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SUMMARY

This is the first of two volumes devoted to a computer program
for predicting the performance of ar annular combustor. In this volume
the correlations and calculation methods used in the program 3re presented,
and the assumptions involved in applying them are discussed. The results
of a number of test cases are also described.

The analysis falls naturally into three parts:

1. Performance of the diffuser.

2. Air-flow, pressure, and temperature distributions in the
flame tube and annuli, including calculation of the combustor
total-pressure loss.

3. Heat transfer and the calculation of the flame-tube-wall
temperature distributicn.

Each of these parts is discussed in detail in Volume | of this report.

volume 11 gives a complete description of the computer program,

forming a self-contained operating manual that permits the program to be

operated without reference to Volume I.
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INTRODUCT I ON

The cut-and-try methods generally used to design combustion
chambers have been giving way in recent years to a more systematic approach
based on analysis and correlation of experimental data. This approach
is potentially capable of substantially reducing development time and
expense while improving combustor performance. While the analytical
methods and correlations presently available are crude in many respects,
they are nonetheless sufficiently complex that computers can effectively
be used in their solution.

The aim of the work described in this report has been to develop
a computer program for the analysis of fluid fiow, combustion, and heat
transfer in annular combustors with diffusers, making use of currently
available analytical methods and correlations. It is expected that the
resulting program, used carefully in conjunction with experimental data,
will prove to be a useful tool for the design of high-performance annular
combustors.

The program hasvbeen extended to include analysis of rectangular
test combustors. An approximate analysis of tubular geometries may be ob-

tained from the program for rectangular combustors.

Background

A number of attempts have previously been made to calculate the
air flow and heat transfer in gas-turbine combustors. Graves (Ref 1) and
Grobman (Ref 2) analyzed the pressure loss and air-flow disttibution in
tubular combustors with uniformly tapered (or constant cross-section) flame

tubes. This work included the effects of momentum transfer between the




gas streams in annulus and flame tube, annulus wall friction, heat release,

hole discharge coefficients, and compressibility. Flow in the diffuser
was not considered, and instantaneous mixing between cold-air jets and
the gas in the flame tube was assumed. No heat-transfer analysis was
undertaken. The results of these calculations exhibited many of the effects
observable in practical combustors.

samuel (Ref 3) used the same general approach as Grobman, with
instantaneous mixing between cold-air jets and the main gas stream. A
simple diffuser analysis was included, and both tubular and annular
geometries could be treated. in the case of annular combustors, the
calculation followed the three parallel streams in the inner and outer
annuli and through the flame tube, and iterated on the initial mass-flow
split between these streams until boundary conditions at the end of the
combustor were satisfied. A similar approach is used in the present work.
The output of Samuel's program was used as input for a heat-transfer program.

The most comprehensive heat-transfer analysis of aircraft-type
combustors that has been published to date is that of Lefebvre and
Herbert (Ref 4). This involved the solution of a heat-balance equation
for each element of the wall, taking into account radiation from flame to
wall and wall to casing, and forced convection on the inside and outs:de
of the wall. Net heat transfer in the longitudinal direction was assumed
to be negligible compared with radial heat transfer. Reasonablie agreement
with limited experiment was obtained.

Another heat-transfer analysis was carried out by Tipler
(Ref §), whose work dealt with an industrial combustor and included the
effects of radiation transfer in a longitudinal direction.

Over the last few years, @ number of new correlations and




techniques have been produced which provide the basis for a more

sophisticated approach to the analysis of flow and heat transfer in
combustors.

Sovran and Klomp (Ref 6) have provided a way of generalizing straight-
walled two-dimensional and annular diffuser performance. An almost identical
approach was used by Reneau, Johnston, and Kline (Ref 7), who extended the
work to cover different inlet boundary-layer thicknesses; this aspect is
particularly important for gas-turbine combustor diffusers. For the first
time, therefore, there now exists a set of maps which enables the perfor=-
mance of straight-walled diffusers to be predicted with fair certainty for
ary length and area ratio and inlet boundary-layer thickness, at least
within the range of interest.

Although many sets of data on the behavior and mixing of jets
have been accumulsted over the last 20 years, it is only recently that
such data have been brought together, correlated, and presented in a
generalized fashion. For example, a review cf 16 experiments on jets
penetrating a gas stream at an angle has recently been prepared by Northern
Research. Spalding (Ref 8) refers to 18 experiments on wall jets in
developing a new theory for this type of flow.

In the field of heat transfer, Spalding (Ref 9) has correlated
the results of 9 experimenters to produce a new correlation for film-
cooling heat transfer, and Sturgess (Ref 10) has shown that this correla-
tion works moderately well for the practical film-cooling slots used in
actual combustors. Schirmer and Quigg (Ref 11) have produced the most
useful work yet published on the effect of pressure on radiation from
luminous flames. Finally, Gruber (Ref 12) and Sparrow (Ref 13) have shown

how view-factor data can be used to make a more comprehensive analysis of
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radiative heat transfer in combustors than has hitherto been possible.
The works mentioned above, and others, provide useful new tools
for combustor analysis, and open the way to removing some restrictions

that have previously limited the utility and validity of such analyses,

Overall Objectives of Present Program

A computer program was therefore envisaged to achieve the

following objectives:

1. Analyze the air mass-flow and pressure distributions in a
combustoir whose geometry is given, for specified inlet
conditions.

2. Compute the temperature distribution on the flame-tube wall.

3. Predict whether separation occurs in the diffuser.

The rest of this report discusses these objectives further, and shows how

they are achieved.

Arrangement of Report

The section following this introduction contains a summary of
the overall approach used in this work, including the major assumptions.
In the three subsequent sections are described the calculation methods and
organization of the diffuser, air-flow, and heat-transfer analyses. Program
limitations are c¢onsidered in the next section.

The computer program has been applied to a number of sample cases
designed to test individual subprograms as well as the overall program.
The results of these cases are discussed in the next section. A final
section contains conclusions derived from this work.

Detailed derivations, where not germane to the main discussion,

are relegated to appendices.
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OVERALL APPROACH

Introduction

This section is @ general introduction to the computer program
and the methods and assumptions upon which it is based. It is meant to
provide the reader with a framework for the detailed discussions that follow
in succeeding sections. Topics covered are:

1. Major assumptions:

2. Combustor geometry and nomenclature,

3. lInput to the computer program.

4, Calculation options.

5. Functions of major subprograms: control, diffuser, air-flow,

and heat-transfer.

€. interaction between major subprograms; major interative

procedures.

7. Output of the computer program.

Major Assumptions

Assumptions affecting the program as a whole are listed below.
Assumptions affecting individual parts of the program are introduced in
the applicable detailed sections.

1. Conditions are steady: no quantity varies with time. This
assumption is reasonable but it precludes the treatment of
transient phenomena such as combustion oscillation.

2. Combustors are of annular or rectangular cross section.

This precludes the direct simulation of tubo-annular (cannular)
and tubular combustors. While flow conditions for these

types may be approximated by appropriate selection of




dimensions, other parts of tre cimulation (for example,
radiation heat transfer; w.11 be of reduced accuracy.

3. Conditions are uniform around the circumference of the
combustor: i.e. therec is no circunferential variation in

any quantity. This assumption is a major simplification;

in practice, cyclic variations around the circumference

occur, corresponding to the fuel-injection points. The
results or this analysis will be useful, however, in
indicating output parameters averaged around the circum=

ference. In the case of combustors of rectangular cross

section, this assumption implies that end effects

due to the finite width of the combustor are ignored. This
does limit the extent to which calculated results can be
expected to agree with experiment.

L. The flow can be treated as quasi-an-dimensional. To

represent the complex flow pattern existing in a real

combustor is beyond the power of present analytical methods.

! Instead, the problem is broken down into two parts; flow

i in the main gas streams (one-dimensional) and flow and
"mixing of jets (predicted from correlated experimental data).

5. Radial-flow or reverse-flow combustors cannot be

analyzed.

