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ABSTRACT

Methods of determining the one-dlmensional or mean value of a

measured flow property were Investigated. This investigation was

partially accomplished by a literature review of previous investigations

and current flowpath averaging practices. Two basic methods for

determining the mean value of a measured flov; property were identified.

Conparison of these flowpath averaging methods for typical turbine

engine flows was conducted. Recommendations for further flowpath

averaging considerations are offered.
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CHAPTER I

INTRODUCTION

The gas turbine engine Is conposed of different conponents

arranged In series and/or parallel and, from a performance point of

view, is amenable to one-dlmenslonal flow analysis. Each engine

conponent exerts changes on the gas as It flows throu^ the engine

creating changes In the flow properties. The changes exerted on the

gapi by each engine conponent must be known In order to determine

performance of engine components and engine systems. Engine per

formance Is typically determined using one-dlmenslonal analysis

based on averaged measured values and mean calculated properties.

For example, the turbine engine test analysis standard data reduction

program used at the Arnold Engnjieerlng Developm.ent Center, Engine

Test Facility, utilizes performance equations based on one-dlmenslonal,

steady-state equations. The assumption of one-dlmenslonal flow Is a

slnpllflcatlon generally applied to turbine engine flow processes

with the coordinate variable In the direction of flow (1). At any

given cross-section fluid properties are considered constant and,

therefore, vary only with axial position. Equations based on one-

dlmenslonal flow do not precisely describe the fluid motion; however,

the one-dlmenslonal flow assumption has been found to be a good

approximation to many actual flows when considering overall performance.

lumbers In parentheses refer to similarly numbered
references In the Bibliography.
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The one-dimensional approximation represents the oldest and

sinplest approximation o£ the equations of gas dynamics. It can be

applied to the study of the flow in ducts of small divergence and

cui^ture. The consequence of the small divergence is that a flow

configuration can exist where the velocities are nearly parallel

indicating the velocities have small oblique angles to the axis. In

this case, the velocity components normal to the axis are small

compared to the axial components and, if the diameter of the duct is

small conpared with the curvature of the axial line, the transverse

gradients of pressiuf'e can be neglected. Thus, the pressure can be

assumed to be a constant and a function only of the axial coordinate.

The assumption of small obliquity of the velocities is

fundamental in the one-dim.ensional treatment. The fact that in ducts

the flow is conpletely enclosed by solid boundaries represents a

great advantage for the one-dimensional treatment because the amount

of fluid involved is well defined. It is further assumed that not

only the relative obliquity of the velocities is small, but also that

the magnitude is constant at each cross section. Similarly, for

small curvatures, not only the pressure at each point is the same,

but the temperature and any other parameter related to the physical

conditions are also distributed urdformly.

It is realized that while the obliquity assumption can be

very closely satisfied in practical cases, the uniformity assumption

never represents the actual physical conditions. The velocity is

never unifom in the duct because it must always vanish (i.e., the

no-slip condition) at the boundaries. Similarly, heat or mass



exchanges can only be present If a transverse gradient of tenperature

or mass exists. It Is a basic assunptlon that If proper "averaged"

values of the flow and thermodynamlc parameters are defined, the

actual nonunlfom flow can be approximately replaced by an equivalent

uniform flow characterized by values of the velocity, tenperature,

and other physical parameters equal to these "averaged" values. The

Important consequence of the uniformity assunptlon Is that changes of

the physical quantities take place only In the axial direction, so

that each quantity Is a function of a single spatial coordinate

defined along the axial line. Henceforth, the term "one-dlmenslonal

flow" Is used In the above sense (2).

The definition of "averaged" values for a nonunlforro flow

represents a replacement of the varying parameters over a cross-

section by "averaged" parameters which are uniformly distributed.

