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ABSTRACT

Experimental velocity measurements were made in the vicinity of a rocket motor,
An analytical solution using image source and sink pairs is fitted to the experimental
3 data, The resulting theory is then applied to obtain velocities at remote field points in-
¥ cluding the ground plane. An induced flow scaling law as a function of nozzle plane exit
Mach number is also derived.

*Aggociate Professor of Aeronautical Engincering, Georgia Institute of
Technology and Consultant of Aerodynamics Department, Sandia Corporatxon.
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SUMMARY

]

Th;s paper presents the results of an experimental and a.nalytical investigation of the in-

v duced flow field about rocket motora. Tests were run in which the induced flow about a 2600~

pound thrust Nike rocket motor at Aerojet {Azusa, California) and about a 135, 000-pound

’ ‘;,thrust chamber atRocketdyne {Canoga Park, California) was measured. In each case the
o tests were set up to simulate testsona rocket whose exhaust was directed verticany upwards

with the rocket nose restmg on the ground. Velocity measurements using static probes were
made outside the rocket shell slightly forward of the nozzle exit plane, Tuft studies were

" 'also made to determine induced flow directions.

An anaijrtical theofy using image source and sink pairs, placed on the thrust axis down-

- stream of the nozzle exit plane, is derived and shown to give a good quahtative fit to the ex-
perimental data, The source and sink dxstr;butmn is then used to compute the velocity |
distribution at remote field points including points on the simulated ground plane, In addition
a scaling law’ deoevi: nt on the nozzle exit plane flow characteristics is derived. The re-
- sulting empirical theory is then applied to the proposed nuclezr rocket tests and perxmts the
qualitative calculation of the induced flow in the immediate vicinity and also at remote field
» poirifé about the nuclear rocket motor. '
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LIST OF sSYMBOLS

locatior. of sink along the x axis, ft

speed of sound of air, ft/sec

speed of sound of exhaust gases for the g rocket, ft/sec

speed of sound of exhaust gases, ft/sec

stagnation speed of sound, ft/sec

stagnation speed of sound for the g rocket gaseous medium, ft/gec

specific heat at constant pressure

apecific heat at constant volume

nozzle exit diameter, in.

subscript which indicates summation over sink poeitionr; also the imaginary
unit, V-1

subscript which identifies the magnitude and location of measured velocities
mixing length, ft

‘8ink strength

static pressure, 1bs/sq ft

- . ambient air pressure, lbsg/sq ft

nozzle exit static pressure of exhaust gases, lbs/sq ft
stagnation pressure, lbg/sq ft

static pressure error, lbs/sq ft

velocity component in x direction, ft/sec
velocity component in y direction, ft/sec
coordinate

coordinate

area of nozzle where Mach number is unity
area of nozzle exit

total head pressure, lbs/sq ft

molecular weight of exhaust gases at nozzle exit
Mach number of exhaust gases at nozzle exit

factor = x2 - 2ax +y2 + a2

factor = x2 + 2ax +y2 + a2
gas constant

thrust, lbs

* ambient air temperature, degrees Rankine
. nozzle exit temperature of exhaust gases, degrees Rankine

stagnation temperature, degrees Rankine
induced velocity, ft/sec; algo velocity, ft/sec
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velocity of induced flow created by the Aerojet rocket exhaust
absolute value of induced velocity, ft/sec

nozzle exit velocity of exhaust gases, ft/sec

local jet wake velocity at any jet cross gection, ft/sec
velocity of induced flow created by the g rocket exhaust
complex potential = o +i

field point in complex plane (= x +1iy)

conjugate of z (= x - i y)

ratio of specific heats, cp/cv = 1.4

subscript indicating properties of the 5 rocket

flow inclination measured with respect to the horizontal or x axis
factor = 3,1416

mass density of air, slugs/f’c3

mass density of ambient air, slugs/f’c3

mass density of exhaust gases, slugsift3

- local jet wake mass density at any jet cross section, slugs/ft3

stagnation mass density, slugs/ft

"i" as a gubsgcript

indicates summation over variaples having
shear stress, lbs/sq ft

induced flow scale factor at nozzle exit Muach number, I\./Ie
induced flow scale factor at nozzle exit Mach number, Me = 1.5

velocity potential

stream function 2 2
scaler operator derived from dot productof v . Vv = ——a—é— +—a-2-
ax dy

indicates a partial derivative
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AN EXPERIMENTAL AND ANALYTICAL INVEST'GATION OF THE INDUCED FLOW
FIELD ABOUT ROCKET MOTORS IN THE PRESENCE OF THE GROUND WITH
SPECIAL ATTENTION GIVEN TO INDUCED FLOW SCALING LAWS

