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Fig. 3 Graphical solution for Eq. (21).

In the improved method, we imagine the fin extended to
T2c such that the temperature gradient will be zero at r =
r2c. The heat flow at r = r2 is

This quantity of heat must be dissipated through the two
surfaces of the extended fin which is given in Eq. (13) by
replacing n, r2, and 00 with r2, r2c, and 6L, respectively.
Equating the result to the right side of Eq. (19), we obtain

-dN =4 i (20)

We now have an equation with one unknown, r2c, which
can be arranged to yield

(21)Ki(Nr2c)

with the right side containing functions of known parameters.
Equation (21) cannot be solved analytically for r2c, since
f2c is the argument of the modified Bessel functions. It can
be solved, however, by method of iteration to any
accuracy desired. A graphical solution of the Eq. (21) is
given in Fig. 3. Knowing the values of r2 and 8, the corre-
sponding value of r2c can be read from the graph. The heat
transfer at the root, qr=n of a nonadiabatic radial fin is then
obtained by replacing r2 in Eq. (13) by this value of r2c.
Theoretically, the value of </r=n thus obtained should be
identical to that obtained from the exact solution given in
Eq.(16).

Concluding Remarks

This new method for treating the problem of heat con-
duction through finned surfaces is similar to the approximation
method of Harper and Brown,1 except that the length of the
imaginary extended tip is calculated rather than being
assumed, and no assumption of uniform temperature
of the extended tip is used. Therefore, theoretically, it
should lead to exact solutions of the heat conduction through
finned surfaces with nonadiabatic tips. The only pre-
requisite for this method (as for the method of Ref. 1) is the
existence of the solution for the case of the finned surface
with an adiabatic tip, which is always much easier to obtain.

For the case of a longitudinal fin, an exact solution is ob-
tained, because the simple fin geometry enables us to derive
an explicit expression for the imaginary extension length
e. For the case of a radial fin, solutions are given in graphical
form, because e is part of the arguments of some modified
Bessel functions. One may derive an approximate expres-
sion for € by expending those Bessel functions into poly-
nomials. However, the results of heat conduction obtained

by retaining terms up to e2 are found4 to be not much better
than those calculated by the method of Harper and Brown.
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A New Concept for Low-Range
Pressure Measurements on Full-Scale

Flight Re-Entry Vehicles
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Introduction

LOW-RANGE pressure sensors are needed on re-entry test
vehicles for base pressure measurements to determine the

altitude of onset of boundary-layer transition. Absolute pres-
sure transducers for this purpose tend to be large and bulky be-
cause they utilize an evacuated, hermetically sealed reference
chamber. Since some leakage occurs even with the best
hermetic seals, the reference chamber is made rather large to
insure calibration stability and a long shelf life. The new
concept1 described herein avoids these problems by using a
differential pressure sensor with a controlled leak rate (time
constant) that vents to the vacuum of free space and uses the
resultant vacuum as a reference pressure during reentry.
The time constant can be made short for normal ballistic re-
entry trajectories or extremely long for planetary entry probe
missions, thus insuring an accurate, reliable vacuum reference
during entry. A vent tube restrictor/feedback loop contain-
ing a porous slug of metal with a known leak rate (Fig. 1) pro-
duces the time constant.

The concept of a differential pressure transducer with a
time constant to measure absolute pressures has been used for
years in wind tunnels and shock tunnels2"4 but the proposed
use on flight vehicles is new. In shock-tunnel tests, the dif-
ferential sensor equalizes to the vacuum conditions in the test
section prior to the test. During a short blowdown run, the
calibration side of the transducer holds the vacuum long
enough to sense the difference between the measured pressure
and the vacuum. For the flight application, the time constant
is designed so that the vacuum on the references side holds
long enough (t~lft sec.) to make the flight measurement.
The flight prototype unit described herein (Fig. 2) employs a
shock-tunnel-type (capacitance) transducer, has a range from
0 to 0.2 psid, weighs 6 oz, and has a volume of 6 in.3 A com-
parable "off-the-shelf" absolute pressure sensor of equivalent
range weighs 9 oz and has a volume of 9 in.3

Powered Flight and Re-Entry Pressure Simulation

For a typical short-duration ballistic flight (~340 sec),
atmospheric pressure exists on each side of the diaphragm
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Fig. 1 Schematic and block diagram of a differential
pressure sensor with a time constant.

before launch; hence the pressure differential (Ap) is zero.
During the powered flight phase (0 < t < 90 sec), the pressure
in the calibration chamber vents, causing a flow out of the
sensor and an upward deflection of the diaphragm (Fig. 1),
and hence a negative Ap. The Ap falls to zero for the "pre-
re-entry" phase. During the brief re-entry phase (330 < t <
340 sec), the restrictor vent tube restricts the flow of high-
pressure air to the calibration side (the diaphragm deflects
down due to a positive Ap) and the data are obtained before
any appreciable rise in the reference-side pressure occurs.

