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ABSTRACT

Ramjet and scramjet engines are being developed to provide a more fuel efficient
means of propulsion at high Mach numbers. Part of the development of these engines
involves test and evaluation of an engine in ground facilities as well as in flight. Ground
facilities, like Arnold Engineering Development Complex (AEDC) and those at engine
manufacturers like General Electric (GE) and Pratt & Whitney (PW), have decades of
experience testing traditional turbine engines and much less experience testing full scale
ramjet engines.

Testing a supersonic engine in a free-jet mode presents a host of challenges not
experienced during traditional direct connect turbine engine tests. Characterizing the
performance of an engine in a free-jet test facility is a difficult task due in part to the
difficulty in determining how much air the engine is ingesting and the spillage, friction
and base drag of the engine installation.

As more exotic propulsion systems like DARPA’s Falcon Combined Cycle
Engine Test (FaCET) article or NASA’s X-43 are developed, there is a greater need for
effective ground tests to determine engine performance and operability prior to flight
testing. This thesis proposes a method for calculating three key performance parameters
(airflow, fuel flow, and thrust) and investigates the uncertainty influences for these
calculations.

A data reduction method was developed for this thesis to calculate the engine
airflow, net thrust, and specific impulse (Isp) in a ground test of a generic ramjet engine
in a free-jet test facility. It considered typical measurements for an engine test (pressures,
temperatures, fuel flow, scale force, and engine and cowl geometry).

Once the code was developed, an uncertainty analysis of the calculations was
conducted, starting with a simplified analytical assessment. A common industry accepted
uncertainty approach was then used in conjunction with the data reduction code to
determine the sensitivity or influence coefficients of the independent measurements on

the dependent parameters by the dithering method. These influence coefficients were



used to ascertain where measurement improvements could be made to affect the greatest

reduction in uncertainty of the predicted engine performance.
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CHAPTER I

INTRODUCTION AND PROBLEM STATEMENT

Ground Test Facilities

In modern propulsion systems, adequate ground testing requires accurate
simulation of flight conditions that the engine would be subjected to during normal
operations. Large scale altitude test facilities, like the United States Air Force’s Arnold
Engineering Development Complex (AEDC) and formerly the Royal Aircraft
Establishment’s National Gas Turbine Establishment (NGTE Pyestock), along with
corporately owned, sea-level test facilities were developed to meet the experimental
needs for accurate simulations.

For hypersonic systems, a variety of test facilities exist, from shock tubes, where
tests are limited to milliseconds, to continuous flow wind tunnels. The purpose of all
types of aeropropulsion test facilities is to simulate the conditions a test article would see
in flight. Some of the typical conditions simulated include inlet pressure, temperature,
mass flow, air chemistry, and exhaust (or ambient) pressure. Others like inlet pressure
and temperature distortion and icing can also be simulated, if required. The combination
of all of these conditions will reproduce the desired test Mach number and altitude, or for
some test cases the desired dynamic pressure and enthalpy. Due to the high mass flows
required, high pressures and temperatures must be provided by the supply systems of
continuous flow facilities, which typically makes test costs prohibitive. Blow-down
facilities are usually more economical but can only provide air flow on test conditions for
a relatively short amount of time (usually, on the order of a few minutes).

A typical combustion-vitiated blow-down facility operates by storing a large
quantity of high pressure air in tanks prior to a test. This air is then fed into a combustor
chamber where fuel and oxygen are added to heat up the air to the correct total
temperature, while still maintaining the desired amount of oxygen in the flow supplied to
the test article. The high temperature, high pressure vitiated air then flows through a



nozzle that accelerates the flow to a desired Mach number within the test cell where it is
collected by the inlet of the test article.

Engine test facilities must also be able to reproduce the simulated flight
conditions for numerous repeated tests with a high degree of accuracy. The repeatability
is very important to the measurement of engine air flow, because a standard way to
measure the air flow captured by an engine is to replace a section of the engine, aft of the
inlet and isolator, with an air flow calibration device. Typically experiments are run with
the calibration device installed to the establish inlet mass capture ratio, followed by

testing of the full engine.

Ramjet and Scramjet Background

Ramjets and scramjets are two types of air breathing propulsion systems that,
unlike turbojets and turbofans, do not employ rotating turbomachinery to compress inlet
air prior to fuel addition and combustion; rather, they compress the incoming air through
supersonic inlets and diffusers, with compression due to complex shock structures in the
flow. Because they rely solely on this form of compression, they are only able to operate
at flight speeds well in excess of the local speed of sound. Currently high Mach number
(approximately greater than Mach number of 3.5) sustained flight can only reliably be
achieved using rockets. The lure of ramjets and scramjets is that they offer high Mach
number flight also, but without the need to carry oxidizer onboard the flight vehicle. This
results in a higher specific impulse, Isp, which is a general measure of system efficiency.
Equation (1-1) defines air-breathing engine Isp. Figure 1 shows a notional chart of Isp
versus Mach number for air breathing propulsion systems and rockets, with some actual
engine data plotted on it for perspective. It shows that as Mach number increases through
approximately 3.0, engines with rotating turbomachinery become much less efficient than
ramjets. Ramjets then see a similar drop off in efficiency at Mach 5.8, giving way to
more efficient scramjets.

Fnet

mfuel *Jo (1_1)

Isp =
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Figure 1: Air breathing and rocket propulsion comparison

In a typical ramjet engine (shown in Figure 2), supersonic air is ingested by the
inlet diffuser and compressed through a series of oblique shocks followed by a normal
shock, which brings the airflow to a subsonic velocity prior to reaching the combustor.
The flow is typically decelerated even more using a divergent duct just prior to entering
the combustor. Fuel is then injected in the combustor where it mixes with the subsonic air
and burns to add energy to the airflow. The burned air-fuel mixture is then ejected
through a converging-diverging nozzle where it is accelerated to a supersonic velocity out
the aft end of the engine. (Heiser & Pratt, 1994)
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Figure 2: A typical two-dimensional ramjet engine

A typical scramjet engine (displayed in Figure 3) has some key differences. The
supersonic/hypersonic air is ingested by the inlet diffuser and is compressed through a
series of oblique shocks. The airflow then travels through a constant area diffuser called
an isolator, where it continues to be compressed through oblique shocks. The isolator acts
as a barrier between the inlet and pressure disturbances in the combustor section in order
to prevent inlet unstart, which occurs when the pressure in the combustor gets so high
that it stops the flow into the inlet by breaking down the inlet shock system. The air
maintains supersonic velocity out of the isolator and enters the combustor where fuel is
added, mixed, and then burned. In the combustor of a scramjet, it is important not to add
too much energy to the flow because a thermal throat can form, causing the flow to go
subsonic. After the combustor, the air is then accelerated through a diverging nozzle out
the aft end of the engine. The key difference between a ramjet and a scramjet is that the
flow through a scramjet engine can never be fully subsonic at some station of the flow
path. (Heiser & Pratt, 1994)
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Figure 3: A typical two-dimensional scramjet engine

A dual-mode ramjet (DMR) may function as either a ramjet or a scramjet,
depending on the flight Mach number. This can be achieved with a fixed geometry and a
thermal throat if the range of operating Mach numbers is not too wide; however, if a
larger Mach number range is required, variable geometry inlets or combustors may be
required. (Falempin, 2008)

Free-jet Testing Compared to Direct Connect Testing

For typical modern turbine engines, simulated altitude testing is conducted using a
direct-connect set up, shown in Figure 4. (Smith V. K.) During this type of test, an engine
is placed in a test cell that is used to simulate flight conditions (altitude and Mach
number). An air supply facility is connected to the engine compressor face inlet by a
duct. Exhaust from the engine nozzle flows into the test cell and is pumped out through
an exhaust facility diffuser and exhaust duct. The air supply and exhaust facilities work in
conjunction to simulate flight conditions. The air supply provides air to the compressor
face or isolator inlet at a desired total pressure and total temperature that represent flow
conditions downstream of the airframe inlet or supersonic inlet, and the exhaust facility

pumps the test cell to a desired static pressure.
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Complete ramjet and scramjet engine systems are typically tested in free-jet test
cells, like the Aerodynamic and Propulsion Test Unit (APTU) shown in Figure 5.
(Dunsworth & Reed)(Falempin, 2008)(Smith V. K.)(Goyne, Crisci, & Fetterhoff,
2009)(Smart & Ruf, 2006)(Voland, Auslender, Smart, Roudakov, Semenov, &
Kopchenov, 1999) These differ from direct connect only on the air supply side. Rather
than being directly connected to the air supply with a duct attached directly to the
compressor or isolator inlet, a free-jet test cell provides a large supply of air into the cell
itself through a free-jet nozzle and the airframe or engine inlet captures the air as it would
in flight. In a high Mach number free-jet test, high pressure and high temperature air must
be supplied to the test article at mass flow rates that may reach up to 230 pound-mass per
second per square foot of flow area. (Dunsworth & Reed)

