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FOREWORD

An extensive data base on a 2:1 elliptical nosetip shape to be utilized
for verification of the AVCO MTSCT three-dimensional transition code was
generated in the NSWC/WO Hypersonic Tunnel at Mach Number 5. The tests were
conducted during the period 7-17 April 1981. Four nosetip models with surface
roughness values based on a 30% probability of exceedence (K30) of 0, 1.29, 3.26,
and 10 mils were tested. The first three nosetip models were instrumented with
112 back-faced chromel-alumel thermocouples. The fourth model (i.e., 10-mil
roughness) instrumentation consisted of 67 thermocouples and 31 Statham pressure
transducers. The test matrix consisted of 60 runs where the variables included
angle of attack, tunnel Reynolds number, and wall enthalpy ratio.

This work was performed at the request of the Ballistic Missile Office in
support of the Maneuvering Thermodynamics and Shape Change Technology (MTSCT)
Program. These tests were directed by Mr. A. Todisco., AVCO Systems Division,
Wilmington, Massachusetts. This report describes the test procedures and the
data reduction and transmittal methods.

Accession For
UTIS C-TUI&

PTTC T"? .. -*

J , 
C. A. FISHER

By direction

1/2



NSWC MP 81-259

CONTENTS

Page

INTRODUCTION........................................................... 5
MODELS AND INSTRUMENTATION............................................. 5
TEST CONDITIONS....................................................... 14
DATA ACQUISITION AND REDUCTION......................................... 21
SURFACE ROUGHNESS CHARACTERIZATION..................................... 24
DATA FORMAT ............................................................ 26
BIBLIOGRAPHY .......................................................... 47
NOMENCLATURE ........................................................ 4
APPENDIX A Surface Roughness Characterization .......................... A-I

ILLUSTRATIONS

Figure Page

1 Model Drawing........................................ 6
2 Pressure Port Connection........................... 7

3 IlLustration of ThermocoupLe and Pressure Tap Lo-
cat ions......................................... 8

4Model G-3 Retracted Into Cooling Box--Top Viw 9
5 Model G-1 Injected Into Test Cell--Side View ....... 10
6 ModeL G-2 (K3 0 7- 3.26 miL)..................... .. 11
7 ModeL. G-3 (K.~ 1.29 mL)..................... .. 12
8 Model G-4 (160IL m ................................. 13
9 NSWC Hypersonic Tunnel.............................. 15

10 PrecooLing Setup Schematic......................... 20

11 Pitot Probe Surveys and Mach Number Profiles at Various
Reynolds Numbers........................................ 25

12 Surface Roughness Characterization..............27
13 Surface Traces of Model G-2 and G-3 sape........28
14 'Quick-Look' Temperature Vs. Time PLot ..................... 30
15 'Quick-Look' QDOT Vs. Thermocouple Location ALong Wind-

ward Ray.............................................. 31
16 'Quick-Look' QDOT Vs. Thermocouple Location Along Lee-

ward Ray ............... o................................32
17 'Quick-Look' QDOT Vs. Thermocouple Location Along Major

Axis.................................................. 33
18 Representative Temperature Vs. Time Plot ................... 34
19 Representative QDOT Vs. S Plot for Ray AW .................. 35
20 Representative H Vs. S Plot for Ray AW ..................... 36
21 P/RINF Vs. Tap Location on RayJ-Run #51 ................... 37
22 CP Vs Tap Location onRay N -Run #51 ..................... 38

3



NSWC MP 81-259

ILLUSTRATIONS CCon't)

Figure Page

23 P/PT2 Vs. Tap Location on Ray J - Run #51 .................. 39
24 Shadowgraph of Modlel G-2 at a = 25 Degrees (Run #13) ....... 45
25 Shadowgraph of Modlel G-2 at at = 0 Degrees (Run #30) ......... 46

