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Introduotion

Exierinmental pressure distridutlons over supersonic models ars
being condusted at a Mach Numher of 193 at the University of Michigan
Supersonic Wind Tunnel. Concurrontly with thess tests theoretical
oressure distributions are being detormined using the linesarized
theories, Taylor and Masa0ll theory for conea and the thros dimensional
mathod of charactaristicss The firet of the series of tests were run
on the gimple model of a 2C° includsd angle cones An analysis is mads
in this report of the discrepancy vresant botween theorostical and axpere
imen%tal wvalues of pressure ccaffisient for the 20° cons models.
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Summggz

On the basis of the investigation reported herein the follow=-
ing conclusions are drawn regarding pressure test variables in the
200 cone test.

1. The effects of viscogity which are nsglected by theory
account for about 30% of the deviation in pressure coef=
ficient values between experiment and theory.

2. Tumel Mach Number wvariation is slight in the region of
the cone model and had very little effect on the wvalues
of pressure coefficient.

Po and Po versus test section position

T Pa
along the ocenterline of the model can effect values of
pressure coefficient significantly,

3¢ The variation of

4. The effects of incorrect reading or deviation of angle
of attack can be countoracted to a reasonable extent by
averaging values of pressure coefficient diametrically
opposed at each statione.

This report examines the test parameters discussed above and
evaluates their effects upon the experimentally determined values
of pressure coefficient. On the basis of this analysis it was con=
_ cluded that an error exists in the experimentael values of pressure
coefficient possibly due to erroneous recorded values of the pres-
sure ratios Yo, Po and p

q pa po
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Symbols
Cp=p=pg = pressure coefficient
q
CPT-M - Taylor-Maccoll thecoretical pressure coeffiocient

¥ % Cppyy =

1=

N =

Vs

o4
V= 1.406 =

¢ =

u-‘-

drag coefficient of cone given by M.I.T. tables

length of cone¢ model surface slement
free stream Mach Number

local static pressure

free stream gtetic pressure

free streem dynamic pressure

Reynolcs Nunmber of cone surface

freo sireem velocity
angle of attack
ratio of specific heats for air

angle of roll measured from vertical reference
plane

seni -vertex angle of cone
free stream density

coefficient of viscosity

-~

I, 1T, 111, IV, V = meridien plenes at 0°, 45°, 90°, 135° and 180°

respectively
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Dievussion

A series of preesure distribution tests was run on a 20° included
angle cone model at a Mach Nurber of 1493 end was reported in Reference
1. Included in these tests were runs at about 0° enrle of attack.

The theoretical valves of pressure coefficient as determined by the
exact Tayleredlaceoll theory and the linearized theory were determined

and comparad with the experimental values.

(Figure 1) Exarmination of

the rlot of pressure coefficient C
cone raveals & ciscropency of ACp

versus axial stetion for the 2C°
E’.OZZ. (Figure 1) An investigation

was made intc the test parameters that affect the surface pressures
and the pressure coefficient.

Prossure coefficient as plotted in Reference 1 was based on the
following expressions

i

e :

(1) Cp - -] 2
(e

where: M = 1,93 (everage vealus)
v: 10405

In this formule p/pa = E.* Po

Po TPa
whore -—2'_’1 = mean value at each station along the tunnel centerlinee.
A2
Since this corrected value of P, was used it is believed that the

P
largest socurce of deviation lies in the choice of the average value
of M ® 1,85, To check the value of Cy obtained by usirg formula (1)

an alternative formula for Cp was used. This is:
(2} Cp 4 %)_ - E&
[*] po
4.
Po

In this formula the plcts of the variation f_g and 4 slong the

Po Po
length of the model were prepared by the wind tunnel group snd used
throughout the date reduction preocess. It was decided, however, to
uge a mean value of 9. to reduce labor end time consuming calculetions.
Py
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The list of test variebles which can affect the values of pres=-
sure coefficient as exproessed by equations (1) and/or (2) end the
experimental wvelues of pressure are listed below with their ranges of
variation.

