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1. INTRODUCTION

The pitot probe, as well as its predecessor the pitot static probe, is a
rocket-borne instrumentation system designed for the purpose of measuring at-
mospheric density, temperature, and pressure in the region of the ecarth's at-
mosphere between 30 and 120 km (Ainsworth, Fox, and LaGow, 1961; Horvath, Sim-
mons, and Brace, 1962). The technique utilizes & straightforward epplication of
pressure sensing technology to obtain a measurement of the pressure at the stag-
nation point of a suitably designed rocket nose cone (Handy, 1970). The inter-
pretation of this impact pressure data in terms of atmospheric density follows
from basic aerodynamic theory (Simmons, 1964).

The following sections review the theory and present the procedures neces-
sary for the reduction and presentation of data scquired through the implemen-
tation of the pitot technique by investigators at the Space Physics Research
Laboratory (SPRL) of The University of Michigan, The theory which forms the
basis of the pitot measurement is presented in terms of the equations used in
the reduction of the data and is treated separately from the detailed processing
of the actual numerical data. In the sections pertaining to the processing of
the data, emphasis is placed upon the acquisition and application of auxiliary
data necessary for obtaining the final atmospheric density profile, The design
and implementation of the pitot probe system in conjunction with available
analog to digital data conditioning equipment has resulted in the achievement
of nearly 100% automatic processing of these data., A detailed account of the
software and procedures used along with sample outputs from the various phases
of the processing of a recent data set are given.



2. CALCULATION OF ATMOSPHERIC DENSITY

By measuring the impact pressure at the tip of a suitably designed
rocket probe, atmospheric density can be calculated by means of equations ap-
propriate to the fluid flow regime being encountered. A detailed discussion
of the flow theories, the derivation of pertinent equations, and a statement
of the involved assumptions is given by Simmons (196L4).

Because of the wide range of atmospheric density covered by the pitot
probe, there 1s a large variation in the mean free path of the atmospheric
particles and in the characteristics of the flow field surrounding the probe.
At low altitudes, compressible, nonviscous fluid flow theory adequately de-
scribes the flow field around the probe, and at-high altitudes, particle
theory or free molecular flow theory applies.

2,1. CONTINUUM FLOW REGION

In that portion of the atmosphere where the mean free path, A\, of the
molecules is much smaller than a characteristic dimension, d, of the probe,
the flow behaves as a continuum, With the Knudsen number defined as

Kn = Na (1)

the condition for continuum flow is that Kn << 1. 1In the case of the pitot
probe, the characteristic length, d, corresponds to the diameter of the blunt
nose of the probe.

Atmospheric density is found from the impact pressure measurement by
using the following equation, derived from the well-known Rayleigh supersonic
pitot tube formula,

1
-1
V2<7+l>(7+1)2M2 (7)
2y )by M® - 2y + 2
where p; = atmospheric density for continuum flow,
P; = impact pressure behind the shock wave created by the blunt nose

of the probe,
v = speed of flight of the probe,




y = ratio of specific heats of the gas, and

M = Mach number of the probe, defined as
v v
M = - =
a JyRT (3)
where a = local speed of sound in the undisturbed region of the flow,
R = gas constant, k/m, where k = Boltzmannns constant and m = molecular
mass of the specie considered,
T = temperature of the gas in the undisturbed region of the flow (at-

mospheric temperature),
To obtain p; in units of kg/ms, Equation (2) can be written

1%3.3218 Pi
LT TR B (L)

with the gauge pressure, P, givenkin torr and velocity from the trajectory in
m/sec. The function of Mach number,

2
f 1\ (y + )22 )7
k(M) = <727 )[M;Ie - 2] (5)

cannot be evaluated exactly because M requires a knowledge of T (Equation (3)),
which is one of the atmospheric parameters unknown at the time of measurement.
However, in the region of measurement, because of the weak dependence of K(M)
upon M, K(M) can be approximated to an uncertainty of less than 1% by K(M ),
where M; is calculated by using the Standard Atmosphere speed of sound in Equa-
tion (3).

2.2, FREE MOLECULAR FLOW REGION

As the probe reaches higher altitudes, A increases as the atmospheric
density decreases. When the mean free path of the molecules is much larger
than the characteristic length of the probe, the flow is free molecular flow,
The condition for free molecular flow is that Kn >> 1.

The equation linking atmospheric density, p, and impact pressure, Pi’ in
the free molecular flow region is

P

I S (6)
R{T“J’T—i' F(s)

P



where Ti = internal temperature of the gauge,
S = speed ratio, v_/u, where v, = velocity component along the gauge
orifice axis, defined as
v, = V cosC
a (7)
where a = angle of attack of the probe (see the section on probe aspect),
U = most probable thermal speed of a molecule, and

3 =\‘%—T . (8)

The function F(S), defined as

F(8) = e-SZ + 8Vt [1 + erf 8] (9)

can be approximated quite accurately for S > 1.5 by
F(s) = 2yr 8 . (10)

By substituting Equations (7) and (10) into Equation (6), we obtain

P,
o = = . (11)

JQKRTi v cosQ

If we now let
P2 = p cosx , (12)

we can write
P = —— . (13)

Equation (13) gives ps in kg/m3 for air provided that Pi is given in torr,

T. in °K, and v in m/sec.
1



In the free moleculsr flow region, a correction for the geometry of the
gauge and antechamber is necessary (Pearl, 1970). The correction factor, m,
is a function of the angle of attack of the probe, @, and of the speed ratio,
S = v/ﬁ. Figure 1 shows n(a,So) versus o for the pitot probe geometry shown

o)
in Figure 2.

The speed ratio can be written as a function of Mach number:

= |Z
s, = |z M - (14)

It was mentioned earlier that we do not know M, and therefore we approximate S
by using M; .

Atmospheric density in the free molecular flow region is then given by

o = =2 (15)

2.3, TRANSITION FLOW

Neither continuum nor free molecular flow exists in the region where
Kn ~ 1, the transition flow region. To date, there is no satisfactory theoretical
approach that would allow us to calculate atmospheric density easily in this re-
gion.,

In looking for a means of using the impact pressures measured in the transi-
tion zone to calculate atmospheric density, a numerical model was derived by
using actual pitot probe data and extrapolated experimental data from Wainwright
and Rogers (1966). A transition number, K, has been obtained for the particular
pitot probe geometry shown in Figure 2 and is presented in Figure 3. The at-
mospheric density in the transition region is approximated by using the follow-
ing formula.

P
o = o1 la—K(fmf- 9 (16)
P1
where p; = density according to the continuum flow theory (Equation (4)), and
pfmf = density according to the free molecular flow theory, (Equation

(15)).

An iterative procedure is necessary for the calculation of p since K is a strong
function of p.
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Figure 1. Correction factor which accounts for the effect of gas-wall colli-
sions within the gauge antechamber versus angle of attack.
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5. ATMOSPHERIC PRESSURE AND TEMPERATURE CALCULATION

In the preceding section, the necessary equations for obtaining atmospheric
density are given. From this density, atmospheric pressure and temperature may
be obtained. The following paragraphs describe in detail the method used,

5.1, PRESSURE CALCULATION

Pressure 1s calculated by means of the hydrostatic equation:

dp
I - P8 (17)
where p = atmospheric pressure,
p = atmospheric density,
h = geometric altitude, and
g = gravitational acceleration.

We assume that the 'density can be represented locally as an exponential
of geopotential altitude of the type

- H,)} (18)

(i i-1 7

i) = e(H) exp(-C(H

where H denotes geopotential altitude, i is a positive integer, and H, i1 >H >H.

By rearranging Equation (18),

)

In p(H - [
n r( i) n p(Hi-l

H - H
i-1 i

By integrating Equation (17),

Ap, = "L o(h) g(h) an . (20)

1

a2
’-—'c

i

From the definition of geopotential altitude,

gdh = g, i (21)



where g, = standard sea level gravitational acceleration, If we use the ap-
proximation

2
r
ﬁ_ _ O
R (28)

where ry = radius of the earth, we arrive at

roh
H = = . (23)

If we express Equation (20) in terms of geopotential altitude, we obtain

B
rp, = g f o(H) dH . (2k)
1 O H
i

By substituting Equation (18) into Equation (2k),

",
bp, = &, o(E,) fH;lexp{- C(H - H)) dE = - = [p(H,
(25)

Then by substituting for C as given by Equation (19) and by reverting to geo-
metric altitude,

2
r(h, . - h,)
o i-1 i
H . -H = (26)
s . + h )
-1 (r +h )(r_+h)
we arrive at
h - h -
o - g (b, - &) o(hi_l) p(h, ) o)
i o0 (ro + hi_l)(rO + hi) in p(hi_l) - In p(hi)

Therefore, the change in atmospheric pressure between altitudes h; and
hrl is given by

- h h
2 i1 0By i

2, Ap = gr
1 + +h 1
i=1 * i=1 (ro hi—l)(ro i) ta p(h

) - p(hi)

i.q) - fnoe(ny)

i-1

10



Thus,

where p; = atmospheric pressure at altitude h;.

