
515 ATLANTIC RESEARCH CORP GAINESVILLE VA FIG 20/I, N
CALIBRATION PROCEDURES DEVELOPED FOR A TRIAXIAL HOT—FILM PROBE —ETC (U)
MAY 75 I. W HARDIN, W H HALL Ffl620—76—C—O055

UNCLASSIFIED NCSUIEDC—78—k AFO SR—T R—78—1352 ML

_ _  

__ N
_ INUIfl I

!~ !ULitJ -
_NP~RU1IL

a _________
—. 

-



r~ ~~~~~~~~~~~~~~~~~

~yosF-TR.- ~~Q~~~1 ’~ 62  E D C - 7 8 - 4

~~ . ‘3~~~1

J ENGINEERING
DESIGN

CENTER
CALIBRATION PROCEDURES DEVELOPED
FOR A TRIAXIAL HOT-FILM PROBE
AND PRELIMINARY MEASUREMENTS OF
THE VELOCITY PROFILE IN THE WAKE
OF AN ISOLATED ROTOR

by

~uJ
-~~~

L. W. Hardin and W. Hugh Hal l
C-,

SCHOOL OF
ENGINEERING

NORTH CAROLINA 
-

Report  on AFOSR Contrac t
STATE UNIVERSITY F 4 4 6 2 0 - 7 6 - C - O O S 5  for  a

coopera tive pro gram be tween
RALEIGH

UNITED TECHNOLOGIES RESEARCH CENTER
NORTH CAROLINA and

NORTH CAROLINA STATE UNIVERSITY

roved ror ptthltC re3ea$~~
di5tr1b~tt0~ 

Ufl

112
- - - - - -~~~~~ - -~~~~~~~~~.-

.,.~~~~~—~~~~~-- -



AiR YORCE ~1F ~~t(T C~’ IT~ T F . r: ~~~~~~~~~~~~~
I C T I r ~E OF ; \ ~~~~~~~ TC~

~~~~~~ te~ 1~a 1e:~ 1 ‘;:- :.

J.;~~; .‘ I .L •. ~~ .

I r i . 1 I. ..
I..

• c : ~ ~ca1 I~; f c ~ ;,)~.i ~n 
C_ ~~icer

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



;~ J /EDC 78 - j

CALIBRATION PROCEDURES DEVELOPED FOR
TRIAXIAL ~OT-FILM PROBE AND ~ RELIMINARY

MEASUREMENTS OF THE VELOCITY ~ ROF I LE
IN THE WAKE OF AN ISOLATED ROTOR

H by

-

L . W.JHardin ~~~~~W. Hug h/ Ha l l  
-

~ 
~~~~~~ .~~ 

/

Report on AFOSR Contract  / F 4 4 6 2 0 - 7 6 - C - 0 0 5 5 /
for a cooperative program

(/ ( )
between

United Technologies Research Center

East Hartford , Conn .

and

North Carolina State University

Raleigh , North Carolina

Engineering Design Center
School of Engineering

North Carolina State Universi ty
Raleigh , N. C. 27650

May 15 , 1978

1; 1 j 
~ 1

i
ii 

( , ~ r 

-
~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _



F

Abstract

In an experiment which was conducted to determine the

response of an isolated rotor to an inlet distorti on ,
a triaxial hot-film probe was used to make velocity and

flow angle measurements near the exi t plane of the rotor .
The velocity sensors were three mutually orthogonal film-
type sensors operated in the constant temperature mode.

This probe has been calibrated and procedure s have been
developed to extract velocity components from the anemo-

meter output voltages. It has been determ ined that the
proximity of the probe shaft results in severe distortion

of the flow over the velocity sensors. The process which
has been developed for computing velocities yields satis-

factory results in test cases and is expected to be suit-

able fcr reducing the data from limited number of flow

conditions for which the probe was used in the present

experiment . However , it is considered to be too involved
and too suscept ible to error to be used in experim ents
where there is either a vast amount of data to be processed

or there is no means of spot-checking the resu lt s. It is

- •• . therefc~.re .considare~~.wa ~ datI~~y .•that .f tn .tmpro ~recP probe
geome try be devised which does not exhibit the degree of
in te r fe rence  observed wi th  the probe in q u e s t i o n  be fo re
undertaking to make extensive wake measurements. 
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In troduc t ion