1, Mach ngbe M
1,616 = M 3 1,93 Average M = 1.93 at model centerline

2., Stagnation to ambient pressure retic 5’2
Py

6.980 § Po S 7,030 Average Po = 7,005

————

a Pa

3. Stagnation to dynamic pressurs ratio Po
q

2.68 8 Po § 20696 Average Po = 2,686

q q
4. Angle of attack variation
o° § X § 20
Se¢ Vertex angle variation
20000t 2 29, £ 209!
6e ' Boundery layer inoréa.sing the effective cone angle.
Each of these parameters will be discussed in the following texte

L8 Effects of ..avn sunber on Pressure Coefficient.

ES

The effeoct of Mac:: .iusver variation in equation (1) is apparent
when the smallest possible value of M in the region of the model is
used to calculate pressure coefficient. The variation of M in the
region of the model is shown in the following sketche
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The value of Cp based on M = 1493 shown in Figure 1 is

p

If the extreme value of M S 1,915 is taken the value of the
mean Cp becomes
fal
Cp = f131
This yleldsa AC_ = 002 and is no* considered a significant
change in Cpe P

The Effects of Po, Py and ¢ on Pressure Cosfficient
-
2 9 )
The effects of variation in stegnation to ambient pressure
ratio Po and stagnation to dynsnic pressure ratio _P_c_}_ are discussed
Pa q

together. The ranges on these parsmeters are given below.

——

6+980% Fog 7,030
P
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and,

2,680 8 Po ¥ 2,695
g

Using extremal values of these paramsters in the expression
‘for pressure coefficient (2) an idea of the renge of values in experi=
mental Cp cen be obtaineds

P
szP-P :%--?Q
q %
[¢)

The values of p/bo from test data fell intc the following range
when values siraying obviously f{rom the mean were neglectede

<
«1890 é'g_ e ¢1925 Average p = 1807

Py Po

Using extremal values to determine the eXperimental range of C

there results; P

1
(e1925 = 7.050)

C_ max = ] ® 1327
P 2.695
3
Cp min 2 (.1890 = 6,980) ‘= ,12257
1
268

Henoe, the experimental pressure coefficient lies within the
range, Figure 1

S

12257 § Cp = ,1327

Using mean values of P taken from experiment aloeng with mean

o

values of Po and Po will give a mean experimental value of C
Pg, q

compare with the mean value pletted on Figure 1 obtained in Reference

1 using equation (1), This is,

P to

1\~
Cp mean u/*1997 = 77565 |2 L1286

i
2.686

This value is substentially the same as that found using expression
(1) which wae
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C,. mean = P} « 1 2 = 128
aveo 1,408 x 1.932

Sinoe mean values for P , Po and Pg were taken throughout in
a ta q
the celculations to determine Cp mesn above it is concluded the figure
represented by Cp = 2120 is a8 correct ae oan be roasonably determined
using the data made available.

The Iffects of Angle of Atback Devialion on rressurs Coofficient

' There was a range of angle of atiamck variation which is giveu be=-
lowe < < .
C a3 =w GO

This renge was obtained by measuring the augle between the contere
line of the cone and a vertical reference line in the Schliersn photo-
grarhs., Referenve 3 l.as shown that taling the mean value of twe prese
sure reedings on a ccone surfece at two points diemetrically cpposed
when the cone is at a slisht an le of attack will yield the zero angle
of atteck value. Since readings were taken at 0% roll and 180° under
gimilar conditions it is reasonable to assume under the hypothesis
above that the mean velue of P 2 1s close to the correct wvalue. Thus
the effect ol slight anglee of elteck 18 rmled negligitle.

ine alfiocte of Verler Anple Davistdon on Fressure Coefficiente

The theorstical wvalue of Cp for a 20° vertex angle cone at a Mach

Number 1493 was extrapolated from tables given in Reference 4. These
tables were assembled from calculations bvesed on the accurste Taylor-
Macooll theory for conese. According toc Reference 4 such extrapolation
is permissibles The wvalue of Cp thugs detsrmined and plotted in Fipure

