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ARSTRACT (U )

The general theory, operation and design of several existing barometric
devices are reviewed. The devices are designed to operate a switch upon at-
taining a preset pregsure. Some of the problems that confront the designer of
a barometric fuze system are presented. Evaluation of the accuracy of a fuze
system is given by means of an examination of the individual parameters which
affect its operation. In addition, an extensive bibliography is included to aid
the fuze designer or the user of barometric devices to pursue special problems.\\

1.  INTRODUCTION

The purpose of this paper is to present the general theory and operation
of a barometric fuze system and to show results by referring to the systems
used on specific missiles. From the general theory it can be seen that the
various factors that ihfluence the atmospheric-pressure determination may be
individually considered. By this means, it is possible to understand some of
the difficulties that arise in the design of a barometric system. In addition,
the sensitivity of the system to meteorologic variations is discussed.

Although the work has general application to barometric devices, par-
ticular emphasis will be placed on barometric fuze systems for which a
single precise altitude determination is desired, for altitudes ranging
between sea level and 100, 000 ft, and for vehicle speeds up to 5000 fps.

Even within these limitations, it will be seen that the design of a barometric
system varies with different missiles. A most important conclusion of this
presentation is that the design of a precision barometric system must include
consideration of the performance of the instrument and vehicle in flight.

A review of the general theory and operation of a barometric fuze system
is given in section 2. The action of the constituent components and the vari-
ous factors which influence the fuze performance are explained. The effect
of the motion of a vehicle on the pressure field that is to be measured is
described in section 3. Thie disturbance of the pressure field largely in-
fluences the type of probe that may be used to sense the atmospheric pressure.
Consequently, a discussion of the various forms of pressure-sensing ele- '
mests that are used is presented in section 4 along with some discussion of
the parameters that influence their performance. The results of flight-test
and wind-tunnel experimental data for specific barometric devices are pre-
sented. In section 5, the operation of several designs of a pressure trans-
ducer and plumbing connecting the pressure-sensing element are described.

In section 6, the wind-tunnel simulation of flight conditions and other
laboratory tests used in the research and development of a barometric-fuze
system design are described along with an evaluation of the application of
these laboratory procedures. In addition to the instrumentation accuracy,
the system is sensitive to meteorologic variations. A discussion of meteoro-
logic variations is given in section 7. Finally, the above work is summa-
rized and an extensive bibliography is provided which will enable the fuze
designer or user of barometric devices to study the subject in greater detail
or pursue special problems.
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2. GENERAL THEORY

A barometric device consists essentially of an orifice exposed in some
manner to the atmosphere which is joined by tubing to instrumentation cali-
brated to determine the atmcspheric pressure. The barometric devices con-
sidered herein are those in which a vehicle carries the device through the
atmosphere at various speeds and altitudes. The purpose of the device is to
indicate altitude or to perform some function (such as close a switch) upon
attaining a preset altitude, where the altitude is related to the atmospheric
pressure through the hydrostatic-pressure equation or a predicted altitude-
pressure relation. I[deally, the motion of the pressure-sensing element
through the atmosphere causes no disturbance of the fluid and thereby has no
effect on the atmospheric pressure; ideally, the calibrating instrumentation
Is instantaneous and completely accurate, The accuracy in the predicted
altitude-pressure relation is, of course, independent of the accuracy of the
barometer. In addition, the response of the system must be essentially in-
dependent of the dynamics of the vehicle (such as changes in speed or in the
angle of incidence between the vehicle axis and flight path), the mechanical
vibration generated by aerodynamic forces and transmitted through the vehicle
structure, the aerodynamic heating of the vehicle and pressure-sensing
element, etc.

The above effects on the performance of a barometric-fuze system as
well as others will be described in the succeeding sections. Although these
effects are extremely important, they do not alter the fundamental operation
of a harometric system. Consequently, the present description will be limited
to pressure-sensing systems subject to known transient pressures.

The transient behavior of a gas pressure-sensing system is described in
ref 1.* The assumptions in the theory are that the dead time (ratio of the length
of tube to the speed of sound) due to transportation lag in the transmission of a
pressure signal may be neglected and the volume ratio (the ratio of the tube to
reservoir volumes) is small. As a resuli of these two assumptions, the volume
flow may be considered uniform along the tube length and disturbances occur
simultaneously throughout the system with varying magnitudes. Such a system
is called a lumped-constant system.

Assuming small adiabatic pressure changes, the relation between the
reservoir and orifice pressures given by the lumped-constant system reduces
to a second-order differential equation with constant coefficisnts. These coef-
ficients and hence the principal design characteristics, the undamped natural
frequency and damping ratio, are functions only of the tube length. tube diam-
eter and the reservoir volume. The equations given for the undamped natural
frequency, Wy and damping ratio § are as follows:

w, = -l/nrz y gRgT,/LV and

U= (4n/p,rY) | VigRgTo/ry, where

*References are listed in the bibliography.
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r = radius of tube, ft

L = length of tube, ft

V = volume of reservoir, ft3

v = ratio of specific heats, dimensionless

g = acceleration of gravity, ft/sec?

Rg = gas constant, ft-1b/(lb) (°F)

Ty = initial steady-state absolute temperature, °R
p, = initial steady-state absolute pressure, 1b/ft
¢ = absolute viscosity, Ib-sec/ft2

The change in the reservoir pressure of a system, p,, due to a pressure
disturbance, pg3, depends on the value of the damping ratio in the manner shown
by the follow-ins equations:

Case I (Underdamped) 0< S <|

P e =5 Wyt 2 Lo e

c il O
—==1 - cos (V1-8“ w,t-tan )
Pq V1-82 ° 1-%2

Case II (Critically damped) S = 1

P - wot —wot

Case III (Overdamped) © > 1

p -8w t g . —
c _ 0 [ siny/ g < 4 wot+coshvgz-lwof]

Py tC Vez_,

As can be seen from these equations, the respdnse of a given system
varies with the operating pressure and temperature (initial pressure and
temperature of the transient) and with the pressuré transient, Py

Excellent agreement is shown in ref 1 between the experimental and
theoretical responses of a system, where, using an initial pressure of 29, 32
in. mercury absolute, initial temperature of 525°R, tube radius of 0.0215 in..
wube length of 16.75 in., reservoir volume of 0. 202 in. 3, the system was shown
+0 require about 0.012 sec to attain the steady-state condition following a 1-in.
mercury step-pressure disturbance.
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Pressurc measurements mude in {1 7ht on the NACA RM-10 research test
vehiele at varfous altitudes for Mach numbers ranging between 0.9 and 3. 3 are
described in ref 2, The time-lag constant for the pressure system 1s stated ag
less than0.0007 so that the corresponding time-lag to measure 99 percent of the
pressure transient is 0.003 sec. Consequently, the lag error in the pressure
determination is insignificant.

A more sophisticated theory of a gas pressure-sensing system that treats
tube end corrections, heat transfer within the tube and transmission-lag cor-
rectiors for a large range of frequencies of oscillation is given in ref 3. The
lumped-constant system would appear to give adequate results when the selec-
tion of the tube and reservoir dimensions is in agreement with the assumptions
noted previously. Otherwise, reference shou!d be made to the theory presented
in ref 3 in order to observe the significance of some of the 2ffects omitted in the
lumped-constant system.

3. LOCATION AND DESCRIPTION OF PRESSURE ORIFICES

The sensing element uscd in the measusenient of atmospheric pressure
consists of a single crifice or sometimes severul crifices mounted flusa in
the walls of the body of the vehicle or on a specially designed tube, called a
probe, attached to some part of the vehicle. In order that the pressure at the
orifice have a value equal to the true atmospher:c pressure, it is necessary
to measure the static pressure and thereby eliminate the component of the im-
pact pressure caused by the motion of the body. Consequently, when it is
feasible to do so, the orifice axis is installed normal to the flight path. The
pressure at the orifice is then a direct measure of the atmospheric pressure.
Orifices with axes not normal to the flight path may also be used in which case
the orifice pressure is some function of the true atmospheric pressure.

The problem of measuring atmospheric pressure is complicated by the
fact that a body in motion tends to disturb the enveloping flow field and thareby
alters the ambient pressure at the body surface. This is true for almost all
body shapes and speeds. Accordingly, the measurement of static pressures
or pressures on the body contour may result in large errors in the determin-
ation of the atmospheric pressure. Consequently, it is necessary to locate
the orifices either where the pressure disturbance is negligible or is a known
quantity.