An inlet distortion experimen t has been conducted in
United Technologies Research Center ’ s (UTRC) Large Scale
Rotating Rig (LSRR). (Ref. 1) During the course of this

experiment some runs were conducted with a triaxial hot-

f i lm probe moun ted in the ro tat ing r e fe r ence f r ame near
the rotor  exi t  p lane .  This probe was used to make ve loc i t y
and f low angle measurements  in the uns teady f low f i e l d  of
the rotor  as it passed throug h a d i s to r t ed  in le t  f l ow .  The
three mutually orthogonal velocity sensors mounted on the

probe were operated in the constant  tempera ture  mode by
anemometer c i rcu i t s  developed in-house especial ly for t h i s
exper iment.

Before the data obtained from such a probe may be used

to determ ine velocity and flow angles , it must be calibrated
to determine the response of each sensor to norm al velocity
and to ascertain the manner in which they respond to trans-
verse flows. The measurements necessary to accomplish this

cal ibra tion were car r ied  ou t in Nor th Carol ina State
Univers ity ’s (NCSU) low speed wind tunnel .

Equipmen t

The probe used in the LSRR inlet di sto rtion experimen t

is a Thermo -Systems , Inc . l296M triaxial hot-film probe .

A total pressure transducer is attached to the support

shaft resulting in the configuration shown in Fig . 1. Two
axes systems are used in calibra ting the triaxial hot -f ilm
probe. One system is the axial-radial-circumferential axis

system of the rotor while the other is chosen with the three

axes parallel to the three mutually orthogonal velocity

sensors which make up the probe . These two systems are
shown in Fig. 2 omitting the total pressure probe for

cl ari ty. The veloci ty compon ents in the two system s may
be related by two sets of transformation equations. The

first set gives velocities in the rotor reference frame ,
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in terms of the sensor frame velocities , u1.

V 1 = a11 u~ + a21u2 + a 31u 3 (1)

V2 = a12 u1 + a22u2 + a32u 3 (2)

V 3  + a13u 1 + a23u2 + a33u 3 (3)

The second set of equa tions is the reverse transforma tion .

u1 = a 11v 1 + a12v2 + a 13v 3 (4)

U2 ÷ a21v 1 + a22v2 + a23v3 (5)

u3 = a31 v1 + a~ 2v2 + a 3 3 v 3 (6)

The coef f ic ien ts , a1~~ used in these equa t ions are as fo l lows .

ai j  = /27~ a2 1 = - /176 a3 = -

a12 = 0  a 22 = -/172 a 32 = /172

aj 3 = / 17~ a 2 3 = /176 a 33 = /T7~
Each of the sensors is operated in the constant resis-

tance (constant temperature) mode by a circuit developed

in-house especially for this exper imen t . A commerc ially
produced uni t was f i r s t tried bu t it fa i led under the cen tr i-
fugal  loads encoun tered dur in g opera tion o f the LSRR . The
present circuit is compac t and qui te durab le when enc apsu-
lated in epoxy . The s impl ic i ty of the c iru it is eviden t

in the schematic diagram shown in Figure 3. This circuit

has been subsequently modified to make it more versatile and

improve perfo rmanc e sli ghtly but the original circuit , as
shown , proved to be quite adequate for the present application.
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The probe was calibrated in the NCSU Low Speed Wind

Tunnel. This tunnel is of conven tional closed loop desi gn
wi th the fan loca ted downs tream of the tes t sec tion which
is 32 inches high and 45 inches wide . Turning vanes are

used in the corners and flow straightening screens are lo-

cated up-stream of the test section to provide a uniform flow.

