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PREFACE

Working Group 14 was established as a consequence of two primary issues in the field of gas turbine engine
technology. The first is the trend toward lower aspect ratio, more heavily loaded blading. The second is the increasing
need to understand the effects of flow non-uniformities on engine performance and on its stability. The latter statement
reflects the growing awareness that non-uniformities tend to reduce the stall margin on high performance engines. This is
particularly true for engine-airplane combinations that expect to face wide operating ranges in speed, altitude and
attitudes. The objectives and scope of work for Working Group 14 is given below.

Approval Date:
Starting Date:
Finishing Date:
Objectives:

Scope of Work:

March 1978
January 1979
Spring 1982

Numerous investigations have been made into how to average properties across a non-uniform or
unsteady flow so as to characterize it for the purpose of one-dimensional performance analysis of gas
turbine powerplant.

The Working Group will make firm recommendations where possible as to the best techniques to adopt,
and will identify areas in which more research is needed before firm recommendations can be made.

In particular, the Working Group will:

— collect and review existing practice or proposals for averaging non-uniform and/or unsteady flows,

— identify averaging techniques which are in principle correct when seeking to calculate heat, power,
thrust and efficiency,

— quantify where applicable the uncertainty levels of different averaging methods,

— recommend methods for adoption (these methods may of course be already standard practice),

— recommend further research activities needed to resolve uncertainties where a significant effect on
performance analysis is involved,

It is planned to limit participation in this Working Group to about 10 members only. This Working
Group will need about six meetings. Findings and recommendations will be published preferably as an
Advisory Report.

The Working Group was made up of the following people:

Panel Members Non-Panel Members
E.E.Covert Us P.Carridre Fr
D.Dini It G.Meauze Fr
J.Dunham UK H-W.Happel Ge
J.Fabr Fr H.Kruse Ge
Ch.Hirsch Be J.L.Livesey UK
M.Pianko Fr S.Wehofer us
F . Wazelt Ge

The following organizations provided the working Group with information relating to their procedures:

Arnold

Engineering Development Center, USAF

CEPr — Centre d’Essais des Propulseurs

DFVLR — Deutsche Forschungs-und Versuchsanstalt fir Luft-und Raunfahrt
Detroit-Diesel Allison Division, General Motors

General Electric Company, Aircraft Gas Turbine Division

MTU —

Motoren-und Turbinen-Unjon

NASA Lewis Research Center

ONERA — Office National d’Etudes et de Recherches Aérospatiales
Pratt and Whitney Government Products Division

Rocketdyne Division of Rockwell International, Inc.

Teledyne CAE, Inc.

UK National Gas Turbine Establishment
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duting Professor Wazelt’s illness.

Every attempt was made by each of us to be as accurate as possible in interpreting the work of others so generously
provided for us. Further, we tried to ensure proper literature and report citations. It is likely in fact that we have not
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GENERAL NOMENCLATURE

A Area

Cd Nozzle discharge or flow coefficient
Cy Nozzle thrust coefficient

Cp Specific heat at constant pressure
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E, Kinetic energy

FAR Fuel Air Ratio

Fg Gross thrust

FHV Fuel Heating Value (or calorific value}
hg Static specific enthalpy

hy Total specific enthalpy
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thy Air mass flow rate
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P, Total pressure
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R Gas constant

s Specific entropy

S Entropy

T Static temperature

T Total temperature

\' Absolute velocity

W Relative velocity

« Flow angle of absolute velocity with tangential direction
B Flow angle of relative velocity with tangential direction
¥ Ratio of specific heats

) Boundary layer thickness

A Difference

€ Slope angle
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) Density

w Angular velocity

Subscripts
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CAL Calculated

e Exit
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Chapter 1

INTRODUCTION

1.1 BACKGROUND

In flight propulsion systems both propulsive power and thrust is generated by adding energy to, and exerting forces
and mements on a working fluid which passes through the system. The working fluid may vary in composition as it
passes through the system. It is generally a gas composed of atmospheric air and gaseous combustion products. This gas
is compressible and its thermodynamic characteristics can be approximated by the thermally ideal state equation.

The complete propulsion system is composed of different components, which are arranged in series and/or in
parallel. Each of these components exerts specific actions on the gas as it passes through the components which changes
the gas flow and state quantities. The individual component types are selected and arranged in such a way that the flow
and state changes at the interface between successive components which together complete an open thermodynamic cycle
for the power plant system, thereby assuring continuous system operation.

1.2 PERFORMANCE ANALYSIS

For system and component performance analysis, the specific actions exerted by individual components on the gas
flow must be known. These specific component effects are distributed internally within the component flow
(e.g. viscous stresses, heat conduction, chemical reactions) and over the component internal surfaces (normal and
tangential stresses). The distributed local action can be summarized as the sum of the individual component (component
performance) in terms of forces, moments, work, heat and losses due to dissipation. In most applications these quantities
cannot be derived from direct measurements. They can, however, be determined indirectly from flow and state changes,
which the working gas experiences when it passes through the component. Therefore, the basic information required for
experimental determination of component and system performance analysis is the three-dimensional distribution of
measured velocity components and state quantities at the component interfaces of the system.

The quantitative relationships between the velocity and state changes from component inlet to outlet face and the
sum of component actions (forces, moments, energy changes and dissipation) are derived from the conservation laws of
fluid dynamics using a stationary control volume which bounds the component inlet and outlet areas and the component
interior solid surfaces. The thermodynamic state changes of the working gas flow, which also enter into these integral
relations, are governed by the laws of thermodynamics.

It must be realized that such integral relationships relate the total action within the component to the resultant
integrated changes in velocity and state quantities and do not offer detailed information about local effects. Even if
complete and precise information about the three-dimensional distribution of al! velocity and state quantities is available
for both the component inlet and outlet faces, the description of overall component forces, which act on the flow as it
passes from inlet to outlet, cannot be separated into the individual contribution by different physical phenomena. Only
the combined effect of all forces occurring within the control volume can be determined in this way. Therefore,
employing relations derived from control volume averaging always results in loss of detailed information.

1.3 SIMPLIFICATION BY AVERAGING

An averaging technique may be used with design data or with measured data. Design data, cbtained by computa-
tion, are always consistent. But the experimental determination of the distributed flow and state quantities, which enter
into these integral relationships, requires the application of extensive traversing instrumentation at all component inter-
faces. In propulsion systems, such extensive instrumentation cannot be provided safely and economically. Experimental
efforts of this magnitude are usually limited in application to special component test rigs during the research and develop-
ment phase,

To simplify steady state component and system analysis and to verify the results experimentally, employing only
limited fixed instrumentation at the component interfaces, the real, non-uniform, three-dimensional flows with time
pericdic velocities and state quantities (rotating wakes and turbulence), it would be desirable to represent or approximate
the real flow by uniform steady flow models, which transport the same amount of mass, momentum, moment of
momentum and energy through the interfaces as the real, non-uniform flow. The velocity and state quantities of the



uniform flow models can be determined by applying suitable time- and position-averaging procedures to the distributed
velogity and state quantities of the real flow,

Introduction of representative average velocities, momentum flows and state quantities, allow one to evaluate
component and system performance simply. The quantitative results obtained from such simplified performance analysis
methods can describe the steady state performance parameters with adequate accuracy. In addition, suitable averaging
techniques define locations within the flow field where local velocity and state quantities coincide with the averaged
velocity and state properties. Fixed instrumentation therefore should be positioned at these locations in order to obtain
truly representative experimental performance data.

Many different averaging procedures of non-uniform internal flows are currently in use. Therefore the question
arises, if performance parameters derived by using different averaging methods remain comparable with each other.
Simple calculations are used to illustrate this comparison.

1.4 OBIJECTIVE AND SCOPE

The objective for the work reported here is to review known averaging methods and to present their differences,
to quantify inaccuracies or uncertainties inherently associated with different averaging procedures and to arrive at
recommendations for practical applications. In view of the increased capabilities of modern instrumentation and
computation equipment, more sophisticated averaging techniques may become practicable and therefore are considered
in the present work.

For the present study the scope of work was restricted to consider only the following propulsion systems: Turbojet
(with and without reheat); Turboshaft-Engines (without heat exchange or propellers) and Turbofan-Engines (with and
without mixing or reheat). Furthermore, the averaging methods considered here are applicable only to steady-state
component and system performance analysis.

Certain aspects of the work presented in this report are closely related to instrumentation, its capabilities, accuracies
and limitations. Since new capabilities and improvement in the field of instrumentation are occurring at a rapid rate,
the present capabilities of data gathering and acquisition systems were not considered to be limiting. Effects of instru-
mentation aspects are included when one deals with the time-averaging of time periodic data.

1.5 APPROACH

Initially, existing models of component and system performance analysis wete reviewed. The information presented
in this part of the report was collected through direct contact with the specialists in the respective organizations, and
provide perspective as to procedures presently in use.

Next, a theoretical analysis of component and system performance based upon integral relations for stationary
finite control volumes with fixed boundaries. The general compressible fluid relations are then specialized for steady
(time-averaged) flows. Their representation as uniformly distributed averaged quantities then are derived. In this
context, consideration is given to the inherent limitations of performance analysis results derivable from averaged
quantities and to those statements, which are in principle correct. On the basis of this work, known averaging methods
are discussed, classified and their limitations are defined, This theoretical presentation is concluded by proposing new
refinements to known methods and a novel approach to simplified component and system analysis.

The averaging procedures are subsequently tested by completing a selected group of typical sample calculations.
Quantitative comparisens of the results are presented and their uncertainty levels are specified.

The work concludes with a summation and critique of the results obtained. Recommendations for acceptable
averaging procedures are offered. Finally, those problem areas are identified, where additional efforts are needed to
achieve further progress.



Chapter 2

CURRENT FLOWPATH-AVERAGING PRACTICES

SUMMARY

This chapter discusses the flowpath-averaging practices and philosophies used by
companies and governmental agencies currently engaged in aircraft turbine engine component
and system development. Flowpath-averaging practices vary depending on the engine
component, the User’s design philosophies, the User’s test facilities and equipment, accuracy
requirements, and available resources. In general, most of the current turbine engine flow-
averaging practices involve some form of area or mass flow weighting. In engine systems
where there are severe internal space limitations and instrument installation restrictions,
energy and work balances based on measured airflow, thrust/torque, and fuel flow are used
to define single values of component interface flow properties. An area of flowpath averaging
which is receiving increased attention is the error evaluation process. An error evaluation is
required of the measurement systems and flow averaging procedures to insure that test results

are meeting engine component and system performance specification requirements.

DEFINITION OF FLOWPATH-AVERAGING METHODS
Area Average
Parameter integral with respect to flow area divided by total flow area.

Area-weighted average pressure:
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P, =

Area-weighted average temperature:
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t

Mass Average

Parameter integral with respect to mass flow divided by total mass flow rate.

Mass flow-weighted average pressure:

b fPipVax dA
—

Mass flow-weighted average enthalpy:

JhipVax dA
ht = .— .
]
Mass flow-weighted average entropy:
JspVaxdA
m

With the definition of any two of the mass flow-weighted parameters listed above, the third parameter can be

obtained from a Mollier diagram,



Mass flow-weighted average velocity:
fVpVaxdA
m
Two-Dimensional Mass Average

Parameter circumferential and radial integral with respect to mass flow divided by total mass flow rate.

Two-dimensional mass flow-weighted average pressure:

5 - HPpVax)rd 8 dr
U ff(eVax)rd 6 dr

Two-dimensional mass flow-weighted average isentropic enthalpy equivalent of a total pressure change:
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where the single bar parameters are circumferential mass averaged values,

Two-dimensional mass flow-weighted average temperature is:
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Numeric Average

Parameter arithmetic sum divided by the number of measurements:
Numeric averaged pressure:
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n

Numeric averaged temperature:
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¢

n
DZUNG Average

The mean or average values are consistent with the following equations, which represent the conservation laws with
a rotating frame (w = constant):

Continuity:
W, dA
oW, = [P ¥mdA
A
Momentum (in direction of meridian):
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Moment of Momentum:
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Energy:

Equation of State:
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and T is given by
2
2 = ftPp W, dA
fo W, dA
Hence, there are six equations with six unknown variables: P'S, B, hg, Wm . Wf} ,and t. For the case of an absclute
frame (w = 0), the relative velocity, W, is replaced by absolute velogity, V.

2.1 INTRODUCTION

The aerospace turbine engine community presently has no recognized standards or guidelines concerning averaging
of flowpath gas properties with the exception of engine face distortion indices. The problem is that each engine
manufacturer has different restrictions and requirements for selecting an averaging method. Restrictions are generally
imposed by available resources and test facilities. Requirements are dictated by the program goals and the type engine
component being evaluated. Factors usually considered when selecting a method of flowpath averaging are:

Compatibility with the design analyses,
Fundamental consistency with the particular component performance parameter being evaluated such as thrust,
torque or efficiency.

Required instrument measurement systems including consideration of instrument type, measurement range,
quantity, and required accuracies.

Conformity with existing informational data banks.
Available resources and test facilities.

The purpose of this chapter is to discuss the flowpath-averaging practices and philosophies used by the companies
and governmental agencies engaged in aircraft turbine engine development. Since instrumentation plays an important role
in the averaging selection precess and the component performance evaluation process, developmental engine component
and system flowpath measurement practices are also discussed. The material is presented in four parts: flowpath
measurement and averaging practices for (1) turbomachinery, (2) combustors, and (3) turbine engine systems, as well as
(4) a discussion of flowpath-averaging error evaluation practices. The flowpath-averaging practices used at the major
government turbine engine component and system test centers are presented in tabular form. The practices presented in
this chapter apply to steady-state flows and not necessarily to dynamic, or time-variant, flows. Fan and compressor inlet
flow-averaging practices are discussed, but turbine engine inlet flow distortion methodology is not discussed, as it is
already being addressed by other committees (e.g., Ref.2.1).

The test centers which contributed to this effort are as follows:

Arnold Engineering Development Center {AEDC)

Centre d’Essais des Propulseurs (CEPr)

Deutche Forschungs-und Versuchsanstalt fur Lufi-und Raumfahrt (DFVLR)

National Aeronautics and Space Administration — Lewis Research Center (NASA-Lewis)
National Gas Turbine Establishment (NGTE)

The manufacturers which contributed to this effort are as follows:

Detroit Diesel Allison

General Electric Aircraft Engine Group
Motoren-und Turbinen-Union

Pratt and Whitney Aircraft
Rocketdyne

Teledyne CAE

2,2 TURBOMACHINERY (COMPRESSORS/TURBINES)

Design Practices

The type of flowpath-averaging used for the design phase is dictated by the type of analyses used for the design
phase. For turbomachinery, the design effort includes evaluation of the radial flow distributions within the proposed
blade passages, evaluation of the component thermodynamic cycle efficiencies, and evaluation of meanline component
design and aerodynamic losses, The analysis procedures used in turbomachinery design vary from the solution of simple
radial equilibrium equations to determine flow distributions within blade passages, to complex three-dimensional flow
equations using the complete radial equilibrium momentum equation, energy equation, and continuity conditions (Refs
2.2 2.4). The basic analytical tools for most turbomachinery designs are streamline curvature methods and matrix
inversion schemes that account for both streamline curvature and radial gradients in entropy and enthalpy. Torque,
power, and the work per unit mass of fluid (total head) are determined using Euler’s rotating machinery power relations



(Ref.2.5). For streamline curvature methods and matrix inversion schemes, component inlet and exit flow properties are
generally specified at equal radial increments or at stations that correspond to the entrance and exit of each airfoil row
for the stator vanes and rotor blades. The equations define flow properties along streamlines or stream tubes (i.e., lines or
surfaces of constant mass flow) so that flowpath averaging of the analytical results is equivalent to one- and two-
dimensional mass averaging procedures. The numerical mass-averaged properties from the streamline analyses are also
used to evaluate the component power relations. In general, flowpath parameters in the design phase tend to be a form of
mass averaging including one- and two-limensional mass averaging of pressures and temperatures, with radial and circum-
ferential mass averaging of momentum, and energy terms.

Test Practices

The objective of the component test phase is to fix the basic hardware configuration and establish actual
performance and reliability, Component performance is generally evaluated by substituting the test data into the design
model, Flowpath areas and losses in the design model are adjusted so that the numerical results correspond to the
measured data. By using the airfoil geometry along with the measured overall interstage temperature and pressure profiles
and by assuming casing blockage distribution and stator loss correlations, one can formulate a computational model of
the turbomachinery from which the blade element performance can be obtained. Generally, computational models
require the addition of flow correlation coefficients or other such terms to the equation which are in some ways related
to flowpath averaging. Presently, there is no general consensus as to what specific form of flowpath averaging is to be
used for correlation of test data. The selection of a flowpath property-averaging method for the component test
phase should be consistent with requirements of the general design model (i.e., some form of mass averaging) and both
consistent and representative of the component fundamental performance parameters such as torque and efficiency.
Current flowpath-averaging methods, however, are not always this sound, principally because of experimental considera-
tions. In practice, the selection of an experimental flowpath-averaging method is highly dependent on the available
measurement systems. The limiting factors include measurement capability, probe flow-field interference, instrument
accessibility, required measurement accuracies, and resource requirements. To clarify these limits, a discussion of current
experimental flowpath-averaging practices must be prefaced with some discussion of turbomachinery measurement
practices.

Test Rig Measurements - For performance testing of isolated turbomachinery components, mass flow, torque, and
component inlet/exit flow properties, are measured. Flow rates are measured with calibrated bellmouths, or, if sufficient
pressure is available, with critical flow venturis (Ref.2.6) or calibrated orifices (Ref.2,7). All airflow rates are corrected to
dry air rates. Uncalibrated orifices are used for secondary flows such as compressor interstage bleeds and turbine
secondary cooling flows. Flowpath-averaging methods are not used for primary measuring systems; instead, flow condi-
tioning equipment is used to achieve one-dimensional bulk flow. Flow coefficients are used to account for boundary-
layer and flow curvature effects. For inlet flow distortion testing, a numerical summation of flows per unit area is made
{Ref.2.8). The analyses described in References 2.9 and 2.10 are used at AEDC to evaluate flow rates when symmetrical
or planar flow distortions are present.

Turbomachinery component inlet stagnation pressures and temperatures are generally measured with fixed rakes
spaced in circumferential quadrants, The number of measurements made at the inlet station is configuration dependent
and can vary from 20 to 100 combined pressure and temperature measurements, As an example to illustrate the number
and location of probes at the engine inlet face the Society of Automotive Engineers (US) suggests in its Aerospace
Recommended Practice (ARP 1420 of March 1978} eight equiangual space rakes with five probes per rake location at the
centers of the equal areas. An exception to this practice is turbine testing behind a combustor. For this case, turbine
inlet temperature spatial variations and levels usually make the use of probes impractical so that average inlet flow
values are determined from a turbine work balance. Wall static pressure taps are generally located in the inlet circum-
ferential plane at increments from 15 to 90 degrees. Flow-field static pressures are not measured in most circumstances.

For each stage, instrumentation for interstage performance may consist of two to four temperature and pressure
rakes with each rake having anywhere from three to six probes, If possible, static pressure taps are located on the case
and inner wall between the airfoil rows.

Component exit stagnation pressures and temperatures are normally measured with a circumferential traversing rake
system so that a detailed survey, which generally inciudes 200 to 500 individual measurements of the exit flow stagnation
conditions, is possible. Wall static pressure taps are located in a manner similar to the component inlet plane. For turbine
component testing, flow angle probes are generally incorporated into the pressure- and temperature-traversing rake
system.

Flowpath Averaging — On the basis that the test data be consistent with the design analyses, the flowpath averaging
for the component test data would basically incorporate mass-averaging procedures; however, the component test data are
not readily amenable to mass averaging procedures. For instance, direct mass flow averaging requires rake probes to be
located at centroids of equal mass flow, momentum, or energy, However, since the required probe positions are not
known prior to the evaluation of the test results, the general practice is to locate probes on centroids of equal cross-
sectional area, Using this criterion, the probes can be accurately positioned prior to the test. The equal area position is
independent of test settings, and for low flow distortion levels, equal area positions are more closely aligned to stream-
lines than other positioning criteria such as equal radial increments. To mass average test data, a local static flow



property (usually static pressure) is required. For low subsonic Mach numbers, the general practice is to assume that the
radial static pressure is constant and equal to the circumferential numeric average of the wall static pressure measurements;
alternately, a static pressure profile based on experimental or analytical results may be assumed. The mass-averaging
procedure increases the measurement uncertainty level of the averaged flow properties compared to using simple area-
averaged flow properties. The task is to determine whether the less accurate mass flow-averaged properties are preferable
to area-averaged values. It is not uncommon to find combinations of both area- and mass-averaging-type procedures being
used to reduce component test data. For instance, some of the practices used for flowpath-averaging turbomachinery

inlet and exit temperature and pressure measurements are:

Area or mass average the measured values.
Area average the circumferential values and mass average the resultant radial profile.
Two-dimensional mass average the measured values.

Use the measured mass flow, the circumferential numeric average of the wall static pressure, an effective flow
area, and area-averaged temperature to calculate stagnation pressure.

Effective exit flow swirl angles are defined using cither area- or mass-averaging practices (Ref.2.11). Another common
practice for compressor testing is to mass average the isentropic enthalpy equivalent of the total pressure change (see
definitions) across the compressor to arrive at an average exit total pressure. For turbine testing behind a combustor,
turbine work is generally determined from a measurement of shaft work as opposed to measurement of flow-stream
enthalpy drop, and turbine inlet gas temperature is determined from a measurement of turbine torque.

Some of the general flowpath-averaging practices used at the various governmental test centers for compressor and
turbine testing are presented in Tables 2.1 and 2.11, respectively. References 2.12 - 2.28 provide a more detailed descrip-
tion of some of the experimental facilities and practices used for turbomachinery component testing.

2.3 COMBUSTOR

Design Practices

A mathematical model of a combustor requires formulation of equations which describe the complex aerothermo-
dynamic and chemical interactive processes that occur in the combustor. A number of combustor analytical models have
been and are presently being developed (Refs 2,29 and 2.30) and are providing some perceptive insight into combustor
designing. The models vary from simple analyses which treat the combustor as a perfectly stirred reactor to complex
three-dimensional analyses that include finite-rate chemistry. The existing analytical models, however, do not account for
all the interactive phenomena; they implicitly assume steady-flow and in this way are at variance with actual combustors,
Therefore, the basic design tools for combustor development are still based on empirical-type models. Combustor
empirical models are usually formulations of influence coefficients for the interrelationships of the various combustor
variables, The empirical ¢orrelations normally assume single value initial conditions for approach temperature and
pressure, and then calculate values for overall performance parameters (i.e., parameters such as combustor efficiency
and burner pressure loss). As a result, flowpath averaging is not a major consideration for most combustor prehardware
analytical design practices.

Test Practices

Results of combustor development tests are used to evaluate performance factors such as temperature profile
patterns, combustion efficiency, and burner pressure loss that require spatial averaging of measured flow properties.
Just as for turbomachinery components, the selection of an experimental flowpath-averaging method is dependent on
the available measurement systems. For combustors, the measurement problem is particularly difficult because of the
chemical reactions and the hostile temperature environment.

Test Rig Measurements  The various parts of the combustor are identified in Figure 2.1. The basic combustor
test measurements are mass flow, pressure, temperature, and gas composition. The airflow measurement systems are the
same as used for turbomachinery component testing, For combustor testing behind 2 compressor, the airflow rates are
determined from compressor airflow minus leakage and turbine cooling flow. Fuel flows are measured with calibrated
turbine-type flowmeters.

At the combustor diffuser inlet, the measured quantities are total pressure, total temperature, and wall static
pressure. Combustor inlet pressure and temperatures are measured with fixed rakes spaced on equal circumferential
increments with the probes located on equal increments of the inlet cross-sectional flow area. Wall static pressure taps
are installed on the outer and inner diameters of the diffuser case and generally located in the plane simulating the trailing
edge of the compressor exit guide vanes. The number of measurements is dependent on the combustor size and design
and can vary from 10 to 60 individual temperature and pressure measurements each and from 4 to 20 wall statics. For
combustor testing behind a turbine engine compressor, combustor inlet flow conditions are inferred from the compressor
exit measurements.



Wall static pressure taps are located at various axial locations in the diffuser and combustor shrouds and are used to
evaluate burner pressure losses. Generally from 1 to 4 static pressure taps are placed at each axial location. Total
pressure rakes placed in the combustor shroud are used to evaluate flow splits and liner Mach numbers.

At the combustor exit, total temperature and pressure are measured with either a circumferential traversing or a
fixed-rake system. The pressure rake probe heads are water cooled. The sampling and temperature probes are made of
platinum to withstand the combustor exhaust temperatures. Aspirated temperature probes are generally used, and in
most cases also serve as gas-sampling probes. Individual rake probes are radially spaced so that each probe samples an
equal increment of cross-sectional flow area. Typically, for fixed rakes, a total of 20 to 40 stagnation pressures and 40 to
80 stagnation temperatures are measured. For traversing rake systems, as many as 300 to 600 individual measurements
can be recorded, Static pressure at the combustor exit is measured with wall static pressure taps located on both the
outer and inner annulus wall, and a total of anywhere from 4 to 20 taps used.

Flowpath Averaging — Combustor flowpath-averaging practices vary for different design concepts and among the
various developers and test centers. The current practices, however, for the most part, consist of either area-weighting or
mass flow-weighting procedures. As discussed in the turbomachinery component subsection, area weighting is straight-
forward since it generally requires only numeric averaging of the probe data, whereas mass averaging requires assessment
of the local flow Mach numbers. Combustor flowpath-averaging procedures for the evaluation of combustor efficiency,
burner pressure loss, temperature pattern factors, and flow Mach numbers are discussed below.

Combustor efficiency is determined by dividing the measured enthalpy rise across the combustor by the theoretical
enthalpy rise. In practice, the average combustor inlet temperature may be determined using either mass flow-weighted
or area-weighted flowpath-averaging procedures. The average exit temperature is generally determined using mass flow-
weighted procedures, or if numerous measurements are made, the numeric average of the exit temperatures is used. An
average exhaust gas temperature can also be determined from an evaluation of the gaseous emission products by using
combustor theoretical frozen and equilibrium chemical analyses (Ref.2.31). A widely accepted technique for computing
combustor efficiency directly is to determine the amount of unrecovered heat of combustion related to the measured
unbumed hydrocarbons (HC) and carbon monoxide (CO). If this technique is used, aspirated temperature probes are
commonly used to channel the gas samples into a manifold that provides an average reading for CO and HC. This
technique is usually used for combustor systems where the quantity of equilibrium CQ is small.

Combustor or burner pressure loss is defined as the loss in average total pressure between the diffuser inlet and
combustor exit expressed as a percentage of the diffuser inlet average total pressure. The diffuser inlet and combustor
exit total pressures are determined using either area- or mass flow-weighting procedures. On occasion, the combustor
total pressure is evaluated using the numeric average of the combustion chamber wall static pressure measurements and
an estimate of the chamber Mach number. The diffuser inlet Mach number used to correlate the burner pressure loss is
determined from the numeric average of the inlet wall static pressure measurement, measured airflow, and either a mass
flow-weighted or area-weighted inlet total temperature,

To describe the quality of the combustor outlet temperature profile, the stator, rotor, and pattern temperature
distribution factors are evaluated. The stator factor is the largest temperature difference between the highest local radial
temperature and either the design or the average radial temperature normalized by the average temperature rise across the
combustor. The rotor factor is the same ratio but is for the largest temperature difference in the circumferential direction.
The pattern factor is the difference between the highest local combustor exit temperature and the average combustor exit
temperature divided by the combustor temperature rise. Nonweighted temperatures are used for the evaluation of the
temperature distribution parameters, and the average temperature required for these evaluations is the simple numeric
average of the measurements. However, since the temperature probes are placed on increments of equal area, the
numeric averaged temperature corresponds to an area-weighted value.

These verbal descriptions may be writien algebraically as
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The general combustor flowpath-averaging practices used at the various governmental test centers are presented in
Table 2.11I. References 2.31 -2.36 give a more detailed description of some of the experimental facilities and practices
used for combustor component testing.

2.4 TURBINE ENGINE SYSTEMS

Design Practices

The design and develapment of a turbine engine system requires the use of analyses which can relate changes in
component configuration to changes in both steady-state and transient operating conditions, In actual practice, data
generated from component analyses and previous engine experimental results are stored in high-speed computers in the
form of tables and coefficients and are used to predict engine performance. The type of information stored is aero-
thermodynamic properties of air and products of combustion, acrothermodynamic performance of the various engine
components as a function of the controlling independent variables including the effects of Reynolds number and flow
distortion, power losses by auxiliary units and bleed flows, and data that relate geometric changes to engine performance.
The data used to generate the performance program tables and coefficients are flow averaged in accordance with the
users’ particular component flow-averaging test practices.

Test Practices

Methods of acquiring and averaging flow data in engine system tests are considerably different from those used for
cascade and component rig testing., Space limitations and installation problems frequently prevent the use of extensive
instrumentation; therefore, many of the measurements made for component testing such as combustor gas composition,
flow angularity surveys, and torque are not practical for most engine system tests, As a result, energy and work balances
are used extensively to define component interface average flow properties. Another practice is to use component test
rig data and scale model data to enhance limited engine system component flowpath data. The advantage, however, of
engine system testing is duplication of the component actual operating environment, and this is difficult to simulate in
component and scale model tests. There have been several studies on the importance of simulating the correct flow
distortion patterns for component performance evaluation. For example, Reference 2.36 discusses the effect of inlet
distortion patterns on axial compressors, and Reference 2,37 peints out some of the adjustments required to use scale
model uniform, cold-flow nozzle data to evaluate fullscale nonuniform, hot-flow nozzle performance. I[solated
component and scale model test factors applied to engine system data must be carefully analyzed and evaluated.

Test Cell Measurements — Engine system performance tests require the measurement of engine airflow, fuel flow,
and thrust. Engine airflow rates are measured using the standard or calibrated airflow metering devices described in the
turbomachinery test section. Metering systems, flow distortion, and averaging requirements for engine transient airflow
measurement are discussed in Reference 2.38. For turbofan engines, high-pressure compressor mass flow rates are
calcuiated using: (1) core engine averaged inlet flow properties and a calibration flow coefficient, or (2) a high-pressure
compressor and turbine work balance, or (3) a known value of high-pressure turbine inlet mass flow function. Inter-
stage mass flows are determined using flow coefficients or bleed pipe flow-metering orifices, Engine fuel flows are
calculated using calibrated turbine flowmeter data, and thrust is calculated using calibrated load cell data and redundant
analytical force balance procedures. Analytical force balance procedures which take into consideration flow non-
uniformities are described in References 2.39 and 2.40.

Typical engine test instrumentation for a low bypass mixed flow and a high bypass dual stream turbofan are
shown in Figures 2.2 and 2.3, respectively. Temperature and pressure rakes are generally included in developmental
engine tests at the stations indicated. The general practice is to locate instrument probes on centers of equal stream areas.
There are exceptions to this placement, such as using centers of “estimated equal mass flow™, but this arrangment is
individually justified and does not often occur in practice. On occasion, instrument measuring systems such as flow
angle measuring devices, interstage instruments, and optical measuring devices are used for development engine testing;
however, these systems are considered nonstandard or special requirements. For a typical transient test, 20 to 40 percent
of the engine pressure instrumentation consists of close-coupled systems with a frequency response of 1 to 100 Hz.
For dynamic testing such as engine stall margin evaluations, 50 to 80 percent of the pressure instrumentation are high-
frequency response systems with a frequency response of 100 to 1,000 Hz.

Flowpath Averaging — Pressures and temperatures used to compute engine gas generator performance parameters
are usually area averaged, although, mass flow-averaged schemes are sometimes used. In all instances, individual measure-
ments are corrected for effects such as recovery factors, flow misalignment, and stem and radiation corrections prior to
averaging or use in computation. Calculation of engine performance parameters requires in addition to averaged pressures
and temperatures, flow thermodynamic propetties (e.g., Ref.2.41) and calibration factors such as flow coefficients, burner
efficiency, and turbine mass flow function. The fluid average enthalpy and entropy are determined as functions of the
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fluid average pressure, temperature, and fuel/air ratio. The specific practices used for each engine component are
described in the following paragraphs.

Fan flow is reduced to a dry ajr state, and inlet total pressures and temperatures are area averaged, Fan inlet Mach
number is calculated using an area-averaged total pressure and temperature and the numeric average of the wall static
pressures. The fan discharge pressure and temperature is completely area averaged or combined with mass averaging. For
instance, fan tip and hub exit bulk properties are determined using area-averaging procedures. However, fan exit bulk
pressure is determined by mass flow-averaging the tip and hub area-averaged measurements, and fan exit bulk temperature
is determined by an energy balance of the tip and hub area-averaged measurements. Fan efficiencies are evaluated using
enthalpies derived using an area-averaged total pressure and temperature and calculated gas properties,

Compressor average inlet total pressure and temperature are inferred from the fan exit, or, if inlet rakes are present,
area averaged. Compressor inlet mass flow, as previously discussed, is calculated in one of the three ways: usually,
however, the mass flow is determined from a known value for the high-pressure turbine inlet mass flow function.
Compressor exit total pressures are area averaged and the exit total temperature is either area or numerically averaged.
Inlet and exit Mach numbers and efficiencies are calculated in the same manner as the corresponding fan terms.

The combustor (burner) inlet measurements are generally obtained from the compressor exit measurements.
Combustor discharge total pressure is the numeric average of the burner wall static pressure measurements while burner
discharge temperature is calculated by one of two methods, The first temperature method uses an assumed value for the
burner efficiency and an energy balance across the combustor. The second method uses measured high-pressure turbine
discharge conditions and a high-pressure compressor and turbine work balance. The latter includes an assessment of the
average rate of energy input by the compressor into the airstream, the available and unavailable turbine cooling flow
energy, high-pressure turbine combustor power extraction, and the high-pressure spool power loss from inefficiencies
such as friction.

Turbine inlet conditions are obtained either from measured turbine discharge conditions and a compressor-turbine
work balance, or from burner discharge conditions with the subsequent addition of the effect of turbine cooling flow
available for turbine work. The turbine exit total pressures are area averaged and the exit total temperatures either area
or numerically averaged. On occasion, probe measurements at the exit are numerically averaged on circumferential rings
and the ring averages area weighted. This procedure is used when radial flow variations are considered to be much more
severe than the circumferential variations. Turbine Mach numbers are calculated in the same manner as those of the fan
and compressor. Turbine efficiency is calculated using area-averaged pressure and temperature, and calculated gas
properties.

For the case of an augmented, twin-spool turbofan engine having a single exhaust nozzle, the bypass mass flow and
the core engine mass flow are combined prior to afterburning. This region of the engine is referred to as the afterburner
inlet diffuser. In the diffuser, the bypass and core flow bulk properties are determined using area-averaging procedures.
The diffuser exit bulk pressure is determined by mass flow averaging the bypass and core area-averaged measurements, and
the exit bulk temperature is determined by an energy balance of the bypass and core area-averaged measurements.

The afterburner inlet flow properties are determined from either the turbine exit properties, afterburner inlet
diffuser properties, or, if measured, using area-averaging methods, The exit pressure, if measured, is area averaged. For
the case with afterburning, the average exit pressure is estimated using the pressure drop characteristics of the afterburner
or from the exit wall static pressures and a mass flow calibration. The average afterburner exhaust total temperature is
calculated from an assumed burner efficiency or from measured exhaust nozzle thrust, nozzle thrust coefficient, and mass
flow. The exhaust nozzle inlet flow properties are determined from the afterburner exit flow property evaluation. The
nozzle exit pressure corresponds to the measured ambient pressure.

General engine flowpath-averaging practices used at the various governmental test centers are presented in Table 2.IV.
References 2.42 -2.46 give a more detailed description of some of the experimental facilities and practices used for
turbine engine testing.

2.5 ERROR EVALUATION

The error evaluation process for flowpath averaging consists of assessing both the flowpath measurement and
averaging error and propagation of this error into an engine component or system performance error. Such estimates are
necessary to verify that the experimental results will be meaningful to the overall program performance requirements, In
practice, two types of errors are generally considered -- measurement uncertainty and sampling error. Measurement
uncertainty is defined (Ref.2.47) as the maximum error which might reasonably be expected and is a measure of the
closeness of the measurement to the true value. Uncertainty assessment consists of an audit of the random (precision)
and fixed (bias) errors from the measurement, calibration, data acquisition, and data reduction processes and probe/tap
fixed errors from aerodynamic and thermal effects that contribute to the final uncertainty of the measured value. The
assessed measurement errors are quantified as a difference between the measured value and a true value defined by a
standard; therefore, all measurement apparatus and measurement practices must be traceable to a recognized standard.
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Sampling error is defined as that error in an averaged property which is the result of limited spatial measurements in a
distorted flow field. There are both steady-state and time-variant sampling errors.

Comparative accuracies of different flow-averaging methods are not reported in the literature, possibly because
either such specialized studies have not been documented, or the results are too user-dependent meaning that the
accuracies are only applicable to the user’s equipment, test practices, and installation. General measurement accuracies
and practices used to evaluate and propagate flow-averaging measurement and sampling errors, however, are available and
are presented in the remaining portion of this chapter.

Measurement Uncertainty

Methodology (Ref.2.47) - Measurement uncertainty evaluation is a complex process which requires a knowledge
of both measurement engineering and statistics. Several treatises on measurement error are contained in the literature
(Refs 2.48 -2.60). In the United States, the Abernethy-Thompson uncertainty evaluation method (NBS) is rapidly
becoming an accepted standard evaluation practice for US Turbine Engine Industry and Test Centers. The method
is relatively simple, vet perceptive. The methodology is described in the following documents:

JANNAF “ICRPG Handbook for Estimating the Uncertainty in Measurements Made with Liquid Propellant
Rocket Engine Systems”, CPLA Publication 180, AD 851127, and

USAF AEDC-TR-73-5, ‘““Handbook Uncertainty in Gas Turbine Measurements™. AD 755356 (Ref.2.47).

The Abernethy-Thompson method defines the maximum error (U) that can reasonably be expected for a single
measurement as follows:

+U = #(B+ 4 S)

where B is the upper limit of the bjas error from the true value, S is the precision index, which is an estimate of the
true standard deviation of repeated values of the measurement, and tgs is the Student-t statistical parameter at the
95-percent confidence level. The ty; value is a function of the number of degrees of freedom used in calculating the
precision index. (The degrees of freedom are calculated using the Welch-Satterthwaite formula, Reference 2.47.) Itis
a function of the degrees of freedom and magnitude of each elemental precision index. Flowpath-averaged parameters,
however, are not single measurements but are determined as a function of several individual measurements. To assess
the measurement uncertainty of flowpath parameters, it is necessary to propagate individual measurement uncertainties
through a function that relates the flowpath parameter and the individual measurements. Abernethy and Thompson
(Ref.2.47) approximate the error propagation with a first-order Taylor’s series method. For a three-variable function

Z=1{(X,Y,W)
and expanding the right-hand side with a first-order series expansion for AZ gives

AZ_f(XaZAX+YaZAY+WaZAW)
Z \Z3X X ZAY Y ZIW W

The term AZ/Z expresses the error propagation to Z from errors represented by AX/X, AY/Y,and AW/W. The
terms X2Z/ZoX, YOZ/Z3Y, and WAZ/ZOW are defined as the influence coefficients (Ix, etc.) of x,y,w onz, The
final measurement uncertainty for the function z is then:

iUZ

1(Bz + ty5Sz)

where

I

Bz = [I% B + 1§ By + Ky By 1"?
(Bz, Bx, By, and By are the bias errors for the Z, X, Y, and W component terms, respectively) and where
Sz = [ Sk + 1y 84 + Ty S§y1 2
(Sz, Sx, Sy, and Sy are the precision errors forthe Z, X, Y, and W component terms, respectively).
Application — The expression for flowpath area-averaged pressure is used as a simple example for the application

of the measurement uncertainty methodology to flowpath-averaged parameters. For multiple measurements of the
same pressure, the area-averaged pressure is given by

g oo JPdA | ZPAA 4. Py AA
' fdA A



For the case of equal increments of AA,

,  AA 1
P~ =S B P = =B P

Using the error propagation method, the pressure area averaged precision error, Sp , i

‘ 2 1/2 ‘l
_ _ 2 = -
Sp B [(n) (Sp) ® n] n (Sp)

where Sp is the pregision error for the individual measurements, The pressure area averaged bias error is equal to the bias
error (Bp} of the individual measurements because the average of numercous measurements having the same bias does

not reduce the bias error of the averaged value. The measurement uncertainty for the area-averagel pressure (for equal
increments of area) is given by

I
tU, = t[BP+/E(r%sp)]

Similarly, the measurement uncertainty for a mass flow-averaged pressure or for any calculated parameter can be defined
providing the bias and precision error of the elements are estimated and that the influence coefficient matrix for the
dependent elements is evaluated. The influence coetficient matrix can be developed by using the differential equations
which interrelate the various dependent and independent variables: or by using the engine data reduction program and
perturbating ¢ach independent variable, in turn, by 1 percent about the measured value to determine the percentage
change in each dependent parameter.

Gas turbine influence matrices are also a major diagnostic tool used by engine manufacturers and test centers to
cstimate the sensitivity of various parameters on component and system performance (Refs 2.39 and 2.61). Table 2.V
is an example from Reference 2.62 of an influence coefficient matrix for sea-level operation of a gas turbine engine having
a compressor pressure ratio of 10.0 and a turbine inlet temperature of 2160°R. The boxes within cach column contain
parameters immediately obtainable from knowledge of the compressor pressure ratio and turbine inlet temperature and
quantify hrow each parameter varies with the independent variable. Therefore, the first column shows the sensitivity of an
error in turbine inlet temperature for all other conditions held constant to the various engine parameters, the second
column the sensitivity of compressor rotor speed, and so forth. Nominal measurement uncertainties for some of the
measurcment systems used to derive component and system flow-averaged performance parameters are presented in
Table 2.V1. The mecasurement uncertainty levels are based on using the Abernethy-Thompson model with all measure-
ments traccable to the National Bureau of Standards. The type of information in Tables 2.V and 2.V1 is used to make
both pretest and posttest performance measurement uncertainty evaluations and fo determine whether proposed flow
measurement systems and averaging procedures are adequate to establish performance limits.

Sampling Error

Flow-averaging sampling error is related to the measured property distortion pattern and the number of flow
measurements for a given spatial area. Due to the ability to make detailed measurement surveys, sampling error generally
is minimal for isolated component testing; however, because of measurement space limitations, it is an important
consideration in most engine system experiments. The practices for estimating probe sampling error are not as exacting as
those of measurement uncertainty and are best discussed by example. Figure 2.4 shows a representative inlet distortion
pattern for a low bypass turbofan high-pressure compressor operating at a cruise power setting. The max-min distortion
levels for both pressure and temperature are 4 percent: wall boundary layers are not included in the flow distortion
patterns. A reference flow average value for pressure and temperature is determined by area integration of the distortion
patterns, and Figure 2.5 shows the local percent deviation from this reference value as a function of circumferential
position. The derivation of Figure 2.5 is based on using a single five-probe rake with ¢lements on equal area and
illustrates that for this case, the maximum sampling error possible is nominally 1 percent for temperature and £0.6
percent for pressure. The sampling errors can be propagated through an influence coefficient matrix to estimate the
effect of sampling error on component and engine performance. For example, using the engine operating conditions
corresponding to Table 2.V, a 1-percent bias error in compressor inlet temperature corresponds to a 2.16-percent error
in engine net thrust and a 0,16-percent error in specific fuel consumption, Figure 2.5 also illustrates the percentage
difference, for this case, in area-weighted and mass flow-weighted flow averaging.

In practice, isolated component distortion flow patterns from test rigs are assumed to be representative of the
component flow pattermns that will be encountered in engine system tests. Therefore, the component flow patterns are
used to judicicusly locate engine instrumentation and to develop engine flow correction factors. For engine flow patterns
with high distortion levels where sampling errors are more of a problem, flowpath average properties are determined, if
possible, using work and energy balances based on single valued measurements such as mass flow, power, and thrust.
Although there are means for estimating sampling errors in highly distorted flow fields, this is still considered an area
requiring further development.
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TABLE 2.1 Compressor Flowpath-Averaging Practices
i Performance I'nlet Parameters Qutlet Parameters
Organization P t
arameters Measured Averaged Measured Averaged
Arnold
Engineering Not Currently £ngaged in Compressor Component Testing
Development
Center
Centre Efficiency Py Fy Py (A
('Essais des Pressure Ratio T = (AreaAVG T 7 Area AVG
Propulseurs t T t t
Temperatyre Ratio Airflow
Deutsche Efficiency Py T Py Circumferential Direction.
Forschungs-und : = AVG All Quantities Area Weighted
Versuchsanslalt | [ressuré Ratio "t Ts ( Moss Tt Radlal Oirsction:
fur Temperature Ratio Py twall) s P twallt 7
Luft-und Airftow By }ftT 5 g
Raumfabrt i 5 Ts ¢ Mass AVG
Py 1P, T, T 12 z
B}l Sy
B, by, T T
Naticnal Efficiency P [ P P
Gas Turbine Pressure Ratio Tl T hrea bV i'l 't Mass AVG
Establishment t t t T
Temperature Ratio Py {walt) B } Numeric AVG P twall} B | Area AVG
Inlet Distartion Airflow 5 a
Tarque
National Distortion Pytwalll | Fg } Numeric AVG Py lwall) P } Numeric AVG
Aeronautics Efficiency [2 5 Ps 5
and Space t Pyt 4 RN
Administration Pressure Ratio T Tt }[4) T 7, }(41
{Lewis Research Temperatur e Ratio Airtlow

*Numbers in parentheses refer to numbered footnotes following Table 2.1V.