From Equation (29) and the equation of state of an ideal gas,

p = PRT , (30)

we obtain

p = ML, Zl Ap, (31)

n m 1= 1

where p; (determined from the impact measurement described previously) and T
are the density and temperature at a reference altitude hy. Since T; is not
availlable, it i: approximated by using the Standard Atmosphere temperature at
the reference altitude, The numerical integration for Ap,, Equation (28), is
carried from high altitude downward. As the integration proceeds, the summa-
tion term in Equation (31) increases rapidly and P, quickly becomes insensitive
to Ty, the assumed reference temperature,

3.2, TEMPERATURE CALCULATION

From Equations (30) and (3%1) we can write

n

l U 1
R A I A ()

11



4, ASPECT DETERMINATION

It is evident from Equation (7) (Section 2.2) that knowledge of the
angle of attack of the probe is necessary for the calculation of atmospheric
density. '

The angle of attack of the probe changes with altitude. At low alti-
tudes the main aerodynamic forces acting upon the probe are largely due to
high atmospheric density and to the high speed of the probe. The angle of
attack is essentially zero because of the influence of the restoring moments
generated by aerodynamic forces acting on the fins. Throughout this portion
of the flight, the spin rate is high and the angle of the precession cone is
negligible, When the probe reaches an altitude at which the restoring mo-
ments become vanishingly small, the precession cone increases, How large
this cone becomes depends on the flight configuration of the probe. In those
cases in which the precession cone angle is very noticeable, the angle of
attack can become significant long before the probe gets close to the peak of
its trajectory,

The angle of attack is determined if the orientations in space of the
pitot probe and of the velocity vector, v, are known., Velocity vector orien-
tation is readily obtained from the trajectory information. The orientation
of the pitot probe is cglculated from data supplied by a magnetic sensor
(magnetometer) and an optical sensor (sun or moon sensor).

4,1, ANGLE BETWEEN THE PROBE AND THE EARTH'S MAGNETIC FIELD VECTOR

As part of its instrumentation the pitot probe carries a magnetometer
whose output is used to determine the angle between the probe and the geo-
magnetic field vector, The cylindrical sensor of the magnetometer assembly
is mounted with its axis normal to the longitudinal axis of the probe, Mag-
netometer output is a voltage proportional to the component of the geomagne-
tic field parallel to the axis of the sensor,

Vv = b(%-ﬁ) +c = Db(Bcosd®) +c (33)

where V = magnetometer voltage output,

= instrument sensitivity factor (a constant),

= geomagnetic field vector,

= magnetometer vector (a unit vector along the axis of the sensor of
the magnetometer),

output bias voltage (a constant), and

angle between B and M.

[OXNe!
o

12



5. ATMOSPHERIC PRESSURE AND TEMPERATURE CALCULATION

In the preceding section, the necessary equations for obtaining atmospheric
density are given. From this density, atmospheric pressure and temperature may
be obtained. The following paragraphs describe in detail the method used,

5.1, PRESSURE CALCULATION

Pressure is calculated by means of the hydrostatic equation:

o _
I - P8 (17)

where p = atmospheric pressure,

p = atmospheric density,
h = geometric altitude, and
g = gravitational acceleration.

We assume that the density can be represented locally as an exponential
of geopotential altitude of the type

0 (18)

o(H; ;) = o(H) exp(-C(H, | - &,

i-1

where H denotes geopotential altitude, i is a positive integer, and H, i1 >H, >H.

By rearranging Equation (18),

In p(H - I
L Mmela) - ampln ) -
B H, . - H, :
i-1 i
By integrating Equation (17),
h, .
i-1
bp, = - [ 7 p(h) g(h) dn . (20)
h,
i
From the definition of geopotential altitude,
gdh = g, aH (21)



where 8o = standard sea level gravitational acceleration., If we use the ap-
proximation

I'2
.5_ - __—.O <22)
2
8, (r, +h)

where ry = radius of the earth, we arrive at

roh
H=r+h. (23)
0]

If we express Equation (20) in terms of geopotential altitude, we obtain

H,

bp, = 8 I o(H) dH . (2k)
° u
i

By substituting Equation (18) into Equation (2L),

H, g
i 0
- - - ol = - — H
Api g, O(HL) in lexp{ C(H Hi)] H S [o( i-

1) -e(HE)] .

(25)

Then by substituting for C as given by Equation (19) and by reverting to geo-
metric altitude,

2
r“(h - h,)
o i-1 i
. . + +h )
e UGS
we arrive at
h - h.) - h
o - g1 (b, ;- b)) o(hi_l) p(h, ) (o)
: n -
i 0o (ro hi_l)(ro + hi) in p(hi—l) In p(hi)

Therefore, the change in atmospheric pressure between altitudes h; and
hrl is given by

3 Ap, = g r® 2,
. 1 .
i= i=1 o)

10



Let us now define a vector ﬁ, called the rocket vector, a unit vector
along the pitot probe longit%digal axls, We adopt a cartesian coorginate sys-
tem defined by unit vectors 1, Jj, and k such that k is parallel to R, and im-
pose the following restrictions: ‘

1) the probe's spin rate, w, i1s much higher than its precession rate
) ) : 2

(2) the spin rate varies very slowly with time, that is, it is nearly
constant during a spin period, and

>
(3) B stays constant during a spin period.

>
Let t = O be the instant at which i is parallel to M, and we can now write

R o= &k (34)
> A "

M = (coswt) 1 + (sinwt) J , and (35)
B = Bxi\ + Byﬁ " Bzﬁ . (36)

By substituting Equations (34), (35), and (36) into Equation (33), we obtain
vV o= b(BX coswt + By sinwt) +c . (37)

The magnetometer output is shown in Figure 17 in Section 5.3, At a maximum or
minimum, dV/dt = 0, and

(RxM-B = = = ¢ , (38)

Since none of the three vectors is zero, they must be coplanar when dV/dt = 0,
If we call Hp the angle between the rocket vector and the magnetic field vec-

tor, we have the situation depicted in Figure L4 for V = and for V=V _ .
Using Equation (33), we can write an equation for the vol%ége difference, %%,

between maximum and minimum in magnetometer output.

W=V V= B[cos(-g -l el - B[cos(g )]+ el

2b B sinuB . (39)

13
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Figure 4, Relationship between HB and © for dV/dt = 0.

By means of Equation (39), p_ can be calculated from the measured AV provided
that b and B are known. The quantity 2b represents a calibration constant. The
value of B can be obtained from a geomagnetic field model. Assuming that the
distortion caused by the probe in the gagnetic field seen by the magnetometer
sensor is negligible, we can say that B is known.

As mentiongd befgre, at low altitudes the angle of attack of the probe is
negligible and R and v can be considered to have the same orientation in space.
Since the velocity vector and the magnetic field vector are known (Cain, Daniels,
Hendricks, and Jensen, 1965), at low altitudes

<V
[ssh 2

(ko)

L = arc cos

los]
3
los]

From the value of up calculated at low altitudes, the value of the cali-
bration constant 2b can be determined,

op = — (k1)
B s1nuB

where Hp is given by Equation (L0) and AV is taken at the same altitude at which
up was calculated, Equation (39) is used to calculate up for that portion of
the flight which is of interest.

L,2, ANGLE BETWEEN THE PROBE AND THE SUN (MOON) VECTOR

>
Let us define a vector S, called the sun (moon) vector, as a unit vector

1L



having the direction of the line joining the center of the probe and the center
of the sun (moon). The angle o between the rocket vector and the sun (moon)
vector is given by the output of the optical sensor. The measurement is direct
and will not be treated in detail. The position of the sun (moon) can be ob-
tained from the ephemeris.

L,3, ORIENTATION OF THE PROBE IN SPACE

Once the angle up between the rocket vector and the geomagnetic field vec-
tor, and the angle o between the rocket vector and the sun (moon) vector are
known, the orientation of the probe can be calculated.

The angle ¢ between the sun vector and the geomagnetic field vector is
given by

. (Lk2)

Now we introduce, for the sake of simplicity, a right-handed carte31an coor- -
dinate system in whlch the Z axis is defined by a unit vector k parallel to the
sun (moon) vector S, and the X axis is contained in the plane determined by the
vectors B and S (see Figure 5). This coordinate system is called the sun-axis
coordinate system.

