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side of the model centerline at angle of attack. The exact
cause was not determined because of limitations on flow-
visualization methods.

The data of Fig. 3 indicate a decrease in base heating with
increasing angle of attack, except for the slight increase
from a = 15° to a = 20°. The increase might be explained
by flow attachment occurring along the windward side of
the conical afterbody for a near 20°, as reported by other in-
vestigators.3'4 The base heating-rate levels are comparable
to the levels previously measured by other investigators for
the leeward separated region of the conical afterbody and
show the same trend of decreased heating with increased
angle of attack (see, e.g., Ref. 4).

Also shown in Figs. 2 and 3 are flight data for a = 20° and
the same freestream Reynolds number as the tunnel tests, f
For the hypersonic tunnel and flight test conditions, the base
phenomena are expected to be primarily dependent on the
Reynolds number and not the Mach number because of the
"Ma-ch number independence principle"16 for blunt bodies
at hypersonic speeds.17 As with the tunnel data, the flight
data indicate highest heating on the leeward side of the base
and minimum heating near the base centerline. The agree-
ment between the tunnel data and flight data is better than
might be expected considering the fact that the tunnel model
is a much "cleaner" configuration than the actual flight
vehicle with its numerous surface cavities and protuberances.
However, the results of Ref. 5 also showed no apparent
difference in the heat transfer to the leeward conical after-
body with and without surface perturbations.

In conclusion, the results of this investigation have indi-
cated highest heating on the leeward side of the base and a
general decrease in base heating with increasing angle of
attack. Also, the base heating-rate levels are comparable
to levels previously measured for the leeward separated
region of the conical afterbody. Finally, flight data for
a = 20° and the same Reynolds number as the tunnel tests
are in general agreement with the tunnel data and also indi-
cate highest heating on the leeward side of the base.
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ICRPG Measurement Uncertainty
Model for Liquid Rockets
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ASURVEY of the rocket industry in 1966 showed that,
among the twelve companies responding to the survey, at

least six different methods of treating measurement errors were
in use. The Interagency Chemical Rocket Propulsion Group
(ICRPG), through its Experimental Measurements Com-
mittee, sponsored the development of the ICRPG Uncertainty
Model,1 which has been accepted as a standard for the liquid
rocket industry. The basis for the uncertainty model lies in
the nature of measurement error, which has two components:
1) a fixed error called bias, and 2) a random error between re-
peated measurements which is called precision error. An
index of precision error is defined

12 (1)S = { [2(Xi - Xy}/(N - I)}1/2

where N is the number of measurements ( X i ) , and X is the
average of the measurements.

An index of bias is not easily defined. Bias is the fixed, re-
peatable difference between the measurement and the true
value of the parameter (as defined by a standard at the Na-
tional Bureau of Standards). Because there is no statistic to

t These flight data are for entry of S/C 101 of Apollo-Saturn
Mission 205 and were provided by D. B. Lee of NASA Manned
Spaceflight Center.
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Uncertainty Parameter U = +(B + t

(The true value should fall within this interv,

Fig. 1 Measurement uncertainty.

estimate bias which is analogous to the index of precision
error, we estimate the upper limit on bias, B, based on en-
gineering judgment and experience.

Uncertainty

For simplicity and for comparisons, we need a single num-
ber to express a reasonable limit for error, some function of B
and S. Any function of these two numbers must be a hybrid
combination of an unknown quantity (bias) and a statistic
(precision). .However, the need for a single number for un-
certainty, U, is so great that we are forced to adopt an ar-
bitrary standard. The following one is most widely used and
is recognized and recommended by the National Bureau of
Standards (NBS):

U = (2)
where U is centered about the measurement (Fig. 1), and t is
the 95th percentile point for the two-tailed Students "t"
distribution. We have arbitrarily selected t = 2 for sample
sizes greater than 30.

The ICRPG reporting format is 1) S, calculated from data
by Eq. (1); 2) df, the degrees of freedom associated with S;
3) B, the limit of the uncorrected bias of the measurement
process; and 4) U, calculated by Eq. (2), beyond which
measurement errors would not reasonably fall.

