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ABSTRACT

An experimental investigation of viscous effects on static and
impact pressure probes was conducted in the GALCIT Leg 1 hypersonic
wind tunnel,

This investigation of the impact probes showed viscous effects
to be important for free stream Reynolds numbers less than 6000
based on the probe diameter, in the Mach number range 5.4 to 5. 7.
For 80 < Re < 6000, the results showed the measured impact pressure
to be less than the inviscid value. The maximum deviation from the
inviscid impact pressure was 2.3 per cent at a Reynolds number of
200. For Re < 80 the measured impact pressure was greater than the
inviscid value.

The investigation of the static pressure.‘probes for a Mach
number 5.8 and a free stream Reynolds number of 16,000 based on the
probe diameter showed a very thick and rapidly growing boundary
layer over the probe surface. This boundary layer was sufficient to
cause the static pressure measured by a 10 degree cone-nosed probe
with its orifice 45 diameters aft of the probe tip to be 7.5 per cent
greater than the free stream static pressure. The boundary layer
thickness on the 10 degfee cone-nosed probe was several times that
of the probe radius. The boundary layer was surveyed on a hemisper-
ical-nosed and a flat-nosed probe and showed the boundary layer

thickness to be several times that of the 10 degree cone-nosed probe.
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I. INTRODUCTION

Local flow properties in supersonic wind tunnels are usually
determined by means of static and impact pressure probes. In
regions of isentropic flow where the reservoir pressure (po) and total
temperature (To) are known, the flow properties can be completely
determined by measuring the impact pressure. In regions of non-
isentropic flow the impact pressure is not enough to describe the flow
because tfxe true total pressure (the pressure recovered by an isentropic
compression to zero velocity) is not known, and it is necessary to have
another independent measurement such as mass flow or static pressure.
An example of a region of constant total pressure is the undisturbed
flow in a wind tunnel, whereas if curved shocks are present or wakes
behind blunt bodies, or boundary layer, etc., the impact pressure is
not constant. However, the investigation of boundary layer flow is
usually accomplished by measuring the local impact pressure through
the boundary layer and the static pressure on the surface of the body,
and then assuming the static pressure to be constant across the boundary
layer.

When the details of the flow field are of interest it is often
necessary to employ very small impact and static pressure probes
and the question of viscous effects naturally arises, especially in
regions of low velocity.

At hypersonic Mach numbers the flow in the stagnation-point



region of an impact pressure probe can certainly be regarded as
incompressible for a first approximation. In that case the analysis
of viscous effects for incompressible flow given in Reference 1 is
applicable except that flow quantities must be evaluated behind the
normal shock. Consider an impact probe oriented along the x-axis
with its vertex at the origin, The radial coordinate is y measured from
the x-axis, and the oncoming flow is parallel to the x-axis., The flow
behind the normal shock along the central streamline leading to the
stagnation point decelerates to zero velocity at the nose of the probe.
The Navier-Stokes equation along the stagnation streamline

azu

(y=vs=s — = 0) reduces to the following form
oy

2
du op d u
PRk T T wx T A2

If the probe nose is at stagnation temperature the density and viscosity
are very nearly constant across the boundary layer and this equation
can be integrated with respect to x from x = 0 to the edge of the boundary

layer §. The result is

6 ) 6
2 du
% P u = =P + A E
o o o
. . du au
Assuming that the flow does not slip over the surface, u, v, oy’ and 5=

all vanish at x = 0. Writing the measured impact pressure at the

stagnation point as p = ‘po”, we obtain
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The quantity (Pﬁ + 3 Ps uﬁz) is the inviscid impact pressure (_po')

outside the boundary layer. By the continuity equation,

-55(- = nd Z _8-§ = - Zf)
so that
p H = p 1 + 2/« B or p H/p i - l + 2/«6

where (3 is the velocity gradient of the flow along the surface away from
the stagnation point and is always greater than zero, therefore,
Po”/Po' 2 1 according to this analysis.

