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Probe Shapes for Streamwise Momentum
and Cross-Stream Turbulence Intensity

Vernon J. Rossow*
NASA Ames Research Center, Moffett Field, California 94035

When the highly turbulent flowfields at the edges of jets, in augmentors, and in other jet-mixing devices are
surveyed with conventional pitot probes, the values indicated by the instruments may contain a significant
increment brought about by the dynamics of the eddies. Although the influence of turbulence on the measure-
ments is usually negligible in streams where the turbulence level is 1% or less, the effect of turbulence on static
and total pressure measurements can be around 20% when the turbulence level exceeds 40%. This paper
describes a theoretical study that develops probe shapes that directly measure the time-averaged total pressure
based on the streamwise component of the velocity vector to obtain a direct measurement of the streamwise
momentum. The difference between the time-averaged pressure indicated by such a probe and one that measures
the total head based on the entire velocity vector yields the cross-stream turbulence intensity.

Nomenclature

H = stagnation pressure or total head

D = instantaneous value of static pressure

q = dynamic pressure, pU2%/2

R =r/r,

r = radius

r, = radius of outer edge of probe face

r = probe radius

t = time

U = time-averaged velocity in stream direction

u = fluctuating part of velocity component in stream
direction

|4 = instantaneous value of local velocity

v = fluctuating part of velocity component in lateral
direction

w = fluctuating part of velocity component in vertical
direction

x = distance in streamwise direction

y = distance in lateral direction

k4 = distance in vertical direction

o = angle of pitch

B = yaw angle

0 = meridian angle

o = air density

Subscripts

c = centerline

d = centerline indentation of probe face

e = based on entire instantaneous local velocity

m = measured quantity

orif = orifice

xf = flow across centerline of probe

x = based on x component of velocity

oo = freestream value
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Introduction

UBULAR probes have been used for a long time to

measure the total and static pressures in a stream to
determine its dynamic pressure, velocity, or momentum. Since
most of the flowfields where these probes are used have low
levels of turbulence (i.e., less than 1%), the measurement of
total and static pressures is not influenced, to a measureable
extent, by the dynamic pressures associated with the eddies.
However, when measurements are desired in flowfields where
the turbulence levels are high, the eddies carry with them
significant variations in static and dynamic pressures, and they
also generate angles of incidence relative to the probe axis
large enough to cause significant errors in the measured quan-
tities. Turbulence levels of such a magnitude occur when the
flowfield contains energetic shear layers like those found in
regions of combustion, along the sides of jets, and in thrust
augmentors wherein streams of two different energy levels are
mixed and then decelerated. The deceleration lowers the aver-
age velocity of the stream without a comparable change in the
magnitude and intensity of the eddies. In these kinds of flow-
fields, the local value of the relative turbulence intensity can
exceed 40%. When such a condition is present, the large
variations in local flow direction, static pressure, and total
head associated with the eddies require that specially designed
probe shapes and associated data reduction methods be used
to determine the true time-averaged values.

Before going into the development of the probe configura-
tions that will make the desired measurements in highly turbu-
lent streams, the literature was surveyed to find out what sorts
of devices were already available. The applicable references!-3#
that were found are listed chronologically to show the advance
with time of ideas and probe configurations that have been
used to measure total pressure in streams. The use of pressure
probes immersed in a stream appears to have started with
Pitot in 1732. Pitot’s original concept was extended by Prandtl
and Tietjens' around 1920 to include static pressure by locat-
ing orifices in the sidewall of the tube to determine the velocity
of the stream through Bernoulli’s equation. These probes have
been used extensively but do develop significant error in the
measurement of both static and total pressure when the incli-
nation of the flow relative to the probe axis is larger than
about 10 deg.

A substantial improvement was made in the acceptance
angle of total head probes when Kiel? introduced the concept
of placing a shroud or shield around the nose of the probe.
The shroud increases the capability of the probe to recover the
entire stagnation pressure to angles of incidence of 45 deg or
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more. A number of studies®!* were then undertaken to find
more versatile designs and to evaluate the various design
parameters to minimize measurement errors. Some of the
configurations studied are illustrated in Fig. 1. The curves in
Fig. 2 (reproduced from Gettleman and Krause!!) present data
on how the stagnation pressure as measured by a variety of
these probes is affected by angle of incidence. Also shown for
comparison is a cosine-squared curve to be discussed later.