The loci of possible positions of ﬁ with respect to % determine a cone with
its axis pagallel to B and wiEh a cone angle of Zup. The loci of possible po-
Eitions of R with respect to S determine another cone with its axis parallel to
S and a cone anglg of 20. The intersection of the two cones gives the possible
positions of the R vector in space.

The following equations can be written in the sun-axis coordinate system:

>
s = k (43)
B
3 - sinol + cosok . (LL)
> A A
R = R{+R5+REk . (L5)
X y z
S
> >
RS = cosoc = R
53 Z
= _ = ginod + 0 L6
= cosp sin¢® R+ cos R > (L6)
RP +R° +R = 1 .
X v z
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Figure 5. Sun-axis coordinate system.



From the system of equations numbered (L46), the following solutions are ob-
tained:

cosuB - cosd coso

Rx - siné ? (47)
Ry = + Jl - (Ri + Ri) , and (L8)
R = coso . (L9)

Equations (47), (48), and (49) give the direction cosines of the rocket vee-
tor R, In the most general case, there are two solutions for the vector R.
The choice of one of the solutions should be based on the physics of the prob-
lem,

L.k, ANGLE OF ATTACK

The rocket vector is then converted from the sun-axis coordinate system to
the launch pad coordinate system, a cartesian coordinate system with positive
Y north, positive X east, and positive Z perpendicular to the earth's tangent
plane at the site. Calculation of the angle of attack is straightforward.

<V
v 22

cosa =

(50)

<3

L.5. SPECIAL CASE: PRECESSION CONE METHOD

When the flight configuration of the probe is such that significant pre-
cession takes place, another method can be used to solve the aspect problem and
to determine the angle of attack. It is believed that, in general, the probe
causes some distortion in the geomagnetic figld; hence, the magnetometer sensor
does not sense the geomagngtic field vector B, but rather a somewhat distorted
geomagnetic field vector, Bp. The alternate method has the advantage of obtain-
ing the geomagnetic field vector from flight data without having to resort to
geomagnetic field models, thereby resulting in what is believed to be improved
accuracy.

The probe precesses about the total angular momentum vector f which re-
mains unchanged when there are no exterior mogents acting on+the probe., For
the sake of simplicity, we use a unit vector L; parallel to L. We then define
a right-handed cartesian coordinate system which we call the angular-momentum-
axis coordinate systen, The»Z axis is defined by a unit vector & parallel toA
the angular momentum vector L of the probe. The Y axis, defined by a vector j,

17



>
is such that the YZ plane contains the sun vector S. The X axis completes the
right-handed system (see Figure 6).

/’ﬁ/mecsssm CONE

3 [

—)

Figure 6. Angular-momentum-axis coordinate system,

Consider a precession period at the apogee of the trajectory for a given
probe., A precession period is easily distinguished in the magnetometer output
or by plotting the optical sensor output (sie Figure 7). Let 2¢ be the angle
of the precession»cone. The rocket vector R describes in time a cone with its
axis parallel to L; and a cone half angle ¢. The angle ¢ can be calculated
easily from optical (sun or moon) sensor data (see Figure T).

2t = x - CuTn (51)

Thg angle between the rocket vector ﬁ and the distorted geomagnetic field
vector Bp varies during a precession period from a minimum, Wp s to a maxi-
mum, Wy such that MIN

MAX

MAX MIN
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The component of ED along the axis of the magnetometer sensor is de-
noted as By. Magnetometer output given in volts can be converted to magnet-
ic flux density in milligauss through the calibration data supplied by the
manufacturer,

B_sin = B , and (53)
D

MIN MMIN
B sin p = B . (54)
D

BMAX MMAX

Solving the system of Equations (52), (53), and (54) for By and by yields
MIN

, and (55)

) = arc sin

B - BM cos 2¢ 2
Y (G 7 S s PE (56)
- Marw

sin 2¢

The quantity‘BD is determined quite accurately at apogee where all the inter-
vening quantities can be measured without much error because of the large
precession half cone angle &. Because the geomagnetic field strength varies
with altitude above the earth's surface, the values of By at different alti-
tudes can be approximated by applying to By, as calculated by Equation (56),
the same percentage variation with altitude suffered by B as given in the
geomagnetic field model. In this case, we have used only the rate of decay
in the field from the geomagnetic field model, as opposed to using the geo-
magnetic field vector (direction, magnitude, and their rates of change) from
the model as required in the method described in Section 4.1,

At apogee the following equations can be written (see Figure 6):

> >
Li*S = cos(o

v T8 (57)

BTy = cos(p. +t)B (58)
D BMIN D

(L x 8)+(Ea x §) = Bjfeosylsin(o, + &) Isin(u,  +)])
MIN
= (LL)(8B) - (5 L)1) . (59)
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The angle y (see Figure 6) is the projection on the XY plane of the angle ¢

between the sun vector S and the distorted geomagnetic field vector BD. The
angle y can be calculated (see Figure 7) by means of the following relation-
ship:

Combining Equations (57), (58), and (59), we obtain

§-B = B (cosy[sin(o +¢)I[sin(n + €)1} + ([cos(pn +£)] cos(o
D D MIN By By

The general equation

B 2 1/2
R-BE = B = +p |1 -2 62)
p ~ Tp %My T I H \ 5 (

can be written in a different form when the probe is in the low-altitude region,
At low altitudes, where the aerodynamic restoring moments are the controlling
factor 1n the orientation of the probe, the velocity vector v and the rocket
vector R can be considered to be coincident, Equation (62) then becomes

L /B 2-'1/2
V-BD = vBD COSMB = L’ (\ /)J . (63)

The previous equations can then be grouped into systems of equations that would
allow us to obtain the orientation of the rocket vector R

In order to find the orientation of B. we use Equations (61) and (63) and
add the condition which must be satisfied by the direction cosines of a vector
in a cartesian coordinate system, The following system results.

¥

-
S.
= SB +S8SB +8B = {cosy[sin(o

]%: 1o SuBm LB + &)][Sin(uB +€)])

1T
MIN MIN

+E)1) (6h)

B B N1/
= B + B + B : + - —
VB Vi T Vo om T Vnthn s <BD> » and (65)
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2 LB v =1, 66
BDE B'Dm B'Dn 1 (66)

The subscripts [, m, and n denote direction cosines of the subscripted quan-
tity in the X, Y, and Z directions, respectively.

The solution of the system of Equations (6L4), (65), and (66) gives the
girection cosines Bpy, Bpp, and Bp, of the distorted geomagnetic field vector
BDn In Equation (65), By and Bp should be given for the same low altitude at
which Vi Vi and v, are taken. Although the orientation of the geomagnetic
field vector changes with altitude, the change in the region of interest (be-
tween 70 and 140 km) is so small that it can be neglected. On these grounds

we disregard any variation in By, By, and Bp, with altitude,

In order to find the orientation of the rocket vector, we resort to the
following system of equations., Notice that the following equations apply to
any point along the trajectory. They are not restricted to near apogee condi-
tions like Equations (61) and (6L4) or to low altitudes like Equations (63) and
(65).

( RS = RS +RS +RS (67)
T mm n -~ G089 T

4 RE B )2
—_— = + + = + - — 68
R ZBD[ RmBDm RnBDn + 1 < > , and (68)

RS + R + R°
1 m n

il
=
Ll

(69)

Solution of the system constituted by Equations (67), (68), and (69) provides
the direction cosines Ry, Ry, and R, of the rocket vector for the time and al-

titude corresponding to the values of o, By, and By used in Equations (67) and
(68).

Once the rocket vector § is known along the trajectory, the angle of
attack can be calculated by means of Equation (50)., Note that although the
equations were derived for the sake of simplicity by using the angular-momentum-
axis coordinate system, any other coordinate system can be used, for example,
the launch pad coordinate system.