TABLES

TabLe Page

1 AVCO MTSCT Test Matrix .................................... 16
2 Material Properties ............................... ........ 22
3 Mach Number Criteria .............................. :........24
4 Sample of TabuLated Heat-Transfer Data ..................... 40
5 Average Wind Tunnel Conditions and Initial Modlel Conditions

for Run #43 ............................................. 41
6 Sample of Tabulated CP Data ....................... ........ 42
7 Summary of Average Pressure Data For Run #50 ............... 44

4



NSWC MP 81-259

INTRODUCTION

This report summarizes the results of a heat-transfer and limited pressure
test series run in the Naval Surface Weapons Center/White Oak Laboratory
(NSWC/WO) Hypersonic Wind Tunnel (T-8) as part of the AVCO Maneuvering Thermo-
dynamics and Shape Change Technology (MTSCT) Program. The purpose of this wind
tunnel test series was to provide data which will be utilized for verification
of the AVCO MTSCT computer models. Specifically, the data generated in this
test series will be used to:

a. Extend nosetip transition modeling to three-dimensional flow,

b. extend nosetip roughness heating augmentation modeling to three-
dimensional flow at large roughness Reynolds number, and

c. verify/refine basic flow field models for three-dimensional nosetip
configurations.

MODELS AND INSTRUMENTATION

Three models were supplied by AVCO and instrumented at the Naval Surface
Weapons Center. All nosetip models were oblate spheriod shapes (5.0" major axis)
with an ellipticity E = 1/2. The model size for the 2:1 elliptical shapes was
selected to provide natural transition on the smooth wall model at the maximum
test Reynolds number. The test models were fabricated from wroughtnickel with
a nominal thickness of 0.060-inch. Model layout and sting adapter are shown
in Figure 1.

Two models were instrumented with 112 chromel-alumel thermocouples of 5-mil-
wire diameter. The wires were fused into a bead of approximately 1/32-inch-dia-
meter and then spot welded to the interior surface of the model. Model G-1 was
a highly polished model with a surface roughness < 0.01 mils. The second model
(G-2) was grit blasted at NSWC to a surface roughness of K30 = 3.26 mils. The
K30 roughness value is a measure of surface roughness based on a 30% exceedence
height and is discussed in detail later in this report. After model G-1 was
tested, it was grit blasted to a K3 0 = 1.29-mit roughness and then identified
as model G-3. Model G-4 (10-mit-brazed roughness) instrumentation consisted of
67 chromeL-aLumel thermocouples and 31 Statham pressure transducers. The pressure
transducers were housed in an external pressure bank outside of the test cell.
Twelve feet of 3/32-inch O.D. stainless steel tubing was required to connect each
Statham transducer to the respective model port. Number 51 holes (.067-inch-
diameter) were drilled by AVCO at the desired locations. The holes were then
tapped with a 3-56 thread. This resulted in about four threads in the .060-inch
model wall. Small lengths (less than four inches) of the 3/32-inch tubing were
then screwed into the tapped holes until they were flush with the model surface.
Loctite was then used to seal the threads. Finally, as an "insurance policy" to
prevent leakage, RTV silicone rubber was placed at the tube/model interior sur-
face junction. Approximately one foot of Tygon tubing then connected the model
port to the 12-foot length of tubing. A sketch of the pressure port is given in
Figure 2. Pressure measurements were obtained only with the 10-mil roughness
model. It was felt that the large hole size may induce boundary-layer transition
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for the smooth or small roughness models, whereas for the 10-miL roughness model
a fully turbulent boundary layer should already exist.

COPPER PARTICLES

SEALED WITH LOCTITE 0.057
RTV "

<-- 3/32 INCH STAINLESS

TYGON TUBING

FIGURE 2 PRESSURE PORT CONNECTION

The location o" the thermocouple and pressure tap coordinates are defined as
the intersection of the 'radial' planes that emanate from the rotation axis of
the ellipsoid (i.e., minor axis) with the semicirrles centered on the rotating
axis. The geometry is best visualized in Figure 3. A planform view of the model
shows 'radial' planes A through H and J through N. The = 00 ray (plane A-A')
is shown to illustrate thermocouple locations. Note that for models G-1, G-2,
and G-3 thermocouples are located on onLy half the model because of symmetry.
For model G-4, pressure ports (rays J through N) are located on the other half
of the model.

