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Uncertainty Assessment of Ramjet Performance
Determination in Connected-Pipe Testing

John A. Blevins* and Hugh W. Coleman†
University of Alabama in Huntsville, Huntsville, Alabama 35899

The results of an uncertainty assessment of data reduction methods for ramjet performance determi-
nation in connected-pipe testing are presented. The study reviews and investigates different methods of
determining characteristic exhaust velocity C*, ef� ciency based on C*, speci� c impulse Isp, ef� ciency
based on Isp, and thermal ef� ciency. The uncertainty assessment of the data reduction methods is pre-
sented in two ways, one general and independent of test facility identity and one based on speci� c un-
certainty estimates for input variables. The general case presents an uncertainty magni� cation factor
illustrating how the uncertainty of each input variable is magni� ed or diminished as it propagates through
the data reduction method into the result. The speci� c case presents an uncertainty percentage contri-
bution of each input variable to the uncertainty of the result using speci� c uncertainty estimates for the
input variables. It is shown that, for identical input variable values, the different data reduction methods
give a wide range of performance values and uncertainties (a primary reason for the undertaking of this
work). It is also shown that ef� ciencies based on C* and Isp are poor parameters for characterizing
ramjet combustion performance and are not recommended for use when comparing results that vary in
altitude simulation.

Introduction

C ONNECTED-PIPE testing is used for performance deter-
mination and fundamental combustion studies in ramjet

and scramjet engines.1,2 A schematic of a typical connected-
pipe facility is shown in Fig. 1. In such tests, the air supply is
connected directly to the ramjet combustor and, therefore, con-
nected-pipe testing considers only the combustor performance
and no aerodynamic or inlet effects.

There exist various data reduction methods for each of the
performance parameters associated with ramjet testing in con-
nected-pipe facilities. An AGARD working group was tasked
to review and report currently accepted methods for perfor-
mance determination in connected-pipe testing. The subse-
quent report3 issued by AGARD in 1994 presents the data
reduction methods for performance determination that are cur-
rently used by the international technical community. For a
given set of input variables, those data reduction methods yield
a range of calculated values for each of the performance pa-
rameters (such as thermal ef� ciency, which ranged from 86 to
96% in the sample case presented in this paper for 16 different
data reduction methods using identical inputs). The difference
in the performance parameter values that can be determined
by the use of the various data reduction methods using iden-
tical inputs is one of the motivating factors for the assessment
of data reduction methods from an uncertainty analysis stand-
point as presented in this paper.

The AGARD report used the uncertainty analysis approach4

formulated by Abernethy et al.,5– 7 that has since been super-
seded by a more rigorous methodology internationally adopted

Presented as Paper 95-3074 at the AIAA/ASME/SAE/ASEE 31st
Joint Propulsion Conference, San Diego, CA, July 10 – 12, 1995; re-
ceived Feb. 12, 1996; revision received July 24, 1997; accepted for
publication July 24, 1997. Copyright Q 1997 by the American Insti-
tute of Aeronautics and Astronautics, Inc. All rights reserved.

*Graduate Research Assistant, Propulsion Research Center,
Department of Mechanical and Aerospace Engineering. E-mail:
johnblevins@twlakes.net. Student Member AIAA.

†Eminent Scholar in Propulsion, Propulsion Research Center,
Department of Mechanical and Aerospace Engineering. E-mail:
coleman@ebs330.eb.uah.edu. Associate Fellow AIAA.

in current guidelines and standards.8– 11 The analysis in this
paper investigates the percentage contribution of the uncer-
tainty of each variable to the uncertainty in the performance
parameters, an aspect not discussed in the AGARD effort.3

The schematic of a connected-pipe facility shown in Fig. 1
includes station designation numbers that have been standard-
ized3 to simplify the reporting of test results. The station iden-
ti� cation numbers are used as subscripts in this paper to denote
the station. Station 2 corresponds to the postcompression inlet
conditions, station 3 indicates upstream combustor conditions,
station 4 indicates the combustor exit conditions, station 5 cor-
responds to the nozzle throat, and station 6 indicates the nozzle
exit plane.

For the appropriate simulation of vehicle � ight conditions,
the air must be supplied at the stagnation temperatures and
pressures that are to be encountered during � ight. To supply
the combustor with the high-temperature air necessary to sim-
ulate the conditions produced by a supersonic compression in-
let, a vitiated heater is used to increase the air temperature. A
vitiated heater uses combustion of a fuel added to the air� ow
to increase the temperature. Also, oxygen is added to the � ow-
� eld to offset the consumption of oxygen by the combustion
of the vitiator fuel. By adding the fuel and makeup oxygen,
the composition of the oxidizer supplied to the combustion
chamber is no longer that of air because it includes combustion
products from the vitiated heater. The composition can gen-
erally be considered to be all of the constituents (air, vitiator
fuel, and makeup oxygen) at equilibrium at the static temper-
ature and pressure of the inlets to the ramjet combustor.