As mentioned previously, there are two major types of facilities used for full
ramjet and scramjet system testing: blow-down and continuous flow. They differ on how
the inlet air is supplied to the free-jet nozzle and subsequently to the test article. In a
blow-down facility, all of the air for a test is pressurized and stored prior to the test,
typically in numerous large high pressure storage bottles. Once initiated all of the stored
air flows through pressure regulators and burners or indirect heaters before coming to the
free-jet nozzle, where it is accelerated to desired Mach number and introduced into the
test cell where the test article resides. This type of test can only be conducted for a

specific amount of time depending on the amount of air stored and the mass flow rate



required for test article at the desired flight conditions. In contrast a continuous flow test
facility uses compressors and air heaters, if necessary, to provide uninterrupted
conditioned flow to the free-jet nozzle. Due to the high mass flows required at high
pressures and temperatures, blow-down facilities are typically the most economic
solution to obtaining engine performance data. (Dunsworth & Reed)

There are a variety of methods for achieving the high air supply temperatures
required. A typical vitiation-type combustion air heater (CAH) employs a combustor
upstream of the free-jet nozzle and injects additional oxygen to compensate for the
oxygen consumed in the combustion process. This produces vitiated air flow that has the
correct amount of oxygen, but has a higher amount of combustion products, like water
and carbon dioxide, than clean air. Methods of providing clean, high temperature air exist
(such as pebble bed storage heaters), but they also have their drawbacks, not the least of
which is the significant amount of time required to bring the heat storage material up to
temperature prior to testing. It is important to note that vitiated air has been proven to
have an insignificant effect on ramjet engine testing (Dunsworth & Reed), but the effects
of vitiation on scramjet engine testing are still being gathered and analyzed (Fetterhoff,
Bancroft, Burfitt, Osborne, Hawkins, & Schulz, 2011).

Although component testing can be conducted in a direct connect test cell, full
ramjet and scramjet engines are tested in free-jet test cells to capture the actual behavior
of their inlet diffusers as they compress the incoming air. They require freestream air
flow in order for the designed shock structure to form at the engine inlet. Typically a
specific free-jet nozzle will be used to simulate a specific flight Mach number; variable

Mach number free-jet nozzles are currently in development.
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Instrumentation

Ramjet testing requires minimally intrusive instrumentation due to the
supersonic/hypersonic airflow in the inlet. By intrusive, it is meant that the
instrumentation would extend into the flow stream, causing extra, undesirable
shockwaves and pressure losses in the flow. A typical turbofan engine for subsonic flow
may be outfitted with total pressure and temperature rakes that protrude into the airflow
at various stations throughout the engine. This would not be acceptable in a ramjet
because of the larger effects the rake would have on the airflow, whether that be due to
the induction of additional turbulence or the creation of unintended shock structures in
supersonic flow. As a result of this limitation the majority of instrumentation on a ramjet
test article are static pressures, skin temperatures, and heat flux gages. Other
instrumentation that would be used on a typical free-jet engine test includes:

e Load cells to measure the force exerted on the engine support structure

o Fuel flowmeters to measure the amount of fuel being delivered to the combustor

o External static pressure taps on the support structure to calculate the pressure forces on
the support structure

e Total pressure and temperature probes close to, but not in front of, the inlet to determine

the conditions of the incoming air



Data Analysis

Once a test has been conducted, the measured data are analyzed to determine the
performance of the engine in terms of calculations of air flow, net thrust, specific impulse
(Isp), and any other metrics of interest. These calculations allow the engineer to compare
the performance of one engine, to another engine, to predicted design goals, or to engine
specifications.

An important additional part of this analysis is the estimation of the uncertainty in
the performance calculations. Every measurement has an inherent error in it that can be
defined as the difference between the measurement and the “true” value. The exact value
of the error is unknown, but the range that it will likely lie between can be estimated.
This estimate is called the uncertainty of the measurement. Measurement uncertainties
propagate into the calculated values of airflow, net thrust, and Isp, and estimates for the
resulting uncertainties of the performance calculations should be included whenever an
experiment is conducted.

The propagation of uncertainties into calculated parameters is accomplished by
weighting the uncertainty of each component of the calculation according to its influence
on the calculation. The influence of each component can be computed a number of
different ways. The complex sets of equations that will be used to calculate the
performance parameters in the data reduction computer code make analytical methods of
data reduction very tedious and time prohibitive. The performance equations, however,
can often be simplified for uncertainty analysis and error propagation. That being said,
since a computer program is almost always written to perform data reduction
calculations, the same numerical program can be utilized to perform uncertainty
calculations and error propagation. The typical numerical methods for calculating
uncertainty are dithering and Monte Carlo (Dieck, 1997). The uncertainty program used
for this thesis will employ the dithering method to determine the influence coefficients of
the independent measurements on the dependent calculations.

By understanding how performance metrics are calculated and the corresponding
uncertainty with their calculations, a valid comparison between engine systems can be

made. Values for performance metrics alone, especially those of state-of-the-art engines



that are tested in unique facilities, do not provide enough information for a valid

comparison to be made; uncertainties are also greatly needed.

Problem Statement

The objective of this thesis is to create a data reduction process to compute engine
performance metrics of air flow, net thrust, and Isp and to estimate the uncertainty of
these metrics from a free-jet test of a generic ramjet engine. The uncertainties on the
performance parameters are calculated analytically using simplified equations and
numerically using the dithering method, which employs the data reduction process to
determine the sensitivity coefficients of measurements on the performance calculations.
The steps taken in this thesis to assess overall ramjet engine performance uncertainty
influence factors follow the general method outlined by Smith, et al (Smith, Scheid,
Eklund, Gruber, Wilkin, & Mathur, 2008) for a supersonic combustion research
laboratory, but the steps are tailored to apply to the ramjet engine test process (free-jet
testing) chosen for analysis.

The analysis for this thesis was conducted assuming an ideal ground free-jet
ground test of a ramjet engine. This assumes the free-jet nozzle is large enough to provide
uniform, parallel airflow into the test cell, the test article is ideally situated within the
free-jet airflow to receive the required amount of airflow at the desired conditions, and

the chemical properties of the free-jet airflow are uniform and known.
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CHAPTER 11

LITERATURE REVIEW

Ramjet Performance Analysis

The focus of this thesis is on the calculation of airflow, net thrust, and Isp. Many
other measures of performance exist, such as diffuser pressure ratio, propulsive
efficiency, and combustion efficiency, but they have been ignored to simplify the

problem.

Uncertainty

Many sources were investigated to guide the uncertainty analysis for this thesis
(Coleman & Steele, 1999) (Dieck, 1997)(Evaluation of measurement data - Guide to the
expression of uncertainty in measurement, 2008)(Guidelines for Evaluating and
Expressing the Uncertainty of NIST Measurement Results, 1994)(Test Uncertainty,
2006); however, ASME PTC-19.1-2005 Test Uncertainty (Test Uncertainty, 2006) was
chosen as the reference to follow. PTC-19.1 was designed to follow the International
Organization for Standardization (ISO) Evaluation of measurement data — Guide to the
expression of uncertainty in measurement (GUM) (Evaluation of measurement data -
Guide to the expression of uncertainty in measurement, 2008), because it provides a more
concise and practical guide for an engineer than the GUM. This is accomplished in
PTC-19.1 by placing more emphasis on the effect that errors have on measurements and
calculations and less emphasis on the origin of the information used to approximate their

limits.

Measurement Uncertainty

Engine ground tests are conducted with the goal of determining how an engine
operates in terms of its performance, operability, stall margin, and a variety of other

metrics. Measurements (pressure, temperature, airflow, fuel flow, and force
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measurements, among others) are made to evaluate these metrics, and often the measured
values are compared to predicted values provided by engine cycle models.

The International Vocabulary of Metrology (VIM) (International vocabulary of
metrology - Basic and general concepts and associated terms, 2008) defines measurement
as a “process of experimentally obtaining one or more quantity values that can reasonably
be attributed to a quantity.” Each value of a parameter or quantity obtained through
measurement is an approximation of the true value of the quantity being measured. The
difference between the true and measured values is the total error. The total error of a
measurement is not known; rather, its limits are estimated through analysis of its
elemental components. These limits determine a coverage interval around the measured
value where the true value is believed to lie, with a defined level of confidence (usually
95%). This coverage interval is also known as the total measurement uncertainty.