The quantity 8 may be determined theoretically or experimentally

for a particular probe shape. At hypersonic speeds

1 ~ 2 ~ U pOO
Po ® Py v and ﬁ:'aniscid = b d \/ E):r
8 Y2

where b= 2 Y2 for a hemispherical nose, b = for a flat nosed bodyz.
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By employing these approximations, one obtains

P
i 2b _0_9'_
Py - Po
o Re!
po' u'd p Ud

where Re' =

i

is the Reynolds number based
o' o'

on quantities behind the normal shock. Of course some correction
1
to B is required for the boundary layer thickness and in fact

c
] . Therefore, a somewhat more accurate

= 1 +
P . ﬁinvi scid[

expression for ‘po”/po

YR

'is as follows:
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= 1 + .

o Re' l: YT‘\?:,

In the absence of other effects, this expression should be valid down to
values of Re' at which the boundary layer mer’g‘es‘with the shockl layer3.

Impact pressure interpretation in subsonic and supersonic flow
at low densities has been the subject of several other theoretical and
experimental investigations4-l4. Ipsen4 analyzed the incompressible
flow case of a prolate spheroid using potential flow, Stokes flow, and
Oseen flow to approximate the viscous term of the Navier-Stokes |
equation for the stagnation streamline. He showed the viscous effects
to be dependent omnr the inverse of the Reynolds number. Experimental
investigations of impact probes in supersonic flow have been conducted
by Kane and Maslach5, Sherman6, Enkenhus7 for free molecule flow,
and by Graves and Qu.iel8 in hypersonic flow. Sherman6 has shown that
for Mach numbers 1.7 to 3. 4 the viscous effects for internally chamf ered
probes are important for Reynolds numbers less than 200, based on
the probe diameter and undisturbed free stream conditions. For free
stream Reynolds numbers between 27 and 200, the measured impact
pressure was less than the inviscid value, but it is greater than the inviscid
pressure for Reynolds numbers less than 27. Graves and Quiel8 have
shown that for the same type probe in the Mach number range 5.3 to
5.6, the viscous effects are important for Reynolds numbers less than
6000. The need for correction at such a high Reynolds number in the
hyﬂpe.rsonic case was difficult to understand; therefore, the present

investigation was initiated to verify the results of Graves and Quiel



and to extend them to lower Reynolds numbers.
Static pressure probe readings may also be influenced by

viscous effects at low Reynolds numbers. In hypersonic flowl5

the deceleration of the gas as it penetrates the viscous layer over a
solid surface gener;.tes high temperatures in this region. As a result,
the hypersonic laminar boundary layer is from 10 to 100 times thicker
than at low speeds at the same Reynolds number, and the outward
deflection induced by the thick boundary layer is equivalent to a
modification of the body shape. At high speeds, even small changes
in the flow direction result in large pressure changes. Such a body,
being used as a static pressure measuring device, would need correction
as a result of the pressure induced by the boundary layer growth.
Several experimental investigations have been conducted to
determine the viscous effects on static pressure probes. Talbo’c16
investigated the viscous effects onaseries of geometrically similar
cones in rarefied gas flow over a Mach number range 3.69 <M < 4,13
and a Reynolds number range 917 < Re/finch < 3590, His data indicated
that viscous effects increase linearly with increasing orifice diameter
and also increase almost as 1/ }"T{_ez;_ . Schaaf, Hurlbut, and Talbot' '
conducted experiments on a series of blunt-nosed cones in rarefied
gas at a Mach number 5.8 to determine the pressure distributions. An
indication of the viscous effects could be obtained by comparing their
results with those of Machell and O'B'ryantl8 for geometrically similar

models at the same Mach number but much higher Reynolds numbers.

Comparison showed essentially no viscous effects on the surface pressure.



The present investigation of static pressure probes was
exploratory in nature. An attempt was made to clarify the main
aspects of the problem. The main emphasis was placed on the

investigation of the impact probes.



II. EQUIPMENT AND PROCEDURE

A. Wind Tunnel Description

The static and impact pressure probe experiments were con-
ducted in the Leg 1 wind tunnel of the GALCIT hypersonic facility.
This tunnel is of the continuous flow, closed return type, with a nominal
Mach number of 5.8 and a test section size of 5 x 5 inches., The reservoir
pressure ('po) ranges between 10 psia and 89 psia corresponding to
Reynolds numbers (Re) between 24, 000 and 194, 000 per inch. The
reservoir pressure is controlled to within accuracy limits of To.2 psi.
The reservoir temperature is limited to about 300°F and is controlled
to within T 2°F. A complete description of the compressor plant and
the associated instrumentation may be found in References 19 and 20,
The flow in the test section is axially uniform starting at a
point 22 inches aft of the throat and extends four inches downstream.

