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NOMENCLATURE

A , B RMS . vol tage

E D.C. vol tage

f temperature compensatin g term

FP fl ow pitch angle

FY fl ow yaw angl e

K( FY ) probe coefficient for flow yaw

K ( FP ) probe coefficient for flow pitch

K
~ 

hole coefficient

mass fl ow rate of je t

nitot 
tota l mass flow ra te

P8 barometric pressure

probe hole pressure

stat ic pressure

freestream static pressure

P0 total pressure

q, Q dynamic pressure

Re Reynolds number based on model diameter
D

T freestream static temperature

temperature of injection

temperature fl uctuation

u freestream velocity

axial velocity

ve locity of jet

V
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mean axial vel ocity fl uctuation

u ’v ’ radial shear stress

total velocity

total vel ocity fluctuation

mean radial velocity fl uctuation

X , Y , Z coordina te directions in wake

Y ’ , V coordinate directions long body

p density

o tangential coordinate
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I. INTRODUCTION

The turbulent wake produced by a body in a fluid stream has long

been a subject of interest in fluid mechanics. In more recent years ,

with the increased concern for maintaining the natural ecological

system of checks and balances , this topic has acquired added impact.

With a thorough understanding of wake development and subsequent dissi-

pation , the problem of dispersion and control of dispersion of pollu-

tants from aircraft and water vehicle propulsion units can better be

approached . Experimenta l studies of the turbulent wake are also of

in terest for testing theories on turbulent modelling.

Unfortunately, as is evident from Table I , most of the p rev ious

experimental studies have dealt with relatively simple bodies such

as circular disks , ell ipsoids , spheroids , and some slender bodies.

Generally these studies have been restricted to the unpropelled or

“drag-body ” situation. In fact , most est i mates of the wake develo p-

ment behind self-propelled bodies have been based on the experiments

of Naudascher [1) in which the niomentumless condition was established

with a circular disk and a central jet providing the necessary thrust

to balance the dra g of t he d i sk. Later , Gran [2] investi gated the

momen tumless wake behind a self-propelled Rankine ovoid at Re0

6 x ~~~ Until recently the above were the only two self-propelled

configurations which had been examined and the utility of these re-

sults are l imited because of impractical body shapes or low Reynolds

numbers , or both. More extensive work was published in 1974 by

Swanson [3], et.al., an d Chien g [41, et. al., at ReD 6.18 x lO s.
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4

These stud ies provide a systematic comparison of the turbulent wakes

behind slender bodies with identical forebody shape by varying through

the following cases: 1) pure drag body , 2) self- propelled by axial

fluid inject i on , 3) self-propel l ed with a wel l designed propellor. f
Daffan [5] extended the work of Swanson and Chieng on the propellor-

driven configuration by studying the effect on the wake of a sail-type

appendage to the formerly axisymetric body and also the effect of

nonzero pitch ang les (0° to -2°). Schetz [6], et.al ., stud ied the

effect of replacing the single propellor by an equivalent set of side-

by-side counter rotating propellors. Additionally, Schetz conducted

measurements of the aero-hydrodynamic forces and moments on propellor-

driven slen der bodies , and boundary layer measurements on the body

itsel f .

It is evident that the work reported in Refs . No. [3], [4], [5],

and [6] has contributed greatly to the better understanding of the

phenomella associated with the turbulent wakes produced by self-propelled

bodi es of pract i cal conf igurations . The present investi gation was de-

s ig ned to study the develo pment of the mean wake flow us i ng the flu id C

temperature as a tracer and to document the turbulent fl uctuations

inrludinq those of temperature. The stratif ication of the temperature

field rem~ins sufficiently small that buoyancy effects are negligible.

The testing was conducted in the VPI 6’ x 6 ’ , subson ic  wind  tunnel

at Re0 2.04 x 1O 5 . The approaching mean ve loc ity and temperature

fields were measured wi th a pitot-static tube and a thermocouple.

Mea n boundary layer measurements were made at severa l stations alon g

L. 
. ~.. ~~ . -. . ..~~~~~~ ~~~~.. . -- 
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the body w i th a “ rake ” of small pitot tubes for the veloci ty field

and a small thermocouple for the temperature field. The mean velocity

and temperature f i el ds i n the nea r wake were measure d wi th a yawhead

probe and a thermocou p le res pec ti vel y. From the yawhea d probe the

fl ow angular ity coul d also be determ ined. Measuremen ts of axial and

rad i al tur bulence i ntens iti es , ra di al shear stress , an d temperature

fl uctuations were taken using cross-wire and straight hot-wire probes.

In order to achieve a temperature s trat ifi ed flow , an air injection

and hea ting system was designed and built. The primary design cri-

ter ion of the heat i ng/i nject i on arran gemen t wa s to prod uce i n the w ind

tunnel main stream a slug of relatively high temperature air while at

the same time di stur bi n g the norma l dy nam ic p ressure f iel d as l i t t l e

as possible.

Th is report is arranged into several major sections. First, the

a pparatus , models , and experimenta l methods are described in detail

The resul ts are presente d i n se para te sec ti ons , s tart i n g w i th the

boundary l ayer data . The next subsections in the RESULTS section deal

with the mean wake fl ow and finall y the tur bulence  measureme n ts in the

near wake are reported . The resul ts are presente d i n gra phi cal and then

tabulated form in Appendices at the rear of this report.

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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II . EXPERIMENTAL APPARATUS AND INSTRUMENTATION

W ind Tunnel Facil i t~y

All tests were conducted in the V P! & SU 6 ’ x 6’ subsonic sta-

bility tunnel (Fig. No .1) at a dynamic pressure of 1 .0 in. of water

(approxima tely 68 ft/sec) corresponding to a Re0 based on di ameter of

2.04 x l0~. Th is facility is a continuous ,closed jet,s ing le re turn ,

wind tunnel . The test section is 28 ft. long which is sufficient ,

with the model located near the center of the section , to allow

measurements in the near wake. The airstream has a low turbulence

intensity fac tor of 1 .08. To control the tunnel velocity a Barocel

Electron ic Manometer is used to read dynamic pressure from a pitot-

static tube mounted on the test section wal l out of the wake of the

model. Static free-stream pressure is measured by a Validyne digita l

barometer Model 0B99.

Sel f-Propelled Model

The model cons id ered i n this i nvesti gation has an overall length

of 72 in . and a maximum diameter of 6 in., giving a fineness ratio of

12 :1. The model was strut mounted from the floor of the wind tunnel

in the center of the test section (Fig. No. 2). The forebody i s para-

bolic and machined from lamina ted l ayers of plexig lass. The center-

body is an aluminum cyl indr ical tube . The tail body is also p lexi g lass

machine d into an ogival shape . The overall dimensions of the body

are shown in Fig. No. (3).