The thermocouples and pressure taps are identified by an alpha-numeric code.
Thermocouples or pressure taps located at the intersection of the model surface
and major axis are identified by the ray name followed by zero (two-digit code).
For the remaining thermocouple and pressure taps, the meridian plane identifier
is followed by the thermocouple or tap number in sequence from the 'zero' plane
folLowed by either a 'W' (windward or bottom of model) or a 'L' (leeward or top
of model). See Figure 3 for clarification.

Two views of a model in the test cell are shown in Figures 4 and 5. Figure 4
shows a top view of the G-3 model ret.,acted into the cooling box. Figure 5 shows
a side view of the G-1 model with the model oriented with the minor axis in the
pitch plane (at 00). Photographs of the models are given in Figures 6 through
8.
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TEST CONDITIONS

These tests were conducted in the NSWC Hypersonic Tunnel (T-8)
with the axisymmetric Mach number 5 nozzle. This tunnel is a blow-
down-type tunnel utilizing high-pressure air as the working medium.
A line diagram of the Hypersonic Tunnel is shown in Figure 9. A more
detailed description of the tunneL and its performance capability may
be found in reference (1).

The tunnel Reynolds numbers were varied from 1.25 x 106 to 23.8 x 106 per
foot. The test matrix with computed Reynolds numbers is given in Table 1. For
most runs the model was oriented with the minor axis in the pitch plane. This
was referred to as the 'wing' orientation with zero roll angle (PSI = 0). For
runs #46 and #60 the model was roLled 90 degrees with the thermocouple instru-
mentation located on the windward side when pitched to angle of attack. For run
#59 the model was rolled 180 degrees to provide leeward heat-transfer data. Data
was recorded at 0, 10, and 25 degrees angLe of attack.*

The enthalpy ratio (Hw/H s) is assumed to be equal to the initial wall tem-
perature (Twi) divided by the stagnation temperature (TO)

Hw/H s = Twi/T o  (1)

where

To,Twi - OR

The initial wall temperature is the average temperature of all the thermocouples
just prior to model injection for that particular run. The supply conditions
(TO, Po) are averaged values over the data interval. The data interval is 0.8
seconds except for runs #49, 50, and 51. For these three runs heat-transfer and
pressure data were recorded simultaneously, where the data interval
for the heat transfer data is 2.0 seconds and 6.7 seconds for the
pressure data.

For the 'cold-walt' enthalpy runs (Hw/Hs = .3) the models were precooled
to a temperature as low as -1500 F before injection into the test cell. The
models were precooled using nitrogen and air. Liquid nitrogen was first
evaporated and preheated to about -150 0 F. Dry air was then passed through a
heat exchanger where it was cooled to approximately --1000F. The gaseous nitrogen
was directed over the model from an inner annular jet of four inches in diameter.
The precooled air fed into the periphery of the annular jet to provide additional
cooling and to shield the model surface from any moisture in the tunnel test cell.
Additionatly, nitrogen was fed into the cooling box manifold to cool the sting.
A schematic of the precooling setup is given in Figure 10.

1. BaLtakis, F. P., "NSWC Hypersonic Tunnel User's Manual," NSWC/WOL MP 76-10,
Jun 1976.

*For run #48, maximum angle of attack is 8.5 degrees because pitch mechanism
froze due to long exposure to the cooling box.
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DATA ACQUISITION AND REDUCTION

Tunnel supply conditions and thermocouple/pressure transducer outputs are
recorded on a 16-channel analog-to-digital recorder (DARE V). By multipLexing
the 16 amplifiers, DARE V is capable of recording 128 inputs. For runs 49, 50,
and 51 data sampling rate was ten samples per second. The low sampling rate
was necessary to allow for the longer time required for the pressure measurements.
For all other runs the input sampling rate was 25 samples per second.

