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ABSTRACT

An experimental investigation made to determine the flow
parameter profiles across the boundary layer on contoured,
axisymmetric hypersonic nozzles is described. The pitot
pressure and total temperature profiles measured across the
boundary layers on nozzles of Mach number seven and twelve
are shown in graphical form. The static temperature and
velocity profiles, calculated with the assumption of constant
static pressure across the boundary layer, are given. A
correlation is shown to exist between the exponent of the velocity
profile power law and the product of the ratios of wall tempera-
ture to free stream total temperature and axial distance to
momentum thickness. The static temperature profiles, calculated
from the measured data is compared with Crocco's relationship
for the static temperature in terms of the velocity profile.
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SYMBOLS
area
velocity
temperature
pressure
Mach number
density
mass flow rate
speed of sound
ratio of specific heats
gas constant for air
constant in mass flow equation (B-4)
constant in the total temperature equation (B-9)
distance from nozzle wall
distance from nozzle throat along the nozzle centerline
reciprocal of the velocity profile power law exponent
momentum thickness
displacement thickness
boundary layer thickness
Prandtl number
shape factor

Reynolds number at the edge of the boundary layer based on
distance from nozzle throat

Reynolds number at the edge of the boundary layer based on
the momentum thickness

Reynolds number at the edge of the boundary layer based on
the displacement thickness
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Re 5 Reynolds number at the edge of the boundary layer based on
the boundary layer thickness

D* diameter of nozzle throat

SUBSCRIPTS

L free stream condition

o stagnation condition

1 condition just upstream of first throat

2 condition just upstream of second throat
w condition at nozzle wall

(none) static condition within the boundary layer

SUPERSCRIPTS

* at the critical cross section (the choked throats of the
sonic-pneun}latic probe system and the nozzle throats) —
except for 6
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I. INTRODUCTION

The boundary layer growth on hypersonic nozzles is extremely
important because it greatly affects the flow field produced by any
physical wall contour. In order to design a nozzle to produce 2
given set of free stream conditions, a correction to the inviscid core
coordinates must be made to allow for the boundary layer effects.

In general the design of the nozzle is carried out by first calculating
the inviscid core and then adding a displacement thickness correction
at cach station to obtain the final physical wall coordinate. The main
difficulty in nozzle design is the accurate calculation oi this displace-
ment thickness correction.

There are several methods for calculating the displacement
thickness growth, either by emperical methods or analytical methods,
Reference (1-5). The analytical methods require assumptions about
the flow parameter profiles (V, T, p, M) across the boundary layer.
If the Mach number and two of the other parameters are known, then
all of the flow parameters in the boundary layer can be calculated
including the displacement thickness.

The purpose of this investigation was to make actual measurements
of the flow parameters in the boundary layer on hypersonic nozzles in
an effort to answer some of the questions about the variation of the
parameters across the boundary layer. The experiments were carried
out in two nozzles, one delivered a nominal Mach number of seven,
the other delivered a nominal Mach number of twelve, The pitot
pressure distribution and the total temperature distribution were

measured across the boundary layer. The static pressure was assumed

1
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to be constant across the boundary layer. These measured parameters
were then used to calculate all the other flow parameters as well as
displacement and momentum thicknesses.

One of the novel aspects of this investigation was the use of a
sonic-pneumatic probe in conjunction with a pitot probe to measure the

total temperature distribution. This type temperature probe has been
used by other authors to measure exhaust temperatures from jet

engines, Reference (8), and the boundary layer measurements on models,
Reference (6) and (7), but as far as the author knows this is the first
atteiapt to use such a probe on hypersonic nozzles where the boundary
layers are very thick (of the order of one to two inches) and the

possibility of probe interactions with the flow field is minimized.



II. EXPERIMENTS
A, General
This investigation was carried out in the twelve-inch

hypersonic wind tunnel of the Aerodynamic Laboratory of The Ohio
State University. The facility is described in detail in Reference (9).

Two different nozzles were used for the experiments, one producing a
nominal Mach number of seéven, the other producing a nominal Mach
number of twelve, The nozzles were contoured, axisymmetric type.
The details of the nozzles are shown in Figs. 5 and 6.