Considering a duct cross-section In which the flow Is nonunlform,

determination of the "averaged" parameters by application of the

conservation laws of mass, momentum, and energy from a multidimensional

to one-dlmenslonal flow can be acconpllshed, with reference to

2
Figure 1, as follows:

Conservation of Mass

^ pV^dA = j pV^dA = [1]
Nonunlform Flow Uniform Flow

2
All figures appear In Appendix A.



Conservation of Energy

pV^HdA = j pV^HdA [2]
Nonuniform Flow Uniform Flow

j  pcpTV^dA = j pcpW^dft = opW^j.^Tj
M

Nonunlfom Flow Uniform Flow

Conservation of Momentum

ass

Avg

[3]

/pV V dA + \ ps dA = pV V dA + ) PS dA
/ XX J / XX

Nonuniform Flow Nonuniform Flow Uniform Flow Unlfom Flow

^Total ^Vea ̂
Avg

The nonuniform flow Is assumed to mix to uniformity In a constant area

duct In the absence of heat transfer, work transfer, or skin friction.

Mixing losses are Inherently contained In the average flow value.

Reduction of the more complicated flow to such an assumed

one-dlmenslonal flow Is a common simplification to analysis of ducted

flow systems and, therefore, readily finds application to overall

performance analysis of gas turbine engines (3).

Furthermore, the assumption of one-dlmenslonal flow greatly

simplifies the basic equations and allows simplification of data

reduction computer programs Including mathematical simulations. The

information required for performance determination Is usually obtained

at the component Interfaces of the engine system. Averaged parameters

are determined from measured distributions, which can be significantly

nonuniform.



No universally accepted practice for averaging thermodynamlc

and flow properties across engine flowpaths, commonly called flowpath

averaging techniques, currently exists In the aerospace turbine engine

community. Identification and evaluation of flow averaging practices

are needed to determine conponent and engine performance. Increase

fidelity of conponent and engine simulation and provide a basis for

conparlson of data from the various test facilities.

The specific objectives of this report were to Identify

existing flowpath averaging practices and numerically conpare some of

the more common flowpath averaging techniques.



CHAPTER II

PLOWPATH AVERAGING PRACTICES

II. I LITERATURE RE^-^IEW

Several investigations of flowpath averaging techniques have

been accoinplished previously for different classes of flow. However,

no previous investigation has directly addressed engine system

averaging techniques. Tyler (M) presented a method of determining

"suitable mean values" of flow parameters to be used when one-

dimensional flow methods are applied to a cnjrcular duct in which a

boundary layer exists. Results indicate that differences between the

one-dimensional method considering the existence of a boundary layer

and the one-dlmensional method neglecting the boundary layer tends to

increase with Mach number and boundary layer.

Wyatt (5) developed a method of determining a uniform flow by

equating the mass flow and momentum of the uniform flow to the mass

flow and momentium of the real flow in a constant-area duct without

wall friction. In addition, %att numerically investigated conven

tional averaging methods by considering several velocity gradients

confined to subsonic compressible flow with constant static pressure

and total temperature. Comparison of conventional averaging methods

and the mass-momentum method developed during Wyatt's investigation

concluded that conventional averaging methods can cause errors in

calculated unifonn flow properties while uniform flow properties

determined from the mass-momentum method are without error.



Llvesey et al (6 and 7) considered the problem of the

definition of mean values of flow quantities for use in the application

of one-dimensional gas dynamics to nonuniform flows. A method of

determining mean values of flow parameters was developed based on the

equivalence of a uniform flow and a nonuniform flow utilizing ethalpy

flux, entropy flux and mass flow rate. The development represented a

replacement of the varying parameters over a cross-section by mean

parameters which are uniformly distributed. This was thought of as

the creation of an equivalent stream which flows through the same duct

arrangement but with uniform flow parameters. Livesey's development

results in a set of mean flow property definitions including velocity,

density, static and total tenperature, and total pressure.

Traupel and Dzung (8) have each developed a method of flow

parameter determination based on the solution of physical and thermo-

dynamic relations for a thermally perfect, one-dimensional, conpress-

ible fluid. Traupel utilizes the definitions of flow velocity,

tenperature based on the enthalpy definition, entropy, and pressure

as a function of enthalpy and entropy to determine average flow

parameters. Dzung utilizes the conservation equations of continuity,

moment of momentum, momentum, and energy and a basic relation of

enthalpy as a function of gamma, average pressure, and average density

to determine average flow parameters.

