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Non-nulling seven-hole probes for high angle flow measurement 

A. A. Gerner, C. L. Maurer, and R. W. Gallington 

Department of Aeronautics, US Air Force Academy, Colorado 80840, USA 

Abstract. This paper illustrates a method for calibrating seven- 
hole probes to measure local total and static pressures and 
relative flow angles of up to 70 degrees in subsonic compressible 
flows. The method of Latin Squares was used to statistically 
sample a large and otherwise unmanageable data set, thereby 
reducing to a minimum the number of data points required to 
construct a polynomial curve fit to the data. Calibration produces 
three-variable third order polynomials which permit all of the 
desired flow properties to be found explicitly from probe mea- 
sured pressures. This method determines the flow angles to within 
2 degrees and Mach number to within 0.04 with 95 percent 
certainty. 
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flow property representation of c~ T, fiT, Co, or Cq, for 
low angles and 0, ~0, Co., or Cqo for high angles 
coefficient of compressibility 
total pressure coefficient 
approximate dynamic pressure coefficient 
angle of attack coefficient (low angles) 
angle of sideslip coefficient (low angles) 
coefficient of pitch (high flow angles) 
coefficient of roll (high flow angles) 
calibration constant 
Mach number 
total number of data points for a given sector 
probe port pressure 
total pressure 
static pressure 
average of probe port pressures 1 through 6 
cartesian velocity components 
velocity 
angle of attack 
angle of attack (tangential reference system) 
angle of sideslip 
angle of sideslip (tangential reference system) 
pitch angle (polar reference system) 
roll angle (polar reference system) 
standard error 

Subscripts 

i ith data point in a sector 
L local property at probe tip 
n probe pressure port number (n = 1, 2 . . . . .  7) 
n+ adjacent port clockwise to n 
n -  adjacent port counterclockwise to n 

1 Introduction 

Many present and future aircraft designs employ such 
devices as leading edge strakes, forward swept wings, and 
canards. These devices have demonstrated the potential 
for enhancing aircraft performance by producing strong 
vortices. Some modern aircraft, such as Concorde, actually 
rely on the extra lift created by vortices during low speed 
phases of flight. Yet, comparatively little is actually 
known about these vortex interactions. A greater under- 
standing of the mechanics of  these interactions would 
permit designers to optimize configurations for max imum 
performance. Ultimately, the flow fields of  wind tunnel 
models will be surveyed to acquire much of  the required 
information. 

Most flow visualization techniques, though offering a 
way of gaining insight into vortex interactions, suffer from 
their inability to provide quantitative information. Quan- 
titative information can be obtained from small probes 
inserted directly into the flow stream. Barker et al. (1979) 
describe a non-nulling five-hole probe to measure local 
total and static pressures as well as relative flow directions 
at a point in a flow. Due to the non-nulling feature, the 
orientation of  the probe remains fixed and flow properties 
may be determined up to 40 degrees relative to its axis. It 
is not inconceivable, however, for the local flow angles 
within strong vortices to exceed 60 degrees. To obtain data 
at these higher flow angles, elaborate methods such as 
nulting probes (which mechanically orient the probes into 
the approaching flow by balancing or nulling probe tip 
pressures), holographic flow visualization, or laser doppler  
velocimetry are generally required. As a simpler alter- 
native, a unique seven-hole probe has been developed at 
the US Air Force Academy. 

The seven-hole probes are capable of  measuring flow 
angles and determining the local total and static pressures 
at flow angles up to 80 degrees relative to the probe. The 
probes are made very small (about 2.8 mm in diameter) to 
minimize disturbance to the flow. However; due to their 
small size, they are particularly sensitive to manufacturing 
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defects. As a result, each probe must be individually 
calibrated prior to use. Gallington (1980) describes such a 
calibration procedure which is both fast and effective, but 
is valid only for incompressible flows. A modification of 
the calibration technique to account for compressibility 
effects, allows extension of the procedure throughout the 
subsonic regime. Polynomial expressions which permit 
local flow properties to be determined explicitly from 
probe pressures are generated by the calibration proce- 
dure. As such, an automated traverse and computerized 
data acquisition system permit flow properties to be 
obtained on a real time basis during a flow survey. 