The model used a 2.75 hp. DC motor to direct drive the single

prope llor shaft which extended thru the center of the tail section

6

_ _ _
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(Fig. No. 4). A 6 in. diameter , 4 in . pitch three-bladed model air-

p lane propellor , Tornado Model , manu factured by Griggs Bros . was

used to provide sufficient thrust to obtain the sel f-propelled

condition.

To avoi d overheating in long duration experiments , the motor

was enclosed by copper tubing to allow for water cooling. The water

coolin g was not used for the short duration test necessary to de-

termine the required propellor speed to produce the momentumless

con di t ion since the motion of the cool i ng wa ter and the connect i ng

tubing coul d affec t th i s determination . The “sa il-drag ” is includ ed

in determining this condition. In order to measure the drag forces

on the body and subsequently measure the thrust necessary to exactly

counteract these forces , a strain gage balance (Fig. No. 5) was

internally moun ted in the model . To power the DC motor , a Sorenson

150v , l 5a power supply was used .

Air _Heating Appara tus

The stratification of the approaching airstream was induced by

in jecting heated air at the freestream velocity upstream of the self-

propelled model. A schematic of the test section arrangement includ-

in g the injection and self-propelled model is shown in Fig. No. (6).

For th is purpose an injector was constructed with the overall dimen-

sions shown in Fig. No. (7). The interior of the injector is shown

in Fig. No. (8). Air enters the injector through the smaller 1 in.

galvanized pipe and exits through 1/8 in. holes which are distributed

_ _ _  _  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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un i formly on the centerline alon g the s pan . Surroundi ng thi s pip e i s

a lar ger 2 in. galvanized pipe into which two rows of 1/2 in. holes

are evenl y distributed along the span. These holes are offset above

an d below the center l ine  by 45°. Downstream of the pipe assembly,

there is a .035 in. stainless steel plate to help guide the exiting air

and begi n the flow s tra ighten i ng process . Immedi ately downs tream of

this p la te , the injector is filled with 1/8 in. aluminum tubes of 1 .25

i n. length . These are held i n place by a small box w i th si des and top

cons tructe d of .035 i n. stainless s teel . The upstream and downstream

ends of the box are covered with .01 1 in. copper mesh. The mounting

of the injector may be seen in Fig. No. (2). The basic ideas for

the construction of the two-dimensional injector were obtained from

Hokenson [9].

The injec ted air was supp lied by four Ingersoll -Rand Type 90

compressors ouerating continuously. The coc pressed air fed i nto a

Grove dome pressure regulator which controlled the mass fl ow rate . The

hea ting was done electrically by 6 Plasmatron PS-20 transformers . The

hea ting mechanism was as shown in Fig. Nc. (9). After leaving the

regulator the a ir was guided into two lengths of Inconel 601 1-1/4

in. diam ., 1/4 in. wall pipe . The Plasmatrons were connected to the

ups tream and downs tream ends of the pipes thus form ing a parallel

elec tric circuit. To minimize the heat loss to the atmosphere , the

entire piping system from the upstream end of the heat i n g c i r cu i t  to

the injector was covered by 1-1/4 in. Kay-Lo Owens—Corning insulation.

_ _ _  _ _ _ _ _ _ _ _  —4
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Wake Probes

The mean flow pressure measuremen ts i n the wa ke were taken usin g

a three-dimensional yawhead probe constructed by United Sensor (Fig. No.

10). The output from the pressure probe was measured on a Barocel

electronic manometer and dis played on a Doris  digital vol tmeter. To

read all five pressure points for the yawhead probe on the manometer ,

a Scanivalve Model W0601/IP—RT fluid switch wafer with solenoid drive

was used. The mean temperature field was measured by means of an

Omega SCASS-O62G-6 thermocouple. The ou tput was fed into a Consoli-

dated Controls Type K dig ital indication voltmeter and read directl y

in  °F.

The a x i a l  and radial trubulence and radial shear stress data were

obtained using a cross-wire probe (TSI Model l24lTl.5). The probe

was operated at an overheat ratio of 1.8 using a constant temperature

anemometer module (TSI Model 1 050) and a power supply and monitor

(TSI Model 1051-6). Readings were taken from a DISA 55035 RMS meter.

A Model 1O1 5C correlator and TSI Model 1076 voltmeter were also used .

Tempera ture fl uctua ti ons in the wake were measure d us ing a s trai ght hot

wire (TSI Model 1210). This probe was operated at a low overheat ratio

of 1 .05 in order to more accurately measure the temperature fl uctuations .

Traverse Mount

The traverse mount had a vertical movement of 4 ft. and a hori-

zontal movement of 11 in. Both vertical and horizontal movement was

accompl ished wi th variable speed motors which were remote-control l ed

from outside the test section . The probe position was monitored using

9

_ _ _ _ _ _  
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a series of potentiometers .

Boundary Layer Probes

The pitot rake (Fig. No. 11 ) was developed by Nerney [7] and was

a p p r o x i m a tel y 1.5 in. high wi th one static port and 24 total pressure

tu bes at  i ncreas i ng di stances u p the rake . Th is a l lowe d for more da ta

points in the wall region. The temperature field near the body was

measured by means of an Omega SCASS-062G-6 thermocouple suspended

vert ically from the traverse mount~,~~ Ih~~therm ocou p le coul d then be

withdrawn to any desired distance from the body.

_ _ _ _ _ _ _ _ _ _  ~~~- , ~~~--~ — -- ~,—-—,— -
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III . EXPERIMENTAL METHODS

Producing a Nearly Uniform Velocity , Temperature-Stratified Flow

Ini tially, the primary consideration was to define the control

settings which would allow a nearl y uniform velocity distribution

downstream of the injector while main taining (T~ - 1) as large as

possi b le . Th i s was accom plishe d i n the follow ing sequence . The

Plasma trons were activated at the highest setting which they could

safel y su pport. The compressors were then activa ted and allowed to

run conti n’iously forcing the air thru the heating sys tem and thru the

injector. The tunnel was opera ted at the test cond ition of 1.0 in.

H20 dynamic pressure (approximately 68 ft/sec). The injec tor exit

temperature was mon i tored by a thermocou ple locate d .5 in . from the

exit. After abou t 20 minutes , this temperature would stabilize , in-

d icating the steady-state condition had been reached . At this time

temperature and pressure scans were taken at a station 16 in. upstream

of the submarine body. The veloc i ty defect or overshoot was observed

and a pp ro pr i a te adjus tments were then made to the pressure regulator

ahead of the heating system . By trial and error , the pro per control

settings were determined to be as fol l ows: The compressors were oper-

ated continuousl y between 120-130 psig. The regulator was set to main-

tain a 60 psi q . exit pressure . The large pressure difference between

the incom ing fl ow to the regulator and the ex i t ing flow was necessary

to help faci l i ta te a constant f low through the regulator . The plasma-

trons were operated at l 74Oa and 2Ov. These settings resulted in nearly

un iform veloc it y prof i les and substant i al temperature nonun i form ity a t
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the tes t sta ti on ahea d of the su bmarine body. They corres ponded to a

of approximately 1.3 and a T
~ 

- T of approximately 150°F.