Figure 3 shows two comparisons of the prototype pressure
sensor output with that of a standard off-the-shelf absolute
unit during simulated re-entry pressure histories; agreement is

CIRCUIT MODULE

VENT TUBE
RESTRICTOR/
FEED BACK LOOP

Fig. 2 GE flight prototype capacitance pressure sensor,
range 0-0.2 psid, input 28 v d.c., output 50 mv d.c.
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Fig. 3 Comparison of prototype sensor's readings with
those of a commercial absolute pressure transducer dur-

ing re-entry pressure simulation.

good, except that the absolute unit has a pre-re-entry bias of
p « 0.005 psia, probably due to calibration chamber leakage.
The differential prototype sensor does not experience this
classic problem because of its mode of operation.
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Calibration curves for prototype sensor before and
after flight qualification tests.

Tests were performed to determine whether a shock-tunnel-
type transducer could function properly after experiencing
flight environments. The prototype experienced sustained
acceleration, shock, and vibration in three mutually perpendic-
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Fig. 5 Prototype sensor outputs under sustained flight
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Fig. 6 Commercial differential sensor retrofitted with
vent tube restrictor time constant.

ular axes. Calibration shifts were acceptably small (Fig. 4).
Another test was made to simulate sustained deceleration of
220 g's such as would be experienced during re-entry. Figure
5 shows results for three orthogonal axes. There is not ap-
preciable change in output voltage for axes C and B, which
represent planes parallel to the diaphragm of the transducer,
but in the plane perpendicular to the diaphragm (axis A), the
output voltage changed by 13%. Therefore, the unit should
be mounted such that the maximum loads during re-entry will
occur in the plane parallel to the diaphragm.

Finally, a commercial differential sensor was retrofitted with
a vent tube restrictor (Fig. 6), and re-entry pressure simulation
test results were compared with those from a commercial
absolute sensor. The results were good (Fig. 7).

Concluding Remarks

The concept of using a shock-tunnel-type differential sensor
with a time constant to obtain low-level base-pressure mea-
surements in re-entry vehicles has been demonstrated in
ground tests with a flight prototype unit. This unit also
successfully withstood the flight qualification environments of
sustained acceleration, shock, and vibration with no degrada-
tion in calibration. A commercial differential sensor retrofitted
with a vent tube restrictor agreed well with a commercial ab-
solute sensor in other ground tests. Thus, a smaller and lighter
flight package for base pressure measurements on re-entry test
vehicles can be provided with no degradation in performance.
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Manned Maintenance and Refueling
in Near and Deep Space Logistics

ROBERT J. SALKELD*
Los Angeles, Calif.

Nomenclature

C = sum of annual logistic (CO and amortized (acquisition
4- deployment, Cain) cost per mission pay load

Cb = boost cost per pound of payload in orbit
CP = acquisition cost per pound for mission payload
Cs = acquisition cost per pound for station and associated

equipment
g = gravitational acceleration, 32.2 ft/sec2

/ = specific impulse, sec
K = (stage gross wt /stage payload) ratio, wg/wp =

(r - !)/(! - Xr)
I = station crew duty cycle
nc = number of shuttle flights to rotate one station crew
nm = number of payloads serviced per earth-based flight
ns = number of payloads serviced from one station
R = reliability for a launch-transit rendezvous
r = vehicle gross weight /burnout weight
T = time from initial system operation
t = mean time between failures for unattended payload
w = weight
a. = large payload boost cost parameter [boost cost per

pound in near orbit for large payload/boost cost
per pound in near orbit for nominal (^25,000 Ib)
payload]

Avi = ideal velocity gain required for launch-transit
rendezvous between near-orbit injection and single
refueling, or between first and second tankers

Av% = ideal velocity gain required after final refueling, for
mission maneuvers (e.g., altitude change from near
to far orbit) and return to aerodynamic re-entry

Av3 = ideal velocity gain required after mission maneuvers
to return truck and manned shuttle to near orbit

X = stage structure factor, wstr/(wpr + wstr)
T = t/ (service cycle maintained)

Subscripts
DF =
DR,SR =
EB,SB =
MT =
TR =
g =

direct flight
double refueling and single refueling, respectively
earth-based and station-based, respectively
maneuvering truck
total replacement
stage gross

Fig. 7 Comparison of retrofitted commercial differential
sensor's readings with those of a commercial absolute
pressure transducer during re-entry pressure simulation.
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