The flow inclination in this region is less than P 0.1 degrees.

B. Model Descriptions

1. Impact Pressure Probes

Eight probes were used in this phase of the investigation. Their
outside diameters ranged ‘from 0.0028 inches to 0. 25 inches. The
probes were flat-ended with a ratio of orifice diameter to outside
diameter of approximately 0.4, The probe geometry was determined
such that construction of the smallest probes would be practical. It
would have been extremely difficult (if not impossible) to make the

smallest probes with various nose geometries.



The probes with diameters 0.016, 0.032, 0.064, 0.125, and
0. 25 inches were made of stainless steel and were mounted in two
wedge—shanped rakes. (See Figure l.) The rakes were mounted in the
tunnel on the externally-operated model control system. (See Figure 2.)

The probes with diameters 0.0028, 0.0043, and 0.0088 inches
were made of pyrex tubing drawn to a suitable dimension. The flat end
of each probe was made by breaking the tube and examining it with the
aid of a Kodak Contour Projector with magnification factor of 100.

Since the nose condition determines the shape of the shock wave

and the pressure behind it, the probes were not considered satisfactory
unless the nose was square and flat, as shown in Figure 3. A cross-
section of one pyrex probe is shown in Figure 4.

To keep the response time of the manometer low, it was
necessary to minimize the length of the small diameter probes; therefore,
the probe tips were made approximately 0. 2 inéhes in length. The
volume within the manometer and connecting tubing was held to a minimum
by devising a manometer small enough to be mounted in the test section.
(See Figure 5.) By means of this manometer, it was possible to
measure the difference between the probe impact pressure and a
reference impact pressure.

The probe~holder-manometer incorporated two pyrex manometer
tubes, one connected to an 0. 125 inch reference probe and the other
- to the pyrex probe mounted diametrically opposite. (See Figure 9.)

The entire manometer could be rotated to bring either probe in line
with the airstream. The base of the manometer was an '""O'" ring

valve designed to transfer the fluid to the manometer tube connected



to the probe in the forward position. Each of the manometer tubes
formed one leg of a '"U" tube when rotated to the forward position, the
other leg being a supply line to a vacuum-referenced reservoir. The
fluid in this manometer was silicone fluid with a viscosity rating of
10 centistokes. A cathetometer was used to measure the fluid height

in the manometer.

2. Static Pressure Probes

Three groups of probes were tested with nose cones of total
angle equal to 5, 10, and 20 degrees, respectively. (See Figure 6.)
The probes were constructed of 0. 083-inch outside diameter stainless
steel tubing and the nose cones were made of solid stainless steel. To
obtain the static pressure distribution aft of the cone tip, each cone
probe was constructed with an orifice at a particular distance aft of
the cone vertex. The 10 degree cone group consisted of four probes
with orifices located 10, 15, 25, and 45 diameters, respectively, from
the cone vertex. The four probes in the 20 degree cone group had
orifices in similar locations to the 10 degree cone group. The 5
degree cone group consisted of three probes with orifices located
15, 25, and 45 diameters, respectively, from the cone vertex. A
support to hold one probe was made of stainless steel and was attached

to the model actuators in the test section, as shown in Figure 7.

C. Procedure

1. Impact Pressure Probes

The impact probe rakes were mounted on the model control
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actuators so that the flat end of each probe was at a point 22 inches aft
of the tunnel throat. The rake was then connected to a multi-tube
silicone manometerzo and the complete system checked for leaks.

With the tunnel operating at specified reservoir conditions, each probe
in the rake was moved to the tunnel centerline, and the impact pressure
measured. The vertical position of all probes on the centerline was
checked by observing them by means of a cathetometer. The pressure
measured by each probe was checked for repeatability.