The review and assessment of the data reduction methods
presented in this paper include a description of the methods
for selected performance parameters, a general uncertainty
analysis for each of the data reduction methods, and a discus-
sion of the appropriate use of the selected performance param-
eters.

Data Reduction Methodology
The various data reduction methods for selected perfor-

mance parameters associated with ramjet testing in connected-
pipe facilities are discussed in this section. These data reduc-
tion methods are those presented and discussed in the AGARD
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Fig. 1 Schematic of connected-pipe testing. Fig. 2 Relationships among data reduction methods.

advisory report previously mentioned.3 However, the presen-
tation of the equations in this paper is different from the format
of AGARD AR 323. In the AGARD report, the methods are
presented as calculations with g and without g, referring to
the direct use of the isentropic exponent g. This led to the
presentation of methods that are identical as separate methods
in the AGARD report. In general, the methods designated as
without g use output that is computed by a chemical equilib-
rium combustion (CEC) code using an internally computed
value of g. In such instances, the determination of g is trans-
parent to the user (because it is internally computed by the
CEC code), but is identical to the methods presented as with
g. Furthermore, the methods described as without g are re-
ferred to as the more correct procedure.3 The evaluation of
these data reduction methods can only be justi� ed by the use
of appropriate uncertainty analysis techniques.

Chemical Equilibrium Combustion Codes

The majority of methods for performance determination uti-
lize output from CEC codes. The codes, which were developed
for classical rocket motor performance and species determi-
nation, are based on a zero-velocity combustion model because
the Mach number in classical rocket motors is very small. To
account for velocity in the combustion chamber of a ramjet,
the accepted practice is to consider stagnation � ow properties
as inputs to the code instead of static � ow properties.3

There are several different CEC codes in use. The two most
frequently used codes are NASA CET89 (Refs. 12 and 13) and
the JANNAF PEP code.14 Previous investigations have shown
no signi� cant difference in the performance values calculated
using the NASA CET89 and PEP codes.3

Performance Determination

Use of the different data reduction methods with identical
inputs produces different calculated values for the performance
parameters. The variation in these determined values using the
same input parameters is one of the primary reasons for the
undertaking of this study to assess the different methods of
performance determination.

The performance parameters chosen as the subject of the
uncertainty analysis assessment presented in this paper are
characteristic exhaust velocity C*, ef� ciency based on C*

, vacuum speci� c impulse Isp, ef� ciency based on Isp(h )C*

, and thermal ef� ciency (hDT). In this study, four distinct(h )Isp

methods are identi� ed for the determination of each of the
parameters C*, , Isp, and hIsp. The thermal ef� ciency hDThC*

can be determined from four different equations, two using C*
as input and two using Isp as input, resulting in 16 distinct
data reduction methods for the determination of hDT.

In a slightly different approach to categorizing the methods
than were used in the AGARD report, this study groups the
data reduction methods for performance determination based
on different methods for determining the total pressure at sta-
tion 4 (pt4). A diagram illustrating the relationship between pt4,
C*, Isp, and hDT is shown in Fig. 2.

The four methods for determining pt4 identi� ed in this study
are as follows.

Method 1:

p = p (1)t4 t4CEC

where pt4CEC is determined by a CEC code using the isentropic
� ow relations.

Method 2:

2 g /(g2 1)p = p (1 1 [(g 2 1)/2] ?M ) (2)t4 4 4

where p4 is the measured static pressure at station 4, M4 is the
Mach number at station 4, and g is the isentropic exponent
that relates the properties of stations 4 and 5 as an isentropic
process. The value of g is obtained through the relation3

<n(p /p )4 5
g = (3)

<n(p /p ) 2 <n(T /T )4 5 4 5

where p5, T4, and T5 can be found as output from the CEC
codes.

The difference between methods 1 and 2 is that in method
1, the code uses an isentropic exponent that is not the same as
g used in method 2. The use of g, as de� ned in Eq. (3), is the
recommendation of the AGARD working group report because
it exactly relates the properties of the end states (combustor
exit and nozzle throat) by an isentropic process.

