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Laboratory-Scale Hybrid Rocket Motor Uncertainty Analysis

R. A. Frederick Jr.* and B. E. Greinert
University of Alabama in Huntsville, Huntsville, Alabama 35899

Laboratory-scale hybrid rocket motors often provide the means to evaluate the burning rates of new
fuel formulations. While the issue of scaling to larger sizes can be significant, the uncertainty level of the
laboratory-scale results also needs evaluation. This work quantitatively evaluates the uncertainty of key
experimental results for a particular hybrid rocket motor. The scope includes calculation of the uncer-
tainties in the fuel regression rate, oxidizer flux, motor characteristic velocity, and the oxidizer-to-fuel
mass ratio for a laboratory-scale motor. The motor burned gaseous oxygen and hydroxyl-terminated
polybutadiene at conditions characteristic of a preburner. The accepted uncertainty methodology of
Coleman and Steele established the approach for the study. The results show that the typical uncertainty
values are +8.7% in the determination of the fuel regression rate, =10.8% in the oxidizer flux, +10.5%
for motor characteristic velocity, and £9.2% for the oxidizer-to-fuel ratio. Measurement uncertainties in
the diameters of the initial fuel grain, initial port, and nozzle throat contributed significantly to these
conclusions. Conceptual biases in determining the burn duration, the average chamber pressure, and the
average burning rate have a significant influence. This evaluation revealed the important measurement
limitations and potential improvements for the particular test conditions and data reduction equations

used. However, the methodology presented is in generally applicable to hybrid rocket testing.

Nomenclature
B, = bias (fixed) uncertainty in parameter «
C; = metering venturi discharge coefficient
C* = characteristic velocity, ft/s
D; = initial fuel grain port diameter, in.
D,, = throat diameter of motor nozzle, in.
- Dyey = throat diameter of metering venturi, in.
G.. = gaseous oxygen mass flux, Ibm/in.?-s
L = fuel grain total length, in.
I = aft mixing section length, in.
m; = final mass of fuel grain, Ibm
m; = initial mass of fuel grain, Ibm
O/F = mass ratio of oxidizer to fuel
P, = average chamber pressure, psia
P,, = average pressure upstream metering venturi, psia
P, = precision (random) uncertainty in o
R = gas constant for oxygen, 48.29 (ft Ibf/(Ibm R)
F = average fuel regression rate, in./s
T, = average temperature upstream of venturi, R
t: = shutdown time, s
t; = ignition time, s
U, = total uncertainty in component «
X; = test input parameter
Am = change in fuel grain mass, Ibm
Ar = change in fuel grain port radius, in.
At = change in time, s
T = VH[ly + D7D
vy = specific heat ratio for oxygen
M = mean value
o = pi, 3.141592654 . ..
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Introduction

¥ LASSICAL hybrid rocket motors use an inert solid fuel

grain and a gaseous or liquid oxidizer. In the initial phases
of fuel development programs, experimenters choose labora-
tory-scale’ test motors to screen the burning rates of candidate
fuel/oxidizer combinations. From these laboratory-scale tests,
some information is also determined about the basic opera-
tional phenomena and combustion physics. Some correlation
between laboratory-scale and full-scale burning rate results has
been offered.” However, until recently, little more than an af-
terthought has been given to the experimental uncertainty of
the laboratory-scale data on which the empirical correlations
are based. With rare exception,’ this is also the case with full-
scale design and testing of hybrid rocket motors.

A test program on the mechanisms of hybrid rocket insta-
bility led to the uncertainty analysis of the laboratory-scale
hybrid motor (LHM) used in the investigation.** The motor
burned gaseous oxygen and a hydroxyl-terminated polybuta-
diene (HTPB) fuel. It operated at oxidizer-to-fuel ratios of 3.0,
characteristic of a preburner motor. The data reduction equa-
tions for burning rate use finite difference values determined
at the beginning and end of the test. This study included es-
timating the bias and precision levels for each measured pa-
rameter. The resulting uncertainty levels of the oxidizer flux,
fuel regression rate, characteristic velocity, and oxidizer-to-fuel
ratio were then determined by analyzing data reduction equa-
tions.