At subsonic speeds, the pressure disturbances due to the motion of a
body completely envelop it. appearing in tront of the body as well as in its
wake. The case is similar for transonic speeds. which is generally defined
for vehicle speeds between Mach numbers 0.8 and 1.3. For supersonic and
hypersonic motion, the pressure field is generally undisturbed ahead of bodxy
but everywhere else the pressure field varies from the undisturbed free-
stream value. When the vehicle moves at other than transonic speeds, excep:
for short distances in the wake immediately aft of the body, the disturbed
pressures may be considered essentially steady.* (There exist regions on
the body which take exception to this statement, such as the region where

*The term '"steady' sigrufies that the quantities involved are not functions
of time,
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transition from laminar to turbulent flow occurs.) However, in some
instances, as for transonic speeds, the disturbed pressurc field near the
body may be expected to fluctuate by as much as 10 percent. In addition,
the disturbed pressure field for transonic flow is extremely sensitive to
small variations in the undisturbed free-stream atmospheric temperature
and pressure and to small changes in the body speed.

The extent of the disturbance due to the body motion also depends on
the body shape. For large bodies such as a bomb or missile, at any speed,
the difference between the undisturbed free-stream pressure and the pressure
at a point on the body surface may easily be 25 percent. The significance of
this is indicated by meteorologic data which show that for altitudes below
30,000 ft a 1-percent change in the atmospheric pressure corresponds to
an altitude variation between 200 and 300 ft (ref 4).

Instead of measuring atmospheric pressure directly, it may be argued
that if the pressure disturbance due to the motion of the body is essentially
unique and the pressures on the surface of the body differ from the undis-
turbed pressures in some known manner (at least at one point on tihe bod)
surface), then a calibration procedure could be adapted to determine atmos-
pheric pressure. Such a technique using one or more orifices mounted on
the body surface to measure atmospheric pressure would be possible, by
determining in advance the relation between the undisturbed free stream and
body pressures, from wind-tunnel and flight tests. The above discussion
assumed the body shape was known, but in flight the vehicle does not fly true
and the body axis will generally be inclined to the direction of flight. This
variation in angle of incidence also affects the body speed. When the body
speed changes or thé angle of incidenc¢e between the bady axis and flight
path changes slightly, each by an amount that normally occurs during flight,
the pressure field at a given point on the bcdy may easily change by several
percent,

In addition, the body pressures are influenced by local surface condi-
tions such as the roughness caused by paint, imperfections in the body shape
such as small indentations, waves or small ripples, etc -- all of these irre-
gularities being within the usual tolerance of manufacture of the body shape.
The extent to which variations in body imperfections and flight conditions
influence the surface pressures depends on the shape and speed of the body,
flight conditions, the position at which the pressure is being measured, etc.
Other factors, such as the temperature of the body surface, aerodynamic
heating, etc which influence the boundary layer during flight will alter the
pressure distribution énthe body surface. Consequently, for a given vehicle,
unless all the factors that give rise to the disturbance of the atmospheric
pressure can be predicted as they will occur in flight, it appears that large
errors in the determination of altitude may result by installing orifices in
the walls of the body surface toc measure atmospheric pressure. It is beyond
the scope of this work to attempt to state numerical values for these effects.
However, as will be discussed in section 4, reference may be made to ex-
perimental data where wind-tunnel and flight measurements of surface pres-
sures have been reported for bodies of various shapes.
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As will be discussed in scction 3, when high precision in the altitude
determination is not required the orifices may be installed directly in the
surface of the body, providing wind-tunnel and flight tests show that such
locations are where variations in the surface pressure are small when sub-
ject to typical variations in flight conditions. Otherwise, to relate accurately
the orifice pressure to the undisturbed free-stream value proessure probes of
special design arc nceessary, These probes are generally mounted forward
of the body nose where the pressure disturbance caused by the motion of the
body is negligible. In the event the probes cannot be mountec. forward of the
body, they arce located to one side ot the body so that eirors on the calculated
pressurn disturbance caused by the body motion will be small. Accordingly.
the pressure disturbancc at the orifices is due only to the metion of the probe
itself which, by virtue of the special probe design, causes little disturbance of
the free-stream pressure. Then the problem of accurately measuring atmos-
pheric pressure is essontiqlly reduced to designing a tube for which the effects
of flight conditions can be determined with high precision and can he "zeroed"
out by some calibration precedure. (The discussion of these probes is given in

the next chapter.)

The pressure field for many vehicles and for static-pressure probas may
be obtained from thcoretical predictions. wind-tunnel and free-flight measure-
ments. Thes2 data are obtained as part of the aerodynamic studies to deter-
mine the performance of a vehicle and to evaluate pressure-measuring instru-
mentation. Reference to the literature for similarly shaped bodies will aid in
locating the orifices and designing suitable pressure probes. Thus, the errur
in the atmospheric-pressure determunation may often be estimated from pre-
vious calibrations of similar installations, The publications of the National
Advisory Committee for Aeronautics are a principal reference source which
may be consulted for theoretical and experimental information on the pressure
distributions of missiles. aircraft. etc and on pressure-measuring instru-
mentation. Both classified and unclassified indices of new NACA publications
are prepared biweekly; in addition. previous work is indexed under subject

headings.

Often, conclusions regarding the location of an orifice are based on
laboratory models. Laboratory models are generally precision made and
the surface condition differs from that of the manufactured item. In addition.
they are generally not full-scale modeis. Consequently, flight tests may
show that the variations in the orifice pressure on the manufactured models
are not satisfactery. Hence. it cannot be over-emphasized that the {inal
selection of an orifice location must be based on full-scale, {light-tested
manufactured models.

The technique for the instaltation of orifices in a surface is generally
mdependent of the body size shape or other characteristic and is often
independent of th flight conditions and purpose of the barometric device.
Any one of a nuraiber of techniques may be used to install the orifices., The
following description gives a general idea of the design and procedure for
nstalling orifices in the walls of a body surface or probe.
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Orifices used to determine atmospheric pressure are generally small
with an average diameter of 0.01 to 0.02 in. (ref 5). The edge of the opening
should be flush with the surface at which the pressure {s being measured --
it is important that no protruding burrs or surface roughness appear in the
neighborhood of the orifice -- and the axis snould be approximately perpen-
dicular to the surface. The following description taken from ref 5 illustrates
the procedurce of placing orifices in a surface:

"Several soft metal tubes about 0. 05 in. internal diameter -- 'compo'’
tubing ~- are let into grooves cut in the surface of the rnodel so that their
outer surfaces protrude slightly above that of the model. They are held in
place by wax run into the grooves in a molten state, and the whole is then
made good by scraping to preserve the designed ccntours of the model. The
tubes are soft and thick-walled, so that there is no difficulty in scraping
their slightly projecting exteriors flush with the model surface."

4. LABORATORY AND FLIGHT EVALUATION OF BAROMETRIC DEVICES

The preceding section discussed the disturbance of the pressure field
caused by the motion of a vehicle and the consequent difficulty of obtaining
pressuresut an orifice that could be used to determine atmospheric pressure.
It was seen that in order to measure atmospheric pressure, the orifices must
either be located at a point on the vehicle where the digturbance of the pres-
sure field is known or installed on a probe of special design. In each case, the
orifices are located so that the orifice pressure is a known function of the at-
mospheric pressure. In addition, with the use of specially designed prcbes,
it is possihle to obtain orifice pressures that are identical with atmospheric

pressures.

The present section discusses several types of probes which muy be
mounted on the vehicle and are designed so that the orifice pressure is always
identical with the atmospheric pressure. Three such probes are described.
In addition, the experimental results for orifice installation in the walls of
several vehicles are described. An analysis of the probe designs and wall
installations is given and conclusions are derived concerning their accuracy.