1 is given belowe

Cp, . 2 210672
T

Since it is impractiocal to expect the true cone angle of the

model to be exsactly 20° a series of messurements was made of the ver=
Yex angle. Readings were taken in the planes illustrated below as the
model was clamped rigidly in a lathe chuck. Readings (1) and (2) were
teken in glanes diemetrically opposed. Readings (?% and (4) were also
taken 180° apart and 90° from the plane of readings (1) and (2). Reed-
ings (8), (6), and (7) were taken in the orifice planes of the model
as sketched below,.

() (s)

~. L
-
-

)

(3) / | qo;\j “ @) ‘~‘\ 45 e
()
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The meen of readinge (1), (2), (3), and (4) was taken and compared
with the mean of readings (5), (6) and (7)e On the basis of these
readings it was decided that the true vertex angle was

20 4 = 200 6}

Using this velue for 20 4 +the theoretical value of Cp for M & 1,93

was deterwmined agein. Thir valus wsse

Co. .. = <dUTCR
The differsnce between this velue and the mesn exrerimental veluve
wes attributed to boundary leyer growthe This difference is,

Effeet of Loundery Laver on Praceuvres Coefficient

— -

On the basis of the experimental value cf Cp = +1286 the effactive

cone angle can be determined for M ® 1.93. Usirng the Taylor-Maccoll
theory the apparent effective cone angle is,

(64) B 11,18°
effactive

From which the apparent A9 g due to boundary layer is determined.
This is

a942 (0,) - (64) = 11418° - 10,05°

effective megsured

80 4 T 1,13°

On the basie of this apparent ABs a boundary layer thickness can
be determined. This is, for the cone model, whers:

1l = length of cone surfece element [ 4 3.10”

® = toundary layer thicknéss et end of ccre element

<

5=1 ten A3y ® 2010 x tan 1.12°

5 = 40608"

n(

It is apparent that the beundary layer thickness 8 rmust be this
value if the experimentzl values of Cp are tc be consistent with the

theoretical values of Cp.
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References 5 and 6 have determined thet boundary layer formulas
for laminar and turbulent flow are unaffected by Mach Number variation
in the low supersonic renge. Using the familiar expressions for boun-
dary layer thicknesses for laminar and turbulent flow over flat plates
an order of magnitude of the thickness of the boundary layer to be
expected over the cone can be determineds These formulas are given
below including the numerical calculationse

The Reynolds Number of the wind tunnel test section is given as:
~
R/ft = 3.92 x 10% /et
The Reynolds Number of the cone model is then;

R 23,92 x106x1=23,92x10% x 3,10 81,002 x 106
12

For laminsr flow

5 = b5e21]) - 5.2 x 3.1C = .01602"
: ?R‘ . 1.006 x 16‘5

for which

M, = tan™t 01602 T ,293°
310

and

9y WA, $ 0, ® .29 ¢ 10,05 % 10.34°
effective

the theoreticel pressure coefficient for this cone angle
is: (Figure 2)

Cp,. . = +11302
M

For turbulent flow

55 3761 = 376 x 3,10 = .0737"
(R)Ué (10)12 x (1,012)°2

for which
80, ¥ tan™l L0737 ¥ 1.36°
310
and
6, S A8, 4+ 0, T 1.36 410,05 = 11.41°

effective
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The theoretical pressure coefficient for this cone angle is:
(Figure 2)

c - +1329
Pray =

-~
Thus the experimental value of CP £ .129 liés between the value

for pressure ocefficient including an allowsnce for a laminar boundary
layer and the value for pressure ccefficient including an allowance for
turbulent boundery lsyer, (Figure 2) That is,

0113

e

Cp ¢+ (&cC)
TuM P" Yaminar B.L.

c =
P) mean experimental * 128

(

c (ac)) = 0133
Py t P’ turbulent B.L.