The total measurement error is comprised of two types of elemental error sources:
random and systematic. Random error, €, is the component of the total measurement error
that varies unpredictably, or randomly, with each measurement. Systematic errors, 3, are
those that either remain constant over multiple measurements or vary in a predictable
manner. The total measurement uncertainty is the linear combination of uncertainties due
to both random and systematic errors. Figure 6 shows a graphical depiction of the
statistical distribution of measured values of a variable with a large enough number of
samples to be accurately fit by an appropriate statistical distribution function. The
random and systematic components of total measurement error are depicted on the figure.
(Test Uncertainty, 2006) The GUM and PTC-19.1 further distinguish the components of
the total measurement uncertainty as “Type A” or “Type B.” These labels are used to
indicate how particular elemental uncertainties are given their measure. “Type A”
uncertainties result from using statistical analyses of measurements. “Type B”
uncertainties are simply those that do not come from statistical analyses; they may come

from “engineering judgment,” for example.
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The measurement population mean, p, and the measurement population
distribution in Figure 6 assume that the population used to describe them is infinite. Only
a finite number of measurements are acquired during a test, and as a result sample
statistics must be used to estimate the population mean and standard deviation. The
sample mean and sample standard deviation are shown in Egs. (2-1) and (2-2),

respectively.

Zj1% (2-1)

(2-2)
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The measurement uncertainty is determined through separate examination of the
random and systematic error sources. Random and systematic errors result from
numerous individual error sources that must be accounted for. The elemental
uncertainties of the individual random error sources are combined using the root-sum-
squared (RSS) method according to Eq. (2-3) to form the random standard uncertainty for

the measurement mean, sx.

(2-3)

Where K is the number of independent random error sources, such as calibration or
environmental effects. The elemental uncertainties of the individual systematic error

sources are similarly combined using the RSS method, as seen in Eq. (2-4).

(2-4)

The random and systematic standard uncertainties are then combined using the

RSS method to form the combined standard uncertainty, Eq. (2-5).

Ug = /bgz + SXZ (2-5)

For large sample sets, the combined standard uncertainty is analogous to an
estimate of the standard deviation of the total measurement error. The combined standard
uncertainty is multiplied by an expansion factor, based on Student’s t-distribution, to
specify a coverage interval at a desired confidence level. Most engineering applications
assume a large number (>30) of degrees of freedom and use an expansion factor of 2 to
represent uncertainties at 95% confidence. The total measurement uncertainty, Ug, for
95% confidence is calculated in Eq. (2-6).

Ug = 2ug (2-6)
A measurement, X, with its corresponding uncertainty, Ug, is typically expressed as:
X+ Uy (2-7)
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It is important to note that the measurement uncertainty calculations in this
section were absolute, meaning they retained the units of the measurement being

conducted.

Calculation Uncertainty

Most of the engine performance metrics of interest are calculated from
measurements of pressures, temperatures, flow rates, and other engine variables as well
as other unmeasured quantities such as physical constants of the flow passing through
and around the engine like the ratio of specific heats, y. The uncertainties of all of the
components in the calculated metric must be known or estimated in order to determine
the uncertainty in the calculated parameter. The uncertainties of these measured and
unmeasured components must be propagated into the calculation with sensitivity (or
influence) coefficients that utilize the functional relationship between the calculation and
the input components.

Sensitivity coefficients are a measure of how much influence each parameter has
on the final calculated value of the metric. These can be absolute (dimensional, 6;) or
relative (non-dimensional, 8’;) and can be computed analytically or numerically. The
equations for analytically computing the absolute and relative sensitivity coefficients of a
measurement, X;, on a calculation result, R, are shown in Egs. (2-8) and (2-9),

respectively.

6; = oR (2-8)
)4
X, (0R
=2 2-9
o R (axl) (2-9)

The numerical estimation of the sensitivity coefficients is nearly identical to the
analytical value, with numerical partial derivatives replacing the definite derivatives.

With the sensitivity coefficients calculated, calculation uncertainty is computed
similarly to measurement uncertainty. The random and systematic standard uncertainties
for each parameter in the calculation are segregated and then combined using the RSS

method, with the sensitivity coefficients, to form the random and systematic standard
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uncertainties for the calculation (Egs. (2-10a,b) and (2-11a,b)). The random and
systematic standard uncertainties for the calculation are then combined via RSS to form
the calculation standard uncertainty (Eq. (2-12)). This is then combined with the
expansion factor based on the desired coverage interval to determine the total calculation

uncertainty.

(2-10a)

(2-10b)

(2-11a)

(2-11b)

(2-12)

Standardization of Ramjet Performance Reporting

The Chemical Propulsion Information Agency (CPIA), sponsored by Johns
Hopkins University Applied Physics Lab (JHU/APL), published a report in March 1976
(McVey, 1976) aimed at standardizing the reporting of ramjet performance in an effort to
reduce complications in correlating non-standard data. This report defined the engine
station numbering system (shown in Figure 7), test data reporting requirements for each
test point, and the associated performance data that should be calculated and reported.
This report also defined standard calculations for specific performance parameters, to
prevent different calculations being performed to come up with the same performance
parameter. This would allow data to be compared more easily between separate engine
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tests. The engine station numbering from this suggested standard has been followed in

this thesis.

STATION NoO.

n

DESCRIPTION - LOCATION

Freestream

Vehicle flow field immediately
upstream of the alr induction syatem

Capture station - Beginning of
internal flow system

Diffuser Exit

Combustor Entrance

Combustor Exit

Exhaust nozzle geometric throat

Nozzle Exit

Figure 7: Ramjet engine station descriptions from CPIA 276
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CHAPTER 11l

APPROACH

Outline

The following is an outline of the intended approach to calculate ramjet engine

performance and evaluate the uncertainty of those calculations using both an analytical

approach and a numerical approach.

1.

Create and check out a data reduction and engine performance prediction (DREPP)
program to examine air flow, net thrust, and Igsp for a typical ramjet engine.

Use a simplified version of the data reduction equations to analytically estimate the
influence coefficients of the desired performance parameters.

Numerically estimate the influence coefficients of the desired predicted engine
performance parameters using DREPP.

Compare the influence coefficients obtained using analytical and numerical methods.

Identify where increased measurement accuracy would show greatest reduction in engine
performance uncertainty.

Data Reduction

Data reduction is the process of using engineering unit (EU) measurement data

from an experiment, like static pressures or force measurements, to calculate performance

parameters. Typical methods for data reduction involve a data reduction computer code

that accepts EU inputs and outputs the desired calculations. This can be done using

anything from a sophisticated online data reduction system to provide real-time or near

real-time data reduction to a simple spreadsheet used post-test. Using a computer

program for data reduction also enables sensitivity coefficients to be easily determined

from the dithering method.

Engine Airflow

One of the most significant difficulties with free-jet testing is accurately

measuring and calculating the engine airflow. The engine airflow value propagates into
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many other performance parameters such as thrust and specific impulse, and as a result, it
is a very important parameter to know accurately. Unlike in a direct connect test, where
all of the air being provided to the test cell is measured prior to passing through a duct
and directly into an engine inlet, a free-jet test supplies an amount of air much larger than
what the engine requires, and the engine inlet only takes in the portion of air that it needs.

Generally airflow is measured in a free-jet test by replacing a section of the
engine aft of the inlet with an airflow measurement device (Figure 8). The test profile is
run with the measurement device in place without the engine running, and airflow is
calculated at points of interest through the run. Once the airflow measurement run, or
cold flow run, is completed, the inlet capture stream tube cross-sectional area is
calculated and the measurement device is removed from the engine and replaced by the
previously removed aft section of the engine. The test profile is run again for a
performance run. It is important that the performance run be conducted as similarly as

possible to the airflow measurement run.

Test Article in Performance Run

(@) (@)
VAV LV LV L L LV L L

Test Article in Airflow Measurement Run

(@) (@)
VAV A A A A

Figure 8: Illustration of airflow measurement device installation location on test article
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This thesis describes the use of a critical flow toroidal venturi nozzle (Figure 9) to
measure mass flow in accordance with ASME MFC-7M-1987 (Measurement of Gas
Flow by Means of Critical Flow Venturi Nozzles, 1987) recommendations. A critical
flow venturi nozzle is one whose throat area is small enough that the flow chokes at the
test conditions. Choked flow in the throat of the venturi nozzle means that the airflow at
the throat is at sonic velocity, or Mach 1. This is a desirable condition because only the
total pressure and temperature upstream of the venturi throat are required to make the
airflow calculation. The static pressure and static temperature at the venturi throat can be

calculated using isentropic compressible flow equations (Eg. (3-1) and (3-2)).