The process g de� ned in the preceding text is not calculated
directly by all codes. The value of the process g lies within
the range of values for the isentropic exponent based on frozen
� ow and the isentropic exponent based on equilibrium � ow.
For simplicity, in this paper, g always refers to the process
isentropic exponent based on the � ow properties at stations 4
and 5, as de� ned in Eq. (3).

Method 3:
g /(g2 1)

F 1 p A g 1 15 amb 5
p = (4)t4 S D(1 1 gCD )A 25 5

where pamb is the ambient pressure, A5 is the nozzle throat area
(station 5), CD5 is the nozzle discharge coef� cient, and F5 is
the stream thrust as determined by

F = F 2 F 2 A (p 2 p ) (5)5 LC PL b b amb

where FLC is the load cell measurement, FPL is the preload on
the load cell, Ab is the nozzle base area, and pb is the base
pressure.

Method 4:

C* F 1 p Ath 5 amb 5
p = (6)t4 S DIsp CD Ath 5 5

where is the theoretical C* calculated by the chemicalC*th
equilibrium code, and Ispth is determined by the code from

mÇ c 1 p A5 5 5 5
Isp = (7)th mÇ 5
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where mÇ 5 is the mass � ow rate at the nozzle throat, and c5 is
the velocity of exhaust gases at the nozzle throat. Assuming
that the nozzle is choked, this corresponds to the speed of
sound that is an output of the CEC codes.

The determination of C* is based on the equation

C* = p A CD /mÇ (8)t4 5 5 4

where mÇ 4 is the total mass � ow rate exiting the combustor and
pt4 is from one of Eqs. (1), (2), (4), or (6), thus giving four
ways to determine C*.

The ef� ciency based on C* is determined from

h = C*/C* (9)C th*

where C* is determined from Eq. (8).
The determination of Isp is based on the equation

g /(g21)

p A 2t4 5
Isp = ? (1 1 gCD ) (10)5S DmÇ g 1 15

where mÇ 5 is the mass � ow rate at the nozzle throat (assuming
that the mass � ow in the combustor is expanded through the
nozzle, mÇ 5 = mÇ 4), and pt4 is from one of Eqs. (1), (2), (4), or
(6), thus giving four ways to determine Isp. Note that, when
using Eq. (10) for determining the Isp based on the total pres-
sure pt4, determined by using Eq. (4), the in� uence of pt4 is
eliminated, resulting in

F 1 p A5 amb 5
Isp = (11)

mÇ 5

The ef� ciency based on Isp is determined by

h = Isp/Isp (12)Isp th

where Ispth is the theoretical value for Isp determined by Eq.
(7) and Isp is determined from Eqs. (10) or (11).

The determination of thermal ef� ciency is based on the
equation

T 2 Tt4,exp t2
h = (13)DT

T 2 Tt4,th t2

where , the total temperature at station 4, is calculatedTt4,exp

using experimental measurements and is the theoreticalTt4,th

total temperature at station 4 (adiabatic � ame temperature
based on stagnation � ow properties) as determined by the use
of a CEC code. Direct measurements to determine the cross-
sectional average value of are generally not performedTt4,exp

because of the dif� culty in obtaining good results. For this
reason, the direct measurement of is not considered inTt4,exp

this paper. can be determined from four equations, twoTt4,exp

using C* as inputs and two using Isp as inputs. Therefore,
each equation for represents four different data reductionTt4,exp

methods for hDT, as shown in Fig. 2. The equations for the
determination of areTt4,exp

(g1 1)/(g 21) 2C*2 exp
T = g ? (14)t4,exp S D S Dg 1 1 R4

2
C*exp

T = ?T (15)t4,exp t4,thS DC*th

2Ispg exp
T = ? (16)t4,exp S D2(g 1 1) R4

2
Ispexp

T = ?T (17)t4,exp t4,thS DIspth

where R4 is the gas constant as determined by the use of a
CEC code.

The diagram provided in Fig. 2 illustrates the relationships
among the various data reduction methods. Each method for
C * and Isp corresponds to a method to determine pt4. The
methods for hDT use the four different methods to determine
pt4 in each of the four different equations for [Eqs. (14 –Tt4,exp

17)], resulting in 16 methods for hDT. The subscripts shown in
Fig. 2 for the performance determination methods are used
throughout this paper and are provided for the identi� cation
of speci� c data reduction methods.

Uncertainty Analysis of Data Reduction Methods
To assess the uncertainty behavior associated with the dif-

ferent data reduction methods, an uncertainty analysis of a
nominal case was performed. The nominal values for the case
study used in this uncertainty analysis were taken from the
case presented for example calculations in Ref. 3 and are pre-
sented in Table 1.