Uncertainty in an experimental result is based on estimates-
of the input parameter uncertainties. These include determining
bias and precision limits. Also, there are conceptual biases that
represent errors in the results induced by assumptions in the
method. An example would be assuming linear behavior be-
tween two times when the behavior is, in fact, nonlinear. Thus,
the total uncertainty is both a function of the particular instru-
mentation and-the data reduction method for the experiment
that is evaluated.

This article details the experimental uncertainty analysis that
was performed on the LHM by describing 1) the experimental
motor hardware and data acquisition system, 2) the develop-
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Fig. 1 Sketch of LHM layout.

ment of the data reduction and uncertainty equations, and 3)
the analysis of the results from these equations.

Experimental Setup

The LHM hardware consisted of a forward closure, a grain
holder, and an aft closure, as shown in Fig. 1. A gaseous ox-
‘ygen feed system was connected to the motor at the forward
closure. The grain holder surrounds cartridge-loaded fuel
grains that are held in place by a retaining washer at each end
of the grain holder. The aft mixing section consisted of an aft
closure and a carbon insert surrounding a tungsten nozzle. The
LHM offered flexibility in selecting various lengths of /in Fig.
1, different nozzle diameters, and different grain lengths.

During operation of the LHM, gaseous oxygen was injected
in the forward end of the motor and diffused by the forward
closure diffuser screen. The gaseous oxygen flow rate was con-
trolled by a dome-loaded pressure regulator upstream of a me-
tering venturi. After a 10-s oxygen preflow, a current applied
to an NSI squib in the forward closure ignited the fuel. The
squib had 114 mg of pyrotechnic material and a burning time
of 16 ms. After a burning time of approximately 2 s, the ox-
ygen flow was terminated and a nitrogen purge-flow was ini-
tiated to ensure complete extinguishment of the fuel surface.
Short burning times were used because of the thermal limits
of the uncooled tungsten nozzles used for these experiments.

The primary type of fuel used in the test firings was HTPB.
Standard operating procedure called for four grains, which
were cartridge loaded in the fuel grain holder. Each grain
was nominally 2.5 in. long, had a 0.820-in.-diam port, and
had a 1.375-in. o.d. The HTPB(R-45)/N-100 fuel grains
(Cs.939Hs 35sNo.17800.264) Were mixed and cast under a vacuum in
phenolic sleeves. The castings were then cured for 24 h at
140°F.

The instrumentation used for the LHM experiments supplied
data on the motor pressures, temperatures, and oxygen fiow
rate. Forward and aft pressure transducers were used to mea-
sure the pressures inside the motor. The pressure and temper-
ature of the incoming oxygen were measured upstream of a
choked metering venturi to determine the oxidizer mass flow
rate. The various measurements were recorded on a digital
system (0—40 Hz) and on an analog FM tape system.

The motor chamber pressure data were obtained from the
test analog data recordings. The analog data were passed
through a 5-kHz antialiasing filter and then digitized at 10 kHz.
These high-frequency data were calibrated using the low-fre-
quency data since the calibration techniques used on the analog
system were found to be unacceptable. Instead, the calibration
technique employed two pairs of corresponding points from
the high-frequency data (voltage time) and the low-frequency
data (pressure time). This produced a linear calibration curve.
The technique of calibrating using the low-frequency data in-
troduced a £10-psia bias uncertainty into the high-frequency
data because of the scatter of the high-frequency data at the
calibration points. These data were used for qualitative visual

analysis as well as for digital analysis of the frequency content

through the use of fast Fourier transform (FFT) techniques.
The motor operating times were also determined from the

high-frequency digital data. A precision balance was used to
weigh each fuel grain pre- and posttest to determine the av- -
erage regression rate.

Analysis of Labscale Uncertainty

Using methods established by Coleman and Steele,® an ex-
perimental uncertainty analysis was performed to determine
the uncertainty in the experimental results and to determine
the important data reduction parameters in LHM testing. The
basic uncertainty technique consists of determining the sensi-
tivity of the data reduction equations to each input parameter,
multiplying by the parameter bias limit, calculating the preci-
sion limit from the standard deviation of the test data, and
combining these values in a rss form to determine overall un-
certainty. To carry out this analysis, the equation for the ex-
perimental value of interest must be written explicitly in terms
of measurable or input parameters. The development and re-

- sults of these calculations are shown in the following sections

for all of the data reduction equations.