Y

— 1 1—
P="p, (1 + TMZ) ’ (3-1)

-1 -1
T=T, (1 + TMZ) (3-2)

Inlet plane
5—0.90—1.19—-—/ 1 i

I
\
\
\|
\-—-— Tangent to divergent cone *
D=2 4.0 l | I 2.5 deg. - 6 deg.
250 + 0.1d p 7\—1 t
S [Note (1]
4 In this region the arithmetic
\ \ \ re = 1.8d~-2.2d average roughness of the
I surface shall not exceed
\ 107%d.
Inlet surface shall lie
outside this contour,
NOTE:

{1} In this region the surface shall not exceed 15 x 10 =84 arithmetic average roughness and the contour shall not
daviate from toroidal form by more than 0.0014.

Figure 9: Toroidal throat venturi nozzle specification

MFC-7M-1987 provides a method for calculating mass flow through the venturi
nozzle. The general equation for mass flow is given in Eq. (3-3).
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m = A*C4CrP:/\[RT; (3-3)
The discharge coefficient, C;, can be estimated from the following equation,
given in MFC-7M-1987:
Ca=a—bxRegp " (3-4)

Where, for a toroidal venturi nozzle:

a = 0.9935
b =1.525
n=20.5

This discharge coefficient curve fit is only valid when the venturi nozzle throat Reynolds
number (Reg,) is between 10° and 10, and its 95% uncertainty band is +0.5%.

The real gas critical flow coefficient, Cr, can be estimated using the following
relationship, described in MFC-7M-1987:

Cr = P'V*/(\/RT:Py) (3-5)

Several complications are likely to arise when calculating air flow using the
previously described approach in a combustor heated free-jet blow down facility. Among
these are:

1. Inlet conditions between engine-on (hot) runs and airflow measurement, engine-off
(cold) runs must be matched as closely as possible in order to get accurate
assessments of airflow during hot runs.

2. Vitiated inlet airflow makes calculating gas constant and ratio of specific heats of the
test flow more complicated, since it depends on the fuel/oxidant ratio of the

combustion process.

The first obstacle is addressed by relating the test conditions from the cold flow
run to the hot flow run. To do this the inlet capture stream tube cross-sectional area must
be calculated based on the cold flow data. This cross-sectional area can be calculated

using the rearranged continuity equation:
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1+y

m m RTioc y—1 ,\2r=D
Ay == / (1+ M ) 3-6
T pV T ProcMocy ¥ 2 0 36

A, is assumed not to have changed between the cold and hot flow runs if the engine inlet
conditions (inlet total pressure, total temperature, freestream Mach number, etc.) of the
two runs are reasonably close. Thermal expansion in the inlet will be essentially the same
between the hot and cold runs for identical inlet conditions. Engine airflow rate can then

be calculated for the hot flow run by rearranging Eq. (3-6) to solve for m.
AOPtOMO

RTio y—1, 2 2(1V+—y1) (3-7)
N (1+ 2 MO)

The second obstacle can be mitigated through the use of sophisticated gas

m=

properties programs that combine experimental data and chemistry equations to arrive at

bulk property values for gas mixtures.

Engine Net Thrust

In free-jet engine testing, obtaining the engine net thrust is more than simply
reading or recording a scale force from a thrust stand. The scale force reading from the
thrust stand includes ram force from the air impacting the test article and thrust stand and
pressure forces acting on the thrust stand. Net thrust is difficult to calculate in a free-jet
test because of the complex interactions between the test article and the test facility. The
main difficulty arises in determining the drag force on the test article. A free body

diagram of is shown in Figure 10.
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Figure 10: Free body diagram of a ramjet engine in a free-jet test

For free-jet testing the calculation of net thrust is done in two steps. Data are first
acquired with air flowing on condition but without the engine running. This is called a
cold flow run. These data are used to calculate the net thrust of the test article using
stream thrust calculations at the engine inlet and nozzle, with assumed nozzle stream
thrust efficiency, which would typically be acquired through component testing. The
equation used to calculate cold flow net thrust using stream thrust functions is:

Frete = NNoz * SAg; — Sag — Py * (Ag — Ap) (3-8)
Where:
Sag =m=*Vy+ Py * A
Sagr = m* Ve + P * Ay

V6I:A6Eff = f(Pts, Tys, Ps, 1)

Sag; is the ideal nozzle stream thrust based on assuming that the flow is isentropically
expanded to the ambient pressure.

With F,... the drag force can be determined as:

Fdrag = FnetC_FmeasC — Ppg, ¥ Aps + Pps, * Aps (3-9)

Fgrag consists of drag due to friction, external aerodynamics, and ram force from the
free-jet air impinging on the engine and thrust stand and is assumed to be the same for
cold and hot runs. It does not take into account pressure forces on the thrust stand
because these are likely to change between engine-off and engine-on runs.

Next, data are acquired at the same conditions with the engine running (hot run).
Measurements from the hot flow run and Fy,.,4 are fed into the following equation:

Fret = Eneas + Farag — Pas * Aas + Prs * Aps (3-10)

The net thrust equation accounts for pressure differences on the test stand and on
the engine exhaust nozzle during both the cold and hot runs. It is important to take into

account the pressure forces because the nozzle exit will likely be at a different pressure
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due to the combustion upstream. In addition, running the engine can alter the pumping
characteristics of the exhaust facility and cause differences in cell pressure, and as a
result, differences in the pressure forces exerted on the engine test stand must be included

in the thrust evaluation.

Specific Impulse

Specific impulse, Isp, is a measure of engine propulsive efficiency. It is defined as
the change in momentum per amount of on-board propellant used and has units of
seconds. A higher Isp means that less fuel is required for a given change in momentum,
which is a sign of higher efficiency. Isp is typically used to describe the performance of
rockets and air-breathing jet engines, including turbine engines, ramjets, and scramjets.
Traditional chemical rockets, both solid and liquid, typically have a lower Isp relative to
air-breathing engines due to the fact that rockets must carry their own oxidizer, which is a
component of the on-board propellant. Air-breathing engines gather their oxidizer from
the atmosphere, rather than having to carry it with them, which significantly decreases
the amount of propellant required and increases Isp.

The equation for air-breathing Isp is given in Eq. (3-11). It is simply the net thrust
from the engine divided by the mass flow rate of fuel required and multiplied by the
gravitational acceleration at sea level.

Fnet

Isp = ——
i mfuel *Jo

(3-11)

During an engine test, fuel mass flow is typically calculated from measurements
made by calibrated turbine flowmeters. SAE ARP 4990 (Turbine Flowmeter Fuel Flow
Calculations, 1997) describes the proper method to calculate fuel mass flow rate using
turbine flowmeters. A turbine flowmeter, a diagram of which is shown in Figure 11, is a
volumetric flow measurement device that uses the fluid flow to spin a small turbine. The
device is installed in the fuel line, and an electronic pickup measures each time a turbine

blade passes to determine the frequency at which the turbine is spinning. Higher flow
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rates cause the turbine to spin faster. Mass flow rate is then determined as volumetric

flow rate multiplied by the fluid density.

Body Electronlc

71 =\ T

- 7
o — g Al C/ i 7 ST 2

— Tail Cone —

ANAN

AN

|

Figure 11: Turbine flowmeter diagram

SAE ARP 4990 specifies that a flowmeter must be calibrated prior to use. If the
measured fluid cannot be used itself in the calibration, it should be conducted with a
surrogate fluid that matches the density and viscosity of the fluid to be measured. The
calibration should also be conducted through the entire range of expected flow rates. This
range is known as the turn-down ratio, and it is described as the ratio of the highest
calibrated flow rate to the lowest. The result of the calibration is a Roshko-Strouhal curve
(example shown in Figure 12) that relates the volumetric flow rate through the meter to
the frequency measured by the electronic pickup and takes into account variations in
pressure, temperature, and viscosity. The equations for Strouhal and Roshko numbers are
given in Eq. (3-12) and (3-13).

3
D, 2
Ro = Re xSt = f% (3-13)
Where:
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Figure 12: Fuel flow meter calibration curve at 1, 4, 15, and 45 centistokes viscosity

The steps for calculating the mass flow rate of fuel are as follows:

Calculate Roshko number from flowmeter frequency measurement, fuel viscosity, and
flowmeter inlet pipe diameter.

Determine Strouhal number from the calculated Roshko number and the flowmeter
calibration curve.

Calculate K-factor from Strouhal number and flowmeter inlet pipe diameter.

Calculate mass flow rate of fuel from calculated K-factor, flowmeter frequency
measurement, and fuel density, see Eq. (3-14).

mfuel = Epfuel (3-14)
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Sample Data

The engine performance program was validated using a standard, accepted check
case to compute the engine performance variables previously discussed and compare the
program’s results to the established values. The performance program data is compared
to the check case data in Table 1. The table shows a sample of the outputs given by the
DREPP. It shows that most differences between the check case and the DREPP are
within 1%. The differences seen in TT4l, TT5, and FS6I are >1% and likely result from
accumulation of errors through the DREPP calculation procedure. These calculations are
dependent on other calculations, each progressive calculation adding more error. Once
the model was checked out, additional calculations were made where the engine fuel flow

was modulated to provide a range of engine power settings.