TABLE 2.I1 Turbine Flowpath-Averaging Practices
s Performance Inlet Paramaters Qutlet Parameters
Organization
Parameters Measured Averaged Measured Aver aged
At nold
Engineering : . "
Development Net Currently Engaged in Turbine Component Testing
Center
Centre Efficiency Py F' Py B
d'Essais des Pressure Ratia 1 d Area AVG . 7 Area AVG
Propulseurs Temperature Ratio t t
Deutsche Efficiency Py Optlon 1OP.) 1. . Py oP. 1.
Forschungs-und Pressure Ratio Tt Circumferential Direction: Ty Circumter ential Direction:
Versuchsanstalt Temperature Ratio P wall All Quantities Area Avg P twall) All Quantities Area Avg
ur L h Radial Direction: Radial Direction;
Luft-und Loss Coelficient Airflow T o sefal irect
Raumfabrt ;t ass AVG T
55 F
S Ts 3 Mass Ave
3 5
Py ) 1, Siam g
By § 1Py, T, Tyl ezt Fs VAT, S
OP. 2. "'DZUNG Method* Py } 1B, T T
OP. 2. "DZUNG Method"
National Fificiency P B P L lan
Bas b Rat ! ¥ areanve o hja
Turbine ressure Ratio ] T1_ N t Pt} (18}
Establishment Temperature Ratio Airflow B, Numerlc AVG P twalll
Pgiwall u
Torque
Nationa) Total Pressure Ratlo Alrtiow Py | Numeric AVG Airflow Pe | Numeric AVG
Asronautics ) Z s
and Space Static Pressure Ratio Tt % } Area AVG z i } W7 or {2
Administration Efficiency Pswalll 15, 1 e Ty By } a®
(Lewis Research Pgtwalll
Center) Retor Spee | ° I
Torque

*Numbers in parentheses refer to numbered footnotes following Table 2.1V,



TABLE 2.1lII Combustor Flowpath-Averaging Practices
Organization Performance Inlet Parameters Qutlet Parameters
Parameter's Measured Avgraged Measured Aver aged
Arnold Efficiency Py Py Mass AVE Pt l_’[ 5
Engineering = 55 - .
Devekpment Pressure foss Ty i P twall} h[‘
Center Temperature Rise Airflaw Gas Analysis | 7100 } Mass AVG
Fuel Flow Py | Mumeric Ave
T
Centre Efficiency Py Py } Area AVG Pe Py } Area AvG
‘:,fsf;:f:r‘s Pressure Loss Tt Tt } Numeric AVG Ty Tt } Numeric avc
ks Temperature Rise Alrllow Gas Analysis
Fuel Flow
Deutsche Efficiency Py Py Py By
Cwscht;nqs-l:ar:g Smoke B T Area AVG I T2 Area AVG
o sans Exheust Emission P twall SMmoke
Luft-und Qutlst Distortion Alrflow Gas Anaiysis
Raumfahrt Fuel Flow
National Efficiency Py Py } Area AVG Py Fy } Areaavg
'It';::bine Pressure Loss % Tt | Numeric AVG %t Tt } Numeric Ave
. A‘
Establishment Outlet Distor tion irflow Pivall)
Fuel Flow Gas Analysis
National Etfictancy Py Py Pt Py
::'rjo;xaullcs Pressure Loss T % Mass AVG Ty T, Area AVG
pace . ! _
Administration Distortion Patterns Pgtwall) P, | Numerlc AvG :;(v:ll)l 15, } Numerlc AVG
$ ANAlysis
{Lewls Rasearch Airtlow TDistortion)) Nonweightsd P15 [ Tubistortion)} Nonweighted
Certar) Fue! Flow Gas Analysis
Tt (Optient } of Unburned
Hydrocarbens

* Numbers in parentheses refer to numbered footnotes following Table 2.IV.
**Combustor testing done at Motoren-und Turbinen-Union.

TABLE 2.1V Engine Systemn Flowpath-Averaging Practices

a. Compressor
. Performance I nlet Parameters Qutlet Parameters
Organization Parameters Measured Averaged Measurad Averaged
Arnoid Efficlency Py Fe Pt Py
Engineering Pressure Ratio T T Area A6 Tt R Area Ave
Devalopment P. (wallt _ Pe (wall) =
Center Tamperature Ratie Aisfl P } Numerlc AVG s Ps } Numerc AvG
rflow
Centre Efficiency Ry Fy } Araa Ave Py By} AreaAvc
d'Essals des Pressure Ratio T 1,
Hiitl _ t Ty | Enthaky Mass AVG T, Tt } Enthaipy Mess AVG
Temperatura Ratio Airflow
Deutscha
Forschungs-und
V““"-E:m”m“ Not Curréntly Engaged in Engine System Testing
Lutt-und
Raumfahrt
:(it?rnalh : Efficiency Py Py } Ares ave Py By | AreaAv
s Turbine T - T i
Establishmant Pressura Ratio t Y womertc Ave et | umeric Ave
Temperature Ratlo Ps twall Py s (v N
Airtlow
National Efficiency Py By Py By
:n';"s"‘:a‘ﬂcs Pressure Ratio Ty Tt Mass AVG Ty Tt Area AVG
Administration Temperature Ratio Alrtiow Py } Numeric AVG P5iwalll Py } Numeric AVG
iLewis Research P (walll

Center)




TABLE 2.1V Continued

h. Combustor
Orqanizalion Perfarmance Inlet Parameters Qutiet Parameters
y Parameters Measured Averaged Measured Averaged
Arnold Efficiency Py Py By
R - = 5)
Engineering Burner Loss T T Arsa AVG Ry {
Development P twallt _ . _ L
Center s Fg } Numeric AVG T } fthy, Py, FARI(6)
Airflow (157
Fuel Flaw
Centre Outlet Gas Py [ T sse
d'Essais des Temperature ) _Tt Area AVG
Propulseurs P iwall) )
5 Py } Mumeric AVG
Alrflow (15}
Fuel Flow
Deutsche
Forschungs-und
Versz}c:sanstan Not Currently Engaged in Engine System Testing
Luft-und
Raumfahrt
National Outlet Gas Pt Py | Area AVG By N
Gas Turbine P wallk B i T
fepblishment | Temperature s Ps } Numeric AVG T
Airflow } (15
Fue! Flow
Mational Efficiency Py P Ares AVE AT
i = rea
Aeronautics aurner Loss Ty Tt
and Space Airflow a5y | 5
Administration | Effeclive Temperature Rise Ps } Numeric AVG
{Lewis Research Fuef Flow
Center} ps twalll
*Numbers in parentheses refer to numbered footnotes following Table 2.1V
¢. Turbine
izat Performance Inlet Parameters Qutlet Parameters
Organization Paramelers Measured Averaged Measured Averaged
Arnokd Efficienc [2 T T
Erf1nioneerin telency . High _t {51 t _' Area AVG
g 9 Pressure Ratio Pres- y Py Py
Development . _ o N
Center Temperature Ratio |SUre Ty | #fy, Py, FARI6) Pg twall) P ] Numeric AVG
T T T
Low t t Ty
Pres-| p 5 EArea AVG Py 5 Area AVG
sure t t T, 1
Pgivalll | B, } Numeric AVG !
Centre Efficiency Py Py | Area AVG Py Py } Area AVG
gfx:s;:::edu?s Pressure Ratio Ty i } Enthalpy Mass AVG Ty fi } Enttalpy Mass AVG
Temperature Ratie
Deutsche
Forschungs-und
Vers;;up:sanstah Not Currently Engaged in Engine System Testing
Luft-und
Raumfahrt
x;i?rr;arlbine Efficiency High Py } - ) Pt } Area AVG
. i Pres- T 1, T,
Establishment Pressure fatio  Pres T ! Tt Numerie ave
Temperature Ratio Pstwalll Ps
ow | P Py } Aveaavs Py Pt } Area AVG
Pres-[ T T T T
s;: t L Numeric ave ! t z Numeric AVG
P lwall) P P twalll P
Neranautis densy e i } in it A E Area Ave
and Space Pressure Ratio sure n Tq Ti
Administration Temperature Ratio =
{Lewis Research ;_’?’:s- Pt ft Area AVG Pt fi g Area AVG
Center) sure | Tt Tt Ty t

*Numbers in parentheses refer to numbered footnotes following Table 2.IV



TABLE 2.IV Concluded

d. Afterburner

organization Perfor mance Enlet Parameters Quttet Parameters
Parameters Measured Averaged Measured Averaged
Arnokd - Pt [ P (wall) Ps | Numeric AvG
Engineering Etticlency Core |, i § Area AVG Py(no reheatl | By (no reheatl } Ares AVG
Development t t t t{mo rehea rea
Center o B Thrust Py treneat) } (9
Burner Loss Y T
urn Bypass | o 0 ; rez AVG Tt } Q0o (D &6
B
! ltar
Mixed Fuel Flow ht
Ty } 1Py, By, FARIE)
Centre Hficianc Py Pt | Numerlc AVG
d'Essais des ¥ Core Wt %, | Are VG
Propulseurs Burner Loss Fuel Flow t
Outlet Gas Bypass Py |'=t } Numeric AVG
Temperature
Mixed Fuel Flow
Deutsche
Forschungs-und
V"s;ﬁ!‘ sanstait Not Currently Engaged in Engine System Testing
Luft-und
Raumfahrt
National Efficlency ;t Py |} ArsaAve Pg wall) P; } humerlc AVG
Gas Turbine t 7, T
Esblishment | Outlet Gas Core | Botat | | Numeric Ave Py T | wiorna
Temperalure Fuel Flow A Tt By } Area AVG or (18)
Py By | Arsa Ave
Bypass | Ty T
Pg twall ﬁs Numeric AVG
B
Mt | Pt i ; m
Tt Tt
Natioral a:lrrlm Loss AirFlow % }Ar - Py Py } Area AVG
Aeronautics Efficlency Fuel Flow L
and Space Effective Temperature T f‘ Thrust T } o
Administration Rise Py Ps | Numerlc AVG Exhaust Gas
{Lewis Research WMach {inlat) PS (walll
Analysis
Conter) Exhaust Emlssion ¥

*Numbers in parentheses refer to numbered footnotes following Table 2.1V.

e, Naxzle
I nlet Parameters Outh
Organization Performance et Parameters
Parameters Measured Averaged Measured Averaged
Arnold Flow Cosfficient P (wall) Py | Numeric AvG P (atmos} Fs | Numeric AVG
Engineering .
Deselopment Thrust Cosficient | Prtno reheet) | Py } Area Ave Thrust
Center T} aoorqpier
Centre Thrus! Coefficiant Thrust
d'Essals des
Propulseurs
Deutsche
Forschungs-und
ersft::_:rnsanshlt Not Currently Engaged in Engine System Tasting
Luit-und
Raumfahrt
National Flow Coefflcient P twall) Fs } Numeric AvG Pg latmos) Bg } Numeric AVG
Gas Turbine .
Establishment Thrust Coefficlent Thrust
National Flow Coeffictent Ps{wall Fs } Numeric AVG Py (atmos} Py | Numeric Ave
:;“S";‘é':“ ThrustCoafficient | Pyinorehett | Py } Area AVG Thrust
Administration T }uvloranee®
(Lewls Research
Center)

*Numbers in parentheses refer to numbered footnotes following Table 2.1V.
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Area-averaged circumferentially, then radia! mass-averaged.

Area-averaged circumferentially, then radial energy-halanced.
Comhustor pressure is estimated using a numeric average of combustor chamber static pressure and estimated burner Mach number.

Combustor enthalpy is estimated using compressor mass flow minus turbine coeling and leakage, compressor discharge enthalpy, measured

fuel tlow, and combustion efficiency.
Temperature obtained from thermodynamic tables for specified enthalpy, pressure, and fuel-air ratio.
Calkculated using air flow, fuel flow, and combustion efficiency.

Py = {y5he PG+ ing (16} * Pyil6) } | iny

Ry = {Ma (5) > hy(5) + fp (16) * in (16} / ing

P, P
B -B Hreheat) _ tireheaty . . T .
Pi(reheat) Pt(reheat! B P— E APt(drag)i' where 3 P——w—t A is evaluated using Rayleigh line heat addition.

[ Tiino reheat! ) op (no reheat) y.,

_ i
. Phireneat) 7
T- [wnl2/ @y rn-v §1- 5.
s

Next, calculate thrust based on T; continue iteration unti} set telerance for difference In measured and calculated thrust is not exceeded.

Afterburner Energy Balance:

() hy (D)« i62) = by (T} + ME(6){ (hy (6) + 7 (6) = FHV}

A theoretical heat balance mode! is used to correct each individual measured temperature for pressure, air-fuel ratio, radiation, heat
cenduction, and recovery factor prior to averaging.

Calculated using thrust and mass flow.

Calculated using area-averaged measured total pressure, flow area, and mass flow.

Core flow is calculated using a high-pressure turbine flow function or from a compressor-turbine work balance.

ﬁ‘ is calculated using averaged inlet total temperature, inlet static pressure, and measured airflow.

Tt used to calculate turbine exit average totaf pressure is calculated using an area-averaged turbine inlet temperature, specific enthalpy
drop obtained from measured torque, rotor speed, and air flow,

Py is calculated using torque-derived T (17, numeric-averaged l_-"s, energy-averaged exitflow angle (21), and measured air flow.
a is the area-averaged flow angle.

fl is calculated using measured thrust, exit total pressure, measured airflow, and measured fuel flow.

Ti is used to calculate an energy-averaged turbine exit flow angle and is calculated using a mass enthalpy average.

Footnotes Pertaining to Tables 2.1 Through 2.1V
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TABLE 2.V

Influence Coefficient Chart (Ref.2.62)

(Compressor Pressure Ratio = 10, Burner Inlet Temperature - 2160°R,
Flight Altitude = 0 ft, Flight Mach No. = 0}

i a
R 5 |
© cd |2
c5|5 (S5iSefzel8 18 {Sp(55|EE
=B |EB| 52|28 182|558 (=%
Parameter s2|eg|sg|s8|B8en|E82| 8880 |E5T
= E| S EElEal|l<als S wigtRys 52
22(S |E=2E © |© |g |zal|F*=
S |S £ |=g
(4] o.
Turbine Inlet Temperature 0 0 0 0 0 0 0 0 0
Compressor Speed 1 0 0 0 0 0 0
Compressor Flow 2 |-15 1 1 0 1 0 0 0
Compressor Exit Temperature | 0.17 [ 0.67 | 0.53 | © 0 0.33} 0.33|-0.55 | 0.34(-0.33
Compressor Exit Pressure 05 |20 |-1.5 1 1 1 1 0 1.04/-1
Fuel Flow 1.81§1.36|-2 1 1 0.68| 0.68{ 0.53 |-0.33] 0.32
Turbine Flow 0 2 |-L5 1 1 1 1 0 0 0
Turbine Exit Temperature 1.25-0.83(-004] 0 0 0.14]-0.21) 0.36 {-0,22) 0.21
Turbine Exit Pressure L5 | 028}-1.64( 1 1 1.5 [ 0141 1.43 [-0.86(-0.14
Engine Exhaust Nozzle Area |-0.861 1.5 | 0.12| O 0 (-05{07|-1.25] 080 0.25
Net Thrust 1.19) 1.89)-216( 1.38} 1 1.65) 0.95) 0,72 |-0.43 0,05
Turbine Power 2381119277115 1 232( 08| 1.43 [-0.8| 01
Specific Fuel Consumption 0.62-0.53 (016 |-0.38 0 |-0.97|-0.27(-0.19 | 0.1 | 0.27

TABLE 2.VI

Typical Measurement Uncertainties for Parameters Used in

Turbine Engine Flow Averaging

Steady-State Uncertainty

Parameter .
¢ (Percent of Reading, Unless Units Are Designated)
Scale Force 0.5
Torque 0.5
. 0.5t2
Fl .
Air Flow (Venturis and Metering Nozzles)
2to5
{Uncalibrated Orifices)
Core Flow
(Turbofan Engine) 2104
Fuel Flow 0.5t1
Pressure 031
Temperature 20F Plus 0.3 Percent of Reading
Rotor Speed G3to05
Exhaust Nozzle Area 1

Flow Angles

1 Degree
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Chapter 3

THEORETICAL CONSIDERATIONS ON AVERAGING

SUMMARY
In Section 3.1 the physical contents of averaging procedures are discussed in great detail.

Two groups of averaging methods:

averaging methods based on “Integral System Effects™ and
- averaging methods based on “‘Complete Equilibrium™

are considered, which differ in principle.

The second group is practical only for swirl-free channel flow with constant cross
section and for two-dimensicnal cascade flow. Additionalty Dzung’s “Consistent Averaging
Method”, which can be added neither to the first nor to the second group, is treated.

After considerable discussion of the suggestion of W.Traupel in the first group and the
method of L.S.Dzung for averaging in turbomachinery flow, from the theoretical point of
view Dzung’s procedure needs no correction factors. It is identical to the averaging method
based on **Complete Equilibrium™ when applied to swirl-free channel flow with constant
cross section as well as to two-dimensional cascade flow.

In Section 3.2 a method is proposed which leads to averaged quantities intended to
represent the usefulness or the function of the engine component located downstream of the
nonuniform flow considered. First the general method is discussed which uses the concept
of a uniform flow “equivalent” to the real flow.

The method is based on the following principles: —

(a) take into account the specific character of each component of a turbojet/fan.
(b) ensure coherence between the various components of an engine.

For application to an engine it is necessary to choose for each component a significant
performance parameter or parameters.

The method is then described in detail for the different turbine engine compenents:
exhaust nozzle, turbine, compressor or fan, combustor, after burner channel, diffuser, and air

inlet. Simplified formulae applicable to a calorifically perfect gas are also presented.

In the following chapters the method presented here is usually called Pianko’s Method.

3.1 REPRESENTATION OF SYSTEM ACTION BY AVERAGED QUANTITIES

Nomenclature

The notation in this section is consistent with the general nomenclature provided at the beginning of this report.
In addition the following symbols and indices are used:

a¥g critical velocity of sound

B non-dimensional momentum function

Cqp specific heat capacity of an incompressible fluid
Cy specific heat capacity at constant volumet

D swirl flow

¥ In addition to the meaning given in the general nomenclature,
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Indices

Ax

— T m g N w

- T o

unit tensor

specific “anergy”

energy flux

energy flux in rotating relative system
“exergy” flow

“anergy” flow

body force
abbreviation for certain integrals in Equations (128) and {129)

specific rothalpy

momentum flux

isentropic exponent

critical Mach number

cascade spacing

mechanical power

added or removed heat energy per unit time
specific internal energy

internal energy

specific volume

volume

added or removed mechanical work per unit time

Cartesian coordinates

Cylindrical coordinates
real gas factor
correction factors

shear viscosity

volume viscosity

heat conductivity coefficient
hub to tip ratio

exponent in Equation (6)
isentropic pressure function
stress tensor

non-dimensional flow function

specific dissipation

in axial direction
hub

based on continuity
based on swirl

based on energy
outer casing

based on momentum
normal

at constant pressure
in radial direction

at constant entropy



t tangential to the cascade front*
T at constant temperature
Svmbols

(N average valuet

¢ )* non-dimensional value

() vector

() tensor

General

In order to be able to treat the asrodynamic and thermodynamic processes in a fluid flow with the aid of
elementary stream tube theory, it is necessary to establish representative average values for the surfaces of a fixed control
volume. These average values describe correctly the integral effect of the fluid flowing through this contro} volume. This
problem arises not only in the interpretation of test results, but also during the aerodynamic design of components.

Although each theoretical treatise for the formation of physically sensible average values starts from the idea that
the non-homogeneous flow conditions in the controt surface are fully known, this condition often presents considerable
difficulties in practical test rigs. The arguments resulting therefrom, which are more concerned with practical matters in
the formulation of rules for averaging, are not examined at this point. Thus, the following arguments always assume that
the non-homogeneous flow conditions are known accurately,

The averaging methods given in the literature can be divided in principle into two groups.

The first group relies only on averaging definitions which represent, qualitatively and accurately, the “Integral
System Effects” of interest. Here an attempt is made to satisfy an additional condition, namely, to establish basic
equations by means of average values with as few correction factors as possible.

In the second group, the non-homogeneous flow state in the measurement or calculation plane is converted into a
state of “*Complete Equilibrium” with the aid of the conservation laws for mass, momentum and energy, This condition
should be attained asymptotically in an infinitely long settling channel, because of the viscosity of the fluid, if the fluid
does not stick to the wall but moves along without friction.

3.1.1  Averaging Method Based on “Integral System Effects™

In this method of averaging, the attempt is made primarily to represent the “Integral System Effects™ of interest
by representative average values. As a reasonable additional condition, the requirement is made to use as few correction
factors as possible in the formulation of the conservation laws by means of the defined average values.

The suggestions contained in the literature which belong to the first group of averaging methods limit themselves
almost exclusively to swirl-free channel flow and to three-dimensional turbomachine flow. Since two-dimensional
cascade flow can be considered as a special case of three-dimensional turbomachine flow, it will not be treated specially
in this presentation,

In the following discussions it is assumed that the thermodynamic behaviour of the fluid is always known. For
that reason, the most important equations of state for the two idealizations - incompressible fluid and ideal gas, with
consideration of the temperature dependency of the specific heats have been assembled in Table 3.1.1 with the help
of the so-called thermodynamic functions. Taking into account the temperature dependencies of the specific heats by
means of average values, it should be pointed out, in contrast to Reference 3.1.1 that these average value formulations
are not a part of the problem area of the averaging methods.

In order to point out clearly the problems encountered in averaging methods based on “Integral System Effects”,
the discussion will centre, as far as possible, on swirl-free channel flow. Then, in the presentation of the three-
dimensional turbomachine flow, only additions, (i.e. problems specific to turbomachines) will be discussed.

3.1.1.] Switl-Free Channel Flow

In connection with the multitude of experimental investigations of channel flows, the literature contains almost
as many suggestions for averaging methods. Table 3.1.11 shows a comparison between the three different suggestions
according to References 3.1.2 to 3.1.5 which clearly show the problems encountered in the choice of primary average
values, as they result from averaging specifications as well as from the problems with the average values thus derived,
including the necessary correction factors.

* In addition to meaning according to general nomenclature,
1 Contrary to the general nomenclature a single bar denotes all average values.
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Since it is desired to describe correctly the “Integral System Effects™ by means of “‘representative’ average values,
it makes sense to start the discussion with the three conservation laws for mass, momentum and energy in integral form.
If one neglects the normal and tangential stresses in the inlet and exit plane of the control volume resulting from fluid
viscosity, the three basic equations take the following forms for the steady channel flow shown in Figure 3.1.1:

continuity equation
‘fkepse Ve dA, — j;\ipsividAi =0, (M
momentum equation
L (Pye + pge V2)dA, — in (Py; + pg; VIYdA; = ZF, )
e

energy equation

VA vi .
f hge + — } pse Ve dA, — hg + — o VidA; = Qe . (3)
A 2 A 2
[
Without limiting the general validity, the effect of the thermodynamic pressure in the inlet and exit plane has been
included in the surface integrals for both the momentum and energy equations. Thus the enthalpy term appears in
Equation (3).

For swirl-free one-dimensional channel flow of a chemically homogeneous fluid, three averaging specifications are
sufficient to determine two average values of internal state values in addition to the value of the average velocity, the
only external state value. All other static as well as total state values can be calculated as derived average vaiues with the
help of the thermodynamic relations. The following averaging specifications can be deduced from the conservation laws
according to Equations (1) to (3):

average static pressure

1
P = & LPsdA, )

average static enthalpy

~ fA heosVdA
hy: = ——m——, (5)
j; p VdA
average velocity
B j,; psVY dA
Vi o=y f———— . (6)
b A
Thus the average density
ps = ps(hy, Py) M

is a derived average value. Depending on the choice of the exponent » = 1, 2, or 3, the average velocity is either a
continuity, momentum, or energy average value. Independent of the chosen averaging specification for the average
velocity, two correction factors are needed in order to represent correctly the velocity integrals in the conservation laws
by means of the velocity average value, While the suggestions compared in Table 3,1.1I use, in a further sense, only
average continuity values for the average velocity, whereby only the suggestion of J.L.Livesey and T.Hugh according to
Reference 3.1.3 satisfies exactly Equation (6) for v = 1, the conservation laws are shown in Table 3.1.III with the aid
of an average velocity based on continuity, momentum and energy including the necessary correction factors.

As far as the average value definitions for the two internal state values are concerned, in Table 3.1.11 the three
authors use the averaging specification given in Equation (5) for the average static enthalpy. However, there are
differences in the choice of a second average state value to be defined. Thus A.J.W.Smith in Reference 3.1.2 and, by
implication also R.D.Tyler in Reference 3.1.5, employ an area-averaged static pressure according to Equation (4),
proevided that the assumption 133 = P; = constant made by R.D.Tyler is a result from Equation (4). The average density,
unnecessarily defined by A.J.W.Smith and R.DD.Tyler as a third internal state value, leads to additional correction factors
being needed in both suggestions, as shown in Table 3.1.11



27

The averaging method suggested by W.Traupel in Reference 3.1.6 (2nd edition) for turbomachine flow also uses the
average static pressure and the average static cnthalpy as primary average values for the internal state. Applied to swirl-
free channel flow, the averaging specifications given by W.Traupel for Pg and hg arc identical to those in Equations (4)
and (5). In place of the continuity average value for the average velocity, W.Traupel (Reference 3.1.3, 2nd edition)
prefers the momentum average values for the average velocity vectors, in consideration of the kinematic relationship
between absolute and relative flow, which is relevant for turbomachine flow. According to Equation (6), » =2
corresponds to one-dimensional channel flow.

Deviating from the arca-averaging static pressure as a result of the momentum equation, H.E. Rosslenbroich gives
the following averaging specification for P; in Reference 3.2.1.

'P_s: = l— . (8)
_ 2 dyi
,rh fmr drh

This averaging suggestion, obviously deduced from the moment of momentum equation has no practical significance for
turbomachines.

In contrast, Table 3.1.11 contains the suggestion of J.L.Livesey and T.Hugh (Ref.3.1.3) which uses the mass-averaged
static entropy § in place of the area-averaged static pressure Py
L sp VdA
— (9

@
i

[@\ pVdA

as a second internal state value. Then all other average thermodynamic state values are functions of ﬁs and 5. Thisis
valid especially for the average static pressure Py = Py (hg,§). In the formulation of the momentum law according to

Equation (2) using Py = P, (hy,§) the correction factor o becomes necessary, see Table 3.1.11.

This procedure is also used by W.Traupel {Reference 3.1.6, 2nd edition) as a method for average value formation for
the internal state. Beyond that, in reference 3.1.6 (3rd edition) it is suggested that the mass average of the specific
volume v, be utilized as an extensive state value. For the simple case of swirl-free channel flow, the averaging specification
becomes

VdA
JA (10}

Vs

B j; sV dA

Because vg = 1/p,, Equation (10) is identical to the averaging specification for the average density g; of
A.J.W.Smith in Reference 3.1.2, see Table 3.1.11.

Because the simultaneous use of the average values defined in Reference 3.1.6 (3rd edition) - ﬁs from Equation (4},
hy from Equation (5), s from Equation (9), and ¥; from Equation (10) — would require additional correction factors
in the thermodynamic equations of state, W.Traupel recommends the following three methods:

(a) ﬁs from Equation (4) and Hs from Equation (5)
= ¥, = v (P, hy), §=3(Pg, hy)
(b) hg from Equation (5)and 5 from Equation (9)
- vy = Vg(hg, 5), Py = P(hg, 3
(c) ¥ from Equation (10) and hg from Equation (5)
- Py = Py (hy, ), 5= 5(hg, %)

for the determination of the average internal state. The fact that the two derived average state values do not satisfy the
averaging rules that belong to them is demonstrated in Reference 3.1.6 (3rd edition) in the following idealized example.

Two equal mass flows, with different temperatures and thus with different static enthalpies hy, and hg,, flow
through a cross section in which the static pressure is constant, Figure 3,1,2 shows the qualitative result for the average
internal state resulting from the three methods.

Especially noticeable is the difference in the average entropy values between methods a and b. If it is imagined that
the mixing process again occurs in a surface of discontinuity, method b includes no irreversible mixing losses, because the
averaging rule for the static entropy can be interpreted as a conservation law for the surface of discontinuity. On the
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other hand, the entropy difference between points A and B only represents an irreversible increase in entropy of the real
mixing process if the kinetic energies in the two side streams are neglected. Since the differences in the average internal
state are very small for this idealized example and in most cases they lie below the tolerance of measurements, W.Traupel
(Reference 3.1.6, 3rd edition) recommends procedure a, which excels in its practical utilization.

Normally the evaluation of the aerodynamic quatity of a system rests with the second law of thermodynamics. Here
it must be checked which quantitative statement with regard to the irreversibilities arising within a system is possible,
using the mass-averaged entropy from Equation (9} directly for the determination of the internal state.

The mechanical work .,

Se
Vie = J‘ TsDs —qj—¢ (11)

s
dissipated into internal energy along a stream line depends, as does the irreversible portion of the path-dependent integral

e
[ T; Ds, on the conditions between inlet and exit of the system. Thus the “‘representative™ average value of the dissipa-
1

tion ¢;—, cannot be accurately described quantitatively with the aid of the entropy flows.
Even in the case of an incompressible fluid, the relation for specific dissipation becomes

Pio — Py
Yi_e = L a2
p

This is valid only for adiabatic isoenergetic flow along the individual stream lines and a completely homogeneous
inlet state. Only in that case is it possible to follow the individual fluid elements along their stream lines. Assuming a
homogeneous inlet state for a compressible fluid, such as is often the case in rig tests of single components, an additional
approximation to the real changes in state becomes necessary. The approximation may be a polytropic change in state
along the stream lines, Because of the additional limiting condition of homogeneous inlet conditions and because the
information from two measuring or calculation planes is needed, this method of average value formation will not be
treated within this section.

On the other hand, the entropy flow only appears in the “exergetic” and the “anergetic” portion of the energy
flow. In contrast to the physical interpretation of the mass-averaged specific entropy with the aid of the “exergy” flow,
as given by J.L,Livesey and T.Hugh in Reference 3.1.3, here we prefer the “anergy” flow. The reason is that, according
to the second law of thermodynamics, which limits energy conversion, the “anergetic” porticn of the energy flow can no
longer be converted to mechanical energy and thus must be considered as a real loss. According to Reference 3.1.7,
where H.J.Baehr describes the quantitative formulation of the second law by means of the terms “‘exergy’” and “anergy”,
the exergetic portion of the energy flow for swirl-free channel flow becomes

ot = |

VZ
{_ + [hs_h,,—To(s—so)]}psVdA. a3
A

2

hy and s, are determined by the ambient pressure py and the ambient temperature T,. The kinetic energy represents
pure “exergy” and the expression in the square brackets is the “exergetic™ portion of the specific static enthalpy. The
“anergetic’” portion of the energy flow is given by the difference between energy and “exergy” flow

B, = j;[h(,+Ta(s—so)]psVdA. (14)
With the mass flow

0 = j}; o VdA (15)
Equation (14) becomes

Ban = hoth +To LspsVdA—Tos‘,rh . (16)

If we introduce the average specific entropy § from Equation (9) into Equation (16), then we can represent the “anergy”
flow

Eap = [hy + To(s —so)lth (17

by means of average values. Thus with the average specific entropy it is possible to determine only the “anergy” increase,
or the “exergy” decrease. Thus, for the only possible “anergy” increase between inlet and exit of the system, we get
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AE,, = To(s — )t >0. (18)

In Figure 3.1.3, for adiabatic flow, the specific dissipation ;..

S¢
bie = [ TsDsice (19)
1

as weil as the increase in “anergy”™ Ae,,
Agay = Tolse — ) 1))

are shown along a stream line in the T,s diagram. Here it is very noticeable that the irreversible increase in “‘anergy™
decreases with increasing temperature level where the energy dissipation takes place.

Hence, it follows that no quantitative statement about the mechanical work dissipated into internal energy can be
made as a result of the “anergy” increase.

In conjunction with Reference 3.3.3, the practical application of the mass-averaged specific entropy will be
explained with the aid of the thermodynamic functions shown in Table 3.1.1 for an incompressible fluid and for an ideal
gas; the temperature dependency of the specific heats will be taken into consideration.

Assuming that during a change in state of the system under consideration the fluid composition does not change,
then the integration constant sy for an arbitrary reference state can be set equal to zero in the equation of state for the
specific entropy (Table 3,1.1):

incompressible fluid 50(Ty) = 0,
ideal gas sg(pg, Tg) = 0.

Then, the rule for averaging for the incompressible fluid, using Equation (15) becomes

(T = ;nl— £ ST,V dA . @

For the ideal gas we get

[

—)psVdA. 22)
A

()L
P,/P, th Py /P,

Since the ratio of the total state to the static state is isentropic, we get the following equation

g (ﬂ's('ft) IJ‘
— =hh|l—)=— |1
R P /P, m J,

(175 (Ty)

7 |

(ws (Ty)
n

)pSVdA . 23)
t/Po

Equations (22) and (23) can be used optionally if, for the determination of Tt , either the energetic average value of
the velocity or the particular necessary correction factor is taken into account from Tables 3.1.11 or 3.1.111.

Since in the majority of experimental investigations, for swirl-free channel flow, either the static pressure Py or the
total temperature T, is to be considered as constant across the cross section within the accuracy of measurements, the
numerical evaluation of Equations (22) and (23) is simplified.

For Py = constant Equation (22) simplifies to

*(T) —1 AN (T ),V dA — In[ < 24
sp(Ts) ey Bl sp(Ts)eg nio-)

0 [

Because of the small differences in static temperature across the cross section, one can set
* T Y A 1 *
3Ty ~ — L s (Tg) pgVdA (25)

where the average temperature TS has already been fixed by the average specific enthalpy according to Equation (5).
From the approximation according to Equation (25) it follows that P = P; = constant. Thus, the numerical evaluation
of the entropy-averaging rule for Py = constant can often be ignored.
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For T, = constant, from Equation (23) and in agreement with References 3.1.3 and 3.1.5 we get an averaging rule
for the total pressure

- 1
P = — |1 . 26
nPo= LnPtpSVdA (26)

if, within the limits of accuracy of the measurements, the static pressure P as well as the total temperature T, can be
considered as constant, then because

ﬁs = Pg constant , and 27

T, = Ty = constant (28)

[}

one requires only a single additional averaging rule or other condition in order to determine the average state uniquely.
For this apparently simple case, because P; and T are obtained directly from measurements, test engineers prefer to
use simple averaging methods. The “continuity”™ and “total pressure” methods fall into this category, for example.

For the continuity method only the following three directly measured quantities are used:

— the constant static pressure Py by means of wall taps,
- the constant total temperature T, by means of thermocouples,
-- mass flow m by means of probes or an orifice.

All other average state values are determined from iterative solutions of the continuity equation. Approximating
the thermodynamic behaviour of the fluid by a calorically ideal gas with CP = constant, it is recommended to utilize the
gas-dynamic functions of the non-dimensional mass flow in the form of

m/RTy
= — 9
¢ AP (29

Since for this method, which is also contained in the VDI compressor specifications according to Reference 3.1.8,
only directly measured values are used, it often seems that the average problem is not really touched on, or is avoided in
an elegant fashion. Neither is true.

In the “total pressure’’ method, in addition to Equations (27) and (28) the average total pressure E, as area
averaged,

_ 1 '
Ppi = — LP‘ dA (30)

-

or, as mass-averaged,

_ 1
P = — _LPtpchlA (31)

1

is used. In the case of a circular cross section, for a simple numetrical evaluation of Equation (307}, the total pressure
probes are positioned at equal-area radii. Then the measured total pressures can be averaged arithmetically.
Unfortunately, test engineers use this method also in cases where P, and T, are not constant across the cross section.
For the average static pressure 'Ps they use the arithmetic mean of the values obtained from the hub and from the outer
casing and obtain the average total temperature Tt from arithmetically averaged equal-area values. An extensive
discussion of the “continuity” and the “total pressure” method, as compared to the averaging technique based on
*“Complete Equilibrium™, is contained in Reference 3.1.10 for swirl-free channel flows.

3.1.1.2 Three-Dimensional Turbomachine Flow

In contrast to the one-dimensional channel flow, where continuity considerations predominate for determining
average velocity according to Section 3.1.1.1, it is to be expected that the energetic velocity averages will predominate
for turbomachine flow,

If we use a cylindrical coordinate system with the three coordinates r, @, and z, where the z axis coincides with
the axis of the machine, the energy averaging rules for the three components of the absolute velocity V are as follows:—

_ 1
Vig: = o LV? psVp dA, (32a)

o
Vig:

1
— [ VipsVpdA, (32b)
m A
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172 1 2
Vie: = — va Py Vi dA . (32¢)
Here for the mass flow th
th = oV, dA 33)
[ s
if, according to Figure 3.1.4 the velocity component V, is normal to area A.
Because it may be necessary to represent all the relations relevant to the problem by means of average values

without using correction factors, it must be checked if the average velocity values based on energy satisfy the vectorial
kinematic condition

V=wxr+W. 34

According to Reference 3.1.6 (2nd edition) and Reference 3.1.9, this is not true for the expression valid
circumferentially

Vg = wr+W,, (35)

if the averaging rule from Equation (32} for the circumferential velocity U = wr, or because w = constant, for the
radius r in the form

=2

B = J; rp, Vy dA (36)

!

is used. From Equation (35) we get two expressions for

— 1 1
Vig = — | Vip VydA = — r+ Wy)lpV, dA
dE 0 .L 0 PsVn " _f;(w 9) PsVn
T2 22, 2w 2
VBE = W Ig + -I? Al'ngsVndA-l' WGE (37)
and
\75[“. = w? TZE + 2wTE WGE + Wng
— 2w Y
2 2.2, W 2 2 2
Vip = with + rh\//).\r PV, dA \/f;% pVpdA + Wi . (38)

The above expressions ate not identical,

On the other hand, Equation (35) is satisfied by average velocity values on a momentum basis

= 1

Va: = — j; V,0sVydA (392)
_ i

Vorr = — [A Voo, VpdA (39b)
Vg: = — [ VypyVndA (39¢)
zl* A zPsVn

according to Reference 3.1.6 (2nd edition), if one averages the circumferential velocity U = cor or the radius r
o1
Ri= - jArpSVndA {40)

on a momentum basis according to Equation (39). From Equation (35) we get

<
=
il

1 1
™ J;\VﬁpsvndA == L(wr*FWe)psVndA

Vg] = WTg + WBI . (41)
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For the stationary relative flow in a turbomachine rotor rotating with constant angular velocity, the energy
equation is

L hRotePse VnedAe — _L hRotifsiVaidA; = wFi—e +Qi—e . (42)
i

]

Here Q_, denotes the heat conducted in or out per unit time and Wg_, the mechanical power of the friction forces
which, according to Figure 3.1 .4, arise in the co-rotating control volume in the relative system. If the relative velocity w
in the rothalpy term appearing in Equation (42)

W2 (wr)?
hROt: hs + ? - 7 (43)
is replaced by the absolute velocity V, with the aid of the kinematic condition in Equation (34), with
V2
hRot = he + 7 —wrvy 44)
we can write the following expression for the energy equation
vi v?
I (hse + '2_) PseVnedAe — f (hsi + '2_1) Psi VnidA; =
A.
€ 1
= ‘-d{ J‘; TeVge Pse Vne dAe — L'rivﬁipsivnidAi} + wFi~erel + Qiferel . (45)
e 1

The subscript “rel” in WFife and Qi-e emphasizes that Equation (45) is still vatid for the relative system in spite of
the transformation. Assuming adiabatic flow and neglecting the mechanical power of the frictional forces arising at the
boundaries of the co-rotating control volume, Equation (45) simplifies to

Ve V2
Prech = he + Y PseVpedAs — hg; + _2_ PsiVnidA; =
A Aj

-

where P .., denotes the mechanical power transferred by the rotor and referred to the absolute system. The second
part of Equation (46), which is known as Euler’s turbomachine equation, represents a central relationship in turbomachine
theory because of its kinematic content together with energy transfer,

Te Vge Pse Vne dAe — ,L 7 Vi Psi Vni dAl} , (46)
1

To represent the swirl flows in Euler’s turbomachine equation by the momentum-averaged circumferential
components Vg according to Equation (39), it is necessary to define a reference radius rppp

L [V p Vo dA
TREF: = T Ny 47

With rgrgp we express the second part of Equation (46) by
Pmech = w{(TREF Vor)e — (FRF Vo)l . 48)

_ According to Reference 3.1.6 (2nd edition) a noticeable difference may exist between I_J[ = T and

URgr = wTrpr depending on swirl distribution. In order to eliminate this problem, the suggestion is made in
Reference 3.1.14, Reference 3.1.6 (3rd edition) and in Reference 3.1.9 to use swirl averaging instead of momentum
averaging, both for the circumferential components of the absolute and relative velocity

_ 1

tpVep: = ELrvepsVndA, (49)
1

TpWyp: = — | tWapsVadA 50

™D WgD o Lf gPsVn (50)

and for the circumferential velocity and radius

I
hi = — erpsvndA. 51



35

momentum equation
[= Jl;(psv2 +P)dA = (B V2 + P)A | (65)

energy equation

. V2 — VY
E= f (hs + —) ps VAA = (hs + —)ﬁsVA . (66)
A 2 2
In addition to the caloric equation of state
hy = By(P., 2,) (67)

four equations are available for determining the four unknowns Py, pg, hg and V.

For a real fluid, a closed solution of Equations (64) to (67) is not possible, The necessary iteration can, for example,
be carried out in the following sequence:

(1) assumptionof V,

m
() p= -:X , continuity equation
- i—mv
(3) pg = T momentum equation
(4) hgg = hg(Pg, Bg) caleric equation of state
(5) h E_Vv ti
= — - — energy equation
sE m 5 gy €q
v
6) F: =|1— Hi < e . convergence condition
sE

If the temperature dependency of the specific heats for an ideal gas are to be considered, then an iterative solution
is also necessary.

A trivial exception is found for the incompressible fluid, where o = p = constant, whose caloric equation of state is
as follows for the specific enthalpy

T

P, —P
hg = hpgp + _[ Cp(T)DT + —5——REE (68)
TrEr P
For this special case, all unknowns can be determined in sequence from Equations (64) to (66)
V = o (69)
pA
P. = _i—_m! (70)
3 A 4
kW
h = — — — . 71
 om 2 an
If, according to Reference 3.1.6, a compressible fluid can be approximated by an ideal vapour with constant
isentropic exponent k¥, then, with the aid of the caloric equation of state for the specific enthalpy
k P
= T 72
hy = (72)

+ The generally valid relation for the isentropic exponent k is as follows

. &(aps) _p (aps) C,
l>s Bps is Ps aps T Cv ’

so that for an ideal gas based on the Boyle-Mariotte law the following is valid

k=7=£PQ_

c,(M
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and the thermal equation of state

Py
— = zRT; , (73)
Ps

a closed solution is possible. Here in Equation (72) the constant of integration of the specific enthalpy has already been
taken into account and the factor for a real gas in Equation (73) depends only on the entropy z = z (s).

From Equations (64) to (66} and Equation (72) we get

P, | k—1(E V2
—_ = =V Yl = — - —
ps M k tm 2

and thus

=

_ -1 E
V+2—— — = (0. 7%
+ 1 th

. 2k |
Vi —— —
k—1 m

=

Equation (74) has two solutions

- ki (k i)’ k—1 E
= — —t f[— =} -2 —— 75
Vin k+1 /k+1rh 1 m (73)

If we consider the critical velocity of sound a;" which, for an ideal vapour, has the following expression

k—1 — k—1 E
5 ST iy 76
then, because
_ k—1 E
V,V, = 2— — = 3}? 71
172 K+lm s an

we get the (+) sign in front of the radical representing the compression solution of the shock and the (—) sign
representing the expansion solution.

For subsonic flow, the (+)-sign in front of the radical contradicts the second law of thermodynamics. Thus, for the

average velocity V, the following is valid

. k k k)ﬁ k-1 E
= —— = f[— =] == 78
v k+1 m /k+lrh 2k+lrh 78

All other state values can be determined successively from Equations (64) to {(66).

Using the isentropic exponent equal to the ratio of specific heat capacities k =y = C,/C, in Equation (72), and
the reat gas factor z =1 in Equation (73), the closed solution is also valid for a calorically ideal gas with Cp = constant.

Under the assumption that in the measurement or the calculation plane the total temperature and the static pressure
are constant, M.D.Wyatt has presented this averaging method in Reference 3,1.10 for a calorically ideal gas employing
the gas-dynamic functions.