Decher (9) investigated the roles of mass averaged total

temperature, total pressure, and exit static pressure nonuniform

profiles on nozzle performance. Values for the average total pressure

and total tenperature which result from conservation of mass and
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and total enthalpy were of interest because these values can be used

in the simple one-dimensional forms of the nozzle flow equations.

During this investigation, Decher developed equations for the

equivalent mass averaged total pressure and total tenperature of

nozzle flow based on the conservation of mass and total enthalpy by

considering nozzle flow to consist of a large number of noninteracting

stream tubes. Results indicate mass averaged teiiperatures and

pressures and nozzle performance are influenced by nonuniform profiles

of temperature and pressure.

Duchar and Tabalcoff (10) analytically investigated several

methods of averaging total pressure and temperature profiles to arrive

at a single, one—dimensional value at the entrance to jet engine

exhaust nozzles using a concept of conservation of ideal available

thrust. In addition, a brief analysis of profile effects on converging-

diverging (CD) nozzle performance was conducted. Results indicate

pressure profiles should be mass weighted and temperature profiles

should be "thrust" weighted for analyzing nozzle performance, and

total pressure and temperature profiles have a negligible effect on CD

nozzle performance.

II.2 CURRENT FLOWPATH AVERAGING PRACTICES

The design of a turbine engine system requires the use of

analyses which can relate changes in conponent configuration to

changes in engine performance. In the design phase of turbomachinery

components, flowpath property averaging methods usually use mass

averaging. In actual practice, data generated from both component



analysis and previous experimental results are stored in the form of

tables and coefficients of aerothermodynamic properties of air and

combustion products, aerothermodynamic performance of the various

engine conponents as a function of the controlling independent variable,

power losses by auxiliary units and bleed flows, and data that relates

geometry changes to engine performance. The data used to generate the

performance tables and coefficients are flow averaged in accordance

with the particular component and engine system flow averaging test

practices of each testing establishment.

The selection of a flowpath property averaging method for the

turbomachinery component test phase is usually mass averaging viiich is

consistent with the design phase. Engine system flowpath property

averaging methods usually use area averaging. Combination of

components in order to yield engine system performance is confined to

mathematical simulations in the form of engine balancing techniques

as opposed to engine system performance calculations utilizing

measured parameters and one-dimensional flow assumptions.

Information on engine flowpath averaging practices were

obtained (11, 12, and 13) from the following test establishments:

1. Arnold Engineering Development Center (AEDC)

2. National Aeronautics and Space Administration-

Lewis Research Center (NASA—Lewis)

3. National Gas Turbine Establishment (NGTE)

4. Centre d'Essais des Prepulseurs (CEPr)

Flowpath averaging techniques of the major testing establish

ments include various methods of parameter averaging. Current
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practices of each of the contributing test establishments are

presented in Tables 1 thru 5.^ The determination of a mean value, in

general, falls into three categories; (1) some fom of averaging of

measured flowpath properties such as area or mass averaging, (2) energy

or work balances across a conponent or engine system such as the

determination of burner exit temperature from an energy balance across

the gas turbine main combustor, and (3) solution of a system of

conservation equations such as the DZUNG average (8). The category

investigated for this report is the averaging of measured flowpath

properties since this category is considered the most important. In

defining a method of determining the mean value of a measured flow

property, two basic methods stand out. These are area weighted and

mass weighted methods. Combinations of both are used to evaluate

engine performance parameters. Measured pressures and temperatures

used to compute engine system performance are usually area averaged,

althnyigh, mass averaged values are also used. Calculation of engine

system performance often requires determination of therroodyanmic flow

properties (l4), such as enthalpy for component efficiency, in

addition to pressures and temperatures. References 15 through 22

describe some of the experimental and flowpath averaging practices

used in conponent and engine system performance testing.

Instrumentation is an important consideration in selecting a

flowpath averaging technique. Some form of averaging of measured

flowpath properties is usually performed when instrument rakes are

\ll tables appear in Appendix B.
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located at engine measurement stations. Inlet and exit pressure and

temperature are usually measured at engine conponent Interfaces or

measurement stations (Figure 2) using fixed rakes spaced in

circumferential locations. The number of measurements made at each

station can vary depending on the objectives of the test under

consideration. Wall static pressures can be located in a circumferential

position at the station inlet and exit. The general practice of

pressure and temperature rakes is to locate measurement probes on

centers of equal areas.