During the Spring of 1956, a request from the Los Alamos Scientific Laboratory (LASL)-
was made of the Sandia Corporation to study the induced flow field external to large rockets.
The reason for this request was based on LASL plans to develop a large rocket or 5 rocket
which is tentatively scheduled to be fired in the near future. Informal plans indicate the 1
rocket will be mounted with the rocket axis perpendicular to the ground and the exhaust being
directed vertically upwards. The exit plane of the rocket nozzle would be approximately 15
feet from the ground with nozzle exit diameters varying between 1 and 3 feet, yielding exit
Mach numbers in the range between unity andfour, The informa'ion required is essentially
twofold: (a) what is the induced flow field in the vicinity of the rocket, and (b) how far out
must one travel along the ground before the induced ground velocity decays to essentially
zero? The answer to (2) wculd determine for LASL the local wind velocities to which instru-
mentation would be subjected, and (b) would determine the size of the concrete pad required

to prevent the entrainment of dust,

The_solution of this problem was undertaken in June 1956. The plan to attack the problem
involved measuring flow fields around large and small rockets as well as the development of
a simple analytical theory based on the experimental data, Testing time was made available
at Rocketdyne (a division of North American Aircraft) in Canoga Park, California, and at
Aerojet in Azusa, California. The rocket at Rocketdyne had a thrust of approximately
135, 000 pounds and that at Aerojet of the order of 2600 pounds. These were the only avail-
able rockets which could be instrumented during July of 1956, This range of thrusts was
considered suitable since the proposed 5 rocket would have a thrust range betwe=n 10, 000 and
200, 000 pounds.

Attempts to develop a simple theory for the induced flow field about a rocket met with
little success for two iinportant reasons. First, the solution was desired by LASL by
August 1, 1956; and secoynd, the available literature indicated that studies of the jet structure
of free jets had been made on a limited scale with little or no attention paid to the flow field
butside the jet boundaries. It was then decided that the theory would be set up after the ex-
perimental data were available in order that intuition and experimental evidence could be

combined {0 give some clue as to the physical processes involved,
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EXPERIMENTAL PROCEDURE

Aerojet Experiments

Meagsurements of the induced flow field external to a Nike thrust chamber delivering

2800 pounds of thrust were made at the Aerojet Proving Grounds in Azusa, California, during

the period 18-19 July, 1956, Photographs of the experimental equipment are shown in Fige.

1 and 2. The ground plane which simulates the actual ground for the LASL  rocket tests was

constructed of 3/4-inch plywood measuring 18 x 16 feet, In Fig. 1 the ground plane is located

,54 inches f.rward of the thrust chamber exit plane, During the latter part of the test pro-

gram the ground plane was moved to a position 24 inches forward of the nozzle exit plane,

" The actual ground level is 55 inches from the thrust axis., Since pressure measurements

were to be made in the vertical plane contsining the horizontz! thrust axis and above the
thrust chamber it is assumed that the influence of the ground is negligible, This fact was
substantiated during the test program when it was lecrned that the velocity on the simulated
ground plune in the 54-inch position was essentially zero.