Typical velocity and temperature profiles at the station 16 in. up-

stream of the su bmarine body are shown in Fig. No. (12). Note the

greatly exaggerated scale for velocity variations . Precise lateral

u n i f o r m i t y from the injector proved to be diff icult to obtain. The

basic magnitudes of the veloc i ty and tempera ture profi les were la ter-

a l l y  fa i r l y un i form, but the local max imums were of ten at differen t

locat ions along the V—axis. This “undesigned ” charac ter i st ic of the

in jector proved to be help ful , however , in tracing the wake flow.

Produçj~~ the Sel f-Propel l ed Cond i tion

To determine a sel f-propel l ed configuration,a strain gage balance

was inurna lly mounted in the model (Fig.No.5) . With the model mounted

in the tunnel , potentiometers were used to zero the output from the

balance due to the weight of the model . The injector was operated, and

the free-stream velocity was increased to 1.0 in. H20 wh i le the axial

force was mon itored. The propellor rpm was then increase d until the

ax ial force reading was zero. It was determined that a propellor rpm

of 1 2987 was needed to achieve the self-propelled status. This corre-

iu \

sponds to advance-diameter ratio (~~) of 0.628 .

Boundary Layer Measurements

Measurements were made with the pi tot rake and the thermocou p le at

Z’/D = 2.67, 4 .67 , 6.67 , 8.67 , and 10.0. The data were reduced using

the Bernoull i equation , the local p itot pressure , and the local stat i c

_____________ ....—---—-——~~~~~~~ —.--———-—
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temperature obtained from the thermocouple. The l ocal static pressure

was determ i ned by l owering a smal l pitot-static tube to a point 0.25

in. from the body and not from the static tube on the rake. The

boundary l ayer measurements were made on the side away from the sail.

The coordinate system used for these measuremen ts is illustrated in

Fi g. No. (13).

Wake Measuremen ts

The mean fl ow veloc ity as well as the flow angularity were determi-

ned usin g a five-port yawhead probe. This probe was calibra ted over a

range of flow pi tch and yaw angles between -30° and +30° by Daffan [5].

It was decided that an adequate description of the wake could be

ach ieved with three traverses which are shown in Fig. No. (14). The

three traverses were made at downstream stations of Z/D = 0.33 ,1.0 , 2.0 ,

3.0 and 4.0. The coordinate system for the wake study is illustrated

in Figs.  No. (13) and ( 15) .

To obta i n the mean veloc i ty components from the pressure measu re-

men ts the following equation for tota l pressure was used :

P0 = 

~s + l/2 p V 2 + l/2pv ’2

where V i s the mean total veloc i ty and ~ T i s the sum of the mean

fl uc tua t ions . S i nce V2 > > v ’2 the l/2pv ’2 term was neglected . The

yawhea d probe gave direct  rea di ngs of - P5w , where P1 i s the mean

tota l pressure and is the free-stream static pressure . Therefore

s i n c e

P 1 = 

~s + l/2p v
2 

. - -~ —-~~~~~~~~~~~~ ——--~~-~~~~. -- _ _ _ _ _



-- - -

~~~~~

—

~~~~~~~~~

14

the mean tota l veloc ity can be calculated from

il 2 [ (P 1 — - - P5 )]
TOTAL 

- 

p

The mean axia l  veloci ty can be obtained by

= Vcos(FP)cos(FY)

where FP is the fl ow pitch angle and FY is the flow yaw angle. S i m i lar-

l y the other velocity components are given by,

Ux = Vcos(FP)sin(FY)

= Vsin(FP )

To obtain the local static pressure from the yawhead probe a

method described by Winternitz [8] was used . Since this method is reliable

only for substantial fl ow angularity in one direction , ca l i bra ti on curves

were used for both pitch and yaw . The fl ow yaw angle FY is found from

the cal ib rat ion pro be cons tant

K - 3 2
FY — P1 - P4

for each station. Defining the hole constant as

p. - p
K
~

(FY ) = —‘---—-—
~

whe re P 1 is the hol e pressure and q is the dynami c pressure , Winternitz

showe d tha t

- 

(P 1 - - 
~~2 - ps~q - 

~~~K1 -i(~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
,-—- - - -