Aerodynamic heating rates (Q) and heat-transfer coefficients (H) were computed
from the standard heat balance equation assuming a thin-wall model transient
technique with no lateral conduction. The heat balance equation is:

dTw
P c 6 d-t (2)

where

6 = heating rate (BTU/ft -sec)
p = density of the model material (Lb/ft 3)
c = heat capacity of the model (BTU/Lb-°F)
6 = measured model wall thickness at TC location (inches)
Tw  = measured wall temperature (OF)
t = time (sec)

For model G-4, equation (2) is modified to account for the nonhomogenity. The
equation is now written as:

dT w

p c dw (3)

where

= (pC)Nickel + (P c 6)Silver Alloy +(p c6)Co ppe r  (4)

The values for (pc6)si l r -L and (pc6)_ r were obtained by weighing the
0.5 ice vaP~~e~h i? reuto Op~rm aeilpoete rsilver alloy and copper par ic s applied o e model and then computing an
average thickness of the material. Average thickness values are 6Silver = .0004
inches and 6 Copper = .0052 inches. An average model wall thickness of 8Nickel0.057 inches was used in the data reduction program. Material properties are

dependent upon the temperature and are summarized in Table 2.

21
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TABLE 2 MATERIAL PROPERTIES

Density (Lb/ft 3) Specific Heat (BTU/Lb-°F)Temp. -

(OR) I Ni Cu Ag Ni Cu Ag
500 555 560 655 .098 .092 .0560

750 J .122 .096 .0570

1000 .133 .099 .0585

1160 .146 .101 .0600

1250 .130 .103 .0605

The temperature-time derivative values (dTw/dt) were determined by curve-
fitting the recorded temperature-time data. A second order polynomial curve
fit using twenty data points was used to compute the temperature-time slope.
A critical parameter in determining the heat-up rate was the initial transient
or start-up time. It was necessary to choose a starting time (Ti) for the twenty-
point curve fit as close as possible to the time when the model first became
fully exposed to the flow. The starting time for a particular run was determined
by examining the temperature-time plots and digital data and then selecting the
time when the thermocouple response became free of the model injection transients.
Typically, the injection transients were between 0.1 and 0.25 seconds.

The heating rate (Q) is the initial value based on the dTw/dt value at the
start of the fitted data. The heat-transfer coefficient (H) is obtained by
dividing the initial heating rate by the temperature differential (To-Twi) or

H = Q/(T o - Twi) (5)

H = heat-transfer coefficient (BTU/ft 2 -sec-OF)
To  = adiabatic wall temperature (i.e., tunnel stagnation temperature,

OF)

T = average initial wall temperature (OF).w.

The Stanton number (St) is a nondimensional number obtained by dividing the
initial heat-transfer coefficient by the freestream values of C p c,, and U.,

H
St = (6)

where

Cp = specific heat of air (0.24 BTU/Lb-°F)

p. = freestream density (lb/ft 3)

U. = freestream velocity (ft/sec)

22



NSWC MP 81-259

The specific heat of air was assumed to be 0.24 BTU/Lb-OF, and the density and
velocity values were computed from the tunnel air supply pressure and temperature
values averaged over the curve-fitting period (typically 0.8 seconds).

Pressure data for runs 49, 50, and 51 consisted of the measured surface
pressure normalized by the freestream static pressure (P/P.); surface pressure
normalized by the total pressure behind a normal shock (P/Pt); and a non-

dimensional pressure coefficient (CP). The pressure coefficient was defined as:

P
CP = P0U---2 (7)

where

P = measured surface pressure (lb/ft )

0. = freestream density (Lb/ft 3)

U. = freestream velocity (ft/sec).

The response time of the twelve feet of tubing was of concern. To reduce the
response time the transducer bank was 'opened' before model injection. This
produced almost a step pressure input to the flow. The pressure data was then
averaged over a 6.7-second time interval.