The systems of Equations (64), (65), and (66), and (67), (68), and (69)
are of the following type:
aXX + ayY + aZZ = K; ,

bX+bY¥+Db2Z = K , ?
X Ng z

X2 1+ y2 4 72
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and the general solution is of the following form:

-(C K -C_K)+({(C K -C K)®-([(C2 +C% +C2 ) +K -c2)n/?
X = (ZXZ ny)_{( ZX Z zyy) [(ny Yz CZX)(Z Ky Cyz)”/
¢ +0% +c02 ’
Xy vz ZX
(71)
(C K -C K)+((C XK -C K)-[(cB +c? +Cg)(K2+K2-C2)]]l/2
v = vz Z Xy X' — yZ 2 Xy X Xy yZ zx' 'z X ZX
(C2 +CZ +02) s
Xy vz zX
(72)
z = +(1-2% - v9)/?, (73)
where
K = Kb - Kea h
K = Kib - Kea
y Yy By >
K = Kib - Kea )
and
C = ab -ab , )
Xy Xy Vv X
¢C = ab -ab , 5
yz yz o zy
C = ab -ab .
zZX 7 X X 2z J
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5. PROCESSING OF FLIGHT DATA

5.1, GROUND SUPPORT REQUIREMENTS

Because of the automated data processing techniques used in the reduc-
tion of pitot data, the following modest ground support requirements must be
met for each flight. Failure to fulfill these requirements can result in a
degradation of the overall quality of the final data as well as jeopardize the
automatic data processing procedures.

5.1.1, Tracking

The complete time history of the position and velocity of the probe dur-
ing flight may be obtained from either radar or DOVAP (Doppler Velocity and
Position) tracking. The fully processed tracking (trajectory) data may be
supplied in the form of either a digital magnetic tape or punched tape decks
along with a formatted listing of the contents of either. These data should
be presented in either common metric or English units and should include the
geometric position and velocity of the probe referred to a launch pad coor-
dinate system versus time. Figure 8 illustrates the required punched card
format (two decks: one for velocity data and one for position data),

The required magnetic tape format is T-track, BCD mode recorded at 556
BPI with even longitudinal parity. The information contained must include,
at least, that which is shown in Figure 8., It is common, however, to provide
more information than that specified for the card decks., Upon receipt, this
information is read into and stored on a disc file at The University of Michi-
gan Computing Center for future use as input to the main processing programs.

5.1.2. Telemetry

Since the pitot probe utilizes an IRIG FM/FM telemetry system, the range
must provide an appropriate telemetry receiving station for acquiring and re-
cording the data from the probe in flight. In addition, the station must pro-
vide a source of range timing suitable for both magnetic and strip chart or
oscillograph recording, and a source of 100 kHz to be used for magnetic tape
wow and flutter compensations. Range timing should be a modulated carrier
BCD type. Usable codes are: NASA 36 Bit, AMR D5, IRIG A and IRIG B for both
tape and oscillograph recording; and NASA 28 Bit for oscillograph recordings
only. Figure 9 shows a typical telemetry format for the pitot probe.

As stated previously, the pitot probe data are processed automatically
using the SPRL Data Conditioning System (Caldwell, 1966), and The University of
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Michigan Computing Center's IBM 360/67. For this reason, the quality and for-
mat of the analog magnetic tape is of primary importance and a few words re-
garding this format are in order.

The SPRL Data Conditioning System is primarily an FM/FM Analog to Digital
conversion facility., Included in the equipment of this system is an analog
instrumentation recorder which is used to play back the analog tape. The data
output of the recorder is then demodulated and the individual data channels are
digitized and recorded in digital form on an IBM compatible magnetic tape,

The analog recorder is of the low band direct record type and is capable of
processing T-track, 1/2 in. wide direct recorded magnetic tapes at speeds of

60 or 30 ips, The tape drive is capable of the other standard lower tape
speeds, but proper equalization electronics are not available. For this low
band recorder (Range Commanders Council, 1966) the frequency response at 60 ips
1s 100-120,000 Hz while at 30 ips it is 50-60,000 Hz, At 30 ips the maximum
"flat" frequency response (-3 db) is 60 kHz; above 60 kHz the nonlinearity in
response can introduce severe cross-talk and distortion in the telemetry sig-
nals of higher frequency. In addition, the tape speed (wow and flutter) com-
pensation hardware of the Data Conditioning System will accept only 100 kHz
reference signals. If only VCO frequencies lower than 60 kHz are used in s
telemetry video, it is still desirable to record a 100 kHz reference signal, for
it has been found that if the signal is strong, enough of it can be recovered
at 30 ips for use by the compensation discriminator, However, when maximum VCO
frequencies exceed 60 kHz, as is the general case with the pitot probe, a tape
speed of 60 ips is mandatory., Recording levels should be adjusted to give 1%
(or less) third-harmonic distortion, Tracks 2 and 4 of the magnetic tape
should not carry signals with strong 100-500 Hz components (such as voice)
because of the cross-talk characteristics of magnetic tape recorders., A sug-
gested use for tracks 2 and 4 is that of back-up data. Tracks 1, 3, 5, and 7
should carry the most valuable signals and those with the most critical time
relationships because these tracks are all in the same head stack, and at 60
ips the time delay between head stacks is 25 msec.,

Taking into consideration the preceding observations, the following mag-
netic tape format should be requested. This format insures high data quality
and compatibility with automatic processing procedures,

Recording Mode: Direct

Tape Speed: 60 ips

Tape Width: 1/2 in,

Tape Thickness: At least 1 mil
Head Format: IRIG

Recording Levels: Normal (see above)
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TRACK INFORMATION REMARKS

1 NASA 36 Bit Time Code 100 pps/1 kHz
2 Rx #A Video Backup
3 Diversity Combiner #A Video Primary Data Track
L Diversity Combiner #B Video Backup
5 100 kHz Ref. ONLY
6 Station Multiplex
Reference 100 kHz
NASA 36 Bit 70 kHz + 7.5%
NASA 28 Bit Lo kHz + 7.5%
Voice 52,5 kHz + T7.5%
AGC A 10.5 KkHz
AGC B 7.35 kHz
AGC C 5.4 kHz
AGC D 3,9 kHz
7 Rx #D Video Backup

Note: Record 100 kHz and time code at maximum level,

The paper oscillograph record requirements are straightforward and are of
secondary importance to the data processing techniques used for the pitot
probe, Figures 10, 11, and 12 show typical oscillograph record formats re-
quired for visual analysis,
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GMT TIME v v v v

‘X y Z t
Day Hr Min Sec (m/sec) (m/sec) (m/sec) (m/sec)
KL = S0, 01 24T T ~145, 8 126201 1332,1
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Figure 8. DOVAP trajectory information format.
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NOSE CONE PRIMARY TM _2443 RF LINK TOTAL DEVIATION 138 __ kHz

DESCRIPTION |IRIG CHANNEL NO.|CENTER FREQ | FREQ DEV|LP FILTER FREQ |FILTER TYPE|

GAGE ! 8 TOkHz T-1/2% 1050 (4]
DUAL COLLECTOR
RADIOACTIVE COMMUTATOR FREE RUN SAMPLE TIME 18:2 SEC SEGMENT WIDTH
IONIZATION OR RANGE CHANGE FORCED SAMPLE | msec_T70__
GAGE 'SEF | iwForm a purpose] EBRD [suppiy] Rey [Ryp [ THERM
1| 61 6AGE THERM 37v | 5003 | 10K 30K
2 | o vout Rer +.004
3 | s voLt mer 5003
4 | 25 voiT ReF 2.503
5 | ranee inDicATE a5V
DA | GAGE OUTPUT

DESCRIPTION |IRIG CHANNEL NOJCENTER FREO]FREO DEVILP FILTER FREQJFILTER '[YE

GAGE . 14 828 kHz | T-12%| 790 co
HOT FILAMENT
IONIZATION couuum'onl‘“e RUN SAMPLE TIME _J5__SEC[SEGMENT WIDTH
GAGE OR RANGE CHANGE FORCED SAMPLE|[ msec
3&° [ INForm & PuRPOSE| WAYIEH JsuppLY| Re1 | Rep | THERM
| +28 BAT. REF. 43V BATT-8| 33K | 8.1K
2 0 VOLT REF +.004
3 5 VOLT REF. 5.003
-4 2.5 VOLT REF 2.503
5 RANGE INDICATE 38V
DATA | GAGE OUTPUT

DESCRIPTION IRIG CHANNEL NOJCENTER FREQ|FREQ DEV|LP FILTER FREQFILTER TYPE

13 145kHz | T-1/2% 220 co
MAGNETOMETER

COMMUTATOR| REE RUN SAMPLE TIME LI SEC ss:'u.%m WIDTH]
_SFm@ INFORM 8 PURPOSE| WARNEH JSUPPLY| Ry | Rep | THERM

| 4 THERM 49V 5.003 1.8K | MEG

2 O VOLT REF +.004

3 5 VOLT REF 5.003

4 3 THERM 4.9V 5.003 | 3.3K 300 K

5 2. THERM 49V 5.003 3.3K 300 K
DATA | MAG. OUTPUT -

DESCRIPTION  [IRIG CHANNEL NO.JCENTER FREQ|FREQ DEV|LP FILTER FREQ [FILTER TYPE
SOLAR ASPECT 1S 30 kHz T2 % 450 cD

Figure 9. Telemetry format.
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5.2, DATA CONDITIONING, ANALOG TO DIGITAL CONVERSION