~~~~

-

~~~~~~~
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~~~~~~ —~~
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or

- = (P 2 — — qK 2

Therefo re

P P — 

K1 (P 2 - P5 ) - K 2 (P 1 -

s - 

K1 - K 2

Similarl y for the pitched case where the yaw angles are small

P4 - P5
P1 - P 2

and ,

— 
K1 ~~ — 

P5) — 
K5 ( P 1 -

S Sc~ 
- 

I<1 - K 5

From these relat i ons , the local static pressure coul d be determined

when there were substantial p itch angles w ith small yaw angles or for

lar ge yaw angles with small pitch angles . Figure (16) is an illustra-

tion of the si gn conventions used for measuring pitch and yaw.

Mean temperature ir easurements were taken in the wake by using a

therriiocouple ani making the identical traverses at each downstream

location beh i nd the propellor. Temperature was read directly in °F on

a digital voltmeter .

The ax ial and radial turbulence intensities and radial shear stress

were measured at Z/ D = 0.33 and Z/ D = 4.0. These traverses were made at

each stat ion as was done in the mean flow study . The cross-wire probe

was operated at a high overheat ratio of 1 .8 in order to decrease the

temperature sensitivity. Initially the probe was calibrated by

orienting one of the sensors parallel to the fl ow direction and

Ti
--



16

subjecting the probe to two different flow conditions (motionless air

and air moving at 98.4 ft/sec). The probe was then rotated 90° to

al ig n the other sensor and the process was repea ted. Temperature was

recorded for each situa tion.

Figure (17) shows the two-sensor orientation. With this arrange-

ment the turbulence in two per pendicular d i rections and the d i rect ional

correlat ion (Reynolds stress) can be measured . Assuming that the

effective cooling velocity fol l ows a sine law and that the two sensors

are 45° to the mean fl ow , their output vol tages are related by:

A = SA (U + V)

B = SB ~ - V)

where S = pro port ional ity consta nt, A and B are ou tput vol tages . If

the two si gna ls  are ad juste d so that  SA = SB 
= S (during calibration )

then:

= ~~~

= .

2 —

= ~~~~ (A 2 
- B2 )

4S

where f appears as a temperature compensating factor which cor rects for

tempera ture variations . For the measurements of this experiment the

cali bration constants were determ i ned as follows :

S = .0718

f = 1 396.8 - I
~ 347.8

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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where T = °F.

Temperature fl uctuation measurements were made using a straight-

w i re probe at a low overhea t ratio of 1.05 to min imi ze veloc i ty sens i-

tiv ;ty and maximize temperature sensitivity . The probe was calibrated

by i mmersing the hot w i re i nto first an ice bath and secon d i nto boil i ng

water . The output was adjusted so that the measured voltage was O.Ov

at 32°F and 1 0v at 212°F . Out put vol tage varies li nearl y w i th temper-

ature between these extremes . The probe was then mounted on the

traverse and the wake traverses were repeated at Z/ D =0 .33 and Z/D = 4.0.



IV. RESULTS

The experimenta l results obtained during this research are presented

in F igs. No. (18) - (49) in the form of velocity and temperature pro-

f i l e s  for each station exami ned along the body . Figures (20) - (34) are

graphs of the distribution of flow ang le , mean static pressure , and

a x i a l  velocity for each station examined in the wake. Figures (35) -

(39 ) are graphs of the mean temperature distribution at each of these

stations . Figures (40) - (49) are graphs of the axial and radial tur-

bulence intens ity , radial shear stress , and temperature fluctuation dis-

tributions at Z/D = 0.33 and Z/D = 4.0. The results are also presented

in tabular form in Tables A-i thru A-l4.

The turbulence data were not corrected for the effect of flow angu-

larity and the mean flow data were not correc ted for the effect of tur-

bulen t fl uctuations. The latter approximation is valid to a high degree

of accuracy due to the relatively small turbulence level s in most of the

wake reg ion. Jakubowski (23) has found in recent tests that the error

induced by not correc ting the data for flow angle variations is less than

7% in general for the flow angles encountered in this research. Follow-

ing is a discussion of the results of the current research.

Body Boundary Layer Observations

The boundary l ayer development along the body was examined in order

to trace the temperature distribution in the l ongitud i nal direction and

subsequently more accurately determine the effects of the propellor on

the near wake flow field. In Fig. No. (18) are plotted the boundary

l ayer veioc ity data , non-dimens ionalized by U ,  for Z’/D 2.67, 4.67,

18 
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6.67, 8.67, and 10 .0. These data are very similar to those first re-

ported in Ref . No. (6). They show a normal boundary layer growth.

w i th increas i ng downstream d istance. The slo pe of the prof i les near the

wall tends to indicate a deve loping turbulent boundary l ayer. An

examination of the boundary layer thickness at stations Z ’ / D  = 6.67,

8.67 , and 10.0 shows that 5(x) - x~
8 as would be the case for a tur-

bulent boundary l ayer. Turbulence measurements were not made in the

boundary l ayer due to lack of instrumentation for that task. These

- - .  data were collected w i th the submarine in the sel f-propel led mode and

the effects of the propellor on the development of the boundary layer

were not studied since Schetz (6 ) has determined that the prop has

little or no effect until Z ’ / D  > 11 .

Fi gure No. (19) contains the temperature distributions near the

body at strea,mqise stations corresponding to those of Fig. No. (18).

First, it should be noted tha t these distributions are not graphs of the

thermal boundary layer but rather that the thermal boundary layer i s

conta i ned with i n the variable tempera ture region . The Prandt l number ,

wh ich is the connecting link between the velocity and temperature fields ,

is near unity for air which indicates tha t the velocity and temperature

boundary l ayers should have nearl y equivalent dimensions . The tempera-

ture var ies over a norma l distance of nearly double that of the velocity

boundary layer . This is sim ply a resul t of the ini tial injection

geometry and subsequent spreading of the jet. The development of the

therma l boundary layer can be qualitativel y exam i ned by focusing atten-

tion on the region nearest the wal l .  Note that these profiles resemble

class ical insulated -wall thermal boundary layers . The regions wherein
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dT/dy 0 can be seen to grow very dist inctl y with increas i ng Z ’/D to

the point that the size of the region at Z ’/D = 10.0 is nearly twice

that at station Z ’ / D = 4.67 . This is essentially identical to the be-

havior of the veloc i ty profiles of Fig. No. (18). The thickening of

the overall l ayer is also evident in Fig. No. (19), but the growth

due to the proximi ty of the body and the normal growth ra te of the jet

cannot be quantitatively separated .

Figure No. (19) also shows the decay of the maximum of the high

temperature layer with increasing streaniwise distance . This energy is

lost to the free stream and manifests itself as a general overall heat-

ing of the entire wind tunnel fluid. Typically during a test program

lasting 30 minutes , the free stream temperature would increase by 1° to

2°F. The fact that the mass flow of the jet was very small compared to
m .

the total mass fl ow ( ~~~~ .01 ) and the presence of air coolers in the
tot

wind tunnel circuit kept the overall heatin g rate very low .

Mean Wake Flow Observations

Figures No. (20) - (34) are graphical presentations of the mean

static pressure , mean axial velocity , and flow angularity distributions

in the near wake at stations Z/D = 0.33, 1.0, 2.0, 3.0, and 4.0. At

each station results, are presented along three distinct traverses

vertical , horizontal , and e = 45°. The coordinate systems and sign

conventions used are shown in Figs. No. (13) - (16).

In genera l from an overall examination of these data , one sees the

initial momentum excess and defect regions spread in extent but decrease

in magnitude with increasing Z/D. Similar behavior is exhibited by the

.-. -- -— - -.- -— _ .._ - -~~ -~~~~
- - .
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propellor swirl and static pressure variation s. Alon g a ver ti cal

traverse the flow is pitched very slightly and the yaw angles are

lar ger. The converse is true along the horizontal traverse. Maximum

flow angles vary from a pp roxima tel y 1 0° at Z/D = 0.33 to about 5° at

Z/D = 4.0. Results along the o = 45° traverses show that in thi s p lane

fl ow pi tch and flow yaw are about equall y present . Some small asynvietry

of the resul ts is evident. This is due to a c o m b i n a t i o n  of c i rcums tances

wh i ch cause the flow to dev iate sl ig htly from axisyme tric - the presence

of the sa i l, the verti cal and lateral gradients in the injected jet, and

the small errors in al ign me nt wh ich occur in pos it ion i ng the model .

Basically the behavior of the flow is similar to that reported by Daffan

[53. The magni tude of the momentum excess and defect and the other

associated properties of the wake structu re are smaller due to the l ower

Reynolds numbe r and corresponding lower pro pellor rpm of this study . One

noticeable departure from the results of Ref . No. (5) is the ap-

pearance of another momentum defect region in the near wake. At every

station there is the maximum defect in the wake center. Passing the

center there is a region of momentum excess , characterized , for instance ,

by the axial veloc i ty overshoot. Continuing into the outboard portion

of the wake there is invariably another region of veloc i ty defect which

is smaller in both magnitude and extent. Actuall y this behavior is

predicted by simple propellor theory,and is discussed in Ref . No.

(24).

Of particular interest are the results In Figs. No. (35) - (39).

These are graphs of the temperature distribution in the wake at the

identical stations used in obtaining the mean pressure data . At each

_ _  — - - - —- -_.- - -~~~~~~.- - - -_- - -~--- - _ _ _
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s ta ti on the th ree traverses were made , first with the prop not rotating

and second at the rpm necessary to achieve the sel f-propel l ed condition.

In the former circumstance , the prop was rotated by hand before the

traverse was made and positioned where i t woul d not i nterfere w ith the

fl ow .

The results at sta t ion Z/D = 0 .33 ( Fig. No . (35)) are typical of

each station if v i ewed singly. The initial temperature distribution with-

out the influence of the propeller can be easily seen . The vertical

variat ion is quite pronounced with peak temperatures of approximately

16° - 20° greater than T .  Ideally the temperature variation along the

horizonta l traverse should be zero , however var i ations up to 5°F are

observed . This is largely due to the latera l gradients which were pre-

sent init ially in the injec ted jet and ,to a lesser degree,due to d istor-

tion produced by the body . The local temperature maximums at each lateral

location along the jet injector were very nearly the same, however , the

vertical location of these maximums (i.e., the vertical temperature dis-

tri bution) would vary somewhat laterally. Rotating the propel lor has the

effect of mixing the flow to some extent. Regions where the temperature

was higher tend to decrease in temperature and vice-versa. As Z/D in-

creases, these data indicate an overall rotation of the fl ow . This is

most evident from the vertical and horizontal traverses of Figs. No.

(35) - (39). Before activation of the propellor, the highest temperature

l evels in the wake of the body are located along the X-axis near X = 1.0

in. Examination of the temperature field with the propel lor running

s hows that these higher leve l3 of temperature are beginning to appear

along the V-axis at V = —1.5 in. further downstream at Z/D = 4.0. 