Based on theory and experimental data, the accuracy of a pressure-
measuring system may be indicated for all altitudes up to at least 100, 000 ft
and all speeds up to Mach number 10. Reference will be made to the ex-
perimental flight data of barometric fuzing systems for both subsonic and
superspnic speeds. In addition, flight data at high Mach numbers of pressure
sensing systems used in connection with the determination of the performance
of research vehicles will be discussed. Generally, barometric fuzing sys-
tems are designed to operate at Mach numbers below 3. The data that will be
described appear sufficient to indicate the accuracy of a barometric fuzing
system for suitably designed probes when the orifices are placed in the un-
disturbed airstream away from the induced pressure-field disturbance caused
by the moving vehicle or when the orifices are located in the base of the
vehicle. In addition, the accuracy of specific barometric fuze systems§ for
orifices placed on the surface contour and for orifices otherwise located in
flow regions subjected to the influence of the vehicle motion will be indicated.

SECRET 11

msnt contalng Information affecting the national defenss o the United States within€he meaning of tha esplonage lava, titlo,

L :
701l and 794. Its trenamisaion or the revelstion of Its contents in any meaner tHn unauthorized person Is prohibited by levr.

u
.8.C



SECRET

1.1 Fixed-Angle Nose Probe

The general shape of a static pressure probe is that of a fine needle.
Essentially, the fixed-angle static pressure probe consists of a evlindrical tube
of a very small diameter having a conical or ogival nose with apex angles of
10 degrees or less.  The distance between the apex of the conical or ogival
nosc and the orifices is necessarily large to avoid the nose effects on the static
pressure. Accordimg to wind-tunnel data. the measured values of the gtatic
pressure equal the tree-stream static pressures and are independent of the
axial location of the orifices when the orifices are placed eight or more cyvl-
inder diameters aft of the nose-cylinder shoulder and the probe is aligned with
the windstream* (1ef 6).  Assuming perfect mstrumentation and alignment with
the wind, the value of the static pressure measured 1n flight is equal to the

ambient pressure.

The principal disadvantage in using a fixed-angle probe is that ihe
static pressures are sensitive to the wind direction and vary radially about the
probe when the incident wind is not parallel to the probe axis. For other than
small angles ot incidence, this variation must be taken into account to avoid
large errors in the determination of the ambient pressure. Based on theory
and experimental obseivation. even when the flow over the probe is supersonic,
the approximation {o the radial variation of the static pressure with angle of
incidence is about the same as that for two-dimensional incompressible flow
over a circular cylinder with zero circulation (ref 6). The reason for the
similarity may be seen as follows: For either compressible or incompressible
flow, the radial pressure distribution over the probe is essentially a function of
the velocity component normal to the cylinder axis and independent of the com-
ponent paraliei to the axis. At small angles of incidence, the cross velocity
will be subsonic even when the wind speed 15 supersonic. For example, the
cross velocity is only 348 fps for a wind speed of 4, 000 fps at an angle of in-
cidence of 5 degrees. Since the location of the orifices is far removed from
the ends of the probe. the crossflow over the orifices is essentially two-
dimensional and geometrically similar to that for a two-dimensional circular
cvlinder. Hence. the usual equation for the radial pressure distribution on a
circular cylinder in perfect (i.e., inviscid) incompressible two-dimensional
flow may be used as an approximation for the radial pressure distribution at
supersonic speeds on a probe at axial locations where a two-dimepsional
crossflow occurs. Accordingly the approximate radial static pressure dis-
tribution for a probe at an angle of incidence with the wind stream is given

by the equation-

2 2
= }) + P - i
Pm 1/2 p Vc (1 -4sin” 6, (1)

*For example, one of the probes described 1n ref 6 has an ogival nose and a
cylindrical afterbodv. The probe has a cvlinder diameter of 0.25 in. and a
total length of 8 in.: the ogival nose is 2 in. long and the diameter of the

orifices 1s 0, 020 in.
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where Py, is the measured static pressure, P s the true static pressure
n . .
1/2 p \-'(‘; is the dynamic pressure for the low normal to the probe axis,

and 0 is the radial locatioi on the probe measured from the forward stagna-
tion point* (ref 6, 7).

The above equation is strictly applicable for an inviscid fluid, and
since this is not the case for a real fluid, the experimental radial pressure
distribution will differ from the thcoretical distribution. As is well known,
the crossflow Reynolds number ** is primarily determinative of the radial
pressure distribution (ref 8). For example. the crossflow Reynolds number
for a 1/2 in. diameter cylindrical probe at an angle of incidence of 5 degrees.
wind speed of 4000 fps and sea-level atmospheric conditions is about 93. 000.
Since the crossflow Reynolds number decreases with increasing altitude in
accordance with the reduction of the ambient density. it may be assumed that
t1e crossflow Reynolds number for a pressure probe will generally be less

taen 109,

According to the wind-tunnel experimental data examined in ret 8
for Reynolds numbers less than 109, the pressure developed for two-
(limensional flow on a circular cylinder from the forward stagnation point
to about + 30 degrees is independent of the Reynolds number and varies in
accordance with the above equation. From about + 30 to + 180 degrees, the
pressure is generally less than the ambient and varies with the crossflow
Reynolds number. The experimental data indicate that the minimum radial
pressure occurs at about = 70 degrees from the forward stagnation point
instead of + 90 degrees as indicated by the above equation. Furthermorc,
separation of the laminar boundary layer takes place between + 80 degrees
and = 90 degrees from the forward stagration point, and the pressure remains
approximately constant from about + 90 to = 180 degrees (ref 8).

Although the preceding paragraph is actually a description of sub-
sonic wind-tunnel data for two-dimensional flow over circular cylinders, the
supersonic wind-tunnel date. examined for pressure probes at angles of in-
cidence with the wind stream appear similar. Theoretically and according to
the experimental data of ref 6 and 9. the Mach number effects on the racial
static pressure distribution of suitably designed probes are insignificant, at
least for Mach numbers in the range 1.5 to 3.0. Moreover, the wind-tunnel

* A stagnation point is a point where the flow velocity is zero. In a two-
dimensional flow of a perfect incompressible fluid over a circular cylinder
two stagnation points occur on the cylindrical surface and are located at
the intersections of the cylindrical surface with the flow-velocity vector
drawn through the center of the cylinder. The stagnation point located on
the windward side is called the forward stagnation point.

**Reynolds number is defined as the product of the model length and wind
velocity divided by the undisturbed air kinematic viscosity. The crossflow
Reynolds nuwmnber is based on the crossflow component of the undisturbed
wind velocity and the component of model length in the direction of the

crossflow velocity.
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lnta show that the radial stane 0 s trabution within @ 30 degrees {rom
the torwird stagniation point | tanatluen Reynolds number and 1s in
agreement with cqugtion o1y, However  the radial stane pressure distmbution
for supersontc fle s gt locanons bevond @ 30 degrees from the forward stagna-
tion point is sinmular to tha noted for two-dimensional specompressible flow
over a cpreular evhinder and is affected by changes of the erossflow Reynolds

number (ref 649,

Instead ol using a single orihice, the mstrument er: o, due to an
angle of incidence wath the wind stream mav ve substantiadly e duced by
Incating two orifices  for example at difterent radial positions and using
the average value of the two orifice readings (ref 9y, This technique will
have application particularly tor roll-stabihized missiles, or for missiles
where the angle of atrack and vaw angles or toral angles of incidence are

approxtmately known,

For example the angle ol incidence tor ground-target missiles
at altitudes below 40 000 tt will generally be within 5 degrees. According to
the wind-tunnel data of ref 9 where the average value of the static pressures
of rwu orifices was used. the pressure coefticient error* may amount to
0.0025. Thus. at any altitude the corresponding error in the determination
of altitude varies approximately with the square of the vehicle velocity and 1s
less than 42 ft when the vehicle velocity 1s 1,000 fps. Based on the dynamic
pressures for the incident flow given by the preliminary trajectory data for the
missile Redstone. cf. table VIII of ref 10 and the ambient pressure-altitude
data given by ref 11, che siatic pressure measurements for altitudes below
40 000 ft will be within 2 percent ot the ambient pressure. For this altitude
range a 2-percent error in the measurement of the ambient pressure corre-
sponds to a 500-ft error in the determination of the altitude (ret 11).

Of course the accuracy of the fixed-angle probe mayv be further
improved. For example several orifices distributed radially about the probe
could be used to measure the ambient pressure. Furthermore. assuming the
system of orifices 18 discriminative. the instantaneous torward stagnation
point could be determined as the position having the maximum pressure cf,
equation (1. According to equation 1) the true ambienr pressure would occur
aL positions :+ 30 degrees from the {orward stagnation point.