A probe suppor t f ix ture  was designed which al lows the probe
to be pi tched and yawed while main tainin g the sensors in
prec isely the same location thus allowing any flow non-

uniformi ties which mi ght still exist to be neglected . This

f ixture , which is shown in Fig. 4, may be pitched + 2 0 0  in

5° incremen ts and yawed continuously throu gh a full 360°
al though angle readou t is avail able for on ly + 90° Th e
sign conven tions used for the pitch and yaw angles , 0 and ~~,

respec tively,  are shown in Fi g. 5. These angles and the
total veloci ty vec tor , V , may be used to ca lcu late the velo-
ci ties in the ro tor reference frame .

v1 = V s i n O (7)

= V cos 0 sin ~ (8)

= V cos 0 cos 4 (9)

Procedure

The veloc ity in the Low Speed Wind Tunnel is measured

by a slant manometer connected to a pressure port in the

settling chamber. The static pressure in the test section

is atmospheric as the test section is vented to the atmosphere.

rn order to ob tain a more accura te veloci ty measurem en t , a

pneuma tic total pressure  probe was moun ted in the probe
support fixture so that its head was in the exact position

that the sensors of the triaxial probe would occupy when it

was inser ted. A static pressure por t in the tes t sec t ion
floor was also monitored and the tunnel was operated over

the ran ge of veloci ties to be used in ca l i b ra t ion to ob tain
a precise calibra tion of the velocity at the probe head as

a func t ion of the manome ter read ing .
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The yawing mechanism of the probe support fixture was

adjusted to read zero with the total pressure probe ali gned

directly into the flow. The pitching mechanism needed no

adjustment but this could have been accomplished by shim-

ming the base if necessary.
The total pressure probe was removed and the triaxia l

hot-film probe was installed into the calibration fixture

using a flag on the probe shaft to align it with the

fixture. The probe geometry was used to calculate pitch
and yaw angles which would place each sensor in turn per-
pendicular to the flow . Based on previous experience , it

was suspected that the probe shaft was deflecting the flow

so that the flow was not actually norma l to the sensor
in question at the calculated pitch and yaw angle. Con-
sequently, with the tunnel running, the probe was yawed
sli ghtly while monitoring the anemome ter output vo ltage.
The flow was taken to be normal to the sensor at maximum

output voltage . The yaw angle at peak output did vary

sli ghtly from the calculated value s confirm ing that the
probe shaft was indeed interferin g wi th the ai rfl ow over
the sensors. With each sensor in turn placed normal to
the flow, the tunnel was operated over a wide range of
velocities and the various flow properties and the output

voltage of the app ropria te anemom eter were recorded. These
data are presented in Table I and are plotted in Fi gs. 6
• . ..- S - • S .  S S  S s~~~. .1 • . 4  .
t h r ~~u t ~h 8 for sensors 1 through 3, respec tive ly. It was
desired to fit the data to the form of Eq. 10

£ 2 - E~ = K/~V (T~ - ic,, ) , ( 10)

where E is the anemometer output voltage , p is the density,

and T5 and T~ are the sensor and free stream temperatures ,

respectively. The constants and K arc determined Ironi the

calibration data. No sing le value of and K was found to

be valid over the entire velocity range; consequentl y, a

least squares procedure was used to obtain two curve fits
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of the form of Eq. 10, one of which was for the hig her

velocities and the other , for the lower veloci ti es. The
anemometer voltage at the intersection of these two curves

was calculated and , along with the values of E0 and K , is
presented in Table II for the three sensors. During the

remainder of the calibration , if the output voltage of the
anemome ter was greater than the crossover voltage for that
channel , the upper curve fit was used. On the other hand ,

if it was lower , the lower curve fit was used.
After determining the response of the probe sensors to

normal flow , it was necessary to investigate the behavior
of the sensors in non-perpendicular flows . One expression

which is commonly used to describe the response of a sensor
to transverse flow is:

~~ff 
= u1~ 

+ K2u~ , (11)

where q
~ ff 

is the effective velocity measured by the sensor ,

u and u.~ are the normal and transverse velocity components ,

respectively,  and K is a constant which is empirically de-
termined. Unfortunately, this expression does not lend
itself to situations where the flow may be blocked by the
probe shaft . The formulation of Eq. 12 was developed to

include these blockage effec ts as well as sensitivity to
transverse flow .