~~~~~~--~~~- -~~~~~~
- 
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Similarly the temperature levels along the x-axis drop considerabl y to

l eve ls  that  are cons is ten t  w i th those that  exis te d near = 1.0 i n . before

prop activation.

Consider for a moment the fluid part i cles that exis ted at = 1.0

in. and = 0.00 in. at time t = t0. The flu id state of those particles

is determined by the data illustrated in Fi gs. No . (21) and (35). As

has been poin te d out , the temperature distributuions of Figs . No. (35) -

(39) tend to indicate that they have moved to X 1 0.0 in and y
1 —1.5

in . dur i n g the t ime t 1 
- to necessary for them to negotiate 22.0 in.

alon g the longit udi nal axis . If this is in fac t the case , calculations

base d on the mean pressure da ta of F i gs. (21) - (35) should predict

this rotation and translation. Unfortunately, the coarse “grid size~ 

employed for the data -co1le ction~prëv~n ts an exac t anal ysis of the path

of a pa r t i cu l a r  streaml ine , but by taking the fluid state as it existed

at station Z/D = 0.33 and assuming that all gradients of the fluid pro-

pert ies are zero , one can a pp rox i ma tel y predi c t the loca t ion  of these

par t icles at  time t 1 
- to. Carry ing out the indicated calculati ons the

resul t s  are ,

U.,, = -7.25 ft/sec
.. 

- - .—- 
= ~1O f t / s e ~ -.-. - --.- - -

t1 
- to 

= 0.026 sec

“1 
- -1.5 in

X
1 

- X = -0.382 in

The results of the approximate calculations indicate that these particles

woul d move in pitch more than is observed and move in yaw less than is

observed . The direction of rotation is , of course , the same as that
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observed (counter-clockwise looking upstream). The discrepancies be-