Four surveys of the boundary layer were made in each nozzle., In
the nominal Mach seven nozzle, two surveys were made 3. 5 inches
upstream of the nozzle exit at Reynolds numbers, Re, of 0. 71 x 10°
and 2.24 x 10°, and two Surveys were made 10. 5 inches upstream of
the nozzle exit at Reynolds numbers, Re, of 0.66 x 10° and 2.05 x 10°.
In the nominal Mach twelve nozzle, two surveys were made 4.5 inches
upstream of the nozzle exit at Reynolds numbers, Rex of 1. 28 x 10°
and 2.82 x 10°, and two surveys were made 12 inches upstream of the
nozzle exit at Reynolds numbers, Re, of 1,18 x 10° and 2. 68 x 10° .

In all the tests, the pitot pressure distribution was measured,
the total temperature distribution was measured, the wall temperature
and wall static pressure were measured. The tunnel stagnation pressure

and temperature were also measured.

B. Measurement Techniques
A combination pitot pressure and sonic-pneumatic probe was

used to measure the pitot pressure distribution and the total temperature



distribution. A schematic of the combination probe is shown in
Fig. 1. The design of the sonic-pneumatic probe is based on the
results of Reference (10). It was shown in Reference (10) that it
is possible to measure the total temperature in a hypersonic stream
within % 3% of the true value within the temperature range of these tests.
The principle of the sonic-pneumatic probe is based on the
application of the perfect gas law, the law of the conservation of
mass, and Bernoulli’'s Theorem. Its operation is based on the
principle of equal mass flow through two sonic orifices in series.

The mass flow rate through a sonic orifice is given by:
l‘.n = p* ax* A* (B"l)

Now by the perfect gas law:

p .
* *
p* =P po=£ -9 (B-2)
Po po RT,
and:
a*? = 4 * RT* (B-3)

Putting (B-2) and (B-3) into (B-1) gives:

P
m= 25 0 \[LXRT* a*- p*'\/T* Vrr Do pe. K\;__"_ A*
py RT, o T, R T, To
(B-4)

If two orifices are in series as shown in Fig. 3 and sufficient
pressure ratio is maintained across each to ensure that both are

choked, then the mass flow rate through the first orifice is:

4



P
m, = K, -2 A* (B-5)

VT,

1

and the mass flow rate through the second orifice is:
m = K, 22 A} (B-6)

Now by the principle of the conservation of mass, the mass flow rate
through the first orifice is equal to the mass flow rate through the
second orifice.
Thus:

m, = fn, (B-7)

or equating equations (B-5) and (B-6)

P P -
K, =2 A¥ =K, =2 at (B-8)

VT,

1

Now solving for T o °

2 P 2 -2 P 2 -2
“ol A T =Ks|_% L) T
B A* Oz P A* 02

> (B-9)

- K
e[

A plot of K; versus total temperature from Reference (11) is shown in
Fig. 4. For this series of tests, K, varies from . 966 to 1. 000 and
since an iteration process would be required if these corrections were
made, a value of K; = 1. 00 was assumed throughout the data reduction,

So the final equation is:



P 2 -2
'I'01 = (_1;91} (.i_:f_) To2 (B-10)
o, 1

In this series of tests, P, , P_ , and T, were measured at
0; Oz Oz

each point in the boundary layer, so the only thing left undetermined
was the ratio, %:2‘- . If ‘—:;- were simply the physical area ratio
of the two orﬁice;, then everlything would be known; however, the
effective area in each throat is decreased by the boundary layer
established there by the flow through the sonic-pneumatic probe. The
boundary layer thickness is a function of the flow conditions at each

*
throat and, therefore, éf— must be determined by a calibration. The

1
calibration must be performed where the total temperature, T 0, °’

upstream of the first throat is known.

Before this series of tests were conducted, a calibration of the
probe was made in the same nozzles as the experiments were made
but the probe was kept in the isentropic core. In the isentropic core

the stagnation temperature upstream of the first orifice is equal to

the tunnel stagnation temperature. Thus, T,Z , T.L  , P. , and P
o\ 2 0, 0, o, 0,
are all known and ( %{—) is determined from the following
b §
equation:
Toy
x| "2 T
(ﬁ*z) = Oz (B-11)
A
1



Equation (B-11) is a rearrangement of equation (B-10). The tunnel
stagnation conditions were varied to obtain a range of upstream
conditions for the first orifice and the results of the calibration were

plotted versus the Reynolds number of the first orifice. Fig. 2 shows

the results of the calibration. With the area ratio now determined as

a function of the first orifice Reynolds number, T 0, can be determined
at any point in the boundary layer. An iteration process is required
since the exact Reynolds number of the first orifice is not known

until the exact total temperature upstream of the first orifice is known,
This does not require a great number of calculations if the determina-
tion of To is started from the free stream edge of the boundary layer

1

where To is known and continued toward the nozzle wall. Three
1

iterations were usually sufficient to determine To :
1

P01 was sensed by a 0 — 2. 0 PSID variable reluctance transducer,
Po2 was sensed by a 0 — 0.1 PSID variable reluctance transducer.

