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This r epor t  descr ibes  the f i r s t  yea r  activities of an investigation, 

"The Structure of a Large  Angle Oblique Jet  Impingement Flow," which 

has been conducted a t  Michigan State University for the  Theoret ical  Acous- 

t ics  Branch of the NASA Langley Research  Center.  I ts  purpose i s  to com- 

municate the r e su l t s  which have been achieved in  fulfilling the objectives 

identified in the or iginal  proposal and to  identify the modification of these 

objectives a s  suggested by the init ial  r e su l t s  of this study and a s  evolved 

in consultation with the cognizant personnel  of the Langley Research  Center,  

pr imari ly  Dr.  J. C. Hardin, g ran t  monitor.  

The objectives for  the f i r s t  yea r  were  (1) to  document the mean  

flow field for the l a rge  angle oblique jet  impingement flow and (2 )  to exe- 

cute vorticity measurements  i n  the region of the flow p r imar i ly  responsible 

fo r  the production of acoustic noise.  The mean  flow documentation was 

completed r a the r  ea r ly  (January 1974) i n  this grant  y e a r  and was submitted 

a s  a third year  technical r e p o r t  t o  the NASA Lewis Resea rch  Center in r e c -  

ognition of the i r  ea r l i e r  support of the jet impingement studies a t  MSU and 

to complete our associat ion with them. This r epor t  includes extensive, 

single-wire (hot-wire) measuremen t s  of the m e a n  velocity and turbulence 

quantities nea r  the plate for a 45-degree impingement flow. The next sec- 

tion summarizes  these r e su l t s  and presents  the conclusions which shaped 

the subsequent direction of the p resen t  study. The th i rd  and fourth sections 

of this r epor t  descr ibe  these  subsequent activit ies:  (1) the construction of 

a new experimental facil i ty and (2) the development of a unique signal pro- 

cessing c i rcu i t  to infer the instantaneous t r ansve r se  vorticity* f r o m  an  

a r r a y  of four hot-wires.  

The continuing effor ts  within the scope of this r e s e a r c h  project  

have been adequately summarized  in  the renewal proposal  submitted on 

September 20, 1974. It i s  pertinent to note that the p resen t  r epor t  updates 

some aspects  of the cu r ren t  work identified in this proposal.  

""Instantaneous"--up to  100,000 samples/sec.  ; "transverse"--paral le l  to 
the plate and perpendicular to the m e a n  flow direction; "vorticityl '--the 
quantity AU/AZ - AW/& i s  m e a s u r e d  within the spat ia l  resolution of the 
four-probe a r r a y .  



2.  MEAN FLOW FIELD DOCUMENTATION/ALTERATION OF THE 
RESEARCI-I OBJECTIVES O F  THE PRESENT STUDY 

'l'hr intvnsity of thv  turbulc~ncr fluctuations in the neighborhood ol 

thc impact platc i s  not significantly g rea te r  than the intensity in  the f r e e  

jet which would exist  in the absence of the plate (see F o s s  [1974a,b]). 

Consequently, unless the increased acoustic energy can be re la ted  to an  

increased volume of turbulence kinetic energy--a possibility which can- 

not be a s ses sed  on the bas i s  of the extant data--the observed acoustic 

emission i s  apparently the r e su l t  of an enhanced "organization" of the 

flow associated with the impingement process .  The vorticity field sur -  

rounding the stagnation point and the vorticity effects associated with the 

deformation and reorganization of the vorticity of the approaching jet a r e  

the two significant aspects  of the organized motions within the flow field. 

These qualitative considerations a r e  given a s t ructure in the multipole 

expansion by Hardin 119731. He identified the volume integral  of the vor-  

ticity-velocity product a s  the flow field charac ter i s t ic  responsible for  the 

f a r  field density (hence p r e s s u r e  and velocity) variation. The c r o s s -  

correlat ion of such products in space and t ime is therefore responsible 

for  the average sound power emitted by the impinging jet. These consid- 

erat ions suggest that a suitable neighborhood of the stagnation point be 

selected for extensive investigation of the vorticity-velocity field. 

The mean  velocity fierd nea r  the plate (z /dg  0. 05) is observed to 

be symmetr ic  about the stagnation point ( x / d r  -0. 9)  within the approxi- 

mate  region r / d <  3. This z location i s  a l so  the plane for  which aur/Bzg 0 ;  
.,, 

i. e . ,  the ver t ical  location where the t r ansve r se  vorticity changes sign. -' 

It was decided to focus attention on this  region f o r  fu ture  studies since it 

appeared to  f o r m  a natural  subregion of the total  impingement flow, one 

which is responsible for  a substantial  portion of the acoustic emission.  