When the magnetic tape containing analog telemetry data is received at
SPRL, it is processed in the Data Conditioning System of the laboratory,

The discriminators in the system are set so that the upper band edge
produces an output of -8V and the lower band edge produces a +8V output. The
12-bit successive approximation A/D converter has a resolution of plus or
minus half the least significant bit, or + 2.4 mV referred to a -10V to +10V
full scale signal. Channel-to-channel spacing can be adjusted between 57.3
and 500 psecy 57.3 usec is the spacing used for pitot probe data., Three
channels are sampled in every pitot probe flight.,

Multiplexer scans are triggered by an external signal which is commonly
either the 100 kHz reference signal recorded on the tape or the BCD time code
carrier, For the pitot probe, the reference signal is divided so as to pro-
vide a sampling rate of 100 samples per sec per channel when the data are
sampled. The overall data sampling rate capability of the system is 13 kHz,
and for pitot probe data the overall sampling rate is 300 samples/sec, The
100 kHz reference is also used to compensate for tape wow and flutter,

The BCD time code can be sampled without missing a data sample, and the
sampling is done either on external commend signal or at the beginning of each
digital tape record, The second procedure 1is standard when pitot probe data
are processed. The BCD time code carrier normally used is one kHz, providing
one msec time resolution., During normal proéessing of pitot probe data, the
time taken 1s that corresponding to the first data sample in each record,

Each record of data contains 334 samples per channel, As the converter digi-
tizes one data record, the record is accumulated in one buffer of the PDP-8
computer of the Data Conditioning System until the buffer (with a capacity of
1028 words) is filled, Then the following data record starts filling the
second buffer while the first buffer is written onto the digital magnetic tape.
The recorded digital tape i1s a standard seven-track magnetic tape recorded in
binary mode at 556 characters/in.

5.3, PROCESSING OF ASPECT DATA

5.5.1, Angle Between the Rocket Vector and the Geomagnetic Field Vector

Throughout the upleg portion of the flight, measurements of the voltage
difference AV in the magnetometer output and the OV and 5V calibrations from
the magnetometer channel are made at l-sec intervals. Of these data, the
first 20 or 30 sec are selected as calibration data for calculation of the
calibration constant. A computer program called MOP (Magnetometer Orientation
Program) is used for the calculations, and was written for the IBM 360/67.
Inputs to MOP are these:
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(1) launch site coordinates,
(2) height of the launch site above the mean radius of the earth,

(3) time from launch and magnetometer data (AV and channel calibrations),
and

(4) trajectory information (velocity components and altitude versus

time).

The program includes subroutines which generate the geomagnetic field
model (Breckenridge, 1965). The generation is achieved by means of Legendre
polynomials using Gaussian-normalized coefficients derived from spherical har-
monics analysis. A calibration constant is calculated (see Equaticns (40) and
(L1)) for every second of calibration data. These calibration constants are
averaged into one which ig¢ then used to calculate the angle between the rocket
vector and the geomagnetic field vector (see Equation (39)). An abbreviated
flow chart for MOP is given in Figure 13, Output from the program (see Figure
14) follow:

Calibration information:

(1) time from launch (TIME) in sec

(2) altitude (ALTITUDE) in km

(3) angle between the geomagnetic field vector and the velocity vector
( ANGLE) in deg

(L) elevation of the geomagnetic field vector (EL B) in deg
(5) azimuth of the geomagnetic field vector (AZ B) in deg
(6) elevation of the velocity vector (EL TRAJ) in deg

(7) azimuth of the velocity (AZ TRAJ) in deg

(8) calibration constant (CAL CONST)

Other information:

(1) relation between voltage and magnetic field (Average Calibration
Constant)

(2) time from launch (TIME) in sec

(3) altitude (ALTITUDE) in km
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(4) angle between the geomagnetic field vector and the rocket vector,
bg (ANGLE 2) in deg

(5) supplement to u_ (ANGLE 1) in deg

B
(6) elevation of the geomagnetic field vector (EL B) in deg
(7) azimuth of the geomagnetic field vector (AZ B) in deg
(8) elevation of the velocity vector (EL TRAJ) in deg

(9) =zenith of the velocity vector (ZEN TRAJ) in deg

(10) azimuth of the velocity vector (AZ TRAJ) in deg

5.3.2., Angle of Attack

Once the angle E) between the rocket vector and the geomagnetic field
vector, and the angle o between the sun (moon) vector and the rocket vector
are known, the angle of attack is calculated by a computer program called
Pitot Aspect Program. The program is written for the IBM 360/67. Inputs to
the program are .

(1) GMP launch time in hr, min, and sec

(2) 1latitude and longitude of the launch site in deg

(%) apparent right ascension of the sun (moon) in hr

(4) apparent sidereal time in hr

(5) declination of the sun (moon) in deg

(6) time from launch

(7) angle between the rocket vector and sun (moon) vector in deg

(8) angle between the rocket vector and geomagnetic field vector in deg

The first five are used for the purpose of defining the sun vector. The last
three are given at l-sec intervals over the region of interest.

The program calculates the rocket vector from Equations (47), (48), and
(L9), and the angle of attack from Equation (50). There are two possible so-
lutions for the rocket vector and for the angle of attack. Output from the
program (see Figure 15) are
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First <
Solution
(6)

.
((8)
Second < (9)
Solution (10)
(11)
(12)

zenith angle of the sun (moon) in deg

azimuth of the sun (moon) in deg

time from launch (TIME) in sec

zenith angle of the rocket vector (ZENITH) in deg
azimuth of the rocket vector (AZIMUTH) in deg

angle of attack (ALPHA) in deg

cosine of the angle of attack (COS ALPHA)

zenith angle of the rocket vector (ZENITH) in deg
azimuth angle of the rocket vector (AZIMUTH) in deg
angle of attack (ALPHA) in deg

cosine of the angl; of attack (COS ALPHA)

zenith angle of the velocity vector (VEL ZEN) in deg

azimuth angle of the velocity vector (VEL AZ) in deg
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5.4, PROCESSING OF GAUGE OUTPUT DATA

Figure 16 is a drawing of the timing functions and gauge outputs versus
flight time for the two ionization gauges of the pitot probe. Gauge 1 provides
the data for the wearly part of the flight and gauge 2 becomes the main gauge
in the high altitude portion of the flight. Gauge output data are as shown
in Figure 17. The calibration sequence, composed of five segments (see Figure
8), includes

(1) thermistor output
(2) OV reference )

(3) 5V reference s nominal values (real values are used)

(4) 2.5V reference

(5) range indicator
The data formats are essential to the automatic processing of the data., The
above mentioned information, along with the gauge output data, is contained in
one channel for each gauge.

During the flight, & calibration sequence occurs automatically whenever
there is a range change. This feature has been included in order to place the
calibrations and housekeeping data where the data are lost because of range
switches. When the gauge stops changing range, a calibration sequence occurs
every 15 sec (nominal) as commanded by an internal free run timer,

The data from both gauges are processed in exactly the same way by means
of a main program called PITOT, which has been written for the IBM 360/67. The
procedure for processing data from a gauge is as follows.,

First, the program is supplied with the following input data:

(1) trajectory information (stored in disc file),

(2) gauge output data from the digital magnetic tape,

(3) gauge calibration table, and

(4) angle of attack versus flight time,

Tables included in the program are

(1) speed of sound from the U, S. Standard Atmosphere, 1962,

(2) geometry correction factor n(a,S), and

(3) transition number K(o).
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The program reads every data point from the digital tape after which a
scan is performed which looks for a calibration sequence. When a calibration
sequence is recognized by the program, a second order polynomial is fit through
the three points. The data points between two calibration sequences are cali-
brated in terms of voltage with the aid of the fit polynomial. This procedure
is repeated until all the data points are in the form of a calibrated voltage.
At this point an impact pressure is associated to each data point by means of
a calibration table lookup. This pressure is corrected for gauge temperature
(gauge 1 only) which is a function of the gauge thermistor output included in
the calibration sequence (Simmons, 1964),

The time interval corresponding to 250 meters in altitude is obtained
from trajectory information., For this time interval, which varies along the
trajectory, a straight line least squares fit of impact pressure versus time is
computed. Impact pressure is then determined at the time of interest, which
corresponds to sn even quarter km point,

Mach number is then approximated by using velocity information from the
trajectory data and the speed of sound is obtained from the U. S. Standard
Atmosphere, 1962, Values of pi and ps are calculated by using Equations (h)
and (13), respectively. For those times which are included within the table
of angle of attack versus time given, the program will obtain an angle of
attack by interpolation. The velocity ratio S is calculated from the approxi-
mated Mach number,

The geometry correction factor n is calculated by double entry interpola-
tion in the geometry correction factor tables., After n and cosx are obtained,
they are applied to po (see Equation (15)), and atmospheric density is obtained
according to the free molecular flow theory.