T02 was sensed by a chromel — alumel bare wire thermocouple and
recorded on a Brown Recorder. The pressures were recorded by the
printer on the laboratory's analog computer described in Reference 9).
The tunnel stagnation pressure was measured with a Laboratory Test
Gage having an accuracy of 0. 25 per cent of the gage range. The

tunnel stagnation temperature was measured with a Type S (platinum -
platinum rhodium) thermocouple and recorded on a Brown self-balancing
potentiometer. The nozzle wall temperatures were measured with

Type T thermocouples and recorded on a Brown self-balancing

potentiometer. The nozzle wall static pressures were measured on a



silicone manometer tilted to thirty degrees from the horizonal. The

instrumentation for the laboratory and the wind tunnel is discussed
in more detail in Reference (9).



III., RESULTS
One of the first requirements in the reduction and analyzation

of the data was the determination of the actual boundary layer thickness.
Probably the most logical method was to look at the total temperature

or velocity profiles and choose the boundary layer thickness where
these parameters reached some percentage, such as ninety-nine

per cent of free stream value. But this method does not work very
well in a hypersonic nozzle since both these paramet.ers are very
close to ninety-nine per cent of free stream values over a large
portion of the boundary layer and thus a wide range of values could be
chosen for the boundary layer thickness. A different method was
used in this investigation to determine the boundary layer thickness.
This method involved the pitot pressure profiles and the edge of the

boundary layer was chosen as the point where the pitot pressure gradient ,

dp (o)1

dy
Another decision that had to be made before the data could be

» was equal to zero.

reduced was what value of the static pressure across the boundary
layer to use in the calculation of the Mach number distribution and

the density distribution. Measurements of the wall static pressure
opposite the axial position of the probe were made for each test. These
values were compared to the free stream static pressure calculated
from the Mach number at the edge of the boundary layer and the tunnel
stagnation conditions. In all cases the wall static pressure was
approximately ten per cent higher than the calculated free stream

value. However, since these values were of the order of 0, 01 PSIA,

9



it was assumed that the free stream value was correct and that some
deficiency in the measuring technique allowed the indicated higher
values. The free stream static pressure at the edge of the boundary

layer was used in the data reduction.
The pitot pressure distributions for the Mach seven nozzle are

shown in Fig. 7 and for the Mach twelve nozzle in Fig. 8, The
profiles do not seem to be affected by the free stream Reynolds
number but do tend to become fuller as the Mach number and the
boundary layer thickness decrease.

The Mach number profiles are shown in Fig. 9 for the Mach
seven nozzle and in Fig. 10 for the Mach twelve nozzles. These
profiles naturally exhibit the same trends as the pitot pressure
profiles. The Mach number prcfiles were calculated by using the
tables of Reference (11) for the ratio of static pressure to pitot pressure
versus Mach number.

The total temperature profiles, shown in Figs. 11 and 12, seemed
to be affected by both thgr free stream Reynolds number, Rex , and

the temperature ratio, —%__, T, is the wall temperature

Olm

and Tow is the total temperature of the free stream at the edge of
the boundary layer. The profiles become fuller as both the temperatur~
ratio and the free stream Reynolds number increase.

Even though data was taken all the way to the wall until the probe
touched, some of the data nearest the wall was discarded, Two
criteria were used to eliminate some of the data. One criterion was

when the centerline of the probe was within one probe Lip diameter

10



(0. 063 inches) of the wall. The other criterion was the pressure

ratio, — ., When this ratio became less than five, there was

0,
suspicion that the first throat was unchoked thus invalidating the

data. Using these two limits for the data, the profiles extend only

to approximately % values of 0.2. To probe the flow nearer to the

wall than this, a much smaller sonic-pneumatic probe would have to
be used.