Extension of steady-state concepts to measurements in un-
steady or turbulent flowfields was first quantified by Goldstein.*
His analysis predicts that the effect of turbulence on both the
total and static pressures enters the measurement as some
factor times the square of the turbulence intensity. Measure-
ments were then made by Fage’ in ducts of both circular and
rectangular cross section that tended to confirm Goldstein’s
predictions.

Included in the list of references is a group of summary
articles!435 that describe the guidelines to be followed for
probe designs to prevent the need for correction factors in a
steady laminar stream. Other techniques which can be used to
interpret measurements made in a turbulent stream are, of
course, the hot-wire method, laser velocimeter, light-scatter
technique,?! etc.

The relationship between the shape of a probe and its re-
sponse in a turbulent stream was studied thoroughly by Becker
and Brown.??6 They first obtained an empirical fit to the
response of various total-head probe designs to a steady-state
flow angle a. Two constants, K and m, are used to adapt the
equation to various experimentally determined response
curves similar to those shown in Fig. 2,

H, — H = YpU?[1 - K (sin?a)™ €8]
where H,, is the measured stagnation pressure. The authors

then incorporate the analytical characteristics of the probes
into the statistical properties of turbulence to develop in a
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pressure at subsonic speeds; flow direction is from left to right.
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sophisticated manner a relationship between the stagnation
pressure and the magnitude of the cross-stream turbulence
components. They point out that the basis for their quantita-
tive treatment was established by Hinze!” and that the basic
idea in their approach is that, when the turbulence scale is
large compared with the critical probe dimensions, the flow
around the probe is locally quasisteady, quasi-uniform, and
quasilaminar. Under these circumstances, the instantaneous
pressure in the probe head is virtually the same as in a steady
uniform laminar stream. The difference between the time-av-
eraged pressures measured by a total head probe with a hemi-
spherical nose and a total-head probe with a conical indenta-
tion (shown as internal taper in Figs. 1 and 2) is then used to
find the mean-square level of the transverse velocity fluctua-
tions. These results were found to be in good agreement with
hot-wire measurements, thereby demonstrating that their two-
probe method provides a reliable means for determining total
head and cross-stream turbulence.

It is noted here that had a probe been available that re-
sponds to flow incidence as the cosine squared!” of the angle,
the total head based on the streamwise component of the
velocity could have been measured directly. An analysis to
interpret the data and find the cross-stream turbulence compo-
nents would not then have been necessary. Therefore, the
objective of the present study is to improve upon the two-
probe concept studied by Becker and Brown by developing
such a probe or probe-shape criterion. The streamwise total
head and the cross-stream turbulence will then be directly
available from the measurements without recourse to analysis.
Once again, one of the two probes should be a shrouded probe
(or one with an internal taper) that has a wide inflow accep-
tance angle. The second probe, used to measure the total head
that results from the streamwise component of the velocity,
will have a special nose shape to be described in the text to
follow. In brief, the shape of the second total-head probe is
such that it has a steady-state response to flow incidence
exactly as the cosine squared of the angle; see Fig. 2. A
determination of the streamwise momentum also requires a
knowledge of the static pressure that can be obtained with a
probe or probe system like those described in a companion
paper.*® The present study is limited to subsonic flow wherein
the effects of compressibility are negligible. All of the probe
shapes considered here are axially symmetric.