Table 1: DREPP Output Values Normalized by Check Case Outputs

DREPP
A00 0.999
woo 1.000
FS00 1.003
XMFF0OO | 1.001
Xm2 0.997
TT2 1.000
PT2 1.006
FAR4 1.000
TT14l 1.014
W5 1.000
PTS 1.010
TT5 1.014
XM4 0.999
FS5 1.009
FS6I1 0.983
V6 0.991
XM6 1.002
ISPF 1.000
ISPA 1.000
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Figure 13 shows a graphical representation of the cross sectional areas, non-
dimensionalized to physical capture area, throughout the engine. This same geometry was

used with each sample set of data.
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Figure 13: Non-dimensionalized cross-sectional areas through test engine

Uncertainty Analysis

Uncertainty calculations were performed using both numerical and analytical
methods on the calculations for airflow, net thrust, and specific impulse. The purpose of
calculating the uncertainties two ways was to define the differences in calculated
uncertainty levels that might arise from using complicated numerical methods or
simplified analytical methods. The numerical method is considered more accurate
because it takes into account more of the complicated thermodynamic and physical
interactions that occur within the engine cycle, such as the addition of fuel in the

combustor. The analytical method may be employed prior to testing to get an initial
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estimate of the uncertainty values. It is important to know how close the simple analytical

calculations are to the more accurate numerical calculations.

Numerical Uncertainty Analysis

The numerical uncertainty analysis followed the method described in the
Calculation Uncertainty section of Chapter 2 of this thesis. It employed the dithering
method (Dieck, 1997) for determining sensitivity coefficients for each of the parameters
that were required to calculate airflow, net thrust, and specific impulse. This method
utilizes the data reduction program and changes the value of each parameter in a
particular calculation individually by a small amount (in this case 0.1%), while holding
all other parameter values constant, to numerically determine its effect on that
calculation, forming numerical partial derivatives of the calculation with respect to each
parameter. (Test Uncertainty, 2006) The sensitivity coefficients are then used in
conjunction with random and systematic standard measurement uncertainties to compute

an uncertainty value for a desired calculated parameter.

Simplified Analytical Uncertainty Analysis

The analytical approach used simplified equations from the data reduction
program that were easily differentiable. Because the equations were easily differentiable,
influence coefficients could be calculated using the methods described in the Calculation
Uncertainty section of Chapter 2 of this thesis without using numerical derivatives.

The analytical equation used for airflow combines equations 3-3, 3-6, and 3-7.
These equations have been combined in Eq. (3-15) with subscripts v and ¢ added for
venturi and cold flow measurement parameters, respectively. Eq. (3-15) assumes:

e y=14

2
e R=1716L
S%°R
dthz 233
' 4 *T* CaCrPry Py |Troe Mo (14 0.2 % Mo.?) (3-15)
m = 3
V1716 % Ty, Proc | Tto Myo(1+ 0.2 % My?)
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From Eqg. (3-15), the analytical influence coefficients from the venturi parameters are:
om du, _ o
dd,, m
aom Cq
aCgm
dm Cg
aCcg m
dm Py,
e —— =
OPsy ™

o Tpy

=-0.5

0T,y T

The analytical influence coefficients from the cold flow inlet conditions are:

0m Proc __ 1
¢« — 0= —
aPtOC m
aom T,
o« —-€=05
aTtOC m
. (0.6+0.04—*MOC4+0.36*M062— L 2)*M002 2
om MOC _ Moc _ 5*(MOC —1)
. - 3 -
OMoc ™ (14+0.2¢Mo?) Moc?+5

The analytical influence coefficients from the hot flow inlet conditions are:
dm Py _

Py T
om T,
gm o _ _05

dTyo M

1-M,?

o My _ 1-M;y?
140.2xMy?

2 —_—
o = oz F (L H0.2% Mo™)* =

The analytical equation used to determine the influence coefficients on net thrust,
Eq. (3-16), combines equations 3-8 and 3-10. Eq. (3-16) contains airflow, ideal engine
nozzle exit airflow velocity, ideal engine nozzle exit effective area, and engine inlet

airflow velocity (11, Vg, Agers, and Vy), each of which is the result of a calculation rather
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than a direct measurement. For simplicity these calculations were not decomposed further

to their direct measurements.
Frnet = Frneas — Fmeasc

+ [m(nnonez — Vo) + (MnozPeAserr — Per)]C (3-16)

— Ags(Pas — PASC) + Aps(Prs — PFSC)

Using this combined equation, the analytical influence coefficients for net thrust are:

OFnet Fmeas _ Fmeas
OFmeas Fnet B Fnet

OFnet Fmeasc _ Fmeasc
OFmeas; Fnet B Fnet

aFnet m m(nnonGIc_VOC)

[ ] =
O Fpet Fnet

° aFnet Moz __ nnaz(P6A6eff+mV61C)
f’nn,,z Fnet Fret

° aFnet VGIC _ "nosz6Ic
Ve Fret Fret

. 0Fnet Voc _ _mVOC
Vo Fnet Fnet

° OFnet Pamp _ Moz ambAeeff
aPamb Fnet Fnet

o OFnet Aseff _ MposFambAseff
OAgeff Fret Fnet

o OFnet Po_  Pode
0Py Fpet Frnet

o OFnet Ae _  Pode
0Ag Fnet Frnet

o OFnet Aas _ Aas(Pasc—Pas)
aAAS Fret Fret

o OFpet Pas __  AasPas
OPss Fpet Fret

o OFnet Pas; __ AAsPas;

OPss. Fret Frnet
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OFpet AFs __ Aps(Prs—Prs.)

aAFS Fret Fret
o OFnet Prs — AFsPrs
OPrs Fpet Fnet
° %ﬁ — _AFSPFSC
OPrs. Fret Frnet

Fuel specific impulse, as described in Eq. (3-11), is simply the net thrust divided
by fuel flow multiplied by the gravitational constant. The influence coefficient of net
thrust on specific impulse is one, which means that all of the influence coefficients from
net thrust apply directly to the specific impulse calculation. The only remaining influence
coefficients to calculate are those for the mass flow calculation. Equation (3-17) is the
result of combining the fuel flow equation, Eq. (3-14), with Eq. (3-11).

Isp = Tnet (3-17)
K Pruel * 9o
The analytical influence coefficients for the fuel flow part of the specific impulse
equation are:

Olsp f __
o —rL = _
of Isp
Olsp K
0K Igp
aISP pfuel _ _1
a'Dfuel Isp
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CHAPTER IV

RESULTS AND DISCUSSION

A data reduction computer program was developed for this thesis and was written
in Matlab®. A check case was used in the data reduction program, and the results of the
check case compared favorably to known results. One of the major difficulties with the
model was its input requirements. The techniques outlined in the approach were designed
to be used with experimental data, where parameters like scale force and flow meter
frequency are measured values. Working backwards from the final answer to the

measured value was required when using data from textbooks.

Performance Analysis

One ramjet flight condition was analyzed at multiple power settings for this
thesis. The flight condition was 80,000 feet at a Mach number of 4.1. The power setting
was modulated by adjusting the fuel flow supplied to the engine.

Figure 14 shows lsp versus combustor fuel-to-air mass ratio (FAR4) for the range
of fuel flows analyzed. The shape of the curve is typical of engine tests where power is
modulated from low to high. The data show that, at FAR4 of 0.05, the engine reaches a
maximum lsp. This is the most efficient power setting for the engine at this particular

flight condition.
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Figure 14: Non-dimensionalized specific impulse versus fuel-to-air mass ratio at 80k, Mach 4.1

Figure 15 shows the change in specific net thrust (net thrust per pound-mass of
airflow) with respect to FAR4. As FAR4 (fuel flow) increases, specific net thrust
increases proportionally, as expected.
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Figure 15: Net thrust per airflow versus fuel-to-air mass ratio at 80k, Mach 4.1
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Uncertainty Analysis

The goal of the uncertainty analysis was to determine which input parameters had
the greatest contribution to the uncertainty of the airflow, net thrust, and specific impulse
calculations. This was accomplished by using the performance computer program based
on the methods laid out in Chapter 111, perturbing each of the input parameters by a small
amount, and calculating the change in airflow, specific impulse, and net thrust. The
relative change in calculated parameter divided by the relative change in perturbed
parameter yields the influence coefficient. A small perturbation value was required to
numerically approximate the partial derivative of the calculation with respect to the input
parameter. A parametric study was conducted to determine how much the influence
coefficient changed with perturbations of £0.1%, +0.5%, and +1%. The results of this
parametric study are tabulated in Appendix A, and the influence coefficients that follow
are calculated from the average of the +0.1% and -0.1% perturbations.