tween the calcula tions and the observed results are due to the assump-

tion of zero gradients in the flow properties. In fact as the fluid

particles move from the +X axis to the -Y axis, the pitc h angles become

smaller and the yaw angles become larger. This would result in a fluid

element mov i ng more in yaw and less i n pi tch than i s crudely predicted

~,U ~Uby assuming —a-, -—
~~~~

- =

The pro pel lo r  seems to act more as a “ swirl inducer ” than  a “mixer ”

in this near wake region . This is supported by the data,in that the

leve ls of ....the -~riaximurn temperature observed do not fall rapidly with

distance downstream . If a severe mixing action were occuring , one

would expec t a nearly un i form temperature to appear at these downs tream

locations . Tha t thi s i s not the case indi cates that there i s a more or

less fixed fluid element rotation occuring . Future wake models shoul d

account for this behavior.

Turbulence Observat ions in the Wake

Turbulence measurements were performed in the near wake at stat i ons

Z/D = 0 .33 and 4 .0. At each station,axial and radi al turbulence intensi-

- ties, radial he~~~s~~ess , and tempera ture fl uctuations were recorded .

Figures No. (41) - (47) are graphs of the axial and radial turbulence

in tens i ties at these stat i ons .

Before discuss i ng these data a cond iti on that existed which is

detrimenta l to the accura te measurement with a hot-wire should be pointed

out. The inject ed air had a small oil content which was present because

of leaky compressors . Examination of the hot-wire instruments after the 



25

tests revealed that small amounts of oil were deposited on the wires.

It is probable that the el ectrical and thermal properties of the wires

were changed somewhat by this deposit. Accord i ngly, the absolute level s

of the reported fl uctuations could be somewha t in error . Several measure-

ments were , however , duplicated at different times and w ith w idely vary-

in g conditions such as compressor run-time (and thus oil vapor accumul a-

tion) and the data were seen to agree within 10%. This would indicate

that the error due to the oil deposit is minimal . Figures No. (40) -

(42 ) show that the ax ial velocity fluc tuat ions~~re hi gh (nearly 10%. of ~~..
the free stream velocity ) at the center~~f the wake . This is at variance

with the da ta repor ted in Re f. No. (22) which show a minimum at this

point. The fluctuations decrease rapidly followed by another peak which

occurs in the vicinity of the propel lor tips. This is identical to the

trend of the da ta in the above reference . At Z/D = 4 .0, Figs . No.

(44 ) - (46) show generall y the same distribution although the maximum

intensit i es in the wake cen ter have fallen to about half the i r former

- . 
va lues. The axial turbulence intensity in  the area of the pro pe l lo r

tips for the vertical traverse of Fig. No. (44 ) has not decreased nearly

as much. The radial turbulence intensity along all three traverses at

Z/D = 0.33 has the same distribution, with the maximums at the center of

wake and at the propel lor tips . However , at Z/D = 4.0 the radial veloc i ty

fluctuation has fal len to 1 - 2% of the free stream velocity near the

tips. The fl uctuations along the center of the wake remain relatively

high at 3 - 5~ .

Fi gures No. (43) and (47) are graphs of the radial shear stress

at stations Z/D = 0.33 and 4.0 respectively. During this point of the 

.- -- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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experimental program there were equipment problems with the correlator.

Consequently, there were several points at which the shear stress could

not be determi ned . The data that we were able to obtain indicate

that the hig hest values of the shear stress occur i n the v icin ity of

high veloc ity gradients, which is to be expected . The maximum values of

the shear stress do not decrease greatl y from Z/D = 0.33 to 4.0.

Figure No. (48 ) is a graph of the temperature fl uctuation at Z/ D

= 0.33. These results show that the fluctuations are uniformly very small

(<  .5% of T ) along any traverse until the edge of the wake is approached .

The temperature fluctuations in this region are a maximum of approximately

lO.5~ clong the horizonta l and e = 45° traverses and a compa ratively

lar ge l4~ along the vertical axis. Comparison with the data of Fig.

No . (49) shows the same behavior . Max imums of~fl’ /T are reduced to

less than l0’~ along the horizontal and e = 45° traverses and to about

13 . along the vertical traverse . Again the levels along the vertical

axis in the vicinity of the propellor tips are larger . The results

i n  Fi gs . No. (35 ) and (39) show that the mean temperatures are higher

in the vicinity of the center of the wake and much smaller at the edge .

The turbulence resul ts i nd i cate tha t the maximum tempera ture fl uctuat ions

are occu r ing  in a region of relatively low mean temperature gradients .

Thi s is an important result when i t i s cons idered i n the lig ht of cur-

rent tec h n i ques used in the theoretical study of compressible

turbulent fl owfields . Dur ing the course of such a study . at some

point it becomes necessary to depart from the exactness of the Navier-

Stokes equations and model various terms containing the fl uctuating

components of dens i ty, velocity and temperature . An example of such a
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term, for exam p le , i s the turbu len t  hea t f l u x

q1 Cpp U~T ’

where the subscr i pt i = 1 , 2 , 3 denotes the coo ,dinate direction. The

usual practice is to model the (J~T ’ term as

From th i s model , one woul d ex pect a lar ger ’
~ T’2 / T in the interior

of the wake where -
~~~~~ is larger and comparatively smaller fluctuations

in.the outboard region.  The ex per imental resul ts of th i s study do not

.—~~
‘confirm such a model . There is, however, some ind i ca ti on tha t has

dependence on -u-- . The data of Z/ D = 0.33 and Z/D = 4.0 ( Figs . No.

(48 ) and (49))  show larger fl uctuations in the tip area along the Y

ax is than in the tip areas along the e = 45° traverse and X axis. The

gradients in the mean temperature are larger in the tip region along the

V ax is.

The ques ti onThf why the temperature fl uctuations are concentrated

onl y in the tip regions is a diff icult one to answer. On the surface ,

it is tempting to answer that the fl uctuations are directl y associated

w ith the vor ti ces wh ich are shed at the ti ps . Indeed , a commo n assump-

t i o n  of b la de element theory to calcula te propello r performance is to

assume that the circulation i s cons tant alon g the b lade and conse quentl y

vort i ces are she d onl y at the root and the t ip s . Close exam i na tion of

F i g s . No. (48) and (49) show that the temperature fl uctuations do tend

to rise at the wake center in the v ic in i ty  of the roots of the prope llor

blades. However , the strength of c i rculat ion does vary alon g a rea l propellor
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blade. In fact, it can be proved that the condition of constant

c i rculation alon g the b lade length is phys i ca l ly impossible (e.g., see

Ref. No. (24 ) ) .  This means that vor t ices are necessari ly shed

along the entire span so the high tempera ture fluctuations at the tips

cannot be explained so lely by vortex shedding . The tip vortices wi l l ,

however , be of grea ter strength and correspondingl y h i gher turbulence

levels should be expected .

Another possibi l i ty is the effec t of compressibi l i ty . The tip

speeds assoc ia ted  w i t h  this experiment are approxima tel y 400 ft/sec

(M = 0.35).  Although this is below M = 0.5 , the va l ue of Mach number

above which compressibil ity effects are normally considered to be import-

a n t ,  it is suff iciently hi gh that some meas urab le compressibil i ty

effects should be expected . There is the additional possibil i ty that

the hi gher temperature fluctuations at the tips are the result of eddies

being convected along the span of the blade and finall y being shed at

the tips. This would happen if the fl ow is separating as it moves over

the airfoil surface. If this were the case , a corresponding loss of

thrust should be apparent. There was , however , no indication of stal led

propellor b lades i n any of the flowfiel d data .