The probe-holder-manometer was mounted on the removable
block in the tunnel floor; the silicone supply tube and knob for rotating
the manometer extended below. The flat end of each small probe in the
probe-holder was located at a point 21 inches aft of the tunnel throat
because of the position of the removable floor block. With the block
in place the system was checked for leaks. A pyrex probe was set in
the probe-holder, sealed with glyptal and baked with an infrared heat
lamp. With the tunnel operating at the specified reservoir conditions
and the pyrex probe in the forward position, the silicone reservoir
was raised to a height such that the meniscus of the silicone was at a
suitable place in the manometer tube. Sufficient time was allowed for
manometer equilibrium, and the reading of the silicone height was
recorded. Equilibrium reading for the smallest probes could be
achieved in a time as short as 5 to 10 minutes with proper adjustment
of the reservoir height. While the silicone reservoir was held at a
constant height, the manometér was rotated 180 degrees to bring the
réference probe to the forward position. When equilibrium had been

reached, the manometer reading was taken. The difference between
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the'two readings was the difference between the reference impact
pressure and the impact pressure of the pyrex probe.

With the reference probe remaining in forward position,
the silicone fluid supply tube was replaced by a tube leading to the
silicone fluid manometer board and the absolute reference pressure
read. The measured impact pressure was checked to determine the
repeatability. The data was reduced to the ratio (po"/.po‘, where ‘po”
is the measured impact pressure and po' is the impact pressure for
the corresponding flow with no viscous effects. The inviscid impact
pressure was obtained by the method of Shermané, which proved to
be satisfactory. This technique consisted of plotting the measured
impact pressure, for each flow condition, against the inverse of the
probe diameter (1/d) for the stainless steel probes and extrapolating
the curve to 1/d = 0, which was considered to be the value for inviscid
flow. This process is considered equivalent to letting the Reynolds
number approach infinity, all other factors having been held constant.

The range of Reynolds number variation was achieved by
varying the reservoir pressure from approximately 10. 4 psia to 29. 4 psia
in addition to varying the probe diameter. By varying the pressure,
the assumption that the Reynolds number is the main parameter for the
investigation could be checked,

Since the manometer tubes were inside the test section and the
silicone fluid subject to a temperature of approximately ZOOOF, the
dens.ity of the silicone was corrected to room temperature. The

maximum correction was about 0.1 per cent of the impact pressure.
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2. Static Pressure Probes

The tips df the probes were located at a point 22 inches aft of
the throat in the region of uniform flow. The static pressures <Ps)
were measured on the silicone manometer board for each of the eleven
static pressure probes. The free stream static pressure (‘poo) was
calculated from the measured impact pressure using tables in Reference
21, The tunnel operating conditions for this phase of the investigation
were a reservoir pressure of 88.4 psia and a reservoir temperature of
225°F. Interference effects from the support feeding forward through
the boundary layer were investigated and found to be negligible for the

present case.

3. Determination of Flow Parameters

The Mach number of the flow was determined from the ratio
of the measured impact pressure corrected for viscous effects (Po') to
the tunnel reservoir pressure (‘po), by means of tables in Reference 21.
The Reynolds number was computed for each flow setting and

is defined as,

= pul
Re =

where p, u, and g are evaluated for a particular flow condition; i. e.,
free stream or for flow behind a normal shock, and L is some character=-
istic dimension. Using the definition of Mach number, the equation

of state for a perfect gas, the isentropic relation for the velocity of
souﬁd, and with units given in the list of symbols, the relation reduces

to
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Mp L
A YT

Reynolds number based on free stream flow properties is

Re = 0.343

designated by Re, and the characteristic dimension was taken to be the
probe outside diameter. The viscosity of air at very low temperatures
is given by Keyes' equation

3 T

AL = 2.316 x10° : .
- 21%.8 10-(9/T)

Reynolds number based on conditions behind a normal shock is
designated by Re', and the characteristic dimension was taken to be
the probe outside diameter. The conditions behind a normal shock were

computed using the tables of Reference 21.
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III. RESULTS AND DISCUSSION, IMPACT PRESSURE PROBES

The results for the impact pressure variation with free stream
Reynolds number based on the probe diameter are shown in Figure 10.
These results show that impact pressure probes are sensitive to effects
of viscosity for Reynolds numbers less than 6000 in the present Mach
number range. For free stream Reynolds numbers between 80 and
6000, the measured pressure is less than the inviscid pressure and for
Reynolds numbers below 80, the measured pressure is greater than the
inviscid value. In this investigation, the maximum deviation of the
measured impact pressure from inviscid value was about 2.3 per cent
at a Reynolds number of 200.