In this study, a general uncertainty analysis15 was performed,
and therefore, the uncertainties of the input variables are not
considered separately in terms of bias and precision uncer-
tainty components. Consider the uncertainty of a result r of a
data reduction equation (DRE) with J input variables xi, such
that

r = r (x , x , . . . , x ) (18)1 2 J

The overall uncertainty in r can be determined by

2 2 1/2J UxU x ­r ir i
= ? (19)FO S D S D Gr r ­x xi ii=1

or equivalently, as
2 1/2J

­r 2U = U (20)r xFO S D Gi­xii=1

where is the uncertainty in the input variable xi. The inter-Uxi

val r 6 Ur contains the true (but unknown) value of r about
95 times out of 100.

A general uncertainty analysis was performed considering
the equations for C*, , Isp, hIsp, and hDT to be of the formhC*

of Eq. (18). The partial derivatives were numerically approx-
imated by perturbing each input variable in sequence by 1%
and determining the perturbed value of the result. This allowed
determination of Dr/Dxi for each result and each input variable
for the particular nominal values in this study. The PEP code
was used to perform all CEC code runs.

The sensitivity of the uncertainty of the results to the un-
certainties of the various measured input variables is presented
in two ways, the uncertainty magni� cation factor (UMF) and
the uncertainty percentage contribution (UPC).

The UMF is de� ned as

x ­ri
UMF = ? (21)

r ­xi

and its signi� cance can be seen by referring to Eq. (19). If the
UMF is less than 1, this indicates that the in� uence of the
uncertainty in the input variable diminishes as it is propagated
through the DRE. If the UMF value is greater than 1, the
in� uence of the uncertainty of the input variable is magni� ed
as it propagates through the DRE (a 1% uncertainty in the
input variable accounts for greater than 1% uncertainty in the
� nal result). In this study, all UMF values are presented as
positive numbers. The sign does not affect the overall uncer-
tainty because all terms are squared in Eq. (19). The UMF is
independent of the uncertainty estimates of the input variables
and, therefore, provides an assessment of the sensitivity of the
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Table 1 Values for liquid fuel ramjet
case study

Input variable
Nominal

valuea
Uncertainty

estimate

mÇ air, kg/s 6.692 0.06
mÇ fuel, kg/s 0.311 0.0016
p4, Pa 568,800 6,900
p2, Pa 650,200 6,900
pbase, Pa 78,065 1,000
pamb, Pa 101,300 500
Tt2, K 606 5
Hfuel, kcal/kg 2482 50
A4, m2 0.022698 0.000136
A5, m2 0.012668 0.00010134
Abase, m2 0.004304 0.00005814
CD5 1.0 0.01
FLC, N 13,400 67
FPL, N 5,000 25
a
Nominal values from sample case in AGARD

AR323 (Ref. 3).

Table 2 UMF values for C*

Input
variables

Method

1 2 3 4

mÇ air 0.95 0.94 0.95 0.68
mÇ fuel 0.04 0.05 0.03 0.35
p4 0.98 1.00 0.01 0.37
p2 0.00 0.00 0.00 0.00
pbase 0.00 0.00 0.03 0.02
pamb 0.00 0.00 0.18 0.18
Tt2 0.00 0.00 0.00 0.05
Hfuel 0.00 0.00 0.01 0.00
A4 0.33 0.00 0.01 0.14
A5 1.16 1.44 0.13 0.29
Abase 0.00 0.00 0.01 0.01
CD5 1.00 1.00 0.45 1.00
FLC 0.00 0.00 1.37 1.37
FPL 0.00 0.00 0.51 0.51

Table 3 UMF values for h C*

Input
variables

Method

1 2 3 4

mÇ air 0.67 0.66 0.67 0.40
mÇ fuel 0.57 0.58 0.56 0.18
p4 0.96 0.98 0.01 0.39
p2 0.00 0.00 0.00 0.00
pbase 0.02 0.02 0.05 0.04
pamb 0.00 0.00 0.18 0.18
Tt2 0.10 0.10 0.10 0.06
Hfuel 0.00 0.00 0.01 0.00
A4 0.34 0.02 0.01 0.12
A5 1.16 1.44 0.13 0.29
Abase 0.00 0.00 0.01 0.01
CD5 0.00 0.00 0.56 0.00
FLC 0.00 0.00 1.37 1.37
FPL 0.00 0.00 0.51 0.51