Because of the similarities in compressible and in- 
compressible theory, the discussion begins by developing 
fully the incompressible theory. Then by analogy, the 
theory is expanded to obtain the desired form of the 
calibration suitable for compressible flow. Finally, the 
results of a typical calibration are discussed and analyzed. 
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Fig. 1. Flow angle definitions 

2 Incompressible flow theory 

Incompressible calibration theory develops functions which 
permit the relative flow angles, the total pressure, and the 
static pressure to be determined explicitly. These func- 
tions are polynomial expressions of two variables to 
account for the two angular degrees of freedom which 
specify the orientation of an approaching flow vector. The 
angular variables are expressed in terms of dimensionless 
pressure coefficients defined from probe port pressures. 

At low relative flow angles all seven pressures are used 
to define the angular pressure coefficients. At high rela- 
tive flow angles, such that the flow tends to separate over 
the downstream pressure ports, only those pressures in 
reliably attached flow are used in the angular coefficient 
definitions. This technique overcomes the 40 degree limi- 
tation inherent with five-hole probes and permits the flow 
properties to be determined up to 80 degrees relative to 
the probe. As a result, six pairs of coefficients are defined 
to account for the various approaching flow orientations 
of the high angle regime. This technique further requires 
a means of determining the appropriate pair of angular 
pressure coefficients to use, a decision which is con- 
veniently based on the probe port pressures. 

2.1 Low flow angles 

To begin the discussion of calibration theory, the treat- 
ment is restricted to low flow angles (relative flow angles 
typically less than 30 degrees). The tangential reference 
system (Fig. 1) is adopted, in which C~T is the angle 
between the probe's x-axis and the projection of the 
velocity vector in the vertical plane. To preserve sym- 
metry, fit is defined as the angle between the probe's x- 
axis and the projection of the velocity vector in the 

a 

Fig. 2a and b. Port numbering convention and principal axes; a 
front view; b side view 

horizontal plane. As such, the tangential reference system 
differs slightly from the more familiar :~-/7 system. 

Flow angle is determined as a function of dimension- 
less pressure coefficients. These coefficients are defined 
using pressure ports selected with the intent of establish- 
ing the most linear relationship between the flow angle 
and its coefficient. At low angles, the flow over all 
pressure ports is attached. Consequently, the angular 
pressure coefficients are defined in terms of all seven 
pressures. A pressure coefficient sensitive to changes in 
angle of attack could be defined as (refer to Fig. 2): 

P4 - P1 
C~ = PT-  P1-6 (1) 

where the numerator measures changes in flow angularity 
based on the differences in opposite port pressures, and 
the denominator nondimensionalizes the term with the 
probe dynamic pressure. This probe dynamic pressure is 
obtained from the difference between the central port 
pressure, P7, which at low angles approximates the total 
pressure, and the average of the six surrounding pressures, 
Pr-6, which approximates the static pressure. From the 
definition of this pressure coefficient, it is easy to see that 
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two other possibilities also exist: one measuring the pres- 
sure differential across ports three and six, and the other 
measuring the pressure differential across ports two and 
five. The complete set of these pressure coefficients 
include: 

P4 - P1 P3 -- P6 P2 - Ps 
C~a- P 7 - P I - 6 '  Cab-- P7 ]~1-6 Cae= P 7 - P l - 6  (2) 

The above coefficients, however, must be resolved into 
the aT-fiT reference system. This is accomplished by 
weighing the contribution of each coefficient of Eqs. (2) 
along the respective axis which produce the following two 
equations: 

CaT = 3 (2 Cao + Cab -- Cao) ; 

1 
C~v = ~ (C~ b + Cat). (3) 

V ~  

2.2 High flow angles 

For high angle measurement, it is more convenient to use 
the polar reference system (Fig. 1). The pitch angle, 0, is 
the absolute angle between the velocity vector and the 
probe's x-axis. The roll angle, q), describes the azimuthal 
orientation of the velocity vector in the y-z plane, 
measured positive counterclockwise from the negative z- 
axis as viewed from the front. 