6. Flow conditions in the combustor are within the range of
validity of the correlations used. The correlatior are
based on experimental data presentiy available. OQutside
their range of established validity, their accuracy is

likely to be reduced.
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Combustor Geometry and Nomenclature

The geometry of an annular combustor and the major terms

used in describing it are shown in the sketch below:

Secondary Cooling

Dome Hole Holes 7 Slot 7 /— Casing

Vi

/// { Outer Annulus

]

—= ) r
Dilution Hol:x

Inlet | . Flame Tube
(Compressoy Diff ;rlmary
Discharge): user one |
t
| Flame~tube wall
| f
| W— ) L

Inner Annulus

Primary-Zone Holes

/r-Center-line of Engine
£

Air from the compressor enters the diffuser, where it is spiit
by the smout into three streams, which fiow into the snout and the outer
and inner annuli of the diffuser. After diffusing, the three streams enter
the flame tube: the snout air through the swirler and the holes in the
dome, the inner- and outer-annulus air through holes and cooling slots

in the flame-tube walls,

Swirler
A swirler is essentially a bladed passage, similar to a fan
stator, which imparts swirl to tho air flowing through it. {Individual
fuel injectors (of which there are many in an annular combustor) are often

surrounded by swirlers to promote rapid mixing of air with the fuel spray.




The computer program includes a rather crude method for selecting swirler
dimensions. A method for calculating swirler pressure drop is also

included.

Holes and Slots

Apertures in the walls of the flame tube and in the dome are
classified as penetration holes or cooling slots, according to their
function. Penetration hcles direct the entry of air jets into the flame
tube for mixing and dilution of the hot combustion gases. Cooling slots
introduce films of cool air just inside the flame-tube walls to act as
therma) barriers. The cooling slots are assumed to be of the circumferentially
continuous, dynamic-head type shown in the sketch below:

Cooling Air
9 ~ Wall

—_— g

—————» Hot Gases

Correlations for the flow and mixing of penetration and wall jets are part

of the computer program, as are film-cooling correlaticns.

Secondary Holes and Primary Zone

In this report the holes whose upstream edge marks the down-
stream boundary of the primary zone of the flame tube are defined as
secondary holes, (Holes farther downstream are referred to as dilution
holes.) Part of the air from the secondary holes recirculates upstream
into the primary zone; the remainder passes downstream and is treated
as ordinary penetration-jet air. |t should be noted that recirculation

is considered to occur only at the secondary holes, and that all secondary

holes have their center-lines at one axial location in the combustor. The
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secondary holes need not to be the first holes in the flame-tube wall.

Input to the Computer Program

Input quantities required by the computer program are of three

kinds:
1. Library data.
2. Combustor geometry,
| 3. Case data (inlet flow conditions, calculation options, and
§ so forth).
These quantities will now be described in general terms. A detailed

description of the input format, units, and so forth, is given in Volume

M.

|
\
The likrary data are tables of quantities available for use by
the program:
1.
2.
3.
The library data may be altered or supplemented by the user; appropriate

Library Data

Jischarge coafficients and jet angles for 100 hole types.
Performance data for straight-walled two « imensional diffusers
and straight-walled annular diffusers.

Flame-emissivity data (none initially supplied).

instructions for so dcing are given in Volume 11,

Combustor Geometry

Selection of annular or rectangular type.
Dimensions of walls of diffuser, saout, dome, flame tube,

and casing.

The following information must be supplied by the user to specify
the combustor geometry.
1.
2. .
' - e o — - — Ry 2 : - i e
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3. Hole and cooling-slot data:

a. Hole type (selected from library data).
b. Number of holes in row.

c. Axial location; inner or outer wall.

d. Area (or cooling-slot height).

4. ldentification of secondary-hole row (marks end of primary
zone) and first hole row or slot in the flame-tube wall,
as distinct from the dome (marks end of diffuser and start
of combustor annulus).

€. Specification of swirler (optional):

a. No swirler.
b. Swirler designed within program.

c¢. Swirler dimensions supplied by user.

Case Data

The following information must be supplied for each case considered

by the computer:

1. Flow conditions at inlet (compressor exit):
a. Total temperature.
b. Total pressure (weight-mean average).
c. Air mass f'ow rate.
d. Boundary-layer blockage and shape factors.
e. Velocity profile.
2. Other flow conditions:
a. Initial estimate of flow split among the snout and the
inner end outer diffusing passages. (Optional. I¥ not

specified, program uses internal estimate.)

. o
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b. Initial estimate of downstream blockage in diffuser.

c. Fraction of secondary-hole air recirculating upstream
into primary zone. (Optional. If not specified, program
calculates flow recirculation.)

d. Bleed air flowing from combustor annuli (optional):

i. Location (up to three locations).
ii. Fraction of inlet-air mass flow bled.

Information on combustor walls:

a. Emissivity and absorptivity of flame-tube walls.

b. Thermal conductivity and thickness of flame-tube walls.

c. Emissivity of casing walls.

d. Temperature distribution of casing walls (optional; if
not specified, assumed equal to compressor-discharge
temperature).

Fuel characteristics and distribution:

a. Overall fuel-air ratio.

b. Lower calorific value.

c. Hydrogen-to-carbon ratio.

d. Distribution of fuel burning rate, specified as an
upper limit to the fraction of fuel burned up to each
hole row.

Choice of optional calculation methods to be used within the

program, and specification of data peculiar to the correla-

tions employed in these methods. These options are discussed
below, in connection with the major subprogram. in which they

appear.
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6. Miscellaneous data:

a. lteration limits.

b. Calculation-step sizes.

Overall Structure of Computer Program

The computer program comprises 35 subroutines: these are conveniently
grouped by function into four major subprograms:

1. Control subprogram.

2. Diffuser subprogram.

3. Air-flow subprogram.

L4, Heat-transfer subprogram.
The general functions of these subprograms and the flow of information among
them are summarized in flow-chart form in Figure 1. Their operation is

discussed in the following four subsections.

Control Subprogram

The control subprogram performs the preliminary operations
necessary to prepare the computer for the main calculations. |ts functions
may be described as fullows:

1. Read in and print out the case data and the combustor

geometry,

2. Read in the library data; assemble and print out a short

list of data (such as hole dimensions) actually needed for
the cases being considered,

3. Calculate the combustor reference area (the maximum cross-

sectional area bounded by the inner and outer casings).

4. Set up the system of geometrical indexing used in the

diffuser, air-flow, and heat-transfer subprograms.
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As femiliarity with the geometrical indexing systems is basic to under-
standing the details of the various calculation methods, this subject is

discussed in detail below.

Four interrelated geometrical indexing systems are used within

the program:

1.

These are illustrated by the sample numbering system on the sketch below:

Geometric
lnput
Station

|
l
|

Diffuser
Station

Calculation Station

Downs 1L regm I |
Distance L
Hole-row Nunber (inner) 1 l 3 5 7 1
|
I 3 4 9 10

Geometrical indexing System

Input stations.
Hole rows.
nDiffuser stations.

Flame-tube calculation stations.

9 1) Hole-row Number
(Outer)

s,

E
L




input Stations

The shapes of the walls of the diffuser, snout, dome, flame
tube, and casing are described by their axia{ and radial dimensions at
geometric input stations. Axial dimensions are measured from the diffuser
inlet (compressor exit); radial dimensions from the engine center-line,
For rectangular combustors widths are measured from an arbitrary datum

point. Station numbers begin with Station | at the compressor exit.

Hole Rows

Holes are indexed in groups referréd to as hole rows. A hole
row comprices holes of identical size and shape, centered at the same axial
location, and spaced at equal intervals around a single wall of the flame
tube or dome. Up to six hole rows may be specified at a given axial
location: hole rows may be interspersed on the same wall or paired on
opposite walls of the flame tube. Indexing starts with the first hole
row downstream of the compressor exit.

The indexing system for slots is similar to that for holes,
except that slots are circumferentially continuous (as mentioned above)
and hence only one slot may be placed on a given wall at any axial location.
Noncontinuous siots may be approximated by continuous slots of equal area.
Slots and holes are indexed together.

bummy hole rows (holes of zero diameter) may be specified as
input, for purposes of arranging the location of calculation stations (see

the subsequent section on calculation stations).

Diffuser Stations
The calculations in the diffuser make use of the input-station
indexing system, In addition, the diffuser is divided into major regions

by a separate indexing system, labeled as follows in the above sketch:




1 Entrance to the diffuser (compressor exit).

2 tast geometric input station upstream of the start of the
snout.

2' First geometric input station on the snout.

3 lLast geometric station where diffusion takes place.