Relationships Between Probe Shape,
Velocity, and Pressure
"~ The idealized performance of several probes will first be
discussed to outline the concepts needed for determining the
time-averaged stagnation pressure and the stagnation pressure
based on the time-averaged streamwise component of the ve-
locity. In the present discussion it is assumed that the time-av-
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Fig.2 Response of various total pressure probes to angle of inci-
dence (Gettleman and Krause!l),
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Probe \

Fig. 3 Diagram of turbulent velocity field and probe.

eraged direction of the stream is aligned with the x axis (see
Fig. 3) and that its time-averaged magnitude is given by

I R Y
U=5 | v )

The quantity At is assumed to be a time interval sufficiently
long that the magnitude of the averaged quantity does not
change if At is increased. The fluctuations of the velocity
about this value due to turbulence in the stream are given the
instantaneous values u, v, and w that are taken to be aligned
with the x, y, and z axes, respectively; see Fig. 3. If the velocity
fluctuations vanish, a wide variety of probes recover the sum
of the static pressure p and the dynamic pressure (o/2)U? for
the total head H as given by Bernoulli’s equation for incom-
pressible flow, H = p + (p/2)U3.

To keep track of the various parts of the stream characteris-
tics, a notation is used to define and relate the various pressure
magnitudes. The instantaneous total or entire stagnation pres-
sure H, is based on the local instantaneous static pressure p
and the entire instantaneous local velocity ¥ as given by

He=p+§V2=p+§[(U+u)2+v2+w2] 3)

and its time-averaged value by

H =p+Z (O +a%>+ 92+ w? 4

[ S =

If a probe is used that has a very large acceptance angle (like
the Kiel probe or an internally tapered tube, see Figs. 1 and 2),
the instantaneous stagnation pressure is given by Eq. (3) and
the time-averaged value by Eq. (4). However, the total head
used to determine the streamwise momentum is based on the x
component of the stream velocity. Its instantaneous value is
given by

Ho=p+5U+uy )
and the time-averaged value by

At
ro_na P 7 24 —p 4P (2 2
H, p+2At§o(U+u) ds p+2(U + 7% 6)

The difference between the two pressures expressed by Egs. (4)

and (6) eliminates both the static pressure and the x compo-
nent of velocity to yield

(H — H) =5 (02 + %) ™)

The design of a probe that measures H, is based on the

observation that the instantaneous value of the velocity in the
x direction may be written as

U+u=Vcosa ®)
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where « is the instantaneous angle of incidence of the local
flow relative to the probe axis. The quantity given by Eq. (5)
may then be written as

H,=p+ g (V cosa)? ©)

In other words, a dynamic pressure based on V2 cos’a yields
the desired response needed to evaluate the x component of
momentum. It then follows that the difference between the
entire and the x component of the instantaneous value of the
two total heads may be written as '

H, - H, =§ V2 sin’a = g i+ w? (10)

The foregoing results are usually made dimensionless
through division by the dynamic pressure. When the stream
has a low turbulence level, the dynamic pressure is easily
determined as the difference between the total head and the
static pressure. However, when the turbulence level is high,
uncertainties in both of these pressures require that the com-
ponents be evaluated separately and the dimensionless
parameters then calculated.

The forms of dynamic pressure available for use include one

that is based on the average of the freestream velocity U,

0? (11)

N

q=

one that is based on the average of the dynamic pressure based
on the x component of the streamwise velocity (U + u),

7 =507 +

and one that is based on the average of the local velocity V,

qe=g[f]2+a2+v2+ w3

Under moderate turbulence levels, the three values of dynamic
pressure probably will not differ greatly. Since the conven-
tional method used to make velocity components dimension-
less is to divide by the time average of the freestream velocity,
the dynamic pressure given by Eq. (11) is again used as the
reference quantity. Equation (7) may then be written as

(He = ) _(0*+ ) 1
q 02

which makes the difference between the two total head mea-

surements directly equal to the sum of the squares of the two

cross-stream turbulence levels.

Since the dynamic pressure based on the time-averaged ve-
locity is not directly measured, its magnitude may be estimated
by assuming that the three components of turbulence are equal
in magnitude so that

a_z_(v2+w2)_(He"Hx)
U 200 2

The dynamic pressure g is then found from H, and the time-
averaged static pressure.