The above informat:on scems sufficient to indicate the accuracy
with which a fixed-angle probe may be expected ro measure ambient pressure,
Consequently no precise information was sought regarding the much more
complicated variation of the radial static pressure distribution for locations
bevond : 30 degrees from the forward stagnation point. Additionel wind-tunne!
experimental data were not examined.

* The pressure coefficient error as defined in retf 9. 1s the difference
between the measured and true values ot the ambient pressure divided
by the dynamic pressure tor the incident flow,
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As will be discussed in section 6. it 18 not possible to simulate ina
wind tunnel all the flight conditions that may affect the performance of pressure
probes. On the other hand, greater accuracy and control in obtainirng experi-
mental data are possible in a wind tunnel than {n flight. The following flight-
test data are included to indicate the accuracy of barometric systems using nose
probes and to compare with the wind-tunnel results described above.

Ref 12 discusses the accuracy of a barometric fuzing system for
Mach numbers in the range 0.6 to 1.1, where the test vehicles were g:soline
fuel tanks having a diameter of 21 in. and a length of 180 in. Six test (rops
are reported in which the tanks were released from an aircraft at an alitude
of approximately 30,000 ft ard a speed of 300 mph. In each of the tesis. the
orifices were radially distributed and located on a probe of special destyn which
was mounted at some distance from the test vehicle so as to reduce the «rror in
the measurement of the atmospheric pressure due to the disturbance of the
pressure field by the test vehicle. Rigid nose probes with orifices located 2.0
and 2.5 body diameters forward of the test vehicle resulted in altitude varia-
tions of less than 600 ft. The standard deviation in the error in the deterriina-
tion of these measurements is estimated in ref 12 to be 450 ft.

Additional flight tests of a pressure-measuring system using static
pressure probes mounted forward of the wing tip and fuselage nose of an air-
craft are described in ref 13 for Mach numbers from 0.8 to 1.17. Depending
on the Mach number, the orifices were located in the pressure field influenced
by the aircraft. This pressure field was theoretically calculated and correc-
tions were applied to determine the true atmospheric. pressure. From these
results it appears that the atmospheric pressure may be measured with an
accuracy to within +2 percent of the dynamic pressure* for all altitudes up to
at least 50,000 ft. This corresponds tc an eguivalent altitude error of less

than 600 ft.

In concluding the discussion regarding the accuracy of the fixed--
angle probe, it is worth noting that the delicate nature of the instrument may
seriously affect its use. As previously mentioned, the probe is necessarily
slender and shaped like a needle. Production tclerances of the probe, includ-
ing especially the surface finish, must be held to a minimum., Moreover, for
gupersonic 8peeds the probe must be mounted tc the missile in a position
completely forward of the missile nose shock, since a location in the undisturbed
wind stream is easential to obtain accurate measurements of the ambient pres-
sure. For subsonic vehicle speeds, the probe must be placed sufficiently far
In frcent of or along the side of the vehicle so that the orifice pressurer are nct
influenced by the moticn of the vehicle. In transportation to the field, in hard-
ling, etc, it would be easy to accidentaliy digtirb the alignment of the probe
and thereby affect the accuracy of the instrument., Furthermore, due to the
iocation of the probe on the vehicle and the fragility of its over-all design,
unless adequate precauticns can be taken, the missile vibration, aerodynamic
heating, etc occurring in flight may significantly affect the pressure meastre-
ments of the probe.

*The dynamic pressure is defined as the product cf one ha!f the undisturbed
airstream dengity and the square of the aircraft speed.
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i Pree-Swveltrg Vine Nove Prots

The ‘rea-gwive'ing prete I8 gerorally of the vane type and consis:s
essentially of n stitde pres nre prete with fins or vanes; it {s atuched o the
ragatle by meins of a swiye! folnt euppore, The probe feself has he same
“eodie ke appeararce ac the {ived wngle probe, In the same wny that the tail

rtuces serce toomatntaln ke alfgmrent of a missile, the vanes and swive!
CLppert serye s nmairtatrn ke gef-attgnment of the probe with the wind stream.
M reover, 2 {s possit ¢ co obatn almese porfect alignmeat of the probe with
“he wind serears bty ostng erge vane ¢ rfaces with the aeredyvriamic centers of
cregcure loceted far alt of the swisel Joint. Yer this reason, the Instrument
(s pracideally tneersftive to changes ¢f tke ang'e ¢ incidence heiween the mis
' cravectery and the direction of -he wird siream.

E«cept for tke cylindricn. part of tre probe, the design of the air-
i directinn prebup described tn ref 14 {2 the same as that for a free-
swhvelfoy vane probe?, Morenver, the self-a‘igrment of the two instrumen-s
-had be the ename, Conseuently, since the air-‘low direction pickup is
mere gecurete and easier te vee {or the determinaticn of the instrument align-
men with the wind strear . it i preferabie o discuss the results obtained
w1 b ke directics piekep rither thar for the precsure probe., The description
ard resu.ts given tewow ire theae ot agned fcr the air-flow direction pickup

discussed in re” 14,

The o er-ul” ewreved irogih of tte air-T-ow direction pickup is

Ttr., e frovoal ares fe approximaneis 1 in.?, snd the tota! welght is 0.32 1k,
The instrumernt waa “ested it a wind menr«!l and in flight at Mack numbers in
the rapee 0.0 4%+ 2,% crd &% dynami: preusures of the incident wind up %0 62
p2ie Arcoerdizg e oike data, the device s capable ¢f metntaining self-
(lgemert a1t ske wind stream te within 0.2 degrees. Due to 'ateral acceler-
wdnng, e gngutar desistien of tae inzerwment irom the wind-sitream directicn
is \ese tha» 0,01 degrer/g whten the dvramic pressure exceeds 2.7 psi. Fur-
thermere, she frsrrumert has withsirod skeck and siatic accelerations up s

100 g wittour demage,

As mengfoned, the seif-alignrert of a iree-swiveling-vane preg-
aurs probe will be the same as that Ior the air-flcw direction pickup. Aco¥gr
2t refg 6 and 9, for aititudes Lelow 40,000 & s-d dynamic pressures up 0
©%.easc 67 pef, 2 preseure probe maintaizing ar allgnmerc: within 0.2 degree-
ctotre wind «tresm wiit mecsure the smblent preaqure with an error of less

Y

than o percert o7 the rree value, Thre o rreaponding messoivemer® of the alti

~

in

wde wit A de errer b Teey than 300 £ et 17,

IoCone 3o, arieniio {g drawn te “be commerts made in the fira
pirewraph of tie discussicon or the Jised-zngle proebe, These Himitations gleo
apply 0 she “ree swiveling-vane prore, Moreover, “he [ree-swiveling-vane

“Tre aivr fow direciicn pickup o< an zstrument used ¢ measure the directicn

of the ieident wind.
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probe s oven more delicate, since the vanes or the swivel joint may eastly be
damaged. Because of the free movement of the probe about the swivel joint,
the probe s especially vulnerable to the development of air leaks. Further-
more, a8 i3 discussed In section G, the swivel joint may stick in flight because
of the exparston of the Joint caused by aerodvnamic heating. As indicated in
the previous discussion, the accuracy of atmospheric pressure measurements
for a fi~ed-nagle probe {s within 2 percent of the ambient, whereas the accur-
icy for a free-swiveling-vane probe may be Increased to within 1 percent.
However, in practice, the improved accuruacy vbtained by using a free-swiveling
probe appears to be more than offset by the added complexicy in its design and
operation over that of the fixed-angle probe. In addition, the use of the fixed-
angle probe has been more common and, beciause of the small improvement in
the accuracy that can be obtained, it is doubtful whether free-swiveling probes

will find ordnance application.

4.3 Bodv-Trailing Probe

As 1= wolb known, the velocity fluctuations caused by the motion of
a body decrease with increasing distance aft of the body and the return of the
pressure in the wake to the ambieat value occurs at several body diameters to
the rear. Accordingly, it appears possibie to measure true atmospheric
pressure by extending probes into the body wake. The following description of
flight data indicates the accuracy obtainable with the use of such probes.