L Entrance to the annulus {diffuser exit). This station
coincides with the upstream edge of the first hole row in

the flame tube, as distinct from the doine.

Filame-Tube Calculation Stations
The primary zone of the flame tube is bounded by the dome and
swirler, the flame-tute walls, and (at its downstream end) by a piane
passing through the upstream edges of the secondary holes. This zone is
treated as a homogeneous stirred reactor; no calculation stations are
used.
Calculations in the annulus and in the flame tube downstream
of the primary zone are related to a system of calculation stations
located as follows:
. At the upstream edge of each hole row that is centered at
a distinct axial iocation. Thus, for hole rows paired on
opposite flame-tube walls only one calculation station is
assigned,
2. At each dummy hole rcw,
3. At the axial location of each eooling <lot having a distinct
axial location,
L. AL up tc five axial locations spaced at a specified interval
downstream of each cooling-slot location.

5. One station at the very end of the combustor.

ndexing of calculation stations starts with the first hole row in the
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flame tube (as distinct from the dome) downstream of the compressor exit.

The first calculation station thus coincides with the end of the diffuser

annuli (Diffuser Station 4) and the start of the combustor annuli.

Diffuser Subprogram

The diffuser subprogram receives from the control subprogram
inputs of geometry, inlet flow conditions, and certain quantities peculiar
to the calculation option being used; it also receives a first estimate
of the mass-flow split among the snout and the two annuli from the control
subprogram, and subsequent estimates (during iterations on the flow split)
from the air-flow subprogram.

Using these inputs and the calculation options chosen by the
user, the diffuser subprogram performs the following functions:

1. Determines diffuser performance parameters:

Ideal pressure-recovery coefficient.
Actual pressure-recovery coefficient.
¢. Effectiveness.
Evaluates flow mis-match at the snout.
Determines whether or not flow separation occurs ard, if so,
its location.
Calculates flow conditions on the dome and at the ends of
the diffuser annuli:
a. Static pressure.
b. Static temparature.
These conditions are supplied as input to the air=flow
subprogram,
For convenience in performing calculations the diffuser is divided

into three diffusing regions (between Stations 1-2, and 2'-3 in the two
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annuli, as shown in the sketch on page 14), and two mixing regions (between
Stations 3 and 4). Within the diffusing regions the three diffuser calculation
options (empirical-data method, streamtube method, and mixing-equation

method) may be used in any of the following combinations:

Inlet Region (1 to 2)

Annular Regions (2' to 3)

Streamtube

treamtube

treamtube

mpirical Data

Streamtube
Empirical Data
Mixing Equation
Empirical Data

Mixing Equation

mpirical Data

For diffusers without snouts, diffusion in the annular regions
2 to 3 is treated by assuming that the flow expands isentropically from
the dome stagnation pressure.

The mixing-equation method is always used in the mixing regions

(Stations 3 to 4). In addition, area mismatch at the snout (Stations 2

to 2') is accounted for in all methods by calculating the total-pressure loss
due to sudden expansion or contraction.

The three calculation options will now be briefly described.

Empirical-Data Method

This method is based on the direct evaluation of ths effectiveness
of a particular diffusing passage. There are two ways this cen be dJone,
at the user's option:
1. Diffuser effectiveness may be supplied directly as a program
input.

2. Diffuser effectiveness may be calculated by the program from

PR B e o e ram = - s no it e s L SR
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correlations of experimentally measured effectiveness versus

diffuser geometry that are contained in the library data.

The results are corrected for deviation of the inlet

boundary-layer blockage from that present in the experiments

on which the correlations are based.

The remaining diffuser-performance parameters (ideal and actual

pressure-recovery coefficients) and the outlet conditions are calculated
directiy from the effectiveness, the geometry, and the assumption that the

total pressure is constant.

Streamtube Method

in this method the flow passage is divided into N streamtubes
within which flow is assumed to be uniform and isentropic. In setting up
the streamtubes, the distribution of boundary-layer displacement thickness
supplied as a program input is used to adjust the flow area. The develop-
ment of the flow (static pressure and velocity) is computed for each
streamtube at each station along the diffusing passage. Boundary-layer
calculations are performed to obtain a revised estimate of boundary-layer
displacement thickness, which is then used in a revised streamtube analysis.
This process is continued to convergence of the displacement thickness.
The result of this method is the velocity distribution, static pressure,

and blockage at the outlet from the diffusing passage.

Mixing-Equation Method

This is a rather crude method that can only be used between
Stations 2 and 4. It takes into account the following effects occuring

in these passages:
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1. Pressure loss due to sudden expansion or contraction at the
snout (Stations 2 to 2').

2. Mixing in the diffusing passage from Station 2' to L.

3. Pressure loss due to curvature of the flow passage from 2'
to k.

A flow diagram of the diffuser subprogram is given in Figure 2.

Air-Flow Subprogram .

The air-flow subprogram receives the following inputs from the
control subprogram or program input: i

1. Geometry of walls, holes, and swirler (if specified), at
appropriate indexing stations.

2. Fuel data.

3. Jet-mixing model and entrainment constant.

L., Initial estimate of mass-flow split among snout and annuli.

From the diffuser subprogram it receives the static pressures and static
temperatures on the dome and at the ends of the diffuser annuli.

Using these inputs, the air-flow subprogram performs the following

functions:

1. Calculates the flow conditions in the primary zone (static
pressure and temperature, mass-flow rate) and at calculation
stations in the flame tube and annuli (static and total
pressure and temperature, mass-flow rate, and velocity).

2. Calculates the combustor total=-pressure loss.

3. Directs the iterative process by which the diffuser and air-
flow subprograms togather arrive at the correct flow split

among the snout and the two annuli.
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Options

The following options are available in the air-flow subprogram

and must be specified by the user:

1. Jet-mixing models. 7The air-flow subprogram contains four
models to represent the mixing of penetration and wall jets
into the main gas stream. The user must choose a model,
which is then used for both types of jet. Associated with
each model is a constant that determines the actual rate of
jet mixing. An individual value of this constant must be
specified for each jet type.

2. Heat transfer from the f'ame-tube walls to the annulus air
may be calculated or ignored at the user's option. |If this
quantity is calculated, an iteration in the overall calculation
is required, because of the influence of heat input on the

flow conditions in the annulus.

Calculation Procedure

The main steps in the calculation procedure within the air-flow

subprogram are as follows:

1. Calculate the primary-zone pressure from the pressure on the
dome, the snout air-flow rate, and the ralations between
pressure drop and flow rate for the swirler and the dome
holes.

2. Calculate the air;flow rate into the primary zone through
holes up to and incliuding the secondary holes (recircuiating
part).

; 31, Calculate the primary-zone exit static pressure and tempera-

ture from the total flow rate, inlet conditions, and fuel
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burned (up to stoichiometric). The primary zone is
treated as a stirred reactor.
L., Proceed from calculation point to calculation point down
the annuli and flame tube, calculating the mass-flow rates,
velocities, and static and total pressures and temperatures.
At the end of this calculation procedure the flows at the ends
of the annuli are inspected. |f these flows are not correct (equal to
zero, or the correct bleed flow, if any), the mass-flow split within the

diffuser is altered according to the following scheme:

1. If the flows in the two annuli are of opposite sign, the
annulus flows are adjusted, while the dome flow is held
fixed.

2. If the flows in the annuli are of the same sign, the dome
flow is altered and proportionate changes in annuius flows
are made.

The antire sequence of diffuser and air-flow calculations is then repeated,
Y1s process is continued until the residual air flows at the ends of

the annuli approach zero within a specified tolerance, or until the
specitied interation limit is reached.

A flow diagram for the air-flow subprogram is given in Figure 3.

Heat-Transfer Subprogram

The heat-transfer subprogram receives as input the geometry of
the flame tube ard casing from the control subprogram and the axial
distributions of velecity and temperature of the flame-tube gases from the -
air-flow subprogram. Additional data that may be specified as input at

the opticn of the user are: ]

RS iyt 55 e o <
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|. Temperature distribution of the outer casing.

2. cChoice of calculation options.

3. Data needed for the calculation option chosen:

a. A constant characterizing cooling-film effectiveness.
b. The permeability coefficient for porous walls.

c. Flame-emissivity data (optional).

d. Thermal conductivity and thickness of flame-tube walls.

L, Fuel hydrogen/carbon ratio.