Estimate of Inviscid Time-Dependent Effect
It has been pointed out by Corrsin® and others that the
interaction of a tube with the velocity fluctuations in the
stream can be approximated by oscillating the probe in a
uniform stream. A theoretical approximation to such an ex-
periment is used here to estimate the effect of velocity fluctua-
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tions on the time-averaged pressure sensed by a stagnation
pressure probe. The result presented on page 77 of Lamb* for
the unsteady motion of a body is assumed to apply to the
probes under consideration here. The time-dependent effects
on pressure arise from the instantaneous velocity field and
from the time rate of change of the velocity potential as given
by the equation

)
pP=pa 2V+F(f) (13)

where F(¢) is set equal to zero because the pressure far from
the oscillating body is constant with time. The quantity not
considered in Eqs. (3-12) for pressure is the expression (9¢/9¢)
in Eq. (13). When the flow is incompressible, the velocity
potential is proportional to the instantaneous velocity of the
body relative to the fluid. It thereby represents the effect of
the time rate of change of the velocity fluctuations on the
measured pressures. Since the expression p(d¢4/97) contains
velocity only as the first power, the contribution to the pres-
sure vanishes when an average over time is taken.

The foregoing result, obtained for inviscid flow, probably
also applies to viscous flows because the flow over the front of
impact-type probes is not greatly influenced by viscous effects
or by any flow separation that might occur over the aft parts
of the probe. Therefore, a time-dependent effect on pressure
does not contribute to the measured time-averaged pressures.

Iterative Design of Probe Shape by Panel Method
Reduction of Problem to a Tractable Analysis

A procedure will now be described for finding probe shapes
that have the property that the total head they indicate falls
off as the cosine squared of the angle of incidence. As pointed
out previously, a measurement made at an orifice on the
forward centerline of such a probe would then yield directly
the x component of the total head (e.g., Hinze!7). If the search
for shapes that have the cosine-squared characteristic were to
be carried out by a trial and error process in a wind tunnel, it
would be very tedious and expensive. The more expeditious
method is to calculaté the inviscid flow over the probe by use
of a panel method and then test likely designs in a wind tunnel.
The panel code used here was developed at NASA Ames
Research Center and is referred to as PMARC.#*2 The design
method is made more expeditious by utilizing the fact that the
velocity of approach to the probe when at yaw or angle of
incidence consists of one velocity component along the axis of
the probe and another perpendicular to the probe axis. Since
the velocity fields of the two components are independent of
one another, the velocity potentials can be superimposed for a
solution that applies when the probe is at yaw; see Fig. 4. Since
the two potential flow solutions are independent, the cross-
flow can be treated separately from the axial flow to find the
response function to incidence, defined here as including both
angle of attack and of yaw. Since the axial flow component
always yields a stagnation point at the orifice that is located at
the forward centerline of the probe, it does not contribute to
the velocity at the orifice in the determination of the shape.
The flow component perpendicular to the probe axis, how-
ever, produces a nonzero velocity contribution at the orifice
that depends on the shape of the nose of the probe. It remains
now to find out what that contribution must be in order to
find nose shapes that yield the desired variation.

Probe

C——— 3¢

Vm !
W oo = transverse component

Uoo = axial component

Fig. 4 Resolution of flowfield about probe into axial and transverse
components.
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The foregoing simplification is carried out by first resolving
the freestream velocity about the probe into components along
and perpendicular to the probe axis as in Fig. 4:

Up = Vo COSQ (14a)
We = Vo Sina (14b)

where the subscript o indicates a point far from the probe.
The velocity at the orifice (located on the centerline at the
forward face of the probe) as caused by the crossflow compo-
nent of the freestream velocity is designated by the symbol
W,y = Wy/We, Where wo is the cross-stream velocity far
from the probe. The pressure coefficient at the orifice is then
given by

C,, =1—- Wisin’a 15)

As an example of how Eq. (15) works, consider a probe
composed of a spherical head mounted on a tube of much
smaller diameter. The velocity at an orifice on the forward
centerline due to a crossflow is (from potential flow past a
sphere) 1.5 times the oncoming flow velocity. From Eq. (15),
the pressure coefficient at the orifice as a function of angle of
attack is given by

Gy, =1 - (1.5 sin’ar = 1 — 2.25 sin’a

and therefore deviates appreciably from a cosine-squared rela-
tionship. The comparable expression for a circular cylinder
placed along the y axis is given by
Cp,=1-4 sin®o
which also deviates from the desired function.