At this point atmospheric density has been computed according to continuum
flow theory, p1, and according to free molecular flow theory, o, .. Atmospheric
density in the transition region is then calculated by using Equation (16).

An iterative procedure is used in this computation,

An abbreviated flow chart for PITOT is given in Figure 18. The printed
output of the program has the format shown in Figure 19, and includes

(1) time from launch (TIME) in sec

(2) altitude (ALTITUDE) in km

(%) wvelocity (VELOCITY) in m/sec

(4) impact pressure corrected for gauge temperature (PRESSURE) in muHg

(5) atmospheric density according to continuum flow theory (RHO 1) in
kg / e

L5



oo according to Equation (13) (RHO 2) in kg/m>
angle of attack of the probe (ALPHA) in deg
geometry and angle of attack correction factor l/n cosa (CORR)

atmospheric density according to free molecular flow theory (RHO2*CORR)
in kg/m>

transition number (X)

atmospheric density

L6
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SPACE PHYSiCS RESEARCH LABCRATCRY
THE UNIVERSITY OF MICHIGAN

ANN ARBOR, MICHIGAN

T7346,11 DECEMBER 18,1965

NASA 14.386 GAGE 1 F

INPUT FILE. 1 CHANNEL INDEX 1 1)

TAPE 103 SPRU NASA 14.386 12712789 8020 F1 0B Q
CALIBRATE LEVELS: 5,003  0.004 ° 2,503
VICALT  — 3.700
_RANGE 1 _INDICATE: . 0,500
RANGE: 2 f
VOLTAGE . PRESSURE - VOLTAGE  PRESSURE  VOLTAGE _ PRESSURE _ VOLTAGE _ PRESSURE _ VOLTAGE __ PRESSURE
0,900 8.300E-03 2,200 2.060E-02 3.500  3.420E-02 %.750  4.TB0E-02
RANGE: 3
. VOLTAGE | PRESSURE  VOLTAGE _ PRESSURE _ VOLTAGE __ PRESSURE _ VOLTAGE __ PRESSURE __ VOLTAGE __ PRESSURE
02890 3.550E-02  2.150  9.100E-02 3.490  1.460E-01 4.740  1.980E-01
PRESSURE  VOLTAGE  PRESSURE  VOLTAGE  PRESSURE _ VOLTAGE __ PRESSURE . VOLTAGE __ PRESSURE
T.5T0E-01 2,150 3.7506-C1 3.500  6.000E-01 %.750  B.180E-01
VOLTAGE . PRESSURE ' VOLTAGE  PRESSURE _ VOLTAGE  PRESSURE  VOLTAGE _ PRESSURE _ VOLTAGE __ PRESSURE
0.890  6.200E-01 2190 1.520E 00 3.490  2.420€ 00 4.740  3.300E 00
5 et ‘ ;
RANGE:Z 6
) ; :
\ ' VOLTAGE = PRESSURE  VOLTAGE  PRESSURE  VOLTAGE _ PRESSURE  VOLTAGE _ PRESSURE _ VOLTAGE __ PRESSURE
0.900  2.480E 00 2.200  6.110E 00 3.500  9.850E 00 4.750  1.360E 01
RANGE: ° 7
VOLTAGE - PRESSURE VOLTAGE = PRESSURE. VOLTAGE  PRESSURE  VOLTAGE  PRESSURE  VOLTAGE __ PRESSURE
0.890  7.200E 00 7.190  T.750€ O1 3.490  2.800F 01 4.740  3.810€ O1
RANGE: 8
VOLTAGE . PRESSURE - VOLTAGE  PRESSURE  VOLTAGE _ PRESSURE _ VOLTAGE __ PRESSURE _ VOLTAGE _ PRESSURE
0,900  2.870E C1 2.000  6.390E 01 3,100  9.940E 01 4,750  1.530F 02
RANGE: 9 '
VOLTAGE  'PRESSURE  VOLTAGE  PRESSURE  VOLTAGE  PRESSURE  VOLTAGE _ PRESSURE _ VOLTAGE __ PRESSURE
0.890 T.170E 02 1.760  2.410E 02~ 2.690  3.710E 02 3,590  5.100E 02

TIME CCRRECTICNS

0.0 0.0 500.000 C.C

Figure 19.

PITOT output format.
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SPACC PHYSICS RESEARCH LLABCRATCRY
THE UNTVERSTTY OF MICHIGAN

ANN ARRCR, MICHIGAN

17:46.1T DECEVBER 18,1966

NASA 14.386 GAGE 1 F

CAUNCH TTMET 20% 4:59.315 7

INPUT FILE. 1 CHANNEL INDEX 1

TAPE 107 SPRL _NASA [%.386 12712765 8020 FI o8 Q-
CALIBRATE LEVELS: 5,003 0.C04 2.503
VICAL:  3.7CC
RANGE 1 INDICATE: 0.500
STEP BETWEEN RANGES: 0.5C0
RANGE: 2
VOLTACE PRESSURE VOLTAGE PRESSURE VOLTAGE. PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE
C.900 8.300E-03 2.20GC 2.0€0E-02 3.500 3.420E-02 4,750 4,780E-02
RANCE: 3
VOLTAGE PRESSURE VCLTACE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE
C.890 3.55CE-C2 2.16C S.1CCE-02 34490 1.460E-01 44740 1.980E-01
RANGE: 4 : *
VOLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE . VOLTAGE PRESSURE
0.900 1.510E-C1 2,190 3.7ECE-C1 3.500, 6.000E-01 4,750 8.180E~-01
RANGE: 5
-VOLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE
0.890 6.200E-01 24150 1.520E 00 34490 2.420F 00 4,740 3.300E 00
RANGE: 6
; - g
VOLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE
C.5900 2.480E 0C 2,200 6.110E 00 3.500  9.850E 00 44750 1.360E 01 .
RANGE: " 7
VOLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE - PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE
C.890 1.7200E 00 2,190 | 1.75CE C1 3.490 2.800E 01 44740 3.810E 01
RANCE: 8
VOLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE
0.900 2.870E C1 2,000 6.3G0E 01 3.100 9.940E 01 4.750 1.530€ 02
RANGE: 9

VOLTAGE PRESSURE VCLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE VOLTAGE PRESSURE

C.390  1.170F C2 1.76C 2.410L 02 240690 3.710€ 02 3.590 5.100E 02

TIME CCRRECTICNS

0.0 0.0 5024000 _C.C

Figure 19. (Continued)
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5.5, OBTAINING FINAL DATA

An atmospheric density profile for the whole flight can be obtained from
the density data given by the PITOT program, At high altitudes the profile
consists of atmospheric density calculated by using free molecular flow theory.
As we trace down the altitude profile, we enter the transition region, and we
use the corresponding values of atmospheric density. At the end of the transi-
tion region and down to the bottom of the density profile, the value of at-
mospheric density used is that calculated from continuum flow theory. From
the resulting atmospheric density profile, values of density and altitude are
recorded at 0.5 km intervals.

A value for atmospheric temperature at the highest altitude 1s estimated
with the aid of an atmospheric model or the U. S. Standard Atmosphere, 1962,
The estimated temperature is used as the starting temperature for the density
integration. Atmospheric temperature and pressure profiles are calculated by
means of a computer program written for the IBM 360/67 of the MTS, called FLOP,
Inputs to FLOP (Final Listed Output and Plot) are

(1) altitude and density in km and kg/m?, respectively, and from high to
low altitudes, and

(2) starting temperature or reference temperature in °K.

After integrating the atmospheric density profile (Equation (28)), atmospheric
temperature and pressure are calculated by means of Equations (30) and (31),
respectively.

Finally, the ratios of atmospheric density and pressure to the corre-
sponding values given by the U. S. Standard Atmosphere, 1962 are calculated,
and the difference between the calculated atmospheric temperature and the
temperature given by the U. S. Standard Atmosphere, 1962 is determined.