5., Flame-tube and casing absorptivities and emissivities.

The primary objective of the heat-transfer subprogram is to
establish the axial distribution of temperature along the flame-tube walls
for various program options. Under one program option, a further objective
is to provide the air-flow subprogram with the axial variation of the heat-
transfer rate from the flame-tube wall to the annulus air.

In operation, the subprogram evaluates various heat-flux components
at a point on the flame-tube wall in terms of the wall temperature; the
heat-flux components which are considered may include several or all of
the following, depending upon the program options specified:

1. Convection from the flame-tube gases,

2. Convection to the annulus air,

3. Radiation from the flame.

L. Radiation to the outer casing.

5. Radiation interchange between the flame-tube walls,

6. Longitudinal conduction along the flame-tube wall,

7  Heat transfer to transpiring air for porous walls,

The heat-balance equation is then solved to determine the unknown tempera-

ture. These operations sre performed at calculation stations along the

e i e e, e b
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flame tube; no provision is made, however, for the inclusion of the flame-

tube dome in the heat-transfer analysis.

Several

these options are

1.

The

a.

c.

The

Program Options

of the program options concern the heat-transfer subprogram;
listed below.

flame-tube wall may be cooied by:

Convection to the annulus air and radiation to the
outer casing.

Combined effects of (a) and film cooling.

Combined effects of (a) and transpiration cooling.
emissivity of the flame may be computed from:

One of two equations for nonluminous flames.

One of three equations for luminous flames.

Emissivity data supplied as special input by the user.

radiation from the flame to the flame-tube wall may be

calculated on the basis of one of two assumptions:

c.

d.

Radiation is purely radial (one-dimensional).

Radiation to an element of the wall occurs from all
(radial and axial) parts of the flame (two-dimensional).
heat-balance equation may:

include a term for heat conduction along the flame=-tube
walls.

Include @ term for radiation interchange between the two
flame-tube walls.

Include the terms in both (a) and (b).

Neglect the terms in (a) and (b).

An option is available to exclude the heat-transfer subprogram
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from the program routing for cases in which heat-transfer
results are not required.
A flow diagram of the heat-transfer subprogram is given in

Figure L.

Output of the Computer Program

A general description of the information printed out by the

computer program follows. A sample printout is given in Volume {1i, Appendix 111.

Input and Geometrical Data

The following Information is printed out by the control subprogram.

Part of the data are taken directly from input; the remainder are generated

by geometrical manipulation of the input data.

}. Combustor geometry at input stations,

2, Swirler design data.
pDetails of holes at each hole row, separately for penetration
holes and cooling slots.
At each hole row, ratios of cross-sectional areas of flame
tube and annui! to reference area.
Total hole area in flaza-tube wall, for penetration holes
and cooling slots.
Rat!o of total hole area, including swi-ler, dome holes,
penetration holes, and cooling siots, to referesice area.
dentification of various key locations in the combustor :
a. Last input station before the snout (diffuser Station 2).
b. Last input station in diffusing part of diffuser (diffuser

Station 3).
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13.
4.
15.
16.

;

c. First hole row in the flame tube, as distinct from the
dome (upstream edge is diffuser Station 4 and the start
of the combustor annulus).

d. Seconcary hole row (upstream edge is end of primary zone).

Fraction of secondary air recirculating into primary zone

(if specified as input).

Fraction of inlet air bled, and location.

Fuel data:

a. Overall fuel=-air ratio.

b. Lower calorific value.

c. Hydrogen-to-carbon ratio.

d. Axial distribution of fuel burning rate.

Heat-transfer input data:

&. Thickness, thermal conductivety, emissivity, and
absorptivity of flame-tube walls.

b. Emissivity of outer casing.

Inlet flow conditions (at compressor exit):

a. Total temperature.

b. Total pressure.

c. Mass-flow rate.

d. Boundary-layer blockage and shape factors.

e, Velocity profile.

First estimate of downstream blockage in diffuser.

Overall fuel-air ratio,

Fuel burning rate at calculation points.

Casing temperature at calculation points.

Details of program options:

r% 497!;."':/: ,{:-.9.,1: , ‘ ¥
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a. Diffuser options for various diffusing passages.
b. Jet-mixing model and entrainment constants for penetration

and wall jets.

¢. Heat transfer to annulus air (considered, or not considered).

d. Flame luminosity correlation.

e. Heat-transfer models for radiation and wall cooling.

Output of Diffuser Subprogram

following quantities are printed out by the diffuser sub-

Reference conditions:

a. Reference area.

b. Reference velocity.

c. lInlet Mach number.

d. Reference Mach number.

e. Reference dynamic pressure.

Diffuser parameters in the three diffusing passages, )

compressor exit to lip of snout), (2) inner passage between

snout and casing, and (3) outer passage between snout and

casing:

a. |deal pressure-recovery coefficient.

b. Actual pressure-recovery coefficient.

c. Diffuser effectiveness.

d. Fractional total-pressure los:,

e. Velocity profile at exit of the first (1) diffusing
passage (diffuser Station 2).

f. Boundary-iayer displacement thickness and shape factor

at inlet to the passage.
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g. Input point at which separation occurs, if any.

h. Mismatch area ratio at the snout.

Output of Air-Flow Subprogram

The following results of air-flow calculations are printed out
for each calculation station in the flame tube and the inner and outer
annuli:

. Total temperature.

2. Total and static pressures.

3. Bulk velocities.

L. Mach numbers.

5. Accumulated pressure loss due to friction and heat addition

(annuli oniy).

&. Accumulated pressure loss due to expansion (annuli only).

7. Rate of fuel burning (flame tube).

8. Friction factor (annuli only).

In addition, the following total-pressure-loss factors are printed out
for each annulus:

|. Combustor total-pressure loss relative to reference dynamic

pressure.

2. Combustor total-pressure loss relative to compressor delivery

pressure.

3. Expansion total-pressure loss relative to comprassor delivery

pressure.

L. Total-pressure-loss factor due to friction and heat additicn,

relative to compressor delivery pressure.

Also. the overall total-pressure loss for the combined diffuser and

combustor, relative to the compressor delivery pressure, is printed out.
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The following flow quantities for holes, calculated in ths air
flow program, are printed out for each hole-row station:

1. Pressure-loss factor.

2. Discharge coefficient,

3. Effective hole area (area x discharge coefficient).

L, initial jet angle.

5. Initial jet velocity.

6. Fraction of current annulus air flowing through current hole

row.
7. Accumulated fraction of inlet air flow in flame tube.

Finally, the air mass-flow split is printed out.

Outpu* of Heat-Transfer Subprogram

The heat-transfer calculations are performed for each calculation
point; heat-transfer quantities are, therefore, available as tunctions of
axial distance along the flame tube. in addition to the flame-tube wall
temperatures, which are the quantities of principal interest, the following
intermediate quantities are printed out in the computer results:

1. Adiabatic-wall temperature,

2. Flim=-cooling effectiveness.

3. Flame intensity.

L, Flame emissivity.

5. Heat transfarred to transpiration air in the wall, where

applicable,

6. Radiation interchange between each wall, where aspplicable.

7. Heat-transfer rates to and from the flame~-tube walls by
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radiation and convection.

8. Reynolds, Prandtl, and Nusselt numbers of the flow in the

flame-tubs and In the annull.
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DIFFUSER SUBPROGRAM - ANALYTICAL METHODS AND PROGRAM DEVELOPMENT

Introduction

The portion of a combustor treated by the diffuser subprogram
is indicated in the sketches on the following page, for the two configur-
ations which can be treated by the subprogram. The objectives of the
diffuscr subprogram are:

!. To provide the necessary inlet flow conditions to the annuli

(S.ations 4A and 4B); static pressure and temperature are
the specific properties calculated, although all others can
be derived from these two and the mass flow.

2. To determine the diffuser performance parameters of effective-
ness, ideal pressure-recovery coefficient, and actual pressure-
recovery coefficient fcir the sections 1-2, 2-3A, 2-3B, 2-4A, and
2-4B.

3. To determine whether separation occurs in the diffuser and,
if so, at what points.

4, To evaluate the magnitude of the flow mismatch between
Stations 2 and 2' (for diffusers with a snout).

The specific input quantities required by the diffuser subprogram and the
output quantities provided have been previously listed in the OVERALL
APPROACH sections, and will not be repeated here.