Energy or work balances and simultaneous solution of

conservation and state equations are usually performed when specific

or limited Instrumentation is available.

II.3 COyPARISON OP PLOWPATH AVERAGING TECHNIQUES

Different techniques of determining the averaged value of a

measured flow property were reviewed. The most commonly used

techniques are area weighted and mass weighted. The derivation of an

area wel^ted parameter and mass weighted parameter are presented

in Appendix C.

An averaged parameter obtained by the area wel^ted method Is

calculated by a summation of each individual measured parameter

multiplied by the individual cross-sectional area corresponding to the

individual measured parameter and divided by the total cross-

sectional area (Figure 2).

y ft- A.
A  = ^^1 1 rs]
'Parea AVG a-

^TOTAL
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An averaged parameter obtained by the mass weighted method Is

calculated by a sunmatlon of each Individual measured parameter

multiplied by the individual mass flow corresponding to the individual

measured parameter and divided by the total mass flow.

^  Z (p. W.
'^MASS AVG „ ̂ ^ [6]

^TOTAL
meas

To mass average test data, individual mass flow Is calculated.

In order to calculate this Individual mass flow, a local static flow

property, usually static pressure. Is required.

As a result of the standard practice of using measurements

located on centers of equal cross-sectional areas, a method Is

required to determine the individual mass flow corresponding to the

individual measured parameter. One method of determining the

individual mass flow utilizes the mass flow function. The local mass

flow function Is defined by

w>/t
m =

PS A
[7]

which Is easily shown to depend only on the local Mach number

It m/i + [8]

Rearranging the mass flow function equation to obtain an

Individual mass flow results In

„  A. PS A.
^  1 , [9]

yq
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where Is based on the individual total-to-static pressure ratio,

is the individual cross-sectional area and, is the individual total

tenperature. Generally, the static pressure is considered constant

across a cross-sectional area (^, 6 and 10).

In order to determine the individual mass flow, the static

pressure must be known. In instances where the static pressure is not

measured, a value for static pressure is assumed and individual mass

flows are calculated. In order to determine if the proper value of

static pressure has been assumed, the mass flow function for the total

bulk mass flow is introduced.

^  ̂TOTAlV'^MASS AVG * [10]
PS ApoTAL

Rearranging to obtain the total bulk mass flow results in

W  _ ^ PS Ary-y-pnT
^TOTAL " [11]

n/^MASS AVG

where iti is based on the mass averaged total-to-static pressure ratio,

A,^^ is the total cross-sectional area and, Tjyj^g is the mass

averaged total temperature. When the calculated total mass flow

equals the measured total bulk mass flow, the proper static pressure is

determined.

The iteration process involved with the assumption of a

static pressure and measured total bulk mass flow results in a static

pressure, mass weighted total pressure and mass weighted total

tenperature which is a consistent set of parameters that results in an

equivalent bulk mass flow. This set of parameters does not imply that



14

the true static pressure has been determined, since a different set of

parameters may result In a different static pressure. However, what Is

strlved for Is a consistent set of parameters.

Conparlson of the basic flow averaging methods was acconpllshed

using the high-pressure compressor (HPC) conponent of a current engine

system. The HPC conponent was used because the nonunlform flowfleld

patterns generated are representative of engine Interface nonunlform

flowfleld distributions for normal operating flight conditions of

current engine systems. A measure of the nonunlformlty of the flowfleld

Is the distortion Index. A baseline compressor distortion pattern was

obtained In terms of the measured parameters of total pressure and total

tenperature (Figure 3). Data for the generation of the baseline

compressor distortion pattern were obtained during sea-level-static

testing at the AEDC. The measured parameters were determined from

fixed rakes having five measurement probes located on centers of equal

area (Figure 2). Total pressure distribution (Isobars) and total

temperature distribution (Isotherms) at the Inlet and exit of the

representative HPC are presented In Figures 4 and 5. The total pressure

and total temperature values are normalized by the area Integrated

values of pressure and temperature, respectively. The area Integrated

value Is obtained from the baseline distortion patterns by summing the

local areas associated with each distortion Index.