_ _  
-~~~~~~~~~~~—

. -
~~~~~~~

-.-
~~~~~~~~~

-
~~~~~~~~~~~~
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V. CONCLUSIO NS AND RECOMMENDAT IONS

An experimental study of the fl ow fiel d produced by a self-propel-

led , slender body of revolution in a temperature stratified airstreani

has been conducted . The experiments concentrated mainly on the mean

and turbulent flow in the near-wake rec~ion al thou gh mean boundar y la yer

measurements were taken in order to es tab lish the init ial conditi ons

iu~ediately upstream of the propellor .

The mean flow results have shown that the temperature stratifi-

cations , as produced in this experiment , has no l a r ge , noticeable effect

on the development of the mean flow in the near wake . The temperature

results show that the fluid undergoes a simple rotation in this near -

wake region and that there is no great increase in mix ing rate produced

by the propellor .

The turbulence measurements strongly re infor ce recent f in di n gs

that the h ighes t  l evels of ax i al tur bulence i ntensit y are to be foun d

in the immediate vicinity of the propellor tips . Additionall y, the

curren t results indicate that higher levels of turbulence than previ-

ousl y found are present in the wake center . These centerline fluctu-

at ions appear to decay at a faster rate than do the turbulence

intensities at the outboar d edge . They are , possibly, only a phenomenon

peculiar to the near-body region. The radial turbulence intensities

are also unusually high at the wake center. In fact , in this case, the

magnitudes along the centerline are higher than those near the propellor

tips at the most distant downstream station studied. The turbulent

fluctuations in temperature quite emphatically point out the unsteadi-

ness of the flow in the outer regions of the wake . For the conditions

29 
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of this experiment , this was a vicinity of only small to moderate

grad ients in mean temperature . Tempera ture fl uctua ti ons in the wa ke

in areas other than the vicinity of the propellor tips are quite s ma l l .

This experimental program has pointed out the relative ease with

whi ch measuremen ts of mean tempera ture an d tem pera ture fluc tua ti ons can

be made. It proved to be simpler to use the straight hot—w ire in the

low overheat mode to measure the temperature fluctuations than to gather

the velocity fluctuation data with the cross —w ire . Additionally, the

measurement of mean temperature data wi th a thermocouple is very rapid

and uncompl icated . Accordingly, it is suggested that future experimental

programs not hesitate to gather these data in any situation where temper-

ature fluctuations may be an element of interest.

The results suggest some interesting points for further study . The

influence of different initial mean temperature distributions should be

determined . The temperature fluctuation distribution in the vicinity of

the prope llor tips is quite pronounced and it would be interesting to

see the effect of different initial temperature gradients and their

location relative to the propellor geometry . Second , the turbulent

thermal boundary layer should be considered since the incoming turbu-

lence levels shoul d have some eff ect on the wa ke develo pment .

--I.
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Flow An gularity , Mean Static Pressure , Mean Ax i al Veloc ity
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Flow Angularity , Mean Static Pressure , Mean Ax ial Veloc i ty
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TABLE A-i

Mean Vel oci ty and Temperature Profiles on Body at Z’/D = 2.67
Injection Temperature = 21 2°F - 217°F
Free Stream Properties : T =  72°F, P

~~
= 27.91 in. Hg, u 69.33 ft/sec .

Y’ (in.) u/u 1/1 (T = °F)

0.0050 0.510 1.458
0.0 1 9 4  0 . 5 4 3  1 . 458
0.0340 0.752 1. 458
0.0450 0.763 1.458
0.0586 0.848 1.458
0.0722 0.955 1.458
0.0858 1 .000 1 .458
0.0994 1 .010 1 .458
0.1260 1 .022 1.458
0.1540 1.023 1 .444
0.1820 1 .025 1 .444
0.2360 1.026 1 .431
0.2960 1.026 1 .417
0.3560 1.025 1.375
0.4 160 1.023 1.347
0.4760 1 .021 1.319
0 . 5 6 6 0  1 . 0 1 9  1 . 2 7 8

0.6560 .015 1. 222
0.7460 1 .014 1.20~0.8360 1.01 2 1.181
0.9560 1.009 1.125
1.0760 1.006 1 09 7
1 .1960 1 .005 1.069
2.0800 1.000 1.000
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TABLE A — 2

Mean Veloci ty and Temperature Profiles on Body at Z’/D = 4.67
Injection Temperature = 21 2°F - 217°F
Free Stream Properties: T =  69 °F , P5 = 27.81 , u =  69 .26 ft/sec

V I (i n ) u/u T/T (T = °F)

0 .0050  0 . 4 7 6  1 . 4 3 5

0.0194 0.500 1.435
0.0340 0.707 1.435
0 . 0 4 5 0  0 .698  1 .4 3 5

0 .0586  0 . 7 6 4  1 . 435
0.0722 0.790 1.435
0 .0858  0 .808 1 . 435
0 . 1 2 6 0  0 .864  1 .435

0 . 1 5 4 0  0 .8 7 6  1 . 4 3 5

0.1820 0.922 1 .435
0 . 2 3 6 0  0 . 9 6 5  1 .420

0.2 9 6 0  1 . 0 0 7  1 . 406
0.3560 1 .025 1.391
0 . 4 1 6 0  1 . 0 2 8  1 . 3 7 7

0 . 4 7 6 0  1 .026 1 . 3 4 8

0.5660 1.024 1.319
0 . 6 5 6 0  1 . 0 2 2  1 . 2 9 0

0 .7 4 6 0  1 .019 1 . 246
0.8360  1 . 0 1 7  1 . 2 1 7

0 . 9 5 6 0  1 .015  1 . 1 7 4

1.0760 1 .012  1.130
1.1960 1 .009 1 .087
2.1100 1 .000 1.000

_ _ _ _  - -~~~. -~~~- - - - - -~~~~~~~~~~~~~~~~~~~~-.- - - . ~~~~~~~- - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE A-3

Mean Veloci ty and Temperature Profiles on Body at V/D = 6.67
In jection Tem pera ture - 212°F - 217 °F
Free Stream Properties : T ,= 69 °F , P5 = 27.91 , u~~ 69.14

Y I ( in . )  u/u T/T (T = °F)

0.0050 0.440 1 .406
o. m~4 0.570 1 .406
0. 341) 0.638 1 .406
0. :50 0.650 1 .406

0.699 1 .406
0 f l~ 3? 0 .704 1.406
0.0858 0.74 0 1 .406
0 .1J0  0 .777  1 .406
0.1~ 40 0.801 1 .406
0.1820 0.838 1.391

0.3360 0.873 1.391
0.2960 0.927 1 .391
0.3560 1 .954 1.391

0.4160 0.979 1.377
0. 4760 1.999 1.362
0.5660 1.009 1.333
0.6560 1 .01 2 1. 290
0 .7460 1.013 1.275
0.8360 1.014 1.246
0.9560 1 .013 1.203
1.0760 1 .010 1 .159

1.1960 1 .008 1.130
2.0900 1 .000 1 .000 

~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE A-4

Mean Velocity and Temperature Prof iles on Body at Z’/D = 8.67
I n j e c t i o n  Temperature  = 212 °F - 2 17°F
Free Stream Properties : 1 =  68°F, P

5~
= 27.90, u =  69 .08 ft/sec

Y ’ ( i n . )  u /u . lIT (1 = °F)

0.0050 0 .400 1 .397
0 .01 94 0.450 1 .397
0.0340 0.545 1.397

0.0450 0.620 1.397
0.0586 0.680 1 .397
0 .0722 0 .700 1 .397
0.0858 0.720 1 .397
0 .1260 1 .751 1 .397
0.1540 1.752 1.382
0.1820 0.795 1.382
0.2360 0.826 1.368
0.2960 0.871 1 .368
0.3560 1.905 1.368
0.4160 1.926 1 .353
0.4760 0.952 1.338
0.5660 0.976 1 .294
0 .6560 0.990 1.265
0.7460 0.996 1.250
0.8360 1 .999 1.221
0.9560 1.004 1 .176

1.0760 1 .001 1 .147
1.1960 1 .000 1 .118
2.3600 1 .000 1 .000 

~~~~ - - - - - - - -~~~~~~~~ - - - . -“ ~~~~~~- -
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TABLE A-5