Assuming that a 1-percent variation in atmospheric pressure {8
equivalent to an altitude variation of 300 ft, the telemeter data from the free-
fall test vehicles of ref 12 indicated that a rigid telescoping trailing probe
having orifices 5.7 body diamcters 2ft of the body gave a variation in the pres -
sure measurements equivalent to an altitude variation of 220 ft over the entire
Mach number range 0.6 to 1.1. Ref 12 suggests that ccmparable results are
possible using a telescoping probe with a length of about 3 body diameters aft.
A flexible body~trailing probe with orifices 5.7 body diameters aft of the body
resulted in a pressure variation equivalent to 510 ft over a Mach number range

0.6 to 1.04.

Flight tests using a F86E aircraft were made tn investigate methods
of determiiing atmospheric pressure through the transonic speed range in the
vicinity of the wake of a jet-propelled aircraft (ref 13), Various trailing probes
were extended from the belly of the aircraft at distances varying between 0.67
and 3.98 fuselage diameters behind the jet exhaust. To insure atmospheric
prcssure measurements with an accuracy within + 600 ft throughout the Mach
number range .80 to 1.10, it was necessary to locate the orifices at about
2.5 fuselage dlameters belkind the aircraft. Orifices can be located claser tc
the aircraft and vield the same accuracy if the Mach number range is reduced
to 0.95 to 1.05. The repeatability of two different pressure pickups for a given
flight and for a given instrument during two differert flights was within an equiv--
alent altitude variation of + 250 ft. The maximum deviation in the repeatabilitv
for different instruments on different flights corresponded to an equivalen® alti-
tude variation of + 500 ft. All tests were made at altitudes between 40,000 and
20,000 ft, but the results are applicable to any altitude up to at least £0, 000 f+,
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The standard deviaton in the accuracy of the test data described in
refs 12 and 15 48 estimated to be 450 {1, From these tests it appears that the
velocity fluctuatfons tn the body wake and a return of the pressure in the wake
o the undisturbed afr-stream value occur at relatively short distances from
the bodv. Accordingly, body-trailing probes may be very useful where high-
precision barometric tuzing i8 required.

1.1 Use of Orifices Located on the Surface Contour of a Vehicle

Sometimes, pressure probes cannot be located at a position where
the pressure at the orifices is not influenced by the motion of the vehicle. An
example of this situatton 18 a high-speed re-entry missile, where the high rate
of aerodynamic heating may structually deform the probes. Other situations
extst which, for example, the extreme vulnerability of the probes to damage,
preclude the use of pregsure probes. Consequently, orifices are sometimes
located on the body contour at a position which will result in the least ervor
in the determination of the atmospheric .. .ssure.

Unfortunately, depending on the vehicle contour itself, the pressure
at the orifices is very sensitive to any variation which disturbs the boundary
layer at the orifices. This means that the pressure at the orifices will be sen-
sitive to small changes in angle of incidence*. surface roughness and irregular-
ity of the body contour, speed of the vehicle, body surface temperature, aero
dynamic heating, etc. The extent to which these parameters affect the orifice
pressure depends primarily on the body shape and the locatior of the orifices.
The pressure on the surtace of a missile, bomb, or wing will generally be quite
different from the undisturbed ambient; this difference may easily amount to
one-half the undisturbed value. In addition, large surface pressure gradients
may exist which imply that the surface pressure at a given point on the body will
rapidly change with small variations in speed. angle of incidence, etc.

Consequently, the problem of using orificee installed in the wall of
a vehicle amounts to determining the location for which the variation in the
orifice pressure may be most accurately related to the atmospheric pressure
and of course, determining this relation. When the body surface contour is
precisely known (that is, the manufacturing tolerances are held within strict
limits, such as those for a laboratory model), the relationship between the
oritfice and atmospheric pressures generally can be established with the re
quired precision of an equivalent altitude variation within + 600 ft only by ex-
perimental data and not by theoretical derivation. Furthermore. as will be
explained in section 6, the wind-tunnel simulation of flight conditions cannot
se used to determine this relation as it would occur during flight. However,
wind-tunnel pressure measurements can be used 10 aid in determining the prop-
er orifice location by comparing the results with the data from a model of sim-
ilar shape that has been tested both in a wind-tunnel and in flight. In additicn,

*The angle of incidence is detined as the angle formed between the direction nf
the flight path and the body axis of symmstry,
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*he wind -tunnel data may be used 1o locate the regtm on the body swhers
vartation in pressure appears o be smallest, and this location will often

a position for which the pressure vartation is small in lght,

Rather than enter into o discussion of wind-tunnel tests on bodies
chich have shapes that are gimtlar to or are used in ordnance devices, the fol
lowing discussion will be contined to a presentation of flfght-test measurements
o' barometiie devices used on some weapons and test research vehieles, Data
w111 be presented for subsonic and supersonic speeds tor ortfices locared on
the surface contour including the base of the vehicle.

Ref 16 discusses the results of flight tests of barometrice fuzing
systems for three current bomb shapes released from an arrcraft, where the
measurements were made between altitudes of 0 to 10,000 feet above ground
and at Mach numbers in the range 7,50 to 0.92. The orifices were located
cither on the surface contour of the weapon 1tsell ¢ r installed in probes Iyvirg
in a region where the pressure was influenced by the motion of the weapon.
Consequently, the determination of the atmospheric pressure was sensitive
primarily to Mach number, since the angl- of incidence was carefully held
to very small values. A total of 183 drop tests are reported and, allowing
for an error in the estimate of the Mach number. the standard deviations of
the various svstems were found to range between 245 and 400 ft.

Additional flight tests to dete mine the pressure at various locations
on research vehicles are reported in refs 17 through 20 for various altitudes a*
supersonic Mach numbers extending up to 9.89. These data were not obtained
for the express purpose of determining atmospheric pressure but rather to
evaluate missile performance. Consequently, no precise statements may be
made regarding the precision of atmospheric pressure prediction. However,
it appears from the close agreement in the pressures obtained between the
theoretical and the experimental flight results, from the excellent vepeatability
of the flight-test data, and from the foregoing discussion. that the conclusions
previously obtained concerning the accuracy of a system for measuring atmos-
pheric pressure are applicable for al]l Mach numbers up to at least 10. Thus,
if the pressure proue is suitably designed and the orifices are located in a regiop
where the pressure field is undisturbed by the motion of the vehicle, or the ori
fices are located where the disturbance of the pressure field is known, the
atmospheric pressure may be measured with an accuracv within about 2 perrer:

of the dynamic pressuret®,

The location of orifices in the base of the vehicle is of prarticu ar
interest. because of the small possibilitv of damage occurring to the orifices
during launch or flight. This is especially true of long-range ballistic mie
siles whose high-speed re-entry produces severe aerodynamic heating. At
1he time of fuzing, the speed of the first generation IRBM and ICBM vehicles
will be subsonic with Mach numbers between 0.5 10 0.8, approximatelv.

“The equivalent altitude variation for a given variation in the dynamic pressure
dépendsapproximatélyonly on the square of the vehicl: speed, and the altitude
variation corresponding to a 2 percent variation in the dynamic pressure for a

speed of 1000 fps amounts to between 300 and 400 ft.
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However, because the acrodvaamic heating problem of pussile re-
catry has turned out to be less severe than originally thought, fuzing of the
second generation IRBM and ICBM missiles will occur ot migher speeds. prob-
thlv nt supersonic speeds below Mach number 3. Fuziag at transonice speeds
(Mach numbers between about 0.8 to 1. 3) generally wili not occur due to the
Intge variations ol avrodvnamic forces occurring in this speced range tor small
varfations {n Mach number. Based on theory and experimental data, the {ol-
lowing summary will indicate the accuracy that may be expected using ortfices
mmstalled in the base of missiles.

The resul's of measurements in wind tunnels  on firing ranges,
andan free-flight tests and the theory show that base pressure values depend
on the specific boundary-layer conditions of the body (ref 21 through 2%). Cen
sequently, the veloceity and temperature profiles in the boundary layer m«
be known before the atmospheric pressure can be accurately expressed in
rerms of the base pressure. As is indicated by the experimental data of ref
21 22, 23 and 25, {or budy surface temperatures between 50 and t 400°F
and for Mach numbers up to 5, the base pressure measurement may vary by
10 percent upon changing the surface temperature by 100°F cr upon changing
the Mach number by 0.2. As might have been expected, the value of the basc
pressure depends on the body shape. However, the dependence of the base
pressure on Mach number has been especially investigated, and it is interest-
ing to note that the abd%e variation with Mach number has been found for a
number of bodies of different shapes. Accordingly, when the atmospheric
pressure determination depends on the prediction of the vehicle Machk number,
in order to limit the error to an equivalent altitude error of less than 1000 ft,
the missile velocity must be predicted with an accuracy within 70 fps.