Influence coefficients are used to determine which parameters are the biggest
drivers in the uncertainty of a calculation. For example, an influence coefficient of 2 for
parameter x on calculation y implies that for a 1% change in x, y changes by 2%. With
this information, experimenters can more effectively minimize the overall uncertainty of
calculations by choosing to improve the elemental measurements that have the largest
impact on the calculation over those that have little or no impact.

Only influence coefficients of 0.001 or greater are displayed below. All others
were deemed too insignificant and ignored. The numerical influence coefficients are also

compared to their corresponding analytical counterpart, where applicable.

Airflow

The analytical influence coefficients for airflow were calculated using Eq. (3-15).
It contains freestream Mach number, which is not a direct measurement; it is calculated
in a test cell environment the nozzle inlet flow total pressure, total temperature, and the
nozzle exit or test cell static pressure. The performance program was utilized to find
numerical influence coefficients for airflow using a given freestream Mach number for

comparison with the analytical values, and also modified and run using total pressure,
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total temperature, and static pressure to calculate the freestream Mach number. The latter
method better represents a real world example in a ground test environment.

The influence coefficients for the airflow calculation in which freestream Mach
number is an input are tabulated in Table 2 and shown graphically in Figure 16.

Table 2: Non-dimensional influence coefficients for airflow rate uncertainty calculation with

freestream Mach number input

IC (%/100) L

Parameter - - Description
Numerical | Analytical

Ptoc -1.0000 -1 Freestream total pressure, cold flow
Tioc 0.5000 0.5 Freestream total temperature, cold flow
Moc 4.0956 3.624 Freestream Mach number, cold flow
Py 1.0000 1 Airflow Venturi total pressure
Tev -0.5000 -0.5 Airflow Venturi total temperature
din 2.0000 2 Airflow Venturi throat area
Cq 1.0000 1 Airflow Venturi discharge coefficient
C 1.0000 1 Airflow Venturi real gas critical flow coefficient
Tio -0.3445 -0.5 Freestream total temperature, hot flow
P:o 0.9998 1 Freestream total pressure, hot flow
Mo -3.6130 -3.624 Freestream Mach number, hot flow
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Figure 16: Chart of non-dimensional numerical influence coefficients for airflow rate uncertainty with

freestream Mach number input

Airflow uncertainty was found to be heavily influenced by the freestream Mach

number, both during a run with an airflow measurement device in place in the engine

flow path (engine-off or cold run) and the engine-on performance run (hot run), with

absolute values of 4.10 and 3.61, respectively. The analytical equations for engine-off

and engine-on freestream Mach number show that these values are asymptotically

approaching 5.

With the exception of cold flow freestream Mach number, Mo, and hot flow

freestream total temperature, Ty, all of the numerically and analytically calculated

influence coefficients matched within about 0.01. The precise reason for the difference

seen in Mg and Ty is currently unknown, but what this difference implies is that both

parameters have an additional influence on the airflow calculation that is not being

captured in the analytical method.
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The simplified analytical approach could be used to quickly calculate an
uncertainty value for airflow, if needed. The elemental uncertainty value used for Mach
number would likely need to be a Type-B uncertainty that is based on “engineering
judgment” of the test facility and its ability to produce a desired Mach number.

The influence coefficients for airflow rate using inlet total pressure, total
temperature, and static pressure to calculate inlet Mach number are tabulated in Table 3

and shown graphically in Figure 16.

Table 3: Non-dimensional influence coefficients for airflow rate uncertainty calculation with

calculated freestream Mach number

IC (%/100) L
Parameter - Description
Numerical
P:oc -0.2372 | Freestream total pressure, cold flow
Tioc 0.3812 Freestream total temperature, cold flow
Poc -0.7607 Freestream static pressure, cold flow
Pt 1.0000 Airflow Venturi total pressure
Tiv -0.4996 Airflow Venturi total temperature
din 2.0010 Airflow Venturi throat area
Cq 1.0000 Airflow Venturi discharge coefficient
C 1.0000 Airflow Venturi real gas critical flow coefficient
Tio -0.2400 Freestream total temperature, hot flow
Pio 0.3269 Freestream total pressure, hot flow
Po 0.6715 Freestream static pressure, hot flow
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Figure 17: Chart of non-dimensional numerical influence coefficients for airflow rate uncertainty with

freestream Mach number calculated

The differences between the two sets of influences coefficients displayed in Table
2 and Table 3 are apparent in the freestream conditions. The freestream total pressure
influence coefficient with freestream Mach number as an input is split into a static and
total pressure influence coefficient when freestream Mach number is calculated. The
freestream total temperature influence coefficient was also reduced slightly. With the
large freestream Mach number influence coefficients gone, the major uncertainty driver is

the airflow measurement venturi throat diameter, di.

Net Thrust

The influence coefficients for net thrust are tabulated in Table 4 and shown

graphically in Figure 18. Figure 18 also distinguishes between influence coefficients that
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affect the net thrust calculation only through the airflow calculation, influence
coefficients that only affect the net thrust calculation, and influence coefficients that
affect the net thrust calculation directly and through the airflow calculation.

Table 4 shows that, with most parameters, the analytical method predicts the net
thrust influence coefficients very well. Differences are only seen in hot flow freestream
static pressure (Po), ambient cell pressure (Pamp), and nozzle stream thrust efficiency ().

Table 4 contains analytical influence coefficient values for cold flow ideal nozzle
exit velocity, cold flow freestream velocity, cold flow airflow, and effective nozzle exit
area under ideal expansion to ambient pressure. Each of these parameters is actually a
calculation that was not further decomposed to its elemental measurements. This was
done to simplify the analytical equation for net thrust. In the case of cold flow airflow
and freestream velocity, it was done to reduce the number of parameters in the equation.
Cold flow ideal nozzle exit velocity and effective nozzle exit area under ideal expansion
to ambient pressure, however, were not decomposed because they are calculated in the
DREPP using an iterative process that cannot be replicated analytically.

The hot flow freestream static pressure and ambient cell pressure are used in the
DREPP to calculate engine airflow and ideal nozzle exit velocity, respectively, as well as
net thrust. Since the analytical method did not break down the calculation for airflow or
ideal nozzle exit velocity into their components for simplicity, the values for Py and Pamp
only represent their effects directly on net thrust; their effects on airflow ideal nozzle exit
velocity are captured within the their respective influence coefficient for net thrust.

The largest difference lies in the nozzle stream thrust efficiency. The reason for
this difference is likely a result of the analytical nozzle stream thrust efficiency equation
being a function of effective nozzle exit area and ideal nozzle exit velocity. These
parameters were iteratively calculated in the DREPP and essentially treated as
measurements in the analytical solution for simplicity.

The analytical equations for the measured scale force influence coefficients
(engine-off and engine-on) are the measured scale force divided by the calculated net
force. This means that these influence coefficients approach zero as measured scale force

approaches zero. During engine-on tests, it is not uncommon for scale force to read close
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to zero because the drag forces on the engine and test stand are typically of the same

order as thrust produced by the engine.

Table 4: Non-dimensional influence coefficients for uncertainty in net thrust calculation

Parameter I(,: (%/100) - Description
Numerical [Analytical

P:ioc 0.0038 Free stream total pressure, cold flow

Tioc -0.0062 Free stream total temperature, cold flow

Poc 0.0123 Free stream static pressure, cold flow

Piv -0.0164 Airflow Venturi total pressure

Tiv 0.0081 Airflow Venturi total temperature

dipy -0.0330 Airflow Venturi throat area

Cq -0.0164 Airflow Venturi discharge coefficient

(0N -0.0164 Airflow Venturi real gas critical flow coefficient

Tio -0.0152 Free stream total pressure, hot flow

Pio -0.1375 Free stream total temperature, hot flow

Po -0.0450 [ -0.270209|Free stream static pressure, hot flow

Ag -0.1590 Nozzle throat area

Can 0.1592 Nozzle discharge coefficient

Pamb -0.2638 -0.2702 |Ambient pressure

Ag -0.2702 -0.2702 |Nozzle exit area

Fmeas -1.7121 | -1.7121 |Measured scale force, hot flow

Pas -0.0796 | -0.0796 |Nozzle exit base pressure, hot flow

Pes 0.1115 0.1115 |Pylon base pressure, hot flow

Fmeasc 3.1303 3.1303 |[Measured scale force, cold flow

Pasc 0.0908 0.0908 ([Nozzle exit base pressure, cold flow

Ass 0.0111 0.0111 ([Nozzle exit base area

Pesc -0.0955 -0.0955 |Pylon base pressure, cold flow

Ags 0.0159 0.0159 |Pylon base area

Nn 2.4764 3.8807 [Nozzle stream thrust efficiency

Fretc -0.4453 | -0.4453 |Net thrust, cold flow

Vsic 3.5128 |Station 6 velocity, cold flow

Voc -2.7024 |Free stream velocity, cold flow

Mot 0.8104 |Airflow

Agesr 0.3679 [Effective nozzle exit area, ideal expansion
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Figure 18: Chart of non-dimensional numerical influence coefficients for net thrust uncertainty