This chapter presents the options available in the subprogram

to accomplish these objectives, and the assumptions made and equations

used in the analyses.

Kajor Assumptions

The assumptions employed in the diffuser analysis which are
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comnon to all calculation options are:

1.

The flow in the upstream part of the diffuser (1-2) is
unaffected by the flow downstream of Station 2. An analysis
based on any other assumption is beyond the present state

of the art. This assumption is expected to be valid in well-
designed diffusers (see 2 below).

If there is a snout, it is reasonably well matched to the
flow: that is, the streamlines in the portion 1-2 which

bound the flow required by the annular passages should have
radial lccations at Station 2 nearly equal to those of the

snout (sea sketch below).
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If the flow is not weli-matched, it is certain that the
flow in the upstream part of the diffuser will be affected
by flow in the downstream part. in which case the results
of the diffuser subprogram are highly questionable,

{f there is a snout, its performance as a diffusing passage
is specified hy an input value of the total-pressure~-loss
coefficient (i.e., ratio of total-pressure loss between
Station 28' and the dome to the dynamic head at 2s'). This

is based on the presumption that the flow in the snout will
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be dominated by either the colander (or orifice plate) or

the downstream resistances supplied by the swirler and

dome holes; in either case, it is not expected that the total-

pressure loss due only to diffusion in the snout will be .
of sufficient magnitude to warrant a separate analysis.

4. If there is no snout, the performance of the passages 2-UA and .
2-L4B is specified by a single input value of total-pressure-
loss coefficient between Stations 2 and 4 (i.e., ratio of
total-pressure loss between Stations 2 and L4 to the dynamic .
head at Station 2). This is based on the presumption that
in such cases the resemblance of these passages to a diffuser
will be remote.

5. The static pressure across any diffusing passage is constant
across any section normal to the passage center-line. This
assumes that the flow will be subjected to mild curvatures,
and it seems to yield reasonable results for well-designed
diffusers.

6. The air in the diffuser may be treated as a perfect gas, with
Y = t.4 and < " 0.24 Btu per Ibm-deg R.

Other assumptions which relate only to specific calculational

options in the diffuser subprogram will be discussed subsequently.

Definition of Terms

To facilitate the subsequent discussion of analysis methods and

calculational procedures employed in the diffuser subprogram, it is convenient

to define some terms which will be frequently used. These terms fall
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generally into two categorias: flow parameters and diffuser-performance

parameters.

Flow Parameters
The flow parameters which are most frequently used are the area-
average velocity, the mass-average velocity, the ratio of equivalent free-
flow area to total flow area, or blockage, and the dynamic head. All
of these parameters refer to the flow at a glven axial location, where
the static pressure is assumed constant across any section normal to the
passage center-line.

The area-average velocity, Ua. is defined by

- \ A
m jo u

where u is the velocity component in the direction of the passage center-
line (normal components are neglected) and A is the passage cross~sectional
area normal to the passage center-line. For incompressible flow, ;. is
the velocity the fiow would have if the profile were uniform across the
entire passage.

The mass-average velocity, u,, is defined by

u2 dA

e
o »
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For incompressible flow, it is the velocity which when muitiplied by the
mass flow yields the total momentum flux.

The blockage is 1-E, where E is defined by

A 2
E-i;--—l-[go—“c] (3)
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For incompressible flow, E Is the ratio of the area which would be
occupied by a uniform flow, with a to*al pressure equal to the mass-
averaged total pressure of the actual flow, to the actual area of the
passare, A related term which is frequently used is the profile
paraneter, @, which is merely the reciprocal of E. A derivative of
the general inlet blockage, 1-E, is the inlet boundary-layer blockage,

|-E where Ebl defined by

b1’
A=A ()

A

By ™

where Abl is the area occupied by the boundary-layer displacement thickness.
if the fiow outside the boundary layer is uniform (i.e., v = constant across

the passage) then Ebl - E.

The dynamic head based on mass-average velocity, E. is defined

by

",L_—‘z..!__“ 2"2 (5)
9 2 gJ, m 2 g;? A
where P is the average-density across the passage
) i (6)
u_ EA

For incompressible flow, E is the actual mass-average dynamic pressure;

for compressible flow, it is treated as a reference quantity.

piffuser Performance Parameters

The diffuser performance parameters used herein are the ideal

incompressible-flow pressure-rccovery coefficient, the actual pressure-recovery

coefficient, and the diffuser effectiveness.

The ideal pressure-recovery coefficient is defined by

Maximum obtainable value of (pz - p‘) n

c . =
,ideal -
p.ide q)

comem——
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where the subscripts 1 and 2 refer to inlet and exit, respectively. Two
specific forms of this relation are used. First, the ideal incompressible~

flow pressure-recovery coefficient, cpi' defined by

(8)

where AR is the passage area ratio, AZ/AI’ This expression in fact represents
the maximum static-pressure rise which can be achieved in incompressible

flow if the velocity profile at the diffuser inlet is uniform. tf, however,
the inlet velocity profile is non-uniform an additional increase in static
pressure may be expected due to the mixing process. It is shown in Appendix

| that the maximum achievable pressure rise is obtained by instantaneous
mixing of the profile followed by diffusion, with the result that the ideal
pressure-recovery coefficient in the presence of mixing can be expressed

as

R i
Cpm—‘,a—?[:z(ﬁl")J’";E (9)
!

Although both Equations & and § are strictly meaningful physically only
for 1ncompressible flow, they are used here as reference quantities for
compressible flow.

The actual pressure-recovery coefficient, Cp. is defined by
P2 7Py

Y
The diffuser effectiveness,¥ , is defined as the ratio of the
actual pressure-recovery cuefficiert to the ideal pressure-recovery
coetficient. Two definitions are used here, corresponding to the

pressure-rczovery coefficients defined by Equations 8 and 9:

c
a £
% c

pi
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c
Em'a‘; (12)

Alternative Analysis Procedures Available in the Subprogram

For the purposes of analysis, the diffuser is considered as
three separate diffusing passages: 1-2, 2-3A, and 2-3B; and two mixing
passages: 3A-bA and 3B-4B (see sketch on page 32). The essential element
of the diffuser analysis is then the evaluation of the performance of a
single diffusing passage, including the determination of both the performance i
parsmeters and the outlet conditions. The diffuser subprogram contains
the following three options for determining the performance of a single
diffusing passage (the specific passages for which they can be used are
indicated in parentheses):

Option 1: Empirical-Data Method {1-2, 2-3A, 2-38)

Option 2: Stresmtube Method (1-2, 2-3A, 2-3B)

Option 3: Mixing-Equation Method (2-bA, 2-L8)
Option | has two variations: the empirical performance data can be obtained
from empirical tabulations included within the program or it may be specified
directly as input. Option 3 is slways used in mixing passages 3A-4A and
38-4B, regardless of the option(s) used up to Stations 3A and 38.

The following thres sections present the analyses used in these
options; subsequent sections deal with the overall calculational procedure

used In the diffuser subprogram to integrate these individual snalyses.

Empiricaj-pPate Method
Assumptions
In sddition to the general assumptions |isted previously, the

following assumptions sre msde in avaluating diffuser performence with

D e e

» A oo I,W’“' )
o .

y ool il e o
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I_ empirical data:
] 1. The velocity profile at any section can be characterized
as a '‘top-hat" profile; specifically, for a particular
; value of blockage (1-E), the profile is given by
w=0 for SE>Y and v>15E (13)
\-E 1+€
= £ —_—cy$ =
us=u for— <y 3 (\4)

where Y is the nondimensional annulus height. A ''top-hat''

profile is shown in the sketch below.

|
< E >
u .-
o
i 0 —
1-€ 1+E 1
2 2
i 2. The total pressure is conserved in the flow. This results

in *he diffuser effectiveness being reflected solely by

a change in blockage from inlet to outlet; the total-pressure
loss is assumed to be associated with the . "mixing
out'' of the profile.