Reduction of Data

Test data were reduced to determine the actual oxygen mass
flux, average fuel burning rate, characteristic velocity, and ox-
idizer-to-fuel ratio during each test. The following equations
express each of these results in terms of data measured from
each test. The data reduction equations are all based on finite
difference approximations of the results from data measured
over the duration of the test. The full development of the data-
reduction equations used in this article is detailed in Ref. 4.

The oxidizer mass flux was determined from measurements
of the average temperature and pressure upstream of the ox-
ygen venturi, and the initial and final propellant mass:

_ 2CdP upD 3entr
" {[40m — mYyimp, L] + 2D}V/RT,,

For the calculation of regression rate, the mass consumption
was assumed to occur evenly only over the fuel grain bore
surface during the firing. This assumption is reasonable’ be-

1)

ox

~ cause of the short burning times used in this investigation, but

under the additional assumption that the ignition and shutdown
transients were small compared to the burning times. This
leads to the following equation for the average regression rate
(finite difference method):

o Ar _ V[4(m — m)/wpL] + D} — D, (2)
At~ 24— 1)

In studies of instabilities it is sometimes useful to examine
combustion efficiency. This may be accomplished by dividing
the actual motor characteristic velocity by the theoretical at the
same actual O/F ratio. The overall O/F ratio in this investi-
gation was found by taking the ratio of the oxidizer and fuel
mass flow rates:

CoPypymD 2l 14V RT,,

O/F =
(m; — m)l(t; — 1)

3
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‘This leads to the data reduction equation for the calculation
of actual characteristic velocity:

_ P(m4)D},
" (CPonTD %l /4N/RT,5) + [y — mpl(t; — 1)

Generalized Uncertainty Analysis

The first phase of an uncertainty analysis is the development
of expressions for the values of interest from the data reduction
equations. For brevity, the following expressions for the ex-
perimental uncertainty of the LHM are detailed using the gas-
eous oxidizer flux [Eq. (1)] as an example. These uncertainty
expressions can then be examined to determine the critical or
dominant test parameters.
" First, the basic equation for the uncertainty must be consid-
ered. For G,,, the generalized uncertainty equation is written:

Usw = VBG, + PG, &)

where Byg,, represents the total bias or fixed uncertainty limit
in G,,, which includes the contributions to the overall uncer-
tainty that are constant from test to test. Pg, represents the
precision or random uncertainty limit for G, which is the
contribution from the statistically random scatter in the data.

The concepts of Bg,, and P, are demonstrated by an illus-
tration. Figure 2 shows a Gaussian distribution of flux readings
centered about a point offset from the true value of G, by an
amount equal to the bias limit B,,,. The methodology used to
determine the bias limit is discussed in the following para-
graphs. The precision limit Pg, is found by determining the
standard deviation, or o, of the data about the mean value u
at a single set point and then doubling it to obtain the 95%
confidence or 2¢ interval. This is the limit within which one
can be confident that 95% of the readings will lie. For this
investigation, the scatter in results from test to test was con-
sidered to be because of slight uncontrollable differences in
test parameters such as the venturi upstream pressure and tem-
perature. This scatter is incorporated into the precision limit
estimate by calculating the value of o for the test results.

To calculate the bias limit for G,,, one must determine how
the uncertainty of each input parameter propagates into the
bias limit. As stated earlier, this is accomplished by first writ-
ing the data reduction equation for the result of interest ex-
plicitly in terms of measurable input parameters.

In Eq. (1), it is seen that the input parameters are C,, P,
Do, v, miy my, p, L, D, and T,,. From Ref. 3, the expression
for the propagation of the bias uncertainties of the data reduc-
tion equation input parameters x; into G,, is written:

B =S (66“ Bx,) | ©

i ox;

c* @

where the partial derivative term is simply the sensitivity of
G, to parameter x; and is determined for each parameter from
the basic data reduction equation for G,,. Equation (6) has the
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Fig. 2 Dlustration of bias and precision uncertainty limits.

additional assumption that correlated biases between parame-
ters, if they exist, are negligible. Expanding Eq. (6) using Eq.
(1:

2 2 2
G, G, aG.
B%, = =B, ) + =~ B +{—=8
. (GC,, Cd) (ap up P“P) (aDvem DM)
2 4 2 4 2
3G, 3G, 3G,
+{—=B,] + —=B,. ] + —=B
(o) +2 (Bs), + 2 (5,
2 2 2
3G 3Gy 3G
+{—=B,} + B.) +|—=B,
( 9pr P’) ( oL L) ( oD, D)

2
G
+
o

Note that for the fuel grain mass terms, a summation is in-
cluded to account for the bias limits in the individual fuel
grains.