The test program consisted of six runs which are summarized in Table I in Appendix A,
The initial run with the ground plane in the 54-inch position consisted of a tuft study in order
to &étermme flow directions. Figure 2 shows the tufts located innine vertical rows (the first
'rbv{ being in the nozzle exit plane) with 6-inch spacing. The first horizontal row of tufts was
lo{:ated,'é inches above the thrust axis with each succeeding horizontal row being spaced in
3-inch intervals., The tuft data (Figs. 2 and 3) indicate that the flow angles are very steep,
‘;raryixig' from approximatel; 45 degrees near the chamber surface to as high as 65 degrees at
18 inches above the thrust axis, After viewing the tuft pictures it was suspected that the in-
duced vel.cities might be go low that the angles shown in Fig., 3 were exaggerated because of
the effect of gravity on the wooltufts, Itwas decided that the flow angles indicated by the tufts should
be corroborated using smoke, At the suggestion of Aerojet (Mr. Tom Fehr) 2 simple smoke
generator was built using titanium tetrachloride, The generator, as shown in Fig. 8, con-
gists of a pan whose sides were approximatcly 1-1/2 inches high and into which li§uid titanium
tetrachloride is poured. The liquid immediately forms a dense white smoke and a few cubic
centimeters will continue to produce smoke for about 15 minutes. It should be noted that
titanium tetrachloride vapors are extremely toxic; thus extreme care is required. Prior to
the running of the smoke, data speculation as to the effect of the support around the nozzle
exit arose., It appeared that the flow direction near the nozzle exit might be exaggerated

becausge of the sharp change in flow direction caused by the supporting collar. A fairing
over the upper half of the thrust chamber was added, and the change in external chamber

geometry can be seen by compering Figs., 3 and 4. The resuits of the smoke tests indicated
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FIG. 3 TUFT STUDY WITH GROUND PLANE IN 54-INCH POSITION
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that the tuft data was egsentially correct. A typical photograph of the smoke flow is shown in
Fig. 8. The results of the tuft data for the 54-inch ground plane position are obtained by com-
paring Figs. 2 and 3 and data for the 24-inch ground plane position are shown in Figs., 4 and
5. Being assured of the flow angularity external to the thrust chamber, static probes were

“mounted in the vertical centerline plane above the thrust chamber., Each probe contained
“.sight Ctatic ports equally spaced on the periphery of the 1/2-inch diameter tube. These ports

were located 8-tube diameters aft of the intersection of the hemispherical nose and the cylin-
drical tube and approximately 8-diumeters forward of the support which anchored the probe

‘to the tes: stand, Unfortunately, the probes could not be aligned with the flow since those in

the vicinity of the exit plane would have extended into the hct exhaust gases and those in the
forward positions could not be inclined because of space limitations, Figure 6 represents a
schematic diagram showing the orientation of the five static probes, the three flush orifices
in 'the ground plé.ne, and the two ground plane positions. Figure 7 shows the no-flow condition

with the static proves mounted on the test stand, whereas Fig. 8 represents a typical run,

The pressure data were measured on a multitube manometer board (inclined at 15 de-

" grees to the horizontal) using alcohol (dyed red) as the fluid medium. Each run was essen-
v tially720 seconds in duration and thc manometer board was photographed at 1-second intervals

- ‘during the course of each run, Pressures were recorded by the framing camera for two runs

wherein the static probes were mounted as shown in Fig. 6 and the ground plane located in

the t_w'o positions indicated in Fig. 6. Since the flow angles over the static parts varied from

45- to apgroximately 65-decrrees, corrections to the measured values of static pressure
were necessary, In order to obtain these corrections an experimental prcgram on the effect

of angle of attack on static pressure measurements on a static probe was initiated and run in

' the 6-inch open jet tunnel at Sandia Corporation. A description of the program and the

results are reported in Appendix B. The Aerojet velocity, corresponding to the corrected
pressured, and the flow angle at each probe are given belowv, The location of the centroid of
the static ports for each probe is referenced to an origin of coordinates in the ground plane
described by the intersection of the thrust axis and the ground plane (with the ground plane in
the 24-inch position), The gtatic probe data for the two ground plane positions were essen-
tially the same. For the case of the 54-inch ground plane position the manometer fluid gave
no indication of a ground plane velocity. However, for the 24-inch position there was a slight
movement of the manometer fluid, In analyzing the ground plane data for this latter case it
was realized that the manometer lacked enough sensitivity to record small pressure differ-
ences, Thus the data on the ground plane were considered unreliatle and are rot recorded
herein,
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Velocities and Flow Angles at Static Probes
(24-inch ground plane position)

Static Probe  x ¥ a v

(Ref. Fig, €) {1t) {1t} (dcg?‘ees) {fifses) £+ lzec) {f]can)
1 1.98 0.52 -50 31.3 20. 4 -24.4
2 1,08 0.792 -63 19.8 2.0 -11.6
3 1.98 1.052 -62 13.0 6.1 - -11.5
4 0.99 0.625 -45 17.7 12.5 S -12,5
5 0.99 0.875 -57 14.3 7.8 -12.0