At high angles of pitch, as illustrated in Figure 3, the 
flow tends to detach over the downstream portions of the 
probe. The pressures from ports lying in this separated 
region are unsteady and insensitive to changes in flow 
angularity; consequently, it is not feasible to use these 
pressures in a fneaningful coefficient. As a result, the 
pressure coefficients for high angle measurements must be 
defined to include only those pressures from ports lying in 
attached flow. 

According to Schlichting (1968), the separation points 
of a cylinder in turbulent flow extend over 100 degrees 

Fig. 3. Flow over probe at high angle of attack 

from the frontal stagnation point. For a conical body 
receiving a u-velocity component, the separation points 
are likely to extend downstream even further. Thus, for 
the condition depicted in Figure 3, pressure ports, three, 
four, five, and seven lie in reliably attached flow; port one 
is in separated flow, and the disposition of ports two and 
six is uncertain. 

Using only those ports in attached flow for the situa- 
tion depicted in Fig. 3, a coefficient sensitive to the angle 
of pitch is defined as: 

P 4 -  P7 
C04 = P 4 -  (P3 + P5)/2 ~ (4) 

Following the same rationale as in the low angle case, the 
numerator measures changes in 0 based on the differences 
in opposing port pressures four and seven. The coefficient 
is nondimensionalized by dividing through with the probe 
dynamic pressure. For this condition, the probe dynamic 
pressure is obtained from the difference between the 
peripheral port pressure, P4, which approximates the total 
pressure, and the average of P3 and Ps, which approxi- 
mates the static pressure. 

Using a similar argument, a coefficient which changes 
in proportion to roll angle is appropriately defined: 

P 3 -  P5 
C~°4 = P4 - (P3 + P5)/2 " (5) 

The numerator of Eq. (5) is sensitive to changes in p, in 
that as the velocity vector rolls in either direction, the 
windward pressure rises and the leeward pressure falls. 
Once more, the coefficient is nondimensionalized with the 
probe dynamic pressure. 

Obviously, the above two coefficients are only appro- 
priate for a narrow range in roll angle about port four. To 
insure that all pressures are taken from ports in attached 
flow, Eqs. (4) and (5) are employed when the approaching 
flow is within roughly a 60 degree pie-shaped sector 
centered on port four. To account for the remaining 
possible flow orientations, five additional sectors are 
defined, each centered on one of the remaining peripheral 
ports. In this way, six pie-shaped sectors are summarily 
defined for high angle measurement, such that each has 
its own set of coefficients based on the pressures in 
attached flow. The complete set of high angle pressure 
coefficients is given b,y the following two general equa- 
tions: 

P n -  P7 P n - -  Pn+ 
C°'~- P n -  (Pn-  + Pn+)/2 ; C ~ -  Pn - (Pn- + Pn+)/2 " (6) 

2.3 Flow properties 

Local flow angles are determined explicitly from poly- 
nomial expressions which are functions of the angular 
pressure coefficients. The local total and dynamic pres- 
sures, however, are not calculated directly. Instead, these 
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pressures are extracted from two new coefficients. These 
new coefficients are then determined explicitly from poly- 
nomial expressions which are functions of the angular 
pressure coefficients. For low angles, these coefficients are 
defined as follows: 

Co_ P7-  Pc, ; Cq - P7 - ]~1-6 
P7 - -  1P1-6 Po~ - P~L (7) 

The total pressure coefficient, Co, accounts for the 
difference between the total pressure approximated by the 
probe and the actual total pressure. The coefficient is 
nondimensionalized with the probe dynamic pressure. 
The dynamic pressure coefficient, Cq, corrects for the dif- 
ference between the probe dynamic pressure and the 
actual dynamic pressure. 

For high angles, the total and dynamic pressure coef- 
ficients are given by the following two general equations: 

Pn - Po~ Pn -- (Pn- + Pn+)/2 
Con Pn -- (Pn- + Pn+)/2 ; Cq. - Po~ - P ~  

(8) 

where the selection of the probe port pressures is governed 
by the orientation of the oncoming flow. 