The tunnel Reynolds number was calculated from the familiar expression:

p U (8)

RE = -

where

RE = Reynolds number ( /ft)
= coefficient of viscosity (lb-sec/ft2)

The coefficient of viscosity () was calculated from Sutherland's formula where

T 3/2

p = 2.27 *10 * T 98. (9)
T+ 198.6(9

where

p = coef. of viscosity (lb-sec/ft2)
T. = freestream static temperature (OR)

Finally, an expression that computes the required tunnel supply pressure in
terms of the Reynolds number and tunnel supply temperature for the Mach number 5
nozzle is given by:

RE * T
Po= (10)

1.02736 x 107 (To + 1.1922 x 103)

23
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where

PO = supply pressure (psi)
To  = supply temperature (OR)
RE = desired tunneL ReynoLds number (per foot)

The freestream Mach numbers used in the computations were obtained from pitot
probe surveys. The pitot rake surveys were taken at an axial distance of 5.5
inches from the nozzle exit plane. The pitot probe orientation and Mach number
profiles at various Reynolds numbers are given in Figure 11. The criteria for
the Mach number determination is summarized in Table 3. The Mach number values
are based on the average of probes 2 through 5.

TABLE 3 MACH NUMBER CRITERIA

Re x 106 /ft Mach Number

>10 5.02

6 < Re < 10 5.01

-5 5.00

<4 4.99

The NSWC 'Quick-Look' System provided reduced thermocouple data immediately
following a run. Sixteen pre-selected thermocouple inputs were recorded and
reduced on a 4052 Tektronix computer. Temperature-time and heating rate (6) plots
were available to determine the desired Reynolds number for the next run.

SURFACE ROUGHNESS CHARACTERIZATION

Standard grit blasting techniques were used by NSWC to produce the small
roughness on models G-2 and G-3. One-inch-diameter nickel samples were roughened
along with the models. Photomicrograph measurements were then made on the samples
to determine the surface roughness on models G-2 and G-3. In the photomicrograph
method of surface roughness characterization the roughened specimen is sectioned,
mounted in a room temperature setting resin for maximum edge retention, and then
polished on its sectioned face to highlight the surface roughness elements. Then
the sample was photomicrographed at either 50 or 100 magnification.

The approach taken in determining the surface roughness was based on roughness
element height results. Polaroid photomicrographs of the sample were connected
in a continuous strip. An 'arbitrary' straight line was drawn on the strip of
polaroids and was defined as the reference surface (yo). Using a seven-power
calibrated eye piece, measurements from Yo to the sample surface were made at
specified intervals. A probability of exceedence vs. y-yo curve was generated
and a best fit straight line calculated from the data between 0.1 and 0.9
probability. By definition the 'optically apparent surface' (ho ) was the value
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of (y-yo) when the probability of exceedence curve-fit equals one. Figure 12a
illustrates the approach taken in defining the optically apparent reference
surface (ho ) based on a tangent slope determination from the photomicrograph
data. The ho value is an adjustment to the original reference line (yo) and
wilL move the reference line up (+ho ) on down (-ho). The 'significant peaks'
were measured from the ho Line. A probability of exceedence vs. (h-ho ) was
generated for the roughness elements. It was now assumed that the 'larger'
roughness elements are primarily responsible for triggering transition. There-
fore, the 30 percent exceedence height (h30 ) was chosen as the roughness value
for the sample. See Figure 12b for an example. Since the plane of measurement
does not pass through the peak of each roughness element, the h30 value is
multiplied by a shape factor of 4/,r (hemisphericaL shaped elements) to arrive
at the K30 value.

For the 10-mil model (G-4) copper particles were brazed to the model surface
in a vacuum furnace.

Prior to grit blasting the models, NSWC generated calibration curves for the
grit blasting apparatus.* Nominal roughness values of K3 0 = 3.0 mil and 1.5 mil
were desired for models G-2 and G-3 respectively. Calibration curves and
statistical data are included in the Appendix.