‘It should be noted that the flow angles, 8, were measured in Fig, 5. A further point

~ which should be made involves the time of day during which the cxperiments were run. At

~ the outset it was apparent that the induced velocities would be &, Thus the experiments

had to be run early in the morning when the prevailing winds are practically nonexistent,

. Rocketdyne Experiments

L Measurement of the flow field external to a 135, 000-pound rocket thrust chamber was
‘undertaken at Rocketdyne durmg the period 20-26 July, 1956, The measurements were made
on the- Horizontal Test Stand (HTS). A schematic drawing of the statlc probe and ground plane
orienfcatzon is shown in Fig. 9.

, Tuffs were instailed above the thrust chamber in the vertical centerline plane, Photo-~
graphs of the first run indicated that the igniter flame, which envelopes the entire thrust

chamber prior to firing the main stage, had burned off all the tufts. A second attempt using

aluminum foil tufts had the same rezults, A third run using glass tape was successful, but

the photography was so poor that only a qualitative idea as to the flow angles could be obtained,

The static probes were installed as shown in Fig. 9 and the program proceeded. The pres-
sure data were measured using sensitive altimeters mounted ir a plywood panel board and
connected to the probes by means of 1/8-inch ID copper tubing. The data were recorded with
a 16-mm movie camera which was focused on the sensitive alt:meters. In addition, a telz-
vision camera was focused on the altimeters in order that the data could be observed on a

Screen located in the control room. During the first pressure run, observation of the altim-
_eters indicated that most of the hands were moving in the wrong direction, That is, the

altimeters indicated a decrease in altitude instead of an increase in altitude. This corre-
sponds to a higher-than-ambient static pressure at the static ports., This was obviously

ertoneo‘us. In addition, the movie camera jammed 50 no data were available to check the
visual observations. A sgecond pressure run was made with visual observations similar to
those in the first run, At the end of the second run we were informed that one further run
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was available, Photographic data of the altimeters from the second pressuré run suustanti-

ated the visual observations. The third run was made late at night, the fesnlt of which was |
’ negative since the cameras either jammed or were not loaded or not exposed cot'rbectly. It
_wae“realized after viéwing the piétures in Albuquergue that the fallure io record accurate data
wayg ’dueto'water clogging the static ports and lines leading to the altiméters. The brigin of
 the water stems from the fact that the thrust chamber and its environs are sprayed with water
B immedxateky prior to and after the thrust chamber is fired. This is done in order to reduce
the fire. haz'xrd. ‘The net result is that no data of value were recorded from the static probes.
Flush. orii‘iccs 2 and 4 on the ground plane {Fig. 9) indicated pressures which are equivalent
to velocvtles of approximately 40 ft/sec but orxfice 3 on the ground plane showed esgsentially
zero velocity. On the basxs of this variation between the ground plane data one concludes that

the gr‘gpnd plane data is at best, queationable.
SCALING LAW
A‘c the outset it was reahzed that very little published information existg on induced flow

scaling Iaws for rockets. . One’ poss;ble cause of mflow into the exhaust jet is the shear caused

by the. relath. velocity of the gases in the jet wake =2i.d the amy aent air, A well*known formula

dul{ /du '
&)@ @

where x is,they shear stress, p the density, 1 a characteristic length called the mixing length,

for shear ‘stress is ngen by

T =pi

ahd g_g_ the v'elocity derivative normal to tke direction of the shear stress., The absolute sign
on one of the velecity derivatives is used in order ‘o determine the sign ov direction of the
shear stress. Since the velocity appears as a squared term in the shear stress formula one
speculates that probably the important scaling factor for the external flow field about a rocket
would be the nozzle exit plane dynamic pressure, that is, 1/2 Pe V . This factor also corre-
sponds to one hail the thr.st per unit area. Since stress corresponds to pressure and pres-
sure is proportional to tlie 'square of the velocity, it appears that the scaling factor for the
velocities in the extérnaf flow field would be a [unction of the square root of the jet dynamic
préssuz_'e, that is, m pevez . After considerable discussion it was decided that the above-

_mentijoned scaling law, in the absence of any information whatsoever, should prove adequate
for our purposes, Thus,the scaling law states that the dynamic pressuré of the induced flow
field should be proportional o the dynamic pressure of the exhaust gases in the exit plane of
the rocket thrust chamber, The proportional:ty factor is not known and could not be deter-
mined from the present test data. However, a paper published rycently indicates that when
a ga.s issues into 2 still gaseous medium the dynamic pressure of . =~ local inflow at any jet

FINOT A QSTRTRD
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wake cross section of unit length can be approximated by the relio of the square oot of the
dynamic ﬁres’sures,’ i.e.