Since the 0.  75-inch nozzle used by F o s s  [1974a] resul ted in  a con- 

centration of the t r ansve r se  vorticity i n  a region of height SO. 04 inch f r o m  

the plate--that i s ,  within the nominal span of the para l le l  w i res  of the vor-  

ticity a r r a y  (!)--a l a rge r  nozzle was  required.  Also, it was experienced 

with the rotating nozzle configuration that  the lack of "perfect" rigidity 

of the s t ruc ture  caused a slight movement of the impinging jet flow a s  the  



angle (0) was varied. Consequently, the development of a new flow facil i ty 

with a rigid jet and a corresponding four-position (x, y ,  z ,  0) t r a v e r s e  sys-  

tem (which would allow t r a v e r s e s  about the stagnation point and not just 

along radial  lines through the geometr ic  intersection point of the nozzle) 

was undertaken. The new facil i ty includes a (nominal) 3-inch d iameter  

jet (7.72 c m )  in o rde r  to enlarge the vor t ica l  motion region near  the plate 

sur face  while maintaining feasible values of the impact plate s i ze  and the 

volume-flow-rate/velocity requirements  of the flow system. Details of 

the flow system and the vorticity probe a r e  provided in section 3 of this  

report .  

The identification of the concentrated vorticity region, 0 5 z/d 5 0.05, 

and the recognition that the s t reamwise  velocity can be a significant f ract ion 

of the jet exit velocity a t  th i s  elevation suggests that the charac ter i s t ic  vor-  

ticity values can be  quite la rge .  A representat ive value for  the experiments  

using the new facility is: 

Similarly, the relatively la rge  velocity and sma l l  charac ter i s t ic  

lengths suggest that r a the r  high frequency components m a y  be expected 

for the vorticity fluctuations. The data processing scheme advanced in  

the original proposal involved the use of the available A/D converter  and 

software computations of the der ivat ives  to construct the t r ansve r se  vor- 

ticity. Using this procedure,  a t ime lag of 65 psec between individual 

readings would occur;  hence the t ime  required for the construction of the 

vorticity signal would be  260psec o r  an  equivalent r a t e  of 3840 hz. This 

ra te  i s  insufficient to guarantee an adequate resolution of w A fa s t e r  t '  
A/D converter with input to the  T. I. m e m o r y  (direct  m e m o r y  a c c e s s )  a t  

50 Khz (or a four-channel r a t e  of 12.5 Khz) was considered; this  would 

have possibly offered a sat isfactory procedure.  With this  operating s t r a t -  

egy, the computer would r ead  a se t  of values and ei ther  s to re  them o r  

compute u, w, and w f r o m  these values and then s tore  them. The monitor t 
and operating routines would r equ i re  some fract ion of the 20 K memory  

locations; hence the sample s i ze  would be limited by this consideration t o  

= 10-14K words or  = 3,000 s e t s  of data f r o m  which to  compute u, w, andwt. 

These considerations s t a r t ed  the  evolution of a n  al ternat ive signal 

processing scheme; the development of a special  digital e lectronic  p rocesso r  



that will be dedicated to  the computation of the velocity component values 

u, w and the t ransverse  vorticity f r o m  the four hot-wire inputs i s  the end 

product of this evolution. A maximum through-put r a t e  of 100 Khz will be 

possible with this unit, and i ts  accuracy  will be established by the use of 

tabulated calibration information (velocity/voltage) f rom the four wi res  

and the pitch angle response  of the x-wires .  The digital unit is descr ibed 

in section 4 of this r e p o r t  and will  be  the subject of a special  r epor t  de- 

tailing i t s  operating principles and design, a s  well  a s  the operating pro- 

cedures  and maintenance considerations.  

Because the digital p rocesso r  r ep resen t s  a new computing technique 

and because the measuremen t  of w by  the four-wire  a r r a y  i s  not a s tandard 
t 

procedure,  i t  was considered advisable to conduct a special  s e t  of experi- 

ments to evaluate the vorticity measur ing  capability. These experiments  

will be fo r  the conditions a = v/2, h/d = 1, and the will be coordinated with 

surface p r e s s u r e  measurements  to  evaluate 2nr ut dz and with acoustic I! 
measurements  to  evaluate the sound producing/vorticity charac ter i s t ics  of 

such a flow. The details of th i s  experimental  p rogram a r e  presented i n  

the renewal proposal submitted in  September 1974. 