Once these coefficients are calculated from the appro- 
priate polynomial expressions, the local total and dynamic 
pressures are extracted from Eqs. (7) for low angles or 
Eqs. (8) for high angles. For example, Eqs. (7) are mani- 
pulated to yield: 

Po~ = P7 -  Co(P7- Pl-6); 
P 7 -  Pl-6 (9) 

Po~- P ~ -  
Cq 

A similar procedure is extended to Eqs. (8) for each of the 
outer sectors. 

2.4 Division of angular space 

Having defined seven sets of coefficients, the method to 
determine which set to use is presented in Fig. 4. This 
method defines seven sectors, a central low angle sector, 
and six high angle periphery sectors. The port with the 
highest pressure indicates the general direction of the 
oncoming flow. A flow measurement is then allocated to 
the sector with the highest port pressure. The appropriate 
set of coefficients are then applied to evaluate the proper- 
ties of the flow measurement. 

2.5 Detel~ining the calibration constants 

Once the data points are allocated to the proper sector and 
the corresponding pressure coefficients evaluated, a fourth 
order polynomial expansion is used to determine the 
desired flow properties. In two variables (i.e., using the 
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Fig. 4. Division of angular space 
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two angular pressure coefficients) for the inner sector, this 
expansion takes on the following general form: 

Ai = [K A + K2 A C~T + K~ C~v + K~ C2T + K~ C~T C~T 

+ + + + 

+ K~ o C~T + K~ C4T + KA2 C~T C~T + K A C~ T C~T 

+ K~4 C~T C~T + K~ C~T]i (10) 

where A is one of the four flow properties, C~T, fiT, Co, or 
C 0, and the subscript i denotes the flow property eval- 
uated for the ith data point. The K's are the calibration 
constants, where the superscript denotes the property to 
which a particular set of K's belong, and the subscript 
identifies a particular term in the expansion. C~ T and C/~ x 
are the angular pressure coefficients evaluated for the ith 
data point. 

For high angle (outer sector) flow, Eq. (10) is modified 
by replacing C~ T and C A with Con and C~o, respectively. 
The quantity A then represents 0, ~0, Co., or Cqo. 

In matrix notation for m data points in a given sector, a 
set of Eq. (10)'s are represented as: 

bl C T, C T' C T1 C T1C T'"" 
A2 C~T2 CflT 2 C2T2 CaT2 CflT 2 ' 

= 

C~T m CflT~ C2Tm C~TmC~T m ' '  

(11) 

To simplify further discussion, Eq. (11) is abbreviated as: 

[A] = [C] [K]. (12) 
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In this form, the m x 1 A-matrix contains m values of the 
flow parameters of interest, the m x 15 C-matrix contains 
the expanded angular pressure coefficients for each of the 
m flow parameters, and the 15 x 1 K-matrix contains the 
calibration constants for the particular flow parameter of 
interest. 

During the calibration process, the quantities within 
the A-matrix are set up by the experimenter in terms of the 
known tunnel conditions. Quantities within the C-matrix 
are determined from the measured probe pressures. A 
calibration procedure, therefore, involves the calculation 
of the unknown K-matrix. This calculation is performed 
by rearranging Eq. (12) to solve for the unknown calibra- 
tion constants. With matrix algebra, this is performed 
according to the procedure outlined by Netter and Was- 
serman (1975): 

[K] = [CTC] -1 [C]T [AI . (13) 

This technique determines the calibration constants by a 
least squares curve fit to the experimental data. 

Once the calibration constants are determined, the cali- 
bration process is complete. The probe is ready to be 
inserted in an unknown flow field and the local flow 
properties determined. Once in the flow field, the an- 
gular pressure coefficients are determined from mea- 
sured probe port pressures; these coefficients along 
with the calibration constants permit the desired flow 
properties to be determined explicitly from Eqs. (10). 

3 Extension to compressible flow 

The calibration procedure discussed thus far is only valid 
for incompressible flow. This is so because as Barker et al. 
(1979) point out, the calibration constants depend directly 
upon the angular pressure coefficients, which as pressure 
coefficients are themselves dependent upon Mach num- 
ber. As such, seven-hole probes with the present method 
of calibration are limited to surveying flows within the 
incompressible regime. This restriction is lifted with the 
inclusion of an additional pressure coefficient representa- 
tive of compressibility effects. Consequently, the number 
of variables in the polynomial functions is increased from 
two to three. 