These four numbers provide all the information necessary
to describe the measurement error. Uncertainty (U) should
never be reported without its components: bias, precision
index and degrees of freedom. These components are re-
quired for further treatment of error such as the propagation
from an engine to a propulsion system. It should be noted
that uncertainty, U, can never be propagated. Although un-
certainty is not a statistical confidence interval, it is an ar-
bitrary substitute which is probably best interpreted as the
largest error we might expect. Under any reasonable assump-
tion for the distribution of bias, the coverage of U is greater
than 95%, but this cannot be proved because the distribution
of bias is both unknown and unknowable.

Measurement Process

Uncertainty statements are based on a measurement process
that must be defined. The process treated by the ICRPG
measurement model is the measurement of specific impulse,
thrust, and propellant flow for a particular engine model at a
given engine manufacturer's facility. The uncertainty will
contain precision errors due to variations between installa-
tions and calibrations of many measurement instruments for

Table 1 Calibration hierarchy error sources

Precision Degree of
Bias error freedom

NBS-interlab standard &n sn
Interlab standard-ref.

standard 621 $21
Reference standard-working

standard 631 Szi
Working standard-meas.

load cell 64i s«.

#n

#21

#31

#41

each parameter. This uncertainty will be greater than the
uncertainty for comparative tests to measure specific im-
pulse on a single stand for a single firing. The single-stand,
single-firing model would assume that most installation-to-
installation and calibration-to-calibration errors would be
biases rather than precision errors. Biases are ignored in
comparative tests.

The definition of the measurement system is prerequisite to
defining the mathematical model. We must list all the
elemental bias and precision error sources that are being esti-
mated and how they are related to the engine performance
parameter. We categorize errors into three groups:

1 Calibration-hierarchy errors

The demanding requirements of missiles and spacecraft
had led to the establishment of extensive hierarchies of stand-
ards laboratories within industry, traceable to the NBS.
As an example, a load cell is calibrated with a portable weigh
kit while installed in a thrust stand. The weigh kit is cali-
brated with a force calibrator which is periodically calibrated
in the company laboratory against a proving ring. At infre-
quent intervals, the ring is recalibrated at the NBS. The five
levels in the hierarchy require four comparisons to calibrate
the load cell. In each comparison, a precision error and a bias
may be involved (see Table 1). The rms precision error,
based on precision errors for the four steps in the calibration
process, is:

The #'s for the individual s's may be combined using the
Welch-Satterthwaite formula to provide an estimate of df\ for
&:

df, = (SSa*)VSOSnY4fo) i = 1,.. .,4 (4)

It is unreasonable to assume that all of the many elemental
bias limits are cumulative, because some are positive and
some are negative. For this reason, we have arbitrarily
adopted an rms bias limit

B, = (6U« + &212 + 6312

Now Ui may be calculated by Eq. (2).
(5)

2 Data acquisition errors

Data are acquired by measuring electrical outputs resulting
from forces applied to a strain-gage-type force transducer.
Seven error sources associated with data acquisition are:
excitation voltage, electrical simulation, signal conditioning,
recording device, force transducer, thrust bed mechanics, and
environmental effects. Here we define £2 and $2 as the rms
values of the b^ and s*2, respectively (i = 1,2,. . .,7; the d/,-2
also is defined).

3 Data reduction errors

These errors usually are insignificant. The computer
operates on the raw data to produce output in engineering
units. The errors in this process stem from 1) calibration
curve fits and 2) the computer resolution. Here, B% =
(bn + 623)i", and S, ss («„ + s23) '/*.
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Measurement Uncertainty

The foregoing errors are combined to obtain the precision
index, bias limit, and uncertainty for the measurement using
equations similar to Eqs. (1-5). As an example, let us analyze
a Pratt & Whitney Aircraft RL10 rocket engine force measure-
ment. This force measurement makes up a significant por-
tion of the engine thrust; the remainder is due to pressure
and area corrections, because the RL10 is designed to fire in
the vacuum of outer space. The test stand force measure-
ment is made with a strain gage load cell system. First we
consider the errors resulting from the calibration hierarchy.