Examination of a typical Schlieren photograph of the cone tests

indioates that the boundary appears to be leninar. Experimenis ~un by the

HACA reported in Hefsreucs 5 at Reynolds Numbnrs inoluding and excesding
the Reynolds Number of the cone test showed that the boundary layer was
leminar over bodies of revolution pleced in a Mach Number 1.5 stream.
Experiments reported in Reference 7 reported boundary layer thicknesses
over models at Mach Numbers tabulated below,

Model 1058 M 3 1.86 5 = ,020"=,033"
Model 22-£88 M2 1,75 5 = 04"
Model 11058 M2 1,96 5 = 02" +.04"

Experiments over a cone in a Mach le75 fres Jet reported in
Peferance 9 found boundary layer thickmesses indicated belowe

~
20° cone M= 1.75 & = .0298"
30° cone ¥ 2 1.75 5 2 ,024e"
40° cone M o= 1,75 5 = .0294"

These values ars near the value for a laminaer boundary layer over
the surfaces ltesteds On the basis o this information and the analysis
abovs it is concluded that ths boundary laysr over the cons nodel was
noarly laninar in charastare.

A Chock on Test Date Tonsistancy

A check was mads tc determine if the ciscrepency in pressure coefe
ficient was consistent in more racent toste, Prossure taps on the
19.66% conical nose of anciher model tmcted 2fher the come model at
M o® 133 supplied dafa useful for compariscn purposese Tre orifices
on this nose were lccated ae shown in the follewing sketeh.
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Readings were taken at meridian planes I, II, III, IV, and V
for seven different runs at about zsro engle of attack and averaged

to yield a mean wvalue. Table 1 gives the values of Cp for these

roadingse The mean value of experimental Cp was

c. T a2
p = e123

The Taylor-iaccoll value for a 19050° cone wsas,
Cp = L10396
T

To this theoretisal value of C_ must be added an allowance for boun-
dary layer effesots and other oPfects included in the increment appare
ently present in the previous cone test made in similar circumstancese.
The nose of the biconic model was the same longth as the cone model so
that the same discrepancy should be apparent if a consistant discre-

panoy is presents This value of AC, was found to be ACP" «0200

Adding this to the theoratical value CpT_M will give a value for Cp

whioh should be olose to the experimental mean valus. The two values
ars given below.

-~/
C = 0123
P’ experimental mean

A/
¢ A o Lt S L1245
Pry * ( CP)B.L. 2 +1040 ¢ 40205 45

The two values agree closaly and the conclusion is made that the
same discrepancy appears in both testse

Swmary of Conclusions

Because a larger boundary leyer thickness then can reasonably be
expected from a near leminar boundary lesyer is needed to increase the
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effective cons angls to a value necessary to yield the experimental
pressure coefficient it is concluded that the discrepancy between
experimental and theoretical pressure coefficients cannot be completely
acoounted for by viscous effects. The error beiween the experimental
value and the theoretical value based on a laminar boundary layer is

in the region ofgscp ¥.013. The exrperimental scatter about the mean
value of experimental C, i"Acp’;‘ +004 and - AC, ¥.006, As illus=-
trated in Figure 1.

On the basis of this analyses a table of percentage error can be
asssmbled for the cons test. The percents are expressed as percent
of mean experimental pressurs coefficiente

Percent discropancy between experimental pressurs

: o 158.3%
coefficient and Taylor-Mascoll pressurs coefiicient. '

L
3

Psrcent discrepancy betwsen experimental pressure
coofficient and theorstical pressurs coefficient 12.1%
corrected for a lamiiar boundary layer -

Psrcent error possible using exitremal experimental (#3.19%
veluas of Po, P, and Fo (=t o 77
g P Pa,

On the basis of this evidence it is concluded that some unfore=-
soen quantity is affecting the press:ure data. This quan®tity may be
present in the form of erroncous recordings of pressure ratios Po,
P,andi. b

pa
To B,
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