~~ff 
= u~ f(0, 4) (12)

where 
~~ff and u~ 

are as before and f(0, ~) is a weighting

factor of order unity which is a function of the pitch

and yaw angles. The wind tunnel was operated at a constant

velocity of 116 ft/sec while the probe was pitched and yawed
and the data obtained used to calculate the value of this
funct ion for each sensor at each combin at ion of p itch and
yaw angles. The values thus obtained are listed in Table III.
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For sensors 2 and 3, the values are generally greater than
unity with the low values occurrin g only where the probe
shaft might be expected to block the flow (i.e. the flow

is nearly normal to the sensor) and the higher values

occurring where there is significant traverse flow . For

sensor 1, evaluation of the function yielded va lues much
less than unity over the entire range of pitch and yaw

angles. This behavior indicates that something is blocking

the flow over sensor 1 at all times.

The values of the function at each value of 0 were
least square fitted to a fifth order polynomial in 4.
Ihe coefficients of each term in this polynomial were then

least squares fitted to a fifth order polynomial in 0

resul ting in a 5 x 5 matrix of coeffic ients for each sensor
from which the value of the function , f (0, 4), at any inter-
media te value of 0 and 4 may be computed. The compu ter codes
used to reduce the tabula ted function to the matrix of
coefficien ts and to subsequently reconstruct the function

at arbitrary 0 and 4 are given in Append ix A.
In order to use the calibration data to obtain the

velocity and flow angles from the three anemometer output

voltages , one first must calculate an effective normal

veloc ity for each wire by

r: 2
q = [ 

~~ 

- 
] 2  (13)

k/~ (T5 - T c,c,)

where quan titi es on the righ t hand sid e of the equa tion
are the same as for Eq. 10. Equation 12 may be written for

each sensor as fol lows.

= u + U 2 (14)

2
= u 2 + ~ 

2 (15)
2 1 3

= u 2 + U 2 (16)
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In these equations , f1 is the value of the func ti on f(O , 4)
for the ith sensor which is evaluated at the value of 0 and 4
from the previous iteration . These equations may be solved
quite easily for the squared veloci ty componen ts, u~

2 . Since

there is no way to know whether u~ is positive or negative

from the se equa tions , the proper sign must be known from

some other source. In the present experiment , the orien-

tation of the probe was such that the velocity components

may always be assumed to be positive . Using the transfor-

mation equations 1 through 3, the velocity components in the

ro tor  i eference frame , ~~~ are computed. The total velo-

city, V, and the resultant flow angles , 0r and 4r’ are cal-

culated by Eqs. 17 through 19.

V = /vi.~ + v2 2 + v3 2 (17)

0r 
= sin (v1/V) (18)

= sin (v 2/V cos 0) (19)

In all cases tested , the me thod overc orrec ts. That is , if
the value of 4 used to evaluate the r’inctions f(0, 4) is

correct but 0 is lower than the correc t value , 0r will be

greater than the correct value of 0. If the value of 0 is

no t grea tly in error , 4r 
will be essentially the sa.m~ ~is

the assumed value of 4. For this r eason , the iterations

were uncoupled and under-r ela xed. Thus , with 0 being held

constant , ~ is it e ra t ed  upon us ing

4n+l  
= 0 . 84 ” + O .24~~ (20)

where the superscripts denote the iteration level . When 0
11

and 
~r
” have converged within the desired tolerence (normally

2.5°), the value of is set by Eq. 20 and o i s  updated

by Eq. 21.
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0n+1 = 0 . 8  O~~ + 0.2 O r
n (21)

When 0 has also conver ged , the process is terminated.

Note that when the iteration has been terminated , the

correct value of 0 is between O~ and 0 n which are in

error  by the tolerence , c. Thus choos ing  the computed
value of 0 to be the average of 0” and 0r~ 

guarantees

accuracy wi thin e/ 2 . However , due to the overshoot which

appears to be inherent in the method , allowing the computed

value of 0 to be def ined by equat ion  21 g ives  a lowe r
average error. (The maximum possible error  for  any s ing le