Zero-Order Uncertainty Analysis

An indication of the relative importance of each input pa-
rameter can be determined by conducting a zero-order uncer-
tainty analysis. In this analysis the precision uncertainties are
neglected and the bias uncertainties in the individual parame-
ters are assumed to be 1% of the nominal parameter value.
The partial derivatives were calculated to determine the param-
eter sensitivities. Because of the relative complexity of the data
reduction equations, a finite difference technique was used to
approximate these derivatives. These calculations were carried
out for each test and each data reduction equation using a
spreadsheet utility. Table 1 shows the results of these calcu-
lations for the individual G, parameters on a nominal HTPB
test.

Combining the terms in the last column of Table 1, accord-
ing to Eq. (7), the overall bias for G,, using the zero-order
analysis is +0.0093 Ibm/in.”-s or +3.0% of nominal. Com-
paring this to the results in the last column of Table 1, one
can see that the uncertainty in G, is strongly dominated by
the propagation of uncertainties in D, and D, Uncertainties
in C, P,,, and <y are minor contributors, while the remaining
input parameters (m;, my, p;, L, and T,;) have only a weak
influence. This analysis indicates that by minimizing uncer-
tainties in D,., and D,, and to some extent C,, P, and v, the
uncertainty in G,, is minimized. The results also show that the
other parameters can be neglected so long as the magnitudes
of their uncertainties are equal to or less than those of the
dominant parameters on a percent of nominal basis. Table 2
shows the results of the zero-order analysis on all of the data
reduction equations. The double checks represent the dominant
input parameters, single checks are the minor contributors,
blanks show a weak influence, and the dash indicates that the
particular data reduction equation is independent of that input
parameter.

Table 1 Zero-order uncertainty analysis results or
G, using 1% nominal uncertainties

3G 1% of 9Cex p
X ax; nominal ax,
Do 6.151 0.001 0.00615
D; —0.613 0.0082 —0.00502
Cy 0.327 0.02 0.0031
P, 0.0002 11 0.0024
T —0.003 525 —0.0015
¥ 0.0763 0.0139 0.0011
m; —0.0016 0.50 -0.0008
my 0.0016 0.41 0.0006
P 1.673 0.0003 0.0006
L 0.0056 0.1 0.0006
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Table 2 Results of zero-order analysis on data reduction equations