Both model and sample were grit blasted for a period of time to produce uni-
form and complete coverage as determined by visual inspection. Typical grit blast-
ing time was 2-3 minutes per square inch of surface area. Model G-2 and its sam-
ple were grit blasted with #12 chilled iron grit at 30 psi. The resulting sur-
face roughness was K30 = 3.26 mils. The calibration curve for the G-3 model re-
quired an extrapolation to determine the lower pressure settino. A linear extra-
polation was assumed and resulted in a pressure setting lower than what was re-
quired to produce the 1.5-mil roughness. Model G-3 and its sample were grit
blasted at 22 psi with #25 Norton Alundum grit producing a K30 value of 1.29
mils. Traces of portions of the photomicrographs are given in Figure 13.

DATA FORMAT

The data generated for this wind tunnel test series included the following:

(1) 'Quick-Look' temperature-time plots and heating rates for 16 pre-selected
thermocouples for each run.

(2) Digital time record of model wall temperatures.

(3) Temperature-time plots.

(4) Heat-transfer parameter values (6, H, St) in tabulated form.

(5) Plotted heat-transfer data along a given ray.

(6) Tabulated pressure data (P/P , P/Pt2, CP).

Montgomery Ward Sand Blast Gun - Model XER-6351 modified with a 3/8-inch I.D.
nozzle.
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FIGURE 12 SURFACE ROUGHNESS CHARACTERIZATION AND DEFINITION
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MODEL G-2 SAMPLE, BOX

MODEL 0-3 SAMPLE, 10OX

FIGURE 13 TRACES FROM PHOTOMICROGRAPHS
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(7) Plotted pressure data along a given ray.

(8) Shadowgraph negatives and enlarged prints.

(9) Photomicrographs and surface roughness analysis.

Samples of the plotted and tabuLated data are included in the report for
purposes of clarification of the format and notation used. Figures 14 through 23
are representative of the plotted data, and Tables 4 through 7 are samples of the
tabulated data that was transmitted to AVCO.

'Quick-Look' heat-transfer plots were available approximately five minutes
following a run. From the 16 temperature-time ptots the initial time to be used
for the 'Quick-Look' heating rate plots were chosen. Heat-transfer rate plrts
consisted of Qdot versus distance along the 'A' ray from AO for 11 thermocouples.
The remaining five 'Quick-Look' thermocouples were located on the major axis.
Samples of 'Quick-Look' plots are given in Figures 14 through 17.

The reduced data temperature-time plots were presented in groups of either
three, four, or five thermocouples per plot. The thermocouple outputs are off-
set vertically by 500F. A representative temperature-time plot is given in
Figure 18.

The tabulated heat-transfer data was in the standard computer printout format
and is 4!lustrated in Table 4. The values are listed versus thermocouple number
(se rigure 5 for numbering scheme). A summary page listing average initial model
wall temperature and tunnel supply conditions is shown in Table 5.

The initial heating rate (Q) and convective heat-transfer coefficient (H)
plotted versus the distance (S) from the 'zero' thermocouple for a given ray
are illustrated in Figures 19 and 20 respectively. Note that an individual
plot is for thermocouple data along either the windard W) or leeward (L) ray.

Tabulated pressure data are shown in Tables 6 and 7. Pressure measurements
were taken only on runs 49, 50, and 51. Plotted pressure data for rays J and
ray N on run #51 is given in Figures 21, 22, and 23.

Photographic data consists of 70-mm shadowgraphs using approximately 0.02-
second exposure. The photographs were taken when the model was in the fully
inserted position (i.e., at the center of the test jet). Exposure sensitivity
was changed from model to model. For the smooth wall and 1.29-miL roughness
models the shock shapes were of primary concern. For the 3.26- and 10-mil models,
the sensitivity was increased to enhance the disturbances due to the roughness
elements. Samples of enlarged shadowgraphs are shown in Figures 24 and 25.
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FIGURE 15 QOUICKLOOK' ODOT VS. TC LOCATION ALONG WINDWARD RAY