The problem now is to find a probe shape that has a cross-

flow velocity of W, = 1 so that the pressure coefficient at the
orifice as a function of angle of incidence becomes

Cp,=1- sine = cos’a (16)

which is the variation being sought for the probe that is to
measure the total head based on the x component of velocity.

By means of the foregoing step, the problem has been
reduced to one wherein the shape of the probes can be found
by an iterative process. The analysis proceeds by calculating
the flowfield due to a transverse velocity or crossflow over
several families of shapes to find out how the parameter W,,
is affected by probe shape. By successive iterations, one or
more shapes are found wherein W,, = 1. The shapes that
satisfy such a criterion are then examined to find out which are
most easily constructed and which are least sensitive to con-
struction inaccuracies.

General Variation of Centerline Pressure with Nose Shape

To observe how the nose centerline pressures vary with
probe shape, the first family of shapes studied consisted of
nose shapes that were deviations from a semicircle as given by
the equation

Z?=[X"-nX1/(1 —n) 17)

where the equation is written for the Y = 0 plane and the
probe is axially symmetric with X = x/r,, Z = z/r,, and n is
a parameter that governs the nose profile; see Fig. 5. When
n = 2, the equation produces a hemispherical nose. When low
values of n just above zero are used, shapes are generated that
are nearly flat-faced cylinders. Values of n above two produce
nose shapes that are rounded but more elongated than hemi-
spherical. The velocity at the orifice location W, is also pre-
sented in Fig. 5 for a range of n values to illustrate how the
shape affects the crossflow velocity at the forward centerline
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Fig. 5 Across-axis velocity resulting from a transverse stream for
nose shapes defined by Z2 = [X"—nX]/(1-n).
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Fig.6 Typical nose shape with indentation defined by X = CZ2
(1—2% fa(costZ/2) and variation of the across-axis velocity with
indentation; cosine-squared variation in measured stagnation pressure
is achieved when W,y = 1.0.

point for such a family of shapes. As the nose becomes elon-
gated (n>2), the velocity at the orifice W,, approaches an
asymptote around 1.7. As the nose becomes more flattened
(e.g., n = 0.2), the velocity at the orifice decreases but never
becomes one or less than one. These results do show, however,
that the trend is downward at low values of n, suggesting
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Fig. 7 Typical nose shape defined by circular arcs and the variation

of the across-axis velocity as a function of indentation for several
edge-radius values; see Egs. (19-22).

that another family of curves is needed to produce nose shapes
that have slightly indented shapes to bring the velocity to one
or below.

First Nose Shape with Indentation

To explore how a centerline indentation in the nose shape
affects the variation of stagnation pressure with angle of inci-
dence, a family of shapes described by the equation

X = CZX1 — Z?) bufcosnZ/2) 18)

was then studied; see Fig. 6. The parameter C is a constant
that governs the amount of indentation. It was found that an
indentation of X, = x,/r, = 0.18293 (C = 0.62717) yields a
value of W,, =1 as desired. The nose shape that corresponds
to that condition is shown in Fig. 6 along with a graph of the
variation of the centerline velocity W,, for a range of X,.
Although the shapes defined by Eq. (18) would probably func-
tion close to the desired way, a disadvantage of these shapes is
that the radius at the outer edge of the probe was rather small
and very little control was available for the profiles.

Nose Shape Composed of Circular Arcs

The results presented in Figs. 5 and 6 suggest the study of
probe shapes composed of circular arcs. Figure 7 presents a
typical nose shape and the variation of the centerline velocity
with indentation for various edge radii. Equations are pre-
sented for the shape as a function of the amount of indenta-
tion and of the radius of curvature of the outer edge of the
probe. The radius of the circle that defines the shape of the
center of the probe is then given by (once again the profile is
defined in the Y = 0 plane)

R.=[(R, — R.)* - 2R. X, + X31/2X, (19)

where 7, is the radius of the probe which is used to make the
various quantities dimensionless, R, = r./r, is the radius of
the edge, and X,; = x;/r, is the amount of indentation at the
centerline. The point of tangency of the inner segment of
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circular arc and the circular arc that defines the edge radius is
given by

X, = Xd[Re/(Re + Rc)]
Z, = R:(R, — R}/ (R + R.)]