Input parameters

%
Result C, Py, Ty D, y m; my Pr L D, t t Dy, P, bias
G (1) v v v v v Wy o—_— — *3.0
Q) — — — — — /) — —— 239
OIF (3) v v/ vV o4 — v v/ — — *46
@ % /Y — = — W/ %30
Table 3 Representative precision limits 600 T~ verage = 0.07 sec average = 0.23 sec
in experimental results sl .
Experimental % of . 5007
result P, nominal .g
G.. (1) +0.00489 *16 £ ol
r(2) +0.001158 *29 o )
OIF (3) +0.296 *5.8 g
C* (4) +317.2 +6.8 2 00t
[4]
o
Table 4 Estimate of input parameter bias 2 2207
limits for LHM detailed analysis of G., g r
L
Input G 100 oy '
parameter B, % of actual [
c, +0.02 +2.1 0 ; { e ; :
Dogn: *0.001 =10 0 05 1 15 2 25 3
+ +
1; up +—i(5) :(l)g Time (seconds)
.Y"P +0.05 +3.6 Fig. 4 Ilustration of burning duration conceptual bias.
m *0.0005 +0.0001
P +0.004 +1159 value for a representative HTPB test. The estimates of the
L *0.05 *0.5 P 1 bi d 5 5
D, +0.05 61 1r}d1v1dua biases were made at a 95% con den_ce level. The
Da +0.005 +1.6 biases for D, and C, were based on the venturi manufactur-
P, +10 +2.1 er’s specifications. For P,, and T, biases were based on the
4 +0.035 +1.8 calibration specifications and on fluctuations of conditions dur-
& *0.115 *5.8 ing tests. The bias in vy was based on scatter in published
values for oxygen. The bias for the mass measurements was
0 based on the accuracy of the digital analytical scale used to
5 weigh the grains. The fuel grain length bias was taken from
520 1 the accuracy of the calipers used to measure the grains. For
; P High the fuel density, the bias was estimated based on scatter in
o S accepted density values. The bias in the initial port diameter
E—' 500 P concaptual bias =£30 ps! was ;stimated based on the casting.mandrel.tolerances. The
0° ° bias in Dy, was based on manufacturing drawing tolerances.
e T b Mean As stated earlier, a bias of 10 psi was introduced in the
5 a0t - — | “ IS M e — - b - measurement of chamber pressure because of the methodology
] - ! used for calibration of the test data. However, an additional,
@ 0T more dominant bias because of a conceptual uncertainty in the
8 a0 definition of chamber pressure was present in the testing as
3 well. This is illustrated in Fig. 3. Uncertainty in the chamber
g B -~ —— - - -t m— = -~ o tow pressure measurement (which was entered in the data reduction
440+ ¢ equations as the mean pressure), was
| 1 n n 1 n i 4 1 i 2
430 4————+ ! — . { I 8G,
06 08 1 12 14 16 18 2 —= B,
2-': < ax; )

Time (seconds)
Fig. 3 Illustration of chamber pressure.

Detailed LHM Uncertainty Analysis

The next step in the examination of the LHM uncertainty
was to perform the detailed analysis. This is a refining-type
analysis that is performed once test data are taken, and that
permits the calculation of the precision index, or 20, and a
better estimate of the system biases. Table 3 shows represen-
tative values of the precision limits for the different data re-
duction results as well as the precision uncertainty as a percent
of the nominal resultant value.

Table 4 shows the estimates of the input parameter bias lim-
its in absolute magnitude as well as a percentage of actual

primarily because of oscillations and drops or rises in pressure
during the burn duration. On average, this conceptual bias was
*30 psi. Using the rss method of combining the conceptual
and calibration biases gave a total bias in chamber pressure of
+31.6 psi. '

The primary contribution to the bias in the ignition and shut-
down times was a conceptual uncertainty in the definition of
burning time. This concept is illustrated in Fig. 4, which shows
the pressure—time plot for a typical HTPB test conducted us-
ing an aft mixing section with [ = 4.0 in. (see Fig. 1). Detailed
in Fig. 4 are the two regions within which it may safely be
assumed the ignition and shutdown points lie. These two
regions were from test to test, and on average, 0.07 and 0.23 s
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Table 5 Detailed LHM uncertainty analysis results for a typical test

Input parameters

Result Ca Py, Y Dot £% m;  my Pr

%
% uncer-

L D, 7 t bias tainty

G (1) v

X0 _
O/F (3) J

c* 4) v

— WV
v/ _ — — Y Y
v/ v/ — v

+107  *10.8
82 87
£71 %92
82  *10.5

<~
<[] |2
“~
S

long, consecutively. According to convention, the bias limit
for each region is therefore one-half the span, or +0.035 and
+0.115 s, as shown in Table 4.

Taking the values from Table 4 and substituting them into
Eq. (7) gives a bias limit for a typical G, test of £0.032 Ibm/
in.2-s (for this particular test, G., = 0.319 Ibm/in.%-s), or ap-
proximately *10.7%. Next, substituting this bias value and
precision limit for G, from Table 3 into Eq. (5) gives an over-
all uncertainty limit for G., of =0.0324 Ibm/in.*s, or +10.8%.
The uncertainty values vary slightly from test to test because
of the dependence of the sensitivity parameters to the actual
test conditions.

Table 5 shows the results of similar calculations carried out
in Egs. (2—4) for the same test. Shown in the last two columns
are the bias and total uncertainty limits in terms of percent of
the data reduction result. By examining plots of the results
generated from the reduction of the LHM data, with error bars
included to represent the uncertainty in the results, and by
examining and comparing Tables 1-5, one can note several
items that are indicative of the behavior of hybrid testing.