Table 4 UMF values for Isp

Input
variables

Method

1 2 3 4

mÇ air 0.94 0.94 0.95 0.67
mÇ fuel 0.05 0.06 0.04 0.34
p4 0.97 0.99 0.00 0.38
p2 0.00 0.00 0.00 0.00
pbase 0.01 0.01 0.03 0.02
pamb 0.00 0.00 0.18 0.18
Tt2 0.00 0.00 0.00 0.04
Hfuel 0.01 0.01 0.00 0.00
A4 0.33 0.01 0.00 0.13
A5 1.16 1.44 0.13 0.29
Abase 0.00 0.00 0.01 0.01
CD5 0.56 0.56 0.00 0.56
FLC 0.00 0.00 1.37 1.37
FPL 0.00 0.00 0.51 0.51

Table 5 UMF values for h Isp

Input
variables

Method

1 2 3 4

mÇ air 0.39 0.39 0.40 0.12
mÇ fuel 0.19 0.19 0.18 0.20
p4 0.58 0.60 0.39 0.76
p2 0.00 0.00 0.00 0.00
pbase 0.01 0.01 0.04 0.02
pamb 0.00 0.00 0.18 0.18
Tt2 0.06 0.06 0.06 0.02
Hfuel 0.00 0.01 0.00 0.00
A4 0.21 0.11 0.12 0.25
A5 0.73 1.01 0.29 0.72
Abase 0.00 0.00 0.01 0.01
CD5 0.56 0.56 0.00 0.56
FLC 0.00 0.00 1.37 1.37
FPL 0.00 0.00 0.51 0.51

result to the input variables and data reduction methods that is
independent of the measurement systems of speci� c test facil-
ities. This type of analysis is most useful during the early plan-
ning stages of an experiment, as it serves to direct the exper-
imenter to the input variables whose uncertainties may
potentially in� uence the result uncertainty the most. The UMF
values for the data reduction methods are presented in Tables
2 – 6.

The UPC is de� ned as

2 2J
­r ­r

UPC = U U 3 100 (22)x xS D YO S Di i­x ­xi ii=1

and its signi� cance can be seen by referring to Eq. (20). The
UPC values show the percentage contribution of the squared
uncertainty term for each variable to the squared uncertainty
of the result for a particular situation, where values for the
uncertainties for each variable have been estimated. This(U )xi

type of analysis is most useful during the late planning and
early design phases of an experiment. The UPC values used
in this study are based on reasonable estimates for the overall
uncertainty in the input variables for the case of a liquid fuel
ramjet. The estimated uncertainties in the input variables are
shown in Table 1.

A result uncertainty for each performance parameter is de-
termined based on the uncertainty estimates used to determine
the UPC values. The calculated result values, UPC values, and
result uncertainties Ur for each method are presented in Tables
7 – 11. Figures 3 – 5 show a graphical summary of the nominal
result values and uncertainties of , hIsp, and hDT for thehC*

various data reduction methods. The uncertainties are pre-
sented in the form of uncertainty bands about the calculated
values of the results.

Discussion of Results
The UMF values in Tables 2 – 6 show the potential in� uence

of input variable uncertainties for each data reduction method
prior to the assignment of uncertainty estimates for input var-
iables. The UMF values for the nonthrust methods indicate that
the in� uence of uncertainties in air� ow rate, combustor static
pressure, nozzle throat area, and discharge coef� cient have the
greatest potential in� uence on the result uncertainty. The UMF
values for the thrust based methods generally indicate a re-
duction in the in� uence of the combustor static pressure mea-
surement uncertainty replaced by a signi� cant in� uence of
thrust measurement uncertainties.
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Table 6 UMF values for h DT

