceding

location indicate that transition occurred sometime after _V-4.3 seconds.

The heat 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 trancition. 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 between

316.0 and 316.4 seconds, considerably more then one second after transition

had occuIred at thermocouple Q, which had a 1 5-microin. rms rougbness s=-

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 queationable, they will

not be discussed.

Thermocouples E, P, And R, 37.5o (Figure 39)

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

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

SR are somewhat 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 314.4

seconds. The boundary appears to have been in transition until about 316.1

seconds, when the observed heat rates begin to agree very clooely with the

.4flturbulent prediction of Denison.
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Transition occurred at thermocouple E at about 315 seconds and between

315.7 and 315.9 seconds at thermocouple L. The turbuleat observed heat

rates at E lie between the two turbulent predictions.while those at L are

nomewhat higher than both turbulent predictions.

Thermocouples F, MAnda, 50 (Figure 40)

The observed heet ratcb at early times oscillate about the lwIznar

Sprediction. Transition occurred at thermocouples F and 8 at approximately

314.4 seconds. It appears that transition occurred at thermocouple 8

slightly before thermocouple F. Transition occurred at thermocouple M on

the control run at about 315.9 seconds, considerably after transition

occurred at the two thermocouples located on the roughness runs.

After 316.8 seconos, the observed turbulent heat rates are in fair

agreement with the turbulent predictions. Thermocouple F is in good agree-

ment with the Denison prediction,vbile thermocouple M is in fair agreement

with the R-4 pred1lction. In other words., the spread in the data was just

about equal to the spread in the two predictions.

Thermocouples G, X, And T, 52.50 (Figure 4.1)

Before 314.4 seconds the observed heat rates at the three thermocouple

locations oscillate abouat 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 314.4 seconds. Transition at thermocouple N, L
located on the control run,occurred at 315.9 seconds.

-30- I
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The turbulent heat rates fall between the two turbulent predictions.

Valid temperature data at thermocouple T was prematurely lost Just before

! i316 seconds.

IThermocouples H And Up 6cP (FigK~ 421

The observed heat rates indicate that transition occurred at thermo-Icouple U at approximately 314.2 seconds and at 314.5 seconds at thermocouple

L •. . Imadiateiy after transition t•he observed heat rates oscillated between

the two turbulent predictions. At late:- times the observed heat rates at

thermocouple H agreed very well with. Denison's turbulent prediction. Valid

r data was prematurely lost at thermocouple U,and no real comparison can be

made with the turbulent p.-edictions.

Thermocouples I And V 67.50 (Figwe 43)

Transition occurred at thermocouples I and V between 314.3 and 314-.5

seconds. Transition occurred sligtly earlier at V than at •. The turbulent

observed heat rates at thermocouple V oscillate between the two turbulent

[ I predictions. The turbulent heat rates at thermocouple I are of questionable

validity after 315.4 seconds. Before 315.4 seconds the observed heat rates

It 1 • cross the band of the two turbulent predictions.

Thermocouples J And W 75 (F r 4)

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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S .. are higher than the laminar prediction. Transition appears to have occurred

at the rinoccup-le W 6hortly after 311.l seconds and at approximately 314.4 seconds

-at thermocouple J.

Thie observed heat rates after transition are slightly higher than the I

R-W prediction. A two-dimensional analysis will lower the observed heat

-- rates and improve the agreement between the observed and predicted heat rates. L
: The non-dimensional heat-transfer distributions during re-entry are

1~i•- • Showwn- in Figs. 45 and. i6. On thermocouple rurn B-J transition is clearly
"idicated at 315 seconds at the 37.5-degree location. By 317.2 seconds the

-transition t front hai =oved forward to the 15-degree location. Transition

---in also dicated on run O-W at 3111.5 seconds at the 37.5-degree body location.