With the Mach number and total temperature profiles now available,
the velocity profiles and the static temperature profiles were calculated.
The static temperature at each location was calculated by using the
tables of Reference (11) for the ratio of static temperature to total
temperature for the measured Mach number and total temperat:re.

The velocity at a given point was caiculated using the equation;

V= MYy RT

where T is the static temperature and M is the Mach number at a
particular point. The velocity and static temperature profiles are
shown in Figs. 13 through 20. The Mach number profiles are also
included on these figures.

In order to correlate the velocity profiles with each other, an

exponential curve of the form:

[

-y

was fitted through the velocity profile points and an n determined,

The values of n varied from 3. 31 to 7. 49 for all the test conditions.
11



A correlation was found to exist for the n's of the form:

Tl

where k is a constant, is the ratio of the wall temperature

~

O

to the free stream total temperature, x is the distance from the

nozzle throat along the axis of symmetry, and 6 is the momentum
thickness. Fig. 21 illustrates this correlation. In Reference (3),

a correlation of n versus Ree is made for experimental data from
several investigators. There is considerable scatter in the data

with points deviating from a mean line drawn through the data by as
much as plus or minus twenty per cent. The data from the present
investigation falls within this range of variaticn, but it seemed
reasonable that a better correlation could be made by using a parameter

that includes the heat transfer effects. The parameter, ( TW ) ( x) .
6
010

includes this effect and the correlation is much better as shown in

Fig. 21 where the scatter is less than plus or minus ten per cent.
An attempt was also made to compare the static temperature
profilés with the Crocco Relationship for the static temperature in terms

of the velocity profile. Crocco's Relationship has the following form:

o ) P

Om, 01Q Ow © 01 @ ©

12



where
1

Taw =T,  + (Pr) ’ (Tom - TO)
from Reference (4). This relationship predicts static temperatures
that are much higher than the values calculated from the measured
data. A comparison of the actual data to that predicted by Crocco is
shown in Figs. 22 and 23 for two different Mach numbers. The
experiments would not have shown the inflection point near the surface
but the values away from the wall are also much different than the
values calculated by Crocco's Relationship. It appears that the Crocco

Relationship does not allow for a high enough energy loss to the nozzle

wall.

In addition toc the abcve mentioned parameters, the displacement
thicknesses and the momentum thicknesses were calculated for each

test condition. The displacement thickness is defined as:

2’5:51 1-£ Y laq¥x |
] o Py Vo, 6

and the momentum thickness is defined as:

.G_=SI.E_X_ -L dl.
6 (o] \'4 \'4 6

p@ @ -]

These values along with several other parameters including 6, Rea ,
Re5 , Reo,., » H, and others are listed in Table I.

13



IV. CONCLUSIONS

A. The pitot pressure and the total temperature profiles were
measured across the boundary layer in two hypersonic nozzles at
four different conditions each.

B. All of the other parameters across the boundary layer,
including 6*, 6, and H, were calculated for these conditions with
the assumption that the static pressure was constant across the
boundary layer.

C. A correlation was found to exist between the exponent, n,

of the velocity profile power law and the product of the two ratios

T

T—W— and :— .
ol@

D. Crocco's Relationship for the static temperature in terms of
the velocity profile predicts temperatures much higher than the
calculated value from the measured data except at the wall and the
edge of the boundary. These points are forced to match.

E. The velocity profiles exhibit the characteristic shape of
turbulent boundary layer profiles shown in Reference (12). Based on
this observation, all the boundary layers in this series of tests were
assumed to be turbulent.

F. The sonic-pneumatic probe used in this investigation is not
considered adequate for examining the flow in the region nearest the
wall. It is felt that the results in the outer eighty per cent of the
boundary layer are reasonably accurate and this particular probe is
a useful tool in this region.