. 1/2 vz'

\ ) 1/2 Py j!

where 9. and Vj are the locsl wake values ci’ the jet density and jet velocity at eny cross sec-
tion of the jet and p and V are the loca! values of the density and velocity of the inflow across
the wake boundary. Actuauv the local jet wake velocity and density vary over the jet cross
gection and an averase_ integrated value would be used. The use of the scaling lawfrom Ref, 1
is dnly'strictly applicable in the immediate neighborhood of the jet boundaries. However, it
séa_:ms apparent that this law could be usec qualitatively in the exiernal flow field since ex-
ternal to the jet boundaries the {low can be described by a poteni.zl function. The problem
'xhich arises in applying ‘the data from Ref. 1 is that very littie knowledge is available for the
determination of_ ‘the jet wake structure, that is, the cross-sectional velocity and density dis-
triﬁution. 54 enouéﬁinformation on jet structure could be obtained then the inflow velocities
at the jet boxmdary could be determined. These inflow velocities would then serve as boundary

. ’comhtmns for defprmmation ol a three-dimensional zink distributicn {placed or *he thrust

- axis) from which the external flow field remote from the jet boundarizz could be calculated,

. _ On the basis of Ref 1 and discussions with Aerojet it has been decided that the veiocities

. ' in the induced flow fzeld external to the jet boundaries and the thruet chamber would be gscaled
using the dynamic pressure in the nozzle exit plane of the jet exhaust. The method to be used
is described briefly as follows. The experimental data measured by the five static probes at
Aerojet would be scaled as shown below:

S

b e €7
2 Aercjet Aerojet

(pa Vz) is the induced dynamic pressure for the g rocket test
n

-vhere

(p Vz) is the induced dynamic pressure for the Aerojet tests
a Aerojet

(pe Vez) is the exit plane dynamic pressure for the § rocket
1

' . vV is the exit plane dynamic pressure at Aerojet.

)
€ e Aercjet
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~ . - Stated more simply we write

f - ‘ L . | Pe v 2 v Fe
L R ‘ v, Pa € Jo \ ¢ pa
! ’ ‘ 7 3 = &3
| o , Aerojet . Pe 2) 9e
‘ 5 Ve
2 Aero;et erojet

;
:; : A snmmary of the ambient air properties and jet exhaust properties in the exit plane Gf the
! . ,. Aerojet Nike thrust chamher are given below.

Thrast, T 26800 Ibs
_ Ambient mr pressure, p = 2077 lbs/sq
Ambient uir temperature, T_ = 543° Rankme
Amtient air deasity, P, = 0. 00243 slugsh‘t
»'MO'IeCular-W'eigrt of exhaust gases, MM = 25%
- Nozzle exit pressure of exhaust gases, P, = 2077 ibsfsq {t*
Nozzle exit temperatz,re of exhaust gasges, T = 2060° Rarkine*
, Nozzle exit velocuy of exhaust gases, V_ = ::500 ft/sec*
- 9, V:Norzzle exxt dxameter, Ge ~e _25 mches*

[ 1] ¢

o <3 m3‘tn G 8

L)

Y A ) | : ' o -
- From the above data the value of {V Q‘J;e-l ~ is found to be 2280 ft/sec.
- I ’ ‘ ercjet

.. The ambient air properties in the test area where the g rocket will be fired are given
below as follows:

i. Ambient air pressure, p, = 1872 1bsisq It,
2. Ambient air temperatare, T, = 530° Rankine
" 3. Ambxem air density, p_ = 0. 00206 slugs/ .