For values of Z less than Z,, the circle defined by R, is used to
calculate the shape of the probe face by
X=X;—R.— R} -ZH" (20)

and for values of Z greater than Z,, the edge circle is used to
calculate the shape of the probe face by

X=R,—[R—(Z-R,+R)N" 21

dfo/d Xd

-7 | 1 ]
. 2

o p-

r e/rp
Fig. 8 Variation of sensitivity of centerline velocity to indentation as

a function of edge radius when profile is defined by circular arcs;
Wy =1.
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Fig. 9 Variation of the amount of indentation with edge radius when
the across-axis velocity is Wys =1 so that the probe will have a
cosine-squared response to angle of incidence.
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Computations were made on a series of probe shapes made
up of circular arcs by use of PMARC**2 to determine the
velocity at the orifice location on the forward centerline of the
probes. A typical nose profile and the results for a series of
edge radii are presented in Fig. 7. Successive computer runs
used values of x,/r, interpolated from these results to find
indentations that made the transverse velocity at the orifice
equal to w,, to four decimal places (i.e., Wy, = 1.0000). Shape
parameters required to achieve such a condition are tabulated
in Table 1. It is to be noted in Fig. 7 and in Table 1 that as the
edge radius is increased (and the indentation frontal area
decreases), the crossflow velocity at the orifice becomes more
sensitive to the amount of indentation. This sensitivity is ex-
hibited by the parameter dW,,/dX, listed in Table 1 and
presented graphically in Fig. 8 to show how sensitive the
various shapes will be to construction errors. As expected, the
larger edge radii are more sensitive to the amount of indenta-
tion than the smaller edge radii. This situation occurs because
the larger edge radii allow less space for the indentation. As a
consequence, more curvature in the probe face is present near
the orifice location when larger edge radii are used to achieve
the indentation needed for the desired cos2a relationship. In
fact, when the edge radius is equal to or larger than 0.5r,, the
circles that describe the edge shape of the probes overlap and
limit the amount of indentation according to the equation (see
Table 1),

X;=R.—- (2R, - 1)* (22)
In purely theoretical terms, the velocity vanishes at the inter-
section of the two edge circles indicating that a value of
Wyr/ We = 1.0000 is available. Since the indentation is of a very
small radial extent, the variation with shape becomes so sensi-
tive to construction errors that use of values above R, = 0.6 is
impractical.

Table 1 Values of circular-arc parameters that define probe shapes
that have cosine-squared response in stagnation pressure
to angle of incidence; Wy = 1.0000

re Xd AWy re

I I dXy p

0.0 0.1556 -1.18 3.2902
0.05 0.1542 -1.22 2.9535
0.1 0.1484 - 1.35 2.7033
0.2 0.1362 —1.82 2.2181
0.3 0.1222 —-2.12 1.7658
0.4 0.1061 —2.80 1.3494
0.5 0.0877 —3.85 0.9692
0.6 0.0668 - 6.67 0.6310

4

| 1 | 1 |
0 A 2 3 4 5

r e/rp

g .

Fig. 10 Variation of the centerline radius with edge radius when the
across-axis velocity is Wyr =1 so that the probe will have a cosine-
- squared response to angle of incidence.
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Fig. 11 Nose shapes composed of circular arcs for the cases pre-
sented in Table 1.
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Fig. 12 Velocity distribution on nose face as a function of vertical
distance for two shapes that theoretically provide a cosine-squared
variation of recovered stagnation pressure with flow incidence.

b) re/rp =04, x

To complete the presentation of the design parameters, the
quantities X, and R, are plotted in Figs. 9 and 10 for the
condition that W,, = 1. The shape of the noses that correspond
to the solutions presented in Table 1 are shown in Fig. 11. As
expected, the radius of the circle defining the shape of the
center of the probe rapidly becomes small at larger values of
R.. These results indicate that a wide range of shapes will
preduce a probe shape that has a cos?« variation in total head
with angle of incidence. An optimum or preferred shape does
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Fig. 13 Diagram of typical two-probe configuration to be used to
measure the stagnation pressures based on entire velocity and on the
streamwise component of velocity.