3. The ettect of the inlet Mach number 0 trective=
ness 1s negligible. This assumption is . . ... uy the work
of Henry, Wood, and Wilbur (Ref 14), Van Dewcestine and Fox
(Ref 15), and Young and Green (Ref 16). Typical results from
Reference 16 are shown in Figure 5; it is evident that Mach-

number effects are not appreciable for ML 0.6.
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input Information Required

The input information required to assess the performance of
a diffusing passage is as follows:
R ). The inlet conditions defined by m, Py al' and E‘ (the
subscript 1 refers to the inlet of the particular diffusing
passage and is not necessarily coincident with diffuser Station 1)
2. The nondinensional diffuser geometry defined by the ratio
of the length along the passage center-line to the passage

height at inlet (L/A " for annular diffusers, L/W for two-

dimensional diffusers), and the area ratio (AZ/AI)’

5. If the option to specify directly the diffuser effectiveness

is used, then this value is of course required in place of

the nondimensional length.

Empirical Correlations Used for Diffuser Performance

Two empirical correlations are included in the subprogram, in

the forin of tables, which yield values of the diffuser effectiveness, & R

as a function of area ratio and nondimensional length, for a fixed value

of inlet blockage (I-E‘). One coirelation is based on data obtained far
straight-walled, two-dimensional diffusers by Reneau, Johnston, and Kline

(R=t 7). k2 data on which the tabulation is based are shown graphically

in Fiqure 6. Tre second correlation is reproduced from work on <traignt-
wolled annular diffusers by Sovran and Klomp (Ref 6), this is shown graprically
in Figure 7. Tne latter work was performed with diffusers naving a hub-
$rrsud ratio in the range of 0.55-0.7, and should only be used toi di ffusers

in this range.

for the specified geonetry, the effectiveness of the passage '!

iv found from the tabular forms of the data represented by Figures 6 and
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7, depending upon whether a two-dimensional or an annular configuration
is specified. The resulting uncorrected value of effectiveness is applicable
only to the inlet blockages for which the data apply [(l-E') = 0.015 for
two-dimensional diffusers and (!-El) = 0.02 for annular diffuseré].

To account for different inlet blockages, the following empirical

correlation has been developed:

2 I = 2 g p
£E-F - ‘:E||_ (1-€,) - (u-e‘)] cos [ (E- 0.5)m ] (15)
where g = value of E for £, = El = 0.85
This correlation applies in the range 1> E‘ > 0.7 and 0.5 < § < 0.9

but it is mathematically unique for all feasible values of El and £ .

This correlation is compared with some experimentally determined inlet
blockage effects (from Refs 7 and 17) in Figure 8.

The value of diffuser effectiveness corrected for inlet blockage
is then obtained by first substituting the uncorrected value of §and the
inlet blockage El for which the tabuiation is valid into Equation 15 to
detarmine Z, and then solving Equation 15 again for the corrected value of

§ with the known values ofz, E,, and the actual inlet blockage, E‘.

I ’
If the effectiveness of the diffusing passage is a specified
input value, then of course the empirical correlations are not used.

Determination of Diffuser Performance Parameters
and Outlet Conditions

The diffuser performance parameters, in addition to the effectiveness,
which are determined when the empirical-data method is used are the ideal

and actual pressure-recovery coefficients. The ideal pressure-recovery

coefficient is determined from Equation 8 and the actual pressure-recovery
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coefficient is determined from Equation 1.

The outlet conditions determined in this method are the static
pressure, the mass-average velocity, and the outlet blockage, Ez. The
static pressure is determined from the actual pressure coefficient.

o, =Py + €9 (16)
The outlet blockage is computed on the basis that the flow is incompressible
and that the stagnation pressure is constant; the definition of stagnation

pressure then yields

2
2 €
E, = 3 (17)
£+ AR (1-8)
The remaining properties)?z, ﬁﬁz Tz at the diffuser exit are determined
from a simyltaneous solution of the relations:
M= Py ur B2 M (18)
-2
= Y2
T2 = TOl =T, ¢+ f——go J'Ep (19)
Pz = P2 R T2 (20)

Limitations of the Method

The major limitations of the empirical-data method are duc o
two factors:

1. The empirical data used.

2. The one-dimensional treatment of the flow.

The empirical data incorporated within the program are valid only
for straight-walled diffusers with uniform inlet velocity profiles and low
inlet blockage. Although some data are available on curved-wall diffusers
(Refs 18 to 21), they are either insufficient to produce ; correlation, or

they have been obtained for diffusers in which the exit profile has been
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allowed to mix to substantially uniform conditions. No systematic data
is available for diffuser configurations of the actual split-passage type
found in combustors. Hence, the extrapolation of the present data to
other conditions is at best uncertain.

The one-dimensional nature of the treatment precludes accurate
analysis of diffusers with non-uniform inlet profiles; the effect of inlet
nonuniformities is known to be quite important (in Reference 22 for example.
a | per cent change in the annulus total pressure due to a change in
diffuser velocity profile was calculated to produce an 18 per cent change
in the mass flow through the dilution holes). Also, the velocity profile
at the exit of the first portion of the diffuser (Station 2) has a large
influence on the resulting mass-flow split in the annuli; this cannot be

treated accurately in the present method.

Streamtube Method

This method involves a streamtube analysis to calculate the
development of the velocity profile within the diffuser, as well as an
analysis of the wall boundary layers to provide the location of separation

points, if any. The model is indicated schematica}ly below:

Passage
Center=-line

——

Streamline
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In the following subsections, the subscripts U and L will refer to the

upper arnd lower walls of the passage, respectively.

Assumptions
The following assumptions specific to the streamtube method
are made:

The flow can be represented by a number of streamtubes in
each of which the flow is uniform and isentropic.
The boundary layer is identical to that on a flat plate
with the same pressure gradient that exists in the diffuser,
and its effect on the inviscid flow is to produce an effective
displacement of the diffuser wall equal to the displacement
thickness of the boundary layer.
The streamline slope varies linearly from one wall to the
other at any axial station.
Separation of the boundary layer is assumed to occur when
the shape factor H exceeds a critical value, Heep* The latter
value is an input to the program. For conical diffusers,

Carmichael and Pustintev (Ref 23) show that a value of Hsep™ 3.0

is typical. For airfoil sections, values of Hsep= 1.8-2.2

are more usual (Ref. 24). A value of Hsep- 1.9 has teen
assumed for this program. Figure 9 shows the results of

the present calculational procedure, compared with the experi-
mental results of Reference 7.

Subsequent to boundary-layer separation, no further static-

pressure rise occurs in the section of the diffuser being

cons idered,




input Information Required

The input information required for a streamtube analysis is:
]. The geometry of the diffuser in the form of radial position
of each wall as a function of axial distance.
The following inlet conditions:
a. Weight mean total pressure, P1.
Uniform stagnation temperature, Tol'
Mass flow rate, m.

A velocity profile given by:

% = £(Y)

where U = an arbitrary normalizatior velocity

f(Y) = a tabulated function of % ageinst Y

Yy = nondimensionil annulus height
e. The boundary-layer displacement thickness.sl.
f. The boundary-layer shape factor, H'.
The number of streamtubes intc which the flow is to be divided,
N.
An initial estimate of the boundary-layer displacement thick-
ness on each wall at every axial iccation of a geometric input

point.

Outline of Method of Solution

The method of solution proceeds in the following steps:

). The determination of the static pressure at the inlet, and
the mass flow, stagnation pressure, and velocity in each
streamtube.

The calculation of the static pressure at each downstream

location (specified by the location of the geometric input
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points), and the resulting radial locations of, and velocities
in, each streamtube. The first time this calculation is -g
performed, the astimated values of boundary-layer blockage i

at all axial locations (supplied as input) are used; subsequent
calculations are based on revised estimates of this blockage.
3. The determination of the boundary-layer displacement thick-

ness on each wall, using the static pressures and wall- o

streamtube velocities obtained in Step 2. !
L4, Repeat Steps 2 and 3 until the displacement thicknesses

determined .in Step 3 are within a specified tolerance of '{

those used in Step 2.
The details of these steps are presented in the following subsections
where, for convenience, the geometrical relations are given only for

annular configurations.

inlet Conditions

The inlet conditions for each of N streamtubes are determined

as follows (the subscript j refers to a particular streamtube):

‘ 1. Calculate the dimensionless coordinate Yj of the midpoint

of each (equal-area) streamtube from the relations

»n

+

-
'
we———,

Y, = ‘ (21)

- 22
Rien ,fi . RJ! (22)
n

L

Ay = "iT' ("vzm - "?);” (—=— ;
R _
_ Ry =7 +8L/cos ( —————"2 Ly ) 3

i +
. - ’R;I*T. rb faa/cos ( ZLT.Z!) i :
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At the compressor exit (Diffuser Station 1) it is assumed that

TU;TL)sl

cos(
2. Find uj/U for each streamtube by interpolation from the
velocity profile (tabulated as a function of Y) provided
as input.
3 3. Calculaxe P 2@ characteristic density to provide a

first gquess for p.. from

i
Penh = RT
ol
l where P] = weight mean total pressure at inlet. :
i L, 1f the static pressure p, at inlet is not given, make a

first guess at this pressure from

=p-p_cb__@_—
Py 17 29 | Py (23)

where A, = NA,
! j

5. Calaulate the first guess at U from
m
V]
i A.
. .l.J.J. pch j (24)
J

U=
l{ b. Using this value of U, caicuiate uj from the results of

step 2 and the temperature, T., from

] . 2
. Uj

T. = T - —————— 2
| ol 2Cpg°J (25)

7. Calculate the density, pi. from

2L
j

jar
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11.