An abbreviated flow chart of the program is given in Figure 20, The
output from the program is shown in Figure 21,
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SPACE PHYSICS RESEARCH LABORATORY
THE UNIVERSITY OF MICHIGAN

ANN ARBOR, MICHIGAN
12:00,55 DECEMBER

ALTITUDE
KM

30.0
3045
31.0
31.5
32,0
3245
33,0
33,5
34,0
34.5
35,0
3545
3640
3645
37,0
37.5
38.0
3845
39,0
39,5
40,0
40,5
41,0
41,5
42.0
42,5
43,0
43.5
44,0
44,5
45,0
45,5
46,0

DENSITY
KG/CU=-M

1.76E-02
l.62E=02
1.49E-02
1.,38E=-02
l.26E~-02
1,16E-02
l.10E-02
1.00E-02
9.,20E-03
8.47E-03
T+95E~03
7.48E-03
6.96E~03
6.,45E-03
5.50E~03
5.50E-03
5.12E=03
4,72E-03
4,35E-03
4,01 E-03
3.73E-03
3.46E-03
3.19E-03
2.93E-03
2.74E-03
2.54E-03
2.,37E-03
2.21E-03
2.10E-03
1.97E-03
1.,86E-03
1.75E=03
1463E~03

17,1969

NASA 14,386
1S NOVEMBER 1968
15804259.,815 EST
20304259.815 GMT
WALLOPS ISLAND, VIRGINIA
LAT, 37 DEG 50 MIN N
LONG, 75 DEG 25 MIN W

PRESSURE RATIO = P/P STD.
DENSITY RATIO = RHO/RHO STD.
DELTA T = T-T STD.

TEMP, PRESSURE DENSITY PRESSURE DELTA T
K TORR RATIO RATIO
222.1 8.42E OO 0.96 0.94 "434
223,6 7.80E 00 0.95 0.94 3.4
225.5 7024E 00 0.94 0094 =2.0
225.9 6.72E 00 0.95 0.94 =2l
229.17 6.23E 00 0.93 0,53 1.2
231.9 5.79E 00 0.93 0.94 2,3
2217,2 5.38E 00 0.95 0.93 =5,8
232.2 5.,00E 00 0.93 0,93 0,1
234,8 4,65E 00 0,93 0.93 lol
237.4 4.,33E 00 0.93 0.54 2.3
235.5 4,03E 00 0.94 0.94 =1.0
232.9 3.75E 00 0.95 0.94 =5.0
232.8 3.,45E 00 0.96 0493 =665
233.6 3.25E 00 0.96 0.93 =7.0
237.8 3.02E 00 0.95 0493 ~4,2
237.6 2.81E 00 0,55 0493 =5.9
237.7 2,62E 00 0.55 0.93 =7.1
240.3 2.44E 00 0.95 0.95 "’509
243,1 2.28E 00 0.94 0,92 4,5
246.2 2.13E 00 0,93 0.92 “2+8
247.2 1.99E 00 0.93 0,52 5.2
248,9 1.86E 00 0.93 0.92 2.8
252,4 1.,73E 00 0.52 0.92 0.7
257.3 1.62E 00 0.91 0.92 2.8
257.1 1.52E 00 0.92 0.92 1.8
260.4 1.42E 00 0.91 0.93 3.2
261.17 1.34E 00 0.91 0.92 J3e1
263,2 1.25E 00 0.91 0.92 5.2
259.7 1.17E 00 0.93 0,92 =147
259.4 1.10E 00 0.54 0,93 3.4
257.4 1,03E 00 0.94 0.92 6.8
256.3 9.66E-01 0.55 0.52 9.3
257.7 9,05E-01 0.95 0.52 =9,2

Figure 21. FIOP output format.

65



NASA 14,386

ALTITUDE
KM

46,5
47,0
47.5
48,0
48.5
49.0
49,5
50,0
5045
51.0
51.5
52.0
5245
53,0
53.5
54,0
54,5
55.0
55.5
56.0
5645
57.0
57.5
58.0
5845
59.0
5945
60.0
60,5
61.0
6145
62,0
6245
63.0
63.5
64.0
64.5
65.0
65.5
66.0
6645
67.0
67.5
68.0
68.5
69.0
69.5
70,0
70,5
7140
71.5

DENSITY
KG/CU=-M

1.53E-03
1.44E-03
1.35E-03
1.26E-03
1.17E-03
1.09E=-03
1,01E-03
9.51 E-04
9.03E-04
8,51 E-04
8.,00E-04
7.52E-04
7.10E-04
6064E"04
6. l 5E'04
5.76E-04
5.,44E-04
5.,09E-04
4.76 E-04
4,43E-04
4,17E-04
3.90E-04
3.,68E-04
3.45E-04
5025E‘04
3,04E-04
2.,87E-04
2,70E-04
2.53E-04
20 40E-04
2.27E-04
2,13E-04
1099 E-04
l .86E'04
1.74E-04
1.,63E-04
1.53E=04
1043 E"04
1.35E-04
1,27E-04
1.19E-04
l1e11E-04
1.,05E-04
9.,70E-05
8.,87E-05
8.23E-05
7.70E-05
7.24E-05
6, T4E-05
6.32E-05
5.92E-05

TEMP,
K

257.2
255.9
255.6
256.4
258.7
260.2
263.4
262,4
259,1
257,.6
256.7
255.7
253.6
253.8
256.6
256.6
254.4
254,5
256.5
256.5
255.2
255.5
253.5
253.1
251.4
251.4
249.1
247.5
246.8
243,0
239,17
238.1
237.6
236.8
235.9
234.,5
232,5
231,5
228.0
225,1
222,59
221,7
217.2
217.7
220.5
220.3
218.2
214,9
213.5
210.4
207.4

Flgure 21.

DENSITY PRESSURE

PRESSURE
TORR RATIO

8.48E-Ol 0.96
7.94E-01 0,96
T.43E-01 0.96
6.96E-01 0,95
6.52E=01 0.54
6.,11E=01 0.54
5.73E-01 0,93
5.37E-0l 0.92
5.,04E-01 0494
4,72E-01 0.94
4,42E-01 0.94
4,]14E-01 0.54
5.88E-01 0.94
3.63E-01 0.94
SQAOE-OI 0.92
SnlSE'Ol 0.91
2,98E-01 0.51
2.79E-01 0.91
2.61E-01 0.50
2.45E'Ol 0489
2.29E'01 0.89
2.15E-01 0.88
2.01E-01 0.89
1.88E-01 0.88
1.76E-01 0.88
1.65E-01 0.88
1.54E'01 0'88
1.44E-01 0.88
1.35E-01 0.88
1.26E-01 0089
1.17E-01 0.89
1,09E-0! 0.89
1.,02E-01 0.88
9049E'02 0087
8.84E-02 0.87
8.,23E-02 0.87
7.66E-02 0.86
7.,13E=02 0.86
6.63E-02 0.86
6.,16E-02 0.86
5.71E-02 0.86
5.30E-02 0.85
4,91E-02 0.86
4055E‘02 0.85
4,21E-02 0.83
3091 E-02 0082
3.62E-02 0.82
3.35E-02 0.83
3.10E-02 0.82
2.86E-02 0.83
2.64E-02 0.83
(Continued)
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RATIO

0,92
0.91
0.51
0.51
0.50
0.90
0.50
0.90
0.50
0.89
0.89
0.89
0.88
0.88
0.88
0.87
0.87
0.87
0.87
0.87
0.87
0.86
0.86
0.86
0.86
0.86
0.86
0.86
0.85
0.85
0.85
0.85
0.84
0.84
0.83
0.8%
0.83
0.83
0.83
0.83
0.82
0.82
0082
0.82
0.81
0.81
0.81
0.81
0.81
0.81
0.80

DELTA T

=11l.1
-13.8
"1500
"1402
‘11.9
-10.4
-702
"8.2
=-11.5
-1500
=13.9
-1409
-17.0
15,7
=11.9
=11.0
-12,2
“1l.1
-8.1
~7.1
-7‘4
=6.2
-7.2
=6.6
=7.3
-603
=7.17
=843
=8.0
-10.8
13,1
=12.,9
=11.5
-lo.s



NASA 14,386

ALTITUDE
KM

72,0
72,5
73.0
7345
74,0
74.5
75.0
75,5
76,0
16.5
77.0
17.5
78.0
7845
79.0
79,5
80.0
80.5
81.0
81,5
82.0
82.5
83.0
85.5
84’0
84,5
85,0
8545
86.0
86.5
87.0
87,5
88.0
88.5
89.0
89.5
90,0
90.5
51,0
9145
92,0
92.5
93,0
93,5
94,0
94,5
95.0
95.5
96.0
96,5
97.0