31



NSWC MP 81-259

AUCO MTSCT
E+I NSC GUICKLOOK T-8

MACH NO.v5

5.00 RUH38

WTRI1346

REYNOLDS#:7.8E+886
Hw/Hs=8.3
ALPHA=IS
MODEL TYPE:o 3.88 G-3 1.6 NIL

d MODE:1588
o SWS:4151
t 0 Ti=1.85 SEC

2.89 AL MINOR

1.e

0.00

. e e.2e 8.48 0.60 0.80 1.08 1.28
S-INCHES
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FIGURE 17 'QUICKLOOK' QOOT VS. TC LOCATION ALONG MAJOR AXIS

33



NSWC MP 8 1 -259

NTP 1346

N jN 57 TPQ5 A0.RIN.P2.l3W'

A'W

A2 i-AnT . 0 5 0

AI/

AO

TCESC

FIUR 18 RPEETTV/EPRTR S IEPO

C3



NSWC MP 81 -259
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FIGURE 22 CP VS. TAP LOCATION ON RAY N, RUN #51
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FIGURE 24 SHADOW GRAPH OF MODEL G-2 AT a 25 DEGREES, RUN -13
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FIGURE 25 SHADOW GRAPH OF MODEL G 2 ATo' 0 DEGREES. RUN ::30
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NOMENCLATURE

Alpha, a Angle of attack (degrees)

C Heat capacity (BTU/lb-°F)

C Heat capacity of air (.24 BTU/Lb-°F)
p."

CP Pressure coefficient

Delta, 6 Model wall thickness (inches)

Ellipticity, e Ratio of minor to major axis

h Roughness element height measured from ho (mm)

ho  Optically apparent reference surface (mm)

h30  30% probability of exceedence height (mils)

H Heat-transfer coefficient (BTU/ft2 sec-OF)

115 Tunnel stagnation enthalpy

Hw Initial model wall enthalpy

ITIME, Ti  Time at which data curve fit begins (seconds)

ITMP Initial model wall temperature (OF)

K3 0  Surface roughness value (mils)

M.o Freestream Mach number

mm Millimeter

mils One-thousandths of an inch

P Measured surface pressure (lb/ft2)

Po Tunnel supply pressure (psia)

Phi, t Meridian ray angle (degrees)
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NOMENCLATURE (Con't)

PINF, P. Freestream static pressure (psia)

Psi, b Model roll orientation (degrees)

Pt2 Total pressure behind normal shock (psia)

QDOT, Q Heat-transfer rate (BTU/ft2-sec)

RE Reynolds number (per foot)

S TC or tap location measured from intersection of
major axis and model surface (inches)

St Stanton number

t Time (seconds)

To Freestream static temperature (OF)

T Tunnel supply temperature (OF, OR)

T w  Measured wall temperature (OF)

Twi Initial wall temperature (OR)

TC Thermocouple

U. Freestream velocity (ft/sec)

y Distance from yo to roughness sample surface (mm)

Yo Arbitrary straight line on photomicrograph

VCoefficient of viscosity ()b-sec/ft

P Density of model material (Lb/ft 3 )

P" Freestream density (Lb/ft 3 )

50



APPENDIX A

SURFACE ROUGHNESS CHARACTERIZATION

A. Calibration Curves -- NSWC Sand Blast Apparatus
Material - Nickel 200

5.0

4.0 _ "

4L . '

3.0.

2.0 -,
0 1 Grit (0.056 ic

o 1 o #2 rt(.d6inch)

~P 1.0-1 / G-3 SampLe 2 Grt(.6inh
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Pressure Setting (psi)

Pressure K3mi) mi) Cis

Sample Setting (psi) 3(is (is ~ is

G-2 30 3.26 2.81 3.18

G-3 22 1.29 1.07 1.17

K 30 h 3.x1 x4

where M = magnification

4/r= shape factor

h hoavg Z (h-h )x 4
n 0 -

h =(h-h0) rms ni (h i-;)j21/2 x4

where n =number of data points
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APPENDIX A (CON'D)

B. PHOTOMICROGRAPHY DATA G-2 SAMPLE

A-2
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APPENDIX A (CON'D)

C. PHOTOMICROGRAPHY DATA G-3 SAMPLE

A-4
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