Previous experimental investigations have been conducted on
probes of different geometry from those in the present test. Comparison
of the present results with the 10 degree internally-chamf ered probe
data of Graves and Quie18 for a nominal Mach number 5. 6,shows the
two sets of measurements to be in excellent agreement. (See Figure 11.)
Thus, comparison with other data for probes with geometry similar
to those of Graves and Quiel but at different Mach numbers is justified.
The comparison between the present results and those of Graves and
Quiel verifies the existence of viscous effects at Reynolds numbers
as high as 6000. The present data indicate qualitative agreement with
the work done by Sherrnan6 at Mach numbers from 1.7 to 3.4, The
data indicate similar trends,but the viscous effects are important at a
much higher Reynolds number and also the viscous effects are larger.

The impact pressure variation with Reynolds number (Re')

based on flow conditions behind a normal shock is shown in Figure 12.
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Figure 13 shows a comparison between the present results and the
work of Sherman on the same basis.

To summarize:; when the Reynolds number behind the normal
shock is greater than 100 the viscous correction to the measured impact
pressure is determined mainly by losses that are probably associated
with the viscous flow around the sharp lip; when the Reynolds number
behind the normal shock is less than 30 the viscous normal stress
along the stagnation streamline begins to predominate and the lip
losses become secondary as the Reynolds number decreases.

A limited investigation was conducted on three 0.016 inch
diameter impact probes of different nose geometries, i.e., 10 degree
internal chamfered, flat-ended, and hemispherical, The results obtained were
essentially the same, within the scatter of the other data(for the flow
conditions tested, (500 < Re < 900). However, the effect of nose con-
dition (rough and jagged) of the pyrex probes on the measured impact "
pressure was investigated and found to be critical and resulted in the

strict requirements on the quality of the probes. (See Section II, page 8.)
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IV. RESULTS AND DISCUSSION, EXPLORATORY INVESTIGATION

OF STATIC PRESSURE PROBES

The three sets of static pressure probes, i.e., the three nose
cone angles, were tested at a nominal Mach number 5.8, The probes
were tested only at the highest reservoir pressure available, 74 psig.
This condition corresponds to a Reynolds number of 194, 000 per inch,
or 16,000 based on the probe diameter and free stream conditions.
The results of this survey are given in Figure 14 for the three nose
cone angles. The free stream static pressure was calculated from the
results of an impact probe with 0, 083 inch diameter, which can be
assumed to have no viscous effects.

Figure 14 shows that the static pressure measured by the
static pressure probes differs considerably from the pressure given
by inviscid flow theory. At a distance of 45 diameters from the cone
vertex, the static pressure is on the average 7.5 per cent above the
free stream value for the three nose cone angles.

Leesl5 concludes that the hypersonic boundary layer is many
times thicker than that at lower s,péeds at the same Reynolds numbers,
and the deflection of the streamlines induced by this thick boundary
layer changes the effective shape of the body considerably. The small
deflections of the streamlines produce large pressure changes at high
speeds. The investigation of the boundary layer along a 10 degree
cone-nosed static pressure probe was carried out by means of a
flattened impact pressure probe with frontal height approximately 0. 003

inches. The static pressﬁre probe was mounted on a support from the



17

tunnel floor and the impact probe mounted on the model actuator
supports. (See Figure 8.) Surveys were made at four stations located
10, 15, 25, and 45 diameters from the cone vertex to locate the boundary
layer edge. The results of this investigation are given in Figure 15.

The use of a blunt-nosed probe was suggested as a means of reducing

the thickness of the boundary layer, the result being a better measure

of the free stream statié pressure. Therefore, boundary layer surveys
were conducted for two other probes of different nose geometries, i.e.,
a flat-nosed probe and a hemisphere-cylinder probe, both made of

0.083 inch diameter stainless steel tubing. The results of these

surveys are given in Figures 16 and 17. A comparison of the impact
pressure profiles for the three probe types at x/d = 25 is shown in

Figure 18.