In addition. according to the wind-tunnel results on the 1/6-scale
Polaris missile of ref 25, and the 1/2-8cale Polaris missile flight test of ret
22, for Mach numbers between 0.7 and 0.9, the base pressure decreases with
increasing angle of incidence and the amount of this reduction increases with
increasing Mach number. At Mach numbers 0.7, 0.8 and 0.9, the reductions
in the base pressure due to a change in the angle of incidence from 0 to 3* are
1, 3 and 5 percent, respectively. The sensitivity of the base pressure to small
angles of attach appears io be similar for the 30°-included-angle test model
reported in ref 23. According to ref 23, based on existing flight and wind-
tunnel data, it is expected that the missile speed at the fuzing altitude can he
predicted with an accuracy within + 30 fps and the standard deviation in deter
mining sltitude for the Polaris missile will be 1000 ft, even though the militan

chatracteristics permit 1500 ft.

Base pressure measurementis on the NACA RM-10 resrarch tes:t
vehicle are described in ref 26 at various altitudes for Mach numbers ranging
between 0.9 1o 3.3. Although the instrumentation did isot include an actuai
hizing system, the results indicate that the armospheric pressure may be
measured with an accuracy of 3 percent of the dvnamic pressuret. Of course

“See foot-note on page 12, section 4.1,
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because of the location of the orifices 10 the base of the vehdele, the measutt
ments were sensftive to Mach number and angle of incldence variations,
Accordingly, when the Mach number and the angle of Incidence are known,
the corresponding error in altitude is less than 900 ft,

Since the base pressures are dependent on obtaining the correct
houndary layer profiles of velocity, pressure and temperature, the expertmental
simulation of flight conditinns must simulate body surface temperature, Mach
numbe. , angle of incidence, verodynamic heating and Reyvnolds number, At the
tuzing altitude, the Reynolds aumber and surface roughness of a production-type
missile will insure the develooment of a turbulent boundary laver, Conscquently,
wind-tunnel and firing-range tosts must be performed to simulate these turbulent
boundary-layer conditions., For a given Mach number, it appears that the basc
pressure remains essentially constant with increasing Reynolds number for
Reynolds numbers exceeding 4 million. However, aerodynamic heating effects
and changes in parameters affecting the boundary layer will also tend to alter
the base pressure, Although the dependence of the base pressure on Mach num:
ber, angle of incidence, etc is certainly indicated by wind-tunnel and firing-
range tests, as will be discussed in section 6, only an actual flight can produce
the correct boundary layer and the true base pressure values. However, the
above data suggest that the laboratory and free-flight pressure data may often
be brought irnto an agreement within about 10 percent.

4.5 Use of Barometric Devices at High Supersonic and Hypersonic Speeds

For long-range ballistic missiles, the aecrodynamic heating may dc -
form the structure supporting the pressure orifices or cause ablation of the
structure. Although structural damage due to aerodynamic heating may prob-
ably be avoided for IRBM missiles, it is anticipated that ablation and structural
deformation will definitely occur for missiles of the ICBM class. The struc-
ture and trajectory of the Polaris missile is such that no structural deforma-
tion of the vehicle during flight is contemplated (ref 25). Aerodynamic heating
1s most extreme at the missile nose so that structural deformation and ablation
usually originate at the forward part of the bedy. The damage may spread
from the forward to the aft sectitns of the vehicle. This precludes the use of
nose probes and orifices installed in the walls of the vehi:le, except possibly
in the base. However, the pressures occurring at the rear sections and at the
base of the missile are strongly influenced by the upstream flow and body
shape so that damage due to aerodynamic heating will generally influence the
pressures at the rear of the body.

For all long-range missiles under current conzideration and for
practically all surface-target missiles, the vehicle speed at fuzing will be less
than Mach number 3. Consequently, the problem of determining atmospheric
pressure for long-range missiles by means of a pressure-sensing system is
similar to that previously discussed with the exception that the bo:ly structure
may have undergone some deformation during flight and the missile speed will
generally not be as well known, However, it appears that for IRBM and ICBM
vehicles, the only practical wry of seusing atmospheric pressure is by means
of body~-trailing probes with orifices in the wake far enough downstream so
that the pressure becomes approximately equal to the undisturbed airstream
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value (8ection 4.3) or by installing ortfices in the migsile base. The use of
body~traifling probes {s undersgtandably a much inore Atfflcult engineering prob-
lem than use of base pressure probes. However, as was discussed In gection
4.4, the accuracy of base pressure measurements will be (n doubt insofar as
they are sensitive to charges occurring in the boundary layer of the misstle,
Accordingly, errors in the determination of atmospheric pressure by means
of base pressures wiil result due to changes in the body shape, errors in the
cgtimation of tho Mach number, body surfac: temperature, ete at the fuzing

alvitude.

Some wind-tunnel and flight tests have been made to predict the
ablation and structural deformation of misuile shapes in flight. It i8 con-
ceivable that such tests will lead to resolving some of the uncertainty in the
accuracy of base pressure measurements to determine altitude for ICBM

vehicles,

5. THE BARO-SWITCH ELEMENT

The behavior and detailed testing »rocedures of a number of barometric
switch elements are repcrted in ref 27, 28, and 29. These elements are in-
tended for use in arming and fuzing devices for altitudes up to 100,000 ft. Of
course, the design of a switch depends on the conditions under which it is to
operate. Although the altitude and the operational use will affect the design
of the instrument, the parameters which affect performance will be essentiallv
similar for all switches. Accordingly, the description of the parameters
that affect performance will be limited to a single switch, that of the MC-5
instrument of the Sandia Corporation. The experimental results indicate that
a baro-switch can be designed with higi precision for practically aryv condition
of altitude and missile speed and contributes one of the smallest errors in the

determination of altitude.

Primarily, the operation of a baro-switch is sensitive to temperature,
pressure and mechanical vibration. In addition, errors in the instrument may
result because of variations in the pressure, instrumental repeatability, pres--
sure rate sensitivity, remote-setting of the mechanism, and due to storage.
A~cording to ref 27, it is probable that baro~switches can be made insensitive
to temperature and the operational standard deviation will then be reduced to

100 ft or less.

As described in ref 27, the MC-5 remote-setting baro-switch assembly
consists of four mechanically ganged aneroid-diaphragm assemblies, each
containing its own seal-in switch contact. The four diaphragm assemblies are
mounted in a single case of approximately 12 x 14 x 3 in. and weigh approxi-
mately 14 1/2 1b, A 26-volt 400-cps a-c positioning motor provides for chang -
ing of allitude settings of the firing point until the time the weapon is released.
Each of the aneroid-diaphragm assemblies is evacuated to a pressure of approx-
imately 20 mm of Hg and the entire MC-5 case is pressure-sealed to minimize

leakage.
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The resvits of the tests on the MC-5 baro-switch to determine the
sensitivity of the operation of the device to the above parameters are given
in ref 27, The switches were tested at ambient temperatures of 0, 77 and
120°F and pressurc-altitude settings corresponding to sea level, 2000, 5000,
10, 000 and 14,000 ft. In addition, a few tests werv conducted at -30°F to
determine the low-temperature operability.,

Defining the pressure sonsitivity as the minimum change in pressure
that will cause the switcn contacts to open if they are closed or to close if
they are open, for altitudes between sea level and 10,000 ft and in the ab-
sence of all other effects, it is claimed that the MC-5 switch will aperate
at any specified temperature with a standard deviation of less than about

50 ft.

When no correction ie made for the baro-switch temperature, the op-
erational standard deviation is approximately 70 ft for the altitudes from
sea level to 10. 000 ft; the standard deviation increases to 100 ft when the
altitude range is increased from sea level to 18, 000 ft.

The standard deviation of the repeatability of the MC-5 baro-switch
under a given condition is approximately 10 ft for pressure altitudes in thc
range sea level to18,000 ft and tcmperaturcs between 0 and 120°F.