Taking a calorically ideal gas with C, = constant, then, on the basis of the following assumptions:

T, = constant = T, and

Py

constant # P

the continuity as well as the momentum equation can be described in the following form with the aid of both gas-
dynamic functions
th/RT; Vv RT;

flow rate = — =5,V
¢ AP, Ps

and (79

(80)

momentum B:

as follows:
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Using this averaging definition based on swirl, which because of

1 1
tpVep = m—LrVBpsVndA = - Lr(wr+W9)pSVndA

p \70]) wf]% +Tp WBD (52)

satisfies the kinematic condition in a circumferential direction in Equation (34), Euler’s turbomachinery equation
becomes

Prmech = w{(Tp Vgple — (Tp Vgp)i} h (53)
instead of Equation (48),
Using swirl averaging according to Equations (49) to (51), only the second part of Equation (46) can be expressed

simply by average values. If one formulates the first part of Equation (46) in terms of average values, this is possible
without using correction factors only when, besides the mass-averaged static enthalpy

1
hy: = — [\ hyp, V, dA (54)

average energy values for the velocity components according to Equation (32) are used. Energetic average velocity values
appear in all definitions for total efficiencies, too. This is opposed by the fact that energy-based average velocity values
do not satisfy the kinematic condition posed by Equation (35).

To avoid introducing correction factors in the energy relations, W.Traupel (Ref.3.1.6) defines an “ideal’ static
enthalpy hg

w Vi - Vi
with

Vii= V34 Vi + VY (56)
for the channel flow and

V% L= V?I + \730 + ‘_’:] (57)

for the turbomachine flow according to Reference 3.1.6 (3rd edition).

For Traupel's proposal a in Section 3.1.1.1, where the average internal state is determined by the area-averaged static

pressure P; and the mass-averaged static enthalpy hg, we obtain an “ideal” static entropy §
3: =7%(hg, By) (58)
and an ideal static density B
Bs: = P(hg, Py), (59)
for example,
It is now easy to prove that ‘\_/1 = VE- Hence, it follows that always ﬁs = Hs and §2 8. Figure 3.1.5 shows the
change in state in a turbomachine rotor in the h, s diagram. The plotted difference between the average energy-based

change of state and the “ideal’” average change of state has only a qualitative character.

The error introduced into the continuity equation by the use of the “ideal” static density g is taken into account
by the correction factors egy and &gy, as dictated by the use of V

1
Voi: = — VZdA. (60)
nl o J‘; PsVn
From the continuity equation formulated from average values

m = j;pSV"dA = PseciVnlA = BsEcVm A (6D
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we obtain for the two correction factors egp and &gy

j;\psVHdA
- (62)
“ f’s(hs, S)anA
and
f o5 Vada
gy = (63)

B (Bg, HV A

The introduction of these ideal state values eliminates only the need for correction factors in the energy equation,
It is still necessary either to introduce correction factors or to use different average value definitions for the velocity
components in the continuity and the momentum equations.

3.1.2 Averaging Method Based on “Complete Equilibrium”

Using this method of averaging, the non-homogeneous flow condition in the measurement or calculation plane is
converted into a state of “Complete Equilibrium™ by means of the conservation laws for mass, momentum, and energy.
This is the method used in nearly all two-dimensional cascade experiments today.

The condition of “‘Complete Equilibrium” is characterized by the fact that the viscous fluid is in a state of equili-
brium, both mechanically and thermally. This means that neither momentum nor energy exchange takes place between
the individual fluid particles. If, for instance, the fluid has a swirl component, then only pressure forces normal to the
velocity vector are allowable which effect the required change in direction of the circumferential component of the
velocity vector, In order to avoid the normal and tangential stresses arising from viscosity, it is necessary that the fluid
behaves as a sclid body. As a condition for thermal equilibrium, the static temperature has to be constant. Then no heat
transfer as a result of conduction or radiation takes place.

For the three types of flow

swirl-free channel flow with constant cross section
two-dimensional cascade flow and
- co-axial swirl flow

treated more extensively below, the conditions arranged in Table 3.1.1V result. Inserting these flow conditions into the
constitutive equations given in Appendix 2 for cartesian and cylindrical coordinates, all viscosity-dependent stresses
disappear and no heat transfer takes place.

In order to describe the effects of a system in whose exit plane the averaging method is used quantitatively
accurately by the state values of “Complete Equilibrium”, the integrals of the conservation quantities — mass, momentum,
swirl and energy - have to be equal at the inlet and exit of the control volume in which the irreversible mixing process
occurs. Considering that the irreversible mixing process occurs in a real settling channel of infinite length, then the condi-
tion of “Complete Equilibrium’® will not be reached, because of wall boundary layers. Thus, as a matter of definition,
the no=lip condition existing on a real wall should be neglected, without limiting the effect of viscosity necessary for an
irreversible mixing process.

In order to make this abstraction clearer, according to L.S.Dzung in Reference 3.1.14, one should simply imagine
that the mixing process occurs in a discontinuity plane similar to a compression shock. Thus, the additional condition
that the inlet and exit plane areas of the control volume are equal is satisfied automatically. The fact that the system of
equations resulting from the conservation laws produces two solutions underlines the analogy to the compression shock.
For subsonic flow, one solution contradicts the second law of thermodynamics and, for supersonic flow, a strong and a
weak solution arise with respect to the irreversible entropy increase.

The following treatment of the individual flow conditions always starts with the assumption that the mixing process
occurs within a discontinuity plane,

3.1.2.1 Swirl-Free Channel Flow with Constant Cross Section

The conservation laws for a discontinuity plane within the swirl-free channel flow with constant cross section attain
the following state values of “Complete Equilibrium”:

continuity equation

h o= ﬁpsVdA = p, VA , (64)
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continuity equation

th f VdA s f«pdA ARy é (81)
= ps = = ———— .
A \f RTt A RTt
momentum equation
i = V:+P)dA = P, | BdA = APB . (82)
J;(Ps s) s j‘; s

The numerical evaluation of the energy equation results from the first assumption.

For the numerical evaluation of the two integrals in Equations (81) and (82), it is only necessary to determine the
total pressure profile and the static pressure by means of wall tappings for

/% {1 _(%)(7—1)/1}

= 3
(Ps)(v—l)l'r &3
Py
and
2 p A\~ Dir
B=1+—"’—{(_t) —1} . (84)
vy—1(\P
Using the critical Mach number dependency of these two gas-dynamic functions
2% .
+ 1
p= Y1 —— (85)
1— 7__ M*z
¥+1
and
1+ M*2
B — M (86)
y—
11— — Mm%
v+ 1

v+ 1
_ ¥ i ¥ (i )2
* = (I —— — |- —
Miia Vv 20y + DRT; i t%(7+ DRT; \m L. &7

Because M¥M¥ = 1 for subsonic channel flow, only the (—) sign in front of the radical is compatible with the second law
of thermodynamics.

The following relation exists between the constant static pressure Py in the measuring plane and the average value
of the static pressure P

- 1_7_1ﬁ*2

P, 1 +1

;l:..deA: 7__ <. (88)
Py A A 1+ M*3

2.1,2.2 Two-Dimensional Cascade Flow

The strictly two-dimensional cascade flow is an instructive example for the philosophy of the averaging method
based on “Complete Equilibrium”. Because of the periodicity condition and the infinite extent of the flow plane normal
to the flow, one may indeed imagine that the condition of “Complete Equilibrium” will be attained after an infinitely
long ren. N.Scholz first presents this averaging method for the two-dimensional incompressible cascade flow in
Reference 3.1.11 and J.Amecke first published a closed solution for the two-dimensional compressible cascade flow of
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a calorically ideal gas in References 3.1.12 and 3.1.13. As shown in Figure 3.1.6, they both utilize a finite two-
dimensional control volume X1 to generate this averaging method for the evaluation of two-dimensional cascade
experiments.

For the purpose of uniform presentation, the derivation of an averaging method for two-dimensional cascade flow
utilizes a differential control volume in the form of a discontinuity plane, as mentioned above.

Applying the laws of conservation to the discontinuity surface, we obtain the following four equations:

continuity equation

t+

n'1=jt

momentum equation normal to the cascade front

P . T o
Pge Ve 5iN 0 dt = g, V, sin &, p (89}

i =J’t+p( V2 sinZa,+ P )dt = (P V2 sin? @ + Pip) (90)
n A Pge Ve OfeT Iy Pge Ve (28 seJP

momentum equation tangential to the cascade front

[ t+p 2 . _ 2 [
k= f Pse Ve COB 0 sin o, dt = P, Vg cos &, sin &, p ©1)
t
energy equation
. t+p A2 _ v? .
E = J (hse +T‘=) Pge Ve sina, dt = (hse + —22) DeeVesind p . 92)
t

Together with the caloric equation of state according to Equation (67), we again have five equations for the determina-
tion of the five unknowns: Pgg, Pge, g, Ve and &.

For a real fluid, as well as for an ideal gas taking account of the temperature dependency of the specific heats, this
system of equations must also be solved iteratively:

(1) assumption of (V, sin &)},

m
2 Bge = =———— continuity equation
(2) Bge (V. sin )7 y eq

= i, —m(V, sin &)

3) P, = P , momentum equation normal to cascade front
(4) hgg = hy(Pge, Pse) caloric equation of state
- ] . .
(5) Vocos@, = —~ , momentum equation tangential to cascade front
™
(6) h, E_ Ve equati
= ———=, ener| uation
seE ™ ) By €q
- FseS .

(M F=|1———|<¢, convergence condition

heeE

For an incompressible fluid the four unknowns: Pg, Hse, Ve and @, can be determined one after another from
Equations (89) to (92)

- I, |1 (m)1
= 93
¢ P o P > ( )

- hy? I',)2
Ve = (H)) +(E , (94)

g~
Il
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i
&, = arccot (pp m_[z) , (95)
I
hse = ';n" - ? . (96)

For a real fluid approximated by an ideal vapour, it follows from Equation {72) as well as from Equations (89) to
(92), that a quadratic equation can be obtained for the normal component (V, sin &}

oo % I, o k—1fE 1[0\
(Vesmae)z—mE“(Vesmoze)+2—];+—l{n—_1—5(;t)} =0 97

. k 1 k i\ _k—I{E 1/§¥
V.sin@ S | (*_n_) —2 {___(_t)}_ 98
(Ve sin &e)y k+1 th \/:Hm k+1lm 2\ ©8)

In the subsonic region, the (+) sign in front of the radical contradicts the second law of thermodynamics and in the
supersonic region the thermodynamic probability is very low.

with the two solutions

If we reduce the total enthalpy Hle by the kinetic energy of the tangential component (V, cos &)

_ (V, cos &,)?

hie—n: = T 2 (99
and if we form the critical velocity of sound a§,_ , associated with it, analogous to Equation (76)

g2 .= 2% hpe—p (100)
we get the following equation

(Vesindyy (V, sind&,), = ada , (101)

analogous to the oblique compression shock.

If the flow towards the cascade in Figure 3.1.6 can be considered homogeneous within the accuracy of measure-
ments and if it is assumed that the cascade flow proceeds adiabatically on the whole, then, because

.

£ .
— = h4e —hy; 102
™ te ti ( )

the numerical evaluation of the energy equation can be omitted. This is true for both incompressible and compressible
fluids.

Besides the assumption that the cascade flow proceeds adiabatically on the whole, J.Amecke, in References 3.1.12
and 3.1.13, also neglects the energy exchange between the individual stream lines resulting from friction forces. Then
the energy balance for a calorically ideal gas is simplified for fte = T,e = constant. For this reason, J.Amecke does not
use the energy balance as an independent equation in the solution of the system of equations. With the aid of the
formulation of the continuity equation, normalized with the gas-dynamic functions, as well as with the two momentum
equations, he determines the three unknowns appearing therein, namely (ﬁte/Pti), &, and lVl;‘ . The closed solution
consists of a biqquadratic equation for the average value of the critical Mach number My .

N.Scholz also ignores the energy balance in deriving averaging requirements for an incompressible fluid (see
Reference 3.1.11). This means that for an incompressible fluid the path-independent dissipation

Se Te
Vi s jSiTDSi” = fTi Cp(T)DT (103)

I

with the aid of the total pressures

V. o = PPy (104)
i—e P

can be determined only under the assumpticn that the flow proceeds adiabatically and isoenergetically.
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3.1.2.32 Swirl Flow in a Parallel Annulus

Although swirl flow in a parallel annulus with constant hub and tip radius is not very representative of the general
area of turbomachinery flow, it still represents the only possible form of swirl flow which can be treated with averaging
methods based on “Complete Equilibrium’’.

If all the state values of the “Complete Equilibrium’’ are referenced to the values for the outer casing X* = %/xy ,
the total equilibrium state of a given swirl flow in a coaxial annular volume can be characterized by the following five
radial distributions: —

Velocity components

radial component V:." =90, (105)
circumferential component Vi = r*, (106)
axial component \_/Kx =1, (1on
Static state
temperature T™ =1, (108)
dp* Vi
pressure S = 8H pEr* . (109)

dr* FstﬁsH
Equation (109) results from the simple radial equilibrium valid for V;’= 0.

For V§ =0 the four starting values Vg, Vays , Tey and Py of the radial distributions still must be deter-
mined for the outer casing, For that purpose the four conservation laws of mass, axial momentum, swirl and energy,

applied to the discontinuity surface, are available:

continuity equation
TH _ 1
tho= 2| pVacrdr = 2mpguVamthy [ pir*dr* (110)
rg 14
momentum equation in axial direction

. ™H
iag = 2,,-LB (,o!,,\/f,‘x + Pgirdr =

1t

_ 1 ot
Zwrf{ {55H Vf\xﬂf p¥r*dr* + Pey f P;"r"‘dr*} , (11
(4 v
swirl equation
[ rH T, T 3t ka2 e
D = 2n[  pVoVayrdr = 2apy Voy Vpury [ pEVEr+2dr* (112)
I'g »

energy equation

[esld
il

TH V2 VZ V2
21rJ pstx{hS+—‘ + L +;"l}rdr=
s 2 2 2

= — 1
= 2absy Vaxuh { hsy ,I; BShdrtdr® +

vi 1 Vég ! L
+ A;H j pirtdr* + H J‘ ﬁ:Vé*r*dr"‘} . (113)
v v

With the thermal equation of state p, = ps(P,, T;) and a caloric equation of state, e.g. hg = hy(Pg, p), the system
of equations for a real fluid can be solved iteratively. If an incompressible fluid with

PS
by = u(T)+—= (114)
P
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is treated, the simple radial equilibrium according to Equation {109) yields

_ Vg ™ —1
Pr=1+pH (115)
Pyt 2

In this way, the four starting values of the radial distributions at the outer casing of “Complete Equilibrium™ can
be determined in succession from the conservation laws in the following order:

continuity equalion

. 1
= ZWPVAxHrIIL[.’; *dr*

m =
v m (116
AxH wrﬁ(l vt ' )
swirl equation
B v v 3 L w3 g ok
D = prVAxHVBHrHI r*dr
v
V, 2 (117
6H = o
ToVa,u il —v*) ’
momentum equation in axial direction
; < T 5 a2 e ax
IAJ( = mVAxH + 21rPerHf pS r*dr
v
_ iAx AI‘hVAxH _ 1=
Py = ———— +pV, \ 118
H O Ta—n P (e
energy equation
1 }_)SH 1
- _ . J .
E = 27TPVAxHrH{uSH J r*dr* + —J. P¥r*dr* +
v L
Vi ! Vi !
+ ~AxH I r*dr* + 90 r"‘3dr"}
24 v
. - DVGH
E— levAxH - T2
- 2ry Viaxn
usH = - + . (l ]9)
m 2

The radiation distributions of all relevant state values of an incompre: .ible fluid are presented in Table 3.1.V. Since
the entropy of an incompressible fluid

T
DT
s = sggp t+ J‘ Ca(T) T (120)
TREF
depends only on the temperature, the specific entropy as well as the total temperature are constant, owing to the
constant static temperature.

If a real fluid can be approximated by an ideal gas, from the thermal equation of state
p¥
H
ﬁ: = = (121)
TS
together with Equations (108) and (109), we obtain the same radial distribution for the static density and for the static
pressure

— Viy -1
pr =P = exp{ﬁ —} . (122)
RTy 2
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Taking into account that for an ideal gas the specific enthalpy

T
h = hggp +J C,(T) DT (123)
TRrer

is only a function of temperature, the conservation laws according to Equations (110} to (113) take the following forms:
continuity equation

hit 1
N ¥ ph*dr*, (124)
ey PsH YAxH fp Ps

momentum equation in axial direction

swirl equation
2.:.)1.%{ = TH V8H BsH VAXH j;l '5;‘1-*3 ar* | 126
energy equation
2:r§] - {HS” * “\%ﬂ}ﬁ"sﬂ Vaxi J;l P r*dr* +
+—\7202_H55H-‘7Ax]-| J;Iﬁ;r*adr* i 4

This formulation of the conservation laws allows easier recognition of the iterative solution method. With the closed
solution of the two integrals (see Appendix 3)

F,: = flﬁ*r*dr*
i s
¥
F, = RTSH{I—exp[ Vi i_-—l]} (128)
1 \_’5}{ RTSH 2
i
Ey: = J;,ﬁ;'r“dr‘
RT, Vig »*—1
F, =—_—2i{1—v2exp[ Gl ]—2:-1} (129)
VéH RTgy 2

the system of equations can be solved iteratively in the following way:

(1) assumption of Va,py

_ \ i _
2) Ty = -—kﬂ{-ﬁi — VAxH} moment equation in axial direction
3) HsH = H(TSH) caloric equation of state

_ yf. _ Vi
4) Voy = 2 %{E — ( hey + A;H) 11'1} energy equation

— m
5) (BguVaxude = 2 continuity equation
21rrH Fl
D

(6) (Bs Vax)p = swirl equation

ZTITIS.! VQH Fz
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_ {PsH VaxiiD

(7y F =
(Bs Vaxu)c

1- convergence condition

The radial distributions of the state values for constant specific heat capacities are presented in Table 3.1.V.

This demonstrates that the averaging method based on “Complete Equilibrium’ has only little practical importance
for a given swirl flow in a coaxial annular volume in the light of one-dimensional evaluation of test results.

The utility of the averaging method based on “‘Complete Equilibrium’ for turbomachines is limited to a very great
extent by the fact that a stress-free state in the rotationally symmetric flow of a viscous fluid occurs only when the fluid

moves as an inelastic body, i.e. without radial velocity components. For this reason, this method of averaging cannot be
employed for turbomachines with diagonal or radial flows,

3.1.3 The “Consistent Averaging Method’” by L.S.Dzung

The averaging method presented by L.S.Dzung in Reference 3.1.14 for three-dimensional turbomachine flow can be
placed in the second group of averaging methods based on “Complete Equilibrium™, because the system of equations
results from the conservation laws.

However, since the average state does not correspond to the state of “Complete Equilibrium”, if the radial and the
circumferential components of the absolute velocity are not equal to zero, the method designated by L.S.Dzung as
“consistent™ is placed in the first group of averaging methods based on “Integral System Effects”. The main advantage
of Dzung’s “*Consistent Averaging Method", in contrast to the first group is that correction factors are not required.

L.S.Dzung formulates the following censervation equations for the rotating relative system for the discontinuity
surface shown in Figure 3.1.7:

continuity equation

m o= prswmdA = p WA, (130)
momentum equation in direction of meridian

by = j;(psw,z,, +POdA = (o W2, + POA | (131)
swirl equation

b = Ll’(wHWe)psz dA = FwT+ Wp)p W A (132)

energy equation

. W2 2 - w2 2 o
ERot = f(hs+ LGy )pSWmdA = (hs+ ¥ _wn )ﬁszA. (133)
A 2 2 2 2

The bar above the symbol again denotes the “representative’ average state. If we set w = 0 and formally write V
in place of W, Equations (130) to (133) are also valid for the absolute system. It must also be noted that only the
meridian and circumferential components of the relative or absolute velocity appear in the conservation equations.
L.S.Dzung explains this by the fact that the position of the discontinuity surface A must be chosen in this way so that
the integral for the component W, in the direction of the straight line trace of the discontinuity surface A must
become zero

LpSWAdA ~ 0. (134)

Together with the_caloricﬁequqtionvgf state according to (67) Es = Hs(ﬁs, fis) there are available only five equations
for the six unknowns Py, g, hy, Wy, Wy and r. In order to obtain a solution L.8.Dzung postulates that all terms of
the kinematic condition in a circumferential direction according to Equation (35) should be averaged on a swirl basis.
This means the same as the additional requirement that in Equation (132) the corresponding terms on both sides are

equal, i.e. that

LrWspszdA = TWpo,W,, A (135)

and



[ wrp Wy dA = wPp Wy A (136)
A

Equations (135) and (136) do not follow from the swirl equations and thus contain an arbitrary factor. Using the average
radius f defined in this manner from Equation (136) which corresponds to Equation (51), the conservation equations
result in:

_ m

psz = X s (137
i Iy

pPWL + Ps = -, (138)

A

o 1{D .

pswm Wg = K ¥4wrm . (]39)

. We 1y, (wi)?

The solution of this system of equations corresponds to that for the two-dimensional cascade flow shown in Section
3.1.2,2, Foran ideal vapour the closed solution becomes

L S Pk_i_m)’uzk—l[ﬁgot+(wr)2AW_’§]
Mz k4t m 4/ k41 k+1Lm 2 2

(140

Here again the (+) sign in front of the radical contradicts the second law of thermodynamics in the subsonic region and
possesses little thermodynamic reality in the supersonic region,

The solution methodology analogous to that for the two-dimensional cascade flow does not mean that the average
flow conditions automatically satisfy thermal and mechanical equilibrium. Only the swirl-free channel flow with constant
cross section treated in Section 3.1,2.1 and the two-dimensional cascade flow shown in Section 3.1.2.2 are included as
special cases in the averaging method of L.S.Dzung. Having a flow with radial or circumferential component for the
absolute velocity in a cylindrical coordinate system, the average state defined by Equations (137) to (140) gives quantita-
tively correct answers for the “Integral System Effect” of the values subject to conservation principles. In these cases,
the entropy increase occurring in the discontinuity surface cannot be interpreted as a real mixing loss.

Applying the averaging method of L.S.Dzung to a turbomachine stage with nearly swirl-free inflow and outflow, the
flow condition in the blade-free plane between guide vane and impeller is distorted by the use of average values depending
on swirl distribution, because the mixing losses are charged to the particular system under consideration.



TABLE 3.1.1

Equations of State of the Idealizations; Incompressible Fluid and Ideal Gas

Incompressible fluid Ideal gas
) P
Thermal equation of state p = const p = RT
Caloric equation of state
. - T T
Spec. internal energy u =upgf + u*(THu¥T): = “. Cp(MDT u =uggp + u*(D);u*(Ty = .\ C,(T)DT
TREF Trer
_ . P —PRer _ O
Spec. enthalpy h =hpgr + v¥(T) + ——— h =hggf + h™(T); h*(T): = h_, O_Uﬁ,JUH
P REF
T DT P T ¢,(m) DT
Spec. entropy s = sggf +s*(T);s¥(T): = Ca(T) — s = sgegf + R mm (Ty—1In “mm (Ty: = —_
T PReF R T
TREF Trer
7 (T)
S = SRpf + _N_:“kw
P/PREF
T ¢, (T) DT
Isentropic pressure function g = exp .‘. B ek Al
Trer © 1

4



TABLE 3.1.1

Comparison of the Averaging Suggestions for Switl-free Steady Channel Flow
According to References 3.1.2 to 3.1.5

. Suggestions of Suggestions of Suggestions of
bD;j;icn;non t‘f;: AJ W.Smith J.L Livesey/T Hugh in R.D.Tyler
quati in Reference 3.1.2 |References 3.1.3and 3.1.4 | in Reference 3.1.5
Thermal equation P ¢ P . P .
of state Rp'f' - Rp’f - Rﬁ'f -
{ =lforP= constt
Average static — 1 —
pressure Py = 4 f PydA = Py, 51 Py: = Py = const®
Average static f p VA
density ‘A _ 1
L= = h = = dA
ps I VdA ps( Sy §) ﬁs A &ps
A
Average static = — — o o= — P,
temperature = Ty(hy) Ts = Ts(hy) Ty = Rp,
1 _1 f L aa
T, AT
Average static VdA h Vd3A VdA
spec. enthalpy R = thps = [\ sPs - L 5Ps
P — = — o=
VdA VdA VdA
he os fover
Average spec. No statement f sp. VdA No statement
entropy A
s: =
VdA
fos

with h = CpT and the gas equation it follows for the correcting factor ¢

1
. A J‘;PsdA LVdA _ .‘/;PsdA LVdA
- RpT R L Typ VA A J:a P, VdA

v/(y—1)
P = Pt( Tt) for caloric ideal gas with Cj, = const

R.D.Tyler assumes that the static pressure is constant in the channel cross section concerned

the additional definition of average temperature follows from the gas equation together with the definition
for Py and it does not agree with the so-called mixing rule contained in the definition of hg. Therefore,

an additional correction factor hy = hg(ep Tg) is needed for T, and hy.



TABLE 3.1.1I {continued)
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Comparison of the Averaging Suggestions for Swirl-free Steady Channel Flow
According to References 3.1.2 to 3.1.5

Definition and
hasic equations

Suggestions of
A J W .Smith
in Reference 3.1.2

Suggestions of
J.L Livesey/T Hugh in
References 3.1.3 and 3.1.4

Suggestions of
R.D.Tyler
in Reference 3.1.5

Average velocity , | j;\ pVdA
V: = —[vaa Vi = —— [ p,VdA Vie o ——
A B A A j; pdA
Contipuity h B " 3 "
equation — = p;V " = p.V N = pV
fhe - I‘hi =0 A
Momentum i - , | i I _
f.:quation e Po+ pserV A agPs + poerV e Py + pgerV
i, —1,=xF
[ psviaa [ ovida & psVIdA
e = = e = — e: = —
! psVIA ! P VIA ! pVZA
1
ap: = — [ PdA
PA ‘A
Ererey equation E_, Vi 42w | Vh, + 2% egV E . Vh+ 22 i
. . A —_— = — € —_ = 5 — € _— = e
Be—Ei=Wi o+ QA 5 5 2°F A s E A > 2 B
LpsV:‘dA Lpsva _&psv:‘dA
€E: < o Eg. = — €p. = —
E pV3 A E VO A E B VA
Average spec. . _ y? _ _ V2 2
total enthalpy hy = hy+ep 5 hy = hg+eg 5 hy = hg+eg—
Average Mach i = V2 S o ep V2 . < ep V2
number : 7RTS = VRTS : 7R:fs
Average total = P = = = =
temperature T; = Ti(hy) Ty = Telhy) Ty = Ti(hy)
Average total
pressugre _ _ (T, 0D _ [\ln PiogVdA B fln P, p  VdA
P = PS(T) In Py: = Inpi:=-——-—29
s fA o VdA o vda

¢ for Ty = constant and P = constant it follows from the definition of Tg:

]‘:{1—1)/7 =

L —1)
. fAP§7 TdA .




Representation of Conservation Laws for Swirl-free Steady Channel flow According te Equations (1) to (3),

TABLE

3.1.01H

with the Aid of Average Values from Equations (4) to (7)

Mean velocity Vg
based on energy

Law of conservation Mean velocity Vg Mean velocity V;
based on continuity based on momentum
Continuity equation
. m _ mo o mo _
e —1h; =0 l>| = psVe M = Psec1 V1 .N. = Ps€CEVE
VdA VdA VdA
. b Os b Ps ‘\%bm
c: = — el T —— = ECE: T
PsA BsVIA PsVEA

Momentum equation i i i

. . S —, - R

l.—1;=2F W.H Pg + psere Ve |H>|H F+bw<w M = 1m+.omm_m<m.

2 2 2
b ps V2dA . b pVdA b pVidA
€ = — ;= € = ————
ic PVEA y A IE P VIA
_ B _ E —_ B _ E _ B
+-Legc VE — = pyeciVihy + — eg Vi = = pyecpVEhy +— Vi
A 2 A 2
osv3dA
A

Energy equation

Ee —Ej = Qj—c

b psVEdA

mM—“ = s
P ViA

/l\m“ =3
A

8F



TABLE 3.1.1V

Condition for “Complete Equilibrium”

Type of flow Therma.! equilibrium Mechanical ('qzuvhhrmm
average static temperature T average velocity 'V
Swirl free channel flow with T, = const V = const
constant cross section
Two-dimensional cascade T, = const V, = const (normal)
flow V, = const (tangential)
Coaxial swirl flow T, = const V, = const (radial)
Vg/r = const (circumf.)
Vax = const (axial)
TABLE 3.1.V

~ Radial Distributions of State Values of **Complete Equilibrium”

of a Coaxial Swirl Flow

P
Values of state Incompressible fluid: p = const Caloric ideal gas: p = i—;l: (Cp = const)
Velocity
Radial component Vi=o0 V¥ =0
Circumf. component Vi =1* Vi =r*
Axial component Vi =1 Vax = |
Static state
Temperature T = | Té=1
) o2
P V,
Pressure (resp. density) PF=1+ 9H (r** - 1) P¥=p¥= exp{i (r*? — 1)}
“TsH ZRTsH
P2
Spec. enthalpy h¥=1+ "oH r**—1n h=1
2hgy
v2
Spec. entropy s* = 1 =1+ ""—'QHT‘(T*Q -1
2TshsH
Total state
Viu
Temperature T¢ = 1:(Tyg = Te) TF= 1+ — 2 ¢*P—-1D
20, TR
2 B V2 Y(r—1)
Pressure PF=1+ ﬂ;}li r** =1 P} = P¥ {1 + #(r*z — 1)}
tH 2C, Ty
- éH Viu
Spec. enthalpy hf = 1+—— **—1) el —=——0* -1
tH Zhey
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Fig.3.1.1 Swirl-free channel flow

S

Fig.3.1.2 h, s diagram for comparison of the averaging method for the internal state
as given by W.Traupel in Reference 3.1.6 (3rd edition)
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Co-rofating
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Fig.3.1.4 Co-rotating control volume for a turbomachine rotor
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Appendix 2

CLOSED SOLUTION OF THE DEFINITE INTEGRALS ACCORDING
TO EQUATIONS (128) and (129)

1 2
| V,
1. F,: = f pir*dr* = J- exp{i(r“"—l)}r*dr* (n
v y 2RT5H
\72
substitution: x; = —H sz )]
2R,y
VZ
dx = —OH pgee
RT;y
RT,y ° RT 0
F, = ,,:Hj exp (x)dx = ,,,:H exp (x)
VaH Yxy Viu Xp
RT, \7{
F, = _st { 1 ~exp[ M (2 — l)]} 3}
Viu
2, Fp: = J‘ psr*3dr* = j exp{ — (r”—l)} r*3dr* (4)
v "y 2RTy
partial integration fudv = uv— fvdu
RT. 2RT,
n: = TSH-r*z — du = __.st r*dr* (5)
VéH on
V?. Vl
dy: = exp{ oH (r*zml)} OH_ owgr (6)
IRT,y RTy

VI
v = exp{ oH (r*z—l)}

2RT.y4
RTs Viu RTyy (! 3
F, = — 1 —viexp — 0 —1) - — exp =1} rtdr*
¥ 2
Vén 2RTgy Vay 4, 2ZRTgy
RT. V3
F, = — :H {1 *vzexp[ B 2 — 1)] — ZF,} ) M



Discontinuity surface

Fig.3.1.7 Discontinuity surface after a turbomachine rotor
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Appendix 1

CONSTITUTIVE EQUATIONS FOR STRESS (NAVIER-STOKES)
AND HEAT CONDUCTIVITY (FOURIER)

1. CONSTITUTIVE EQUATIONS FOR STRESS (NAVIER-STOKES)

g = —Pe+2pd +adg 1
lgl = —Pglel+ 2uld!+ ad, lgl (1a)
1.1 Cartesian Coordinates
Oxx Oxy Uxz 1 0 ©
SYM Oyy Oyz | = —Pg| 0 0
0,2 0 0 1
Mo L o) Lo, V)
ox 2\ 9y ox 2\ oz 0x
V.
+ 2u ﬂ! _l (a_v}’_ + 9 z)
oy 2\ o0z oy
av.
8 —_z
I YM a2 |
1 0 0
V. V.
+p(%+a_x+h)o 10 2)
ax oy 9z
o 0 1
1.2 Cylindrical Coordinates
Or O Orz 1 0 0
g = —P| 0 0
SYM Tgg fz s
Ozz 0 0 1
W L[¥y LW )] (2, W)
or 2L or r\ 98 2\ or az
1/8Wg 171 aW, oWy
+ 2 —(— +W) —(——+—-
# t\ag 2\r 88 | oz
SYM Wz
i 0 0
oW 1 oW, oW, W
+,&(—'+-——g+—z+——')0 1 0 (3)
or r 90 a9z r
0 1
2. CONSTITUTIVE EQUATION FOR HEAT CONDUCTIVITY (FOURIER)
q = AVT; 4

lql= AIVTl (4a)
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3.2 DEFINITION OF A HOMOGENEOUS FLOW CHARACTERIZING THE PERFORMANCE
OF A GAS TURBINE COMPONENT

Nomenclature

The notation used in this section is consistent with the general nomenclature provided at the beginning of this
report, with the exception of the following differences adopted for the sake of simplification:

F: gross thrust (instead of Fg)
The subscript - is used instead of = to designate an average in the whole section.

In addition, the following notation, specific to this section, is used:

(/) typical ideal evolution of the fluid in the reheat channel

(D): typical ideal evolution of the fluid in the exhaust nozzle

(B): given heterogeneous flow

(E): homogeneous flow equivalent to (E)

K: characteristic quantity

(Ph: typical ideal evolution in the combustion chamber

(r: typical ideal evolution of the fluid in a compressor, turbine or fan
T steam force or dynalpy = Ps(1 + yM?)A

3.2.0 Introduction

The need for representing an actual heterogeneous flow by a homogeneous one (that means one-dimensional) is
particularly strong during the research and development of a turbojet (or turbofan). The engine manufacturer may utilise
such an averaged flow in different ways:

— First, the process allows an easy comparison with the simple one-dimensional model, often used to predict the
performance of the engine components or the complete engine,

-- Moreover, an averaging procedure is necessary for characterizing an engine component quality by a limited
number of figures.

For example, the compressor is characterized by its efficiency (isentropic or polytropic) and its pressure ratio, the
combustor by the total pressure loss, etc. when these components have been tested on a rig test simulating some flight
conditions. Having so characterized the engine components, it is then possible to predict the complete engine
performance in other flight conditions than those tested.

A similar problem arises when a complete engine is tested. It is then important to attribute to each component the
efficiency which correctly represents that component input to the engine overall performance in order to undertake
further research on the component which may and must be improved, A poor judgment of the different components’
merits may lead to very costly research or incotrect technical conclusions.

Consequently, since the use of averaged values is needed for the purpose of characterization of an engine component
(in which the flow is heterogeneous during an actual test) it is important that the averaging method used be appropriate to
the component considered. That’s the reason for the averaging method presented here, in which the basic criterion is the
specific function of each engine component with a view to obtaining an assessment of the various components as
representative as possible of their influence on the final cutput which is the engine thrust and the engine specific fuel
consumption. It is also intended to ensure a coherent analysis of the test results and accurate prediction of the engine
performance.

As a result, in the following sections different averaging methods are described, each of them being matched to a
particular engine component, while all the presented methods are based on the same general principles. One of the
typical features of the methods described is that they lead sometimes to average values which are not intrinsic, i.e, which
do not depend only on the data describing the heterogeneous flow but also on the conditions downstream of the
component considered. For example the average total pressure at the inlet to a compressor {or turbine} depends on the
exit total pressure of the compressor (or turbine). The average total pressure at the inlet to an exhaust nozzle depends
on the atmospheric pressure and the expansion ratio across the nozzle.

However, the non-intrinsic character that some peoi:le might not like is in practice insignificant. It may be noticed,
in Section 4.4 where the method is applied to all components of a turbojet, that the influence of the downstream
conditions on the average total pressure is in most cases very small (= 0.1%) and often insignificant (< 0.01%).
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Moreover when the computation upstream of a compressor (or a turbine) is made with v = cte, the method gives a
total pressure fully independent of the downstream conditions. In that case, the average total pressure is given by a simple
algebraic formula which is identical to those applicable in a combustor inlet. This formula is utilised by NASA (Ref.3.2.1)
and by ONERA.

The method presented here, called “Piankc’s Method™ in the following chapters, has been applied and compared with
other methods in the numerical examples of Chapter 4.

3.2.1 General Method for Defining a Flow (E) Equivalent to the Real Flow (E)

The method for obtaining average values of a given heterogeneous flow (E), which is described in the present
section, uses, as an intermediate stage, the concept of the uniform flow (E) assumed to be “equivalent” to the real flow
(E). The aerothermodynamic values of (E) will be regarded as average values of the given real flow. In the analysis and
definition of this equivalent flow, the following principles have been applied:

(a) take into account the specific character of each component of a turbojet/fan and be able, through a simple
calculation, to predict from (E) the most representative values of the functional characteristics of the compo-
nent considered;

(b) ensure global coherence between the various components of an engine, to predict its overall performance
(essentially thrust and specific consumption).

The following general assumptions have been adopted:

(1) (E) and (E) consist of the same divariant fluid, that is to say a fluid whose thermodynamic properties are
represented by the same Mollier diagram (h, s). The expressions obtained for a calorifically perfect gas (-y and
Cp constant) are given in Section 3.2.7.

(2) The steady one dimensional calculation method has been essentially used. Note that the method derives the
average value at INLET to a component, To find the average value at the outlet plane, the outlet flow must be
treated as the inlet to the next component in the engine.

Each component will be defined by:

A;: theinlet area
Ag: the exit area

K: one or several characteristic functional quantities, that is those which represent the function or usefulness
of the component;

R 3

A; Ae

o __r

It is assumed that all the aerothermodynamic quantities of the flow (E) in the area A; (velocity distribution,
densities, temperatures, etc.) are given.

In order to define the equivalent flow (E), the general method consists of going through the following steps for
each component:

(1) define a typical ideal evolution allowing the calculation of one or several characteristic quantities K of this
component. The same calcuiation will be used, whether the flow (E) or the flow (E) passes through the
component;

(2) evaluate one or several quantities K resulting from the passing of the real flow (E) through the component
considered;

(3} define (E) as being a uniform flow which leads to the same quantity — or quantities — K when (E) passes
through the component considered.
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Distribution of )
aerothermodynamic quantities

¥

(E) |:) Choracteristic quanfities K

A
1deal

Fic_al
evolution

(E) I::) Characteristic quantities K

Conditions of equivalence
K=K

We can see that the definition of the flow (E) depends on the component under considetation, through the
characteristic quantities K: this means that the average quantities, calculated by the proposed method, are not, in
principle, intrinsic quantities related only to the aerothermodynamic data in the plane A;. As these quantities are
intended to represent the usefulness or the function of the component, their values depend on how the gas flow which
passes through the compoenent is used.

Generally speaking, when we try to define 2 homogeneous flow equivalent to a given heterogeneous flow, we are
necessarily led to introduce a degree of arbitrariness and to lose some useful items of information. As four independent
integral quantities entirely define a homogeneous one-dimensional flow, it is impossible to maintain simultanecusly the
mass flow, the enthalpy, the entropy, the momentum, the area and the thrust. In an intrinsic method (the results of
which depend only on local conditions), the selection of the parameters used is arbitrary, whereas in the method
proposed here, the selection is made in such a manner that the result is the most representative of the component
function,

The general method described above will be applied successively, for the sake of example, to the following
components:

| -- exhaust nozzle

2 - turbine, compressor or fan
3 -- combustion chamber

4 - after-bumer channel

5 diffusor and air inlet

Remark:

In all the cases dealt with below, it has been implicitly assumed that the velocity is normal to the section A with no
swirling velocity. The mass flow is then calculated by

dih = pVdA .
If the flow is not normal to A the more general formula:
drh = pV,dA

is used, V, being the component of V normal to the section A.
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3.2.2 Exhaust Nozzle

(Ai)! I(Ac)
I

I__/\t‘- pAe
|

The typical ideal evolution (D) is an isentropic expansion which is adiabatic up to a given uniform pressure Pse
(possibly different from the ambient pressure Po). This ideal evolution (D) is compatible with an assumption that the
tangential velocities in the section Ai are small and can be neglected.

3.2.2.1 The Typical Ideal Evolution (D)

3.2.2.2 The Characteristic Quantities K are the following:

-- the thrust F
— the mass flow rate 1h
— the total enthalpy flow rate H,

3.2.2.3 Calculation of the Characteristic Quantities Resulting from the Flow (E):
— the data of (E} in A; make it possible to calculate:

— the total mass flow rate:
m = f inidAi
Aj
— and the total enthalpy flow rate:
Hy = [ hydmy = [ hypiVida, .
A Aj

We assume that each streamlet of (E), issuing from the elementary area dAj, and whose mass flow rate is dmy;
undergoes the isentropic adiabatic expansion (D) from A; to the pressure Pse. After this expansion, the density and the
velocity become p, and V,, these values depending on elementary streamlet considered, When the flow (E) undergoes,
from Aj, the evolution (D), we find as a result, an exhaust area A; which is not necessarily equal to the given real
area A.. The conservation of the mass flow rate between A; and Ay makes it possible to calculate Ajf.

drh; Vi
Aé:f '=fp“dAi.
A Pe Ve A; Pe Ve

We can now calculate the ideal thrust F which is delivered when the flow E is subjected to expansion (D).

F = (P —P)A, + j;, V, di,
€
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3.2.2.4 Determination of the Equivalent Flow (E)

We shall attempt to determine (E) so that after the evolution (D), we have not only Pse = Pge but also the
following relations

my =
711 = Hy
- =F.
As a result:
- . N Hy;
By = he = by = — 2
Iy
F P..—P . F
F o P = R) ‘3)-|—\/e = — (2
m Be Ve th

The two Equations (1} and {2) and the state equation enable us to locate, in the Mollier diagram, the point i
representing the stagnation state of the flow.

Equation (1) gives hy directly. We calculate s such that, taking the value of h, into account, Equation (2 is
satisfied. Then we know the stagnation state (hy, §) of (E).

I A

//
|(D) Pae

A

|
A

If we wish to define accurately the local state of (E) in /_\i, one {and only one) additional condition is required to
locate this point along the isentropic line 5.

For example, we can take A; = A; or the condition Psi = P;; defining thus a flow coefficient for the inlet section.

3.2.2.5 Comments and Remarks

-~ We note that the calculation by the method described of the average values at the entrance of the nozzle
(h't , 5}, from which the total pressure and the total temperature can be derived, does not at all necessitate
measuring the thrust delivered by the nozzle. On the contrary, the method makes it necessary to calculate the
thrust F delivered by the nozzle when the latter is the site of the typical ideal evolution (D) (that is to say an
isentropic adiabatic expansion up to a given uniform pressure Pse). It is quite possible, and even likely, that this
calculated thrust is different from the measured thrust F,,, (when this measurement is carried out), The causes
of the possible difference noticed between F and F, may be the following:

- measurement errors
nozzle defects (frictions, separations, etc.)

It may even happen that the calculated thrust F is fower than the measured thrust Fj,. This could happen in
a good quality nozzle where the heterogeneous flow provided in the entrance undergoes a homogenization by
a mixing with moderate losses. In this case, the thrust calculated for a heterogeneous flow may be lower than
the real thrust delivered by a homogenized flow.

In the method described above, we use the mass flow rate through the nozzile. Two values of the mass flow rate
can be used:
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the mass flow rate calculated in the area Aj, using the measured local aerothermodynamic values
m; = p; VidA;
i JAi PYivay

or the total measured mass flow rate measured by means of a conventional calibrated device.

It should be pointed out that, even if we are sure of the accuracy of the measured mass flow rate, it is the
calculated mass flow which must be used, As a matter of fact, the total enthalpy Hy; is obtained through a
calculation which uses the aerothermodynamic values in the area A;

Hyj = ShypiVidAg.
This being so, we must use the same aerothermodynamic values (pj, Vj), that is to say use the calculated mass
flow rate to calculate the enthalpy per unit mass,
_ H;;
Ry = —*.
rhy
Should we use the measured mass flow rate, different from the calculated one, we would not find again the
total temperature of a homogeneous flow,
— It should also be noted that there are three different values for the nozzle exit area:
— the real, geometric, measured area A,
the calculated area A, for the typical ideal evolution (D) of the heterogeneous flow (E)
-- the calculated area /ie for the uniform flow (E) undergoing the typical ideal evolution (D).

A similar method is described in Reference 4.2.4.

Important remark:

To calculate the thrust F corresponding to (F), it is first necessary to calculate A_.e , for example by using the
mass flow rate conservation equation. In fact, the relations:

Pge = Py
m =nm
Hy = Hy
F =F

imply that, when (E) is not uniform, A, is different from A,.

This means that, when we calculate the thrust of a nozzle from the average flow within its inlet plane, it is necessary
{among other corrections) to apply a coefficient Cp to the exit area Ae, that is to take A, =Cy A. If we do wish to
have A, = A, we must give up one of the relations used, and, for example, accept  # .

- The average total pressure E , which will be calculated by applying the method described above, is not an
intrinsic quantity related to the given heterogeneous flow, since it depends on the value of the static pressure Py,
chosen in the exit plane of the nozzle, and on the value of the ambient pressure P, . The calculation examples
given in Chapter 4 make it possible to know the order of magnitude of the influence of P, and P, on the value
of Pt .

3.2.2.6 Application

At section A;, entrance to a nozzle, the flow is supposed described by the distribution of the total pressure, total
temperature, static pressure and fuel/air ratio. That means that to each elementary area AA; is associated a value of
Pii, Tii Pgi and FAR;. Itis also assumed that the tangential velocities may be neglected.

For the development of the calculation, we assume that the values of the following integrals are tabulated:

=
|

T
= JTO Cp (T)AT

and

1T et
¢=_j ﬁdT

with an arbitrary origin T, as a function of the temperature and air/fuel ratio.
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This allows the calculation of entropy per unit mass s = R{& —In P].