: “The properties'of the gases in the exit plane of the g rocket are variabie since the geom-
‘etry' of the pozzle is still unsettled. Fowever, the chamber properties have been given as:

1. Chamber Mach number = 0, 10,
, ‘2. "'m,mber pressure = 172,800 Ibs/sq ft
* : 3:. Chamber temperature = 4500° Rankine,
. : 4. Mass flow = 570 Ibs/sec.

e

FThese values were snpphed by the Aerojet development group.
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in order 4o cc:mpute‘the Jet exit piane éjmmh piessares 3t das been assummed that the
' enip?am Nachnumberwimzyswrﬂ&mngel CeM < 4.0, ’i‘heexitpaamprapeﬁmes
are calenlated on the basis of an isamtropic expansion &m‘wm*n the mgmhmwalms and the
. norzle exit plane. The stegnation values are ohtniues r‘admmgﬁzhe chember walues given
Bt M =0.10 to M = B by means of NACA Technical Note uzﬁ The restlting stagnution

8 valnes are ix:s";ed

1. p, = 174,100 eisq Y,
2. T, = 4520° Raxkine,
3.  p, = 0.00525 slugsif®.

The wolecular weight of the exhiaust gases has been zssumed o be 8.3, Thas, the speed
of sound corresponding v 2 molectizr weight of 8.3 con be o from the speed of sound of
a.‘x:r whose :nolecnﬂ.ar weight is takem as 29 by the relstion

cii
ralak 5

- Fora stsgnaﬁm: temperatare 0’ 4523°R the stagmation speed of somnd for air woxid be

15
e

2

I

= 31,3845, ‘ {43}

o

= 1*6'3'1'_ = W1.4¥1715K4520% = 5223 Ttizen. {5
The staguation speed o sound ir the  rocket case 35 then

T, =€, {1.848) = {3283¥ 1,845} = 080 ftfsec. 153
' ‘

With the stagnatiom properties 6@4}:9& Ior the 3 rocket the static wpem in the exii piane

as a {urction of exil Mach number are compuied wilh the mﬂo*T’ilJ&zE

The calcnlations necessary o determine the exit p:operﬂes.ﬁr the g Tocket are shown in
Appendix B, T:re Tesulting valves of ( Ve ) and the scale factors corresponding to
Eguation 3 are g-veﬂ below. 7

i
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v2} Appeniix B, Takls I
{3} From date given in text op Arroiet amlient zir and exdhzos pr perides

4% CTriemn 423 Colormn {3) or Bouetion 5.

The wbove dota Indicate {het the moexhnom £x3 Srueimic pressore corors 21 @D extt Wedh
werder of epproximstely 1.3 and vields 2 maxizom soals ferdor of 3,848, Figore 10 reore-
perés a giot of e ratio of the medimum scale feciny 32})!. 2157 3.54} o a?de srale Seckr

2t ay exit Marh mumber, {;M Y es 2 functos of exdt Winch murbes.
P

THEDRY

The Ilow extermal tv the rocket exhror! bomdsriers most be ore wiich cen de spisfed 3y
the exdstence ol veloclly potemiad sinee dhe ohysics? processes Involved in ite forms*icn zre
ewverywhere Irrotational esvert inthe region snclozed Sy the fot bomduries, These fecis Im-
mediiziely enggert ihat fhe aneiyiics] irestm can e hendlsd o 2 fadr degrees of waprostme-
trom Ty perfect w3 thenry., In 283tcey, sinre e velocities are guite Iow {prodedly oot
rroseding 100 Bl wec in the repinm of teres) 2 further simplivedion can Y made Ty assoming
2 iohoed fiow to be incomperessible, The axsumpdion of 2n dvcooopressible perfect Todd
Liowr Ior the Indneed flow Jeld implies the sclution o7 Laplace’s sgostion which iz writien s

b R
< A .
T e=% =0 Vb

where p iz e wvelscily potentinl, smd 4 is e wivers Toootioo,

Bince the Leplace eguetion i lneey, the priveiple of superpozitics o de eomploye? and
<t cpiex Tiow peiteroe cem De Ludt vp By the IXoews addition of simgis Dows, A theoren,

stmmpnreay
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Ref, Sym: 5141 (607}

¥

values reported herein., For higher values of stagnation pressure and stagnation tempera-

o ture the magnitude of the induced flow will increase and vice versa.