calculation

Specific Impulse

The influence coefficients for specific impulse are tabulated in Table 5 and shown
graphically in Figure 19. As with Figure 18, Figure 19 also makes a distinction between
influence coefficients that come from airflow and net thrust calculations and those that
are unique to the specific impulse calculation.
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Table 5: Non-dimensional influence coefficients for uncertainty in specific impulse uncertainty

calculation
Parameter K_: (%/100) - Description
Numerical |Analytical
Pioc 0.0038 Free stream total pressure, cold flow
Tioc -0.0062 Free stream total temperature, cold flow
Poc 0.0123 Free stream static pressure, cold flow
Piy -0.0162 Airflow Venturi total pressure
Tiy 0.0081 Airflow Venturi total temperature
dip -0.0324 Airflow Venturi throat area
Cq -0.0162 Airflow Venturi discharge coefficient
C -0.0162 Airflow Venturi real gas critical flow coefficient
Two -0.0152 Free stream total pressure, hot flow
P:o -0.1373 Free stream total temperature, hot flow
Po -0.0448 | -0.270209|Free stream static pressure, hot flow
K 1.0000 1 Fuel flowmeter calibration table
Top 0.2528 Fuel temperature at flowmeter
Teal 0.0150 Fuel temperature during flowmeter calibration
SGgof -1.0036 -1 Specific gravity of fuel at 60°F
f -0.9998 -1 Fuel flowmeter frequency
As -0.1589 Nozzle throat area
Can 0.1589 Nozzle discharge coefficient
Pamb -0.2638 | -0.2702 |Ambient pressure
Ag -0.2702 -0.2702 |Nozzle exit area
Fmeas -1.7121 | -1.7121 |Measured scale force, hot flow
Pas -0.0796 | -0.0796 |[Nozzle exit base pressure, hot flow
Pk 0.1115 0.1115 |Pylon base pressure, hot flow
Fmeasc 3.1303 3.1303 |Measured scale force, cold flow
Pasc 0.0908 0.0908 |Nozzle exit base pressure, cold flow
Aps 0.0111 0.0111 |Nozzle exit base area
Pesc -0.0955 | -0.0955 |Pylon base pressure, cold flow
Ags 0.0159 0.0159 |Pylon base area
Nn 2.4764 3.8807 |Nozzle stream thrust efficiency
Fretc -0.4453 | -0.4453 |Net thrust, cold flow
Veic 3.5128 |Station 6 velocity, cold flow
Voc -2.7024 |Free stream velocity, cold flow
Mot 0.8104 |Airflow
Ages 0.3679 |Effective nozzle exit area, ideal expansion
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Figure 19: Chart of non-dimensional numerical influence coefficients for fuel specific impulse

uncertainty calculation

Specific impulse is a ratio of net

thrust to fuel flow, with each contributing

equally to the overall uncertainty. The influence coefficient of net thrust on specific
impulse is 1. For this reason, each of the influence coefficients for net thrust equally

affects specific impulse.

The numerical influence coefficients from fuel flow parameters matched very
well, within about 0.004, with their analytical analogues. The numerical calculation

showed that two parameters that were not included in the analytical analysis, Top and Tcal,
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had a small but calculable influence on specific impulse. Tqp is the temperature of the fuel
being measured. It is used to make corrections to the specific gravity and viscosity of the
fluid, and it is also used in conjunction with T.y to make thermal corrections to the

flowmeter calibration.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

The work performed in this thesis has helped to further the understanding of the
major uncertainty drivers for airflow, net thrust, and specific impulse during a ramjet
engine test in a free-jet test cell.

In the airflow calculation the analysis of uncertainty contributors showed that, in
order to gain the greatest decrease in overall airflow uncertainty, increasing measurement
accuracy in the mass flow measuring venturi nozzle total pressure, hot flow and cold flow
freestream static pressures, and venturi nozzle total temperature would show the greatest
overall uncertainty benefit, greater than in the freestream total pressures and
temperatures. This assumes that the venturi nozzle throat diameter uncertainty is already
low enough to be negligible and that the venturi nozzle calculations are performed
according to MFC-7M-1987, which defines an uncertainty value for Cg and Cy. If
necessary Cg and Cq4 could be reduced further by calibration of the venturi nozzle.

The uncertainty of the net thrust equation is dominated by the uncertainty in the
scale force measurement in both hot and cold flow (Fmeas, Fmeasc) a@s well as the nozzle
stream thrust efficiency (7n0;). Some ways to reduce the scale force uncertainty include:

e Using a more accurate measurement device.

o Designing the experiment such that, when running, scale force is close to zero.

e Performing better calibrations on the measurement device, including calibrations to
account for pressure effects if using a sealed load cell.

o Calibrating the engine test stand to determine the effects due to resistance to motion (tare)
and hysteresis.

e Making sure that the tare due to fuel lines and instrumentation lines entering the pedestal

is properly accounted for.

Uncertainty on nozzle stream thrust efficiency will need to be addressed in component

testing of the nozzle. Any methods used during component testing to decrease the overall
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uncertainty of this parameter will have a large effect on the overall net thrust uncertainty
when using the method outlined in this thesis.

Since Isp contains all of the uncertainty contributors of the net thrust calculation,
all efforts made to decrease net thrust uncertainty will also decrease Isp uncertainty. In
addition lsp uncertainty is also influenced by fuel flow calculation parameters. The
specific gravity of the fuel being used, the flowmeter calibration, and the frequency
measurement from the flowmeter all equally affect the overall Isp uncertainty. The
specific gravity uncertainty can be minimized by acquiring fuel samples prior to and after
a test and having them analyzed by a chemical lab using an accepted industry standard,
such as ASTM D4052. The flowmeter calibration uncertainty can be reduced by using a
more accurate calibration rig and calibrating the flowmeter multiple times over the flow
range that it is expected to see during testing. The uncertainty of the flowmeter frequency
measurement can be minimized by ensuring that the proper flowmeter is used for the
expected flow rates.

This computer performance model was validated in this thesis using an accepted
check case because engine test experimental data is not readily available to the public.
Additional validation will be done in the future using experimental data to increase the
credibility of the model. Currently the model works for ramjet cases, where the flow
through the engine combustor becomes completely subsonic. Future work will be done to

modify the performance program to allow dual-mode ramjet and scramjet analysis.
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Table Al: Parametric study of airflow influence coefficients with inlet Mach number input

Parameter Ic Spread Description

-0.01 | -0.005 [ -0.001 | +0.001 [ +0.005 | +0.01
Pt00c -1.0101 -1.0050 -1.0010 -0.9990 -0.9950 -0.9901( 0.0032 |Free stream total pressure, cold flow
Tt00c 0.5013 0.5006 0.5001 0.4999 0.4994 0.4988|0.0047 [Free stream total temperature, cold flow
MO00c 4.0198 4.0575 4.0879 4.1033 4.1341 4.1730 Free stream Mach number, cold flow
Ptv 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 Airflow Venturi total pressure
Tty -0.5038 -0.5019 -0.5004 -0.4996 -0.4981 -0.4963| 0.0075 |Airflow Venturi total temperature
Dth 1.9900 1.9950 1.9990 2.0010 2.0050 2.0100 Airflow Venturi throat area
Cd 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 Airflow Venturi discharge coefficient
Cr 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 Airflow Venturi real gas critical flow coefficient
Tt00 -0.3496 -0.3570 -0.3443 -0.3446 -0.3452 -0.3459| 0.0023 |Free stream total pressure, hot flow
Pt00 0.9998 0.9998 0.9998 0.9998 0.9998 0.9998( 0.0024 |Free stream total temperature, hot flow
MO0 -3.6937 -3.6632 -3.6203 -3.6057 -3.5768 -3.5410| 0.0024 |Free stream Mach number, hot flow

Table A2: Parametric study of airflow influence coefficients with calculated inlet Mach number