Pressure-rate sensitivity signifies the variation in the switch opera-
tion under various rates of change of pressure. Pressure-rate sensitivity
is a measure of the dynamic response in contrast to the static parameters
discussed above. To determine the effect of this parameter on the switch
operation, diving tests simulating the changes in pressure occurring in
flight are carried out in environmental chambers. The standard deviation
in the error due to pressure-rate sensitivity for a barometric switch is
estimated in ref 27 to be about 50 ft, which is in agreement with the ex-
perimental tests described in ref 28,

No variation in the operation of the switch is expected because of
storage, but the standard deviation in the error due to the remote setting
of the switch is estimated to be about 50 ft.

The effect of mechanical vibration on the switch contacts and dia-
phragm assemblies is to cause early closure of the contacts and therebv
cause early functioning. The MC-5 switch is therefore mounted on a
support which isolates it from vibraiions tc which it is sensitive. The
standard deviation in the operation of the MC-5 baro-switch due to
mechanical vibration effects is estimated to be about 50 ft.

Forming the rms of the above standard deviations, the over-all
standard deviation for the MC-5 switch is 110 ft,

The reliability of the MC-5 baro-switch is based on experimental
test results (including drop-test data) and from receiving inspection test
data. Accordingly, the dud probability is estimated to be 1/5000 and the
probability of a premature operation is estimated ~s 1,10, 000.
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6. WIND-TUNNEL AND LABORATORY SIMULATION OF FLIGHT CONDITIONS

It was noted In the preceding sections that the laboratory simulation of flight
conditions generally precedes the flight-test evaluation of barometric dovices.
The vulue of wind-tunnei tests {8 primarily to aid in determining the location of
the pressure orifices on the body contour cr in designing the pressure probes so
that the orifice pressure will be uniquely related to the undisturbed ambient. In
addition, the wind-tunnel results will give an approximate relation between the
pressures at the orifice and the undisturbed ajrstream. The application of this
rclation to flight ceirditions is based on the !arge amount of wind-tunnel and flight-
test data that have been previously correlated for bodies of similar aerodynamic

shape,

However, the wind tunnel can only simulate steady-state conditions so
that the performance of a barometric devize under the dynamic conditions
occurring in flight and the sensitivity of the baro--switch to such factors as
the rate of change of atmospheric pressure and mechanical vibration cannot
be evaluated. Accordingly, environmental chambers in which the temperature
and pressure can be rapidly changed and the instrument mechanically vibrated
are used to evaluate the dynamic response of the system. Thus, the laboratory
evaluation of a barometric device consists of two parts: (1) the wind-tunnel tests;
and (2) the environmeantal chamber tests, which are used to determine the dy-
namic response of the baro-switch when the instrument is subjected to the en-
vironmental conditions that are expected to occur in flight, The following dis-
cussion will indicare the validity of the laboratory simulation of flight conditions
in evaluating the performance of a barometric device.

The wind-tunnel simulation of flight conditions is predicated on the simu-
lation of the two nondimensional parameters, Reynolds number and Mach number.
Simultaneous simulation of the flight Mach number and crassflow Reynolds num-
ber on a nose-type probe is possible in a wind tunnel by varying the angle df inci-
dence of the probe. The effects of Mach number are small or insignificant for
probes and consequently the wind-tunnel simulation can be simplified by simulat-:
ing the crossflow Reynolds number through the entire range at merely two or
three different Mach numbers representative of the Mach-number range.

This procedure is not possible for orifices located on the vehicle itself,
Although the crossilow Reynolds number and Mach number primarily govern
the radial pressure distribution for nose-type probes, the effects of aero-
dynamic heating, surface temperatures, surface roughness and other param-
eters that influence the boundary layer will alter the pressure distribution un
the body. The effect of these additional boundary-layer parameters on the
pressure distribution depends on the body itself and the position on the body
which is being observed. The boundary-layer parameiers are nct generally
simulated because it is not possible to simultaneously simulate actual am-
bient density, temperature, and pressure as well as the actual missile specd
occurring in flight. This is due to the fact that the stagnation conditions of the
air for the usual supersonic tunnel will be approximately equal to the sea-level
atmospheric conditions*, For example, the simulation of sea-ievel ambient

*That is, when the air has zero velocity, the wind-tunnel density, temperature
and pressure are the same as gébﬁe surrounding atmosphere.
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density at Mach aumbers 2, 3 and 4 would require a2 variable-density super
sonic wind tunnel with stagnation densities of 4.4, 13,2 and 36 atmospheres,
respectively.  The simulation of an ambient temperature of 60°F at Mach

numbers 2, 3 and 4 would require stagnation temperatures of 475, 1000 and

1, 720°F, respectively.

There are, however, a limited number of variable wimospheric wind
tnaels which extend the simulation of atmospheric conditions to a range of
altitudes as well as simultancous simulation of the crossflow Reynolds num-
ber and Mach number. The small number of variable atmospheric tunnels
available generally makes it necessary to test in the nonvariable atmospheric
wind- tunnel facilities, Accordingly, the evaluation of static pressure probes
and body orifice locations are obtained from experimental tunnel data with
sca-level atmospheric stagnation conditions. Some indication of the differ-
cence between the wind-tunnel and flight values of the density, temperature
and pressure may be seen as follows, Consider, for example, a stagnation
demsity of 0,00238 slug/ft3 (the value at sea level) and a stagnation temper-
ature of 100°F. At Mach numbers 2 and 3 the static density and temperature
in the wind tunnel would be about 0,000547 and 0.000181 slug/ft3 and -149 and
-260°F, respectively. The above densities occur during flight at altitudes of
zbout 41,000 and 64, 000 ft, respectiveiy, whereas for altitudes up to 75 miles
the minimum ambient temperature is only about 70°F, The corresponding
wind-tunnel static pressures for Mach numbers 2 and 3 are 1.70 and C. 431
psi, and would occur at altitudes of about 50, 000 and 79, 000 ft. Moreover,
for the above stagnation conditions, the tunnel wind speeds at Mach numbers
2 and 3 would be only 1730 and 2080 fps. Even at Mach number infinity, be-
cause of the temperature reduction, the tunnel wind speed would be only

2600 fps.

The preceding example shows that much smaller values of the density,
temperature, pressure and wind speed are obtained in a wind tunnel than
those occurring in flight. This affects the application of wind-tunnel data
to flight conditions. As was noted in section 4, for nose pressure probes,
the difference between the true and measured values of the ambient pressure
may be expressed by the product of the pressure coefficient error and the
dynamic pressure of the incident wind. For nose probes, the pressure co-
efficient error was noted to be essentially a function of the crossflow Reynolds
number and may be simulated in the wind tunnel at various Mach numbers.
However, due to the reduced values of the density and wind speed, the tunnel
dynamic pressure of the incident wind will be less than that occurring in flight.
For cxample, the dynamic pressure for an altitude of 10, 000 ft and at Mach
numbers 2 and & amounts to 28, 2 and 63. 2 psi, whereas the wind tunnel dy-
namic pressures based on sea-level atmospheric stagnation conditions are
only 5,70 and 2.72 psi, respectively., As a matter of fact, the dynamic pres-
sure for flight at any altitude increases as the gquare of the Mach number,
whereas the dynamiz pressure in the wind fuznel attains a maximum value at
Mach number v 2 and then decreases asympiotically toward zero with in-
creasing Mach number. Hence, for the same pressure coefficient error, the
difference between the measured and true pressures cccurring in flight is
larger than that occurring in the wind tunnel by the value of the ratio of their
respective dynamic pressures, For the above example, at Mach numbers 2
and 3 the differences occurring in flight are larger than for the wind tunnel

by tactors of 4,95 and 23.2, resp%%'%[eﬁ.
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As was previocsly noted, based on stagnation conditfons, the wind-tunnel
static pressures at Mach numbers 2 and 3 are 1.70 and 0,431 psi, At an
altitude of 10, 000 ft, the ambient pressure is 10,1 psf. Since the crossflow
Reynolds number for the wind-tunnel and dight conditions may be assumed
equal, the pressure coefficient error of a nose probe may also be assumed
to be the same; its value will be denoted by 0,016, Then, for Mach numbers
2 and 3, the percent static pressure errors measured in the wind tunnel would
be 3.366 and 6,300, and the percent ambient pressure errors in flight would
be 2.790 and 6.2668. Thus, for the same pressure coefficient error, the per-
cent static pressure errors obtaired in the wind tunnel will be comparable to
the percent ambient pressure errors obtained in flight, The comparisons will
also be similar for other altitudes and Mach numbers,

The steady-state temperature of the probe in a wind tunnel will have a
value slightly less than the stagnation temperature; therefore, it will have a
value slightly less than the sea-level atriospheric temperature. The atmos-
pheric temperatures will be much lower ihan the steady~-state body tempera-
tures occurring in flight. For example, for an altitude of 10, 000 it at Mach
numbers 2, 3 and 4, the steady-state flight temperatures of the probe would
be 370, 805 and 1415°F, respectively. Since the heat capacity of the probe is
small, the probe will rapidly approach steady-state values, especially at low
altitudes where the aerodynamic heating is highest. Thus, the wind-tunnel
surface temperatures of the probe or vehicle will be much lower than those
occurring in flight. Precautions must be taken in the design and calibration
of the probe or in the determination of the body orifice location so that the
pressure-gage reading will not be affected by temperature variations, In
particular, special precaution must be taken for the free-swiveling-type
probe so that the expansion due to aerodynamic heating will not cause the

swivel joint to stick.