Radially averaged circumferential total pressure and total

temperature profiles at the Inlet and exit of the representative HPC

obtained using the area and mass averaging methods are compared In

Figure 6. Actual total pressure and total tenperature values were
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obtained from the baseline distortion patterns by superitiposlng a

hypothetical five-probe rake (probes distributed on equal areas) at

each successive circumferential location for which there were no

measurements. Averaged values of total pressure and total tanperature

were obtained using the two averaging methods. The averaged values

were referred to an area integrated value obtained from the baseline

distortion patterns. Figure 6 indicates that the circumferential

location and number of measurement rakes can influence the averaged

value as much as 1.3 percent by misplacement of one or more rakes. For

exanple, a single temperature rake located at 180 degrees at the HPC

inlet is 1.3 percent below the Integrated value using the mass weighted

method. Two rakes, one located at zero degrees and the other located

at 225 degrees, are 0.22 percent (typically, TD22^-TDq=0.32-0.10=0.22)

of the integrated value for the mass weighted method and 0.08 percent

for the area weighted method.

Distortion index is a measure of the combination of circumfer

ential and radial distortions and can be used as a measure of power

level. Total pressure and total tenperature distortion at the inlet

and exit of the representative HPC as a function of corrected rotor

speed is presented in Figure 7. The total pressure and total tenperature

distortion is normalized by either the area or mass averaged values of

pressure and tenperature. No discernible difference is noticed by

using the mass averaged or area averaged values of pressure and

temperature in the calculation of the distortion index. Figure 7

indicates the change in distortion is a function of engine power level.
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Radial total pressure and total tenperature profiles at the

inlet and exit of the representative HPC showing the effect of corrected

rotor speed is presented in Figure 8. The total pressure and total

tenperature profiles are normalized by either the area or mass averaged

values of pressure and tenperature. Again, no discernible difference

is noticed by using the mass averaged or area averaged values of

pressure and tenperature in the distortion index calculation. Figure 8

shows that the overall radial pressure profile increases with

corrected rotor speed at the inlet and remains approximately the same

at the exit. The tenperature profiles, in terms of corrected rotor

speed, remain approximately the same at the inlet and exit.

Total pressure and total tenperature conparisons of the basic

averaging methods as a function of coimected rotor speed are presented

in Figure 9. The mass averaged and area averaged values of total

pressure and total tenperature are within 0.6 of one percent of each

other at the inlet and exit. The area averaged total pressure and

total tenperature values are, in general, greater than the mass

averaged total pressure and total tenperature at the inlet with no

observable trend at the exit.

II.4 PERFORMANCE CHANGE AND MEASUREMEM" UNCERTAINTY

When dealing with gas turbine engines, it is desirable to

know how engine performance changes with variation of parameters used

to calculate engine performance. Basic engine performance equations

were derived following the methods presented in reference 23 for a

mixed-flow turbofan engine (Appendix C). Changes of engine performance
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due to variations of total pressure and tenperature were determined by

application of the basic performance equations. Nominal engine

performance was obtained by application of the basic performance

equations utilizing data obtained during sea-level-static testing of a

current engine system at the AEDC. Total pressure and tenperature were

independently varied one percent above and below the nominal value at

the engine inlet, HPC inlet, and HPC exit and engine performance

obtained. This simulates the effect of applying different averaging

methods to the same measured data at the same engine station and

determines the Impact on basic engine performance. Engine performance

changes due to a one percent variation of total pressure or tenperature

at the representative engine interfaces are less than one percent.

These engine performance changes are presented in Table 6.

All measurements contain measurement errors. These errors are

the differences between the measurements and the true value.

Measurement uncertainty is defined as the maximum error which might

reasonably be expected. Uncertainty assessment consists of an audit

of the random (Precision) and fixed (Bias) errors which result from

the measurement of a value. Precision error is the random error

observed in a set of repeated measurements. Bias is the difference

between the average of all possible measured values and the true value.