DENSITY
KG/CU=M

5.54E-05
5.20E-05
4,87E-05
4,56E-05
4,20E-05
3,73E-05
3.,30E=-05
2,92 E-05
2.,69E-05
2.45E-05
2.,25E=05
2,10E-05
1.94E-05
1.78E=-05
1.67E-05
1.57E=05
1.47E-05
1.37E-05
1.28E-05
1.19E-05
1.09E-05
1.01 E'05
9,44E-06
8.85E-06
8,40E-06

7.50E-06 -

7.20E-06
6,42 E-06
5.,64E-06
5.21 E=06
4,83 E-06
4,52E-06
4,18E=06
3.91E=06
3.67E~06
3,43 E-06
3.1BE-06
2,97E-06
2,77E-06
2,57E-06
2,36E-06
2,19E-06
2.,07E-06
1.93E-06
1.,77E-06
1+59E-06
1.46E-06
1.34E-06
1 .24E-06
1. 15E-06
1.,08E-06

TEMP,
K

204,4
200.5
196.8
192.9
192,1
198.6
206,7
215,9
217.0
220.7
222,95
221.6
222,5
225,2
222.8
219.8
217.5
216.1
214,1
213,0
215.2
214,9
212.8
205,8
203.9
199.7
201,7
208.5
219,.6
220,.5
220.5
218,5
219.0
216,59
214,0
2117
211.1
208,95
206,8
205,6
206.6
205.4
200.3
197.6
198.2
203,1
203.9
204.8
204.1
202.9
198,95

Figure 21.

DENSITY PRESSURE

PRESSURE
TORR RATIO
2.,44E-02 0.83
2.,25E-02 0.84
2,06E-02 0.84
1.90E-02 0.85
1.74E-02 0.84
1.,60E-02 0.80
1.47E=02 0,76
1.,36E-02 0.72
1.26E-02 0.72
1.16E=02 0.71
1,08E-02 0,70
1.00E-02 0.71
9.30E-03 0.71
8.63E"05 0070
8.01E-03 0.71
7.43E-03 0.72
6,89E-03 0.74
6.58E“03 0.75
5.90E-03 0.77
5.46E~03 0.79
5.05E-03 0.79
4,68E-03 0.80
4,33E-03 0.82
4.00E-0$ 0.84
5.69E-03 0.88
3.40E-03 0,91
3.13E-03 0.50
2,88E-03 0.88
2.67E-03 0.85
2047E"05 0086
2.29E-03 0.88
2.13E-03 0.90
1.97E-03 0.91
l.83E'03 0.94
1069E-05 0.96
1.56E-03 0.99
1.,45E-03 1.00
1.34E-03 1.03
1.23E-03 1,07
1,14E-03 1,09
1,05E-03 1.10
9.69E-04 1.13
8.93E-04 1,18
8.22E-04 1.21
7.56E-04 1.21
6.,96E-04 1.20
6.41E-04 l.21
5.51E=~04 1.22
5.45E-04 1.23
5.03E'04 1'25
4,63E-04 1.28
(Continued)
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RATIO

0.80
0.80
0.80
0,75
0.79
0.79
0.79
0.79
0.80
0.80
0.81
0.82
0.83
0.85
0.86
0.87
0.89
0.50
0.51
0.93
0.94
0.95
0.97
0.58
0,99
1,00
1.01
1.02
1.04
1405
1.07
1.08
loll
lel3
f.14
1.16
1.18
1.19
l.21
1.22
1.22
1025
l.24
1.24
1.25
1.25
1.26
1.26
1.26
1.27
1.27

DELTA T

=75
9.4
=112
=1351
-12.0
=3.,5
6.5
17.7
20.8
26,4
5046
31.2
34,1
38,7
3843
37.2
36,9
3545
3345
32.4
34,
34,3
32.2
29.2
23,3
15.1
21,1
27.9
39.0
399
39.9
37.9



NASA 14.386

ALTITUDE
KM

97.5

98.0

9845

99,0

99,5
100.0
100.5
101.0
101.5
102,0
102,5
103.0
103.5
104,0
104,5
105,0
105,5
106,0
106,5
107.0
107.5
108,0
108.5
109,0
109,5
110.0
110.5
111.0
111,5
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— e e e pe b b b bt be b g pe e
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e © 06 ¢ 6 0 © o 6 o 6 0 0 o o

s
—
0
L]
voOouvwouvwououwmwouumowvmwowvwownmo

NN
oo

121.0
121.5
122,0
122.5
123,0
123.5
124,0
124,5
125,0

DENSITY
KG/CU=-M

1,01 E-06
S.40E-07
8.,78E-07
8.,20E-07
7.68E-07
7.15E=07
6.67E-07
6.15E-07
5.60E-07
5.,00E=-07
4,40E-07
3.84E-07
3.31E-07
2.86E-07
2,52 E~07
2.,31E-07
2,13E-07
1.99E=-07
1.87E-07

1.75E-07"

1.,65E-07
1454E-07
1.44E-07
1.34E-07
1.25E-07
14 17E=07
1.08E-07
S.7T4E-08
8.,52E-08
7.350E-08
6,25E-08
5.40E-08
4,71 E-08
4,15E-08
3,73E~-08
3,42 E-08
3.,17E-08
2..94E-08
2.,78E-08
2.,61E-08
2,47E-08
2,33E-08
2.,22E-08
2.,11E-08
2,01E-08
1.,93E-08
1 .85E-08
1, 76E-08
1.70E-08
1,62 E-08
1.56E-08
1.,50E-08
1,45E-08
1,39E-08
1,33E-08
1.28E-08

TEMP,
K

195.6
193,0
189,5
185.7
181,2
177.5
173.1
170.5
1659.9
172.,.8
178,7
187.,0
195.2
212,7
225,8
226.9
228.8
227.8
225.4
223.8
220.3
219.0
217.1
216.2
214,7
212,3
212.8
218.6
232.2
253%.2
277.9
303.9
330,7
354,3
380.5
397.8
412,1
427 .2
434,9
446,2
454,5
464.9
471,1
478,8
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Figure 21.

DENSITY PRESSURE

PRESSURE

TORR RATIO
4,25E-04 1.31
3.91E-04 134
3.58E'04 1036
3,28E-04 1,39
3.,00E-04 1 .42
2.73E-04 l.44
2.,49E-04 1.46
2.26E-04 1,48
2.05E-04 1.47
1.86E-04 1.43
1.69E-04 1.37
1.,55E=04 1.31
l.AZE-OA l.22
1.31E-04 1.15
1.215'04 1.10
1.13E-04 1,09
1.05E-04 1.09
9,77E-05 l.11
95.08E=05 1.12
8.44E-05 1014
7.83E-05 1s15
7.26E-05 117
6.73E-05 1.17
6.24E-05 118
5.,78E=05 1.18
5.35E-05 1.19
4,95E-05 1,19
4,59E-05 lo17
4,26E-05 1.10
5.98E’05 1.02
3.,T4E~05 0.54
3,53E=05 0.88
3.36E=-05 0.82
3.20E-05 0.79
3.06E-05 0.75
2.93E-05 0,74
2.81E'05 0.73
2.71E-05 0,73
2.60E-05 0.73
2.51E-05 0.74
2.42E'05 0.74
2.33E-05 0.75
2.25E-05 0.76
2.18E-05 0.77
2.10E-05 0,77
2.03E-05 0.79
1+STE-05 0.81
1.90E-05 0.83
1.84E-05 0.86
1,78E-05 0.88
1075E'05 0090
1067E.05 0.95
1.62E-05 0695
1.57E-05 0,97
1.52E-05 0.98
lo47E-05 1000

(Continued)
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RATIO

1.26
1.26
1425
1.24
1.23
1.21
lllg
1el7
loe14
l.12
1.10
1.08
1.07
1.07
1.06
1.05
1005
1.04
1.04
1.03
1.02
1.02
1.01
1.00
0,98
0.97
0.55
0.54
0,93
0.92
0.92
0.92
0.92
0.93
0.54
0.95
0.96
0,97
0.98
1.00
1.01
1.02
1.03
1.05
1.06
1.08
1.09
l.lo
lel1
1.12
1.13
lel4
.14
lel5
116
1.17

DELTA T

-7.2
=113
-16.2
-21.5
=27.4
=3245
=39.3
=44,4
'4703
-46.8
=43.3
-3704
=27.6
-l6.5

-7.17

7.0

-7.4
=-10.8
-15.5
=19.4
-2502
~28c8
=33.0
'56.2
-4000
-44.7
-48.9
=47.8
-38.9
=22.6

=2.6

18,7

40,9

59.8

81,

94,0
103.7
114,2
117.3
124,0
127,7
133.6
135.3
138, 4
140,7
139.6
134.6
133.6
125,3
123,95
117.5
112,0
103.9
100.3

97.8

S2.
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