Mean Velocity and Temperature Profiles on Body at Z’/D = 10.0
Injection Temperature = 212°F - 217°F
Free Stream Properties: 1 =  68°F, 

~~ 
27 .90, u =  69.08 ft/sec

Y’ (in.) u/u 1/1 (1 = °F)

0.0050 0.380 1 .368
0.0194 1 .450 1.368
0.0340 0.500 1 .368
0.0450 0.540 1.368
0.0586 0.617 1.368
0.0722 0.630 1.368
0.085P 0.647 1.368
0.1260 1.678 1.353
0.1540 1.740 1 .353
0.1820 1.770 1 .353
0.2360 0.816 1.353
0.2960 0.827 1.353
0.3560 1.846 1.353
0.4160 0.873 1.338
0.4760 1.906 1 .324
0.5660 0.940 1.309
0.6560 0.970 1.294
0.7460 1 .997 1.265
0.8360 1 .012 1.235
0.9560 1.013 1.206
1.0760 1.010 1.162
1.1960 1.009 1.147
2.4000 1 .000 1.000
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TABLE A-13

Temperature Fl uctuations in the Wake at Z/D = 0.33
Injection Temperature = 172°F - 178°F, Q = 1.0 in. H20, I 

= 41°F

X(jn.) Y(in .) P5 (in .)

0.00 -1 .50 27.57 0.038
0.00 -1.00 27.57 0.031
0.00 -0.75 27.57 0.022
0.00 -0.50 27.57 0.011
0.00 -0.25 27.57 0.014
0.00 0.00 27.57 0.017
0.00 0.25 27.58 0.026
0.00 0.50 27.58 0.032
0.00 0.75 27.58 0 024
000 1 .00 27.58 0.030
0.00 1.50 27.58 0.047
0.00 2.00 27.58 0.081
0.M0 2.25 27.58 0.110
0.00 2.50 27.59 0.122
0.00 2.75 27.59 0.130
0.00 3.00 27.59 0.134
0.00 3.25 27.59 0.138
0.00 3.50 27.59 0.128
0.00 3.75 27.59 0.116
0.00 4.00 27.59 0.083
0.00 4.50 27.58 0.030
000 5.00 27.58 0.004
0.00 5.50 27.58 0.001
0.00 6.00 27.58 0.001
-1.50 0.00 27.57 0.032
-1 .00 0.00 27.57 0.021
-0.85 0.00 27.57 0.019
-0.50 0.00 27.57 0.025
-0.25 0.00 27.57 0.025
0.00 0.00 27.57 0.018
0.25 0.00 27.57 0.020
0,50 0.00 27.57 0.018
0.75 0.00 27.57 0.020
1.00 0.00 27.57 0.026
1 .50 0.00 27.57 0.043
2.00 0.00 27.57 0.076
2.50 0.00 27.57 0.091
2.75 0.00 27.57 0.100
3.00 0.00 27.57 0.103
3.25 0.00 27.58 0.096
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TABLE A-13 (Continued)

X( in .) Y(in.) p~~~in~~

3.50 0.00 27.58 0.089
3.75 0.00 27.58 0.085
4.00 0.00 27.58 0.066
4.25 0.00 27.58 0.057
4.50 0.00 27 .58 0.048
5.00 0.00 27.58 0.053
5.50 0.00 27.58 0.044
-1.50 —1.50 27.58 0.053
-1 .00 -1.00 27.58 0.044
-0.50 -0.50 27.58 0.031
0.00 0.00 27.58 0.021
0.50 0.50 27.58 0.031
1.00 1 .00 27.58 0.061
L50 1.50 27.58 0.116
1 .75 1.75 27.58 0.124
2.00 2.00 27.58 0.109
225 2.25 27.58 0.095
2.50 2.50 27.58 0 071
3.00 3.00 27.58 0.013
3.50 3.50 27.58 0.001

a
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—---- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~~~~~~~~ ~~~~~~,

104

TABLE A-14

Temperature Fluctuations in the Wake at Z/D = 4.0
Injection Temperature = 169°F - 174°F, Q = 1.0 in. H2

0, I = 41°F

)c(in.) Y(in.) P (th.)

0.00 -1 .50 27.54 0.024
0.00 -1.00 27.54 0.022
0.00 -0.50 27.55 0.019
0.00 -0.25 27.54 0.023
0.00 0.00 27 .54 0.028
0.00 0.25 27 .55 0.032
0.00 0.50 27 .55 0.031
0.00 0.75 27.55 0.028
0.00 1.00 27.55 0.027
0.00 1.25 27.55 0.028
0.00 1.50 27.55 0.029
0.00 1.75 27.54 0.034
0.00 2.00 27.54 0.041
0.00 2.25 27.55 0.065
0.00 2.50 27.56 0.086
0.00 2.75 27.55 0.101
0.00 3.00 27.55 0.123
0.00 3.50 27.56 0,136
0.00 3.75 27.55 0.121
0.00 4.00 27.55 0.108
0.00 4.50 27.55 0.059
0.00 4 .75 27 .56 0.024
0.00 5.00 27.56 0.002
0.00 6.00 27.56 0.0C1

-1 .50 0.00 27.57 0.050
-1.00 0.00 27.57 0.044
-0.50 0.00 27.57 0.029
-0.25 0.00 27.57 0.025
0.00 0.00 27.57 0.025
0.25 0.00 27.57 0.025
0.50 0.00 27.57 0.026
0.75 0.00 27.57 0.032
1 .25 0.00 27.57 0.040
1.50 0.00 27.57 0.027
1.75 0.00 27.57 0.055
2.00 0.00 27.57 0.064
2.50 0.00 27.57 0.079
3.00 0.00 27.58 0.086
3.25 0.00 27.58 0.088
3.50 0.00 27.58 0.072 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . _ _ _ _ _ _ _ _  _ _
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TABLE A— 14 (Continued )

X( in.) Y(in.) P
~~

(in .) i..L~~

4.00 0.flO 27.58 0.042
4.50 0.00 27.58 0.022
5.00 0.00 27.58 0.028

-1.50 -1.50 27.58 0.050
-1.00 -1.00 27.58 0.042
-0.50 -0.50 27.58 0.020
0.00 0.00 27.58 0.026
0.50 0.50 27 .58 0.026
1.00 1.00 27.58 0.033
1.50 

~~~
).50 27.58 0.081

1.75 1.75 27.57 0.094
2.00 2.00 27.57 0.086
2.50 2.50 27.57 0.037
2.75 2.75 27.57 0.022
3.00 3.00 27.57 0.001

- ,. ~~~~~ - . ,---S,-S-- -.-.~~~~~~~- -~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~ .. -~~~~~~~~~~~~~~~~~~~~~~_