By writing that the entropy calculated with total values (pressure and temperature)is equal to the entropy calculated
with static values, we can calculate in each point of the area A;, the value of &(T;)

Psi
P(T;;) = Rln P_ + D(Ty;)
ti

which yields the static temperature Tg;.

Then, the latter gives h(Tg) and the velocity is obtained by

Vi = /Z[(Ty) — R(Tg)] .

The static pressure Py, the static temperature Tg; and the equation of state give the density

i = i
' RTy

hence the local flow rate

dyy = p;VidA
and the total enthalpy

dHy; = h(Ty)dry; .

The main assumption is that each streamlet undergoes an isentropic expansion down to the area d A’ where the
static pressure is Py,. As we also know Py, = P; and Ty, = Ty, we can calculate by the method used above:

driy

PeVe )

Tee, Ve, pe and dAg =

Then, we calculate the thrust delivered by the mass flow rate driy
dF = (Pge — Po)dA} + Vedriy; .

From the values computed at each area AA;, by summing we obtain

— mass flow rate: 1y = Zdriy

— enthalpy: Hy; = Zh(T;)driy

— ideal thrust: F = ZdF

_ H;;
— the enthalpy per unit mass is: hy; = ?“ i
i

This corresponds to a temperature Tti such as

hyi = h(Ty).
- F F . .
By writingthat F=F orelse — = I—h-, we obtain the equation
h
P..—Py) _ F
Fee—P) g . L
PeVe h

P _
If we take into account the state equation LAY RT,, , this equation can also be expressed as follows:
Pe

Pe~Py) -~ _ _F
$se ™ o) O)RTse+Ve =—
Pee Ve th
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which, with the equation

makes up a system of two equations with two unknown quantities ;fse and V,.
By solving these two equations we know the values of V, and T,,. From the latter we obtain &y, = ®(T,,).
We calculate the total pressure which we are trying to define _Pmt by writing that
O(Ty) —In P, = &(Tg) —In Py
from which we derive

P, _
In F— = ¢‘(Tt) - q){Tse)

se

therefore

[ B, = Py expl@(T) - (Tl .|

The quantities characterizing the homogeneous flow (E) are therefore known: T, and P,.

The local values (static temperature, static pressure, velocity) of the homogeneous flow (E) may be calculated
by assuming a value for the area A;.

3.2.3 Turbine, or Compressor, or Fan

3.2.3.1 The Typical Ideal Fvolution (I')

The typical ideal evolution (I') is an isentropic expansion (or compression), which is adiabatic up to a fixed
stagnation pressure Py,.

3.2.3.2 The Characteristic Quantities K
The characteristic quantities K which have been selected are:

— AH, the variation of the total enthalpy flow during (")
— the mass flow rate
-- the total enthalpy flow H,; at the entrance of the component.

2.2.3.3 Caleulation of the Characteristic Quantities Resulting from the Flow (E)

— Asin the case of the nozzle, we calculate the total mass flow within the section A;:
My = f i VidA;
Aj
and the total enthalpy flow:
Hy = | hydiy = [ heeivida,
A A

- The evolution (I') applied to each streamlet driy from the initial state (hy;, s;) to P, determines the variation
of the enthalpy per unit mass Ahy, from which we deduce the value of

AH, = fAAhtdrhi.
i

h

htL - —’(P) Pre
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3.2.3.4 Determination of the Equivalent Flow (E)

- We wish to determine (E) which has the same total enthalpy flow at the inlet, that is Hy; = Hy;, the same
mass flow rate th = and such that after the evolution (I') we have AH; = AH; which leads to:

AH,
m;
H,:
hy = . (4)
m;

The two Equations (3) and (4) make it possible to locate the point i of the flow (E) in the Mollier diagram.
In fact, as hyj is known, it suffices to define, on the enthalpy line hy;, a point i such that through the
transformation (I") we may have;

3.2.3.5 Comments and Remarks

— As in the case of the nozzle, the mass flow to be used is that calculated in the area Aj, and not the measured
mass flow,

— In the case of a fan or compressor, the assumption of a calorifically perfect gas (y = const.) is quite realistic. In
this case, as shown in Section 3.2.7 the total pressure of the homogeneous flow (E)

-1
-I:«i Ty drig rHy—1)

Fti =
Ty

Sl § S Iy
—1 1
R
is independent of the pressure ratio.

3.2.3.6 Application

We shall deal here with two cases of calculation related to a compressor (or fan) (with the assumption y = const)
and to a turbine.
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- Example of a compressor (or fan)

The formula applicable when vy = const. gives

Todi PO D
f‘/\i “unl

LA—
I!]

f w)(:t_i])ly diiyy
Ai I ti

The calculation of the mass flow dm; at each AA; is elementary when the values of Py, T;; and the static

pressure Pg; are known.

The total temperature Ty; is given by

_ fTydmy

Ty :
my

- Example of a turbine

The flow entering a turbine is usually rather heterogeneous and, taking into account the temperature level, the

use of a constant value of y cannot be justified.

We regard as known the functions

T
nT) = [ Gpeat
and
1 {C,(T
q;('r): — ._E,(,..ld'r
R T

as a function of T and the fuel/air ratio.

For each streamlet with inlet area AA;, we calculate, as in the case of the nozzle, the static temperature Ty, the
velocity Vi and the density p;. These quantities give the elementary mass flow

dryy = p;VidA; .

Knowing Ty, we have h(Ty;); as this streamlet undergoes an isentropic expansion to Py, we have, writing that

8{ =S
(I)(T“) —1n Ptl = ¢(Tte) --1n Pte
therefore
B Pee
®(Tie) = In— + &(Ty;) .
Py

From the function ®(T,,)we obtain T,,, from which we derive hy,
and at the exit, Hg,.

Hyj = Jhejdry
Hte = fhte dmi .
Now, we know the enthalpy per unit mass at the inlet:

_ Hyj

ti T T

m;
to which corresponds the temperature Ty;.

Likewise, we calculate the enthalpy per unit mass at the exit:

_ Hie
hye = —
m;

to which corresponds the temperature Ty, .

. Then, we know the enthalpy at the inlet Hy;
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Then, we ca]qt;late the total pressure ﬁti , writing that the flow (E) undergoes an isentropic expansion between
the areas A; and A, that is:

®(Tye) —In Py, = ®(Ty;) —In Py

from which:

P _ ae
In— = q:.(Tll) qJ(TtB) .
te

Hence

Pii = Pie exp[®(Ty) — (Tye)] .

The quantities generating the homogeneous flow (E) are therefore known: Ty; and Py;.

The local values (static temperature, static pressure, velocity) of the homogeneous flow (E) may be calculated

by assuming a value for the area A;.

The average total pressure Py; thus calculated is not an intrinsic quantity since it depends on the value of Py,
taken at the turbine exit. The influence of P;, on the value of Py; is examined in Section 4.4,

3.2.4 Combustion Chamber

3.2.4.1 The Typical Ideal Evolution

The typical ideal evolution is a given increase of the total enthalpy flow AH;, without any thermal losses and with
as few pressure losses as possible. For this purpose, we shall take a constant pressure combustion (Pg) a given pressure
Pg; and a fixed fuel/air ratio FAR.

It is realistic to assume that at the inlet to the combustor, in the area Aj, the pressure is uniform® (Pg; = const.}.
This pressure will be assumed for the constant pressure combustion.

When the static pressure in the plane A, is not uniform, the method described here can nevertheless be applied, as
explained in the remark at the end of this section.

With the ideal evolution chosen, there is no velocity variation between the areas A; and A, that is:
Ahy = Ahg

ot
E

ce = (1 + FARIE,; .

3.2.4.2 The Characteristic Quantities K
The characteristic quantities K are:

the total enthalpy flow H;. at the exit
— the entropy flow 8, at the exit
— the mass flow rh

- the kinetic energy flow Ec, at the exit

3.2.4.3 Computation of the Characteristic Quantities Resulting from the Flow (E)

— As previously, we calculate the mass flow in the area A;:
l'hi = f P Vi dAi
A
the total enthalpy flow
Hy; = f hyjdhy = f piVihgidA
A Ay
and the static enthalpy flow:

H = _Lihsidmi = J}-\ipivihsidAi )
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In a similar way, we calculate the kinetic energy flow

1 1
E.. = — | Vidm; = — V3dA,
¢l 3 J:’\i et 3 Liﬁl iday
and the entropy flow rate

5 = L.Sidmi = J,;isipividAi .

Ah

hte —X
TAht _Pai

hAe A ]I
hiy ————T s

L —:-"—-1’ -
AL be

//

DA

~ The evolution (Pf) determines for each element dmy of (E) the increase of enthalpy per unit mass:
Ahy = (1 4+ FAR)h;, —hy; = (FAR)(FHV)
(FHV being the heating value of the fuel).
The increase of the total enthalpy flow is:

AH,

i

L Ahgdiy = (FAR) (FHV)iy
i

hence:

Hye = Hy + AH, = Hy; + (FAR) (FHV)mh; .

Since a constant pressure evolution is assumed, therefore no change in velocity is expected. We have
H,, = H + (FAR)(FHV)m; .
Therefore, we know the enthalpies per unit mass

Hyj Hgi  Hee Hge
-, —, — and —.
my oy the Mg

On Mollier’s diagram, the entropy s, at the exit is therefore determined, and we can calculate:

Se = (1 + FAR) fA 5o dh; .
i

3.2.4.4 Determination of the Equivalent Flow (E)

— This flow must be such that:

Hi, = H;e = Hy; + (FAR)(FHV)iy
S7‘3 = 8
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Ii'li = m;

Ece = Ege
Now, the elevation (Pr) applied to (E) determines
Hie = Hyj + (FAR) (FHV)m;
which leads to:
Hy = Hy

hence:

h ! [
. = —— Sdim: .
ti rhi A ti i

In addition, since the velocity is invariant in the constant pressure evolution, we have:

Hie —H,e = (1 + FAR)[IL; — H;)

Hie —Hge = (1 + FAR)[Hy; — Hg;l

which, with the equivalence E . = E_, leads to: Hg; = Hg; that is:

1
hg = — | hydry
51 lTll Ai 51 ]

Knowing hy;, Hti and the pressure Pg; we can entirely determine the flow (E) whose stagnation state and local
state we now know.

h
% Pav

———————-n

— We note that the flow (E) has been defined without resorting to the condition

However, the above relation is verified if the flow distortion is small enough to permit the linearization of the
relation s(h, P) in the area A, In fact, if we can write:

Se = Sp +5;'(hge —hye)
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then, we obtain
8. = f(1 + FAR)s driy = (1 + FAR)S, = S_e

provided that the relation fhgedrhy = thhy, is verified. This relation which can also be written Hge = Hge
is obvious since

Hge = Hie — Ege
and

Hge = Hie —Ege .
Now, we do have, by definition

Hee = ﬁte
and B
Ece = Ege

3.2.4.5 Comments and Remarks

As in the other cases dealt with previously, the mass flow to be used is that calculated in the area A; and not that
measured.

We notice that the stagnation state of (E) at the combustor inlet is independent of the fuel/air ratio. This is why,
although in principle, the assumption of v = const. is not realistic for a combustion, we can nevertheless carry out the

corresponding calculations and calculate the average values, as these are not influenced by combustion. It is shown in the
Annex that

A, YD
L iTnclml

—P— . =
ti
Ty

———— dmh,
_1 1
A Py~
We recognize the formula which was obtained for the compressor (or fan or turbine),

— In the assumption of a calorifically perfect gas (C, = const.), AS is determined by AH in a constant pressure
transformation, so that the evolution (Py) applieg to (E) will ensure:

AS = AS
which implies,since S, = S,
S =8

—- In principle, the above calculations use a Mollier diagram corresponding to the pure air for the state at the
combustor inlet {(area A;) and to the burnt gases with the fuel/air ratio equal to FAR for the combustor
exit (area A,)

Important remark

Case when the static pressure in the plane A; is not constant

The knowledge of hy;, hy; and of the mean static pressure Pg; is required to calculate the stagnation state and
local state of (E). In what precedes, it has been assumed that the static pressure of the flow (E) was constant in the
section A;(Pg; = const.} and, in this case, it has been assumed that the static pressure of (E) was of equal value.

When Py is not constant, it is always possible to use the general method to calculate:
1

my

hy; = hy; drh
ti A; ti i

and

l [ hgdii
I —— - m.
81 .i A St 1

=
]

however, it is necessary to know the mean static pressure Py prior to defining (E}.

It is possible, of course, to calculate a mean pressure of the Pg;’s in a purely arbitrary manner (area averaged
mean value is often used).
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— However, there is also a more rational method for calculating a static pressure Psi of (E). When the flow (E) is

— homogeneous in total pressure (Py; = const.)
— homogeneous in total temperature (T; = const.}

- non homogeneous in static pressure (Pg; variable in A;)

then it is easy to demonstrate that there is a single value of P, such that, by applying the general method, we

find:

$ir

Py = Py .

Based on the calculations carried out in Section 3.2.7, it is easily demonstrated that for a calorifically perfect gas

(y = const) this value of Py; is given by

j‘;- (Psi)(‘y—l)h’ dl’i‘lj (1)

f_dmi

Aj

Iisi =

[t is recommended to resort to this formula to deal with all the cases when the static pressure of the flow (E) is not
constant within A;.

3.2.4.6 Application

— Applying the same methods as those used previously, we calculate

m; = drmy ; Hy; = hy;drhy
i fi i ti fi 4y
and J.
Hy; = hg;drh; .
51 !i 51 1

Then, we know

s Hy; . _

t = — hence Ty
m;

and

H.: _
hg = —L hence Ty .

The entropy per unit mass is given by
5 = R[®(T) —In Pyl
Py; is then given by

®(Tg) —In P = &(T;;) — In Py
that is

Py = Py expl®(Tyy) — (T, .

We know the quantities generating the homogeneous flow (E), Tﬁ s Fﬁ and static pressure Fs. All other static
values may be then calculated,

3.2.5 Afterburmer Channel

3.2.5.1 The typical ideal evolution (7]} will be combustion in a constant section, without any thermal losses nor wall
friction, with a given fuel/air ratio FAR. We shall note that the evolution (//)} necessarily retains the momentum
dynalpy or stream force of the flow:

3.2.5.2 The Characteristic Quantities K

The characteristic quantities K are:
- the mass flow rh
the total enthalpy flow at the exit of the afterburner channel Hi,
the stream force or dynalpy at the exit of the afterburner channel I,.



74

3.2.5.3 Calculation of the Characteristic Quantities Resulting from the Flow (E)

-- As previously, we calculate the mass flow in the area A
A

The mass flow at the exitis (1 + FAR)m;.
We calculate the total enthalpy flow in the area A

Hy; = Li hydihy = f};i hyj0; VidAy
then the total enthalpy flow at the exit:

Hi¢ = H; + (FAR)(FHV)ry; .
Finally, the dynalpy at the exit J:

o= = fA_ Py + piVPIA; .
1

3.2.5 4 Determination of the Equivalent Flow (E)

— (E) must satisfy the following relations

m; = iy
ﬁte = Hie
Te = Jg

Now the transformation (¢} applied to (E) gives:

H,, = H;; + (FAR}(FHV)m;

which leads to N
Hy = Hy;.

In addition, ((2) applied to (E) leads also to:

(E) is therefore such that

ihli = mi
Hy; = Hy
. =1 .

These relations can also be written as follows:

5V iy
Apvi = ——
Aj
S A .
PR T
1
_ _ J;
. o= L
¥P51+ﬁlvl A

— ‘The three previous equations include three main unknown quantities 5;, Pg;, Vj, since, by definition
h = h(P, p). The problem is therefore determined and we can calculate pj, Py, Vi, which, with hy;, determine
entirely the flow (E) (stagnation and static states).

3.2.5.5 Comments and Remarks

— As in the other cases, the quantities which will be used to calculate the stagnation state of the homogeneous
flow (E) will be calculated and not measured ones (mass flow, momentum),
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- It may be noted that the equations used to determine the flow (E) are independent of the fuel/air injected into
the afterburner channel, and depend only on the state of the flow (E) in the area A;. These three equations are
identical to those which we would cbtain by writing that the heterogeneous flow (E) homogenizes in the course
of an adiabatic mixing process at a constant section, and without friction on the walls.

3.2.5.6 Application

The three equations given in Section 3.2.5.4 give the values of 7, ﬁsi, and Vj, The value of the total enthalpy per
unit mass hy; = Hy;/th; gives the value of the total temperature Ty;. The state equation gives the value of the static
temperature Tg; = Pg;/Rp;. Then the total pressure is obtained by writing that the entropy computed with total values
is equal to that computed with static values

B(Ty) —~In Py = &(T) —In Py

and

Py = P exp[®(Ty) — (T .

3.2.6 Diffuser and Air Intake

If we try to apply the general method to the case of a diffuser (and the case of an air intake) considered per se as a
component, we are confronted with a particular difficulty. As a matter of fact, the real component is usually adiabatic
and has a constant flow rate; therefore, the normal assumptions used to define (E) include the equalities:

l’hi = lﬁi
(5)

Ry =~ | hydm
ti ml Ai i 1

But the fypical evolution which should be an isentropic recompression without any external work cannot be
achieved for the flow (E), as neither the boundary layers nor the low speed streamlets cannot undergo it. So, we have the
choice of two avenues to solve this problem:

(a) either, consider the diffuser or air intake as being part and parcel of the preceding or the following component
(for instance the compressor for the air intake, or the combustor for the diffuser) and apply, at the inlet and
at the exit, the method defined for the complete component considered;

(b) or, develop a specific method different from the general one. This method may be for instance the definition
of a homogeneous flow which possesses in the inlet area A; a number of integral quantities calculated on the
basis of the given heterogeneous flow. For the sake of example, three sets of integral quantities providing the
means of defining a homogeneous flow are proposed below

(b1) — mass flow (b2) — mass flow (b3) — mass flow
enthalpy flow — enthalpy flow enthalpy flow
— area — area — area

static pressure dynalpy — entropy flow

|
|

!

In procedure (b1), it is explicitly assumed that the given flow (E} has constant pressure in the section A;.

The procedure (b2) amounts to considering a constant section mixing of (E).

3.2.7 Case of the Calorifically Perfect Gas
3.2.7.1 Exhaust Nozzle
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— Hy;
Here, the equality hi; = —“- is written as follows:
mj

_ |
Ty = — | Tydy .
ti n"li fAi ti i

Each element dry; of (E) delivers a thrust:

dF = V,dm; + (P, — P,)dAL
that is
(Pse —Py)
dF = Vgdiy + —=—2" driy; |

PeVe

The thrust F delivered by the flow (E) is therefore:

P — P
F = f [Ve+(L°_)_]dmi _
A peVe

The thrust delivered by the flow (E) is:
F = Veriy + (P —Po)Ae

that is, after elementary transformation:

) — | M
F = mi\/YRTte[ ¢ Pse M

where we know
mi = mi
and

_ — 1
Tie = Tty = "‘“'f Tyjdrh; .
my Aj

The fundamental equality F = F is therefore written as follows

s P 7?\147 1 l P — P, I
E1 e f V. 4 se 1) lii
A PeVe

1+

y—1 M2 miV‘TRTﬁ
2 e

whose soluticn gives Me . Then, we calculate:

_ — y—1
Pie = Py = Pse( 4 —m— M

3.2.7.2 Turbine, or Compressor, or Fan
The isentropic expansion {or compression) of each streamlet dmh; of the flow (E) makes it possible to write:

AH, L Ahgdmy = fA hy drng — Hy;
1 1

Pie {(y—fvy
Cp [ Tyedm; —Hy = Cp f Tij| = drinj —Hy; .
Aj A, Py

The isentropic expansion or compression of the flow (E) pives:
Pte)(T_l)h‘ _

Aﬁt = Cp'fﬁ (_ F_ m; — ﬁ[i .
ti
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Taking into account the fact that H,; = Hy;, we find that

(r— l)f"r )
R tl(Pt) ij T“(P
1 !

The total pressure Fti of the flow (E) at the inlet to the component is given by:

(r—/r
¥
ti

Ttl — l f Ttl
(P Dir h p(’J' 1)/7
We note that Tt /Pﬁ' Df is the value, averaged by the mass flow of Tti,’P&’_l)"'y whose logarithm is proportional
to the entropy.

_ 1
Taking into account the fact that Ty; = — f T,;dm; we obtain:
m; ‘A4

f Ty;drh Y/(y—1)

Py =
f P(T Ty At

It should be pointed out that in the case of a calorifically perfect gas, Tjﬁ , the mean total pressure of the flow
(E) at the inlet of the component is independent of Py, , that is to say independent of the pressure (or expansion) ratio.

3.2.7.3 Combustion Chamber

In the case of % = const, the enthalpy per unit mass (total and static) is expressed by:

ht = Cth
Cth Cth
by = CpT; = y—1_. 7P\ DI
1+ M? (—)
2 Pg/ .
and the entropy per unit mass is expressed by
T;n’hf—l) TH(1)
s = Rn—t——— = RIn*——.
t s
The egualities hy = —_
T
and
L iy
T 1
hg = ——
;
are written
T : [ Tydm
. = —x - -
ti mi A ti i
and
_ 1 Ty
Ty = —x — dring
iy (3)(»:—1)/1«
A; Py;

The total pressure Py; is calculated then by

_ Tt Y(r—1)
Py = Py x[ ]
Ty
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hence

J;i Ty; driy; 1)

Ty ,
[( Pti)('r'l)f'r db
Psi

Aj

) —1
fAi Ty;drig YHy—1)

f LT
—_ 1
\ AT

It should be noted that this formula is identical to those of a turbine (or compressor or fan).

3.2.7.4 Afterburner Channel

In the case of v = const the three equations of Section 3.2.5.4 (conservation of the flow rate, total enthalpy and
dynalpy) are written as follows:

P _ -1 _
/E = A M 1+7—--Mi’=mi
R VT, N 2

o ['\i Ttidl’i‘li

Ty =
iy

P A1+ M) = J [: j;_ Pgi(1 +7Mi’)dAi]

By dividing, side by side, the first equation by the third one, we obtain

whose solution is

-1+ /T2 +7)

y— 12t

M} =

Knowing Mi we calculate

Ji
T AL+ yMP)

and

_ _ —1 _ (D
Py = P, (1 + 7 . Mi’)




Chapter 4

COMPARISON OF FLOW AVERAGING METHODS

SUMMARY

The intent of this chapter is to coalesce the material from the preceding chapters into
numerical examples that illustrate the difference in results obtained from different flow
averaging methods.

The analytical or experimental examples which include ducted flows, engine exhaust
nozzle flows, turbomachinery component flows and engine system analyses are intended to
iltustrate the type of flow averaging problems encountered and the impact of the different
flow averaging methods on engine component and engine system performance evaluation.

The objective of the section on ducted flows js to provide a systematic numerical
illustration of basic single plane averaging methods for total pressure. A selection of other
parameters is included. A broad and detailed parametric variation includes the effect of
Mach number, 1/nth power laws and boundary layer thickness.

By means of experimental data from exhaust nozzle flows the problems of defining
nozzle mean flow properties, flow coefficients and nozzle performance efficiency for
nonuniform flowfields and the problems of relating uniform flow model data to full scale
engine test results are discussed. Examples of different nozzle flowfield averaging methods
using data from different bypass turbofan engine tests are presented.

One dimensional properties of turbomachinery flows are examined using analytical

data for & single stage compressor and a two stage hot turbine. The axisymmetric flow fields

are represented by one radial distribution of flow properties in each plane. To examine the
magnitude of the differences likely to be found in practice, sample calculations have been
done on actual test results from compressor inlets at different distortion conditions.

The final section contains an application of the Pianko method of averaging, described
in section 3.2, to a set of coherent data representing the different sections of a turbojet,
such as inlet of compressor, combuster, turbine, diffusor, reheat channel and nozzle.
Comparison is made between the Pianko and the Dzung method.

4.1 DUCTED FLOW

Cross-sectional Area

Mass flow rate

Mach number

Mainstream Mach number

Static pressure

Total pressure

Gas constant

Outer diameter in axial symmetry. Duct half-width two-dimensionally.
Static temperature

Total temperature

Local velogity

Nominal boundary-layer thickness

Momentum flux ceefficient

Energy flux coefficient

Over a character indicates a mean value of some form defined locally in the text.
indicates an initial condition.

79
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4.1.1 The objective of this section is to provide a systematic numerical illustration of averaging methods not confused
by experimental error or traverse detail limitations. The five basic averaging methods for total pressure of Mass Weight-
ing, Area Weighting, Mass Derivation, Constant Momentum Mixing in a constant area duct {(Dzung) and Constant
Entropy Flux (Livesey) are compared directly. A selection of other parameters is also presented, including momentum
and energy flux coefficients, three forms of mean Mach Number, maximum to mean velocity ratio and the ratio of the
mean static pressure to the static pressure (assumed constant in the non-uniform flow) for two methods of averaging.

Extensive comparative numerical tabulation is given for a wide variety of duct velocity profiles using 1/n power
laws (1 < n < 9) boundary layer thicknesses (0 € §/R; < 1) and main stream Mach numbers (0.2 < My < 4.0) and
covering both axisymmetric and channel flows.

4.1,2 The assumed power law velocity profiles are shown in Figure 4.1.1. Power Law indices chosen are 1 (linear
velocity profiles), 5, §, ¥ (moderate to high R, turbulent flow) and §. The boundary layer thickness /R, is varied
incrementally by 0.1. Further assumptions include constant static pressure, constant total temperature, constant
specific heats (y = 1.4) which give a rational, simple model corresponding to Prandt] number equal to unity. The
assumption of constant total temperature is of fundamental impertance thermodynamically (see later). The constant
static pressure corresponds to parallel flow and the absence of any turbulence which is formally excluded from the
model. Detailed descriptions of the various averaging methods are to be found elsewhere in this volume (Chapters 2
and 3) but some repetition in summary is worthwhile here. The five different definitions of Mean Total Pressure, which
may be computed directly from the assumed flows are as follows:

Mass Weighting

5 _ fAPtx drh

P, may be found in isolation in relation to losses (AP, /P,{) and, when associated

m with other mean variables, care is needed to distinguish whether these variables
imply a mass derived assumption via w/T,/AP, for example or are obtained
more simply via P/P; , ambiguity is common.

Area Weighting

— _LP: x dA L
P, = T Similar comments apply as above.

Mass Derivation
/T, P, Here a self consistent set of mean variables is implied via M, T,/Ty,
—_— . — > Pt m—-. ¢

AP, P vh/T; etc.

Mixing at Constant Momentum, and in a Constant Area Duct (Dzung)

/T 1/1 . _ 172
m t=(1) M (1+72 IW)

Al R . . .. .
Py Again a self consistent set of mean variables is implied as above. Here a total
pressure mixing loss occurs together with a change in static pressure, usually a

_ fAP (1 + v M2)dA recovery. There are difficulties in interpretation for transonic flows dependent
s = 2 — upon the assumption or otherwise of the occurrence of a normal shock wave
(1+yMHA with the mixing process and a contravention of the Second Law for supersonic

B solutions. See later discussion of results.
together imply an M
Constant Entropy Flux (Livesey), also called Entropy Weighting
rhln.l_’t = fA In Py x drh Again a self consistent set of mean variables is implied.

When constant T, is assumed then no loss of total pressure is implied in this
Pt .

The mean static pressure is not equal to the assumed constant static pressure,
although the difference can be ignored for My <2 . Momentum flux is not
conserved.

The above five mean total pressures have been computed for the assumed velocity profiles and in the tabular presentation
have been normalised by division by the Constant Entropy Flux total pressure. )
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In order to be able to specify the independent flux contributions in the energy and momentum equations it is
necessary to define energy and momentum flux coefficients e; and e, .

€3 XMV = j‘;v’dm € X v = Lvdrh

Note that the Dzung method does not imply these two coefficients neither is it able to separately identify the
independent flux contributions to the energy and momentum equations in the original non-uniform flow.

The energy and momentum flux coefficients are tabulated in the numerical results.

The integrations were performed using standard routines (NAGLIB, Mark 5, DOIGAF, Method of Gill and Miller)
and 150 points within the boundary layer thickness. Comparable accuracy in a real data situation would only be
obtainable by careful curve fitting of the sparse data (see later comments). Where six decimal places are quoted the
fifth and sixth figures changed between 100 and 150 point representation of the profiles.

Integration at 400 point representation indicated that the fourth decimal place was accurate (at 150 point represen-
tation). For purposes of condensation of the presentation in the tables some magnjtudes have been rounded to the third
place of decimals and where six places are quoted these are the raw (150 point) figures for which the fourth place is
accurate. These limiting accuracies are governed by the calculation of momentum mixed mean values (Dzung) where the
equation solution procedures for mean Mach Number is demanding numerically. All data other than momentum mixed
mean (Dzung) presented in the table are generally at slightly higher accuracy.

4.1.3 The eight pages of tabulation present numerically the results of the computations of the quantities described for
the various velocity profiles. The first four pages are for the case of axisymmetrical flow, the last four pages are for two-
dimensional flow. Each page carries the column headings once and covers two values of maximum Mach Number M, ,
one in the upper half page, the other in the lower half page. Within each half page are recognizable five blocks correspond-
ing to the power law of the velocity profile, i.e.1,%, %, %, 5. Within each of the power law blocks are ten rows correspond-
ing to the boundary layer thickness §/R, increments 0.1,0.2,0.3,04,0.5,0.6,0.7,0.8,0.9,1.0. (R, is the outer
diameter in axisymmetry and the duct half-width two-dimensionally).

The column headings are almost self explanatory. The first four columns are Mean Total Pressure values by
different averaging methods, Mass Weighted, Area Weighted, Mass Derived and Momentum Mixed (Dzung) all normalised
by division by the Entropy Flux Mean Total Pressure ( Livesey). This normalisation gives the convenient indication of
contravention of the Second Law of Thermoedynamics in the Mean Total Pressure when the normalised value exceeds
unity. (Note particularly here that this is always the case for Mass Weighting unless the Mach Number is zero i.e. incom-
pressible flow). The mean velocity implied in the definitions of the energy flux and momentum flux coefficient in
columns 5 and 6 and in the velocity ratio in column 10 is the Entropy Flux mean velocity (Livesey).

An asterisk (*) against a figure (see Tables for My, 2 2 ) indicates that a subsonic result for Mixed Mean Mach
Number (Dzung) is given together with the associated Mean Total Pressure and static pressure ratios but also that there
does exist a Supersonic Mixed Mean Mach Number (Dzung) which does not contravene the Second Law of Thermo-
dynamics. If of interest the Supersonic state values may be obtained by use of normal shock tables for the normal
shock upstream Supersonic Mixed Mean Mach Number and the ratios of total pressure and static pressure across the
shock with reference to the downstream Subsonic Mixed Mean Mach Number given in the table. Note that great care is
needed in interpretation here. From the table (M 2 2) it will be seen that there exist conditions (without asterisk * )
for which the Mixed Mean Mach Number mus¢ be subsonic. For these cases the state corresponding to the Supersonic
Mixed Mean Mach Number will contravene the Second Law of Thermodynamics and is clearly inadmissible. The inter-
pretation of the Supersonic Mixed Mean Mach Numbers which do not contravene the Second Law is difficult; it is
unlikely that these states are realizable except under unusual circumstances, if at all.

As the solution procedures are carried out for the Mixed Mean Mach Number (Dzung) for progressively increasing
Mg > 1.0 it appears initially that subsonic Mixed Mean Mach Numbers occur naturally for all supersonic Mg . It is
also evident that one precise numerical interpretation of the achievement of this state is initial mixing to a Supersonic
Mixed Mean Mach Number followed by the occurrence of 2 normal shock wave. However when entropy changes are
investigated it is found that some of the Supersonic Mixed Mean Mach Number states contravene the Second Law
indicating that the process of mixing and the occurrence of a normal shock can not be separated and the subsonic
solution alone is tenable. The general progression to Subsonic Mixed Mean Mach Numbers is thus probably the
preferred interpretation and is therefore the one quoted in the tables, The asterisk (*) distinguishes clearly where a
supersonic result is available which does not contravene the Second Law and this supersonic state is readily calculated
using normal shock tables. One objectionable feature of the Supersonic Mixed Mean Mach Numbers is that they can be
greater (!) than the maximum Mach Number M, although eventually (for higher M, ) they are rationally less than
M, . For a given profile there exists an M, for which Mpjeq =M, foratl 8/R, (in two dimensions) and this
magnitude is closely My = 2.1 for a linear profile. The same situation applies approximately for axisymmetrical flow.

4.14 In use the point of entry to the table could be determined from say M, , velocity ratio or power law index, and
8/Rs (or some similar combination of variables relating to Mach Number level, profile shape and boundary layer thick-
ness; many combinations are possible). An appropriate comparative profile and state is readily located for comparison
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of the effect of different averaging methods for most arbitrary measured profiles which are likely to appear. The table
then indicates clearly in the first four columns the significance of the variation of the Mean Total Pressure for the five
principal methods of averaging together with the most useful other significant parameters which might be used in
comparisons. It is therefore possible to estimate quickly, and with some accuracy, the differences implied by the
different averaging methods from, for example, a rapidly determined first calculation by a simple method like Mass
Derivation which might involve no traversing or integration if the mass flow is known,

Initial familiarisation with the table is probably best achieved by identification of already familiar velocity profiles
and their averages. For example the linear profile (n = 1) which fills duct (§/R, = 1.0) at low Mach Number M, = 0.2

and which is therefore an effectively incompressible flow.

By inspection the following familiar results appear for this profile:

Mtm. Energy Vel. Ratio

Flux Flux Max./Mean

Coeff, Coeff.

1.501 2.704 3.00 for axial symmetry
1.341 2.023 2.02 for two-~dimensions

which are the accepted incompressible flow values modified very slightly by the effect of the slight compressibility
implied by Mgy = 0.2 . If the power law index is changed to n = 1/7 the results are again familiar:

1.023 1.063 1.226 for axial symmetry
1.022 1.058 1.150 for two-dimensions

Emphasis will be mostly concentrated on the first four columns, their magnitudes (i.e. relationship to the Entropy
Flux Mean Total Pressure) and their differences. Note that the first column always exceeds unity in confirmation of the
known fact that this Mean always contravenes the Second Law of Thermodynamics (for non-zero Mach Numbers). The
discrepancy is small for Mach Numbers less than unity but above this the error increases dramatically and can imply a
factor of 3.6 (') for n = 1 when M, = 4.0. The Area Weighted Mean Total Pressure in column 2 also exceeds unity
but to a much less extent at M, = 3 and 4 .

Generally increasing M, increases the differences in Mean Total pressure magnitudes for the five different averag-
ing methods. The following table summarizes the percentage differences from the Entropy Flux Mean Total Pressure.

M, Mass Area Mass Mtm.
Weighted Weighted Derived Mixed
0.2 0% - 1.0% — 1.0% — 0.6%
1.0 + 2.5% -12.5% —19.0% — 9.0% Axial Symmetry
4.0 +260.0% —22.5% —82.7% -87.3% (44.9%)
0.2 +0% — 0.9% - 0.9% - 0.7%
1.0 + 2.2% - 97% -17.5% - 1.7% Two-dimensional
4.0 +151.0% —17.6% —76.9% —86.9% (43.8%)

These percentage differences are for the worst profiles, n = 1 and the magnitude of 8/R, which maximises the
differences. Notice that the maximum differences occur generally for magnitudes of §/Ry intermediate between 0
and 1.0 (and not as might be expected for /R, = 1.0). The figures in parentheses correspond to the interpretation
(not given in the main tables) of the mixed flow which remains supersonic in average Mach Number. The differences
are clearly magnified for axisymmetrical flow because a larger proportion of the flow is in a lower total pressure state in
this case. Clearly as the velocity profile improves through n =11 1 ! the differences are progressively reduced. The
differences are thus seen to be most strongly affected by non-uniformity (profile index n) and the level of the Mach
Number with a very significant influence (within the profile shape effect) of the location of 8/Rg .

The dynamic influence on Total Pressure of the Mach Number level and hence the differences implied in averaging
need emphasis. Nor should the indications of difference of 19 or 2% be made to appear trivial, A simple example will
help here. Consider the case of subsonic diffuser of reasonably good recovery within which traverses are carried out at
say a low area ratio of 1.5 and at some larger area ratio say 3.0 or 4.0. At the area ratio of 1.5 there will be significant
distortion of the velocity profile combined with a high dynamic effect on the mean total pressure because of the still
reasonably high mean velocity or Mach Number. At the higher area ratio although the velocity profile may be similarly
(or often less) distorted the dynamic effect on mean total pressure will be almost negligible because of the large reduc-
tion in mean velocity or mean Mach Number. Given this situation the use of any of the last three averaging methods
tabulated (Area Weighting, Mass Derivation or Momentum Mixing) will usually lead to a negative (1) loss coefficient,
i.e. a rise in mean total pressure (averaged) between the two area ratio locations. This discrepancy arises because the
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averages at the lower area ratio are significantly underestimated and those at the higher area ratio are much more precise
although still underestimated. The author has demonstrated this effect on all the diffuser results in the literature which
enable the comparison to be made. The effect is easily demonstrated at both low and high Mach Numbers. Mass
Weighting does not give the effect because of the overestimation of mean total pressure at the lower area ratio.

In general the averaging method chosen will have significant effects on performance parameters; the possible
influences should be investigated and this is facilitated by the tabulations presented. The two most soundly based
averaging methods are Momentum Mixing (Dzung) and Constant Entropy Flux (Livesey), both have disadvantages.
With the Dzung method an inevitable loss in total pressure is implied and this is well known to cause difficulties where
turbo-machines are purpose designed to accept non-uniform distributions at entry. Here the Dzung method inevitably
and unfairly debits the machine with a total pressure loss which does not occur. Additionally the difficulties of inter-
pretation of the Dzung method, where mean Mach Numbers might be expected to be supersonic (see earlier discussion)
and where the difficulties just mentioned are also amplified significantly mean that great care must be emphasized in
interpretation of its use. With the Livesey method as presented it is only rigorous in its representation of mean total
pressure for the assumption of uniform Total Temperature.

It would be wrong to leave this discussion at this point without mention of the two primary practical difficulties
of averaging techniques. These are firstly the number of points of measurement within the profile and secondly the
occurrence of separation. Rarely are sufficient points of measurement made available to allow precision to be achieved
in averaging and the best that can be expected is consistency in the averaged values coupled with the acceptance of a
significant departure from precision. These remarks apply particularly to measurement situations which do not cover
adequately the boundary layer regions where the velocities tend to zero at the wall. The difficulties are magnified in
the more practical axisymmetric situation where the bulk of the flow may be in the outer layers because of the greater
area involved (2 r.dr). The useful comparisons achieved in the computation of the tables involved 150 points in the
boundary layer alone (!). Clearly therefore careful curve fitting is advised in situations of sparse data coupled with some
representation of the approach of the velocity profile to zero wall velocity if more than mere consistency is required.
Separation presents even greater difficulties but they are not insuperable. Successive integrations of the profile, for mass
flow estimation, approaching nearer to the reversed flow each time will enable a point to be identified of positive (main
flow direction) local velocity at which the integrated flow is equal to the known mass flow (say from a meter or a
known machine condition). The point so identified separates the mainflow from the recirculating flow. The above
discussion has been presented in two-dimensional terms for clarity, three-dimensionally the process is identical but
involves contours of velocity rather than points on the velocity profile.
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Description of the Twelve Column Tables

" Column

1 Mass Weighted P,/Entropy Flux P,

2 Area Weighted P,/Entropy Flux P,

3 Mass Derived P,/Entropy Flux P,

4 Constant Momentum (Dzung) P,/Entropy Flux P,
5 Momentum Flux Coefficient e,

6 Energy Flux Coefficient €,

7 Mass Derived M

8 Constant Momentum (Dzung) M

9 Entropy Flux M
10 Velocity Ratio Maximum/Mean
11 Entropy Flux l_"s/Deﬁned,Constant P,
12 Constant Momentum (Dzung) P,/Defined, Constant P

First four pages are for axisymmetrical flow. Last four pages are for two-dimensional flow.

Each page has the column headings once and covers two values of the Maximum Mach Number Mg , one in the
upper half page, the other in the lower half page.

The five blocks in each half page correspond to the power law of the velocity profile, i.e. 1,4, %, %, 5.

Within each power law block are ten rows corresponding to boundary layer thickness §/Ry of 0.1, 0.2, 0.3,
04, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0.