3. EXPERIMENTAL FACILITY 

The flow sys tem descr ibed  in  the original proposal  and used in  the 

study which has established the  m e a n  flow resu l t s  (Foss  [1974a]) will  be  

modified before the vorticity measuremen t s  a r e  executed. The flow sys- 

tem modifications a r e  shown i n  F igure  1. The new flow sys tem incorpor-  

a tes  a fixed, large-bore (3.04-inch) nozzle. The nozzle shape has  been 

designed in accord with the c r i t e r i a  of Chmielewski [1974], which r e su l t s  

in a minimum length nozzle fo r  an  unseparated flow within the contraction 

region. 

The probe support unit and the z-drive will  be mounted on the im- 

pact plate; these will be t r a v e r s e d  by means  of the computer-controlled 

stepping motors  to survey  the jet. F igure  2 shows a schematic  r ep resen-  

tation of this facility. Note that the adjustment controls shown in  F igures  

2b and 2c will allow the measur ing  t ip  of the probe to be located prec ise ly  

over the axis of rotation of the plate;  consequently, the x, y, and 0 positions 

may be independently established. A significant a l terat ion in  our position 

control techniques will  be  incorporated with this  new design. Specifically, 



the oprn loop system, in  which the T . I .  drove the probe into position by a 

cer tain number of impulses applied to  the stepper motors ,  will be replaced 

by a closed loop sys tem wherein the T. I. s e t s  a digital value in an  appro- 

pr iate  regis tcr  and the stepper motor i s  activated until the  position sensor  

unit indicates agreement  between the p r e s e t  condition and the position of 

the probe. A block diagram representat ion of this c i rcui t  i s  presented in 

Figure 3. The principles for  this technique a r e ,  of course,  well  estab- 

lished; the  implementation of a digital c i rcui t  t o  execute this  control func- 

tion will involve cer ta in  innovative electronic design features  and will  

serve a s  the special  project  (EE403) of Mr .  D. Sigmon. 

F igure  4 shows the vorticity probe to be used for this study. Two 

charac ter i s t ics  of the x-wire  in this  probe sys t em will be determined, viz., 

the pitch angle response,  which will be utilized in the u, w calculations a s  

noted in  the next section, and the yaw angle values required to degrade the 

response of the probe. That is, the value of the yaw angle (E a r c  tan v/u) 

which will cause one of the x-wires  t o  be influenced by the  presence  of the 

adjacent one wil l  be  determined. Based upon a s imi lar  evaluation fo r  a 

Disa type  minature  x-probe, a yaw angle of 30 degrees i s  not sufficient t o  

c rea te  such a degraded response. If a s imi l a r  response for  the TSI probe 

i s  observed, the  probe will  be quite sat isfactory for the intended application 

since the expected yaw angles a r e  not anticipated to exceed a value of 30 

degrees.  Yaw angle measurements  in the impinging jet flow wil l  be made  

(instantaneous u, v values will be recorded)  to  evaluate this asser t ion.  

One additional modification a s  r ega rds  our ea r l i e r  formulated plans 

should be noted; the bridge vs .  the l inearized signals f r o m  the four TSI hot- 

w i re  anemometers  will be  utilized for  this  study. The 12-bit A/D conver te rs  

can be used to  segment the nominal two-volt range provided by these units 

into 4096 pa r t s ;  i. e., a resolution of 0 .5mv i s  available. This a l terat ion 

is made  possible by the resolution and by the use of a d iscre te  element 

calibration table;  i t  i s  motivated by the presence  of high frequency noise 

f rom the l inear izer  e lectronics  which would degrade the vorticity mea-  

surements.  

4. DATA PROCESSING 

An ea r ly  concept in our development of the data processing proce- 

dures  was to employ sufficient equipment external  to the T. I. minicomputer 



to allow the voltage data to be input to  memory  a t  a f a s t e r  r a t e  than the 

65usec  between individual voltage readings allowable with the T. I. system. 

The present  concept i s  quite different f r o m  this ,  and because of i t s  possi-  

ble benefit to other r e s e a r c h e r s ,  the basic  elements  of the scheme will  be 

described herein. A special  r e p o r t  to document th i s  device and the pr in-  

ciples of i ts  operation will  be issued la te r .  