For sinplicity, a single number (a combination of bias and precision

error) is needed to express a reasonable limit for error. This single

number, defined as the measurement uncertainty, must have a simple

interpretation (the largest error reasonably expected) and be useful

without complex explanation. Measurement uncertainty for a single
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measurement Is defined as

+ U = + (B + S), [12]

where B is the upper limit of the bias error from the true value, S is

the precision error, which is an estimate of the true standard

deviation of repeated values of the measurement, and tg^ is the

student "t" statistical parameter at the 95 percent confidence level

(24). The bias and precision errors utilized for the evaluation of

uncertainty values were obtained during testing of a state—of—the art

turbofan engine at AEDC.

Flowpath averaged parameters are not single measurements but

are deteimined as a function of several individual measurements.

To assess the measurement uncertainty of flowpath averaged parameters,

it is necessary to propagate individual measurement uncertainties

through a function that relates the flowpath averaged parameters and

the individual measurements. The error propagation is approximated

with a first order Taylor's series method. Measurement uncertainties

were obtained for the mass averaged and area averaged methods utilizing

the same bias and precision errors. Measurement uncertainties for the

mass weighted method were higher than for the area weighted method.

The mass weighted temperature and pressure uncertainties were as much

as 2.2° R and 1.02 psia greater than the area wei^ted temperature and

pressure uncertainties. Uncertainty results are presented in Table 7«



CHAPTER III

CONCLUSIONS AND RECOiVliyENDATIONS

The overall objective of this report was to investigate

methods of detennining the one-dimensional or mean value of a measured

flow property. Specific efforts were a literature review of previous

investigations and current flowpath averaging practices and a numerical

conparison of fundamental flowpath averaging techniques. The following

conclusions have been drawn from these efforts:

1. Several investigations of flowpath averaging techniques

for different classes of flow have been acconplished

previously, but the subject of engine flowpath averaging

of measured flow properties has not been reported.

2. Instrumentation measurements can influence the method

used to obtain an average flow property value; i.e.,

some form of averaging of measured flowpath properties,

energy or work balances, or simultaneous solution of

conservation and state equations. The method chosen

often depends on the number and placement of instrumentation

measurements.

3. Area weighted and mass weighted types of flowpath

averaging are generally performed for component and

engine system testing for averaging values of measured

parameters.

4. The mass weighted method of flowpath averaging is within

0.5 percent of the area weighted method for the average

19
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total pressure and within 0.6 percent of the area

weighted method for the average total temperature for

normal operating flight conditions of current engine

systems.

5. Uncertainty calculations utilizing the method presented

In this Investigation, Indicate that mass averaging

methods Increase the uncertainty level of the averaged

flow properties.

6. Utilizing basic engine performance equations, a one

percent variation of measurement station total pressure

and tenperature at the conditions Investigated results

In engine performance changes of less than one percent.

Conclusions 4, 5, and 6 Indicate that the change In engine

performance obtained by using mass weighted or area weighted methods

to determine engine performance would be expected to be within 0.5

percent.

Two basic methods of measured flowpath property averaging have

been considered In this Investigation. These are mass weighted and

area weighted methods. In consideration of the general desire to

satisfy the basic conservation laws, a proper definition of measured

flowpath property averaging Is the mass averaging method. The ease of

calculation, general acceptance, and the closeness to the mass

averaging method Indicate the area weighted method can be used In many

applications of engine performance determination. It Is recommended,

for proper application of conservation principles, that mass wel^ted

averaging of measured flowpath properties be considered In the

determination of gas turbine engine performance.
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There are additional areas of averaged flow property determnatlon

which should be considered.

1. Boundary layer effects: The change In the value of an

averaged parameter considering the effects of boundary

layer should be Investigated.

2. Balancing techniques: Energy and work balances are

currently used In determination of conponent Interface

average properties. An effort should be made to conpare

differences between mass and area averaging type

calculations and balancing calculations.