The mean velocity implied in the definitions of €; , €5 {(columns 5 and 6) and in the velocity ratio (column 10)
is the Entropy Flux mean velocity (Livesey).
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TABLE 4.1.1
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1.000075
1.000070
1. 000064

1.000018
1.000013
1.000043
1.000051
1.000035
1.000056
1.00003%5
1.000034
L.0000351
1. 000048

1.000013
1.000024
1.000032
L.00003?7
1.000040
L. 00002
1, 00004 4
1.000040
1.000039
L.000037

Static p
Ratio
Mized/
Wal)

1.001299

1.002639

1.004261

1,0043%0

1,004 56

1.003748

1.003313

1.002984&

1.002870

1.003070

1.000078
1.000083
1.000059
1.000046
1.000083
1. 000166
1000410
1.000769
L.001310
1.002057

0.999356
¢, 999228
0. 998585
0. 998847
0,998821
0.9980955
0. 999277
0.93572%
1.00039%
1.0012t9

0.999352
0. 998873
0.998571
0.998361
0.998301
0.998449
0.998765
0.999239
0.999937
. 000808

0.999261
0.998726
0.9983M1
0.996104
0. 998060
0. 998206
0.998501
0.998997
0.9994698
1.000609

1.013333
1.024280
1025149
1.026123
1.G25100
1.022842
1,019985
1.017009
1,014353
1.012403

1,003587
1.006087
1.007 586
1.008340
1.008709
1.008727

1.008597 -

1.008508
1.008489
1.006877§

1.001340
1.002245%
1.002787
1.0
1.003461
1,003713
1.003931
1.004248
1.004710
1.005434

1.000384
1.000687
1.000947
1.,001117
1.001236
1,001%04
1.00178%
1.0602281
1.002927
1,003673

£.9%9993
0.999975
0.999972
1.000010
1.000112
1.000386
1.00063%
1,00119%
1.001932
1.002751

i

Y
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Maxy
We ighted

L.uuied?
[ITITIR & 1T]
L.0u2ba9
kol
L.0uldsds
E.0ule%s
L.0u3332
1,003043
L.ou231}
L.0ul579

[WITTTY
L.l 190
L.0ulels
L.oulsiy
1.002076
1.002114
1.002040
1.G01879
1.001869
1.Qul458

1009432
1.40074)
1.001049
1.001233
1.001338
b.001373
1.001349
1.001282
L1.00L191
1.001097

§. 000304
1.0Ua347
1.000730
1000156
1. 000Y3)
1.QuLSb1
1.000954
1.000922
1.000874
1.000823

1.000224
1,000402
1.000535
1.000628
1.000684
1.000709
1.000709
L1.000891L
1.000663
1.000632

1. 002308
1.004943
1.002191
1.009096
1.01440)
1.01 1064
1.0106%37
1.009287
1.001063
1, 004774

1.001873
1.003471
1.004747
1. 003662
1.406197
1.006347
1.QU6148
1,005670
1.005029
1.004179

1.001269
1.00231
1.00117
1.001683
1.004015
1.004]34
1. (40?0
1.04386%
1. 00235%0
1.00330

1000301
1.00162%
L.yo2lgs
1.002574
1002808
1.002%04
1.U02858
1.UD27 88
1.0u2641
1.0024k4

1.0006 14
1.001206
1.001612
1.001897
1002072
1. 042151
LosR
1.002v87
1.0u2010
1.0ul914

Area
We ighted

0. 982617
U FbBLL0
$. 957595
950141
946286
G 945818
0. 548621
N1.95411]
U. 3461346
U, 968783

0.993218
0. 987844
U. 983628
0981100
0.979562
0.97508%
0979523
0.9H0673
a.%4232)
0.984229

0596048
¢.992917
0.990619
0.958903%
0.988134
0. 987830
0.988044
0.988687
0.989665
0, 990680

0.997116
U. 995028
0.893401
0.992295
0.991669
0.99L474
0.991661
0.992179
0.992974
0.9939%4

0.997819
0, 996089
0.9948) |
U.9%3348
U.993467
0.993339
¢G.993528
0.996002
U.994727
0.993668

0.972606
0.950324
0.93280%
0.920495
0.913588
0912147
0,915957
0.924305
0.935678
[Ty LY

0.9897]1
0.981461
0.975201
0. 970848
L. 968275
0.967305
S.$67706
£.96918)
0.971382
0.973a99

0.9%4225
0.989432
0.986167
0.983753
0.582297
0.981889
Q0.961806
0.982504
0983833
0.985029

1. 996056
$.992987
0.990654
0.989032
0.988055
0.987633
0.967750
0.984262
989105
.990191

©.997035
4994091
¢.992928
0.991 706
U.990%78
099069
0.9%08ub
U. 991255
0.991938
U.992952

s
Derived

U. 955913
0.947584
0.932213
0.923194
0.419762
u.921282
u.9l6885
U.93554)
0.945699
0.955381

0.989346
0.981237
&.975620
Q.971668
U.969647
4.969112
©.969720
0,971161
0.973g01
0.974852

0, 994350
0. 990048
0.966841
0.984781
©.983517
0.983048
0.983122
0.983570
0.984296
0.985094

0.996177
0.993591
2.9915374
2.990152
0.9892T4
G. 988909
0.9BB495
0. 989144
0.98957)
0. 990044

0.997440
0.995434
0.991940
0.992861
0.992244
0.991928
0.991897
0.992068
0.992366
0.992717

0.950421
0.913381

0-887476
0.872206
0.865898
U-867777
0.876615
0.89080Y
0.907840
0.924342

V.982047
0.968283
0.95839)
0.954922
0.948330
0.947380
0.948351
0.950704
0.953832
0.957(22

0.990439
0.982933
0.977576
0.973857
0.971738
0.970850
0.9710i0
0.971820
0.373060
0.974454

0.993319
0.949070
0.9854066
0.983112
0. 981534
0.980911
0.98ud7%
0.981271
2. 981980
0.982897

0.995543
0.992119
0.989536
V387748
0.986655
0.986102
0.986097
¥.986353
0.986887
U.987442

Mt
M oxed

0.993533
G. 986078
3.9789u%
0.97 2960
0. 9684879
0.9647108
0.967804
0.97082%
0.975498
0.980647

0.396305
0.993490
0.991051
0.989286
U. 988218
0.987874
0.98816)
0.988974
0.950249
0.991730

0.997606
0.99367)
0.994171
0.993125
0.992566
0.992421
0,992659
0.993271
0.994146
0.995241

0.9981 36
0.996643
0.995518
0.394799
0.994409
0.994339
0.994578
0.995118
0.995914
¢.996887

0.998420
0,997164
0.996264
0,995653
0.993370
0.995348
0.995592
0.996108
0.99¢867
0. 997806

0.988275
0.974691
0.%62101
0.951980
0.945252
0.942462
0.943901
0.94923%
0.9573a9
0.966054

0.994281
0.989156
0.985018
0.961999
0.980203
0.979541
0.979888
0.981114
0.982918
0.985008

0.996337
0.993280
0.990895
0. 989251
0.988276
0. 987948
0.988188
0.988893
0.989969
0.991292

0.957295
4.995116
0.993468
0.992524
0.9916%0
U.991497
0.991721
0.992289
0.993165
0.994261

0.997823
0.996109
3.994823
0.993957
0.993463
0.991382
0.993581

0.994127
0.994930
G.995940

TABLE 4.1.11
Mea, Energy Mach
Flux Flux Husber
Coeff Coeff Hass
Lerived
1,071 187 0.543
1.14%  1.35%9 0.489
1.220  1,57% 0,538
1.294 1.8 0.392
1,363 2,038 0.349
1.424 1,299 0.310
1.4 2.50% 0.273
L5300 2,639 0,245
1.512 2.79W 0.218
LAl 2,735 0.198
021 1,051 0,510
L.os0 1,103 0.562
1037 1.148 0.515
L.070 1,187 0.4%1
L.081 1.21% 0. 468
1.089 1.24) Q.448
1.093 1.2538 0.427
1.095 1.266 0,410
1,095 1.207 0,394
1.0%94 1.165% 0.380
L.l 1.027 0.580
1.420 1.051 0,560
1.027 1.071 0.542
1.033  1.088 0.525
1,038 1100 ¢.510
1,340 1,109 G.b95
1.062 1114 U482
1.063 1.116 C.4T0
1.042 1,118 G459
1.041 1.h14 0. 449
1007 1,00 0,584
1012 L0312 0.570
1.017 1.044 0.5
1.020  1.0%3 0u 5343
1,023 1,060 0.331
L.024 1.065 0.520
1.025 1,067 0.510
1,025  1.068 0,501
1,025 1,067 0,692
1.024 t.0b& 0.485%
L0 1,012 0,587
1.009 1.022 .575
1012 1,031 Q. 564
1.014 1.037 G.554
1.016 1,082 C.544
1017 1,045 0.535
L.0k8 1,046 0.527
1.018  1.04b 8.519
1017 1,048 9.513
1.017 1.044 @, 507
1.073 1.170 0.725
L.14% 1.366 0.65]3
1,226 1,588 0. 586
1.303  1.830 0.523
1.3% 2.085 0.465
1436 2,33 0,412
J.4B5 2,548 0.345
1.513  2.699 a.324
1.32)  2.766 0.288
1,520 Z.764 0.258
1.022 1,05% 0.769
1.043 1107 0,722
1.080 1.154 0.686
1,074 1,193 0.653
1.085 1.228 0.621
1.093 1,252 0592
1,098  1.268 0.566
L1000 1.27% 0.542
1,099 1,278 0.52%
1.098 L.274 0.502
Lol 1.0 0712
1.021 1. 034 0. 7486
1.429 1.075 0.722
1.038 1.092 0.693
1040 1,105 0677
1,083 1114 0.657
1,045 1,119 0.6
1.045 a2t 0.622
1,045 .21 0.607
1,08 1,119 0,594
1,007 1.0 0.779
1,013 1.033 0.759
1,018  1.048 Q.740
1.022 1.036 a.722
1.02% 1.062 a.r0%
1,026 1.068 0.690
1L,or .07 0.676
1.027 1.07t 0.664
1,027 1.07 0.652
1,026  1.06% 042
1.005 1,013 0.783
1.010  1.024 0.766
1,013 1032 0.751
1,016 1.03 0.736
1.OIT  1.044 0.723
1.018  1.047 0.711
1,019  1.049 0.639
1.019 1.04% 0.68%
1,019 §.D48 D0.680
.18 L.047 0.672

Mach
Nunbe v
Mrm.
Mixed
0.524
0,48
0,412
0.368
0.1
0.294
0.262
0,235
o211
0.1%91

0,564
0.532
0,504
0.479
0. 456
0.4 36
o.417
0,401
0,386
0.373

0.577
0,555
0.536
0.519
0.503
0,488

U. 586

0.541
a.532

0.503

0,362
0,518
0.483

0.260

0.655

0,619

0.578

0.771
0.747

0.662

0.669
(661

AXISYNMETRICAL

Mach Velocity Statie p

Sumbe r
EntTopy
Flux
0. 584
(U3
0. 5h4
0,521
0,494
0.4b4
0.431
0,393
0.358
0,323

0.584
0,567
0.530
0.532
Q0.514
0,495
0,477
0.459
0.442
0.428

0.587
0,573
0. 560
0. 546
0,523
0.520
0,507
0.495
0,483
0.473

0.326

0. 500

Q.591

Q. 778
Q.725

0,656

{Q.684
0.662

¢. 187
G774
0.761
0. 749
0.737
0.725
.74
0. 704
0.56%9&
0.686

Ratio
Max/
Mean
L.108
1.233
1.37%
1.538
1.72)
1.934
2170
2,431
2.711
3.002

L.052
1.107
L.162
1.720
1.278
1.3)
1,394
b,451
1.50%
L.5%7

1,035
1.069
1.104
1139
§.172
L.20%
1.237
1.267
1.296
1.332

1.026
1.032
L.077
1.102
L1286
1. 148
.10
1191
1,209
1.226

1.021
1,042
b.086l
1,081
1.099%
L.17
1.133
L.14&8
L.162
Lai75

1.109
1.234
1.377
1.540
1.727
1.918
2,175
2,435
2.715
3.004

1,053

b 164

Ratis
Entropy/
wall
1.008271
1.000324
1.000743%
1.004920
1.001032
1.00108s
1.001003
1.00085?
1. 000648
1,000643

1.000195
1,000353
1,000478
1.000%61
1.000605
1.000612
1.000587
1.000539
1000477
L.0D0417

1000129
1.000232
1.00030%
1.000361
1.000390
1.008398
1.000390
1.000370
1.000343
1.000318

1.000090
1.000141
1000214
1, 008250
1.000271
1.00027%
1.000276
1.000266
1,000252
1.000237

1.000066
1,0001.8
1.000157
1.000183
1.000199
1.004206
1.004205
1. 000200
1.000191
1.000182

1.000806
1.001560
1.002227
1.002780
1.001105
1.003210
1.003037
1.002589
1.001950
1.001322

1.000587
1.001071
1.0GL443
1.0016%96
1.001831
1.001853
1.001777
1.001628
1.00143¢
1.001252

1, 000391
1.40070%
1.000940
1.00199%
1.%01187
1.¢01212
1.0011846
1.001123
1,001039
1. 000934

1.000275%
1.00049)
1. 000655
1.000765
1.000829
1.000852
1.000844
1.000812
1. 000768
1.000722

1.000202
1.000362
1. 000481
1.000%62
1.000610
1.,0006631
1.00062%
1.000611
1.000585
1.000557

Starte p
Ratio
Mixed/
Wall

1.038142

1.057801

1.066064

1.067066

1.063281

1.056917

1.043061

1.041026

1.033672

1.027891

1.01208%
1.01970%
L.024042
1.026091
1.016526
1.026006
1,014877
1.023472
1.022287
1.021340

1.005600
1.0093%6
Loz
1.013004
1.01)687
1.01)882
1.013800
1.013746
1.013716
1.013897

1.003058
1.005169
1.008511
1.007478
1.008024
1.008329
1.008558
1.008871
§.009323
1.009861

1.001780
1.003006
1.003943
1.004531
1.005028
1.005372
1.00571¢
1.006186
1.006812
1.007577

L.094655
1.128885
i.138663
1.135309
b.1243720
1.109182
1.0%92410
1.075908
1.061177
1.049342

1.015149
1.052291
1.060172
1.062441
1.061448
1.058389
1.056224
1.049082
1.045823
1.04248)

1.018182
1.028289
1.033555
1.035962
1.036366
1.035611
1.034277
1.032688
1.031246
1.030265

1.010946
1.017632
1.021472
1.023392
1.024182
1.024170
1.023796
1.023269
1.022900
1.022771

1.007294
1.012009
1.014873
1.016325
1.017251
1.017697
1.0176%3
1.017758
1.017949
1,018314

1/5
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Ho = 1.0

M, = 2.0

M
We lghied

1.40533)
L.e1ger3
1015728
1.uul79
1.02356u
1.023296
L.y2é8u2
V.u2l748
1.016554
1.011u53

L.uvé1gb
1.007687
1.010620
1012791
1.0lé1le
1.G14563
1, al6174
1.013y97
1.0115%6
L. 0lous4

l.002827
1.00519)
1.007056
1.008192
1.009202
L.U09514
1.009391
i 008933
1.0v8277
1.00ts87

1.002032
1.003698
1,004989
1.005908
1, 00647]
1.008713
1, 006686
1.00b457
1006108
1.005734

1.001524
1.002760
1.0L3708
1.004381
1.004800
1.004993
1.0050u2
1. 004875
1.0046b6
1. 004438

1.033477
1.075509
1.1201%3
1. 168129
1.216423
1.258371
1.281834
1.209549
1.209481
1. 126440

1.032061
1.068013
1.0%4472
1. 121540
1. 142835
1.13573%
1.137992
1. 148780
1.130232
1.108822

1.024420
1.047304
1.067699
1.084530
1.096810
1.103631
1. 104829
1. 00202
1091845
1.082314

l.uidesd
1.033937
1.050567
1,062206
1.070386
1.074840
1.07%622
1.072218
1.068624
1.063362

1.014989
1.028)194
1.039248
1.0470842
1.033717%
1.056997
1.057681
1.056251
1033411
L0301

Ares
weightad

U9bdubs
U.932041
U.902 399
U, 880547
u.BTHEYY
U.B75738
U.8EU0LS
U E909HL
G.5ubbb2
V. 923254

U, 966253
0. 975088
U, 9bbk 76
0.960341
. 93835%
0954827
¢.955156
©.956861
U.95955
0.962866

0.992433
0.986360
¢.961712
0.978407
0.976334
0.975358
0.975114
0,976024
0.977268
0.978422

0.994984
0.990978
0.987924
&.985781
0. 384402
0.983762
0.983737
0. 984217
U, 985086
0.986222

£.996281
0.993319
0,991068
0.989475
0.988483
0.988024
0. 988040
0. 9088448
0.989178
$.990149

0.935124
G.BTTIO0
©.8328587
0.788317
0.758154
0. 740828
0.736486
0.747142
0.i12213
0.805399

$.978839
9.361037
09466578
0.935381
0.92718%
0.922054
0.919337
0.918727
0.919763
0.921933

0.989797
0.981431
0.974838
0,9657%7
0. 966137
0.943650
0.962124
0.961369
0.961237
0.961628

. 994006
4. 989178
U.985198
0.982536
0.980433
0.979¢12
0.978L18
0.927649
0.97755
¢.977815

U.9939%
0.992783
0.990285
0. 988401
0.982015
u.986103
U.985533
0.983277
0. 985308
0,585624

Mass
DerLlved

U.9189%1
9.87580)
0.834503
UL 8L 5642
Q.B0529
S BUTUIS
LA LTINS
0.839064
U, 863356
U, 888304

0.97 1586
0.951217
U.938524
T.928770
0.923342
¢.921708
0.923044
.92h583
0.931298
0.936164

D.9854655
0,974600
0.966453
41.960896
$.957634
¢. 956300
0.936458
0.957701
0.959557
0.961623

0990737
0.9813512
u.9781 1Y
0.974489
U, 972266
0.971209
0.971140
0.974797
0.972835
0974115

0.993312
0,986098
0.984297
0.981537
0.979466
0.979121
0.976949
0,979311
0.980074
0.981108

0.326621
0.6978206
0.6034601
0,544199
0.510043
0. 50133
0.517935
0.559694
V422674
0.691785

0.923577
0,56418)
0.519980
0.789537
0.7716%3
0,763070
0.7681 58
0.779873
0.794458
Q.811007

0.954773
0.919314
0,892848
P.874564
0.863383
0.858695
0.859152
0.8617686
0.870761
0.878543

0.96933]
0, 343212
0.927107
0.914514
0.906831
0.903219
0.903110
0.903331
0.908617
0914348

0,977}
0.959529
0.9461%6
0.936818
0.931033
0,9282ké
0.927872
0.929378
0.93222%
4.935683

Mtm.
Mxed

0.928571
0,936450
0.917288
0. 922533
0.913187
0.9u9847
U.912751
v.921505
0.934138
D-9478%

0. 930496
0.982191
0. 973666
0.971104
0. 968448
0.967558
0.968269
v.970202
0.972917
G.875921

V9906248
0. 989659
0.945824
0.983295
0.981838
0,981 )46
0.981651
3.9826V06
0. 366043
0.9857 26

0.995%979
0.9926%6
0.996225
0.938543
0. 987564
0.987250
0987475
0.988183
0.969211
0.990306

0.996916
0.994437
0.992571
0,991 308
Q.9%061 L
0.99039¢
0.990619
0.991211
0.992091
0.993207

0.687092 8
0.639627
V.539423 »
0.627841w
0.626641 %
0.63806)
0.664473
0.707255
0.763588
0.82057)

Q. 720889 »
0.724630 »
0. 732319 &
0. 744090 &
0,759936 «
0.779b43 =
0.802454 »
0.827182 %
0.851875 #
0.873892 8

0.72827%a
0.738143e
0.751901s
0.766%12e
3.7839994
0.802685e
0.822399
0.8423412
0.861436e
D.87845%e

Q. 131088w
0. 742986
0.756464
0.771323
G TETH e
¢.804105«
0,821 269
0,828200
0.854283e
0.3687750

0.731616%
0.7435¢5%
0.756587
0. 720507 &
¢.785104
3.B000%0 &
0.B1513be
0.829857«
0.84375%98
0.556410e

TABLE 4.1.1
Mtm. Energy Mach
Flux Flux Number
Coeff Coeff Hass

Darived
L.076  1.175 0.908
1.1%5 1,377 0,819
1.235 1,607 0.71%
1,315 1.859% 0.655
1,369 2.124 . 582
1,453 2,382 D.514
1,502 2.604 D.454
1,530 .73 0,40l
1,53 2.81% 0. )55
1,53 2,803 0.318
1.0%4 1.058 0.9%
l.oed 1.1 0.902
1.065 1,163 0. 856
1.080 1.208 a.813
L.092 1.261 0.771
E. 100 1.2087 G736
[ UL 1.2082 0.702
1.106 1.28% 0.671
1.10% 1.289 D.bas
1.103 1.285% 0.620
.03 1.031 0.965
1.023 1,058 0.931
1.032 1,080 0.900
1.03%  1.099 0.870
1,044 1.112 0. 842
1.047 1.122 U816
1,049 1.127 0.293
1.049 1.12% 0.771
1.048 1.128 0,752
1.047 1126 0.735
1.08 1.qzu 9,973
1.015 1,036 0.947
1.0 1.050 0.922
1.024 1.061 0.899
1.027 1. 068 0.878
1.02¢ l.013 0,858
1.030 1.078 0.840
1.030 1.076 0,824
1.029  1.076 0.8u9
1.028 1.074 0.796
1.006 1,016 0.978
1.011 1.026 0.9%
1.014 1.033 0.937
1.017 1.042 0.918
1.01%  1.047 3.900
1.020 1.051 C. 384
1.021  1.052 ¢.870
1.021 1.052 0,85
1.020 1,052 0. 84k
1.00 1.050 0,834
1.10L  1.226 1.824
1.210 1.500 1.631
1.325 1,826 1.481
1440 2.198 1315
L.549  2.594 1157
1,63  2.97L 1.008
1,696 3,261 0.871
1,710 1.189 0.750
1.680 2.324 0.847
1.631 31352 0.565
1.063  1.095 1.891
L.082 1.188 1.784
117 1.274 1682
L1451 b.584
1.465 1,404 L.491
1.176 L&al L.40%
1,179 1,455 1.323
1173 L4350 1.250
1.167 1.431 1.188&
1,156  1.407 1.130
1.026  1.05%6 1.918
1.048  1.107 1.840
1066  1.150 1.764
1,080 1.184& 1.692
1,089 1.208 1623
1.0% 1.222 1.362
1.09% L.226 1.503
1.093  1L.223 1,430
1.08%  1.214 1.403
1.085 1.204 1.362
1.018  1.038 1.934
1,032 1071 1.871
1.044 1,098 1.811
1,053 L.11% 1.754
1.058  1.133 1.700
106l L.14l L.650
1.062  1.14) 1.604
1.061 1L1él 1.562
1.058 1.138 1.524
1.055 1. 130 1.491
1013 1,028 1,945
1,024 1.052 1.892
1.032 1.071 L.841
1.038 1.08% 1.79%
1.042  1.093 1.74%
1. 044 1.100 1.707
1,045 L.102 L.66%
1. 0hi I 161 L.634
1,043 L.097 1.603
1.041 1.093 1.575

Mach
Nunber
e
Mixed
0.752
0,681
0,592
0. 53
0.483
Q.40
0. %98
0. 358
0.325
0.29%

0.B54
0,798
0.756
0.721
0. 690
0. 661
0,638
0.616
0. 596
u. 578

0.893
0.854
0.82)
0. 198
0.17e
0,756
0.139
.72}
0. 708
0.693

0.917
0.885
0,861
0.841
0.823
. 808
0,794
9.781
0.770
0.75¢%

0.931
0,9%4
0.884
0.867
0,85
0.840
0.823
0,818
0.808
0.799

0.576%
0,570
0,569
0,562e
9.532%
0.538
0.321
0.499
0,473
[T

Q,586%
0. 596%
0,607
0. 6208
0,61+
D.6d7e
O.b62e
0677
0.692e
0.704w

Q.587=
Q.59
0.607 8
0.619=
D631 %
0.645
0658+
0.672=
0.6868
0.700%

0,586+
0. 394
0.6048
0.614e
0,624 0
0.633e
Q.bébe
0. 656
0.667 e
06778

0.585¢
0.592¢
Du600®
0,609
0,617
D, 626w
Q.635%
D.baqe
0.63:2%
0.6608

AXISYRWMETRICAL

Mach Velocity Static p

Numbe ¢
Entropy
Flux
0972
0. 940
0.904
0.863
u.a7
0,765
9.708
L8 T8}
Q. 581
0. 521

0.912
0.943
.92
u.88l
0,848
0.815
0.783
G751
0.721
U.694

0.917

1.63%
1,557
1.478
1.402
130
1.268

L. 942

Mtio
Max/
Mean
Fal L}
1238
1.381
1.5kt
1.73%
1,946
2.18%
2,643
2.122
1. U098

1.053
1.109
L. b6h
1.224
1.282
1,38
1.399
1.458
1.510
1.5861

1.015
.07l
1.106
1.141
1,173
1,208
1.240
1.270
1,298
1.32a

1,027
1.053
1079
1.103
1.128
1.1%0
1.112
1,192
1.211
1.228

1.02l

1,082

L4127
1275
1,445
1,638
1.854
2.0%0
.39
2.592
2.861
1.0%0

1.0&7
1135
1. 204
1.272
1.338
1.400
1.458
1.511
1.539
1.603

1.045
L.089
L1132
L.172
L21D
L.245
1,176
1.30%
1.320
1,332

1.034

1.250

Ratiu
Entropy/
Wall
1.001821
LeUU3S45
1005080
1.0w632L
i.0071%9
1.0UT405
l.gurozo
|.0us981
l.0ussnd
1003006

1.0yl 3e?
1.002466
1.003331
1.002923
100624
1.004296
1.0041 18
1.003764
100305
1.002872

1.000907
1.001637
1.00Z187
1.002560
1.002767
1.002825
1.002761
1.002609
1.002409
1.00220%

1.000642
1.001152
1.001533
1.001792
1. 001942
1.001996
1,001974
1.001897
1.001790
1.0Di&?8

I.000476
1.000851
1.0o1131
}.c0i32)
1.005436
1.001483
1.001427
1.001434
1,401370
1.001302

1.017461
1.034527
1.051571
1. 0661 54
1,076943
1.081896
1.078903
1.067037
1.0482388
1.029891

1.01%121
1.026450
1.036478
1.043736
1. 047675
1.048762
1.048%89
1.041963
1.035957
1030072

1.010092
1.018%17
1.025084
1.029674
1.032267
1.032968
1.032032
1.029864
1.027017
1.02415%

1.007461
1.013557
1.01822%
1021462
1.023324
1.021943
1.023524
1.022343
1.020740
1.019095

1.005724
1.010341
1.013846
1.016213
1.017697
1.013236
1.018052
1,017 344
1.016342
1.015296

Static p
Ratio
Mixed/
wWall
1.234586

1.26%%78

1.262182
1.24271%
E.21%191
l.183988
1.152272
bon2arid
1.097064%
LOITER

1.12909%
1. 147861
1. 149109
1.142rid
1.532350
1.120130
1,10773%
1.09592%
1.085432
1078951

1.089588
1.103201
L. 1049653
1.101380
L.095340
1.08823
|.080812
1.073794
L.067261
1062907

1.069733
1.08016%
1,481801
1.079647
1. 073461
1.070631
1.065541
1,560937
1,056814
1.05276%

1.057419
1.06628%
1.067819
1,066127
1.063499
1039918
1.056289
1.052939
1.030066
L.047984

3939211
.468455 ¢
2.026921 %
2.6367848
2.291408 @
1996479
1749107
1.548715
1.394501
1.28611%

4,086494
3.699275*
3.344255 %
3.019266%
2.7zh672%
2460515 %
2.226798%
2.024326 "
1.853680 ¢
1.716262%

4, 168352 %
3.859493 %
3.57205) %
3,305926 *
31.062147 %
2.833770 %
2.633412%
2.461634 *
2.)06408 *
2.174512%

ho214519 *
3. 966636 *
3726001 *
3.502996 *
3.296967 *
3.108326 *
2.937719 %
2.7840637 *
2.649754 =
2.513259 ¢

4,163953 @
&,042719 =
3.836137 *
3.642TH *
3466156 *
3.303016 *
3.154787 =
3.021764 #
2.903499 ¢
2,800820 =

5



Mp=3.0

=40

s
Wo lghted

1.068281
1. 193209
1.2599457
La39eulds
1.56u5)7
1.756532
1952845
2, U54BUL
1.885107
Dea32463s

L.072099
1.1%3251
La24264
L.336543
L 428454
L. 505705
1.549801
1.540433
L.469741
1.368575

1.060498
L.l24le%
L. lgpau?
k.2%083¢
L. Jusuoe
[T 1Y
L.362398
L.35)624
L.32u216
1.278200

1.0502w
1.100634
1. 169242
1.19325)
1.229279
1.253694
1263450
L. 257581
L.2305T4
L.214281

L.u6e2lu7
1.082997
1. 120982
1.1 54046
1. 180002
1.196834
1.2ud215
1199233
1.187140
L. 171885

1.087522
1.20290)
1.359245%
1.576994
[3:.10 4
2.336265
2.951949
3.601184
3.346648
2,09854)

1.104642
1.213408
L 391305
1,381861
1.802755
2,016485
2.234b08
1.305408
2,149163
1.,826052

1.093027
L.204951
L.319642
1.466044
1.605690
1.731550
1.816128
1.826213
1. 243760
1.601952

1.083572
1.175752
1.274548
1.375511
L.471818
1.549001
1.5%4479
1.593768
Le34dbll
1.470629

107129
1.151374
1.23144)
1.30939%
1379018
1.432259
1460507
L.457683
1423431
1.379141

Area
We Ighted

0.941971
u.#72260
4.B418%8
u.Te118)
. 151797
U. 7343062
0.726515
u.73105?
G T6205
V. T4T026

J.986508
0973915
U. 968023
0, 966223
0. 967240
0. 968951
0.968421
U, 962097
0. 950921
U, 937543

0.997057
0.99685%
0.95680869
L.OUZ247
1.003824
1.008163
L.00Td1]
1.003824
0.9% 360
0.948482

L.gvlzae
1.003957
1.007688
1011645
1.01505)
1.017024
1.016847
1.0141248
1.009719
1.0ukT8?

1.402712
1.006239
1.010114
1.0137192
1.016697
1.01830]
1.018252
L.0l6s19
L.013551
b.010363

0.93080
0.871024
0.823544
0.790184
0.776052
0.778700
0.80504)
0.839318
0.829369
0. 752577

0.989691
0.9880%0
G 395949
1.013459
1.039341
1.069703
1.093114
1.093922
1.063045
1.008217

1.005081
L.0lblas
1.03293¢
1.054283
1.077721
1.098914
1111386
L. 108973
1.088313
1.058653

1.010182
1.024324
1.041659
1.060783
1.079358
1.094261
1. 101765
1,098837
1085410
1.067241

1O11818
1026164
1.04&l162
1.U58464
1.073217
1.084183
1,089 29
L.086649
1.017391
1,065331

Mass
veTived

FN 1LY
0.573621
U.4487T4
U 365305
U148
0.293293
G.301316
U.344359
{.428371
U.535826

U.870718
0.77134]
0.597538
U.546175
0.615029
Q102454
0. 608841
U.626418
0.656635
0.689743

U.916171
0.850709
0.801651
U. 767430
Q. T8bbs5
U. 737946
0.73995)
0.730443
0.784374
(A ) 21 E11)

0.919714
0.8923806
0.856832
0.831993
0.810847
0.810207
0.810977
0.817418
0.827389
0.838410

0.95330%
0.917502
0890166
G.87:07)
0.859411
0.454002
0.854204
0.858497
0.865343
0.873210

0.69801%
0, 490209
0.3580124
0.258651
0.202673
0. 176694
0. 173427
0, 106322
0.294275
0.432598

0.82126%
0.686861
0.588415
0.520220
0. 478049
0.439792
0.464503
0.491556
0. 537294
4.589588

D.B26962
Q.778411
0.706637
0.656587
0.626035
0.61330%
0.6174%2
0.634952
0.663034
0.69368)

0.903328
0.831538
0776343
0.731 04
0.714338
0.704595
0.706926
0.7159128
0.73201
0.758833

0.924748
0.845889
U.BZ1684
0.790860
0772055
D. 764143
0.765491
0.776387
0.788117
0.803111

Mem .
Mixed

U.3]5048 8
U, 3use9u e
Q.3ul287 @
U, Judke0 e
0.3l4828 =
0,133
G.384088 #
G 457169 @
4.563673

0.681894

0.336459
O.34Bl04 @
0.3bk167 8
0.389768 ®
o.420702 8
O.ab01la &
0.508933 =
0.565706 @
0.626951 @
0.684755=

0, M4i572¢
0.358289 «
0.379002
0.404199 &
Q. 634262 "
0.4693126 ¢
0.509019 &
U.552107 #
0,5946237 ¢
0.63769C =

0.34290u»
0.360246 @
0.380612 =
0,404213 %
0.431070 %
0,461046 %
0,493591 =
0,527737 #
0.561908 &
0.593359 #

0.342975«
0,339834 #
0.319017 «
0.40053% &
0.424353 =
0.430162
0.477505
0,5¢5598 »
0.5311%6 s
0.559107

0.132375%
0.1290u0) =
0.127826 %
O.130503 %
0.139151 =
G.l13T853 ¢
0. 194827 %
0.266146 "
0.395438 ¢
0.568290

0, 1438672 ¢
0.151469
0.163156%
0. 180206
0.204690*
00,2164
0.287852%
Q.352670
0,432612%
D.515964 %

0.l46765"
0,157543%
0.171866%
0.190705*
0.215271%
0,246832%
0.28647)%
0.334294 %
0,388220*
0.442520%

O.l47813%
0.159301 %
0.173768 %
0. 191816 ®
Q.214l07 ®
0.2l 1B4®
0.273306 #
0.310601 #
0. JA9620 %
v.jesg13e

0. 148092 *
0.159521 %
0.173ai12%
0.190L40®
0.210052%
0.233449 %
0.259970 @
V. 289366
0.320235+
0. 350466

TABLE 4.1.IV

Mea.
Flux
Coeft

1.143
1.J06
1489
1.684
1.87¢
2,034
.17
2.089
1,949
1,783

1.079
1.155
1.224
1.283
1.326
1a345
1.343
1.322
1.286
1.252

1.053
[T
1140
1172
1,192
1.201
1.199%
1. 189
1,173
1157

1.038

1.i89

1.701

1.090
L1176
1,254
1.317
1,360
1.378
1.370
1,341
1,300
1.258

1,069
1,133

1,246
1.221
1.196

1.055
1105
1,145
L 17e
1. 196
1. 204
1.1201
1,190
1. 174
1,152

Energy
Flux
Coeff

1318
1.738
2.182
2.961
.73
4,486
4,985
4.978
4,429
). 74D

1.169
1,348
1.524
1.682
1.804
1.872
1.878
1.826
1.75F
1,645

hell2
i.218
1.313
1.3%0
1463
1468
1.468
Lodidk
1o4g7
1.368

1.081
1,156
1.216
1.264
1.296
1.311
1.310
1.297
1277
1.25%

1,062
1.116
1,161
1.195
1,217
1.227
1.227
1.219
1.206
1,192

1423
2,086
2,935
4,232
5.879
7.641
8.804
B.412
6.435
4.498

1.269
1.58s

2.2

2.516
2.243
1.987

1.191
1.3%1
1,585
1.75)
1,874
1.929
i.912
1.835
L.724%
L.816

1,143
1.287
L.Al6
1.521
L.59}
1.622
1.612
1.570
1.510
L.4id9

1.115
1.223
1.317
1391
1.43%
1.459
1,453
L.427
1.389
1,351

Mach
Number
Mass
Derived
2.1
2,476
2.217
1.961
1.710
L.uby

1.714
1.601
1508

2.B56
2,718
2,581
2,451
2,328
2.2i2
2,t0%
2,008
1,921
1.847

2,880
2.763
2.851
. 544
2.44)
2,349
.26l
2.182
2,111
2,049

2,09
2,796
2,700
2.608
2,522
2.442
2.367
2.300
2,239
2,184

3.64b
3.292
.99
2.588
2,242
1.304
1.581
1.285
1.0
0.846

3.7
3471
3115
2.9635
2724
2,495
2.280
2,085
L9135
L.775

3.780
3,356

2.963

Mach
Nunber
Mta.

Mixed

0. 479
D.48ln
0.487s
0.491s
G.4%be
0.5
Ul Slen
0. 3ure
0. 501

0.489%

Q.4628
0,490
0. 500%
0.511%
0,324®
0.3
0. 5500
0.575=
0.595*
LELI A

0,482
0.4B9*
0. 498=
0.507=
0,511
0.5
U, 541
0, 554%
C.567"
Q. 5B0%

0,491
0.488%
0.495=
0.502
0,511
0.51y»
0.529¢
Q.53
0.547=
Q5508

O.48]=
0. 486~
G ha92e
0499
0.506=
0.513
0.520=
0.527»
0,534
Q. 541

0.438%
0.442 %
0,446 *
0.451 %
0,458 %
0.467 %
0,476 8
0.488 ¢
0,497 =
0,499

. 440"
Q.h4e
[P
D.463 ®
C.47I®
0.487 *
G.502*
0.521%
G.562"
G.561 %

D.440®
.46
Q.452%
0.460*
G.468
0,478 %
0,489 %
0,501 %
0,514 %
0.527 %

0.439 %
0,445 %
0.450 %
0.456
0.463%
0,471 %
Q479 %
0.488 %
0.4978%
0.50% %

0.439 %
Dudikd
0.448"
D.454 #
D.460 ¢
0.466®
0.472¢%
D.42%®
0.4860
D.492 %

AXISYAMETRICAL

Mach
umber
Entropy
Flux
2.8%
.77
2.638
2.48%
2.311
2115
1.898
1,663
1.422
L.207

2.881

2.7%
2.62%
2,489
2.350
2.20%
2.068
1.932
1.806
i.096

.89z
2.78%
2.671
2.558
2,446
2,336
2.22%
.18
2,036
1.956

2,904
2.307
2711
2.615
2,521
2.430
2343
2,262
2.188
122

.914
2.828
2.743
2,660
2.57%
2,50t
2.427
2,158
2.29¢
2,240

3.12%
1,950
2.780
2.621
2.475
2.351

1,845
1650
3.533
J.17a
3.22%
1.077
2.935
2.803
2.683
2.580

1.859
3.8
R H )
1440
3.305
3.176
3,053
2.940
.87
2,747

Velocity Sratic p

Ratia
Max/
Mean
Laolb2
1,357
1.588
1.8%
2.156
2,471
2766
2.998
3. 144
3264

1.098
1.19%
e 30
1.398
1.487
1,561
l.618
1.657
1.682
.70

1.068
1.135
1,198
1.258
1,305
1.345%
1.176
1.397
1.612
1.625

1,052
1,101
1.146
1.186
k.220
1.247
L.268
L.284
1.29%
1.30%

L.04l
t.080
L.115
1.143%
L.171
1191

1.204
1462
1. 784
2,179
2.639
3126
3.541
374l
3,654
3.492

L1
1.291
1,448
L6
1.738
1.841
1.898
1.906
1.876
1.84)

1103
1.207

1.396

1.390

1.065
1126
L.18t
1.228
1. 264
1.289
1,304
1,310
L.310
1.308

Ratio
Entropy/
wall
1.0488137
1. 101304
1.135613
1.208147
1.252540
1.27911%6
1.27%948
1.2343862
1.160474
1.087778

1.04)267
1.083748
Lo
1. 166769
1. 1640%0
L1691 ¥
L. 161609
1. 162677
1. 117535
1.093264

1.012789
1.061740
1.0835%6)
1. 103089
1.11347)
1116431
111321
1.10303%
1.090540
1.078180

1.025318
1,047007
1.064312
1.076737
1.084041
1.086355
1.084257
1.078793
1.071450
1.064050

1.020133
1.037009
1.050252
1.059653
1.065202
1.067145
1.065994
1.062510
1051710
1.052898

£.086739
1186586
1.298713
L.4182375
1.533109
1.617799
1.633068
1.540372
1.348608
L.164014

1.083060
1. 166795
L. 246047
1.313600
1.360683
1.178689
1.362402
1.314128
La2dbTél
1.183180

1.066126
1.128431
1.183159
L. 226144
1.253449
1.262347
1.132496
1.226936
t. 192457
1. 159004

1.033041
1.101011
1.141430
L. 71930
1.1%0657
L.196768
1.190899
1173481
L. 154643
L. 134038

1.043440
1.081654
L.113018
L. 136154
L.1%0179
1. 154964
1.151337
Loaal?y
1.127340
L 113438

Scatic p
Ratlo
Mixed/
Wall
8.8:52876%
7.488930*
6.269918"
5. 185979
“,2)8566%
J.u26431®
2.750767%
2.211490%
1.6u8711
V541785

9.18507: %
8.1313541 %
1.165737 %
6.265795*
5693190
4, 1884649
4.)70920%
3.640%90%
3.198%4L*
2.B47543%

9,19909.*
8.532024%
IR EIL IR
6.998L70%
6.330724®
5.730151%
5.196525%
4.729368%
4.3129%8L*
1.998425 %

$.539728%
8.80LZ1a"
8.116148%
7.486264
6.909854 %
6.188728 ¢
5.9215144
5.509172%
5.151575%
4,849848%

9.640%00%
8.995592¢
B.31961178
7.842152e
7.335250%
6.873602=
$.458792«
6.090619#
3.768745#
5. 4944540

15,622535 »
11.011280 =
10.670233 #
8.595615 %
6. 787580 »
5. 267146 0
3.97ib36 »
2,96988] =
2,239
177005

16.199551 »
14.086958 »
12.161221
10.423273 8
8.071246 0
7.505003 »
6.324Th4 w
5. 309906 =
4.522050 »
3.902734 @

16.5359696 =
ld. 768463 w
13126070 =
11.628917 @
10,280823 =
5.078279 =
B8.0242l6®
7117270 e
6.357802 »
5. 747968 »

16.811638 »
15. 246124 @
11.8055350 &
12,486345 »
11.291395 s
10,218273»
9.26%424 8
B.441042 8
7.741299 e
7.163350 s

16.9%8638 &
15. 604010 »
14.316257 &
12,134075 &
12.058653 »
11.088379 0
102247330
9.468176 e
B.818439 »
B8.275459 &

n

7

9
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Hass
Weightud

1. UvuuLe
t.ounell
L.uuuy
l.Uuluil
1.0ouui2
L.Unuw 38
1.00uus
L 0uuuéd
L.uuuusl
L Oui32

Lauuuuud
[ TV
L.ovLuld
L.ugoul?
L.uuuudy
1.000y22
L. byypad
L.oouL24
1. 0U0U24
1.0u0usl

1.00G003
1.0UUOUE
1.000009
L.0uugllL
1.000013
1.00yG14
L.0uguLs
1000013
1,000U15
1.0000Le

1.000L02
1.000004
1.000006
1.000007
1.00000%
L. Qudul0
1.000010
1.0vbull
1.00u011
1. 000Ul

1.000002
1.QuoDu3
1.500004
1.000005
1.0U0006
1.000007
1.000008
1. 0008
L. Q0008
L QU008

1. G0U098
1.00019Y
1.000301
1. 000401
L.00gad6
L. Q00380
L.QuD6 44
1000071
1.000617
1.000496

L.000072
1.00¢140
1.000203
100259
L.0u0dve
L.000344
1.00036%
1,000378
1.0u0368
1.000234

1.0UuDes
1.000097
1.000132
1.000167
L0196
1000219
1.000234
L.0U0Z4]1
1.000239
1.000226

1.000033
1.000064
1.000U91
LOHH LS
100l 35
1.000151
L.0uuisl
L.000i67
1.00is?
L.0udiéy

k. QUOD2S
1000042
1000067
1.000084
L.UKI8
1.0Wlly
10U 14
[N FH
1000123
L.OuoLI9

Afed
we lghted

UL 99830
U. 946859
0. 995422
9.994097
0992907
U.991381
0991059
. 990493
U, 993256
1, 9943

U, 99| e
4, 998246
0.997427
0996651
U, 995923
U.995247
0.994627
U, 9%aulo
. 9931581
0.99316%

0.9992%3
u.998611
0. 997948
0.997307
0.996649
u.996097
0.995531
U.994993
0. 9946486
0.994Ulu

0.999174
0.998761
0.998L6u
0.997574
. 9970ul
0.99644)
0. 995901
0.995374
0.994865
0.9%4473

0.99%414
0.998837
0.998268
0.997709
u.997159
0.996618
0.996088
U.995568
0.995060
0.994362

0.995265
0.990858
0.986774
0. 9483101
0.979927
0.977368
0.973570
0.974762
0.975216
0.977364

U.997995
¢.996125
V994404
0.99284b
U. 931443
0.99027%
0.939309
v, 938577
0.9881 10
0.987938

0.998720
0.997515
0.996389
0.995347
0.9%4395
0993537
0.992740
0.9921312
v, 991598
0.991 189

V. 999020
0. 998086
0.997201
0. 996368
0995588
0. 99465
0.994200
0.993597
0.9%05%
0. 992589

0.999172
0.99817%
¢, 997613
0. 996484
0.9%6192
0.995336
0.994919
U.994343
0. 993408
0.993310

Maus
Verived

u.993u28
U.996242
u.994715
11,993429
U.992432
0,899,732
u.991 386
U.991436
0991962
0.993062

0,999332
0.998718
U. 993183
0.997722
U, 997159
U.99706b6
Y.9%5846
U.996813
0.99¢821
0.990965

0. 999650
0.999134
0.999035
Q.9947%4
0.998611
0.998435
0.998316
0.598250
0.998236
0.998248

0.999783
0.99957)
0.9993%4
0.999245
0.999100
0,998983%
0.9988%
0.998839
0.998806
U.998799

0.999837
0.99970%
0.999575
0.999448
0.999350
0.999254
0.993186
0.999) 44
0.999104
0.999049

0,992334
3. 985506
0.979588
0.974605
0.970667
U, 967947
0.966524
0.966671
$.968641
£.972950

U 997375
0.994963
0,992908
0.991097
0.959666
0.983555
0,987841
0.987463
0.987569
0.983090

0.998622
0.997341
©.996252
0.9%529%
0.9%4479
0-393884
$.993411
0.993105
0.9%3047
0.9%3140

0.999146
0.993317
0.9%7611
0.9%6474
0,99 k54
U.995999
0,995858
0.995422
0.995294
0.995314

0999387
¢.993784
0.998274
0.997828
0.997388
0. 997060
0.9%791
U.996626
0. 996408
G.9%412Z

Mrm.
Mixed

0.999219
0.998395
4.997518
U.996627
©.995723
17.994854
4.994057
v.9933686
0.992886
U. 992686

U.999151
0.998709
998075
0.997452
0.996845
0,996257
0.993692
4.995157
Q.994836
0.994178

0.999399
Q. 99u428
0, 99826
0.9977u8
0.997138
0.996598
0.996072
©.995538
(. 995040
0.99455%

0,999k
0, 93889)
0.99847
0997806
0.997271
0.996742
0.996220
0.995706
0.995200
0.994703

0.99%441
0.998909
0.998381
0.997857
0.997336
0.996820
0.996308
0.9954801
0.995299
0994803

0.998185
0.996546
0.994510
0.992388
0.990249
0.988284
0.986363
0.583364
0.984953
0.983731

0.996918
u.997867
¢.996819
0.395819
0.994878
0.994012
0.993201
0.992567
0.932032
0.991687

0.9991)9
0.598320
0,997540
0.996785
0.996075
0.995387
0.994760
0.99416%
0.993643
0.993201

0.999249
0.998563
1.997905
D.597.241
0.996374
0.995978
0.995382
0.994860
0.994310
0.993838

0999319
0.958093
0.998087
U. 997446
0.996867
0.996291
0.9937W
0.995212
0.994677
0.994204

TWO-DIMENSIONAL

TABLE 4.1.V
Mrm. Enargy Mach
Flux Flux Tumber
Coeff Coeff Mass

Derived
1.03%  L.usu 0.190
1.071 L.1e% 0. 180
i1y 1.267 0.1Tu
1.149 1.334 Q. 16U
1.18% 1,492 U150
1,230 L6l 0,160
1,269 L.74t 0.129
1,304 L.873 U119
Law 977 . 109
1.4l .03 0,099
1.¢10 1.02¢ 0,195
1.0z 1.052 0,190
1.030 1.078 0. 185
1.040 L. 103 0. 187
1,048 L.126 0.175
1,05 .14 0.169
1062 i.187 0.164
1.068 1.18% 0.15%9
1,071 L0194 Q. 154
1.073 L. 198 0. 149
1.005 1.013 0197
1.0l .02 0.193
1,915 1.019 0,190
1.019  1.05%0 0.186
1.023  1.061 0.181
1.027 1.071 0179
Lo} 1.07% 0.17¢
1.032 1,086 0,172
1,034 1.0%0 0.169
1.03% 1.093 0. 165
1.003 1,009 0,197
1,006 1.017 0.195
1,009 1.02¢ 0.192
1.912  1.03 0,190
1.015 i.038 0.187
Lo 1.0h4 0,184
1.019  1.049 0.182
1.020  1.053 0.179
L.021 1.036 0.176
1.022 1.058 0174
1.002  1.006 0.198
1.003% 1,012 0.196
1.007 1.017 0.194
1.009 1.0 0.192
1.010 1.027 0.169
.01z 1.03l 0.187
1.014  1.035 0,185
1.015 1.038 0.183
1.016 1.040 0.181
1.006 L.Q42 0.179
1,035 1,081 0.389
1.472 1170 0.250
1.111 1,169 0,340
11sd Lan 0,320
1,191 1,496 0,299
1.232  1.622 0,279
1.272 L7354 0.259
1.307  1.881 0.238
1,334 1.986 ¢.218
b, G4 2,031 o197
1.¢11 L. 026 0.3590
1.021  1.053 0,380
1,001 1,079 0,369
1040 1.106 0.359
K049 1,128 0.349
1.057  1.15¢ ¢.338
1.064 L 170 0. 328
1069 l.18% 0.318
1.073 1.197 0.307
1.074  1.201 0.297
1.0a5  1.0Lé 0.393
1010 1.027 0.386
1,015  1.039 0.379
1.020  1.051 ¢.372
1026 1,062 9.365
1,027 1.072 4,358
i.030  1.080 0.351
1.93)  1.087 0,344
1.035  Ll.092 0.3¥7
1,035 1.09%4 0.330
1,003 L.¢0% 0,395
1,007 L0117 0.389
1.010  1.025 0. 384
L.012 Lon 9.379
oLy 1,088 0,374
1.007 1.044 0.368
1.019  1.0%0 0.363
1.021  1.05% 0.358
1,022  1.057 0.352
1,02}  1.038 0.347
1.002 1.006 0.196
LODS  1.012 0,391
1.007 l.018 0.387
1.00% 1,023 0. 343
1011 L.027 0.379
012 ).032 0.374
1.014  L.035 0.370
1,015 1038 0.366
1,016 1.041 ¢ 36l
1047 1.042 9.357

Mach
Sunber
Mtm,
Hixed
0.19u
0.179
0. 169
V. l59
Q.149
0.139
a1
0.119
0. 10g
U.09¢%

0195
0. 190
0.18%
0. 180
Q.175
0.170
0.164
0.159
0,15
0,149

d.197
0193
0.190
0.136
0.183
0.130
0.176
0.173
0110
0.166

a.197
0-195%
0.192
0.190
0.187
0.185
0.182
0.180
0,177
0,175

D. 138
0.196
0,194
0.192
0.130
0.188
0.186
0.184
0.182
0.180

Q.31
0.355
0,334
0.313
0.293
0.273
0.153
0,211
0.214
0,195

0,188
0,378
0,368
0.35¢
0,347
0,336
0,226
0.118
0.306
0.296

0,393
0.386
0,379
0,372
0.2345

0.351

0.358

Mach Velociry Stacic p

Nunber
Entropy
Flux
0.197
0.194
0,191
0,187
0.182
0,177
0.171
0,163
0.15)
Q. 14l

u. 197
0.195
0.192
0.188
0,185
0.181
.77
LA RS
0.168
0.163

0,198
0,196
.193
0.191
0.188
0.185
0.183
0.180
0.11%
0.172

0.198
0.196
0. 194
0.192
0,190
0.188
0.186
0.184
Q.181
0.179

C.198
0.197
0.195
0. 194
0.192
0.190
0.188
0.1868
Q. 184
0.162

0.395
0.389
0,382
.74
0.365
0.35%
0.341
0.325
0.305
0.280

0.395
Q.389
0. 383

0. 370
0.362

Ratlo
Max/f
Mean
1.053
[FREY)
ITREA
1.253
1.338
1.435
1. 547
1.6078
1.83)
2.020

1.026
1.054
1.083
IS EY
1.1486
L. 161
1.217
1.256
1.298
1,342

1.018
1.03%
1.054
1.074
1.09
l.13i%
1.137
1.160
1.183
1,208

1.013
1.027
1.Q41
1.055
1.070
1.085
1101
1,117
1,133
1.15%0

Lol
1.022
1.033
1.044
L.056
1.068
[.080
1.092
1.105
1.118

L.l4d
i.181
1.218
1.257
1.298
1343

1-018
1.036
1.054
1.014
1,09
1.115
1.3
1.160
1.183
1.208

1.013
1.027
L.04)
1.035
1.070
1.085
L.101
Ly
1.1}
1.15%0

1.011

Ratio
Entropy’
wall
L.0v002
1.000004
1.000006
1.000008
1.000009
L.00001L
L.000012
1.00001¢
1.000011
1000009

L.00ugul
1.00000)
1.000004
L. 00000%
5000006
1.000006
1.000007
L. 000007
L.000007
L.000006

1.000001
1.000002
1.000002
1.00000)
1.000004
1.000004
1000004
1. 000004
1.000004
L.000004

1.000001
1.000001
L.000002
1.000002
1.000002
1.000001
1.000003
1.000003
1.000003
1.000043

1.000000
1.000001
1.00G001
1.000002
1.000002
1.000002
1.000002
1, 000002
1.000002
1.000002

1.000029
1.000059
1.000088
1.000117
L.000143
1.000169
1.000136
1.000193
1,80018)
1.000142

1.000021
1.000041
1.000059
1.000075
1.000049
1000100
1000107
1.00010%
1.000106
1.0000%6

1.000414
1.000027
1.000038
1.000048
1.000057
1. 000063
1.000068
1.900070
1.000069
1.000065

1.300010
1,900019
1.000027
1.000033
1.400035
1.000044
1.000047
1.000048
1,000048
1.00004%

1.000007
1.000014
1.000019
1.000024
1.000028
1.000032
1.000034
1.000035
1.00003%
1.000034

Statie p
Ratio
Mxed/
vall

1,001 204

1,0002%9

1.002916

1.00330

L.u03as

1.003236

1.ga27e?