The function of the  device is to provide a r e a l  t ime evaluation of 

the streamwise and ver t ica l  velocities and the t r a n s v e r s e  vort ic i ty  com- 

ponent a s  deduced f r o m  four  hot-wire voltage signals.  F o r  convenience, 

the device will hereaf ter  be r e f e r r e d  to a s  the  Vorcom, a n  abbreviated 

designation of i t s  function a s  a vorticity computer.  

The Vorcom will  operate in  one of th ree  mutually exclusive modes,  

these being (1) the programming mode, (2) the processing mode, and (3 )  

the self-check mode. Modes 1 and 3 a r e  somewhat self-explanatory apd 

do not require  extensive description; mode 1 is dealt with f i r s t .  The pro-  

cessing mode i s  t rea ted  in detail. 

T h e  use of the Vorcom i s  initiated by the t r ans fe r  of information 

f r o m  the T. I. minicomputer to  the Vorcom. Specifically, the  cal ibrat ion 

tables* of velocity vs .  voltage will  be s tored  fo r  the four  hot-wire channels. 

The desired reading r a t e  will  a l s o  be input i n  t e r m s  of the fract ion of the 

100 Khz maximum to be employed; in  par t icu lar ,  reading r a t e s  of 100, 50, 

33.3, 25, 20,. . . Khz will be available by recording each, every  other ,  

every third, etc., signals f r o m  the  Vorcom. This  flexibility i s  des i red  

since the lowest possible reading r a t e  t o  adequately recover  the  high f r e -  

quency information f r o m  the flow will  allow the longest possible data 

acquisition t ime.  

The two se t s  of information descr ibed above wil l  be par t icu lar  to  

each data acquisition run. In addition, the information concerning the 

pitch angle response of the x-wire  probes will  be  stored in  a random ac-  

ces s  memory .  This tabulation i s  a function of the probe geometry and 

will be reevaluated only if a probe  r epa i r  mus t  be  executed. 

The essent ial  operating fea tures  of the Vorcom's processing mode 

"Increments of 0 .5fps  wil l  be  used f r o m  the minimum flow speeds of in- 
t e r e s t  (= 10fps) to 30 fps .  F r o m  this  value to the maximum speeds to  be 
encountered in the flow (= 120fps) ,  the velocity calibration will be  s tored  
in values of 0.5 percent of the local  value. 



a r c  prcscntcd in the block d i ag ram of Figure 5. The signal flow of the 

two paral le l  w i re s  i s  quite s t ra ightforward;  the calibration tables  convert  

thc voltages to velocit ies,  the velocity difference provides the quantity Au 

and equivalently Au/hz = au/az, and the delay s teps  a r e  to  synchronize 

the derivative with the quantity aw/ax under construction in  the balance 

of the circuit. 

Similarly,  the x-wire  voltages pas s  through the i r  respect ive cali-  

bration tables in  o r d e r  t o  define the quantities Veff) l ,  2.  The effective 

cooling velocity is expressed  by the relationship 

Veff = V f(u. V) 

where f is a function of the angle between the wire  and the velocity vector  

(y) and the velocity magnitude. The la t te r  dependence i s  ra ther  weak. 

Numerous f o r m s  have been proposed f o r  the function f ;  the s implest  of 

these  i s  the cosine relationship.  The others  represent  some  modification 

thereof;  example fo rms  a r e :  

2 
f '  (y)  = [cos y + K2sin2y11/2, Hinze [15)59] 

m f l ( y )  = cos y , Brunn and Davies [1971] 
2 

f '  (u) = c o s y  t € (cosy  - cos y) ,  Fujita and Kovasznay [1968]. 

Since the two Veff values  a r e  known and since the two y values a r e  re la ted 

by a constant difference, it is poss ib le  t o  construct  the  following scheme 

to infer y: 

- Veff) l  - f ( y , v )  V.R.  = - 
Veff)2 f(y2.V) 

and 

Y 1  = krrL2 - y 

where k = 1 if the wi re  axes  a r e  perpendicular.  Consequently, the V eff 
ra t io  f o r m s  one equation fo r  two unknowns, y and u. The weak depen- 2 
dence of this ra t io  on V allows a computing s t ra tegy  (1) t o  infer y by using 

Vfrorn the previous t ime  step" and (2) t o  cal ibrate  the pitch response of 

*Logically, this  r equ i r e s  a n  a p r i o r i  knowledge of V t o  initiate the f i r s t  
s tep of the computing process .  This  requi rement  will be m e t  by initiating 
the data acquisition when the velocity vector is para l le l  with the probe 
shaf t  (y = 0 ) ,  a s  revealed by a prede termined  V. R. value. 



the x-wire  and dcvelop tabulated values of V. R. =GV(y),  where G V  indicates 

that a g ives  value of V was used in the development of the function G .  