Input
variables

C* methods

1, 1 1, 2 1, 3 1, 4 2, 1 2, 2 2, 3 2, 4

Isp methods

3, 1 3, 2 3, 3 3, 4 4, 1 4, 2 4, 3 4, 4

mÇ air 1.99 1.99 1.99 1.16 2.01 2.01 2.01 1.17 1.99 1.99 1.99 1.16 1.17 1.16 1.17 0.35
mÇ fuel 0.98 1.00 0.95 0.16 1.65 1.66 1.62 0.50 0.98 1.00 0.95 0.16 0.53 0.54 0.50 0.59
p4 2.86 2.93 0.03 1.11 2.85 2.92 0.03 1.12 2.86 2.93 0.03 1.11 1.70 1.76 1.12 2.17
p2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
pbase 0.04 0.05 0.13 0.09 0.05 0.06 0.14 0.10 0.04 0.05 0.13 0.09 0.02 0.03 0.10 0.07
pamb 0.00 0.00 0.52 0.51 0.00 0.00 0.52 0.51 0.00 0.00 0.52 0.51 0.00 0.00 0.51 0.50
Tt2 0.37 0.38 0.36 0.21 0.36 0.36 0.34 0.20 0.37 0.38 0.36 0.21 0.21 0.22 0.20 0.06
Hfuel 0.01 0.00 0.02 0.02 0.00 0.01 0.01 0.01 0.01 0.00 0.02 0.02 0.01 0.02 0.01 0.00
A4 1.01 0.06 0.03 0.35 1.01 0.06 0.03 0.35 1.01 0.06 0.03 0.35 0.62 0.32 0.35 0.71
A5 3.47 4.31 0.39 0.85 3.47 4.31 0.39 0.85 3.47 4.31 0.39 0.85 2.15 2.97 0.85 2.05
Abase 0.00 0.00 0.03 0.03 0.00 0.00 0.03 0.03 0.00 0.00 0.03 0.03 0.00 0.00 0.03 0.03
CD5 2.95 2.95 1.31 2.89 0.00 0.00 1.65 0.00 1.64 1.65 0.00 1.61 1.62 1.62 0.00 1.59
FLC 0.00 0.00 4.06 4.00 0.00 0.00 4.06 4.00 0.00 0.00 4.06 4.00 0.00 0.00 4.00 3.95
FPL 0.00 0.00 1.50 1.48 0.00 0.00 1.50 1.48 0.00 0.00 1.50 1.48 0.00 0.00 1.48 1.46

Table 7 UPC values for C*

Input
variables

Method, C*, m /s

1

1112

2

1110

3

1119

4

1137

mÇ air 17.9 15.9 49.1 16.7
mÇ fuel 0.0 0.0 0.0 1.5
p4 34.8 32.4 0.0 9.1
p2 0.0 0.0 0.0 0.0
pbase 0.0 0.0 0.1 0.0
pamb 0.0 0.0 0.5 0.3
Tt2 0.0 0.0 0.0 0.1
Hfuel 0.0 0.0 0.0 0.0
A4 0.9 0.0 0.0 0.3
A5 21.5 29.5 0.7 2.5
Abase 0.0 0.0 0.0 0.0
CD5 24.8 22.2 13.5 45.3
FLC 0.0 0.0 31.7 21.3
FPL 0.0 0.0 4.4 3.0
Ur, % 2.0 2.1 1.2 1.5

Table 8 UPC values for h C*

Input
variables

Method, , %hC*

1

95.1

2

94.9

3

95.6

4

97.1

mÇ air 13.2 11.1 27.4 13.1
mÇ fuel 3.2 2.8 6.3 0.9
p4 49.8 44.2 0.0 22.9
p2 0.0 0.0 0.0 0.0
pbase 0.0 0.0 0.3 0.2
pamb 0.0 0.0 0.6 0.8
Tt2 0.3 0.2 0.5 0.2
Hfuel 0.0 0.0 0.0 0.0
A4 1.6 0.0 0.0 0.5
A5 32.0 41.7 0.8 5.8
Abase 0.0 0.0 0.0 0.0
CD5 0.0 0.0 23.7 0.0
FLC 0.0 0.0 35.5 48.8
FPL 0.0 0.0 4.9 6.8
Ur, % 1.6 1.8 1.1 1.0

Table 9 UPC values for Isp

Input
variables

Method, Isp, Ns/kg

1

1389

2

1387

3

1397

4

1419

mÇ air 21.5 18.7 56.5 24.0
mÇ fuel 0.0 0.0 0.0 2.0
p4 41.8 38.1 0.0 13.7
p2 0.0 0.0 0.0 0.0
pbase 0.0 0.0 0.2 0.1
pamb 0.0 0.0 0.6 0.5
Tt2 0.0 0.0 0.0 0.1
Hfuel 0.0 0.0 0.0 0.0
A4 1.2 0.0 0.0 0.4
A5 26.2 35.1 0.9 3.7
Abase 0.0 0.0 0.0 0.0
CD5 9.3 8.1 0.0 20.4
FLC 0.0 0.0 36.8 30.9
FPL 0.0 0.0 5.1 4.3
Ur, % 1.8 1.9 1.1 1.2