An indication of the boundary layer thickness (6) was obtained
from the impact pressure profiles by using a definition given by Kendallzz
and is shown in Figure lé. The boundary layer growth for the three
types of probes is given in Figure 20. The boundary layer displacement
thickness (6*) for the 10 degree cone-nosed probe was calculated from
the measured impact pressure surveys and the static pressure dis-
tribution along the probe (assuming isentropic flow behind the shock).

The following equation given by Richrnonc'l23 was used for this

calculation: 2
(r + &%)
o
(r +6*)2-r2=j (1 - PE__ d(rz)
o p_u
2 e e
T
o

The boundary layer displacement thickness (6*) is compared with the
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boundary layer thickness (6) in Figure 20 (displacement thickness is
dashed curve).

The survey showed the boundary layer on each of the probes
tested to be very thick and its growth to be surprisingly linear with
distance along the probe. The blunt-nosed probes were shown to have
boundary layers several times that of the cone-nosed probe, contrary
to the expected result. The rapid growth of the boundary layer results
in a large induced pressure on the surface. By assuming the pressure
across the boundary layer to be constant, an estimate of the induced
pressure on the probes was easily made by means of the tangent cone
approximation for the probe shape modified by the boundary layerb
displacement thickness, and the linearized equation for the pressure on

a slender body, i,e.,

22 2 .
T”MO(IHW-Z) s

where @ = d6%/dx. For the 10 degree cone-nosed probe, at a distance
of 45 diameters from the cone vertex, the induced pressure was
calculated to be approximately 6 per cent above the free stream value,
which is close to the experimentally observed value,

Kubo’l:azéjc ha‘s estimated the boundary layer growth on blunt
nosed cylinders for very high Mach numbers to be §%/d~x/d as a
first approximation. In the present case the Mach number is not
considered very high, but the linearity of the measured boundary layer
is an interesting comparison for the flat-nosed and hemispherically-

nosed probes.
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V. CONCLUSIONS AND RECOMMENDATIONS

The results of the static and impact pressure probe investi-
gation indicate the following:

(1) Viscous effects on impact pressure probes are important
for the flow conditions covered in this investigation for free stream
Reynolds numbers, below 6000 and 5.4 < M < 5.7. The viscous effects
result in a measured impact pressure less than the inviscid impact
pressure for free stream Reynolds numbers between 80 and 6000. The
maximum deviation was 2.3 per cent at a Reynolds number of 200.
Below 80, the viscous effects result in a measured impact pressure
greater than the inviscid value.

(2) The exploratory investigation of static pressure probes
at Mach number 5.8 and free stream Reynolds number 16, 000 based
on the probe diameter shows that

(2) The boundary layer on the 10 degree cone-nosed

probe at x/d = 45 gives a flow deflection, d§%*/dx, large enough

to produce an induced pressure of approximately 7.5 per cent

of the free stream static pressure.

(b) The boundary layer on the blunt-nosed probes was
several times that of the 10 degree cone probes.

(c) The boundary layer grows approximately linearly with

x for 10 < x/d < 45 for all probes.

The recommendations for further investigations are the
following:

(1) An investigation of various nose geometries should be
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made for impact probes, such as flattened probes for use in boundary
layer surveys in hypersonic flow.

(2) An extension should be made for the static pressure probe
investigation in an effort to discover the correct parameters for represent-
ing the viscous effects. Probes of various geometries should be studied,
e.g., blunt-nosed cones with the static orifices on the conical skirt,
since the boundary layer effects would be reduced by the high pressure

and negative pressure gradients.
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FIG. 1

IMPACT PRESSURE PROBE RAKES

FIG. 2

IMPACT PRESSURE PROBE RAKE
IN HYPERSONIC WIND TUNNEL



FIG. 3

SIDE VIEW OF 0. 0088 INCH DIAMETER IMPACT PROBE
AS SEEN ON CONTOUR PROJECTOR

FIG. 4

END VIEW OF 0. 0043 INCH DIAMETER IMPACT PROBE
COMPARED WITH STRAIGHT PIN



FIG. 5

PROBEmHOLDER-MANOMETER‘ IN HYPERSONIC WIND TUNNEL

FIG. 6

ATIC PRESSURE PROBES AND SUPPORT



FIG. 7

STATIC PRESSURE PROBE AND SUPPORT
IN HYPERSONIC WIND TUNNEL
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