Analogously to the angular pressure coefficients (C~ T 
and C/~ or Con and C~n), the compressibility coefficient 
(hereafter denoted CMo) must be dimensionless and deter- 
mined strictly from pressures measured on the probe. In 
addition, CMo must be sensitive to changes in the port 
pressures with changing Mach number, and yet, be as 
nearly independent of changes in flow angle as possible. 
An acceptable form is obtained by modeling the com- 
pressibility coefficient after the approximate dynamic to 
total pressure ratio. The approximate dynamic pressure 
now refers to the difference between the total and static 
pressures, which is not the dynamic pressure in compres- 
sible flows. 

Expressing the approximate dynamic to total pressure 
ratio in terms of probe measured pressures results in the 
following expression for the inner sector compressibility 
coefficient: 

P 7 -  Pl-6 
CM, (14) 

P7 

Similar coefficients for the outer sectors are given by: 

Pn - (Pn- + Pn+)/2 
CMo- (15) 

P, 

3.1 Selection of data points 

Typical incompressible probe calibrations have used ap- 
proximately 80 data points in two variables (0 and q0 for 
each of the seven sectors. This results in a total of about 
560 data points for a complete calibration. To extend this 
present scheme into yet another dimension (Mach num- 
ber) creates a data set of intractable proportions. Con- 
sequently, it is necessary to represent the data set with a 
sample of more manageable proportions. In addition, this 
sample must be chosen such that the density of selected 
data points throughout the data set is homogeneous, 
otherwise the calibration routine will not offer consistent 
accuracy throughout the range of data. 

A method of ensuring a homogeneous, yet random, 
sample of a three dimensional parameter space is sug- 
gested by Cochran and Cox (1957). The technique is 
known as the method of Latin Squares. A 6x  6 Latin 
Square was selected for each sector. The result is a data 
set with six different values for each of the three variables 
0, ~0, and M, for a total of 216 data points per sector. Using 
this sampling technique, each 216-point data set is rep- 
resented by a sample of 36 points. The result is a total of 
252 data points which are experimentally tested in all 
seven sectors for a complete calibration of the probe. 

Although the technique of Latin Squares permits the 
convenient sampling of large data sets, there are some 
drawbacks associated with seven-hole probe calibration. 
Primarily, the entire range of data cannot be tested and 
then allocated to a given sector based on the highest port 
pressure. Instead, the points to be tested and the sectors to 
which they belong must be determined in advance. As a 
result, the angular cutoffs for each sector must be drawn 
without knowing where they actually lie. 

In terms of angle of pitch, experience with incompres- 
sible calibrations has shown that 30 degrees is the smallest 
angle at which almost all points still fall in the outer 
sectors. Consequently, 30 degrees was selected as the lower 
limit of high angle measurement. The roll angle was 
sampled every 10 degrees, allowing six discrete values for 
each outer sector. 

Since the inner sector is not evenly represented with a 
square matrix in 0 and ~o, the parameter space was covered 
with an even density of 36 data points. The 6 x 6 Latin 
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Fig. 5a and b. Distribution of data points; a typical outer sector 
(sector 5); b inner sector 

Square matrix was then systematically filled with these 
ordered pairs. Although all data were taken in terms of 
pitch and roll, these inner sector angles were converted to 
angles of attack and sideslip prior to calibration calcula- 
tions. 

The Mach numbers for each of the six letters of the 
Latin Square are: A, M = 0.37; B, M = 0.45; C, M = 0.53; 
D, M = 0.66; E, M =  0.77; F, M = 0.91. The resulting dis- 
tribution of data points and the Mach numbers at which 
each were tested can be inferred from Fig. 5, which depicts 
the inner sector and a typical outer sector. 