Discussion

The results are now discussed along with suggestions for
lowering the uncertainty levels.

Fuel Burning Rate

Figure 5 shows the typical hybrid plot of 7 vs G,,. The points
presented without uncertainty bars and the curve fit are taken
from Sutton.” Our results are presented with uncertainty bars.
The Sutton results are from a similar LHM. One of the indi-
cations of Fig. 5 is that the majority of the data generated by
our LHM, within the uncertainty of the results, falls within the
scatter of the Sutton data. However, there is actually a family
of curve fits that could fall within the uncertainty limits of the
data. Further, once a curve fit is generated, the level of uncer-
tainty associated with the data is lost without knowledge of
the original data. This demonstrates the limitations of using a
burn rate equation based on laboratory-scale data.

By comparing the precision and bias limits (Tables 3 and
5), one can see that the overall uncertainties of the regression
rate and flux measurements are dominated by the bias limits,
indicating good repeatability. In a closer examination of Table
5, the primary contributors to the uncertainty in the data points
in Fig. 5 are the measurement of the initial port diameter and
the conceptual bias of the shutdown transient time. This points
toward two methods to reduce the uncertainty in this type of
plot. The first is to reduce the uncertainty in the measurement
of the port diameter by either increasing the size of the fuel
grain or increasing the measurement accuracy. The second is
to reduce the uncertainty in the burning times. This can only
be accomplished by increasing the burning duration since the
bias itself is conceptual rather than because of any measure-
ment inaccuracy. Increasing the duration reduces the sensitivity
of the regression rate equation to the conceptual bias, even
though the bias itself remains the same.

While increasing the test time can decrease its uncertainty,
it also increases a conceptual bias in the determination of the
burning rate. Assuming the burning rate equation r = aGq,,
the burning rate determined by the change in mass over the

0.1

O LHM data

+ Sution data Py

1

{ .} LY
— o140,

)

Regression Rate (in/sec)

001
04 Oxidizer Flux (Ibm/in’sec) 1

Fig. 5 Plot of regression rate vs oxidizer flux with uncertainty
bars.

) () Ag Hatg
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-
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Fig. 6 Conceptual bias in burning rate.

test duration will not be the true average burning rate over the
time interval. The burning rate actually changes nonlinearly
during the test. An estimate of this effect was made by sepa-
rating variables and integrating the burning rate equation to
determine an analytic expression for web thickness as a func-
tion of time. This leads to an analytical expression of the burn-
ing rate as a function of time. This burning rate equation was
integrated exactly over different test times to determine an ex-
act average burning rate. The exact average burning rate was
then compared with the finite difference [Eq. (2)] burning rate.

Figure 6 shows the resulting conceptual bias as a function
of test time. For a 2-s burn duration, the bias is 0.16% (exact
is lower than finite difference). Quadrupling the test time to 8
s results in a 2% bias. The labscale results based on the finite
difference method will overpredict the true average burning
rate in the motor. Uncertainties have not been included in this
analysis. These results depend upon both the motor port di-
ameter and the assumed burning rate equation of the fuel.
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Therefore, when increasing the test time there is a tradeoff.
At some point the bias from the conceptual problem of a fi-
nite difference burning rate would outweigh the improved test
time resolution. This whole discussion, of course, is predi-
cated upon the analysis technique presented. Other methods,
such as the use of ultrasonic burning rate measurements or
more detailed data analysis are not included in these
conclusions.

Another possible conceptual bias is the augmentation of the
burning rate from using segmented grains. Some have noted
that this can increase the burning rate in Plexiglas® motors.
Limited testing’ with a one-piece, 10-in.-long fuel grain
showed no discernible effect on the mass loss for the condi-
tions presented in this article.