As indicated earlier, the performsance of the baro~switch itself may be
cvaluated in the laboratory by means of environmental chambers. An environ-
mental chamber is essentially a chamber in which the baro-switch can be
mechanically vibrated while simulfaneously subjected to varying temperatures
and pressures. Assuming the trajectory of the vehicle and the approximate
relation between the orifice and atmospheric pressures are known, the pres-
sure and temperature within the chamber is varied as a function of time to
simulate the conditions that the baro-switch would encounter during flight.

As is clear, this procedure evaluates only the dynamic response of the baro
switch and errors in the dynamic response of the instrument gre in addition
to those occurring in the relation between the orifice and atmospheric pressures,

The environmental chamber is used to perform dive tests, which are
provided *o simulate the flight conditions that would be experienced by a bar..-
switch on a descending vehicle such as a surface-target weapon (ref 30, 31).
The dive tests attempt to determine the accuracy of the baro-switch by setting
the instrument to fire at a preset altitude and evaluate the performance of the
instrument on the basis of the difference betweei: iz preset and dive pressures,
This pressure difference is expressed in terms of equivalent altitude error, as
determined from the standard variaticn of pressure with altitude.
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The bare-switch may be made inscasitive to the mechanical vibrations
ceurring in flight by designing the instrument support system to transmit
Uy those frequoncies which have little eftect on the switch response. The
desigi of such a support system can be accomplished by laboratory testing
of mechanfcal vibration without direct reference to the actual vibrations
occurring in flight,

In addition, tests are pertormed to insure the repeatability of closure
of the switch to simulate storage conditions. Thus, various tests are per-
formed in which the temperatures and pressures are cyclically varied be-
tween about -65 to 165°F and between about ¢ 20 percent of sea-level atmos-
pheric pressure, Additional studies are performed in the laboratory to
insure a unique response of the diaphragm in terms of load versus deflection.
Air leakage into the cell may affect the load-versus-deflection response of
the diaphragm as well as alter the br2akdown voltage at which thc switch
opens or closes,

The above and other laboratory tests evaluate the instrument prior to
testing in flight. Thus, the design of a baro-switch is intimately associated
with the performance of a number of laboratory tests and checkout pro-
cedures. The laboratory tests of a baro-switch are extensive and a close
correlation exists with flight performance,

On the basis of the foregoing discussion, it appears that when pressure
probes are used and are located away from the pressure disturbance caused
by the moving vehicle, the probes will permit an accuiate measure of the
atmospheric pressure. Such proves have been evaluated for all speeds up
to at least Mach number 5 and are applicable for use on practically any
weapon. New designs of pressure probes may be evolved from those already
proved axd by additional wind-tunnel tests. When the orifices must be lo-
cated in a region where the pressures are altered by the moving vehicle,
such as on the body contour itself, wind-tunrel tests will help in determining
a proper location for the orifices and suggest an approximate relation be-
tween the orifice and undisturbed free-stream pressures, The laboratory
evaluation of the baro-switch appears to agree closely with flight test results,

7. METEOROLOGIC EFFECTS ON ALTITUDE DETERMINATION

The pressure setting of a barometric device will depend largely on its
use, A discussion of the military characteristics of the various barometric
devices would be very complex and involved. However, it appears that the basis
of pressure predictions will generally be limited in practice to the following
circumstances: (1) for a given gecgraphical area, the barometric device wiil
be set at the average monthly or seasonal value of the atmospheric pressure
corresponding to the required altitude, and/or (2) on a given day or for several
days prior to the use of the barometric device, pressure data will be available
at one or more stations at ground level and possibly as a function of altifude
for altitudes extending up to 75, 000 ft.
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Based on this information, it is required to piv dict the pressure at u
given altitude over a target for which the pressures are not known, As will
be shown below, the equivalent altitude crror in the prediction of the atinos-
pieric pressure is generally smaller thaa the errers in the barometrie device

itself.

adiosonde weather data recorded by means of ballotn: Ls internation-
ally made available twice daily for altitudes up to 75,000 ft. In general, the
average atmospheric pressure at a given altitude depends primarily on the
time of year and latitude, Figures 1 and 2 (photographic copies of Figures
18 and 19 of rei 32) show the annual average standard deviations of inter-
diurnal pressure* and the daily pressure variations in North Armerica as
functions of altitude and latitude. As masy be seen from these date, the
standard deviations of the two figures are approximately the sime and in
cach case the pressure variations increase with increasing distance from
the equator. In order to express the variation of pressure in lerms of
altitude, a 1-percent variation of pressure is equivalent to an altitude vari-
ation of 200 ft at an altitude of 35, 000 ft and increases linear!y to about

100 ft at sea level.

According to ref 33, based on the studies and targets selected by the
Air Weather Service and the Global Weather Control of SAC, the largest
standard deviation occurs in January and is about 450 ft for 5 percent of the
targets and is less than 335 ft for 75 percent of the targets. Twelve-hour,
twenty-four hour and interdiurnal forecasts of changes in weather maps by
experienced climatologists indicate that the standard deviations in the pres-
sure during January correspond to altitude variations of 150, 225 and 350 ft,
respectively. The standard deviations for all other times of the year were notel to
correspondto between one-half to the full amount of the altitude variaticns
given above, the deviations generally increasing from the minimum values
in July to the maximum values in January. Thus, the standayd deviation of
the error in the pressure prediction will be about 1 percent of the atmospheric
pressure, and accordingly will generally be smaller than the error in the in-
strumental pressure determination (section 4;.

It is interesting to note that a correlation exists between-atmospheric
temperatures and pressures, particularly in the alfitude interval from 6 000 to
20, 000 ft (ref 34). For these altitudes, conmiderationaf. atmospheric tempera-
tures will tend to increase the accuracy to which pressure predictions may be

made.

8. SUMMARY

The problems involved in the design and the parameters affecting the
performance of u barometric device have been described. In addition,
specific baromefric systems have bzen described tor subsonic and super-
sonic speeds, for altitudes up to 100,000 ft. The errors in the measurement
of atmospheric pressure consist essentially of those cue to the baro-switch

*  An interdiurnal variation is defined as the rms difference between the
pressures at the beginning and end of a 24-hr period, Accordingly, an
interdiurnal forecast is a predicetion that the present pressure will last
24 hr in the future.
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and in the rolation between the orifice and undisturbed atmospheric pressures,
The operationid standard deviation of flight -tested baro-switches arc approxi-
mately 100 ft. It was scen that the accuracy of measuring atmospheric pres-
sure vas very largely a function of the location of the orifices with respect to
the moving vehicle, Accoordingly, the standarvd deviation in the error relating
the orifice pressure to the undisturbed ambient pressure may be as small as

200 ft or larger than 3000 ft,

The error in the altitude determination consists of the errors in the
measurement of atmospheric pressure in addition to the error in the pressure-
altitude prediction, The maximum standard deviation in the nressure-altitude
prediction occurs for the month of January and will have a v:due between ap-
proximately 300 and 400 {t; the standard deviation gradually decreases to a
minimum equal to about halt this value for July. Generally, the error in the
altitude determination by barometric devices occurs primarily in the relation
between the orifice and undisturbed atmospheric pressures.
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