3.2 Polynomial power series expansion in three variables 

In the incompressible calibration, a fourth order poly- 
nomial expansion in two variables was used for a total of 
15 terms with 15 corresponding calibration constants. By 
adding a third variable to the calibration, the number of 
terms in the fourth order expansion increases from 15 to 
35. To obtain a valid estimation of the standard error, a 

surplus of about 20 data points over the number of cali- 
bration constants is necessary. This sets the required 
number of data points for a given sector at 55; however, 
the selected sampling has already been constrained to 36 
points. As a result, a fourth order curve fit is no longer 
feasible, requiring a reduction of the polynomial expan- 
sion to the next lowest order. 

A third order polynomial expansion in three variables 
requires 20 calibration constants. Using the same format 
as Eq. (10), a third order expansion in three variables for 
the inner sector is of the following general form: 

A~ : [Kf + K A CaT + K~ C~T + K4 ~ CM, + KsA Ca~2 
A 2 A 2 K7 CM 7 K9 Ca T CM r + K 6 C~T + + K~ CaT C~T + A 

+ K1A0 C~T CM~ + K~ C3T -}- A 3 A 3 Kl2 C~T + K13 CM~ 

+ KA4 2 A 2 A 2 K1A7 C~ T C27 CaT C/~T + K15 C~T CM~ + K16 CaT C~T + 

+KAs 2 C~T CM~ + K~ C& C2, + KAo CaT CflT CM,]i . 

In the case of an outer sector, CaT, C~T, and CM, are 
replaced with Co,, C~o, and CMn, respectively. 

4 Physical characteristics 

The seven-hole probe is simply constructed by packing 
seven properly sized stainless steel tubes into a larger 
stainless steel tube as shown in Fig. 6. Accurate alignment 
is reasonably insured since the tubes can only pack in one 
unique way. The tubes are then soldered together and 
machined to provide the 25 degree half angle at the tip. 

A typical seven-hole probe arrangement consists of a 
10 cm probe length connected to the pressure transducers 
with 4.9 m of 1.02 mm inside diameter flex tubing. Subject- 
ing this configuration to a 6.9 kPa pressure impulse and 
observing the time to achieve a 0.99 pressure amplitude 
ratio, Schlapkohl and Buzzell (1982) determined the 
frequency response to range between 1.3 and 1.7 Hz. 

5 Discussion 

The purpose of calibration is to accurately obtain the 
calibration constants of polynomial expressions relating 
measured probe pressures to known flow angularity, static 
pressure, and total pressure. Subsequently, the expressions 

J 

Fig. 6. Probe tip geometry 
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Table 1. Standard errors a 

Sector a~. T, G(& GilT, G¢~ Gpo/Po O P o - P ~ / P o  Poe GM 

Avg 1-6 4.27 ° 0.57 ° 0.5% 6.6% 0.061 
7 0.78 ° 0.72 ° 0.6% 1.4% 0.006 

Maximum pitch angle sampled = 80 ° 

Polynomi al K E___Y 
PredTcfion 
of (~ ,8)  ~ /Experimental 

/ M a c h  Number 

a e E er mental ~ J / Pal nomial PredictTon ueslgn t s xp I • 91 r 7 8 ' * ~  Y 
Value Represented by ~ [  I " ~" ~ of Mach Number 
Polynomial Prediction ~J 

o:5o° - - ~  
I ~ Experimental 

~ : 2 9 0  o Value of (4,,0) 

:1: 
p__ 
h-- 
LI- 
0 
bJ 
_J 
0 
Z < 

80  o 

700 

.66 ( .69 

60° ~.53 (.52) 

50  o - -  
• .66 (.67) 

4 0 ° - - I  .77(.80) 

.91 (.85) 
3 0 o _ _ • . -  

ii45(.43) 

.66(.69RI / .91 (.75) 

.77(.71) ,|111.53(.58) 

~ .91(.78) 

.37(.38) 

o.53(.53) 

• .37(.56) 

• .45 (.47) 

~ .77 LeO) 

.77(.74)! 37(57) T'91('82) 
~ 81) 

t 1 ,77 ( .71 )  • . 3 7 ( . 3 7 )  

T .53(.54) D.45( 

• .gE (.9O) 
• 6 6  ( .  

I 
• .45 (.43) 

.37(.:56) 

I i 
.53(. 