13.

Calculate U from

JU (27)

If this value of U is significantly different from the

previous value of U return to 6. If not continue.

Calculate the total pressure Pj in each streamtube from

where ¥ = ratio of specific heats (1.b).

Compute the mass flow in each streamtube from

TR
and the critical area of each streamtube Aj* from the usual
compressible-flow relations (p/P is sufficient to determine
A/AFY.
If the static pressure at inlet is calculated ir Step L,

calculate the new value of weight mean total pressure

from

1 .
(Pl)new = Z mJ. 'Pj
J

where mj = mass flow in the jth streamtube
If this new value of total pressure is significantly

different from the given value of total pressure, calculate

a new value of P from

(pl)new = pl ZP‘;

and return to Step 7.

new (28)

I

[

PRPPF
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Hence, the quantities ﬁj’Pj' "j' Aj*' Pj are known at the inlet to each
streamtube. The inlet dynamic head is calculated from
m ]
- e “z Ty @)
q,-[-j(ﬁ,/’j) 7 (7)Y / 29, (29)

Determination of Streamtube Proparties
at Downstream Axial Locations

The conditions in each streamtube at each downstream axial location
are determined in an iterative manner by estimating the static pressure
at the axial location, computing the resulting total area of the streamtubes,
and repeating the procedure until the computed total flow area equals the
actual flow area normal to the passage center-line. The actual flow area is
determined from the effective wall geometry obtained from the actual wall
position and the estimate of boundary-layer displacement thicknesses.

The details of the procedure are as follows (where the subscript
j refers to a streamtube and the subscript i refers to an axial location
of a geometric input point):

1. As a first estimate, assume that the relative mid-streamtube

streamline slope at i+l is equal to that at i:

(,7’”.)i+l (Fj) : (30)

where +f
h frj'fj‘szu

Jfa = midestreamtube streamline slope

For the first axial location downstream of the inlet, sssume

r
(frj).lﬂ 'Lfrl. * ‘}I- (fru -)’rl)]lﬂ

(since the relative streamline slope at the inlet is always

assumed to be zero).

[
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2. Estimate the pressure at the next axial location (i+1)
from .
2 1
N n\j/Z DJ- 9,
i = J.% /20 9 AL-ap (cos fyj).
; | j o] i
and pi'f“ ~ pi + AP (3‘)
&
‘ where TAi = effective total area at axial Station i :
cos ]’ 2 cos f 2 Tu'hh [ ;
-F [(ru°6l.cos ﬂi ) - I *d o rI; )]c"’ uz : o
Tt YL TSy . |
2 2 o
: 3. Calculate the static-to-total pressure ratio for each stream-
3
- tube, pi+|/Pi' and determine Tj/Tol’ uj and Aj at i+] from
the usual compressible flow relations. |
i
b i
i» L. Compute total flow area based on initial estimate of stream-
1 line slope from N ‘
(TA) 4 =5 A; cos h¢ "j)i+l (32) t

j=1
5. Reestimate the relative slope of each mid-streamtube streamline

from

(?’rj)m 'fer Y ()‘,U-T,L)] " (33)

A
2 - - =L
where Yj 21_: (l\k cosfrk) 5 cosb’rj

k=} .
N
kzsf (Ak cos ’frk) '

and k is a dummy index.

6. Compute revised total flow area based on new estimate of
streamiine slope from Equation 33. Repeat Step 5 until

1
two consecutive values of (TA)HI are equal.
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7. If (TA);+] does not equal TA. , obtained from Equation 31,
then repeat entire process from Step 2 with PisPji Aji'
T in Equation 30 being replaced by the current values of
Pislr Py i ApLiw P i

8. Continue the preceding process until Py Jon’ AjZ’f}Z’ uj2

are obtained at the exit station of the diffuser.

Determination of Boundary-Layer

Displacement Thickness

With the velocity, g, and density,Pi, in the bounding stream-
tubes (j=1 and j=N) known, a new estimate of the boundary-layer displace-
‘ ment thickness along each wall is made in the following way:
1. The momentum thickness at each axial station i is computed
from the following relation, derived in Appendix 1| from

the momentum integral equation for boundary layers:

"7/6 u 25/6 P 7/6 1/6 ' 6/7
o o (hingy (DLl 4200V S“‘,o"ﬁ Mo

‘1‘; j,i+l Jal uj,i+l f’j‘i+| " 25/6JD 7/6 x% J J
! j'i+‘ j!i
H (34)

where j=! or N (referring to L and U walls, respectivaly)

and

HRRE LA (35)

1
x.)
' Y A
cos (——'5'—‘). + ("—"E_—)H.]
[}
2. The shape factor, H, of the boundary layer along each wall
is computed from the empirical relationship of Dussord (Ref 25):

d8]
Hj,i+l-Hj,i+7°(Hj,i -1.05)—&;J' (36)

HJ. is never permitted to be less than 1.1, since this relation=

ship is not valid for highly accelerating flows, and since
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3.

b,

the cnaracteristics of the boundaiy layer when subjected
to highly favorable gradients are of little interest in
the present application. "j Is also povcr permitted to
excesd 3.5; this value exceeds any ressonable separation
value.

For all axial locations at which H does not exceed H“P on

either wall, calculate the resulting displacement thickness

along each wall from

8.0 =¥ 85,

- For axial locations where H>H“p on either wall, proceed to

Step 5.

since this value of displacement thicknass tends to interact
substantially with the bounding streamtube velocity, & new
estimate of the displacement thickness |s determined from

the following relation:

6y,1 "Gy * 02 GLiOolil (37)

where the subscript o refers to the Inftial estimates supplied

as input to the boundary=layer calculation. 5';" and J‘"" |
L]

are determined from the solution to the following equations

(derived In Appendix i)

UM AN (HEL Nl &4 "fl.l] *@1,1 (Sop,1 *6on,1)

P 800 WPt EN T S, {"?N._l} *Px.10601,1* o, 1)

where 9 SN mull-l.os. 9“,*%&
r.-r‘ “j,l '

I
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5|J-ﬁéhﬁ-1'doui4'60mj4

88, ;.4 =338 .

If no separation occurs along either wall at any axial location,

proceed to Step 7.

rU.i'] B

"L,i-

I f H>Hsep on either wall at an axial location, set H = 3.5

on the separated wall for reference purposes, and calculate

the displacement thickness along the separation wall from,

for example:

(rLcos:fC‘d»d"ccs er)i=\[rU cos :fcl-d'n cos:fr

where (TA)se = effective flow area at the separation point

p

2_ (TA)sepcos‘fcl i

u)i T

__n_{(rucos Yar- 5Ncos)°ru)2- (r cosf, ;") coser)Tz

cos f_jcos (i *Fry )
=

Yy T
and jc|= -

This assumes that the static pressure and hence the flow

area remains constant after separation.

In the separated flow region, estimate the new values of

displacement thickness from

‘ '
§;.i = T o5 *d;.0)

if the newly estimated values of Jj . are not equal to the

originally estimated ones, Joj x return to the streamtube

calculation with the newly estimated values.

Repeat both

Jsep
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streamtube and boundary-layer calculations until agreement

is obtained.