calculation is 0.8E when using this method but the average

error appears to be on the order of 0.2e.) A s i m i l a r
argumen t may be made for the evaluation of 

~~~
.

As a test case , the anemometer voltages obtained from

a run in which the rotor blades were removed and the rotor

was run very s lowly in order to survey the f low f i e l d ,
were inserted into Eq.  13 and the process  p r e v i o u s l y out-
l ined was f ol low ed.  Here , all three velocity components ,

v 1 , v2, and v~ , were known . There should be no radial flow ,

v1, the c i r c u m f e r e n t i a l  v e l o c i t y ,  v ,,  should  be e n t i r e ly  due

to the rotation of the rotor , and the axial velocity, v 3 ,
should ma tch  tha t  measured  by the  p n e u m a t i c  i n s t r u m e n t a t i o n
in the stationary reference frame . (The pneumatic instru-

mentation used to measure the axia l velocity was normally

used only to set the f1o~ condition and is not very accurate.

It normally gave an i x i~ v c locit v somewhat less than the

true value. However , i t  ~~~ 11 that was available in this

one case.) A ll three L i l c a l i t e d  velocity components were

grossly in error.

Since there were previous indications that the probe

shaft was interferring with the flow over the sensors and

mi ght in fact be generating a reg ion of separated flow , it

was theorized that the directional calibration functions f(t3 , 4)
might not be independent of velocity. To verify this suppo-

sition , the wind tunne l was operated at the maximum attainable
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velocity (to more closely match the velocities in the ex-

periment) and new directional calibration data were obtained .

The angles used in this sec ond tes t ar e no t the same as in
the f i r s t test because pre l iminary calcu lations us ing the
first calibration indicated that 4 was almost always negative

in the hi gher velocity regions of the flow downstream of the
ro tor .  The values ob tained for the functi on f ( 0 , 4) at this

ve loci ty ( 159 f t/ s e c )  are l is ted in Tabl e I V. The s ame
trends which were observed at the lower velocity are still

apparent but the values are somewhat higher overall indi-

cating that the interference of the ‘robe shaft has dimin-

ished. A linear interpolation was applied so that

V - VL
f (0, ~) = 

~L~°’ 4) + VH - 

~ L 
- 

~~H~ ° ’ ~~ 
-

~L~°’ ~~ 
(22)

where 
~L 

and are the va lues of the func tion as de te rmined
f rom the low ve loc i ty and the hi gh velocity calibrations ,

respec tive ly ,  and VL and VH are the velocities at which
those ca l ib ra tions were done . The ve loci ty V was d eter-
mined from the previous iteration . Using this procedure in

the test case resulted in reasonable agreement between the

calculated axial and circumferential velocities and the

actual values. A strong radially inward flow was still
e

indica ted and this  wa~ known no t to ex is t . I t was obs erved
that increasing the value of f(0, 4) for the first sensor

would tend to bring the radial velocity into better agree-

ment; consequently, this function was modified to be

T,(0 , 4) = f 1(0 , 4 ) + ~f

wher e f 1 is the value calculated from Eq. 22 , Af is the in-

cremen t added , and ~~ is the value used in Eq. 14. The

calculation of velocity components was carried out with

- o 4  .. a ’ . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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var i ous h f ’ s until one was found which gave z ero r ad i a l f l ow.
At this point , the radial and c i r c u m f e r e n t i a l  v e l o c i t y  c o m p o n e n t s
were in close agreement with the expected values of v 1 and v,

as is  ind ica ted by the l i s ting in Table V. The axi al
velocity , v3, does no t ma tch bu t, as was previ ous ly men ti oned ,

the pneuma tic ins trumen tat ion used to make this pa r t icu l ar
measurement is not very accurate. The source of the error

in f is presently unknown and if there had not been a known

flow condition included in the experimental data , it would

have been impossible to evaluate it.

Resul ts

The ve loc i ty componen ts for  the run in wh ich the rotor
blades were removed are now a good ma tch to the exp ec ted
va lues.  However , the radial component was forced to be

zero and the method used to accomplish this also affected

the other two components. In order to check the validity

of the me thod , the calibration constants were used to cal-
culate the velocity components at various gapwise locations

for an undis tor ted f low condi t ion resu lt ing in l i ght blade
l oad ing .  The veloci ty componen ts v 1 , v2, and v 3 are plotted

in Fi gs .  9 throug h 11 , respectively, as a function of their

gapwise pos i t ion . These ve loc i ty comp onents may be used to

calcula te the re la t ive veloci ty down st ream of the ro to r ,
W2, and the exit flow angle , ~~2 •

W2 = v, 2 + v2 2 + v 3 2 (24)

= tan (
V 3 / )  (25)

A rad ia l f low ang le , ~p, may be defined as

4 = tan ( ‘T ’/v 3) (26)

The re la t ive ve loc i ty ,  W2, i s norma li zed by it s gap averag ed
va lue , W2, and p lo tted in Fi g . 12 . The f low ang les  ~~2 

and 4

.~~~..— -
~ 4 —

~~
- 