. All errors are expressed as percentages of 12,000 Ib, and pre-
cision errors are one-standard-deviation (la-) values 6n,. . .,
64i - 0.002%, 0.002%, 0.011%, and 0.072%; Sn, . . . ,s4 i -
0.167%, 0.034%, 0.065%, and 0.031%. From Eqs. (5) and
(3), respectively, Bl = 0.073% and & = 0.186%.

Rather than evaluate each of the errors in the data ac-
quisition and data reduction processes, we have determined
the over-all effect of both processes by means of applied load
tests. Known forces are applied to the force measurement
system with data recorded and reduced to engineering units,
utilizing the same procedures employed for acquisition and re-
duction of run data. In this example, the combined effect of
both processes are defined by B% and S%.

Finally, the over-all uncertainty of the force measurement
is computed

BF = 0.12%, SF = 0.20%, UP = 0.52%

The measured force error must be combined with the
nozzle area and pressure correction errors to obtain the
RL10 engine thrust uncertainty. This process, called the
propagation of error, is described in the following section.
The bias and precision index for engine thrust must then be
further propagated with propellant measurement errors to
obtain the uncertainty for special impulse.

Propagation of Error

We rarely can measure performance parameters directly;
usually we make measurements of more basic quantities like
temperature, force, pressure, and fuel flow and calculate the
performance parameter as a function of the measurements.
The error in the measurements is propagated to the param-
eter through the function. The effect of the propagation
may be approximated with Taylor series methods. These
transformations are derived and illustrated in Ref. 1.
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A Zoom Maneuver for Descent of Roll
Modulated Entry Vehicles

W. FRANK STAYLOR*
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THE weight and complexity of terminal descent systems
are often a strong function of the dynamic pressure at

deployment.1-2 Drogue parachutes and/or other types of in-
flatable decelerators are often employed to reduce the dynamic
pressure before deployment of the terminal descent system.
In the present Note a flight maneuver is described for a roll-
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Fig. 1 Zoom
maneuver.

modulated, lifting entry vehicle that can drastically reduce
the deployment dynamic pressure.

An example of a zoom maneuver is shown in Fig. 1 which is
initiated at a flight Mach number, M, of 1.5 (point 1) by roll-
ing the vehicle from a bank angle, <£, of 0° (lift vector up)
to 90° (lift vector horizontal). This causes the flight-path
angle 7 to decrease and the dynamic pressure q to increase
rapidly. At a later flight condition (point 2) the vehicle is
rolled back to <t> = 0°. During this phase of the flight, the
vehicle pulls up (7 increases) and M and q decrease rapidly.

The third phase of the zoom maneuver is initiated at M =
0.9 (point 3) with a crew-safety restriction that the altitude, h,
be at least 10,000 ft. At this point the vehicle is pitched-up
to a high lift attitude, which further increases 7 and briefly
decreases q to a minimum value which is considerably less than
the minimum value that would be obtained without the
pitch-up maneuver. A hypersonic, roll-modulated vehicle
could be pitched-up with controls deployed at subsonic speeds
(M < 0.9).

In Fig. 2 the flight conditions at the various maneuver
points are given for lift drag ratios L/D of 1, 2, and 3 (M >
0.9) for ranges of ballistic coefficient W/CoA. The flight
conditions in Fig. 2a (M = 1.5) were determined from equi-
librium glide flights (0 = 0°) beginning at M = 10 and are
independent of initial re-entry maneuvers. The discontinui-
ties that occur in Figs. 2b and 2c at W/CDA ~ 1000 lb/ft2

result from the altitude restriction and would occur at higher
values of W/CDA if MI were increased.

In Fig. 3 (top) the minimum dynamic pressures gmin are
presented for various values of lift coefficient ratio CLZ/CLJ
each having a corresponding drag coefficient ratio CD3/CD (CL
and CD are M > 0.9 values). These ratios are believed
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Fig. 2 Flight conditions vs ballistic coefficient for three
L/D's.