14
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COMPOSITE LISTING OF TEST CONDITIONS

AND

RESULTANT PARAMETERS

16

7 M x w X oo Poo 6 o* ]
® x10° To, (Ft) (°R) (PSIA) (Ft) 5 5
3.31 6.66 0.71 .3118 4.01 1860 42 0.127 .2796 .1240
3.60 11.30 1.18 .2752 4.83 2060 314 0.184 . :.3730 . 0839
4. 34 6.46 0.66 .3167 3.51 1860 42 0.108 .2372 .1016
4. 85 6.72 2.24 .4082 4.01 1460 95 0.118 .2786 .0958
4,92 11,52 1.28 .2684 5.46 2060 314 0.201 .4489 .0547
6.16 11.40 2.68 .3010 4.83 2060 1714 0.151 .3877 .0533
7.17 11.66 2.82 .2913 5.46 2060 714 0.159 .3731 .0477
_7. 49 ___6._?4 2.05 .4473 3.51 1460 94 0.091 .2435 .0673
. y Re, Re;. Reg o* ' 5 9 D*
x10"® x107* x10™* «x X x (Ft)
3.31 2.26 2.79 0.62 2.256 .0087 .0317 .0039 .0742
3.69 4.44 3.17 1.68 4.49 .0142 .0371 .0032 .0208
4.34 2.33 .2. 06 0.48 2.03 .0073 .0307 .0031 .0742
4.85 2.91 6. 28 1.83 6.56 .0082 .0293 .0028 .0742
4.92 8.21 2.58 2.11 4.70 .0165 .0367 .0020 .0208
6.16 17.27 4. 47 3.25 8.38 .0121 .0313 .0017 .0208
7.17 17.83 3.90 3.06 8.19 .0109 .0291 .0014 .0208
7.49 3.62 3. 60 1.30 5.35 .0063 .0261 .0018 .0742
TABLE I
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b Mo=654 ,Rey = 205 x 105 Tw/Ts,, =0.4473
8= 0.09IFT.
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FIGURE 7

PITOT PRESSURE PROFILES AT MACH 6.5
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O Mg = 1152 ,Rey = 1.28x 10°Tw/To, o, =0.2684

8=020FT
AMo=130,Reyx = 118 x 10%Tw/To, , =0.2752
3=0.184FT
©M =166 ,Reyx = 2.82x10% Tw/To,, =0.2913
8=0.159 FT.
D Mo = 1140 ,Rey = 2.68x105 Tw/To, =0.3010
3=0.5 FT,
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FIGURE 8

PITOT PRESSURE PROFILES AT MACH 1.5
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© Mo = 6.65, Rey = 0.71x 10} Tw/ To, =0.3118
AMo =672, Rey = 2.24x105 W/ To, ,, =0.4082
B Mo = 6.46,Rey = 0.66x10; Tw/ To,  =0.3167

D Mo = 654, Rey = 2.06x105Tw/ To o = 0.4473
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FIGURE 9

MACH NUMBER PROFILES AT MACH 6.5
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© Mo =11.66, Rey = 282 10°, Tw/To, i =0.2913

A Mo = [1.52,Rey = 1.28x10°%Tw/To, =0.2684

B Mo = 11.30 , Rey = 1.18 105 Tw/ T, =0.2752

B Mo =11.40,Re, = 268x 105 Tw/To,, =0.3010
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FIGURE 10

MACH NUMBER PROFILES AT MACH II.5
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© Mo = 6.65, Rey = 0.71 x10°, Tw/To, = 0.318

S =0.127 FT
D Mo = 646, Rex = 0.61x 108 Tw/To, o =03167
= 0.1080 FT.
O Moo= 672, Re, = 2.24x10°% Tw/ To, ;= 04082
5= 0.l167 FT, ;
AMwo= 654,Rex = 205x10,Tw/ T, =0.4473
5= 00914 FT,
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FIGURE 11

TOTAL TEMPERATURE PROFILES AT MACH 6.5
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A Mo = 11.30, Re, = 118 x10°,Tw/To, , £0.2752

3= 0.84 FT.
O Mo =152, Rey = 1.28x10°%Tw/To, o, =0.2684
5= 0.20l FT.
B Mo #1140, Rey = 268x10%Tw/To, , =0.3010
8= 0.15| FT,
© Mo = 1166, Rey = 2.82x105 Tw/To, , =0.2913
5=0.lI59 FT
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TOTAL TEMPERATURE PROFILES AT MACH 1.5
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§/8=01240,H =2.26 , X=4.0l FT.
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MACH NUMBER,VELOCITY, AND STATIC TEMP PROFILES
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© V/Vo

AM/Mo

B T/To,

_.(Y/S“S’lm.u
Mo = 646, Rey =0.66x105Tw/To, o, =0.3167
To.df [860° R, pom =42 PSIA , pa) = 0.0161 psia
To =199° R, § =0l080 FT, §%§ =0.2372
§/8=0l016 , H =2.33, X =3.5| FT
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FIGURE 14