~~~— . . . . : _ 4 e .  ‘. . ‘ . .• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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are p lo tted in Figs . 13 and 14 , respec tively. These para-

meters were integrated across the gap to obtain their gap -

averaged values which are presen ted in Table \T1
• The veloc it y

components and flow angles obtained from pneumatic measure-

ments in the stationary frame are also available in this

table for comparison . The axial velocity shows extremely

go od agreemen t as does the r adial  veloci ty and rad ia l f low
angle. The exit flow angle , ~~2, 

does not show this good

agreemen t . Referr ing to Fi g . 13 , one observes that l ar ge
f luc tuations in exi t f low angle are indica ted . Admi tted l y ,
the probe used in the presen t experimen t shou ld not be ex-
pected to yie ld accura te mea sur emen ts in re g ions wh ich have
large velocity gradients (such as the blade wake). However ,

even if the magnitude of these fluctuations is somewhat in

error , there is st i l l  ample evidence tha t the f low angle
f luc tuat ions are of suff icien t intensi ty to c ause the pn eum atic

instrumentation to give erroneous flow angle indications.

Upon this evidence , the use of pneuma tic ins trumen tat ion to

measure f low angl es near the ro tor ex it (bo th the ro tati ng
tr i ax ia l  probe and the s tat ionary pneum ati c wedge pr obe wer e
loca ted approxima tely .05 chord leng ths down s t r eam o f the
ro tor exi t plane)  is hi ghly ques t ionable.  The ov erall
trends tend to indicate that the correction made to the