It should be realized that the data przsented herein represent a "best guess' based on F
limited experimental evidence and on an approximate analytical extropolation of the experi- ;

I

IR . mental datu,
3

{

ARNOLD L, DUCOFFE

PuED G, BLOTTHER - 5141

V. T. STRASCINA - 5142

: o W. E. WALKER - 5143

7 Case No, 409,10
January 2, 1957
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APPENDIX A

- : : ‘ TABLE I
Run Program at Acrojet Usiag a 2600-Pound Nike Thrust Chamber

v

; Run No. Comments
P 1 Tuft study with ground plane 54 inches forward of the nozzle exit plane {see Figs.
i 2 and 3), ‘ :
2 Flow study using titanium tetrachloride vapors to give flow directions 2hove the
0

thrust chamber {3ee Fig, §), A fairing covering the top of the thrust chamber

was added,

3 Pressure measurements using 5 pitot-static tubes iccated abeve the thrust

RTINS,

chamber and one fiush static orifice located in the ground piane 54 inches abeve
the thrust axis in the vertical plane containing the thrust axis (see Fig, 8),
Preasure data wes not obtained because camera phctographing the manometer
‘board (inclined at 15°) failed.

4 Rerun of Run 3, Data good,

5 Ground plane moved fo & position 24 inches forward of nozzle exit piane. Flush
static orifices 18 inches and 36 inches above thruet axis in the vertical plane

containing the thrust axis were inetalled. FPitot tubes in same location as Run
3.

6 Tuft studies with ground plane in 24-inch posiiion (see Figs, 4 and 5).




v i
| |
, .
. .“ fw w3 o)
O I vl Dwa o1t
it 1 OO o oaT
— TN
P e ‘.
[ enl N
oD e =
-~ [ pRR sl ¥y | A
o) e & B 1
.mﬂ - o v oLl o

ha

]
o
=1
.
PRy
o
-
<
Q
~
bt

(AP B I 4] o

T e R sl T w0

oW [~ i

e .

ucie

H
o | !
1 1 H
< [T B Sl so W S
—~ L e N : NTF seer vl 4
. ot
[l . T vd R S, e Y
S~ L) . o 7 Bl H » . e
[y e - [
= :

Croap ek g n oz
W et O
WO % v ey O s Ty

T3 oY

.833
)

Field Created by the N
e

APPENDIX B
TABLE II

e w4 s e v PR
O
X
2
o ! -
L o2 ¢ e wr K .
- o | LNEan o 4
pd —t ~n0n1‘.r‘r..3,: - AV 3
LV R RIS SR e S L B <
33 ,.0 P o e e e b e s e i - s
5~ 1,~ 0y e “+y 2 N
- )L~
e i ) !
i T
Bomg i
4
AL
- __ PRSI W ]
Groavy e 5
[ P & =~ bar s h 2
no oo mnrfn 0 L Op et 2
Cog w .« & % s - .«
T P
% ! :
-
m oy H i
3 1 ' :
M.m o o ;
[N Py ey ¥ ~y o ‘.. .;»0 ».. g H
& o PO DY Y e e oy o ot !
. " P ) aet
[ 1ot o it (Y wtn ey aed
et ! =R B
< DU ws B & SR IR
) Q. .
b 8l B
' .
! -t 413 -
-y of oo e SR : s o
o3 o, o “ CF e "Ny D N L 5 AT e er 42
~ TR VARSI S T R TooeRoey peoon
1 e v . P o v e e
i st oL
B
- T ST BV S TRV P P R TR R Y DI
Rl ~e - & 2 e 4w a « o L
— T O PR T T . o B T
3,




A u‘.“ %m, #

ol S T "'5}' A r*?,ff%;\ Y"w_'\«
TYNTONY A LYY

AFPLEDEE

S EEE CALMBARATION OF A BTATIC PROBE AS A :A‘UJ?MN f ’

» The tufn data b Figs, 3 sl § {edieate le the flaw mn&lm
{ S o 27

o et varied feon spprokin wately AR b G0 degrena, I":Jblwhwi \lf’ ons
furieting of ongle of attsek are M tled to anglee of ateck &‘;w&«w

v

“above 57 fon :’&.‘s‘l"i‘*ﬂfi In acder o tigerpret tho yratic pressud s ;}
! e_amw Do ERarY b orlibrits 3 gleths mrobe ab angion ol slddek S
atutic prohe calibration program was condyeted in the Gamdta /.