• .66 (.69) 
3100 3200 2 7 0  ° 2800 2900 300  ° 

A N G L E  OF R O L L  

Fig. 7. Three-dimensional data set showing correlation between 
experimental and polynomial data for sector 5 

are inverted to provide estimates of the flow properties 
from the measured probe pressures• 

The best indicator of the performance of these func- 
tions are the standard errors between the experimental 
data and the polynomial determination of those data. 
Standard error computations are then based on the dif- 
ference between the predicted values and the correspond- 
ing experimentally known values as outlined by Holman 
(1978). Standard errors for the flow angles, the percent 
errors in determining the local total and approximate dynamic 
pressures, and the Mach number, are presented in Table 1. 
Assuming a normal error distribution, the actual value lies 
within one standard error (or) of the polynomial prediction 
with 68.3% certainty. At 1.96 a, the certainty increases to 
95%. 

Flow properties of the inner sector are determined 
within acceptable limits, the order of error comparing 
favorably with previous incompressible calibrations per- 
formed by Gallington (1980). Flow properties of the outer 
sectors, with the exception of roll angle, are poorly 
determined. For example, the standard error in determin- 
ing the angle of pitch, at 4.27 degrees, is unacceptably 
high. 

Actual variation between experimental values of pitch 
angle, roll angle, and Mach number, and their polynomial 
predictions are presented in Fig. 7, which depicts a typical 
outer sector. From this illustration, it is evident that the 
greatest error in determining the pitch angle and Mach 
number (and hence the local total and apparent dynamic 
pressures) occurs at high angles of pitch. Yet, even at the 
most poorly determined points, the roll angle remains 
accurately predicted. Thus, the roll angle is independent 
of the mechanism causing the prediction breakdown at 
high angles of pitch. 

Since the pitch angle is most strongly a function of Co, 
the relationship between 0 and Co is examined in greater 
detail. Typically, the shape of the Co versus 0 curve looks 
much like the lift curve of an airfoil. Figure 8 illustrates 
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such a curve for sector four, based on the extensive data 
base available from incompressible calibrations. The 
reason the curve hooks over as it does is evident after 
examining the two pressures comprising the numerator  of  
the coefficient of  pitch. According to Fig. 8, the central 
port pressure decreases with increasing angle of  pitch. 
Beyond some point, a suction develops at this port, 
causing the pressure there to dip below the free stream 
static pressure. But near 80 degrees angle of  pitch, the 
suction breaks and the pressure begins to increase. As this 
occurs, the slope of  the C m curve approaches the slope of  
the C m curve. Once the two slopes are equal, the rate of  
change of the numerator is zero, causing the slope of  the 
coefficient of  pitch also to be zero. No calibration may be 
made beyond this point, otherwise each value of  Co 
corresponds to two values of  0. Since 0 is a function of  
Co, the polynomial can only calculate one unique value of  
0 for a given value of  Co. Therefore, based on Fig. 8, 
calibration should safely extend to 80 degrees angle pitch. 
This was indeed the case for past incompressible calibra- 
tions, but not the case in the compressible calibration. 

Failure of  the calibration at high angles of  pitch 
appears to be the result of  the effects associated with 
increasing Mach number. Specifically, as Mach number  
increases, separation over the central port is likely to occur 
at a lower angle of  pitch. Consequently, the slope of  the 
coefficient of pitch levels off earlier, limiting the calibra- 
tion to a pitch angle below 80 degrees. Including data 
beyond the maximum value of  Co adversely affects the 
agreement between the experimental data and the poly- 
nomial curve fit. Due to the breakdown in linearity of  the 
coefficient of pitch with increasing angle of  pitch, small 
changes in the coefficient of  pitch result in large changes 
in the angle of pitch. At high angles of  pitch, therefore, a 
small mismatch between the actual data and the poly- 
nomial curve fit translates into a large error as Fig. 9 
illustrates. Thus, the difficulty in fitting the actual data 
near the limit of calibration, which is likely to decrease 
with increasing Mach number, limits the calibration to an 
angle of pitch below 80 degrees. 