MACH NUMBER,VELOCITY, AND STATIC TEMP PROFILES
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© V/Vo
A M/ Mo

To,0 = 1460°R, Pow =95psia, P =0.0291 Psia
To =145°R, 8 =0.1176 FT,, 878 =0.2786
8/8 = 0.0958, H=2.9l, X =40l FT.
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MACH NUMBER, VELOCITY, AND STATIC TEMP PROFILES
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O V/Vo
A M/ Mo

Mo =6.54, Rey = 2.05x10% Tw/ To,p =0.4473
Toi0=1460°R, Pow = 94 psia, Po = 0.034] psia
To =153°R, § =0.0914 FT., 878 =0.2435
8/8 =0.0673, H=3.62, X=35| FT
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FIGURE 16

MACH NUMBER,VELOCITY,AND STATIC TEMP PROFILES
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O V/ Vo
A MMo
8 T/ Tom
___(Y/S)IIS.GS

Mo =1130,Rey =LIBx10°, Tw/ To, =0.2752
To10=2060°R, Poo = 314Psia, P =0.003! Psia
To =78°R, 8=0.1842 FT,, §78=0.3730
9/8=0.0839, H=4.44, X= 483 FT.

I.OrEl
0]
o8}
B
0.6
2 a
/
2 Q
04t
0|
0.2+
008
0] 0.2 04 06 0.8 1.0
RATIO OF PARAMETERS
FIGURE 17

MACH NUMBER,VELOCITY, AND STATIC TEMP. PROFILES
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A M/ Mo
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[?_.(y;';))lm.sz
Mo =11.52 ,Rey = 128 x105Tw/ To,p = 0.2684
Toiw =2060°R, Pow = 314 Psia , Pw =0.0027 psia
To =75°R, 8=0.2010 FT, $%8 =0.4489
8/8=0.0547, H=8.21, X=5.46 FT.
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MACH NUMBER, VELOCITY, AND STATIC TEMP PROFILES
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© V/ Vo
A M/ Mo

— (/s
Mo =11.40, Rey =2.68 x 10°%, Tw/ To,q =0.3010
To,p=2060°R,Pow =714Ps1a, P =0.0065ps1a
To =76°R, §:=0I512 FT, 5¥8=03877
/8 =0.0533, H=727 FT,, X= 483 FT.
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FIGURE 19
MACH NUMBER, VELOCITY,AND STATIC TEMP PROFILES
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© V/Veo
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_(Y7§I/Zl7
Mo =11.66, Rey =2.82 x10°,Tw/To,n=0.2913
Toio =2060°R, Po =714 Psia, P =0.0056 psia
To =73°R, § =0.1587 FT, 88 =0373|
8/8=0.0477, H=783, X=546 FT.
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MACH NUMBER,VELOCITY, AND STATIC TEMP PROFILES
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© Mo =6.46, Re, =066x10°,Tw/ To, =0.3167
5=0.108FT

— CALCULATED FROM CROCCO'S RELATIONSHIP
REFERENCE (4)

T/ Torw =0.3167 + 0.5863 V/Veo - 07960 (V/vo)
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FIGURE 22
COMPARISON OF STATIC TEMPR PROFILE
AT MACH 6.5
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© Mo =166, Re, =2.82x (0%, TW/To, =0.2913
8 =0.159 FT.

—CALCULATED FROM CROCCO'S RELATIONSHIP
REFERENCE (4)

T/ To,p =0.2913 + 0.6087 V/ Ve -0.8660 (V/Veof

1.0
0)
0]
08}o
0]
O
0]
06 o
Y
/8 0
04} \

o
©
©
02f ©
o

0 | ] | ] |

0o 0.2 0.4 0.6 0.8 1.0
T/T0|w
FIGURE 23

COMPARISON OF STATIC TEMPR PROFILE
AT MACH IL1.5
39




Unclassified

Security Classification

DOCUMENT CONTROL DATA - R&D

(Security claseilication of title, body of abstract and indexing annotation muat be entered when the averall report e classitied)

1. %ﬂi&lil.!dh'fﬁlys ACTI\ilcTE (CFgarpocriﬁitigg) Research Lamratory 2a. REPORT SECUR'ITY c LA'EIF!CAT!ON
Aerospace Research Laboratories ,T;%mum ~ 1
Wright-Patterson AFB, Ohio

3. REPORT TITLE

Boundary Layer Profile Measurements in Hypersonic Nozzles.