•i• - The transition front then moved forward to "zhe 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

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

ji
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BEHAVIOR OF TRANSITION PARAMEERS

The tre-.isition times, momentum-thickness Reynoldo numbers, rnd values

of 6/1 on the roughness runs at transition are shown in Fig. 47. It is

T seen that transition first occurred practically simultaneously at thermo-

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

approximately 3'114.4 seconds. The momentum -thickness Reynolds number at

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

r Lin the roughened area of both runs. Transition appears to have occurred

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

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

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

location. The momentum-thickness Reynolds number at the 15-degree location

ti at this time was 300. The extent of tne roughness areas did not control

the forward movement of the transition front.

Transition appeared simultaneously 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 Reynolds number at the

most forward thermocouple location on this run (30-degree location) at the

time of transition was 370.

Ii iA comparison of the transition results from the rough and smooth runs

shows that roughness caused transition to occur earlier in the trajectory

but with no stgnificant change in the momentum-thickness Reynolds number.

I L It should be pointed out, however, that the smootLh control run was not

Li
1 -33-
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completely instrumeated, 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 L
on the control ru4,, and this wv.l& result in a significant decrease in the I-
transition Reynolds number.

A qualitative picture of the cooling experienced by the boundary layer

Is obtained from the ratio of the wall enthalpy to the local free-stream

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

mocouple loc&tUons in Fig. 48. A cross plot of Fig. 48 is presented in I
Fig, 49. Transition, began when this ratio was at an average of about 0.09.

EXIT MOUW EEYN0IJ NUMBER, AN&D ACEreiaTIONM

The magnitude of the temperatures during the exit trajectory is gen- L
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 Ir

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

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

The exit heat rates obtained by fairing the raw temperature data and a thin-
skin analysis are of doubtful validity and sre 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 0-W the temperature profiles L
indicate a forward movement of the transition front to the 15-degree

i~[_
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iore- "ion. It should be pointed out that this apparent forward movement

of the transition front took place while the momentum-thickness Reynolds

II number was decreasing. This can be seen by an examination of the momentum-

thickness Reynolds-number history during exit, presented in Fig. 54.

The temperature profiles on the smooth control run (thermocouples K-N)

indicate that transition occ ;xred at the 30-degree body location late in

the exit trajectory when the Reynolds number had decreased to a value well

iibelov its maximum.

The longitudinal accelerations experienced during exit are presented

in Fig. 51. A maximum acceleration of approximately 12g's was obtained

at 23.41 seconds. The normal and lateral accelerations, which are not

presented, vere no more than 1g.

PRESSURE MFASURET
Pressure measurements were made at 5-degree interns at body angles

Iof 55 to 90 degrees. Pressures wer-a measured with respect to the pressure

inside the nose cone. which vaa monitored separately by an absolute pressure

Igage. Gage pressure measurements were converted to absolut. pressures by

adding the nose internal pressure.

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

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

and velocity) and an NACA standard ainosphere to compute the ratio of the

measured static pressure at each orifice location to the stagnation pressure.
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This prassure ratio, whlich is nearly independent of Mach number at high

Macb numbers, is plotted as a fumction of body angle in Fig. 64 and com-

pared with the following predictions:

1. Modified Newtonian law for high Mach numbers

SP Cos2 .
2. ~t2 1

2. Combination of modified Newtonian-and Prandtl-Meyer pressures

with Ye = 1.4. The Prandtl-Meyer flow is matched to the [
Newtonian law at a point where value and derivative of pressure

with respect to angle are identical. [
The resulta are presented in Fig. 64j, which shows that the data are in good

agreemett with botY1 prediction methods (which are nearly equal) between

55 and 65 degrf.,es. At larger body angles the modified Newtonian law falls

below the data by increasing amounts, while the combined Newtonian -- Prandtl

Meyer prediction overestimates the data slightly. It should be pointed

out that the raw data in the time interval from 317 t:ý 318 seconds contained

oscillations which were faired to obtain the results shown on Fig. 64. It L
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 earlier data.

The result that the pressures at body angles greater than 65 degrees

follow the combined Newtonian -- Prandtl-Meyer law better than the Newtonian _

law alone waa also obtained on previous X-17 flights (Reference i,) - 1

L. C
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