not appear to be indicated. Based on the nature of the flow-
field, it seems advisable to choose medium values for the
design parameters to achieve a compromise between possible
flow separation and construction sensitivity. Such a compro-
mise probably occurs for a value of the edge radius in the
range R, =r,/r, = 0.2-0.4. The velocity across the face of
two such probes is presented in Fig. 12 to illustrate how edge
radius changes the region of nearly constant W, = 1.0 that
exists near the centerline of the probe. Obviously, the diameter
of the orifice used to measure the stagnation pressure should
be small enough that it does not extend beyond the radius
where the velocity departs appreciably from W,, = 1.0.

To illustrate how a two-probe installation would appear in
a test situation, a schematic drawing is presented in Fig. 13.
The upper probe is intended to capture the stagnation pressure
brought about by the entire velocity vector. Either a shrouded
probe®#-1% or one with an internal conical taper would accom-
plish the task. The probe head with an internal taper was
chosen because it is easier to construct and occupies less vol-
ume. Although Fig. 13 illustrates a conical half angle of
around 40 deg, half angles from 15 to 25 deg are to be
preferred.® As mentioned previously, a wide variety of shapes
will probably function satisfactorily for the measurement of
the streamwise component of stagnation pressure. The probe
head chosen for the illustration is the one composed of circu-
lar arcs wherein r./r, = 0.4. Both probes are shown on the
same support rod so that they would traverse the stream at the
same time. As mentioned previously, they could also have
been put on separate support rods and surveyed the stream at
separate times.

Effect of Manufacturing Errors on Performance

The foregoing analysis specifies the shape of the probe to
obtain a cosine-squared variation in total head as a function of
flow incidence. The question addressed here is how accurately
must the probes be manufactured to achieve engineering accu-
racy (i.e., three significant figures) in the variation of mea-
sured pressure with angle of incidence. Although the velocity
at the orifice location is affected by the accuracy of the edge
shape, it is probably not necessary to maintain high accuracy
on the outer parts of the probe shape. The most sensitive parts
of the probe face to construction accuracy is the indentation
region. An estimate of the effect of errors in this region is
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available through the use of the parameter dW,,/dX,, as
evaluated in the previous section of this paper. From Eq. (15),

dC, /dXy = — 2Wy(dWy/dX,) sinta

Hence, the error in pressure coefficient due to an improper
value of X, is directly proportional to the quantity (d W,,/dX,)
which is listed in Table 1 and plotted in Fig. 8.

Another approach is to again consider Eq. (15) and assume
that an error in construction has caused W, to be different
from 1.0 by a small amount so that W,r = 1 + . The quantity
e would correspond to the quantity, (dW,,/dX,;)(AX,), where
(AX,) represents a construction inaccuracy. Equation (15)
then becomes

G, =1-(1+¢ sinfa= cos?a — 2¢ sin?x
where 2e sin’« expresses the deviation from the ideal variation
to be expected when the surface is not as specified. At small
angles of incidence, the errors in pressure are small, but as yaw
increases to 20 deg or more, the error in pressure may become
measureable.

Concluding Remarks

New probe shapes were introduced to enable the measure-
ment of the streamwise component of total head and the
cross-stream turbulence level in highly turbulent streams. It
was found that the essential characteristic of the new shape
was that the forward face be smoothly contoured with a small
amount of indentation. The indentation was found to be
necessary to bring about a cosine-squared response to angle of
incidence. Although the exact shape of the probe is not
unique, a given profile must be determined by analysis or
experiment so that the shape yields the desired response. When
such a probe has been made, it measures directly the total
pressure based on the local static pressure and the x compo-
nent of the velocity vector. This total head and a measurement
of the local static pressure® are necessary for the determina-
tion of the streamwise momentum. Combination of such a
probe with another probe that has a flat response to angle of
incidence yields two stagnation pressures that differ by the
sum of the squares of the cross-stream turbulence intensities.
Probe systems designed in this way provide a simple means for
determining the total pressure, streamwise momentum, and
turbulence intensity of highly turbulent streams.
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