Loul9es

1.000951

0. 999606

1. 000030
0.999992
0.999885
0.999708
0.999461
0.99%1 43
0. 998755
0,998295
0,997723
0.997120

0.99972)
0,999467
0.999178
0.998857
0.998457
0. 998072
0.997655
G.997160
0.996618
0.996163

0.999652
0.939286
0.998902
0,998500
0, 995080
0,99764)
0,997184
0.996709
0.996215
0.5995701

0.99955%
0,9991 58
0.998745
0.998320
0.997883
0.997434
0,996972
0. 996499
0.996011
0.59551%

1,307519
1,013527
1.018014
l.ozl1xe
1.022093
1,023493
1.022785
1.020962
1.016005
L.a13898

1,001972
1.003616
1,004845
1,005743
1.006307
1.006536
L.006349
L.005%81
1.005196
1.004145

1.000648
1001186
1.001612
1.001839
1.001952
1.001885
1.001663
L.001281
1000742
1.000104

1.000142
1.00¢310
1.000412
1.000362
1.000160
0.999978
0.999645
0.999329
0.%38779
0.998244

0.9999146
0.999880
0.999300
0.1395%
0.999337
0.999041
0.998702
0.998119
0.997807
0.997335

%



M, = .8

Hass
Weighted

1000457
1.000929
1,00}40%
L.o01888
1.002349
L.0U2T66
L.00W9N
1.003248
1.003104
1.002418

1.000340
1.Q006b4
1. 000965
1.001236
1L0gLeR)
1.001657
1.00178)
11,0018
V.001788
1.00162)

1.000229
1.000441
1,000634
1. 000804
1.000947
1.001061
1.001439
1.00L17%
1.000185
1.001099

1.000161
1.004309
1.000442
1,000538
1.000656
1.000733
1.000788
1.0008L6
£.0008L 5
L.ouored

1.000119
1.000224
1.000315
1.00040%
1.000680
L.000536
1.000576
1.0005%%8
1.000601
1.000583

1.001288
L.DU2621
1.004015
1.003417
1.006792
1.008064
1.00909%
1.009661
1.00%320
1.007264

1, 000981
1.001922
1,001808
1.003617
1.004324
1.004898
1.005298
1.003472
1.003353
1.004855

1., 000669
1.001294
L.00.8&7
1,002370
1.002814
1.003162
1.001405
1.001524
1.003497
1.003297

1.000476
1.200916
1.001315
1.001666
1.001964
1.002201
1.002268
1. 0024658
1.002459
1.002359

1.000355
L. 0006H)
1, 000973
1.001229
1.001446
1.0Ql618
1.001752
1.00i811
1.001821
1.001765

Ares
We ighced

0.9%077¢
0.98210%
U.9T4107
0.966%1)
0.980710
0.955743
0.95234)
0.930970
0.952288
0.957179

0.994378
0,9493025
Q.989967
0.987235
0.984864
0.982892
0.981366
0.98U339
0.979871
0.98003%6

0.997879
0.995908
9.994096
V992455
0.990987
0.989734
Q. 940661
0.987854
0.987271
0.986951

0.998500
0.9970%4
0.995788
0,994 586
0,993495
0.992520
0.991667
0. 990944
U.990356
0.989%17

0.998815
0.9976%6
0.996645
0.995664
0,994758
0.991928
0.99011%
0.99151%
0.991938
0.9914353

0.985621
0.97204b
0.95%4453
0.948039
0.938)22
0.%30091
0.924497
0.92212%
0.924154
0.932373

0,994528
0.989459
0.984425
0.980707
0.91713%
0.974450
0.971948
0.970505
0.969%74
0.970489

G.99691 5
$.994057
0,991 4ié
0,989054
0.98702%
0.985272
0.983848
0.982788
0.982122
0.981887

0.997902
#.993950
$.994151
0.992516
+.991054
0989775
0.988691
0.987816
0.987161
0.986743

0. 998408
0,996912
0.99552%
0.994248
0.%91088
0.992045
V.991 140
0,950365
0.989732
0.989249

Masa
Derived

0. 983755
0. 969201
0.956553
0945884
0937462
0.9316a7
0928212
0.928261
0.932353
0.941501

0.994260
0.96913%
. 984596
6.980767
0.977623
0.973208
4.973560
Q.972711
0.972921
0.974076

0.996977
0.994278
0.991812
0.989718
9.987985
0.986603
¢.98356)
0.98498)
0984785
0.985018

0.998048
£.996103
0.994751
0.993386
0.992205
0.991275
0.990520
0.990004
0.989788
0.989711

0.998663
0.997366
$.996246
G.993221
0.996388
¢.983610
#.993016
.992583
0.992308
0.992185

0.973248
0,949264
C¢.928225
C.910492
0.H96257
0.883953
0.880200
¢.379828
0.886221
¢.901375

0.930260
0.983703
Qq.974071
0.967521
0.962107
0.957958
0.955114
0.951487
0.953923
0.9530%¢

0.9968%¢
3.990251
4.986036
$,982515
0.979491
0.977128
0.%75322
0.974351
0.972588
0.%76332

0.996658
0.993721
0,991042
0.988625
0.586647
0.9585008
0.583790
0.982898
0.982494
D.982484

0.997661
0.995487
0.593457
9.991255
0.990282
0.989036
0.988011
0.537293
0.986880
0.936673

Mem.
Mixed

0.996%46
0.993229
0.989092
0.384798
0.980%69
0.976697
0.573514
0.971542
0.971371
0,973941

0.998181
0.596155
0.994338
0.992938
0.991376
0.990004%
0.938880
0.987992
0.,937481
0.98733%

0.998702
0.997498
0.99610)
0.995194
0.994185
0,993259
0.9926%7
0.991744
0991172
0.990794

0.998%81
0.998023
0.997104
0.996228
0.995403
0.9946386
0.99333F
0.993216
0.992784
0.992321

0.9991 34
0.998310
0.997503
0996749
0.996034
0.99515)
0.994119
0.99415%8
0.993606
0.993140

0.994356
0.987751
0.5980308
0.972704
0.965478
0959047
0.954014
0.951188
0951648
0,957181

0.997050
0.994081
0.591186
4.988471
0.986028
0.583914
0.982243
0.981EH11
0.980591
0.980906

0.998045
0.996188
0.994400
0.992748
0-991261
0.989959
0938877
0.988034
0.9874159
0.987220

0.998556
0.99717;
0.995860
0.9%650
0,99355%
0.992547
0.991675
0. 990971
0.990392
0.990004

0.998826
0.997714
0.99656%4
0.995681
0.994769
.9%)914
0.993185
0.992513
0.991976
0.991529

1.003

1.007
1.00%
1.011
1.013
1.0l4
1,016
1.017
1.017

1,037
1.075
1.116
1.138
1.201
1244
1.285
1.323
1,350
1.259

1.012
1.021
1.034
1.044
1.05&
1.062
1.069
1.07%
1.079
1.080

1.006
1.012
L.017
1.022

1.030

TABLE 4.1.VI
Energy Mach Mach
Flux Sumbetr HNunber
Coef F Maus LT N
Derived Mixed
1.082 0,571 0,559
(172 0,51 0,322
1.272 0.511  0.887
1.382 0.481 0,455
1.503 0,450 0.425
1.632 0.41% 0.395
1. Teb 0388 0.387
1,896 0.357  0.31
2.003 0.326 0,311
.04 0.294 0,288
1.027 0.585 0.581
1.054 0.369  0.56)
1.081 0.554 0,545
1.107 0,338 0.528
1131 0.52} 0.512
1154 0,507 0.496
1.174 0,491 0.4B1
1.1%0 0.475  0.465
1,201 0,453 0,450
1.206 0,443 0,436
1,014 0,590  0.588
1.0z 0.379 0.576
1.041 0.568 D.564
1,053 0.5%8  0.553
1.064 0.547 0,542
1.074 0.53} 0.5
1,081 0,326 0,520
1.09Q 0.515 0.510
1,094 0,304 0,500
1,097 0.494  0.4%0
1.009 0.592  0.5%1
1,018 0.584  0.582
1,016 0,576 0,574
1.033 0.568  0.565
1.040 0.340 0,557
1,046 0,552 0.349
1.051 0,543 0,341
1,055 0,335  0.53)
1,058 0.527  0.52%
1.080 0.519 0.517
1.006 0.%94 0,593
1.012 0.587  0.586
1.018 0,380 0,579
1.023 0.574  0.572
1.028 0.567 D.566
1.031 0.561 0.559
1.036 0.5%  0.5%3
1,03 0.547  Q.546
1.042 0.541 0,550
1.043 0.534 0.533
1,083 Q0.751 0.722
1.175 0,722 0,664
1.278 0.682 0.616
1.391 0,642  0.574
1.515 0.60F 0,535
1,647 0.560 0.4%8
1,785 0.318  0.464
1.919 0,476 0,430
1.028 0,432  0.39%
2,069 0.390 0,363
1,028 QI 0.765
1.056 0.759 0,735
1.084 0.738  0.709
11110 0.7} D.584
1,137 0.696 0.6&2
1. 160 0,674 0,641
1.181 0.6%3  0.620
1.198 0,631 0.601
1,309 0.609  §,582
1.213 D.587  0.564
1.01% ¢.786 0.779
1.029 0,312 0.759
1,043 9.757 0,741
1.056 0.74} 0,724
1.067 0.728  0.70%
1.078 0.714  0.6%
1.087 0.69% 0,679
1.094 0.684  D.665
1.099 0.663  0.552
1.101 0.655% 0.639
1.009 a.7a%  0.785
1.018 0,778 0.770
1,037 0.767 Q.75
1,635 0.756  0.7ik
1,042 0,745  0.732
1,048 0,734 0,721
1.054 0,723 0.70%
1.058 0.711 0,699
1,061 0.7200 0.688
1.063 0,689 0.678
1.007 0,791 0,788
l.o013 Q.78 0,717
1.019 0.773  0.766
1.025 0.764  0.736
1.030 0,755 0,746
1,034 0.74%  0.73
1.038 0.737 0,738
1.041 0,778 0,71%
1,044 0.71%  0.710
1.045 0.709  0.702

THO-DIMENSICNAL

Mack Velocity Static p

Numbe ¢
Entropy

Flux

0.592
0.583
0,572
0,560
0.546
a.%530
0,510
0,486
0.456
0.417

0.592
0.583
0.574
0,564
0,556
0.542
0,530
0.316
0.501
0.485%

0.593
0.586
0.529
0.51
0.563
0.555
0,546
0.536
0.526
0.515

0.5%
0.589
0,583
0.576
0.570
0,563

0,557

0.34%

0.78%
0.776
G.T62
0, 746
6. 127
¢.70%
0.678
0645
G.605
0.551

0.78%
¢.127
0.765
G.7S1
0.737
c. 121
0.T04

0.642

Ratio
Maxf
Mean
1.053
L.113
L.179
1.254
L
L.436
L.348
L.679
1.835
2.022

1.026
1.054
1.083
1.114
1.147
1.181
1.218
1.257
1.2%99%
1343

1.018
1.038
L.055
1.074
1.094
1.115
1.137
1.160
L84
1,208

1.013
1.027
1,041
1.055
1.070
1.085
1.101
117
1.113
1.150

1.011
1.022
1.033
1.044
1.056
1.088
1.080
1.093
i.108
1.118

1.026

1.013

1.041
1.056
1.070
1.086
1.101
117
1.136
1.151

1.011
1.022
1.033
L.045
1.056
1.068
1.080
1.093
1.106
L1y

Ratio
Entropy/
Hsll
1.000140
1,000284
1.000428
1.00056%
1.000703
1.000821
1.000908
1.0009%44
1.000892
1.000691

1.000103
1.000200
1.000289
1.000368
1.0004 38
1.000483
1.000523
1.000535
1.000319
1.000470

1.600069
1.000132
1.000i88
1,800238
1.800280
1.000312
1.000333
1.800343
1.000339
1,000319

1.000048
1.000092
1L,e00i3
1.000165
1.000193
1.00021%
1.000230
1,000238
1.00023?
1,000228

1.500035
1.900067
1.000095
1.000120
1.000L41
1.000157
1.000168
1,000174
1,O00LTS
1.00016%

1,000417
1,000843
1.001274
1,.Q01699
1.002103
1.002460
1.¢027 30
1.002844
1.002691
1.00201)

1.000309
1.00060L
1,000871
1.00Lk1%
1,001116
1.001477
1.001582
1.001619
1.001571
1.001418

1.000208
1,000199
1.000572
1.000723
1,000850
1.000948
1.00101%
1.001044
1.001431
1,000969

1.000146
1.000280
1.000399
1.000503
1,0003%0
1.000857
1.000704
1.000717
1.000725
1,0006%4

1.000108
1.000206
1.0002%3
1.00036%
1.000432
1.000481
1.000516
1.00033&
1.000336
1.000519

Statie p
Ratic
Mived/
Wall

1022346

1.03869)

1.05020%

105770

1.061727

1.062578

1.060504

1,055054

1.048629

1.038927

1.00679%
1.012146
1.016332
1019418
1.021379
L.022419
l.0Z2654
1.021921
1.020495
1.018198

1.003013
1.005618
L.007529
1.0089%1
101803l
1,010577
1.010671
1.010156
£.009582
1.008511

1.001616
1.002998
1,004066
1,00483)
£,005315
1.005518
1.005488
1,005218
1.004237
1,003966

1,000926
1.001698
[.002231
i.00264L
1002935
1.002909
1.002786
1.002575
1.002077
1.001515

1.060595
1.095557
L. L164%6
L2779
1.132017
1.130244
L. 123346
leb11934
1.096237
1.076726

1.020908
£.03517)
1,045267
L.051764
1.055529
1.056521
1,056347
1.054025
1,030000
1.D44732

1.010360
1l.018224
1.023428
1.01776)
1.030289
1.031565
1.031761
1.030943
1.009149
1.016707

1.006220
1.010391
1.014569
1.017192
1.018991
1.019868
1.020079
1.019769
1.0HETY
1.017256

1.004056
1.007298
1.009733
1.011658
1.012905
1.013504
1.013814
1.013508
1.012944
1.011910

1/5
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M, = 1.0

M, = 2.0

Mass
We igheed

1,002735
1005642
1. uBba2
1011753
L.01487¢
L.G1784l
1.020368
1.021%02
1.02138)
1.01668%

1.002141
1.00421%
1. Gue200
1.008036
1.4u9e71
l.0il026
1.0120601
1.012464
1.01821
Lol

L.0ulads
1.002887
1.004185
1. 045355
1.0u6367
1.007186
1, QU210
1. 00069
b.uu802)
1.0U7558

L.0elo71
1. Qv2u69
1.0U2980
1.003790
1.004483
1.003041
1.0u5441
1. 003660
1.005669
1005433

1,0008U6
1.0UL 549
1.002223
1.002818
1043324
1.003731
L. 004024
1.006192
1.004218
1.004085

1.017656
1.437587
1.060167
1.085770
1.114682
1. 146837
l.181079
1.213058
1228659
1180060

1.0162%9
1.033211
1.050706
1.068477
1, 086uéu
1.102672
1. 117008
1. 126892
1. 120637
1115913

L.012524
1.025101
1.037557
L.049p44
1.061001
L7l
1.079391
1.084700
1, 083633
L.o80187

1009754
1.0193)2
1.0dd5%e
1.0373%1
1,045)08
1L.052127
1.057418
1001300
L.db2uby
1,059 53

w2780
1.41530e
1.eliaeg
Lyl
1.035128
[RTTRY')
1.084230
ba0ab7g
ba0e7 395
J.us9e5)

Area
Welghted

0.98U522
0.9620125
0.944729
G-928%24
Q.915020
0.903531
0.895310
0.891446
0.893732
¢, 905028

U.aNTL7
0.985942
Q.979733
0,97417¢
0.96934a
0.965340
U.962286
0.960328
$.959833
0.96U427

0.995975
0.992244
0.968830
©.985161
0.983070
0.980790
U, 978961
0.377628
0976841
0.976856

0.997122
0. 994834
0.992547
0.99047Th
0.989635
0.98704)
0.98571)
0. 984664
0.982922
0.983508

0.993003
0.9961
0.9944130
0.9928538
0.99144]
$.990189
0.989110
0.948215
3.987516
U.987023

0.966208
0.933aZe
U.901930
0.872101
Y, 046689
0. 81990
$a799624
¢. 7856481
o.7d1618
0. 794006

0. 984895
U, 978467
0.968602
0.959994
0.952185
Q. 945425
0.939907
0.935733
U.9329%
V931716

0994608
V. 989615
U, 985044
0.98092)
G.977267
0. 9Ta097
Q971617
0.969216
V. 9674655
V. 966U5)

V. 996815
0.99387%
V. 9% 188
0. 98873
0. 9¢0580
0. 984655
0. 982984
U, 9B 498
u. 980202
0.9790217

(LR L TE 0]
4.993478
B.994udp
09920
V. 9%UET?
VL 9uISUe
0. P48lna
u.987132
U ¥doldy
H.955071

Mass
Derived

0.961624
1.927292
0.897061
U.B71403
0.850636
0.435311
0.526341
0,825104
0.833685
0.855472

0.985873
0973146
0.961751
D.952v61
0.944022
0.937780
0.913473
0.931322
0.931619
G.934547

G.992412
Q.985426
0.979222
0.973886
0.969400
0.965747
0.963110
0-961566
5960993
Q.961751

0.9953119
0.990350¢%
0.986467
0.982982
0.979937
0.977538
0.975667
0.974317
0.973681
0.973751

0.995440
0.993216
0.990292
0.987665
0.983439
0983503
0.982063
0.961009
0.980)34
0.980033

0.905738
0.821867
0.748144
0.68455%
0.631521
0.589914
0.561376
0. 549486
0.56151%
U.b14363

0.959183
0.821563
U.888797
0.859805
0.835265
0.815849
0.802037
0.79476%
0.795493
0.306058

0.875955
0.9538644
0.936119
@.9168%0
0.902279
D.89USHA
0.581914
0.876924
V875567
9.879391

0.9838669
0.9686153
0.955318
U.543485
U.%334k0
U.G25247
v, $19027
U.915002
0.913703
Ja915026

. 987999
0. 9T08ud
966508
958167
U, 950395
[V BEEY. 1))
D.939710
U.9hoada
[UR 22711
Vv-9}5060

Mtm.
Mlred

0.989729
0.977162
0.965555
0.953711
0.942834
0. 931566
q.926657
0,923319
U.925261
0.935198

0.995125
0.99021%
0.,983558
0.981 337
¢.977638
0.974568
0.972217
0.970942
0.97046%
0,971740

0.996997
0,99406%
0.991 34¢
0.988892
0.986728
0. 984894
0983485
0.98245%
0.981946
q.981917

0.937871
0, 995830
0.993927
G, 992203
0.990660
0. 989347
U.988253
0. 987415
0. 986843
0,986577

0.%98358
0.996787
0.993319
0.991%a2
0.992762
0.991 689
0.990780
0.990037
0,98%470
0.989042

0.701107 %
0.686698«
0.672067 »
0.63973% =
0.650626 =
0645995 =
0.648020 #
0.660408 #
0. 690216 =
0.752268

0. 7203552
0.721485 =
0.723879 =
0.728055*
0,734368 =
0.743298 =
0.755540 *
0.771620 %
. 792980 *
0.821027 »

0. T24660 *
0.729402
0,735248
0.742299
0.750738
0.76G91y =
0772970 ¢
0.787255 =
0.804209
0.82426] &

0. 725885 *
0.731653 #
Q.738221 %
Q.7a5095 »
. 750169
¢, ThiTEs
0774682 =
0, 787028 =
0.B01003 #
0.6Lo0TY =

0.726208 &
UaT32099 ¢
0.738658 #
Ua7458719 #
V.7534348 @
. Tel64b ®
0712377 -
u. 743119 »
V. 79500) =
U.8081 24 #

TABLE 4.1.VII
Mtm. Energy Mach
Flux Flux Nunber
Conff Conff Mame

Derived
1.038 1,085 0,93
1,078 1.180 0, 904
1.120  1.288 0.853
L. 164 1.403 0.804
1.209 1.532 0.753
1.254 1.670 0.701
1.297  L.Bis 0.648
1.3% 1,853 0.5%
1. 364 2.064 0.539
L 2.1 0,483
1.013 1.030 0.974
1,025 1,060 0,948
1.0 1,089 0.921
1.048 1.118 0.895
L.033 1.145 0.868
L.067 L.170 o.84lL
1.G75 1,152 0.813
1.081  1.20% 0,785
1,084 1221 0.7%7
1.085 1.226 0.728
1.007 1,018 0.982
1,013 1.031 0,364
1.019 1,046 0.945
1.024 1.080 $.927
1,029 1.072 0.908
1.033 1.083 0.889
1,037 1,093 0,870
1,040 1. 100 0.851
1,041 1.10% 0,832
1.042 1.107 0.811
1.004 1,010 0,986
1.008 1.020 0.972
L.ai2 1.029 0.953
1.013 1.038 0.943
1,018 1.045 0.929
L.021 1.052 ¢.915
1.023 1.058 ©.900
§.025 1.062 0.885
1,026 1.086 0.87
1.027 1,067 £.856
1.00) 1,007 0.98%
1.006 1.014 0.977
1.00% 1.021 0.965
L.oll 1.027 0,954
£.013  1.01 0.942
L.015 1.03? 9.330
b017 1.04L 0.918
i.gl8 1.085% 9.906
1.01%9 1.067 0.895
1,020 1.049 C.882
L.050 1.109 1.910
L1905 1,234 1.817
l.163  1.378 1.720
o226 1,583 1.619
L.292 1.730 1.514
1.359 1.936 1.40]
1,426 2,153 1.288
679 2,357 1168
1510 2.494 1,037
L.486  2.442 0.902
1.022 1.048 1.944
1,044 £.0938 1.887
1.066 1,148 1.828
L.086 1.197 1.768
L.10% 1.244 1.706
L.122  1.287 1.64
113y 1,323 1.578
L.lés  1.349 1.511
L 147  1.35% 1,443
1. 141 1. 348 1.372
1.042 1.02% 1.950
1.026  1.058 1.916
1.03% 1,085 1.872
L. 04% k.11 1.828
1,059 1,134 L.783
1.068 1,155 1.738
1.075 L1711 1.691
1.07% 1.182 l.643
1.080 1l.187 1,595
1079 1,184 1.54%
1.00%  1.02¢ 1.966
l.01a 1.0 1.932
1,026 1.057 1.897
1,033 1,074 1.862
L. 40 L.08% 1-827
1.045 Lot 1.790
1L.050 L.111 L.754
1,052 K118 L 716
1,054 1122 1.678
1.05} l.121 1.640
1.007 1.015 1.%72
1,013 1.03% 1,943
1.01% 1.042 1.914
1.02% 1.034 1.884
1.029 1.084 1.855
1.033  |.0713 1.825
1.036 l.081 L.7%
1.439 1. 086 1,763
1.9040 1.08% 1,732
1,040 1.088 1.700

Mach
Nupber

Mtm.
iined
0.818
0. 749
0.6%6
Q.65
0.6L1
0.373
0,537
0.501
0.463
0.429

0.894
0.852
.82l
0,794
Q.770
0. 748
0.727
0.707
0.5688
0.670

0,924

0.577 =
0.576 =
0,575+
0.575»
G574
0.572 =
0,57 »
0.569»
0. 567 »
C. 564

Q. 582 %
0. 587«
0.592 =
0.599 =
0,606 »
Q.6luw
0,624
0.636e
0.650¢
0.667 %

J. 502w
q.587 8
d.5928
G598
0.605#
0.6128
0.621s
0.630%
0.6ile
0. 654w

0.582¢
0, 586%
G591
$. 596
0.602%
0.6084
o.b148
06228
0.630e
D.639s

Q.581 e
0.585e
0. 38ys
059w

TWO-DIMENSTONAL

Mech Velocity Static p

Nunber
Entropy
Flux
0.986
0.970
0,952
0.931
4.907
G.878
0.B44
0.803
0.75%0
0. 681

0.986
0,971
0.955
0.937
0.918
0.898
0.876
0.852
0.825
0.796

0.963
0.976
0.963
0.949
0.935
0.919
0.903
0.886
0.863
0.849

0.9%0
0. 980
0.969
0.958
0.%46
0.934
0.921
0.908
0,894
0.880

0.991
0,982
0.973
0,964
0.954
0.%44
0.934
0.923
0.912
a,.900

1.988
1.932
1.892
L.Ba4d
1.789

1.645

1.83¢

1.756
LT
1.665
1.615

1,974
1.948

1685

1.977
1954
1.930
1.90%
1.879
1.853
1.82%
1.79
1.768
1.7%5

Ratio
Max/
Hean
1.054
1.114
1,182
1.258
1.3
1,443
1.556
1.689
1.B45
2,030

1.027
1,053
1,085

1.222
1,260
1.303
1.347

.08
1,037
1.058
1.076
1,09
1.118
1,140
1.162
1.186
1.210

1.014
1.027
1.042
L.056
1.071
1.087
i.102
1119
L1335
1.152

.01l
1.022

1.063
1.133
1.212
1.302
1.402
1519
1,650
1.798
1.959
2.1

1.034
1.069
1.106
1.145
1.184
1.228
L.267
L300
1,351
1.391

1.023
1.046
1.070
1.0%
1119
1,144
1.168
1.192
1.2k
1.209

L.oL7
1.033%
1.052
1.0
1.087
1105
.12
LY
1,15
1172

1.13%

Ratio
Entropy/
Wall
1.000%42
1.001910
1.002893
1.003864
1.004800
1.005632
1.006269
1.006550
1.006205
1.004752

1.000710
1.001381
1.002004
1.042562
1.003040
1.003418
1.00366
1.003750
1.008627
1.00B273

1.000481
1.000925%
1.0¢1328
1.001681
1.001978
1,002209
1.002364
1.062432
1.002400
1.002231

1.000341
1. 000633
1.000912
1.00176
1.001380
1.00153%
L. 001649
1.001703
1.001696
1001621

1.000253
1.000683
1.000689
1.00086}
t.001016
1.001132
1.001214
1.001258
1.001260
1,001217

1.008913
1.018372
1,0283i8
1.038610
1.04895¢
1.058773
1. 066954
1.071563
1.068533
1.05010%

L.007364
1014337
1.G21384
1.027732
1,Q33350
1.037936
1.04109}
1.042296
1.D40854
1.035851

1.005305
1.010321
1.014865
1.019128
1022720
§.025568
1.027509
1.028338
1.027803
1.023615

1.003938
1. 007406
1.010953
L1919
1.016435
1.018423
1.019792
1. 020439
1.020266
1.019076

1.003028
1.00582)
1.008352
1.01057¢
1.012453
1.013934
1.014966
1.015489
1.015437
1.014736

Static p
Ratio
Mixed/
Wall

1.1888L5

1.234834

1.254855

1.260018

1.254994

1.242058

1.222239

Lo 1966024

1. 165663

1.129563

1.103640
1.128874
1.14034%
1.144515
1.143725
1.11103
1.131538
1.121639
1. 1094350
1.09%318

L.0723153
1.089656
L.097758
1.10091 1
1. 100647
1.097947
1.093441
1.087291
l.079872
1.071308

1.055948
1.0694 38
1,075684
1.078236
1078165
1.076447
1.073202
1.063800
1.063386
1.057147

1.046074
1.057184
1.062400
1.064658
1.064660
1.063253
1.060802
1.057429
1.033256
1.048408

4.217080%
1.934246%
3.651828 *
3.368920 @
3.086515
2.803736%
2.521032%
2,238125
1. 955366
1.672560

4.204519 %
4.068770%
3.852272¢
3.4835478%
3.418096%
3.200010%
2.980620%
2.759688%
1.337054%
2.311456%

4.328629%
4£,156982%
3.983297
3.812521%
3.639427%
3. 4b5564w
3.290925%
3.114998%
1.938061%
2. 758940%

4,157598%
6.215424%
&.072104%
3.929611%
1783895
3.641769%
3.497059¢
3, 351630%
3.205131%
3,057889%

4,378338%
§.256143%
ST
4, 011984%
1, 008890+
3.765724%
3.642194%
3. 5180560
3.39349)e
2679830

l/g



M, = 3.0

M, =40

Mas .
Weighted

1.033314
1,072909
1.120620
1. 124987
1.251536
1.343033
1.459078
1601608
1, 740708
1.610868

1.035650
1.075324
1. 119455
1. 168353
1.221%83
1.279486
1.337962
1.390092
1.417643%
14375362

1.03u2?8
1.062662
1.09706%
1.133209
1.170427
1.207421
1,241740
1.268860
1280427
£, 260810

1.025350
1,051741
1.078945
14106561
1.133921
1.159938
1.184867
1.199912
1208571
1.193523

1.021407
£.063258
1-065300
1.087148
L.108210
L.127700
1. 146313
L.156235
1. 160745
1.153788

1042245
k094062
1.158976
1.242386
1.15291)
1.504899
1.723027
2.048U04
1.506873
2.350515

1.050816
1.110L46
1. 179981
1.262785
1.3614631
1.478704
1.6153365
1.76335)
1.881404
1.798405

i.040637
1.099137
1. 156292
1.224814
1.29905%
1380364
1.465527
1.545419
1.393522
1532548

1,041 84
1.080710
1. 136201
1. 189818
1.241073
1. Jue 540
[PRLELEN)
1415203
1.442756
1.alp932

1.4 Yooud
1.u75807
L.11709¥
1. 1e174)
i 207380
[ PRET LN
L+295339
be33075]
1. 34834)
135129y

Area
Weigheed

0. 964572
0.930476
0.89809¢
0.8674972
U.B40877
0.817928
0.800710
U.T91237
0. 790080
0.76087%

U.991 634
0.9484 584
0.979020
Q.975107
0.972974%
¢.9726206
U.971765
@.975360
974627
0.966421

0.9981%7
0.997248
0.997i78
0.997971
0.999545
1.001687
1,00395%
1.005515
L.004757
0.998692

L.0u0428
1.001383
1.002836
1.0G4719
1.006906
1.0u9180
§.011181
1,012325
1.011681
1.007649

1.001257
1.002833
1. 004 681
1.006722
£.008435
L 0i0434
1.012445
1.0k3258
1.012666
1.00976%

0.9635%0
0.929069
0.897078
0.8685376
U.845048
0.828877
0.823994
0.836632
0.871586
0.848838

0.993922
0, 930354
0.989821
0-992960
L.oU0492
1.013104
1.031012
1.052532
1.009270
1,048322

1001930
§.005435
L.011936
1.020451
£.031492
L.0&4908
L.039918
1.074252
L.0B2iI5Y
L.u69200

1.0ue? 16
1.013859
1.018498
1.027629
1.038152
1.04965:
1.061256
FSHEI NN ]
1.075500
1.06b790

1.,005080
1012027
1.020074
1.028082
1017990
L2575
[FY LT T
Lo 3.
1.0bsSy?
[RUEARAE]

Hass
Derived

0. 863494
0.743979
0.54056%
0.552388
0.478871
0.620071
0.377148
0.353655
0.360101
0.632756

0.930505
0. 867634
U.81l627
0.762616
0.720962
O.687527
0.663235
0.65¢312
0.652128
Q0.674862

0.955090
0-904193
0877742
0.845659
0.518319
0.196329
0.730331
0-771422
0.770981
0.78L436

0.967T66
0.938480
0.912104
0.888806
0.869182
G.853215
0841361
0.834439
0.831160
0-8184681

0. 975351
0.952850
0.932627
0.9148%9
0.899612
0.887256
0.878069
0.872256
0.870831
G.873463

0.832484
0.688466
0.565954
0.463461
0.379250
0.312348
0.262568
0.232213
0.231478
0.312375

0,901237
0.816517
o.739817
0673223
0.616746
0.571030
0.5317531
0.519044
0.521704
0.554988

0.932815
0.871838
0.817563
0.769%42
0. 729486
0.695742
G.873044
0.660062
0.861092
0.661308

0.5439314
0.%03127
U.BelL?7e
0.825501
0. 794641
0.76%673
0. 751600
0,741 %44
0.741205
0.753338

0. %5971
U 23081
0.8%u172
V861022
Ui Bleell
(AR )
0. 80504
v 193804
[TPe4 71141}
dadd 960

Mm.
Mixed

Q32120
0, 315246 %
0.310656 =
0,308041 %
0.308354
0,213132*
0.32590 %
0.350T62 %
0,403594 *
0,3525389

0.332107 *
0.337340 %
Q. 344410
U. 353848 *
0. 366386 *
0.383080 *
0,405520
0.436149 %
0.478929 *
0. 540688 *

0.334739 ¢
0, 342440
0.351734 %
0.362944
0.376568 *
0.393204 *
0.413707 *
0.439253 *
0,471515 "
0.512904 #

0.335459 ¢
0.342696 *
0.353205 *
0.364275 %
0.377180 %
0,392318 *
0.410203 *
0.431460 ¢
0,456992 *
0.487935 *

0.335544 #
0.343682 *
0.352892 =
0.363325 *
0.375222 #
0. 384823 =
D.uDs455 »
9.,4225330 #
0.443539 «
0.468136 &

0.135607 %
0.133011%
Q. 138177+
0.130464 *
0.13l46Se
0.135296w
Go1ab214w
0. 1613964
0.209337 =
9.350190

U 141017 =
Q. 144k226%
Q. 14883 >
Q1548754
0. le3e71 8
0.175574=
0.193046 ®
0.219226%
0.260636"
0.33i476%

U. 152579 %
O, 147349 *
0.1533258%
U. 1608750
0.170518 »
0. 183005 @
0.199492 ¢
0.221808
0.252963%
0.298267 ¢

U.143128 =
Q. 148362 %
0, 154664 *
0.162313*
V. 174678 ®
U. 183293 *
0.197895 ¢
0.216575%
0. 240966 #
Gu 272647 =

0. 143294 #
Ua lul 596 #
J. 154828 »
0.162205 %
Q. lr0p2 =
u. 181584 =
0. 194466 &
9.210)49 =
0.230226 =
0,255%43 »

TABLE 4,1.VIII
Meo. Energy Mach
Flux Flux Number
Coeff Coef? Mags

Derived
1.070 1,149 1.866
1149 1330 2716
1,237 L.5% 2.579
1,33  1.818 1425
1.488 2,141 z.28l
1561 2,523 2.087
1,678 2.9%0 1.900
1,779 3,357 1.698
1,819 3.566 1.478
1.702  3.167 1.23%
1.040 1.084 2,907
1.081 1175 2.B11
1,123 L1.270 2.711
1.163  1.369  2.60%
1.208  1.467 2,507
1.237  1.5%% 2.392
1.265  1.636 2,277
1.282  1.686 2,157
1.282  1.490  2.031
1.2%6  1.626 1,899
1,027 1.057  2.926
05 L.llé 2,851
1.080 1172 2.773
L0612 2,694
1,127 1.280  2.612
Liés 1,326 2,528
1160 1,362 2,462
1.168 1,383 2,353
1.168  1.385 2,260
1157 1.360 2,165
1,020 1.082 2,938
1,039 1,083 2.875
1.038  1.422 2.8l
1.075 1160 I.745
1,090 1,194 2,678
1,102 1,223 2,410
1,112 1.245  2.540
L117 1.258  Z.468
1118 1.260 2,194
g1z 1,248 2.318
1016 1,03 2.947
1030 1,063 2,892
L0844 1,092 2.837
1,057 .20  z.78l
1,068  1.145 2,724
1,077 1.166 2,665
1,086 1,181 2,606
1.088  1.191 2,345
1.08% 1,191 2.48)
1.086  1.188 2,420
1,092  1.195 3,819
1,199 144t 3,629
1.324 1,770 342
1,471 2.195 3.1
1.64)  2.732 2.992
1,840  3.474 2,750
2,053 4,366 2,486
2,249 5.303 2,196
.32 5.7% 1,870
2,006 4.362 1.495
1.062 L3 3.864
.19 1279 3. 122
1.199 L4686 357
L2} L3 3.423
heddd 1,826 3,264
1,612 2,022 3,097
1.46% 2,193 2.922
1,503 2,307 2.736
1,497 2.298 2,538
1.425% 2,085 2,335
1.046 1,095 3.887
1.093 1197 3,771
1140 1304 3,852
1,186 1.413 .51
L2y 1sn 3.401
1.267 1,619 3.269
1.297  1.698 3,13}
1.313 1743 2,988
1,309 1,736 2,838
1.277 1.5 2,680
.83 1.073 1,908
1.071  L.149 3,803
1,105 1.22%  3.70l
.13 L300 3.597
Lisd 137t 1489
1.194 1,83 2,378
1,213 1,481 3.263
1.03k 1,508 FN LY
1.222 1,505 3.021
1.206  |,.46) 2.8%
LA 1.05% 1914
1,057 l.118 3.827
1.08) 1176 3,737
1,109 1,232 3.845
.13 1.283 3.551
L1590 327 3,455
1,166 1.361 3,356
1,172 1,380 1,254
1L.17t 1.379 3. t49
1.160  L.3% 1,041

Mach
Nunbe:

Mem.
Mixad
0.477=
0,479
0.481 »
Q. 4848
0.488
G493
{4990
Q.508»
0.321s
0,543

0.479
0.483
0.487=
0,432
0,495
0.506%
D.Sléw
0.525%
05X e
4.557 #

C.479e
G.dB2 e
a0, 40868
TQudFl @
Q4968
0,502
0.5088s
0.516w
0.525=
0,537

0.478w
0.481 s
0.485w
0489 n
0.493s
0,495
0.30) =
0,509
D516 =
D.524 =

0.478»
0.48] #
0.4Bée
0.487 =
0.491 #
0.495%
0.43%s
0.504 «
0.509
0,515

0.41T*
0.438%
D.441%
0. 4430
O.4dTe
Q. 4510
Q.4 38*
0.467
0.483%
0.514

0.437e
0. 440w
0.444%
D.448%
0,453
0.458%
0.466%
0.475%
C.487%
Q. 505%

QuklTe
G640
0. 4420
0.4478
Q451
0.434%
0.481%
0.468%
0.476°
0.487%

0.437%
0. 440"
0. 4420
O, 445"
0449

THWO-DIMENSIONAL

Mach Veloclty Static p

Number
Entropy
Flux
2,947
2.887
2.818
.73
2,645
2.534
2,399
2,231
2,014
1.7117

2.940
2,875
2.80%
2,709
1.647
2,536
1.456
2,346
2.221
2.080

2,945
2.888
2,827
2,762
2,69
2,620
2,542
2,458
2.387
2.269

2,951
2.900
2,847
2.791
2.711
2.6
2.607
2.538
2,466
2.3189

2,956
.91t
2.864
2.815
2,764
2.711
2,635
2.587
2.517
2,472

3.923
3.835
3735
3.619
J.aB2
3319
3.11%
2.869
2.539
2,075

3.908

1426

Nlla

Ratio
Max/
Maan
1.019
1.170
1.274
1.396
1.536
1.69%
1.882
2.080
2.262
2.343

1.049
1.100
1.156
1,213
1.171
1.330
1,387
1.438
1.47%
1.501

1.035
1.070
1,107
1.14)
1.179
1.114
1.246
1.175
1.298
1-313

1.027
1.053
1.080
1.106
1.132
1158
1.119
1.19%
1-215
1.227

1.021

1.088
1.215
1,354
1.520
1.721
1.962
2,244
2.5349
2.790
2,680

1,069
1.145
1.226
1.313
1.40%
1.487
1.584
1.656
1.696
1.675

1.052

1.162
.28

1.433

1.041
1.083

Ratlc
Entropy/
Hall
1. 024555
1.051635
1.081395
L.l138l0
1.14BAGY
1.18933
1.21691¢
1.239530
1.233895
1.159570

1.022232
L.0AAT42
1.067144
1.088862
1. 109042
1. 126437
1.139236
L.144827
1.13%475
1117913

1.017028
1.033681

1.049587
L.064399
1.077548
1068414
1.096058
1.099181

1.09695%
1.087000

1.013240
1.023914
1.03779%
1.048622
1,038049
1.065674
i.071008
1.073459
1L.072217
1.066737

1.010562
£. 020344
1.029783
t.03808%
1.045242
1.050981
1.055001
1.056949
1.05641%
1.052924

1.062973
1.092127
1.148492
1.2130%7
1,286339
1,387404
1.450792
1.519032
1.521099
1.326784

1.041988
1.08628C
1.132374
1179312
1.225371
1.267628
1.3012%
1.31834)
1.306584
1.247350

1.013852
1.0681 56
1.1022%4
1.135363
1. 166058
1.19251%
1.212114
1.221220
1.21489%%
1.186610

1.02237
1.054441)
1.080676
1.105389
1.127646%
1.148304
1.159768
1. 166027
1.162558
1.146214

1,02254)
1.044484
10465042
1.084643
1101774
1115882
1.125922
1130718
1.128753
1.11823%

Sratic p
Tatio
Mixed/
Wall

9. 554028%

8, 774B66%

7.996482%

7.216672%

6.437661%
5.657397%

4, 877112%

£.095609"

3.312287%

2.5256M

9.7138459%
9. 142965
8,548763%
1,953056%
7.356524%
6.758610%
6159431
5. 558064
4.953191 %
&,344330%

9. 849003
9.164546%
6. 8806124
8.394%]18e
7. 909407
7,422515%
6.9)a618%
6. 643613
5. 9551500
3.46L710w

9.922146%
$.512383
9. 500485
8.689625%
8.277534¢
7.864 1800
T A G4Te
7.0)74288
6, 522848
6. 206426%

9.9749 348
9.6174518
9.260015%
8.901039¢
8.562637%
8.183352
7.82158%
7.463738«
1.102749%
6.7405278

16.591690 &
15.4885941 %
13.982571
12.476664 »
10.%70171 »
$.462791 %
7.954%49 %
4459828
4,932)348
3.411458

17.302671 ¢
16, 104900 &
14906525 #
13.107855 =
12.509647 &
11.308714 =
10. 106014 *
8,901203%
7.493506 %
6,479256

17.492887 ¢
164850684 &
15.471598#
14459791 =
13.462040 %
12.45210) =
11441053
10,429316 %
F.415260%
8.398270°®

17.624486
16,76939) =
15.873711=
14998121 ¢
14,120632%
13.243696
12.363810®
11, 487435
10, 607002 &
9.724970%

17.722401 %
16.944342 0
16, 166805 &
15.309608 &
14.611975%
13.033202*
13.032874 =
12,273224 @
11.49283%8
10, 710% 3+
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4.1.5 The calculations in the tables have been done assuming that the flow is fully-measured. In practice, many
experiments are done in which the boundary layers are not traversed; the stagnation pressure is measured by a rake
covering the free stream only. The total mass flow may be measured independentiy by a calibrated airmeter,
however, and this extra information can be used to estimate a corrected mean stagnation pressure as follows:

Assume the flow in the duct is one of the family of ideal flows tabulated. Then the third column gives

P, mass-derived stagnation pressure

_Pt entropy-derived stagnation pressure

The seventh column gives M, = mass-derived Mach number from which (Py, /P;) follows. The free-stream Mach
number M, gives

Pimax mainstream stagnation pressure

P, uniform static pressure

Hence the ratio

[_)t . Ptl
can be found as a function of .
tmax tmax

Over the range of Mach numbers up to 0.8, and assuming boundary layers § up to half the duct radius or width,
and of profile exponent n between & and §, both these ratios are quite near unity and to within about 1%

Pl (i)
Ptmax K Ptmax

where the constant K is 1.4.
This relationship can also be derived analytically if approximations are made. For the two-dimensional case
K=1+3n
and for the axisymmetric case

K

3né
1+ 3n+—(1+ 2n}
8R,

both results being independent of v and M, .