To investigate this hypothesis, a second data reduction 
excluding all 80 degree pitch data was performed. The 
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Table 2. Standard errors ~ 

Sector O'~ZT, O'0n O'#T , a~o n 0"po/Po ',, Poo/Po Poe 0"M 

Avg l -6  0.79 ° 0.69 ° 0.3% 4.3% 0.022 
7 0.78 ° 0.72 ° 0.6% 1.4% 0.006 

a Max. angle sampled = 70 o (0 = 80 ° data truncated) 
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experimental and polynomial data for the truncated data set of 
sector 5 

standard errors of  the truncated data set are displayed in 
Table 2 and reflect a significant decrease in the standard 
errors associated in calculating the experimental quanti- 
ties of  the outer sectors. For example, the standard error 
in calculating the angle of  pitch decreased from 4.27 
degrees to 0.79 degrees. The correlation between the data 
points of  sector five also improved dramatically and is 
depicted in Fig. 10. However, since the 80 degree data 
points were removed from the data base, the data set is no 
longer as accurately represented. That is, in addition to 
losing the 80 degree data, an equal number  of  roll and 
Mach number data were also lost. Nevertheless, the 
greatly reduced standard errors suggest that compres- 
sibility effects reduce the limit of  high angle calibration. 
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6 Conclusions References 

The polynomial expansion in three variables accurately 
extends the calibration of seven-hole probes into the 
compressible regime. Based on the close correlations 
between the experimental values and the polynomial 
predictions of those values throughout the range of data, 
the method of Latin Squares is a suitable technique for 
sampling the three-dimensional parameter space of com- 
pressible seven-hole probe calibrations. Finally, the third 
order curve fit accurately represents the parameter space 
out to an angle of pitch of 70 degrees, but fails when 
required to fit data extending to 80 degrees angle of pitch. 
The reduction in the maximum limit of high angle cali- 
bration is most likely the result of compressibility effects 
associated with increasing Mach number. 
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Technical Notes 

A test fluid for simulating blood flows 

E. Schmitz and W. Merzkirch 

Institut fiir Thermo- und Fluiddynamik, Ruhr - UniversitM, D-4630 Bochum, FRG 

A great number of experiments for the investigation of 
macrocirculation of blood have been performed with 
transparent vessels or models in order to visualize the flow 
pattern. Examples of such applications are the flow 
through bifurcated or constricted vessels, or the investiga- 
tion of artificial heart valves. Birefringent liquids have 
been used frequently for these studies, because they allow 
for an easy qualitative visualization of the flow (see e.g. 
Miiller-Mohnsson, 1968; Crowe, 1969; Liepsch etal., 
1982; Swanson and Clark, 1982). These fluids generally 
are non-Newtonian. In this note a birefringent liquid is 
described which exactly matches the non-Newtonian 
behavior of human blood. 

An aqueous solution of Milling Yellow dye (MY) is 
known for its high degree of optical sensitivity (Swanson 
and Green, 1969). The commercial dye consists of the pure 
MY substance and certain salts, mostly Na2SO4 and NaC1, 
as additives. Since MY is only slightly soluble in water at 
room temperature, the birefringent liquid usually is pre- 
pared by solving the dye in the heated solvent and by 

subsequent cooling the true solution. Differential salting 
was investigated to improve the solubility (Swanson and 
Green, 1969). However, it always remained an art to 
prepare a clear, transparent solution with the MY concen- 
tration within the narrow limits where the optical sensi- 
tivity is high but the solution does not become flocculent. 
The authors found that a MY solution with the desired 
properties can be generated in a much easier way, namely 
by exposing the dye and the solvent to an ultrasonic wave 
field. Water and MY dye with the appropriate mass ratio 
have been mixed in a 9-liter stainless steel tank. Six piezo- 
ultrasound transducers, each emitting 15 W, were mounted 
in the floor of the tank. The piezo transducers are 
operated for about 30-45 minutes in order to produce a 
clear solution. 

It is known that the viscous and optical properties of 
the solution sensitivily depend on the concentration of MY 
and on the fluid temperature. Flow curves have been 
taken in a capillary as well as in a Couette type viscometer 
at room temperature. The flow curves have been com- 