IC
Parameter = 01 [ -0.005 | -0.001 | +0.001 ] +0.005] +0.01 | P Description
Pt00c -0.2390 -0.2382 -0.2375 -0.2372 -0.2357 -0.2357| 0.0032 |Free stream total pressure, cold flow
Tt00c 0.3838 0.3826 0.3817 0.3812 0.3791 0.3791 | 0.0047 |Free stream total temperature, cold flow
P0OOc -0.7683 -0.7648 -0.7621 -0.7607 -0.7546 -0.7546 Free stream static pressure, cold flow
Ptv 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 Airflow Venturi total pressure
Tty -0.5038 -0.5019 -0.5004 -0.4996 -0.4963 -0.4963 | 0.0075 |Airflow Venturi total temperature
Dth 1.9900 1.9950 1.9990 2.0010 2.0100 2.0100 Airflow Venturi throat area
Cd 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 Airflow Venturi discharge coefficient
Cr 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 Airflow Venturi real gas critical flow coefficient
Tt00 -0.2387 -0.2393 -0.2397 -0.2400 -0.2411 -0.2411| 0.0023 |Free stream total pressure, hot flow
Pt00 0.3282 0.3276 0.3272 0.3269 0.3258 0.3258 | 0.0024 |Free stream total temperature, hot flow
POO 0.6728 0.6722 0.6718 0.6715 0.6705 0.6705 | 0.0024 Free stream static pressure, hot flow
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Table A3: Parametric study of net thrust influence coefficients

IC

Parameter = 01 [-0.005 | -0.001 ] +0.001 ] +0.005| +0.01 | °e¢ Description

Pt0OC 0.0038 0.0038 0.0038 0.0038 0.0038 0.0038 JJNOO0O)Free stream total pressure, cold flow
Tt0O0c -0.0063 -0.0062 -0.0062 -0.0062 -0.0061 -0.0061( 0.0002 |Free stream total temperature, cold flow
POOc 0.0121 0.0122 0.0123 0.0124 0.0125 0.0125|0.0004 |Free stream static pressure, cold flow
Ptv -0.0167 -0.0165 -0.0163 -0.0161 -0.0156 -0.0156( 0.0011 |Airflow Venturi total pressure

Ttv 0.0080 0.0081 0.0081 0.0081 0.0082 0.0082 |0.0002 |Airflow Venturi total temperature

Dth -0.0344 -0.0334 -0.0326 -0.0322 -0.0303 -0.0303| 0.0041 [Airflow Venturi throat area

Cd -0.0167 -0.0165 -0.0163 -0.0161 -0.0156 -0.0156( 0.0011 [Airflow Venturi discharge coefficient
Cr -0.0167 -0.0165 -0.0163 -0.0161 -0.0156 -0.0156 0.0011 |Airflow Venturi real gas critical flow coefficient
Tt00 -0.0153 -0.0152 -0.0152 -0.0152 -0.0152 -0.0152 Free stream total pressure, hot flow
Pt00 -0.1378 -0.1376 -0.1374 -0.1373 -0.1368 -0.1368( 0.0010 |Free stream total temperature, hot flow
P0OO -0.0455 -0.0452 -0.0449 -0.0448 -0.0441 -0.0441( 0.0014 |Free stream static pressure, hot flow
A5 -0.1594 -0.1591 -0.1589 -0.1588 -0.1583 -0.1583( 0.0011 [Nozzle throat area

Cdn 0.1599 0.1594 0.1590 0.1588 0.1578 0.1578|0.0021 [Nozzle discharge coefficient

Pamb -0.2642 -0.2639 -0.2637 -0.2636 -0.2631 -0.2631( 0.0011 [Ambient pressure

A6 -0.2702 -0.2702 -0.2702 -0.2702 -0.2702 -0.2702 Nozzle exit area

Fm -1.7121 -1.7121 -1.7121 -1.7121 -1.7121 -1.7121 Measured scale force, hot flow

Pneb -0.0796 -0.0796 -0.0796 -0.0796 -0.0796 -0.0796 Nozzle exit base pressure, hot flow
Ppb 0.1115 0.1115 0.1115 0.1115 0.1115 0.1115 Pylon base pressure, hot flow

Fmc 3.1303 3.1303 3.1303 3.1303 3.1303 3.1303 Measured scale force, cold flow

Fnc -0.4453 -0.4453 -0.4453 -0.4453 -0.4453 -0.4453 Net thrust, cold flow

Pnebc 0.0908 0.0908 0.0908 0.0908 0.0908 0.0908 Nozzle exit base pressure, cold flow
Aneb 0.0111 0.0111 0.0111 0.0111 0.0111 0.0111 Nozzle exit base area

Ppbc -0.0955 -0.0955 -0.0955 -0.0955 -0.0955 -0.0955 Pylon base pressure, cold flow

Apb 0.0159 0.0159 0.0159 0.0159 0.0159 0.0159 Pylon base area

etan 2.4764 2.4764 2.4764 2.4764 2.4764 2.4764 Nozzle stream thrust efficiency
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Table A4: Parametric study of specific impulse influence coefficients

IC

Parameter ™, 01 | -0.005 | -0.001 | +0.001 | +0.005] +0.01
PtOOc | 0.0038 0.0038 0.0038 0.0038 0.0038

Tto0c  |-0.0063 -0.0062 -0.0062 -0.0062 -0.0061 -0.0061
POOC 00121 0.0122 0.0123 0.0124 0.0125 0.0125
Ptv -0.0167 -0.0165 -0.0163 -0.0161 -0.0156 -0.0156
Ttv 0.0080 0.0081 0.0081 0.0081 0.0082 0.0082
Dth -0.0344 -0.0334 -0.0326 -0.0322 -0.0303 -0.0303
cd -0.0167 -0.0165 -0.0163 -0.0161 -0.0156 -0.0156
cr -0.0167 -0.0165 -0.0163 -0.0161 -0.0156 -0.0156
Tt00 -0.0153 -0.0152 -0.0152 -0.0152 -0.0152

Pt00 -0.1378 -0.1376 -0.1374 -0.1373 -0.1368 -0.1368
P00 -0.0455 -0.0452 -0.0449 -0.0448 -0.0441 -0.0441
Kfactor | 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Top 0.2519 02523 0.2527 0.2529 0.2537 0.2537
Teal 0.0150 0.0150 0.0150 0.0150 0.0150 0.0150
SGEOf  |-1.0138 -1.0087 -1.0046 -1.0026 -0.9937 -0.9937
Freq -1.0099 -1.0048 -1.0008 -0.9988 -0.9899 -0.9899
A5 -0.1594 -0.1591 -0.1589 -0.1588 -0.1583 -0.1583
Cdn 0.1599 0.1504 0.1590 0.1588 0.1578 0.1578
Pamb  |-0.2642 -0.2639 -0.2637 -0.2636 -0.2631 -0.2631 0.0011
A6 -0.2702 -0.2702 -0.2702 -0.2702 -0.2702 -0.2702
Fm -1.7121 -1.7121 -1.7121 -1.7121 -1.7121 -1.7121
Pneb  |-0.079 -0.0796 -0.0796 -0.0796 -0.0796 -0.0796
Ppb 0.1115 0.1115 0.1115 0.1115 0.1115 0.1115
Fme 3.1303 3.1303 3.1303 3.1303 3.1303 3.1303
Fnc -0.4453 -0.4453 -0.4453 -0.4453 -0.4453 -0.4453
Pnebc | 0.0908 0.0908 0.0908 0.0908 0.0908 0.0908
Aneb 00111 00111 00111 0.0111 0.0111 0.0111
Ppbc  |-0.0955 -0.0955 -0.0955 -0.0955 -0.0955 -0.0955
Apb 0.0159 0.0159 0.0159 0.0159 0.0159 0.0159
etan 2.4764 2.4764 2.4764 2.4764 2.4764 2.4764

Spread

Description

0.0038 -Free stream total pressure, cold flow

0.0002
0.0004
0.0011
0.0002
0.0041
0.0011
0.0011

Free stream total temperature, cold flow

Free stream static pressure, cold flow

Airflow Venturi total pressure

Airflow Venturi total temperature

Airflow Venturi throat area

Airflow Venturi discharge coefficient

Airflow Venturi real gas critical flow coefficient

-0.0152-Free stream total pressure, hot flow

0.0010
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0.0014

Free stream total temperature, hot flow
Free stream static pressure, hot flow
Fuel flowmeter calibration table

0.0018 |Fuel temperature at flowmeter

0.0011
0.0021

Fuel temperature during flowmeter calibration
Specific gravity of fuel at 60°F

Fuel flowmeter frequency

Nozzle throat area

Nozzle discharge coefficient
Ambient pressure

Nozzle exit area

Measured scale force, hot flow
Nozzle exit base pressure, hot flow
Pylon base pressure, hot flow
Measured scale force, cold flow

net thrust, cold flow

Nozzle exit base pressure, cold flow
Nozzle exit base area

Pylon base pressure, cold flow
Pylon base area

Nozzle stream thrust efficiency
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