So it is possible to estimate a corrected mean stagnation pressure ft from the free stream stagnation pressure
Pimax and the mass-derived stagnation pressure Py, .

4.1.6 For purposes of comparison the method of Pianko (3.2) has been applied to a selection of the power law
profiles. Note that necessarily there is an average quantity for each different system, e.g. compressor or turbine,
combustion chamber, re-heat duct or jet nozzle and therefore space would not permit the presentation of every
example given in the previous tables. The tables which follow give the results and include in the first column as before
the ratio of the Pianko (3.2) mean to the Livesey (Entropy Flux Mean) mean total pressure. It is evident from (3.2)
that the re-heat duct will, with the method of (3.2), give the same results as the Mixed Mean and this is confirmed
closely by comparison of the two sets of tables, Note that the confirmation is not absolutely precise because the
computation of the Pianko method was by direct substitution into the analytical integral forms whereas the previous
tabies were achieved by numerical integration. Furthermore the calculations were performed independently with
different rounding errors.
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TABLE 4.1.IX

Method of Pianko (3.2) Applied to Power Law Profiles

PtPianko Pianko

o

1.0083 1.0

1.0083 0.6081

1.0062 1.0
1.0083 1.0
1.0145 1.0

1.0145 0.8924

1.0136 l.0
1.0145 1.0
l1.0212 1.0

1.0212 0.9818

1.0210 1.0
1.0212 1.0
AXISYMMETRICAL
= 0.2

M
Pianko

0.0661

0.1093
0.0663

0.0661

0.1279

0.1437
0.0281

0.1280

0.1702

0.1735
0.1702

0.1703

8/Ry = 1.0

<li<>

Pianko

3.0120

1.8245

3.0048

3.0139

1.5591

1.3883

1.5576

1.5584

1.1736

1.1505

1.1733

1.1730

P Pianko

P
s

1.0053
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1.0052

1.0029

1.0020

1.0029

1.0007

1.0005

1.0007
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TABLE 4.1.X

Method of Pianko (3.2) Applied to Power Law Profiles

P
_EPianko

P Entropy Ps

0.99493

0.99493

0.99258

0.99493

0.99498

0.99498

0.99422

0.99498

0.99523

0.99523

0.99504

0.99523

1.0140

l.0l40

1.0116

1.0140

1.0187

l.0187

1l.0179

1.0187

1.0235

1.0235

1.0233

1.0235

TWO-DIMENSIONAL

b

Pianko

i

1.0

0. 7066

1.0

0.9182

l.0

1.0

0.9858

1.0

M
Pianko

0.0991

0.1412

0.0994

0.0992

0.1494

0.1631

0.1495

0.1495

0.1797

©.1824

0.1798

0.1798

G/Ro = 1.0

i<

pPianko

2.0105

1.4134

2.0056

2.0101

1.3363

1.2244

1.3351

1,3355

1.1117

1.0954

1.1115

1.1111
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S

1.0070

l.0

1.0047
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1.0029

1.0021

1.0029

1.0006

1.0004

1.0006

|
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TABLE 4.1.XI

Method of Pianko (3.2) Applied to Power Law Profiles

P

iEPianko ?}Pianko §Pianko Pi:nko % “sPianko

Py Entropy Ps A Pianko PS
0.99737 1.2037 1.0 0.2791 3.296 l.1402
0.99737 1.2037 0.5991 0.5215 1.79% 1.0
0.94821 1.14438 l.0 0.2953 3.119 1.0772
0.99124 1.1963 1.0 0.2807 3.278 1.1326
0.99733 1.3800 1.0 ©.5593 1.682 1.115¢%
0.99733 1.3800 0.8851 0.6942 1.377 l.0
0.97609 1.3506 1.0 0.5786 1.630 1.0765
0.99264 1,3735 1.0 0.5636 1.670 l.1071
0,99796 1.6043 1.0 0.7207 1.225 l.0621
0.99796 1.6043 ©.9793 0.8502 1.149 l.0
0.99242 1.5954 1.0 0.8046 1.206 1.0418
0.99609 1.6013 1.0 0.7962 1.217 1.0544

AXISYMMETRIC

M =1.0 §/R, = 1.0
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TABLE 4.1.X11

Method of Pianko (3.2) Applied to Power Law Profiles

§£Pianko E£Pianko Efianko .E- i I:;.Pianko

- — — Pianko v -

P Entropy Ps A Pianko Ps
0.99897 1.3691 1.0 0.4009 2.313 1.2255
0.99897 1.3691 0.6966 0.6853 1.393 l.0
0.94278 1.2921 1.0 0.4311 2.157 1.1371
0.99152 1.3589 l.0 0.4047 2.293 1.2139
0.99804 1.5203 1.0 0.6451 1.473 1.1491
0.99804 1.5203 0.9116 0.7973 1.216 l.0
0.97782 1.4895 1.0 0.6710 1.420 1.1014
0.99319 1.5129 l.0 0.6517 1.459 1.1372
0.99914 1.6919 1.0 0.8341 l.168 1.0723
0.99914 1.6919 0.9837 0.9003 1.093 1.0
©.99435 1.6838 1.0 0.8501 1.149 1.0497
0.99754 1.6892 1.0 0.8409 1.160 1.0632

TWO-DIMENSTONAL

M =1.0 c‘S/Ro = 1.0

w} =

o+
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TABLE 4.1.XIII

Method of Pianko (3.2) Applied to Power Law Profiles

P A

s

3.1742 1.0

3.1742 l.0

3.1742 0.5487
2,0991 l.0

4.8005 1.0

2.8372 l.0

2.8372 1.0

*Contravenes 2nd Law
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0.78596
0.,785%6

0.78596

0.3589
0.7284
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0.6896

AXTSYMMETRI CAL
9.1710 l.0
9.1710 l.0
9.1710 0.6372
4,1878 1.0
8.4988 l.0
8.047 l.0
8.0475 l.0

TWO-DIMENSIONAL

M =
[¢]

prianko f?ianko

4.0

rianko

0.3008
2.2142

1.3981

0.4986
2.6617

0.3385
2.0953

0.2055
2.5969

2.1018

0.5114
2.5157

0.2359
2.4580

Note: Both subsonic and supersonic

results are quoted where
appropriate.

<li<
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1.2205

1.6466

4.0112
1.1401

5.8309
1.2766

9.5420
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1.2745
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8.3914
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P
S

2.9810
0.2903

1.7712
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0.5027
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4.2 EXHAUST NOZZLE FLOW

Meodel tests have long been used for the performance predictions of exhaust system hardware concepts and for
providing design guidance information early in the engine development cycle. Most model tests are conducted with
unheated air with corrections applied to the test results to account for deviations from full-scale engine gas-path flow
environment. Tabie 4.2.142-! presents a list of flow-field considerations that the engine nozzle designer must evaluate
and quantify before he can utilize the model results. Since nozzle coefficients are the measure of performance for an
engine exhaust system, corrections made to the model results are assessed by quantifying the change in the nozzle
performance coefficients. There is a problem, however. Nozzle performance coefficients are defined as the ratio of
the engine mass flow and force referenced to a corresponding ideal value based on the nozzle stagnation flow properties
and nozzle ambient conditions. The problem is in identifying the real changes in nozzle efficiency as a result of vari-
ations in flow-field properties and the numerical changes as a result of the method used to define the ideal flow values.
The intent of this section is to illustrate numerically how well some of the various flow averaging procedures character-
ize the rotational, distorted flows of full-scale engine nozzle exhaust systems.

Nozzle Performance Coefficients

Tests were conducted in 1973 at the Arnold Engineering Development Center to evaluate the impact of flow non-
uniformities on nozzle performance coefficients*?-2 . Undistorted flows and flows representative of a low-bypass
mixed-flow turbofan engine (Figure 4.2.1) were duplicated in an experimental model program and the data used to
compare nozzle discharge coefficients. Nozzle coefficients for the distorted flows were derived using area-weighting
and mass-flow-weighting averaging procedures, and the results were compared with uniform flow coefficients from the
same nozzle (Figure 4.2.2). The comparison shows that the non-uniform flow results are a function of the flow distor-
tion profile shape as evidenced by the difference in the results for cases 1 and 2. Also, neither referencing procedure
collapses the uniform and non-uniform flow results, although the mass-flow-weighting procedure provides a closer
correlation than the area-weighting procedure. Similar results were obtained when comparing the uniform and non-
uniform force coefficients; however, the relatively high measurement uncertainty (2 to 3 percent) of the calculated
nozzle force coefficients precluded making conclusive comparisons.

Kuchar and Tabakoff*2-3 conducted an analytical evaluation of the effects of flow distortion on nozzle thrust
coefficients. The study compared thrust coefficients for a given nozzle geometry using both non-uniform and uniform
flow profiles. Two types of non-uniform temperature profiles were analyzed: one typical of a non-afterburning
subsonic cruise condition and the other representative of a part afterburning condition (Figure 4.2.3). A uniform
stagnation pressure was assumned for these calculations. The results of the comparison are presented in Figure 4.2.4.
Kuchar and Tabakoff concluded that a mass flow averaging of nozzle total pressure profiles and thrust weighting of
total temperature profiles is the correct averaging method for analyzing engine nozzle performance. This mass-thrust
averaging method consists of using a known mass flow rate, the nozzle “vacuum™ thrust (i.e., exit impulse), and the spatial
distributions of stagnation pressure and temperature to calculate nozzle average flow properties. The nozzle exit impulse
(l,) equation in terms of average flow properties is

(1 +7% M32) _
= 1
fe ( ¥—1_ )W(v?—l) (Prhe) M

1 +——M2
2 e

where for two-dimensional flow
— f')’i pi Vi dA
y=""d 1=

m
and v = f(Ttl)
and
P
_ f " p; Vi dA
t h

The mass flow equation in terms of average flow properties is

¥\ Ft 'Me o
= = — —1 2
m = () T T T @
(1+7 2 )
2

Equations (1) and (2) are solved for ﬁe and Tt , and ideal thrust (ng) is calculated from
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where P, is altitude pressure.

For the case of limited temperature distortion but significant pressure distortions (i.e., high-bypass turbofan fan
nozzles), it may be preferable to mass flow weight the temperature or enthalpy and solve Equations (1) and (2) for
M, and P;. Mass-thrust averaging methods are commonly used on mode! programs to correct for flow non-
uniformities induced by the model installation and model hardware such as struts, guide vanes, and flow splitters.

Another model flow averaging method is momentum averaging?-*. Momentum averaging consists of measuring
the nozzle entrance stagnation pressure distribution and dividing the entrance area into a number of constant stagna-
tion pressure streamtubes each of which is expanded to ambient pressure. The thrust contribution of each streamtube
is summed and an effective total pressure is defined that produces an equivalent thrust. This method, which is similar
to the Pianko method presented in section 3.2.2, does not require as much input information as the mass-thrust method
and, for the purpose of cotrelating model and full-scale test results, is generally better than area and mass-flow-weighted
averaging methods,

One problem with the nozzle flow averaging methods discussed thus far is that an accurate measurement of the
nozzle flow-field properties is required. In actual engine installations, flow-field complexities such as blade wakes,
swirl, streamline curvature, mixing, dynamics, induced wave forms from rotating machinery, probe sampling gaps, and
afterburner combustion may make it difficult to obtain an accurate assessment of flow profiles. Another problem is
that, depending on the flow averaging procedure, the nozzle coefficients can be a function of the aircraft flight condi-
tions. Both of these problems have been dealt with on high-bypass turbofan engine tests and the findings are presented
in the next subsection.

High-Bypass-Ratio Turbofan

Figure 4.2.5 shows a schematic of a dual-stream turbofan engine (i.e., fan engine) and the corresponding flow-
through model for the same engine. Generally, the fan engine model designers will make an effort to simulate engine
hardware features that affect flowthrough performance: features such as nozzle flow splitters, fan case strusts, thrust
reverser blocker door links, pylon flow splitter, and turbine rearframe struts. Some of the philosophy used for designing
engine models and conducting model tests is contained in Reference 4.2.5. One source of nozzle flow non-uniformities
are the wakes generated from the fan guide vanes and struts (Figure 4.2.6). Strut and vane losses are usually a few
percent or less of the nozzle total forces but are still important in the engine performance verification process. QOates
(Reference 4.2.6) presents a simple example of the influence of wake losses and flow averaging procedures for
cascade-type flows by comparing “mixed-out” and mass-flow-weighted averaged pressure-loss coefficients (Table
4.2.1D).

The “mixed-out” average pressure loss corresponds to that value of the pressure loss that would exist if the fluids
were allowed to mix fully in an ideal, constant-area mixer. Table II shows that at the stagnation pressure ratio of 0.8,
there is a factor of two difference in the pressure-loss coefficients. Oates results demonstrate that when comparing fan
flow model data, both the flow averaging procedure and axial position of the measurement traverse are important.
Kimzey**” reported scale-model and full-scale engine fan nozzle flow and velocity coefficients for a high-bypass
turbofan engine (Figure 4.2.7). The nozzle coefficients were derived using an area-weighted stagnation pressure and
temperature. Figure 4.2.7 illustrates that not only are there differences in the model and full-scale fan nozzle
coefficients, but that the full-scale coefficients are a function of both nozzle pressure ratic and flight conditions.
Kimzey hypothesized that because the fan is closely coupled to the nozzle that the fan flow exerts a strong influence
on the nozzle coefficients. Therefore, as flight conditions and accordingly ram pressure ratio vary, the fan operating
point change is accompanied by a change in fan nozzle inlet profile and thus in nozzle coefficients, which are a function
of flight conditions, Rather than adjusting the nozzle coefficients directly for flow distortions, Kimzey generalized the
full-scale nozzle coefficients. The coefficients were generalized by expressing the coefficients as a function of both the
fan nozzle operating point, which is set by the nozzle pressure ratio, and the fan operating point, which is set by a fan
“equivalent” pressure ratio. The specific details of this procedure are contained in Reference 4.2.7.

Another approach to the model full-scale data correlation problem and commonly used by airframers is discussed
in Reference 4.2.4. Typically, model nozzle coefficients are adjusted for full-scale Reynolds number effects, geometric
differences, and leakage, with remaining discrepancies between model and full-scale results attributed to differences in
measured gas-path properties or flow averages. Having made this assumption, a pressure correction factor is determined
from the thrust coefficient versus nozzle pressure ratio curve (Figure 4.2.8). As a check, the thrust coefficient pressure
correction factor is applied to the nozzle flow coefficient versus pressure ratio curve to determine if the model and full-
scale flow coefficients collapse to an acceptable tolerance. If a temperature correction is required in addition to the
pressure correction, then the thrust coefficient curve is used to generate the pressure correction, the flow coefficient
curve used to generate a temperature correction, and the velocity coefficient curve used for proof of the corrections
(Figure 4.2.9). Finally, calculations are made to determine if the corrected nozzle pressure and temperature are con-
sistent with the engine cycle math model. Generally, the pressure or temperature correction is less than two percent of
the calculated bulk values. This method does require, however, that the nozzle coefficient data be generalized with
nozzle pressure ratio or else a correction factor as a function of both nozzle pressure ratio and flight conditions is
required.
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Noz:zle Flow Averaging Comparison

In this final subsection, the implications of using different flow averaging methods to characterize test data for a
full-scale, turbine engine exhaust nozzle are examined. Flow averaging methods discussed in Chapters 3 and 4 are used
to calculate engine nozzle mean flow property values and performance coefficients, and the results from each method
are compared.

The nozzle calculations are for experimental data from a low-bypass turbofan engine test in which the engine
mass-flow rate, thrust, and nozzle flow profiles were measured. Figure 4.2.10 depicts the stagnation pressure and
temperature profiles measured at the nozzle inlet plane and includes a sketch of the nozzle geometry, It should be
mentioned that the measured nozzle mass flow rate is about one to two percent less than the mass flow rate predicted at
the nozzle inlet station using measured total pressure, total temperature, wall static pressure, and an estimate for the wall
boundary layer displacement thickness. The reason for this difference can be attributed to both measurement error and
streamline curvature of the flow (i.e. flow static pressure is not uniform). For the purposes of the present calculations,
the nozzle wall static pressure was adjusted to be consistent with the measured mass flow rate.

The results from the nozzle flow averaging calculations are presented in Table 4.2.111, The values for the flow
properties and coefficients using the Dzung and Livesey method were provided by H. Kruse. The values for the Pianko
method were provided by M. Pianko. The equations used to calculate the discharge and thrust coefficients are for
choked nozzle flow and are given by:

i

“ A j( 2 )(%“H)fﬁ—n 2
(Tt)lfz R ¥+ 1
and _ F, -
2y _ -1
h (_—7) RT; ]_(&)@ w
Y- ! Py

where Ay, is the nozzle throat area. The uniform flow performance coefficients presented in Table 4.2.111 were
obtained from cold-flow model tests of a scaled nozzle geometrically similar to the full scale nozzle shown in Figure
4.2.10. The model nozzle tests were conducted with a uniform inlet flowfield.

A review of the bulk total pressures and temperatures in Table 4,2 11I shows the numerical agreement and
disagreements in the various calculated values. Kuchar and Tabakoff use a mass flow-weighting pressure averaging
procedure, and Pianko and Dzung use a mass flow-weighting temperature averaging procedure, therefore, these
respective values are the same as the mass flow-weighted method values. For this particular example, the calculated
area and mass flow-weighted flow properties are the same; but in general this will not be true, particularly if there are
significant non-uniformities in total pressure. Livesey’s method gives a value for the average total pressure which is
significantly greater than the other averaging methods and which is also greater than the actual measured pressures.
The explanation, as pointed out by Kruse, is that Livesey’s method assumes reversible mixing for averaging the flow
mean static pressure value, which is calculated from

Py T\
Rin (——) =Cpln (— —%
where T,=1/m [T, dm , and

1 T P
s=— |G fln (__g) dm —RI(—S) dm
m Te Pe
with P,(r) = constant , the difference between the mean pressure Fs and Pg(r) = constant only depends on the
difference between the two terms,

d
l T
A=lh ———mMm — — fln(—s) dm
h To

which is positive for T(r) # constant . Another way to think of the problem is that the temperature differences in
Livesey’s method must increase the calculated mean pressure values, otherwise the mixing would be irreversible, The
Livesey method should not be applied to flow with non-uniform temperatures.
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Other notable differences in the calculated bulk flow properties are the relatively low values of the total pressure
derived from the Pianko method and the total temperature derived from the Kuchar method. This difference, as
peinted out by Dunham, is a result of the Pianko and Kuchar methods ignoring the thrust mixing gain potential of a
non-uniform nozzle flow. To clarify this point, Dunham used the simple example of a nozzle receiving two inlet
streams both with y = 1.4 , both with stagnation pressure 350 kPa, expanding to 100 kPa and both having a 100 kg/s
mass flow. One stream is at stagnation temperature 400°K and the other at 80C°K, The following table gives the
various averages and the ideal thrust calculated by expanding the “average” flow isentropically:

Method P;, kPa T, °K Thrust, kN
Mass Flow-Weighting 350 600 12046
Livesey 430.2 600 128.22
Kuchar and Tabakoff 350 582.8 118.73
Pianko 3353 600 118.73
Dzung (mixing at Mn 0.36} 349.06 600 120.33
Dzung (mixing at Mn 0.71) 346.51 600 120.04

Dunham explains that both Kuchar and Pianko derive their “ideal thrust™ by assuming the two streams expand
separately, which ignores the fact that a higher thrust can be obtained by mixing them before expansion. As a result,
the Kuchar method gives a total temperature that is lower than other methods and the Pianko method gives a low value
for the average total pressure. Dunham’s example also shows that mass flow-weighting, in effect, assumes that mixing
takes place at such a low Mach number that the fundamental pressure loss attributable to mixing (which is accounted
for in the Dzung method) is negligible,

A review of the nozzle performance coefficients in Table 4.2.111 is also informative. Depending on the flow
averaging method selected, the indicated thrust efficiency lies (ignoring the Livesey method) between 96 and 99 percent.
Maximum thrust efficiency should correspond to uniform flow since there are no thrust losses as a result of flow non-
uniformities; and, in fact, the Dzung and mass flow-weighting methods which do account for the thrust mixing gain
potentials have calculated thrust coefficients less (3 to 4 percent) than the ideal uniform flow case. The Kuchar and
Pianko methods give values for the thrust coefficient which are greater than Dzung, because, as previously discussed,
the methods do not include the non-uniform flow thrust effects. Kuchar’s method will give the highest value for the
non-uniform flow thrust coefficients because it calculates the lowest value for the flow bulk temperature. For choked
nozzle flows, the influence of flow temperature on the thrust coefficient is greater (about a factor of 1.5 for the
present data) than that of pressure. Flow averaging methods that ignore the thrust gain potential of unmixed flows and
that predict a low value for the flow bulk temperature, will predict a high value for the non-uniform flow thrust
coefficient that can appear to correlate with the uniform flow values.

The only conclusion made with respect to the non-uniform flow discharge coefficients is that the level of the
coefficient for the ideal uniform flow is considerably less (4 to 10 percent) than the non-uniform flow values. For the
non-uniform flow averaging methods, Pianko’s method will give the highest value for the discharge coefficient because
it predicts the lowest value for the bulk pressure. For choked flows, the influence of pressure on the discharge
coefficient is twice that of the temperature.

The writer also found it informative to apply the present set of data to the cold-flow model to full-scale nozzle
coefficient adjustment method described in the section titled, High-Bypass Ratio Turbofan of Chapter 4.2. Recall, in
this method a corrected flow temperature and/or pressure is determined by equating the nozzle discharge (or thrust)
coefficients from the uniform and non-uniform flow data and verifying the results by applying the corrected value to
the nozzle thrust (or discharge) coefficient. For the present data, where the pressure distribution was nearly uniform
and the temperature distribution highly non-uniform, the area-weighting discharge coefficient was used to determine
the data adjustment. The area-weight coefficient was selected because it is generally used on engine tests because of
its convenience. The results for the “Adjusted Coefficient” method are presented in the following table.

P, T, ¥ Discharge Thrust
Coefficient Coefficient
psia °R Cq C¢
Uniform Flow 1.4 0.91 - 0.93 0.99 — 1.00
Area-Weighting
(Nor-uniform Flow) 14.83 1122 1.37 0.99 0.96
Adjusted Coefficient 14.83 945 — 990 1.38 0.91 —0.93 1.05 - 1.02
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As shown in the table, the Adjusted Coefficient method does not collapse the numerical difference between the
model and full-scale nozzle thrust coefficients. Similar results have been obtained at the AEDC when using this method
on other turbine engine (including high-bypass turbofans) to model data comparisons. The assumption that the prin-
cipal difference in cold-flow model and full-scale turbine engine nozzle coefficients is attributable to measurement error
is not correct.

In summary, for flows with variations in pressure and temperature, the Dzung method is the only method identi-
fied that properly accounts for the flow stagnation enthalpy and stream force at the flow measurement station. The
Dzung method, however, requires specification of a flow static property distribution at the flow measurement station
which will be difficult to define on most turbine engine tests. For a given nozzle configuration, the thrust efficiency
of a non-uniform flow will be less (because of the thrust gain potential and mixing losses) than that obtained for
uniform inlet flow conditions. No flow averaging method has been identified that gives the same values of nozzle
coefficients for a two stream and a one stream nozzle flow, principally because the nozzle efficiencies for these two
cases are not the same. The nozzle flow comparisons in this section are based on engine nozzle data with basically only
distortions in total temperature. It would be informative to see a flow averaging comparison similar to Table 4.2.1I1 for
real data with only pressure distortions and with both pressure and temperature distortions.

TABLE 4.2.1 (Ref. 4.2.1)

Model to Full-Scale Nozzle Flow Considerations

(1) Three-dimensional nature of flow in the nozzle.

(2)  Corrections for real-gas effects which may arise in applying
some model nozzle test data to full-scale nozzles (in particular
at high-pressure and low-temperature conditions).

(3)  Nonuniformity of pressure and temperature profiles across the
exhaust duct at the nozzle entry measurement plane.

{4)  The coverage of the pressure and temperature probes, which
will not in general give representative mean values.

(5)  Local flow direction, including swirl, in the plane of
measurement.

(6) Value of y used for isentropic groups (if |deal Gas Thermo-
dynamics are not used).

(7)  Dissociation of real gases at high temperature, and energy-
mode-fixation during rapid nozzle expansion.

(8)  Pressure losses between plane of measurement and nozzle
entry, particularly with reheat.

(99 Mass-flow leakage from the tailpipe and nozzle.



TABLE 4.2.1 (Ref. 4.2.6)

Comparison of Wake Flow-Averaging Methods

a. Flow Conditions:

Primary Stream

Stagnation Pressure = Pt
Stagnation Temperature = Ty
Mass Flow = my

Mach Number = 0.6

Ratio of Specific Heats = 1. 4

Secondary Stream

Stagnation Pressure = Py,
Stagnation Temperature = Tt
Mass Flow = 0.2 my

Ratio of Specific Heats = 1.4

b. Pressure Loss (AP¢) Comparison:

Pt, APy (mixed-out) APy (mass flow weighted)
Py Py Py
0.95 0. 0090 0. 0083
0.90 0. 0197 0. 0167
0.85 0. 0336 0. 0250
0. 80 0. 0625 0. 0333
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TABLE 4.2.111

Comparison of Flow Averaging Methods
{Results for Figure 4,2,10)

A‘,(,\egtar?;g ‘ pI:Ta JFt{' Y (IIJ cl):{f:ri::;zgni, Coz%:ri f(c:?e nt,
Uniform Flow --- --- 1.4 0.92 £0.01 0. 995 + 0.005
Nonuniform Flow --- --- f(Ty) 0.96 0.98
Area-Weighting 14, 83 1,122 1.373 0.98 0.97
Mass Flow-Weighting | 14.84 1,123 | f(Ty 0.98 0.97
Kuchar -Tabakoff 14,84 | 1,050 | 1.38 0.94 1.00
Momentum 14.84 | 1,099 | f(Ty 0.97 0.98
Adjusted Coefficient 14.84 982 1. 382 0.92 1.04
Pianko
(Chapter 3.2) 14.42 | 1,13 | 137 1.01 0.97
Dzung
(Chapter 3. 1) 14. 81 L1233 | f(Ty 0.99 0. 96
Livesey
(Chapter 4. 1) 16.94 | 1,135 | f(Ty) 0.88 0,91
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Local Value/Wall Value
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Minimum
Case Pressure, psia
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Fig.4.2.1 Nozzle inlet profiles (low-bypass turbofan)
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Discharge Coefficient, C q

1.00

0.99

0.98

0.97

0.96

0.9

0.94

0.93

0.92

0.91

Case 1 (Area-Weighted)

Case 1 {Mass Flow-Weighted)

Case 2 (Area-Weighted)

Case 2 (Mass Flow-Weighted)

’———--—-———_.—————.__._I

Uniform Cold Flow

| ] | ] e A ] ]

1.8 22 26 30 34 38 42 46 50

Nozzle Pressure Ratio, PtIP o

Fig.4.2.2 Influence of flow averaging on nozzle discharge coefficient
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Fig.4.2.4 (Ref.4.2.3) Theoretical influence of flow averaging on nozzle force coefficient



a. Full-Scale Engine
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Fig.4.2.5 Schematic of dual stream turbofan engine



112

Velocity or

Suction
Surface

Fan

Outlet
Guide
Vanes

—Fan Exit Total
Pressure Rake

Pressure

Surface Length

Fig.4.2.6 (Ref.4.2.7) Schematic of fan exit flow profile



Fan Nozzle Discharge Coefficient, Cyg

Fan Nozzie Velocity Coefficient, C,
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Tenth-Scale Model Performance
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Fig.4.2.7 Comparisons of full-scale fan nozzle data with model results
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Fig.4.2.8 (Ref.4.2.4) Model to full-scale pressure correction
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Fig.4.2.9 Model to full-scale pressure, temperature correction
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Fig.4.2.10 Measured nozzle total pressure and temperature profiles



4.3 TURBOMACHINERY FLOWS

The purpose of this section is to quantify the flow averaging methods (described in the preceding chapters) by
sample calculations using realistic distributions of flow quantities within the engine components compressor and turbine

in order to compare and discuss the different resuits.

The data used for the sample calculations are design data so that there is no influence of any inaccuracy caused by
individual measuring techniques. The area- and mass-weighted mean values need no further explanation. Using the
Dzung method (see Chapter 2) one gets a consistent set of mean values characterizing the flow. For typical turbo-
machinery flows these results are compared to a set of mean values called *“‘entropy weighted” mean values because
they are essentially based on constant energy/constant entropy mixing, whereas some quantities are mass flow weighted.

Complementary to Chapter 2 these relations are as follows:

1
a = — fjadm
L
_ H
h, = — Jh.dm
S l'hfs
_ h
T, =—
Cp

{because of less computational effort <p is assumed to be constant).

In addition the data of some sections of the compressor and the turbine are examined using the ‘“Pianko” method,
described in section 3.2. Its application is explained in detail in the following section 4.4.

4.3.1
4.21.1

In contrast to turbine or nozzle flow data there are relatively small variations in radial temperature distributions.
The data of the single-stage compressor under consideration are as follows:

Compressor

Axis symmetric flow

_ 1
V = - JV¥dm

/=]
T, = ! (E+v2)
t = i+ —

Cp 2
_ T\ Cp/R g
P.=rpP (._s_) . _
8 o To exp R
_ 1
S = — Sdm)

m
N yr—1)
ptzps.( )

TS



Fig.4.3.1 Geometry



TABLE 4.3.1
Design Data
Axial Position (mm) Radius (mm)
Section hub tip hub tip
1 0. 0. 90.00 202.00
2 63. 63, 99.00 199.50
3 113, 113. 113.00 192.00
4 159. 159. 117.48 188.05
Section 2
r o Ty, Pes €2 Py,
(mm) {degr.) (K) (bar) (degr.) (bar)
100.10 90.00 288.00 1.0133 14,25 0.8634
116.95 90.00 288.00 1.0133 10.33 0.8432
131.66 90.00 288.00 1.0133 6.83 0.8315
144,88 90.00 288.00 1.0133 3.64 0.8251
156.99 90.00 288.00 1.0133 0.69 0.8226
168.24 90.00 288.00 1.0133 -1.59 0.8232
178.78 50.00 288.00 1.0133 -3.73 0.8265
188.73 90.00 288.00 1.0133 ~5.74 0.8333
198.18 90.00 288.00 1.0133 -7.63 0.8467
Section 3
r oy Tta Pt3 €3 PS3
(mm) (degr.) (K) (bar) {degr.) (bar)
114,52 43,74 333.00 1.5463 13.04 1.0639
126.50 49,44 330.31 1.5504 9.36 1.1125
137.44 52.38 329.33 1.5492 593 1.1460
147.58 54,20 329.25 1.5503 2.72 1.1703
157.06 55.32 329.59 1.5537 0,30 1.1913
166.00 55.58 331.20 1.5536 -2.35 1.1994
174.49 55.02 333.65 1.5594 —4.29 1.2110
182.58 5291 338.04 1.5578 —6.12 1.2155
190.32 47.87 345.34 1.5298 —7.87 1.2062
Section 4
r 0 Tiq Py €4 Pss
{mm) (degr.) (K) (bar) (degr.) (bar)
119.44 90.00 333.00 1.4349 1.41 1.2245
129.70 90.00 330.31 1.5268 0.95 1.244%
135.20 90.00 329.33 1.5297 0.52 1.2384
148.10 90.00 329.25 §.5331 0.13 1.2433
156.49 90.00 329.59 1.5382 -0.25 1.2471
164.45 90.00 331.20 1.5385 —-0.69 1.2467
172.05 90.00 333.65 1.5363 -1.11 1.2449
179.32 90.00 338.04 1.5266 —1.52 1.2437
186.31 90.00 345.35 1,4927 —1.91 1.2403
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TABLE 4.3.11

Comparison of Averaging Methods (Compressor, Figure 4.3.1)

{(y = 1.4 = constant)

(Al

Section Y% h P, P, T, T, a s
(m/s) (ki/kg) (bar) (bar) X X) (degr.) )
Dzung method 2 175.91 273.69 0.8343 1.0114 272.6 288.0 90.0
3 220.22 309.33 1.1811 1.5379 308.3 3324 52.4 0.8030
4 189.16 316.06 1.2572 1.5244 314.8 3326 90.0
‘‘Entropy-weighted” Mean Values 2 177.93 273.69 0.8322 1.0133 272.2 288.0 90.0
3 226.61 308.13 1.1731 1.5521 306.9 3324 52.6 0.8008
4 194.72 31495 1.2435 1.5256 3137 3326 90.0
Pianko method 2 0.8333 1.0133 288.0
3+ 1.1770 1.5511 3327
4 ** 1.2435 1.5221 332.8 0.7925
4 kex 1.2424 1.5221 3328 0.7925
Area weighted 2 1.0133 288.0
0.7795
4 1.5151 333.0
Mass weighted 2 1.0133 288.0
0.7915
4 1.5188 3326
* section 3 considered as compressor inlet

*¥*  section 4 considered as compressor inlet
**% section 4 considered as combustor inlet



Comparing the isentropic efficiency of the stage (Table 4.3.11), there is a small difference (except for the area

weighted value).

But looking at total and static pressure mean values (Table 4.3.11, Figures 4.3.2—5) there may be noticeable

differences in the different sections.

121

At the compressor inlet Py(r) which is constant in section 2 exceeds the Dzung total mean pressure probably as a
consequence of the mixing losses from equalizing the different radial components (s * €5).

In one case (section 4, Figure 4.3.4) the static mean pressure from the Dzung method is greater than any existent

static pressure value within the radial distribution!

In this compressor case with no considerable differences in radial temperature distribution the Dzung mean static

pressure always exceeds the “entropy-weighted”™ pressure.

12 4

x/x_\x I::‘SDZ

bar : Va

/
F)'r"EW

DZ -Dzung

P, " EW-Entropy Weighted

1 |

20 40

60 80 % 100

Arlh —

Fig.4.3.2 Section 3: Static pressure distribution
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Fig.4.3.5 Section 4: Total pressure distribution

Compressor Intake Distortion

When a compressor or engine is tested alone, it is usually supplied with air at effectively uniform stagnation
pressure and temperature, so the inlet averaging method is unimportant. When it is tested behind an intake or an
intake simulator, on the other hand, the pressure will no longer be uniform, so the averaging procedure may be
important, To examine the magnitude of the differences likely to be found in practice, sample calculations have been
done on actual test results cbtained from full scale intakes at typical low-distortion and high-distortion conditions.
Four cases were examined:

)

(2)

(3)
4)

intake A, low distortion (equivalent to an engine face time average distortion coefficient DCqy = --0.06)
The distortion coefficient DC g is the difference between the mean pressure in the compressor inlet plane and
the mean minimum pressure in a 60° angular sector, divided by the dynamic pressure,

intake A, high distortion (DCg, =~ —0.31, a level which might well be high enough, in ¢conjunction with the
accompanying time-variant distortion, to cause concern about possible surge)

intake B, low stagnation pressure distortion (DCg4q =~ —0.08) but a 2.5% static pressure distortion

intake B, high distortion (DCgq =~ —0.36) and 3.6% static pressure distortion.

The foilowing table shows the average inlet stagnation pressure recovery as calculated by the various methods:

TABLE 4.3.111

Case 1 2 3 4
Area weighted 9466 8245 9716 9333
Mass weighted 9487 .8339 9765 9518
Entropy weighted 9485 8334 9763 9507
Pianko mean 9485 8332 9763 9504
Dzung mean 9474 8261 9744 8379
Mass-derived 9453 8201 9682 9263

It will be seen that the entropy-weighted and Pianko mean are virtually the same, and the following percentage
differences from them were found for the other methods:
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TABLE 4 3.1V
Case 1 2 3 4
area weighted -0.2 -1.1 —0.5 —-1.8
mass weighted 0 -0.1 0 +0.1
Dzung mean 0.1 -0.9 02 -1.3
mass-derived -0.3 -1.6 —0.8 -2.6

It will be seen that the area weighted and mass-derived pressures cannot be relied upon for accurate work. The
mass weighted, entropy and Pianko averages differ only by unimportant amounts, and the Dzung average is slightly
lower than them.

4.3.2 Turbine

In this section the mean values of a two stage turbine were calculated using design data with realistic radial
temperature distributions. The engine station identification is shown in Figure 4.3.6. The design data of six stations
are shown in Table 4.3.V.

Section : .
1 2 3

/ |

| |
1% , 5101.2/ Rof. 2
@:;*/4-}?01.1/ ////////
1% -g/// AW

-\

Figure 4.3.6

As well as in the compressor example the entropy weighted mean values always exceed the mean total pressure
from the Dzung method, whereas only in some cases is the entropy averaged static pressure (as a consequence of the
temperature distribution) somewhat higher than the Dzung mean value.

Although the differences in pressure mean values are small there may occur appreciable differences in pressure loss
coefficient or pressure recovery. Considering for instance the pressure loss coefficient of the first stator vane the Dzung
methed gives:

t = 14.2%
and from the entropy weighted mean values one gets

¢ = 123%.

Considering the pressure recovery factor



TABLE 43.V

Turbine Design Data
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Section 1
r ?. P v
(n) (x°) (vad) (n/ s) ( degr.) ( degr.)
0.,067C 1254,0300 11.7603 120.,7400 89,9999 0.0
0.0689  1322,7800 117604 123,9700 __ 89,9999 0.0
0.0708 1372,8401 11.7607 126.,2400 89,9999 040
0.0727 1409,070} 11,7612 127.7300 89,9999 Ge0
0,0746 1431,6299 11,7618 128.5900 89,9999 040
0,0764 1440,4299 117624 128,8000 89,9999 040
0.0782 1430,4500 11.7630 128,5800 89,9999 0.0
08 1428,409% 11.763% 127,990 89,9999 0.0
0.,00817 1411,9900 11.7637 127.1900 89,9999 0.0
0,0834 1393.,4%00 117638 126,32Q0 89,9999 040
0,085C 1375,0400 11,7635 12%5,5800 89,9999 0.9
Section 2
0,0670 1150,.5100 7.5852 517.1001 21.0000 0.0
0 10,6140 7 37,8799 20,7000 -0,292])
0,0706 1257.8899 T.8744 544,6699 20,4045 =0,6935%
00,0724 1295.3000 8,0139 $42,3601 20+1095% el 0943
00,0742 1320,840) 8,1480 535,8201 19.8138 =1,5086
0,0760 1334,0601 8,2762 525,7200 19,5183 =],9845
90,0778 1337.,1%99 8,3985% $13,7200 19,2238 =2,517S
79 3 0 8,51%2 500,570} 18,9319 =3,1627
G.OOIC 132106‘99 806265 ‘86.6399 18.6‘53 .30911?
0.0832 1308,4800 8,733} 472, 7100 18,3680 =5,0296
0,0850 1295,1599 8,8356 459,1899 18,1072 =5,4498
Section 3
90,0670 1110,0701 641568 209,7200 91,5676 =0,2479
90,0689 1160,8000 6.]1558 223,9500 97,5760 0.688)
0.0707 1200,070) 66,1539 231,0500 100,6800 1.2050
0.:;%5 1222.3399 b.lsgb 233.9600 102,5418 1,6632
48,7700 641457 233,9100 103,6647 2.1
0.0761  1256,2300 621389  231.3100  104.1863 HilTE
80,0779 1254,5200 641298 226,9300 104,2809 3.0876
000797 1246,0100 6,118 22l.2400 104,0239 3.6982
0.0814 1232,129% 6.1039 214,6200 103,4502 4.,5139
0.0832 1216.7000 66,0869 207.5400 102.,6264 5,702}
90,0850 1201,7808 6,067} 200,3900 101,5456 T¢616%
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TABLE 4.3.V {continued}

Turbine Design Data

Seotion {4

b J o P v
(n) (%) (val) (n/s) ( degrx.) ( degr.)
0.,0670 1113,2200 6.2313 190.,4700 91,7260 ~0,3065
040690 164,1699 642320  204,8100 98,2686 0,5665
0.0710 1203,7100 6.2337 210.9400 101.6579 139687
0.0730 1233,9299 6.2360 212,1300 103,.7633 244090
0,0750 1253,1699 642384  209,6900  105.,1417  3,5289
0.0770 1261,.1101 6.2411 203,9100 105,9559 4, 7311
0,0790 1259,9900 6e2442 195.3300 106.4154 6,0337
0,0810 1252,1799 6,248)3 184,0300 106,6385 74580
0.0832 1239,1799 6.2539 169.8200 106,7218 99,0611
0.,0855 1224,8301 6.2620 152.3300 106.,8527 10,9483
0,0880 1211,2500 6.2731 130.5100 197.2685 13,3582
Section 5
0.0670 1020.1299 440281 513,4600 26,0000 0.0
0,069% 070,1001 4,138 521,220 2543429 201122
0.0720 1110,.6001 4,23T7 5214299 24,7043 3.7936
0,0745 1143,0200 443362 516.7300 24,0672 5.1231
0,0770 1165,5100 404310  507.9900 23,4218  6,1384
0.,0796 1177.5500 4.,5223 95,6299 22,762] 6.8675
0.,0821] 1181,139% 4,6103 480,3101 22.0835 T.3187
0,0848 1178,3799% 4,6950 462.7100 21.8822 T.4923
0.0874 1170,6101 4,7765 443,0500 20,6545 T.3781
0,0902 1161,4199 4,8545 422,0000 19,8574 5.9714
0,0930 1153,1101 4,9288 398,7700 19,1071 6+3000
Section 6
0.0670 986,7600 3,3116 181,9000 93,6689 -0,2229
05,0704 026,000 3,3135 202,5600 96,5749 202674
0,0736 1058,2900 3.3181 215,.8800 96.3651 3.7590
0,0765 1083,3000 3,3240 226,1700¢ 95.2952 64,6451
0,0792 1099,3301 3,3304 233,9600 93,6229 4.9353
0.,0818 110%5,8799 3,3365 239,8300 91,5398 4,5179
0,0843 1104,8799 3.3419 244,4100 89,2388 2.9124

0066 98,360 3,346 246,5300 86,8217 0,0
0.0889 1087,5901 3.3491 252.7100 84,3815 0.0
90,0910 1076,070} 3,3509 257.0100 82,0740 0.0
90,0930 log§.9900 3,3516 261,6001 719.9974 0,0




TABLE 4.3.V1

Comparison of Averaging Methods (Turbine, Figure 4.3.6)
{(y = 1.3074 = const)

. v h P P T T a ;
Section . s 1 s t Tis
(m/s) (kj/kg) (bar) (bar) K X) (degr.) ()
Dzung-method 1 12694 1706.1 11.762 12.000 1397.1 1403.7 90.00
2 509,97 1584.1 8.286 11,590 1297.3 1403.8 19.56
3 222.36 1490.9 6.130 6.574 12209 1241.2 102.14 0.8848
4 186.08 1498.2 6.259 6.572 1226.9 1241.1 104.26
5 471.54 1404 .4 4,556 6.300 1150.8 1241.1 22.60
6 231.79 1316.0 3.337 3.636 1077.7 1099.7 89.47
“Entropy Weighted” 1 126.91 1706.1 11,790 12.029 1397.1 1403.7 90,00
Mean values 2 515.85 1581.1 8.271 11.664 1294.8 1403.8 19.53
3 223.39 1490.6 6.142 6.591 1220.7 1241.2 102.04 0.8857
4 192.12 1497.1 6.257 6.597 1226.0 1241.1 104.15
5 484.51 1398.2 4514 6.361 1145.0 1241.1 22.69
6 235.33 13t15.2 3.340 3.650 1077.9 1099.7 89.67
Pianko method 1 127 1706.4 11.7645 12.000 1398.0 1404.6
6* 232.7 1315.6 3.3411 3.643 1077.8 1100 0.8872
6 ** 233 1315.5 3.3370 3.640 1077.7 1100 0.8867
6 FE* 2329 13156 3.3389 3.641 1077.8 1100 0.8868
Area weighted 1 12.000 1402.0
6 3.638 1097.4 0.8880
Mass weighted 1 12.00C¢ 1403.7
6 3.643 1099.7 0.8861

* Section 6 considered as inlet of a turbine

**  Section 6 considered as inlet of a reheat channel

*** Section 6 considered as inlet of a nozzle

Lel
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¢ = Fsa — Py

)

3

within the diffusor between section 3 and 4 the different results are

cp(DZUNG) = 29.7%
and
Cp(EW) = 26.3%.
The differences in mean enthalpies and in efficiency are negligible,

Some radial distributions and the corresponding mean values for section 2 and 3 are shown in Figures 4.3.7—12.
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4.4 ENGINE SYSTEM ANALYSIS

Notations

The notations used in paragraph 4.4 are identical with those in paragraph 3.2. In addition, the symbo! h* is used.
h

hll Fe—

R

4.4.1 General
4.4.1.1 Introduction

In the section below, an example is given of an engine to which the Pianke method described in paragraph 3.2 is
applied. The engine is a turbojet (see figure below) consisting of the following components: a compressor, a ecombustor,
a turbine, a mixer<diffuser, a reheat duct and an exhaust nozzle.