Table 10 UPC values for h Isp

Input
variables

Method, hIsp, %

1

96.6

2

96.4

3

97.1

4

98.7

mÇ air 9.5 7.4 13.1 0.6
mÇ fuel 0.7 0.6 0.9 0.5
p4 38.0 32.5 22.9 41.0
p2 0.0 0.0 0.0 0.0
pbase 0.0 0.0 0.2 0.0
pamb 0.0 0.0 0.8 0.4
Tt2 0.2 0.2 0.2 0.0
Hfuel 0.0 0.0 0.0 0.0
A4 1.3 0.3 0.5 1.1
A5 26.5 40.1 5.8 15.9
Abase 0.0 0.0 0.0 0.0
CD5 23.8 18.9 0.0 14.9
FLC 0.0 0.0 48.8 22.6
FPL 0.0 0.0 6.8 3.1
Ur, % 1.1 1.3 1.0 1.4

The UPC values and the result uncertainties provided in Ta-
bles 7 – 11 are based on the uncertainty estimates for the input
variables as given in Table 1. Based on these uncertainty es-
timates, the combustor static pressure uncertainty and the noz-
zle throat area uncertainty generally dominate the result un-
certainty for nonthrust performance determination methods.
The thrust based methods tend to be most in� uenced by the
air� ow rate and thrust measurement uncertainties. For this case
study, the uncertainty estimate of the thrust measurements was
0.5% of the measured value. Although the load cell uncertainty

may be lower, this value is representative of a typical thrust
measurement in an experimental setup. Lower uncertainties
may be achieved by a calibration of the load cell as it exists
in the facility. The result uncertainty values indicate that the
thrust based methods generally have less uncertainty than the
nonthrust methods, particularly for the thermal ef� ciency
methods.

A graphical comparison of the UMF values and the UPC
values for a thermal ef� ciency method is presented in Fig. 6.
The UMF values indicate that the uncertainty in thermal ef� -
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Table 11 UPC values for h DT

Input
variables

C* methods, hDT, %

1, 1

86.4

1, 2

85.9

1, 3

87.8

1, 4

91.9

2, 1

86.4

2, 2

85.9

2, 3

87.8

2, 4

92.0

Isp methods, hDT, %

3, 1

86.4

3, 2

85.9

3, 3

87.8

3, 4

91.9

4, 1

90.6

4, 2

90.0

4, 3

92.0

4, 4

96.3

mÇ air 9.9 8.7 31.5 6.5 13.5 11.3 27.8 13.4 12.1 10.4 38.0 10.1 9.8 7.7 13.4 0.6
mÇ fuel 0.8 0.7 2.4 0.0 3.0 2.6 5.9 0.8 1.0 0.9 2.9 0.1 0.7 0.6 0.8 0.5
p4 37.2 34.3 0.0 11.1 49.7 44.0 0.0 22.6 45.7 41.0 0.0 17.1 38.0 32.4 22.6 40.7
p2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
pbase 0.0 0.0 0.3 0.1 0.0 0.0 0.3 0.2 0.0 0.0 0.3 0.1 0.0 0.0 0.2 0.0
pamb 0.0 0.0 0.6 0.4 0.0 0.0 0.6 0.8 0.0 0.0 0.8 0.6 0.0 0.0 0.8 0.4
Tt2 0.3 0.3 0.8 0.2 0.4 0.3 0.7 0.3 0.4 0.3 1.0 0.3 0.3 0.2 0.3 0.0
Hfuel 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
A4 1.1 0.0 0.0 0.3 1.5 0.0 0.0 0.5 1.4 0.0 0.0 0.4 1.2 0.3 0.5 1.1
A5 23.8 32.3 0.9 2.8 32.0 41.7 0.8 5.7 29.2 38.6 1.1 4.4 26.6 40.2 5.7 15.8
Abase 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CD5 26.9 23.7 17.0 50.8 0.0 0.0 23.5 0.0 10.2 8.8 0.0 24.3 23.5 18.6 0.0 14.8
FLC 0.0 0.0 40.8 24.4 0.0 0.0 35.5 49.0 0.0 0.0 49.2 37.6 0.0 0.0 49.0 22.9
FPL 0.0 0.0 5.6 3.3 0.0 0.0 4.9 6.7 0.0 0.0 6.7 5.1 0.0 0.0 6.7 3.1
Ur, % 5.7 6.1 3.2 4.1 4.9 5.3 3.4 2.9 5.1 5.6 2.9 3.3 3.3 3.8 2.9 4.1

Fig. 3 Results for h C* methods.

Fig. 4 Results for h Isp methods.

Fig. 5 Results for h DT.