direc tional cal ibra tion is val id  because good ag re emen t

between the triaxial probe measurements and those made ~‘.ith

pneumatic instrumentation was obtained for the empty tunnel

(rotor blades removed) and for the lightly loaded flow

condition except for the variations in the exit flow angle , 
~~~~~~

.

Conclusions

Virtually all of the difficulties encountered during

the cal ibra tion proc ess and in apply ing the calibration data

to conver t anem ome ter outpu t vol tage s to ve loc i t ie s may be
attributed to the probe geometry . It appears that one

should avoid having the probe shaft located behind the sensors

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _
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at all costs. This limitation may render it imposs ib1e to

mount a tr iax ia l  veloci ty sensor and a total pressure trans-

ducer on the same shaft . Furthermore , the relatively wide

spacing of the three sensor s on this par ti cular  pr obe lead s
to erroneous flow angle measurements in reg ions having strong

veloc ity gradien ts .  One of the are as of prime interest , the

f low in the wake of a ro tor bl ade , has these strong velocity
gradients. Overall , one must conclude that the geometry of

the probe used in the present experiment is rather poor.

The constant temperature anemometer circuits which

were designed in-house especially for this experiment per-

formed f l a w l e s s l y .  There was ini t ia lly some conce rn that
the centrifugal loads to which the units would be subjected

in this appl ica tion migh t lead to mechanical f a i lure as
had been the case with some commercial units which had pre-

v ious ly  been ins ta l led .  These fears prov ed to be unf ounde d
and the uni ts did no t even requ i re  adjus tmen t af ter the
initial installation . Therefore , it is believed that this

c i rcu i t is wel l  sui ted to app l ica t ions which re quir e the
tolerence of hi gh acceleration loads and do not permit easy

ad jus tmen t of the anemome ter once ins tal l ed .
In spi te of the problems intr oduced by the geometry o f

the probe , ca l ibra t ion procedures have been developed wh ich
accura tely measure the d i rec tional char ac ter i st i cs of the
sensors .  For this par ticular pr obe , these d i rec t ion al

charac ter i s t ics are veloc ity dependen t and for  on e sensor
they appear to invo lve some dependenc e which can no t be iden-
t i f i ed  and re p roduced in the ca l ib ra t ion tunnel .  The use of
a test case in which the velocity components were known per-

mi ts the directional characteristics of this sensor as

measured in the calibration tunnel to be corrected so that

velocities and flow angles may be computed from the experi-

men tal da ta.

~ 

-~~~~~~~~~~~~~~~~ ---- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Recommenda t ions

The probe used in this exper imen t requ i red en t i r e l y
too much e f fo r t to achieve mean ingful velo c i ty me asure-
ments. In particular , the directional characteristics of the

sensors were veloci ty dependen t and one sen sor gave ev i dence
of being in a reg ion of separa ted f l ow. The measur in g

vo lume , the space wi thin whi ch the three ve loci ty sen so rs
are loca ted , is too large to permit accurate measurements

in f lows having high velocity gradients. It is considered

imperative that a probe geometry be found which does not

entail these difficulties before extensive rotating f r am e

measuremen ts are attempted.
From the f low angle mea suremen ts mad e wi th the tr iax ial

probe , it is apparent that there are severe flow angle

f luc tuat ions in the near wake of the ro to r .  Ther efo re , it

is cer ta in that f low angle measuremen ts made near the ro tor
exit plane with pneumatic instrumentation (such as wedge

probes)  w i l l  be in error  to some ex tent . It i s recommend ed
that the f low ang le measuremen ts in any fu tur e exper imen ts
be made with hot-wire or hot-film probes so that the instan-

taneous f low angles may be accura tely  dete rmined and a

proper aver age angle ca lcula ted.
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Append ix A

The fo l lowing  pages are a l i s t i n g  of a program which

converts the data in a table to a polynomial curve fit in

two varibles. A least squares technique is employed to

achieve a cer tain degree of sm oothing of the da ta. The
subroutine referred to as SIMQ is a system library routine

for solv ing simul taneous equati ons of the form

A x = B.

The solu tion vec tor is re turned in B and the coe f f i cient
vec tor A is des troyed . Any sy stem rou tine which perf orms
the same func t ion could be subs tituted . In the ev ent
that one is no t ava i lab le , a listing of STMQ is included.
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The polynomial  coe f f i c ien ts may be used to reconstruct

the func t ion , f, at any arbi tra ry  value of theta and ph i by
the al gorithm listed below. Since this algorithm will return

a resul t for  value s of the an gles far outside the range of
the orig inal da ta (and this resul t may we ll be in error
becau se the polynomial f i t is not a good me an s of ex tr apo-
lation) , one mus t be carefu l in applying it.

FUNCTION F PT(PHI ,THE TA ,N)
COMM ON/DC OF/A( 3,5,5)
FPT=0.0

DO 200 1=1 ,5

C=A(N ,5,6— I)

DO 100 J=2 ,S

100 C=C*THETA+A(N ,6-J ,6-I)

200 FPT=FPT*PHI+C

RETURN
END
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Table V. Results from Test with Rotor Blades Removed.

Parameter Pneumatic Triax Probe
Measurement Measurement

V1 
0 0•13

V 2 
-7 .27 -8.06

v3 
68.70 76.69

Table VI. Resul ts from Lightly Loaded Undistorted Flow

Condi tion.

Parameter Pneumatic Triax Probe
Measurement Measurement

14 3 . 5  155 .9

6 4 . 2  6 2 • 3

0 . 0  0 . 5

C~ 129 .0  13 1•8

Note: Velocities arc in ft/sec and ang les in degrees•

- -
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:7

Fi gure 1. Overall Configuration of the Wake Probe .
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VI
( Radial )

V3
(Axial )

~~~~~~~~~~~~~~~~~~~~

Figure 2. Rotor and Sensor-based Axis S y s t e m s .  
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Figure 3. Schema t ic Diagram of Cons tant Temper ature
Anemometer Circuit Used in LSRR .
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FLOW

PROBE SHAFT

MOUNTED TO BOT TOM
OF WIND TUNNEL

N

PITCH

YAW

Fi gure 4• Probe Support Fixture Used During Calibration .
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SENSOR 3

SENSOR I -

SENSOR 2

Figure Pitch and Yaw Ang le Nomenclature.
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Figure 10. Ci rcumferen tial Veloci ty  (v 2) as a Func t ion of
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Figure 11. Axial Velocity (v3) as a Function of Gapwise
Position.
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Figure 13. Circumferential Exit Ang le as a Func t ion of
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