The tables representing the  y = G ~ - ~ ( V .  R.) functions will be s tored  

a t  velocity intervals  suggested by the strength of the observed velocity de- 

pendence. The rksul ts  of Webster [1962] and Brunn and Davies [1971] sug- 

gest  that perhaps eight tables covering the range lOfps 5 u s  120fps m a y  

be satisfactory. The required span of the tables  can  be inferred f r o m  the 

r . m .  s .  data of F o s s  [1974a]. F r o m  these  data, it is inferred that a pitch 

angle calibration covering * 30 degrees  will be quite adequate. Lf 0.5-degree 

increments  a r e  used, then 120 values per  velocity level a r e  required. One 

table can hold 1,024 ent r ies ;  consequently, if eight velocity levels a r e  sat-  

isfactory, the GV-'(V. R.) table will  be  fi t  into one of the three available 

tables. 

The design of the Vorcom is based upon severa l  key considerations.  

F i r s t ,  the ent i re  unit i s  controlled by a m a s t e r ,  20mhz,  clock. There  a r e  

200 time s teps f r o m  the four A/D conversions which s t a r t  the calculation 

to  the appearance of the th ree  8-bit numbers  which specify the velocity 

components (u, w) and the t r a n s v e r s e  vorticity (w ). Each operation within t 
the processor  i s  specified in t e r m s  of i ts  initial and final "location" with- 

in  the 200 time- s tep interval.  

A f a s t  (200ns) 12x12-bit ,  2 ' s  complement, multiplier i s  shared  

by the different par t s  of the c i rcu i t  a t  the appropriate  t imes  within the 

10wsec interval.  Read-only-memory (ROM) units allow the rapid re t r iev-  

a l  of the fixed functions, sine and cosine. These ROM units a r e  f a s t  (two 

t ime s teps)  and their  contents a r e  protected s ince the re  a r e  no input por t s ;  

a special  ROM programmer  h a s  been developed for the i r  programming. 

Following the programming mode and the s tate  of readiness  of the  

experiment,  the p r o c e s s ~ n g  mode will  be initiated and maintained until the 

data s torage buffer i s  filled. The output f r o m  the  Vorcom will be two 8- 

bit numbers packed in a 16-bit word. The words will r ep resen t  8 bits for 

u, 7 bits + sign for w or 7 bits f sign f o r  w, and 7 bits + sign for w These t t ' 
alternating words will be  s tored  in  the T. I. minicomputer a t  the r a t e  of 50 

Khz (DMAC input) or less .  If the 100 Khz r a t e  is required,  then a sepa ra t e  

memory  buffer will be  required.  Considering the c o r e  m e m o r y  require-  

ments  for the  monitor and worker  routines,  app'roximately 12 K m e m o r y  

locations will be available for  data s torage.  At 50 Khz, this represents  



0.24 sec for continuous data acquisition. Repeated samples would then be 

required to construct the low frequency statistics. These considerations 

suggest an optimal data sampling scheme in  which a short sample may be 

sufficient to obtain the stationary characteristics of the high frequency 

signal characteristics, recognizing of course the intermittent character 

of the high frequency events,followed by lower ra te  acquisition samples 

to document the lower frequency components of the u and w signals. 

Following the completion of the data acquisition and storage, the 

Vorcom will switch to the self-check mode while the data is  transferred 

from the buffer to magnetic tape. The self-check mode executes two gen- 

era l  procedures to evaluate the fidelity of the processing mode. F i r s t ,  i t  

sequentially removes the contents of each random-access-memory (RAM) 

location, stores the contents in a temporary location, inputs a test value 

(taken from a random number generator), reads the test  value, and com- 

pares the latter with the former.  If the results  of the last step indicate 

agreement between the two values, then that location of the RAM is oper- 

ating properly and the process i s  continued until al l  locations a r e  evaluated. 

If a faulty location is  discovered, the Vorcom will halt with an appropriate 

front panel display to signify the problem. Secondly, digital values simu- 

lating the wire voltages a r e  input to the processing unit, and the output 

values are calculated and compared with the correct  values. This check 

insures the correct  operation of the circuit, but a t  a restricted number 

of RAM unit memory locations. In combination, these two checks evalu- 

ate the parts of the processing circuit which a r e  most vulnerable to failure. 