4. DESCRIPTIVE NOTES (Type of report and inclueive dates)

Scientific Report Iaternal

8. AUTHOR(S) (Last name, firet name, initial)

Scaggs, Norman E.

¢. REPORT DATE 7&. TOTAL NO. OF PAGES 7b. NO. OF REPFS

June 1966 46 12

8 8- KON KX JOIDC in-house research | ss omaeinaToOR'sS REPORT NUMBER(S)

b. PROJECT NO. 7065-0006

c. 61445014 9. a}'.utl‘:o”ronr NO(S) (Any other numbers that! mey be assigned
¢ 681307 ARL 66-0141
10. AVAILABILITY/LIMITATION NOTICES '

1. Distribution of this document is unlimited.

1t. SUPPLEMENTARY NOTES J2. SPONSORING MILITARY ACTIVITY

Aerospace Research Laboratories (ARF)
Office of Aerospace Research, USAF
Wright- Patterson AFB, Ohio

13. ABSTRACT

An experimental investigation made to determine the flow parameter profiles
across the boundary layer on contoured, axisymmetric hypersonic nozzles

is described. The pitot pressure and total temperature profiles measured
across the boundary layers on nozzles of Mach number seven and twelve are
shown in graphical form. The static temperature and velocity profiles,

| calculated with the assumption of constant static pressure across the boundary
layer, are given. A correlation is shown to exist between the exponent of the
velocity profile power law and the product of the ratios of wall temperature
to free stream total temperature and axial distance to momentum: thickness.
The static temperature profiles, calculated from the measured data is
compared with Crocco's relationship for the static temperature in terms of
the velocity profile.

DD %% 1473

———————
TETP——— T

Security Classification




Unclassified

Security Classification

KEY WORDS

Hypersonic

Boundary- Layer
Turbulent

Nozzle
Profile-Measurements

Experimental

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION: Enter the over-
all security classification of the report. Indicate whether
‘‘Restricted Dsta’’ is included Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200, 10 and Armed Forces Industrial Manual, Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 ‘as author-
ized.

3. REPORT TITLE: Enter the complete report title in all

capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifice-

tion, show title classification in all capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, progress, summary, annual, or final,
Give the inclusive dates when a specific reporting period is
covered,

5. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial.
If military, show rank and branch of service. The name of
the principal author is an absolute minimum requirement,

6. REPORT DATE: Enter the date of the report as day,
month, year; or month, yearn If more than one date sppears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedures, i.e., enter the
number of pages containing information.

7b. NUMBER OF REFERENCES: Enter the total number of
references cited in the report.

B8a. CONTRACT OR GRANT NUMBER: If sppropriate, enter
the applicable number of the contract or grant under which
the report was written,

8b, 8c, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR'’S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controlled by the originating activity. This number must
be unique to this report.

9b. OTHER REPORT NUMBER(S):

If the report has been
assigned any other report numbers (e/ther by the originator
or by the sponsor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enater any lim-
itations on further dissemination of the report, other than those

hnpgud by security classification, using standard statements
such as:

(1) ‘‘Qualified requesters may obtain copies of this

report from DDC. "’

“Foreign announcement and dissemination of this
report by DDC is not authorized.”

““U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

2
3

‘“U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users
shall request through

“All distribution of this report is controlied Qual-
ified DDC users shall request through

C)

If the report has been furnished to the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.

1L SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay~
ing for) the research and development. Include address.

13. ABSTRACT: Eater an abstract giving a brief and factual
summary of the document indicative of the report, even though

it may also appear elsewhere in the body of the techanical re-
port. If additional space is required, a continuation sheet shall’
be attached.

It is highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the in-.
formation in the paragraph, represented as (TS), (S), (C), or (U).

There is no limitation on the length of the abstract. How-
ever, the suggested length is from 150 ts 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no security classification is required. Identi-
fiers, such as equipment model designation, trade name, military
project code name, geographic location, may be used as key
words but will be followed by an indication of technical con-
text. The assignment of links, rules, and weights is optional.

Security Classification