Fig. 6 UMF and UPC values for thermal ef� ciency method 1.4.

ciency is most sensitive to the load cell measurement. How-
ever, the UPC values show that, in fact, the discharge coef� -
cient is the variable whose uncertainty most contributes to the
result uncertainty once speci� c uncertainty estimates have
been made for all variables. This illustrates the usefulness of
the UPC values in targeting measurement uncertainties to im-
prove the experimental result uncertainty to an acceptable
value once uncertainty estimates for the input variables are
made.

The result uncertainties presented in Tables 7 – 11 and shown
graphically in Figs. 3 – 5 indicate that the methods for deter-
mining hDT produce a larger range of values than do the meth-
ods for determining the other performance parameters and that
the hDT methods have the largest uncertainties of all of the
performance parameters. In Fig. 5, it can be seen that all of
the uncertainty bands do not overlap. This is probably because

of the uncertainties associated with the assumptions in the
methods, and these uncertainties were not considered in this
study.

Note that the other ef� ciency performance parameters (hC*

and hIsp) are limited to a range of values that cannot approach
zero because the air� ow in the combustor always produces
values of C* and Isp that do not approach zero. Therefore,
while the uncertainties of and hIsp in this study are lowerhC*

than that of hDT, the resolution of possible values of andhC*

hIsp is less than that of possible values of hDT. This was ob-
served in a recent study using a connected-pipe facility to com-
pare proprietary ducted rocket propellants. In that study, a 2-
km altitude simulation test that did not achieve ramjet
combustion resulted in thermal ef� ciency values of less than
10% and values of and hIsp that were between 50 and 60%.hC*
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Furthermore, as the altitude simulation changes, the possible
resolution of values for and hIsp varies. A 20 km simulationhC*

test that did not achieve ramjet combustion resulted in values
of and hIsp that were around 80%.hC*

This can be seen analytically by a review and discussion of
the equation for , which is given in Eq. (9), and reduces tohC*

h = P /P (23)C* t4 t4,th

where is the theoretical maximum total pressure attainablePt4,th

in the ramjet combustor. It can be seen by Eq. (23) that ishC*

a pressure ratio term. Also, considering that both Pt4 and
are functions of the total inlet pressure Pt2, that variesP t4,th

with altitude, is a function of altitude. Similarly, hIsp canhC*

be shown to also be a function of altitude. This leads to the
conclusion that and hIsp are poor performance parametershC*

for characterizing ramjet combustion because they are not val-
ued from 0 to 100% and the resolution of values for andhC*

hIsp vary with altitude.

Summary and Conclusions
There exist numerous data reduction methods for the per-

formance determination of ramjet connected-pipe testing. An-
alyzed in this study are four distinct methods for C*, four
distinct methods for Isp, and 16 distinct methods for thermal
ef� ciency hDT. The uncertainty analysis study presented in this
paper provides both a general and speci� c case assessment of
the in� uence of input variable uncertainty on the result uncer-
tainty for the various data reduction methods.

The UMF values illustrate the potential in� uence of the un-
certainty of the measured variables to the result uncertainty
prior to speci� c uncertainty estimates for the measured varia-
bles. This affords insight as to where to focus efforts at the
beginning of the experiment planning phase.

Obtaining speci� c uncertainty estimates for the input vari-
ables allows the determination of the UPC values and result
uncertainties. The UPC values show the in� uence of each var-
iable uncertainty contribution squared to the result uncertainty
squared in terms of percent. The usefulness of this analysis is
that it shows which input variable uncertainties affect the result
uncertainty the most. The UPC values based on the uncertainty
estimates in this paper indicate that for the nonthrust calcula-
tions, the uncertainty in the static pressure measurement in the
ramjet combustor and the uncertainty in nozzle throat area tend
to in� uence the result uncertainty the most. For the thrust-
based measurements, the result uncertainty is in� uenced most
by the thrust, air� ow rate, and discharge coef� cient uncertain-
ties.

The result uncertainty values allow direct comparison of
data reduction methods based on the uncertainty estimates for
the input variables. The uncertainty values determined show

that the thrust-based methods typically provide results with
lower values of uncertainty than the nonthrust calculations.
This conclusion is particularly true for the hDT values in Table
11. Furthermore, the thrust-based methods rely less heavily on
the CEC code, and therefore, are in� uenced less than nonthrust
calculations by the uncertainties that are associated with the
CEC models (which are not considered in this study).

Finally, this study reviewed the choice of performance pa-
rameters in assessing ramjet combustion, and it is concluded
that and hIsp are poor performance parameters for charac-hC*

terizing ramjet combustion because they are not valued from
0 to 100% and the resolution of values for and hIsp varyhC*

with altitude.
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