; U fres e wind tunned, The probe was constiruoted feer ETIRT

T pew

L inChangisr. A Hemibsphoricsl fiose was woldesd on ihe Troal o

! U nelew placed 2 dmebez for 8 dlemetera) nebhind b nho lger fi:ﬁQ!if; {
‘l':ém,iﬂ}zfrmi:n‘a nang and the criindriesd aftesivnty, "Ure wath j“ >

W -adlank range betwesn O and 85 degreny o spverds 's»:-";’-é*:g_?ﬁv ‘

f ‘ CThe procedure couadsted of getting the geole imone froe ‘?‘;t, f
‘ and than rotgting tie probe phoat the siaede bole fund s S i

arbip ¢

~atant tunnel ppeed was maintaineg Jer caeh gl ol

Cmenpcered by medang of an alothiol Uoanbe which e e 20y mi‘

L 5—.&&&6!;‘5"3‘5}‘4:‘“"?1;‘33'{-‘3,"?.'1&;7‘ e U-tobe wan Hited mtde seghe 0 &ugmﬁ 1

fere jut za At z:impfcphm*h.— progeure (e Joa g ,k‘,sm‘mm i !
rrading when the probe wan shpned with e sros angs, .&5; ’
: i dngle-of - atim Ll TRNGE MELEC VL BmGT YA L5 sagondtng 0 *1
r ‘ t‘l&*c,ﬂrc’..*ti- ‘ ' ,:
: OPhe resulte of Gieas teali wen LR 15 whar 4

deror {Ap in Wef ey £} serann fde angre

dain Pacicate that the taesanrwd prrscuee do Lower than the o).

woted that the grepe Tor g gl oo it s onntisg B iMaxinu’

: o pbe of abtack, thwa wdavin do decveass, T orde e to apply “’Mﬁ 4 ‘W

eEm B RES T AR IS raurs ot {ne atalle

»
sesgrure wt Agralth engtires ar devatisl peardshare, (:i‘w" h " yured ressure and a ‘
S o
vobed hend prdwaaire Bowr oiny o oa G e f.r TRty Fivk !%rxtm'*li!;-m ﬁ'lo !
)
v i i
H : i
‘ . |
N ‘ . R A
Ao g ths fadel el presgodva, WAL S wied
graddy mresedra st s fogd Sedro Wig, 15, e
Lo ’i

O RRITeE ﬁl‘ﬂfﬁ? X




2337
+3

o

o erall

Las
ISt

L3NS sepaposune

ST SPuRg S0y

NLS R ESHRe s

!

R Rt B
et

Tl

tet
R
1

i

AT AT

Pye

b dirbeadad

pioeiSsesd

T

v
AT

pugat
ERSeuee

T{Tire
g

rddg e

(]

[SETY Epovuenpe

o

TSR

I
e ¥

SR

[SESTSaiN] Soas

A

e

e

ot
=] e o RETeetroon I : : > - e oo ’ &
: Y
: §
;

[S32234
rdiyane

ASSORes e

“pteeitey d

sigiieall : T iLb : . e !

IERRSors N i : : : P 2

svadetid . N ¢ . : i
£

§

DL

notTen
DI

2t e

1
H

R4 0e
bol iy

[yyes

It

Feeb i JTLANITTI0T
1

SRR

0 Coakd

S

T TiT

i

PRV Sl

Avege iy
Bgee ses

.

[ Sqtws

f.

30
fros

g
e

s
:

i

g
it
i

4

.

Cfeeis

PPPPE

faagiSaeet

[ e

.
3
[ETSy Soaas puRy *v

g

sSreminedt s




2 Y e

g
2 ’
2 kkﬁ%{'i’!ﬁﬁﬂ Pl R S B e

Ref. Sym: 5141 (6C7)

i new static pressure error is found from Fig, 15, The process is repeatec until the dif-

¥
+
ference between the n‘h and n + lth computed velocities is essentially zero or to any drder

. of accuracy desired, The process converges quite rapidly and requires only two or thrze

tterations,
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_ Ref, Sym: 5141 (607)
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