3. Systems of equations: Investigation of the determination

of mean values of a flowpath property by simultaneous

solution of conservation and state equations should be

made and conpared to mass and area averaging type

calculations.
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Figure 1. Representation of uniform profile development
In a constant area duct.
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e
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r
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P
S

Y
-
1

,
 t
h
e
n
 
c
a
l
c
u
l
a
t
e
 t
h
r
u
s
t
 b
a
s
e
d
 
o
n
 T
A

A

V

V

c
o
n
t
i
n
u
e
 
i
n
t
e
r
a
c
t
i
o
n
 
u
n
t
i
l
 
s
e
t
 
t
o
l
e
r
a
n
c
e
 
n
o
t
 
e
x
c
e
e
d
e
d
.

^^
^A
ug
ne
nt
er
 e
ne

rg
y 
ba
la
nc
e:
 (

WA
E)
 (H
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APPENDIX C

DERIVATIONS



1. Derivation of expression for the area weighted method.

_  ̂ *^1 ^i . [1]
WaVG -

Using total pressure as an exarple.

S P. A.

^AREA AVG = ^ ^
^Wal

^4otAL = nA^ [2]

^AREA AVG = A. Z P.
1  1

nA.
1

^AREA AVG = ^
~n

2. Derivation of expression for the mass weighted method.

Z (f). W.
%SS AVG = ̂  ̂' [3]

*^TOTAL
meas

where

ft. PS. A.

W. = • [4]
1 \/t7

The individual mass flow function, ft̂ , is based on the individual

total pressure and static pressure ratio. Using total pressure

as an exanple,
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E P. W.

P  = — [5]
"^MASS AVG

meas

The assunptlon Is made that PS. = PS1  '"AVG*

m. PS. A,
E P — ^

MASS AVG ^ \/^ [6]
~W
TOTAL

meas

In order to determine the individual mass flow, the static pressure

must be known. In Instances where the static pressure Is not

measured, a value for static pressure Is assumed and Individual

mass flows are calculated. In order to determine If the proper

value of static pressure has been assumed, the mass flow function

for the total bulk mass flow Is used.

^TOTAL V^MASS AVG
meas , r,^

PS A_
^^AVG ^TOTAL

where A Is based on the mass averaged total pressure and static

pressure ratio. When the calculated total mass flow equals the

measured total bulk mass flow, the proper static pressure, and

hence, the total mass weighted pressure and total mass weighted

tenperature. Is determined.
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3. Derivation of basic performance equations for a turbofan engine.

PN = [(WAC+WAD) + W^VNE-(WAC+WAD)V^ + A^CPS^-PS^) [8]

Dividing by total mass flow, multiplying the first term by

' using the Mach number definition In the first andWAG/ WAG ^

second terms, and expanding the third term results In:

FN _ „
WAG+WAD "^o

1 +
FAR

1 + BPR
Mo ̂  - a^M,

V o o,
o

WAG+WAD
1 -

^^o ^2 ^25 ^5 ^7 ^9
^2 ^25 ^5 ^7 ^9 ^^9j [9]

Ratio of Mach numbers

M ̂  V ̂  Y4- R TS„o  _ o 't 9

M^^ VNE^Y R TS
9  'c o

[10]

Gancellatlon of like terms and rearrangement results In:

M
b

rvwE

 V
= M, Yt TSg

Y  TS
'c o

[11]

Taiperature ratio

R . ̂9
T. T.

Tg TSg TS^
TSg TS^

[12]
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Using the Mach number definition and rearrangement results in:

TSg _
TS~ " TS 1 + ^t~^ M? [13]

Mixing process (constant area duct):

•25 _
PS
25

1  +
Y -1 o
—— M
2  25

Y.

Y -1'c
[14]

PSr
1  +

"^t ^ 2
—— M
2  5

Y.

^t-1 [15]

Since the static pressure at the primary and secondary streams are

equal, PS2^ = PS^,

25

1 +
Y„-l

2  25

Y.

Y -1'c
^t"^ 2

1 + —— Mr 1- 2 ^^5

Y+ [16]

Rearrangement results in:

M25 =
Y -1'c

■25 P -'44
^c-l

V I

[17]

- 1
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Enthalpy balance across the mixing duct.

(WAC+WF)HCt- + WAD HD = (WAC+WADfWP)HAE.
5

[18]

Using the total enthalpy definition, dividing by WAG CP^

and rearrangement results In:

7  _
(1 + PAR) CP

^^t ^25
^ + BPR

T.