Tt e
=

T A . A X

Compressor Turbine Reheat
P Combustor  Mixer- channel Nozzle
diffuser

The calculations will be carried out in the planes (1), (2), (3), (4}, (5) and (6) where the aerothermodynamic data of
the heterogeneous flow are known. The total area is divided into a number of elementary areas AA at the centre of
which the total pressure Py , the total temperature T, , the static pressure Py, the angle formed by the velocity V
with the normal to the section plane, and the fuel/air ratio (FAR) are known,

The various sections (1) to (6) will be designated as:

(1) Compressor inlet

(2) Combustor inlet

{3) Turbine inlet

(4) Mixer-Diffuser inlet
(5) Reheat duct inlet
(6) Exhaust nozzle inlet.

In each of these sections, the average total temperature and the average total pressure will be calculated by the
Pianko method explained in paragraph 3.2. For comparison purposes, the results obtained with Dzung’s method
(applied systematically with v = const = 1.4) will also be given.

44.1.2 Data
The data in the various sections are summed up in the following tables.
Important note: The reader will notice that, in all the sections considered, the static pressure is constant and the

flow normal to the section. This assumption, which is by no means compulsory, has been chosen only with a view to
simplifying calculations.
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Section 1
AA m? 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
P, bar 0.9 092 | 094 | 097 | 098 | 099 1 1 1 1
Ty K 290 290 290 290 290 290 290 290 290 290
P, bar 0.757 | 0.757 | 0.757 | 0.757 { 0.757 | 0.757 | 0.757 | 0.757 | 0.757 | 0.757
angle 0 0 0 0 0 0 0 0 0 0
FAR o 0 0 0 0 0 0 0 0] 0
Section 2
AA mm? 7918 | 8824 | 9841 | 10840 | 12470 | 13330 | 14330 | 14330 | 14330 | 14330
P; bar 18377 | 18.079  17.768 | 17.627 | 17.113 [16.943 | 16.771 | 16.771 | 16,771 | 16,771
T, K 790 780 770 760 750 745 740 740 740 740
P, bar 15.3 15.3 153 15.3 15.3 15.3 15.3 15.3 15.3 153
angle 0 0 0 0 0 ] 0 0 0 0
FAR 0 0 0 0 0 0 0 0 0 0
Section 3
AA mm? 10280 | 11860 | 13430 | 15250 | 17800 | 19640 | 20250 | 2048C | 20730 { 21010
P, bar 17.5 17.1 16.8 16.7 16.2 16 15.9 15.8 15.7 15.6
T, K 1300 | 1350 | 1400 | 150C | 1600 | 1700 | 1650 | 1600 [ 1550 | 1500
P, bar 14 14 14 14 14 14 14 14 14 14
angle 0 4] 0 0 0 0 0 0 0 0
FAR 0.0229 {0.0229 | 0.0229 ] 0.0229| 0.0229 [ 0.0229 [ 0.0229 | 0.0229 | 0.0229 | 0.0229
Section 4
AA mm? 104530 1113922 79362 | 65977 | 59213 | 51137 | 56753 | 59107 | 58005 | 68330
P, bar 3408 | 3.408 | 3,552 | 3.765 | 3.965 | 4.320 | 4.128 | 4.032 | 4.028 | 3.801
T; K 892 931 J1002.5) 1116 | 1229 | 1336 | 1289 | 1238 [1185.5) 1134
P bar 3312 | 3312 | 3312 | 3312 | 3312 | 3.312 | 3.312 | 3.312 | 3.312 | 3.312
angle a 0 0 0 0 0 0 0 0 0
FAR 0.0229 (0.0229 [ 0.022%9 | 0.0229 | 0.0229 | 0.0229 | 0.0229 | 0.0229 | 0.0229 | 0.0229
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Section §
AA mm? 95240 | 95240 | 95240 | 95240 | 95240 | 95240 | 95240 | 95240 : 95240 | 95240
P, bar 3.601413.6235 |3.7274 | 3.8219(3.9374| 3.9374 ( 3.9269 | 3.7694 | 3.7169 | 3.7169
Ty K 1000 | 1050 | 1100 | 1150 | 1200 | 1250 | 1200 | 1140 | 1100 | 1080
P bar 3.5552|3.5552 13,5552 3.5552(3.5552 | 3.5552| 3.5552 | 3.5552 3.5552| 3.5552
angle 0 0 0 +] 0 0 0 0 0 0
FAR 0.0229 | 0.0229 |0.0229| 0.0229 { 0.0229 | 0.0229 | 0.0229 | 0.0229] 0.0229| 0.0229

Section 6
AA mm? 50000 | 60000 | 85000 | 100000 | 100000 | 100000 | 100000 [ 100000 | 100000 [ 100000
P, bar 3280 | 3.285 | 3.376 | 3.422 | 3.642 | 3.631 | 3.621 | 3.421 | 3,346 | 3.409
T, K 1750 1800 1850 1900 1950 | 2000 1650 1890 1850 1830
P, bar 2.9 29 2.9 2.9 2.9 29 2.9 29 2.9 2.9
angle 0 0 0 0 0 0 0 o 0 0
FAR 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05

4.4.1.3 Calculation method

In the general case, calculations are made with 4 and Cp being variables. For this purpose, the integrals are

assumed to be known

h*(T) =

h(T)

— pr(T) dT

and T
o - L[S0

as functions of the temperature and fuel/air ratio. It is also admitted that the functions can be inverted, that is to say
that knowing the fuel/air ratio and one of the values h* or & enables us to know the temperature.

In an elementary section AA , where the fuelfair ratio and the total temperature are known, we calculate

1 (T
= (T} = J‘

and

E(T) dT

1 J‘Tt
= E CP(T) dT.

As the total pressure P, is known, the specific entropy can be calculated

s = R[®,

_lnPt] .

Then, we can calculate the static temperature Tg by means of the function &, = tf(Ts) by writing that the
entropy calculated with the total values (P, T,) is equal to the entropy calculated with the static values (Pg, Ty),

that is:

o —InP; = &

—lnPt.
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Therefore: P
¢ = H(Ty) = ATY—In
s

Knowing ®(T) , we can calculate T , then the static enthalpy hy = h(T)= [Rx h*(T,)] . The velocity V is
then calculated by

V =/ 2[h(Ty)— h(Ty)

If we take into account the state equation Pg/p = RT; , the mass flow running through the section AA is

Py x Vx AA
h = ——

RT,

Note: When y may be regarded as constant, the calculations are necessarily simpler.

442 Compressor Inlet (section (1))

4.4.2.1 Calculations

The section (1} is located upstream of the compressor. The method used to calculate the homogeneous equivalent
flow which will yield the total pressure {(and the total temperature) is that described in paragraph 3.2.2. However, as
the temperature in this section is homogeneous, it seems quite justifiable to carry out the calculation with y = const .
In this case, we have (Cf 3.2.7.2)

= T, dr
T, = It_{r_‘ = 290K
m
and Y
— m —1
Po=| —— |7
drh
fpt(%l)/?

The table below shows the various calculation steps.

A m? 01 | o1 | o1 [ o1t | o1 | o1 | or| o1 ] 01| ol
P, 09 | 092 | 094 | 097 | 098 | 099 . s . s
P, x 106 | x 105 | x 108 | x 105 | x 105 | x 105 | 10 | 1€ | 10° | 10
T, K 290
P 0.757 x 108
Pa
ah kefs 16.019 | 17.087 | 18.088 | 19.487 19.930 | 20.363 | 20.786 | 20.786 | 20.786 | 20.786
drh
— 06154 | 0.6523 | 0.6863 |0.7327 | 0.7472 | 0.7612 ] 0.7748| 0.7748 | 0.7748 | 0.7748
Py

From this table, we derive

m = Zdmh = 194.1kg/s

A 204
Zpt(v—l)h' -

- 194,1 |1.4/04
P, = = 97220P,
7.2944

and
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Therefore, the average values in the section (1) are:

T, = 290K

P, = 0.9722 bar

4.4.2.2 Influence of the compressor pressure ratio on the calculated total average pressure
The total pressure Py = 0.97220, as calculated above, is independent of the compressor pressure ratio, as it results
from a calculation where v is assumed to be constant.

4.4.2.3 Calculation with the Dzung method

The results are:

e
I

290K

P, = 0.9709 bar

4.43 Combustor Inlet (section (2))

4.4.3.1 Calculations

The section (2) is located upstream of the combustor. The method used to calculate the average values is that
described in paragraph 3.2.4. Since the static pressure in the section (2) is uniform (and equal to 15.3 bars), this value
will be chosen for the static pressure of the homogeneous flow

P, = 153 bar

Note. If the static pressure were not uniform, the value chosen for 17S would have been

f Ps('r—l)/'r drh (1)
A2

fdm

A2

according to the formula recommended in paragraph 3.2.4.5.
The calculations are shown in the following table (page 137 opposite).
We infer from this table that:

m = Edm = 192.9 kg/fs

c. hy Zhdhm 518434 26876
t TR T dm 1929 ’

—« _hy  ZThdh 501382
s R Z dm 192.9

= 2599.2

The following temperatures correspond to the values of H:= 2687.6 and H: = 2599.2

T, = 754K
and _

T, = 7307

&, = ®(754) = 23.255 corresponds to T, = 754
and

&, = $(730.7) = 23.135 corresponds to Ty = 730.7.



Table of Calculations for Combustor Infet

SECTION 2

AA m? 0.0079178 0.008824 0.009841 0.01084 0.01246 0.01333 0.014326 0.014326 0.014326 |0.014326
P, bar 18.377 18.079 17.768 17.627 17.113 16.943 16.771 16.771 16.771 16.771
T, K 790 780 770 760 750 745 740 740 740 740
P, bar 153 15.3 153 15.3 15.3 15.3 15.3 15.3 15.3 15.3
v m/s 283.70 269.3 2535 2452 217.09 206.64 195.5 195.5 195.5 195.5
dm kg/s 15.900 16.965 17.966 19.353 19,802 20.246 20.671 20.671 20.671 20.671
:“. 28242 2786 2748.0 2710 2672.1 2653 2634 2634 2634 2634
:M 2683.9 2659.7 2636 2605.7 2590 2597 2567.7 2567.7 2567.7 2561.7
R._x dmh 44904 47260 49370 52450 52910 53720 54455 54455 54455 54455
WM x dm 42674 45120 47360 50420 51290 52210 53077 53077 53077 53077

LE1
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Applying the method described in paragraph 3.2 (3.2.4.6), we calculate:

ln
—
It

15.3 exp[23.255 — 23.135}

-
-
I

= 17.251 bar.

The total average values in the section (2) are therefore

754 K

-~
1

b
-
|

= 17.251 bar

4.4.3.2 Influence of downstream conditions on the calculated total average pressure

The total pressure Ft = 17.251, as calculated above, is independent of any physical process taking place down-
stream of the plane 2. It is an intrinsic value which depends only on upstream combustor data.

4.4.3.3 Calculation with the Dzung method

The results obtained are:

=
I

754 K

=
[

= 17.210 bar

444 Turbine Inlet (section (3))

4.4.4.1 Calculations

The section (3} is located upstream of the turbine. The method used to calculate the average values is that des-
cribed in paragraph 3.2.3. The calculations will be carried out with v function of the temperature. The values of the
functions h' (T) and ®(T) are taken for the value of FAR = 0.0299. To apply the method described in paragraph
3.2.3, we must know the total pressure P,, at the turbine exit, that is to say the total pressure in the plane 4, which
is presently unknown.

In carrying out the calculations, we shall assume that there is in the turbine an isentropic expansion down to
P;. = 4 bars . As we shall see in paragraph 4.4.4.2 the influence of P;, on the value of the total pressure P; calculated
in the plane 3 is very small.

The steps of the calculations are shown on the table opposite.

From the table we derive

m = ¥dm = 198.8kg/s

—w _ Zhi{dm 1189800
% drh 198.8

= 59849

—« _ Thpdm _ 826800
" Tdm 198.8

4158.9

the following temperatures correspond to the above values of H? and E:‘e :
T, = 1525K

and _
Tie = 1102K.

With these temperatures, we calculate

= ®(1525) = 26.4706



Table of Calculations for Turbine Inlet

SECTION 3

AA m? 0.01029 0.01186 0.01343 0.01525 0.01780 0.01964 0.02025 0.02048 0.02073 0.02101
Py bar 17.5 17.1 16.8 16.7 16.2 16.0 15.9 15.8 15.7 15.6
T K 1300 1350 1400 1500 1600 1700 1650 1600 1550 1500
| bar 14 i4 14 14 14 14 14 14 14 14
FAR 0.0229 0.0229 3.0229 0.0229 0.0229 0.0229 0.0229 0.022% 0.022¢ 0.0229
drh ke/s 16.378 17.474 18.502 19.956 20.427 20.884 21.308 21.305 21.296 21.288
®(T,) 25.775 25.938 26.096 26.398 26.681 26.949 26.817 26.681 26.541 26.398
(T, 24.299 24.485 24.661 24.968 25,282 25.562 25.437 25.307 25.173 25.037
Tie K 915.7 958 999.6 1076 1158.6 1237 1201 1165 1129 1094
ww 5002 5218 5436 5874 6316 6760 6538 6316 6094 5874
:Mo 3386.7 3560 3730.6 4048 4397 4732 4579 4426 4273 4122
FM._ x dri 81933 91179 100577 117221 129017 141176 139311 134562 129778 125045
:mn x dm 55474 62207 69023 80782 89817 98823 97569 94296 90998 87749

6¢tl
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and _
®. = &(1102) = 25.0708.

From this, we derive P; by

Py = Py, exp[26.4706 — 25.0708].
With P,. = 4 bar, we obtain

Py

16.217 bar .

Therefore, the total average values in the section 3 are

T, = 1525K

P; = 16.217 bar

4.4.4.2 Influence of downstream conditions on the calculated total average pressure

The value Py = 16.217 bars calculated above is not an intrinsic value. It depends on the value of the total pressure
Py , that is to say the total average pressure at the turbine exit. In the above calculation, we have taken P;, = 4 bar.
In fact, the value of P, which will be calculated below in the plane 4, will be 3.88 bar. The table below enables us to
quantify the influence of P, on the value of P; calculated upstream of the turbine.

P, bar 2 36 4 10
?t bar 16.213 16.217 16.217 16.220
Divergence/

calculation —0.03% 0 0 +0.02%
with Py, = 3.88

We note that the fact of having taken 4 bar (instead of 3.88) for P,, leads to no error on 1_’t calculated with 3
decimals. Even if we had chosen for Py, values as extreme as 2 bar or 10 bar, the errors concerning Py would be
below 0.03%, that is to say quite negligible. Therefore, we can conclude that the proposed method leads us to calculate
a virtually intrinsic value upstream of the turbine.

4.4.4.3 Calculation based on the Dzung method

The results cbtained are:

=
I

15242 K

= 16.210 bar

o
-
|

4.4.5 Mixer-Diffuser Inlet (section (4))

4.4.5.1 Calculations

The section (4) is located upstream of the mixer-diffuser. In this case, as explained in paragraph 3.2.6, there are
several possible options. For instance, we can deal with the section {(4) as we would with a turbine inlet or with a reheat
duct inlet. However, the velocities in the section 4 are too high to give a realistic representation of a reheat duct inlet.
For this reason, to calculate the average values, we shall regard the section 4 as in the upstream turbine plane. The
calculation method is therefore identical with that described in the previous paragraph 4.4.4. Here, we have assumed
that the total pressure at the hypothetic turbine exit is 2 bar.

The following table provides the steps of the calculation, the results of which are

T, = 1147.8K

P, = 3.883 bar




SECTION 4

Table of Calculation for Mixer-Diffuser Inlet

AA m? 0.104530 0.113922 0.079362 0.065977 0.059213 0.051137 0.056753 0.059107 0.058005 [ 0.068327
P, bar 3.408 3.408 3.552 3.765 3.965 4.320 4.128 4.032 4.028 3.801
T, K 892 931 1002.5 1116 1229 1336 1289 1238 1185.5 1134
P, bar 3.312 3.312 3.312 3.312 3.312 3.312 3.312 3.312 3.312 3312
FAR 0.0229 0.0229 0.0229 0.0229 0.0229 0.0229 0.0229 0.0229 0.0229 0.0229
dm ke/s 16.378 17.474 18,502 19.956 20.427 20.884 21.308 21.305 21.295 21.288
&(Ty) 24.1922 24,3673 24,6731 25.1231 25.5339 25.8936 25.7388 25.5652 25.3798 25.1909
P(T;,) 23.6593 23.8343 24.0987 24.4905 24.8495 25.1235 25,0142 24.8641 24.6797 24,5487
Tie 781.2 816.4 871.7 959.34 1046 1116.3 1087.7 1049.5 1004.2 973
:w 3290.9 3449.2 3742.8 4216.6 4696.7 5157.6 4954.4 4735.2 4510.9 4292.6
:“.m 284921 2987.8 3209.2 3564.9 39224 4217.0 4097.1 3937.5 37493 3620.7
:w x drit 53898 60271 69249 84146 95935 107710 105568 100883 96064 91380
rua x dit 466064 52209 59377 71141 80119 88068 87301 83888 79845 77077

1¥1
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4.4.5.2 Influence of downstream conditions on the calculated total average pressure

As stated in paragraph 4.4.4.2, the influence of the expansion rate of the turbine on the total average pressure
calculated upstream of the turbine is quite negligible. However, the flow given in the section 4 located downstream
of the turbine would be identical if there were an exhaust nozzle downstream of this section. In other words, we can
calculate the section 4 as a section upstream of an exhaust nozzle. In this case, dealing with the case of an adapted
convergent-divergent nozzle, we would have found:

P, = 3.835 bar
that is a value different by —1.2% from the value found previously.

4.4.5.3 Calculation with the Dzung method

The results obtained are:

T, = 11466K

~
I

= 3 809 bar

446 Reheat Duct Inlet (section (5))

4.4.6.1 Calculations

The outlet of the mixer in the section (5) is upstream of the reheat channel. The calculation method is described
in paragraph 3.2.5.

The phases of the calculation are shown in the table opposite.
From this table of calculations, we derive
m = T dm = 198.8 kg/s

¢ Ihixdmh  B64065
R ¥ dm 198.8

I = % P,AA + Z Vdrih = 338600 + 41052 = 379652.
As A=09524m? , J/A = 398626,
Therefore, the three equations to be solved are:’
( 2V = 208.73

—w e V2
hY = 7'+ — = 4344
< hy s ¥ 3R

P, + 5V = 398626 .

The solution is

P, = 359198 Pa

P = 11077

V = 191 m/s

T, = 1131K

T, = 1146.2K

®, = 25.1806 corresponds to Ty = 1131 K
@, = 25.2363 corresponds to Ty = 1146.2K .



SECTION 5

Table of Calculations for Reheat Channel Inlet

AA m? 0.09524 0.09524 0.09524 0.09524 0.09524 0.09524 009524 | 009524 0.09524 |0.09524
P, Pa 3.6014 3.6235 3.7274 3.8219 3.9374 3.9374 3.9269 3.7694 37169 | 3.7169
T, K 1000 1050 1100 1150 1200 1250 1200 1140 1100 1080
P Pa 3.5552 x 108
drh ke/s 10.417 12.036 18.647 22.663 26.515 25.991 26.154 20419 18.074 | 18.237
\ m/s 85.749 106.64 171.951 217.21 263.3 268.9 259.88 194.64 166.77 | 165.21
he 37324 39399 4149.3 4360.2 4572.7 4786.7 4572.7 4317.9 41493 | 4065.4
P % 106.541 126.37 195.81 237.92 278.39 272.88 274.61 214.39 189.77 | 191.48
s
P,AA 33860
V x di 870.1 1283.5 3206.5 4922.9 6981.8 6989 6797 3974.5 30143 | 3013.1
hy x drh 37874 47421 77376 98820 121249 124415 119598 88172 74995 74142
hy 3719.6 3920 4097.8 4278 4451.9 4660.7 4455 4252 41008 | 4017.8
T, 4 996.9 1045.3 1087.8 1130 1171.57 1220.5 1172.3 1124.5 1088.6 | 1068.7

134!



Then we calculate P, by

B, = P, exp[®, — &].

With P, = 3.59198 bar , we find

Py

3.798 bar.

Therefore, the total average values in the section 5 are:

T, = 1146.2K

P, = 3.798 bar

4.4.6.2 Influence of downstream conditions on the calculated total average pressure

We can assume that the reheat channel does not exist and that the plane 6 is upstream of an exhaust nozzle. The
calculation of the section 6 as an exhaust nozzle inlet would lead to:

P, = 3.803 bars

that is to say, higher by approximatety 0.1%,

4.4.6.3 Calculation with the Dzung method

The results obtained are:

T, = 1146K

P, = 3.794 bar

Note: The Pianko method applied above to paragraph 4.4.6.1 is, in principle, identical with the Dzung method.
The divergences noted (0.2 K as regards the temperature and 0.1% as regards the total pressure) result from the fact that
the calculation in paragraph 4.4.6.1 has been carried out with « variable, and the calculation by the Dzung method
with 4 constant and equal to 1.4.

447 Exhaust Nozzle Inlet (section {6))

4.4.7.1 Calculations

The section 6 is located upstream of the exhaust nozzle. The method used to calculate the average values is that
described in paragraph 3.2.2. The calculations will be carried out with v variable. The functions h*(T) and &(T)
are calculated for FAR = 0.5 . In order to apply the method described in paragraph 3.2.2, we have to know the ambient
pressure and the static pressure in the exhaust plane of the nozzle. For the purpose of the calculation, we have chosen
here:

Py = ! bar

P, = 1.856 bar.
The phases of the calculation are shown in the table opposite.
From this table we derive:

m = X dm = 204.5 kg/s

« h  Thidh 1621260
< = = = 79279
R  Zdm 204.5

F

Z AF = 224049 N

that is F/h = 1095.6 m/s .



SECTION 6

Table of Calculations for Nozzle Inlet

AA m? 0.04715 0.05658 0.080155 0.0943 0.0943 0.0943 0.0943 0.08487 0.080155 | 0.07544
P, bar 34782 3.4835 3.5800 3.6288 3.8621 3.8504 3.8398 3.6278 3.5482 3.6150
T, K 1750 1800 1850 1900 1950 2000 1950 1890 1850 1830

Py bar 3.0753 3.0753 3.0753 3.0753 3.0753 3.0753 3.0753 3.0753 3.0753 3.0753
r*ﬁ.ﬂ-v 7236.7 7472.2 7708.5 7945.3 8182.8 8420.8 8182.8 7898 7708.5 7613.9
®(T,) 27.5336 27.6653 27.7937 27.9189 28.04115 28,1605 28.0411 27.8941 27.7937 27.7427
&(T,) 27.4104 27.5406 27.6417 27.7533 27.8133 27.9357 27.8190 27.7288 27.6506 27.5809
T K 1704.2 1752.4 1790.7 1833.9 1857.5 1906.5 1860 1824.3 1794 1767.6
:..,Q.mv 7022.3 7249 7429.4 7633.5 7745 7977.5 7756 7588.3 7445 7320.5
$(T,e) 26.9063 27.0365 27.1366 27.2483 27.3082 27.4306 27.3140 27.238 27.1455 27.0759
Tse K 1528.6 1572.4 1607.2 1645.7 1667 1711.5 1669.2 1637 1610.3 1586

U*A.ﬁmmv 6203.4 6406.3 6566.1 6749 6849 7057 6858.5 6708.4 6580.6 6468.7
drh ke/s 10.395 12.38 19.193 23.306 27.264 26.732 26.891 21.011 18.594 18.762
:*A,—,L %X dri1 75232 92524 147950 185178 223098 225106 220046 165943 143336 142856
Ve 770.6 782.8 809.7 828.7 875.0 884.7 871.8 826.3 804.6 810.7

AA, m? 0.0318 0.03846 0.05890 0.07158 0.08032 0.07996 0.07962 0.06438 0.05755 0.05677
AF N 10732 12983 20582 25440 30731 30494 30259 22872 19887 20069

Svl
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The three equations to be solved are:

F (185600 — 100000) _

7 €

~ ~ = 1095.6
m PeVe

x vé
Wi (Tye) + 52 = 79279

18560
= RT

— 8¢ -

Pe

Solving these equations, we find

Ty = 1637.3
and B
Ve = 8363 m/s.
In addition, the value which corresponds to hf =7927.9 is
T, = 1895.7K
T, = 1895.7K gives &, = 27.9098
Tse = 1637.3 K gives &,, = 27.2243 .
Then, we calculate:
By = Pye expld; — By
that is _
P, = 1.856 exp[27.9098 — 27.2243]
P, = 3.4730 bar.

Therefore, the total average values in the section 6 are:

T, = 1895.7K

3.6837 bar

v
"

4.4.7.2 Influence of downstream conditions on the calculated total average pressure

The pressure _Pt calculated above depends on the ambient pressure and on the value of the assumed static pressure
P;. in the exhaust plane. In the three cases calculated:

{Po = 1 bar {Po = 1 bar {Po = 1 bar

Py, = 1 bar Pge = 1.856 bar P, = 0.928 bar

We find the same total pressure 'lst as calculated (with three decimals) _Pt = 3.683 bar . Therefore, the divergences

are lower than 0.01% and can be disregarded.

4.4.7.3 Calculation with the Dzung method

The results obtained are:

3
[

= 1896 K

P, = 3.678 bar
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4.4.8 Synthesis and application of results

The results obtained are summed up in the following table:

Section 1 2 3 4 5 6

Tt K 290 754 1525 1147.8 1146.2 1895.7
Pianko method —

P, bar 0.97221 17.251 16.217 3.883 3.798 3.683

Tt K 290 754 1524.2 1146.6 1146 1896
Dzung method —

P, bar 0.9709 17.210 16.210 3.809 3.794 3.678
AP(/P; between Pianko and Dzung _0.1% —0.2% 0.04% ~1.9% —0.1% —0.1%

methods

We note that the divergences between the temperatures calculated according to the two methods are quite
negligible.

In general, the total pressures calculated according to the two methods are also very similar. The total pressure as
calculated by the Dzung method is always lower than that calculated by the Pianko method. Generally, the divergences
are of the order of 0.1%, except in the section 4, where a divergence of 1.9% appears. This results from the fact that
the Dzung method includes mixing losses. The latter are especially high because the heterogeneity of the Mach numbers
is high in section 4.

Owing to the values of the above table, we can calculate the performance of the engine components. We obtain:

Polytropic Pressure Polytropic Pressure Pressure
efficiency loss in efficiency loss in loss in
of compressor combustor of turbine mixer-diffuser | reheat channel
Pianko 0.843 6% 0.859 2.18% 3%
method
Dzung 0.843 5.8% 0.848 0.4 % 3%
method

The divergences between the two methods which appear above regarding the turbine and the mixer-diffuser are
relatively high and lead us to believe that a more thorough analysis-comparison would be advisable. This is done in the
following paragraph.

4.4.9 Comparison between Dzung and Pianko Methods

4491 General

The pressure loss difference between the two methods in the mixer-diffuser is natural. As Dzung method ascribes
the mixing losses to the upstream component, it logically ensues that the pressure loss between sections 3 and 4,
calculated by this method, is lower than that calculated by the Pianko method which ascribes the mixing loss to the
downstream component.

On the other hand, it would be useful to analyse in more detail the difference between the turbine efficiencies.
For this purpose, it is necessary to have a reference efficiency independent of any averaging method and giving an
overall representation of the turbine qualities. In the following paragraphs, we shall attempt to define a reference
isentropic efficiency and a reference polytropic efficiency which can be used as criteria to compare the efficiencies
obtained with any method. Such an efficiency will be called “reference efficiency™.

Finally, in order that the comparison may not be erronecus due to the numerical process, all the calculations will

be made with v = const = 1.3 .

4.4.9.2 Results

The table overleaf gives the results of the calculations for both methods:
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. ; Polytropic Isentropic
Section 3 Section 4 efficiency efficiency
P, bar 16.2292 3.8839
Pianko —
T, K 1524.35 1146.20 0.8640 0.8826
P, bar 16.2104 3.8090
Dzung —
T, K 1524.35 1146.20 0.8531 0.8732

4.4.9.3 Definition and calculation of the “reference efficiency”

4.4.9.3.1 Isentropic Efficiency

When the flow is homogeneous at the inlet and exit of a turbine engine, the definition of an isentropic efficiency
is trivial. In a turbine, the isentropic efficiency is defined as the real enthalpy variation/ideal enthalpy variation ratio:

_ AHt real

N T .
AH jgeal

The ideal enthalpy variation is that which corresponds to an isentropic expansion from the state at the turbine
inlet (Py;, Ty;) down to the total pressure Py, at the turbine exit. If we assume that +y is constant, we obtain:

Tii — Tie

(P (V*I)I'r] :
Tu [l (P )

ti

r <

When the flow is heterogeneous at the turbine inlet and exit, the notion of isentropic efficiency can be extended by
assuming that the turbine is composed of a large number of turbines operating in parallel.

/{’4 Pr,
— ~ = T,
Tti —_— — —

This amounts to figuring out that the various streamlets which flow through the turbine can be individualized. The
ideal enthalpy variation of a streamlet which can be individualized in this way is:

AHigeal = dhjgeq x dr .

That is, in the case when + is constant:

Py, (r—Dlr
AHideal = Cp Tti [1 —(T) ] dm.
ti

Then, the “reference isentropic™ efficiency becomes equal to:
(Tti “Tte) il

P\ DT
frafr-(e)" 7 o
t1

A

nTz
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where _ 1
Ty = — J‘ Ty drb
my YA

_ 1
me <A,

Remark: The concept of “reference isentropic efficiency” which is explained above for the case of a turbine is
also applicable to the case of a compressor.

It is evident that, during tests on a real turbine engine, it is almost impossible to individualize the various stream-
lets by measurements.

However, the calculation of the “reference efficiency’ is possible in certain special cases:
(i) When the flow in the turbine (or compressor) is the result of a calculation.
(ii) When the total temperature and the total pressure are uniform at the inlet.

(iii) When the total pressure is uniform at the exit,

In the present Chapter 4.4 where the turbine is calculated, the various streamlets are given as individualized; it is
therefore possible to calculate the reference isentropic efficiency.

The table below shows the details of the calculations:

Py bar 17.5 17.1 16.8 16.7 16.2 16.0 15.9 15.8 15.7 15.6
Tii K 1300 | 1350 | 1400 | 1500 | 1600 [ 1700 | 1650 ; 1600 ' 1550 | 1500
| 8 bar 3408 | 3.408 | 3.552 | 3.765| 3.965| 4320} 4.128( 4.032| 4.028 | 3.801
diiy kg/s 163771 17.466 | 18.486} 19.924) 20.377| 20.818| 21.247; 21.250} 21.249 | 21.250

p,.\(r—Diy
Ty [1—(—P‘—‘?) ] 408.8 | 419.57| 421.9 | 436.36| 443.7 | 443.31| 441.26| 432.54| 417.62 |417.12
ti

p, . (r—1)/
Ty [l _(P_te) 1}1111 6695.0 | 73286 7799 | 8694.0| 9042.0] 9229.0] 9375.5| 9191.4| 8874.1 | 8864.0
ti

From this table we derive:

= Zdm = 198.4 kg/s

Py (r—Dlry
Ty [l —~(~—) ]dm = 85092.6
Py

As we know, in addition, that:

Ty = 1524.35

and _
Te = 1146.2

we obtain: 378.15 x 198.4
el T T 550926

Tref = 0.8817
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4.4.9.3.2 Polytropic efficiency

When the flow is homogeneous at a turbine inlet and exit, the polytropic efficiency is defined by the following
relation:

1
Se 7§ < (1 _‘") [fre — ¢yl xR
Tr

where
1 fTe cp dT
¢te = ¢(Tte) = EJ‘ _OET—
1 (Tu cp dT
o = o(Ty) = R T

When the flow which runs through a turbine is heterogeneous, an average polytropic efficiency called “reference
polytropic efficiency” can be defined by taking the integral quantities. The reference polytropic efficiency is then

defined by:
) X R x [ o Bee dite = J; o4 drhi] :

Remark. The same generalization can be applied to a compressor in which the polytropic efficiency is defined by:

Se =8 — (1_

Tref

se =8 = (1 —rep) R (e — ¢4l .
In the case when + is constant, we have:

T,0—1)
s = RxIn
t

HT) = In Tt?/(vfl) )
The reference polytropic efficiency of the turbine can be easily calculated.

We obtain:

Tre = 0.8709 .

4.4.9.4 Comparison of efficiencies

Polytropic Isentropic
Reference efficiency 0.8709 0.8817
Efficiency obtained by the Pianko method 0.8640 0.8826
Efficiency obtained by the Dzung method 0.8531 0.8732

We note that:

(i} The differences between the calculated polytropic efficiencies and the reference efficiency are greater than
those between the calculated isentropic efficiencies and the reference efficiency.

(ii) The efficiency calculated by the Pianko method is closer to the reference efficiency.
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

1. No uniform flow exists, in general, which simultaneously matches all the significant stream fluxes, aerothermo-
dynamic and geometric parameters of a non-uniform flow.

Among the following parameters

— mass flow rate

— stagnation enthalpy flow rate
— entropy flow rate

— Kkinetic energy flow rate

— linear momentum flux

— stream force or dynalpy

- static pressure (when constant)

area
only four can be correctly matched.

If the flow is swirling it is also possible to match its angular momentum.
2. Since the purpose of defining an equivalent uniform flow is to represent component performance in a thermo-
dynamic cycle calculation, mass and stagnation enthalpy flux must be correctly matched. The choice of the two other
conditions may depend on the use which will be made of the average so derived.

3. The study has therefore concentrated on examining a variety of alternative ways of averaging stagnation pressure

area weighting

mass weighting

momentum-averaging {identical to Dzung’s method for non-swirling flow)

“entropy-weighting”
and a new method proposed by Pianko.

Of these methods, the first two have no theoretical justification. The first one (area weighting) is used because of
its simplicity. The other methods satisfy thaoretically desired requirements. The conditions satisfied by the Pianko
method depend on the engine component considered.

The table overleaf shows what quantities are matched by the studied methods.

4,  The fundamental difficulty which prevents a single stagnation pressure being correct for all purposes is that a
non-uniform flow is not in equilibrium and the process of mixing involves a loss of stagnation pressure. The problem
facing the user is whether to debit this probably unavoidable, but not yet incurred, loss to the “average” flow or not.
The momentum-averaging (Dzung) and the Pianko method for components other than a reheat ducts inlet debit the

full mixing loss to the upstream unit; the mass weighting and Pianko method (for other component than reheat duct) do
not. The “entropy-weighting” method effectively assumes that mixing can occur without any such loss.

5. It follows that in representative flow conditions of a gas turbine engine (except the inlet of a nozzle) Dzung average
stagnation pressure is, usually lower than the mass weighted and Pianko averages (which are often very close). The
“entropy weighted” pressure is almost the same as the mass-weighted average in constant stagnation temperature flow



METHODS WITH THEORETICAL JUSTIFICATION

METHODS WITHOUT
THEORETICAL JUSTIFICATION

~ Momentum Pianko Method
£ Averaging “Entropy Mass Area
e or Weighting Compressor or Combustor Reheat Duct Exhaust Nozzle Weighting Weighting
=
Dzung Turbine Inlet Inlet Inlet Inlet
— Mass flow — Mass flow — Mass flow Mass flow — Mass flow | — Mass flow
Ly
=
b — Enthalpy — Enthalpy - Enthalpy Enthalpy — Enthalpy — Enthalpy
=
=
= — Dynalpy — Entropy — Stagnation Kinetic — Dynalpy — Ideal thrust in None* None
e enthalpy vari- energy an isentropic
s — Area — Area ation in an — Area expansion
m isentropic Static
expansion {(or pressure
compression)

* Mass flow may be considered as matched

T8l
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but unrealistically high when large non-uniformity occurs in stagnation temperature. The area-weighting stagnation
pressure is usually the lowest value and has no theoretical basis but is very easily obtained which is one of the principal
reasons for its usage.

If the stagnation temperature of the flow is uniform, the “entropy-weighting”” method ensures that the second
law of thermodynamics is fulfilled. Mass-weighting, in that case, contravenes the second law. This effect is numerically
small at Mach numbers commonly found at inter-component planes within a gas turbine, but can be very significant in
supersonic flows.

6.  Thermodynamic cycle calculations conducted by any of these pressure averaging methods will give the correct
final result (engine performance), provided the same method is used throughout the engine. However, the various
component efficiencies will not be the same. Specifically, Dzung’s method credits the component which first intro-
duces non-uniformity with lower efficiency than other methods (except area weighting).

The efficiency of other components will be little affected. The compenent which restores uniformity will be
credited with a higher efficiency (such as mixer-diffuser).

7. A small number of numerical examples using practical non-uniformities characteristic of gas turbine components
were undertaken. They showed that, except for the two-stream nozzle case, the numerical differences between the
various ‘“‘average” total pressures are quite small. Percentage differences referred to the Pianko mean* are summarized
in the following table. Differences in numerical integration processes or in specific heat assumptions can amount to
+0.1%.

Mass Daun Area
Weighting .1 Weighting
Section 4.2 Compressor Inlet 0.1 -1.3 -1.8
Qutlet -0.2 0.2 04
Turbine Inlet 0 0 0

Qutlet 0.1 —0.1 -0.1

Section 4.4 Compressor Inlet 0.1 -0.1 -0.2
Outlet -0.2 -0.2 0.7

Turbinet Inlet 0.4 0 -0.3

Qutlet -0.5 -1.9 -3.1

Reheat Inlet 0.3 -0.1 -0.5

Outlet 0.1 -0.1 -0.2

The larger figures occurred when there were large Mach number differences across the section (as after the high-distor-
tion intake in the Section 4.3 example and at turbine outlet in the Section 4.4 example).

The Dzung mean total pressure was usually but not always lower; the area mean total pressure was always the
lowest,

Although the differences were small, they were sufficient to lead to significant differences in component efficiency
figures derived from them. Again using Pianko’s efficiency as the datum the following percentage differences were found:

Mass Area

Weighting Dzung Weighting
Section 4.3 Compressor** -0.2 +1.0 -1.3
Turbine -0.1 0.2 +0.1
Section 4.4 Compressor -0.1 0 -0.2
Turbine 0.5 —1.1 —1.5

* The choice of the Pianko method as a reference for comparison does not mean any preference for application.

** With uniform inlet.
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In one example quoted to the Working Group, a difference of 14% in compressor efficiency was found.

If errors of this order are acceptable, the simplest method (area weighting) may be used. Also, if as in many test
rigs, steps have been taken to ensure an almost uniform inflow, area weighting is also, obviously, acceptable.

As has been pointed out in paragraph 3, the Pianko and Dzung methods have theoretical justification and give
different answers (in some cases significantly different) for the reason explained in paragraph 4. The justification for
using mass-weighting or area-weighting must be assessed by examining how far they differ from the theoretically-
justified methods. Mass-weighting was acceptably close to the Pianko mean in most of the examples considered, but
arca weighting showed differences many test centres would consider unacceptable.

The two-gtream nozzle, in which the core and fan flows meet before the final nozzle, is a special case. The examples
considered showed that it is unrealistic to form an “average’ inlet stagnation pressure (by any method) across the two
streams taken together and then to expect the nozzle coefficients to agree with those measured under uniform inflow
conditions. Indeed the discharge and thrust coefficients cannot in general be simultaneously matched. In the example
of Section 4.2 differences in both discharge and thrust coefficient of £ 6.5% were found.

This results from the impossibility to match simuitaneously

— the mass flux
— the enthalpy

the exit nozzle area

— the exit static pressure {or Mach number)

the ideal thrust,

The possibilities to agree with the measured nozzle coefficient would be

(i) accept not to match one of the above parameters

(i) accept two different average stagnation pressures: one for the discharge coefficient, one for the force
coefficient.

Future work on averaging methods in an exhaust nozzle is needed to explore the various options.

8. When only the stagnation temperature and pressure have been calculated the “average’ static pressure may be
derived from the geometric area to ensure the correct mass flow, or alternatively when the average static pressure is
chosen, an effective area is computed to fit the mass flow,

Some of the averaging methods studied include either a choice of the area or a choice of the static pressure.

9. The study has concentrated almost entirely on how to average flows which are assumed to be accurately measured

in practice, although this is rarely so; the rakes or traverses may not provide detailed information on wall boundary layers,
and often record stagnation pressure and temperature only, leaving static pressure to be interpolated from wall measure-
ments. It is recognized that even the theoretically best averaging method cannot lead to a correct result if the input data
are poor due to incomplete or inaccurate measurements. In some circumstances the error introduced by attempting an
averaging method using poor input data may preduce a result no more reliable than simple area weighting.

Using independently measured mass flow (when it differs from that derived from traverse plane measurements
because of the inaccuracies) to derive average pressure are also considered, and a new correction method is suggested
(see Section 4.15).

10. The study has illuminated the differences between the various averaging methods and why they occur. It has led to
a single recommendation for temperature averaging but not to a single recommendation for pressure averaging. For
pressure averaging the individual user must make the choice best suited to his particular application, in the light of the
findings of the study.

5.2 RECOMMENDATIONS

1. Stream stagnation temperature should be averaged by mass-weighting stagnation enthalpy. In many practical cases,
mass-weighting stagnation temperature will be adequate. In many test rigs, where stagnation temperature is almost uni-
form, area averaging of probe readings is acceptable.

2. Except in the case of propelling nozzles, stream stagnation pressure should be averaged by one of two methods, the
Pianko or Dzung methods. The choice depends on where the user wishes to debit the mixing loss implied by the non-
uniformity. Pianko’s method debits it to the components downstream of the traverse plane whereas Dzung’s method
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debits it te the component upstream of the traverse plane. Mass-weighting may be considered an acceptable approxi-
mation to Pianko’s method and is easier to specify. Area-weighting should only be used when the static pressure level
and distribution cannot be reliably estimated and when the Mach number is small. It is usually closer to the Dzung
average than the Pianko average. The “‘entropy weighting” method should not be used unless the stagnation tempera-
ture of the flow is uniform.

If the mixing loss will not necessarily be wholly incurred (as in a system which is designed to accept the non-
uniformity) and the stagnation temperature is uniform, then “entropy weighting” gives a true thermedynamic upper
bound for average stagnation pressure.

3. In undertaking an engine thermodynamic cycle calculation, the same pressure averaging method should be used for
all components used to construct the cycle.

4. More work is needed to resolve some of the anomalies noted during the study, in particular to find a way of
characterizing the entropy of a non-uniform stream, to examine by systematic examples the relationship between
efficiencies derived by different methods and to find effective ways of using the extra information available when the
total mass flow is separately measured. More work is particularly needed to evolve a satisfactory way of dealing with
the multiple stream nozzles.
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