5. SUMMARY 

The documentation of the mean flow field has been achieved, Foss  

[1974a], and the results of this study suggest alterations in the experimen- 

t a l  procedures for  the continuing work. The modified research program i s  

in progress; this report has identified the motivation for and the character- 

istics of these new activities. Of particular significance is  the development 

of a unique digital electronics processor to rapidly and accurately compute 

the streamwise and vertical velocity components and the transverse vortic- 

ity. The experimental facility modifications a r e  also presented. 



Instrumentation 

C r o s s  sectlon 
40" h ~ g h  
60'1 wide  

Turning vanes 

I- ---- - 
0 

Contraction 
r a t i o  = 36 

flow and t r a v e r s e  sys t ems  Octagonal 4 U-Lock 

c i rcu la r  pipe 7. 5" I. D. 
searnles s  aluminum 
L/D = 105 

F igu re  l a .  Schematic of laboratory.  



F i g u r e  lb .  J e t  i m p i n g e m e n t  flow facility. 

1 1  



Rotary table attachment f o r  
angular position sensor  

Note: The impact plate i s  attached to  
surface A (see Figure 2b). 

P. S.: Photocell position sensor  
( see  F igure  3) .  

Figure  2a. The x, y,  0 t r a v e r s e  device. 



location for  
probe support 

positioner not shown 

Support tube, 

support  rod in/step 

- guide tube, rigidly attached 
to  the dove ta i l  s l ide,  D 

Figure 2b. Upper plate and jet. Detail A shows the mechanism to  
allow longitudinal and pitch angle positioning of the probe (P). 
Detail  B shows the yaw angle positioner. These  th ree  
adjustments a r e  sufficient to locate the probe  t ip  over 
the rotation axis of the plate. 
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four wire probe 

longitudinal - 
positioner 

lateral probe 
inal positioner 

static pressure 
taps 

clear plastic / 
plug* 

\ 
stepping motor 

'Clear plastic plug i s  to reduce surface heat transfer from hot 
wire which would cause erroneous signals for small z positions 

Figure 2c. Probe position mechanism 



Encoded shaft showing the 
numbers 68 t o  72 (R-L); the 
dot signiries a n  open hole 
f o r  the passage o i  a light 
s i g n a l  - ,-' .O 

Hit No .  

1. :. Light source 
P - Photo diode - - A A - A - - - - 

I 
1 

EC : Encoded shaft I T.I. : Software control 

C - - - - . - - - - - Ft 
1 

7 Select des i red  location 
I 
I 1  Manual control 

8 or 10 bit I 
I 
I 

desired -actual 

a c t ~ v a t e  dr ive 
orientation: 

stepping motor clock ra te  
pulse generator 

posltlon 
sensor 

I 
I Set probe movement pJ 1 l imi t s  + , - Compare with l imits  wo units 

required for I 
x.y.2)  

motor  0 

P 

Figure 3. Schematic of position control sub-syetern: 
Note: One sub-sys tem f o r  each position: x .y .  z, 8 

: N will be selected t o  obtain the maximum stepping r a t e  per 
the torque requirements  of the individual position control c i rcui t  

Position display 

I 

I Control Panel  

I [Display: Exceed l imits  

position L - - - - - - - - 
seneor 



support for probe 

a. Probe support. 

< 

MODEL 1248 END FLOW "X" PROBE 

0 

Sensor Configuration 
Like Model 1241 Above 

b. Detail of x-probe. 

Note: The AU/AZ probe i s  similar to this--the parallel 
single wires replace the x- configuration. 

Figure 4. Vorticity probe. 
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Vorcom --- 

I I M ~ l : [ V e f f ) ~ x  
= V.R.  

Table: 
l~ = Gy(V. R., OV1) 

1 t 

l / ~ z :  input 
constant 

2At: input 
constant 

Delay Delay 
Mul: w = V s in  y 1 3W I II 

Mul: 
Mul: u = V cos y Table: -@ - 1 EX! 

3 ~ x - ~ u  a t  
I I 

Figure  5 .  Schematic of h a r d  w i r e  digital  data  p rocesso r  to  compute the 
velocit ies and the  t r a n s v e r s e  vort ic i ty  

th . Note: 1) i( ) - i t i m e  s tep  with r e spec t  t o  the  ( 1 0 0 / ~ )  khz reading r a t e  

2) The weak dependence of F and G on V a r e  accounted fo r  by 
utilizing V f r o m  the previous t i m e  step. 
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