CP,
t (1 + BPR + FAR)

[19]

CP

Mass conservation across the mixing duct using the continuity

equation In the form

PA = W(T)'
M

1 + ̂
Y+1

,

and applying It across the mixing duct.

^7^7
P5A5

(WAC+V/ADfWP)
(WAC+WF)

R
52

Yt+l

21^

Yt+l

r  Y.-i q
[20J



Cancelatlon of like terms and application of previously

developed equation results In:

60

^  = (1 + BPR + PAR)
5  (1 + PAR)

CP.

CP
+ BPR

25

CP.

CP
(1 + BPR)

^ ̂5
IVL^ A^

1 +
^t ̂  ,,2

1 + -V
2  5

Yt+1
2T^

[21]

Momentim balance across the mixing duct.

(WAC+WP)VCE+PSc-A^ + WAD VDE + PS„^A„^ = WAE VAE
55 25 25

+ "PBrjAj. [22]

Using the perfect gas equation of state, the Mach number definition,

Yt
multiplying by —, and rearrangement results In:

^t

PS^ =
PS^A^(y^M^ + 1) + PSg^Ag^CY/g^ + 1)

A^(Y^m2 + 1)
[23]

Contdnlng the previously developed equations for _7, PS„, and the

Isentroplc pressure ratio.

L_ = 1 + ]y[2
PS I 2

Y-1
[24]



results in:

1 + M.

(y^m^ + 1)

(1 + BPR + FAR)

61

^(1+BPR)^

CP
L c

(1 + BPR)

1 +^m2
2  5 ^5 ̂ 5

(1 + PAR) |a^(y^M^ + 1) + A25(y/25
[25]

which can be solved iteratively for

Enthalpy balance across the main burner.

WAG HC^ + ETAB WP FHV = (WAC+WP) HC|^. [26]

Using the total enthalpy definition, dividing by WAC, CP^, TS^,

and rearrangement results in:

PAR =

''n
iCP TS

C  O;

T  T
2  3

T,
25

.^^0^25 ^2

ETAB FHV

CP TS
\  c o

fCP^ T,
iCP TS

C  O ;

[27]

Mass flow at nozzle exit.
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WAE = WAC + WAD + WF = p^A^ VNE. [28]

Miiltlplylng by 'M§
Vq WAC / Vq WAC

using the perfect gas equation of

state, the Mach number definition, and rearrangement results In:

A9 PS9
WAC+WAD

1 +
PAR

(1 + BPR)
^o 1 1  TS.

M  Y M VNE
o  'c o „  TS

^o °

[29]

Combining the previously developed equations for

T.
, and

A P.9
9  9 results in:

M.

VNE'
V ' '
1 o

A9PS9
WAC+WAD

1 +
FAR

(1 + BPR)

a.
o

y.

CP

(1 + FAR) ̂  + BPR
0

CP.
^

CP
 (1 + BPR + FAR)

T
25
T.

T.

TS

1 +
2  9

[30]

Power balance.

WAC CP^(T29 - T2) + wad CP^(T2^ - T^) + WAC CP^ (T^ - T^^)

= ETAM(WAC+WADfWF) CP^ - T^), [31]
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Dividing by WAG, CP^, TS^, and rearrangement results In:

''i) TS
o

3_ ^
T  T
25 2

- 1 + BPR
25

TS. T. - 1 [32]

CP T,
ETAM ̂  (1 + BPR + FAR)

o

Compressor efficiency.

ETAC =

T  - T
3. 25
IS en

T  - T
3  25

[33]

Using the Isentroplc relation.

Y -1
P  \

Y.

25

T
3.
-^isen ,

25

[34]

and rearrangement results In:

T,

T,
25 25

Y -1_3c

Y^ -  1
ETAC

+ 1. [35]

Specific fuel consumption.

SPC =
m '

[36]



en

Multiplying by

1  . / 1 [37]
(WAC+WAD)WAC / (WAC+WAD)WAC

and rearrangement results in:

r  FAR 1
[(1 + BPR)JSPG =

[38]
f  FN 1
I (WAG + WAD)J
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