Characteristic Velocity and O/F

Figure 7 shows a plot of C* vs O/F for several HTPB tests
as compared to theoretical C* values generated using the
NASA SP-273 thermochemistry code. The stochiometric O/F
ratio for HTPB/N-100 is approximately 3.0. Shown in Fig. 7
are the results from tests using 1.0, 4.0, and 0.0 in. or butted
aft closure (see Fig. 8) configurations. Data points that lie
closer to the theoretical curve would be considered to have
higher C* efficiencies. Thus, on initial inspection of Fig. 6 the
conclusion may be drawn that tests conducted using the 4.0-
in. closure have higher C* efficiencies when compared to those
using the 1.0-in. or butted aft closure. However, the uncertainty
bars on the C* results. indicate that the level of uncertainty
does not permit the resolution required to measure a test-to-
test difference in C* for these tests. Thus, no conclusions may
be drawn about the effect of instability on the C* efficiency
in the LHM tests. In fact, it is quite possible that efficiencies
of greater than 100% could be generated by the LHM accord-
ing to the uncertainty bars. Finally, the plot shows that for this

6000
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Fig. 7 Plot of C* vs O/F ratio for selected HTPB tests with un-
certainty.
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Fig. 8 LHM butted end grain configuration.

type of analysis to be worthwhile, uncertainties in the results
must be very small (on the order of *=1%), to gain the nec-
essary resolution.

Referring again to Tables 3 and S, by comparing the bias
and precision limits for C* and O/F, it is evident that the
precision limits contribute to a sizable portion of the overall
uncertainties in these two results. This indicates the difficulty
of repeating particular test conditions for a comparison of this
type. Also, this comparison indicates that reduction of bias
contributions in the input parameters is only partially effective.
Nevertheless, in examining Table 5 one can see that burning
time bias dominates the bias in O/F and that C* bias is dom-
inated by biases in nozzle throat diameter and chamber pres-
sure. Again, increasing the bumning duration would reduce the
O/F bias.

Two methods exist for reducing the C* bias. The first is to
reduce the bias uncertainty in the measurement of the nozzle
throat diameter. It is doubtful that the accuracy could be in-
creased because of the small size of the nozzle throat and the
fact that the diameter can erode measurably during a test,
which would again lead to a conceptual bias. However, in-
creasing the size of the throat, which points to increasing the
scale of the motor as a whole, would reduce the sensitivity of
the C* data reduction equation to the throat measurement bias.
The second method to reduce the C* bias is to select a more
accurate method for calibrating the chamber pressure data.
This will have only a limited effect since the conceptual bias
dominates in this reading because of the oscillations that exist
even in stable tests, or those with a low level of pressure os-
cillations. The conceptual bias is even greater for unstable tests
in which oscillations of up to *75 psi (or approximately
+17% of mean P,) have been noted."* Another possibility is
to test at higher chamber pressures, thus reducing the percent
bias in P,. This would only be effective under the assumption
that the absolute bias in chamber pressure remains constant.
There is no indication either way as to the validity of this
assumption.

Summary of Results and Conclusions

The typical uncertainties in the measurements of the fuel
regression rate (£8.7%), oxidizer flux (+=10.8%), motor char-
acteristic velocity (+10.5%), and the motor oxidizer-to-fuel
mass ratio (£9.2%) are characteristic of the experiments eval-
uated. Several factors contributed to these uncertainties. First,
labscale regression rate/oxidizer flux results are influenced by
a high measurement uncertainty in the grain initial port di-
ameter and a large conceptual bias in the burning duration.
Second, the low resolution for C* is because of the measure-
ment uncertainty of the nozzle throat diameter and conceptual
bias in the average chamber pressure. Third, the uncertainty
of the O/F ratio is dominated by the conceptual bias in burn
time.

In general, three methods can reduce the uncertainties pre-
sented. First, increase the scale of the test motor. This would
reduce the uncertainties in the measurements of the diameters
of the fuel grain port and nozzle throat. Second, increase the
burning duration, which coincidentally could require an in-
crease in the motor size. The increase would reduce the dom-
ination of the burning duration conceptual bias. Finally, de-
crease the uncertainty in the average chamber pressure
measurement through either an increase in the test pressure or
an improvement in the accuracy of the calibration methodol-
ogy. However, both of these are believed to have limited
effectiveness.

A parametric study of the changes suggested is recom-
mended to determine the magnitude of improvement in the
accuracy that could be expected. In addition, this study should
indicate the optimal motor configuration for obtaining high-
quality hybrid performance data. At minimum, it is clear that
all test programs conducting hybrid motor performance mea-
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surements must have some level of uncertainty analysis con-
ducted to determine the quality of the data obtained.
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