Determination of Diffuser Perfo,mance Parameters
n and Outlet Conditions

The diffuser performance paran:iers of ideal pressure-recovery

coefficient, actual pressure-recovery coefficient, and effectiveness are

calculated in the following way:

A 2
ey on
Pa - P 39)
c, - 2 i, ] {
9)
C ?
.a:.C_L {40)

pi
where al is the ‘inlet dynamic head obtained from Equation 29.

The outlet conditions of pz,pz(r), uz(r) ara directly available

rhi, Aj for each streamtube. The

-

from the procedure, as well asf)j, uj,

blockage due to displacement thickness is also computed from
. g cos frUZ 2 . ag cos erZ 2
Uz “UZ2 cos'f - L2 L2 " cos Y
cl2 cl2
E,, =1 - 7 3 (&41)

bl r -r
u2 L2

I

In the computer program, only uz(r), PZ’ p(xi),é(xi), and H(xi) are printed

as output information; the remainder of the quantities are used internally k

in transferring from one diffusing passage to another.

Limitations of the Method

The major limitations of the method are as follows:
I. Diffusers which are highly curved or in which streamline
curvature effects are otherwise important (such as in mildly {

D stalled diffusers) cannot be treated. |In these cases, the
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static-pressure gradients across the passage are significant.

2. The results of the method tend to be quite sensitive to the
inlet boundary-layer properties; an accurate estimate of
these properties at the diffuser inlet is difficult in
practical situations. (A method for estimating the inlet
shape factor is outlined in Appendix v.)

3. The determination of the location of separation is subject
to error. This is an age-old fluid-mechanics problem which
remains beyond the reach of the present technological era.

The method does, however, represent a substantial improvement over the
empirical-data method, and should be capable of treating a large number
of diffusers accurately, particularly as experience with the use of the

method increases.

Mixing-Equation Method

The mixing-equation method can only be applied to the diffusing
passages 2-UA and 2-4B, and represents a very crude model of the flow in
these diffusing passages.

Assumptions

The assumptions employed in the method are:

1. The losses in the diffusing process can be represented as
the sum of mixing losses, losses due to curvature of the
passage, and expansion or contraction lcsses at the snout
lip.

2. The mixing losses can be evaluated from the determination
of the pressure~recovery coefficient for incompressible

flow, wherein the variation of the prufile parameter.fa,
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The

with passage area is of the form

A
g -K

where K >'p]. This is merely a qualitative indication

= constant

that the mixing process is delayed by diffusion.

Input Information Required

information required by this method is:

The geometry of the passage, in terms of inlet area, exit
area, the total angle difference between the siope of the
passage center-line at inlet and that at exit, and the
mean radius of curvature of the passage center-line.

The inlet conditions defined by m, Py EI’ and 5'; the

subscript 1 here refers to conditions determined at diffuser

Station 2.

The ratio of the area at diffuser Station 2 occupied by the

mass flow in the annulus under consideration to the annulus

area normal to the engine center-line at diffuser Station ',

Ath/AZ" That is, for example,
2 2
(A,,) =Nﬁr) -(r)]
th 2A th 28 2A
where (rth) is determined from

(r,.)
(" thioa

ﬁA= Zﬂrpudr
24

where ﬁA = mass flow in Inper annulus

foA = radius of inner casing at Station 2A

(k2)

(43)

p, u =properties from diffuser sclution (Station 2)

A similar calculation may be performed for the outer annulus.

i i A B
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2. Calculate the diffuser performance between Stations 1 and
2, and the outlet conditions at 2, by either the empirical-
data or streamtube method.

3. Determine inlet conditions for the second stage of diffusion
in a form suitable for the diffuser analysis method to be
used between Stations 2-3A and 2-3B, and the inlet conditions
to the snout (if any).

4. petermine the stagnation pressure on the dome.

5. If the diffuser has no snout, determine the inlet conditionrs

to the annuli by assuming an isentropic expansion around the
l‘ dome.
i 6. I|f the diffuser has a snout, calculate the diffuser performance
]7 between Stations 2-UA and 2-U4B and the outlet conditions at
LA and 4B, by using the empirical-data method or the stream-
I tube method between Stations 2-3A and 2-3B and a mixing
[ analysis between Stations 3A-UA and 3B-4B, or by using the
mixing equation method between Stations 2-4A and 2-4B.
[! The following sections indicate the significant details of these
| steps, for the various combinations of analysis methods which can be used.

These are five such conbinations for diffusers with snouts:

Stations 1-2 Stations 2-4
Streamtube Stieamtube
Streamtube Empirical data
Streamtube Mixing equation
Empirical data Empirical data
Empirical data Mixing equation
— ;47_ R oM oy, » - -
R T Poprs -
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It is pointed out that when the streamtube or empirical-data methods are
used between Stations 2-4, it is always implied that the methods are used

between Stations 2-3 followed by a mixing analysis between Stations 3 and L.

For diffusers without snouts, the analysis of the flow between
Stations 2-4 is independent of the option employed between Stations 1-2;

this is indicated subsequently.

Determination of Inlet Conditions, Station |

The inlet conditions to the diffuser which are available from

the program input are:

1. Mass flow, m. -

e~ P A ko B

2. Weight-mean total pressure, F]. "!

3. Total temperature, Tol'

L. A nondimensional velocity profile, u/U. _i .

5. The shape factor of the boundary layer, HI' - ‘

6. The inlet blockage, I-E‘, if the empirical-data method is 'l
to be used, or the fractional area occupied by the boundary- i

layer displacemant thickness, I-Ebl, if the streamtube method

v
—

is to be used.

7. The fraction of l-Eb‘ which is on the inner wall. oy ¢

If the streamtube method is used between Stations 1 and 2, this information -l

is in the proper form to enter the method directly. Tl !
If the empirical-data method is used between Stations 1 and 2,

it is necessary to determine the static pressure and the inlet dynamic head tl

from the above information. The static pressure is determined by an

I.—- 1




jterative solution of the following relations:
2

u
To=T, +-2
ol | 2q Je

9 p
PR T

= pTm €A
X
A (IL.)'T"

P Tol

which also yields um‘,)o‘. and hence q,.

Diffuser Performance Between Stations 1 and 2

This is accomplished by either the empirical-data method or

the streamtube method, 2as previously described. A summary of the input

and calculated quantities is given below:

$treamtube Method Empirical-Data Method
Input Calculated input Calculate

t p;‘.p(x,)* f Py

P, |Pa") P | E)

Tol KON q P2

WO €, T
Eor T,

" €y12600)" Hix, Cor”
cpl* c:*
¢, %

a*
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The asterisks in the above table denote quantities which are printed as

output data by the program. The subscript i refers to axial locations

of geometric input points,

Inlet Flow Conditions for Second
Stage of Diffusion

For diffusers without snouts, the only additional information
requived is the mass flow split, mA. mB. ﬁs. This is supplied as input
from tha air-flow subprogram.

For diffusers with snouts, the information required in addition
to the mas: flow split, consists of the flow properties Ath‘ Ea,;s(or E)
to be associated with the flows into the inner annulus, the outer annulus,
and the snout. These are obtained somewhat differently, depending upon
whether the empirical-data method or the streamtube method is used between
Stations 1 and 2.

If the empirical-data method is used between Stations | and 2,
these quantities are determined as follows:

1. The nondimensional annulus heights at Station 2 which bound

the flow into the two annuli are calculated from (see sketch):

1-E m
-—2 L, A
Ya=—3—*+7 E (s1)
I-Ez M

<Y

o Y Y
A 8
2. The areas of the passage at Station 2 which are occupied by

the mass flows hA, hag and hs are calculated from:
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Ath,2a = %2 Ya (53)
Ach,2s = A2 (1= Yg) (54)
Ath,2s = A2 " Atn,2a ~ Atn,28 (55)
3. The inlet blockages associated with the flows into the two
annuli are caiculated from;
© E
A 2
Eaa "% (56)
] A
m E
c = _B. __?'
f TR T (57)
B
and hence
-1
Paa,28 ~ E2a,28 (58)
It is assumed thath25 = E25 =1,
L. The area-average velocities are determined from:
Va,2 = E2a Ym2 (59)
ua,28 - E28 Ym2 (60)
Ya,2s ® Um2 (61)

If the streamtube method is used between Stations | and 2,
these same quantitifs'grg_gegsrmingg as follows:
1. The area of the passage at Station 2, Ath,ZA and Ath,ZB' which
are occupied by the mass flows ﬁA and hB are determinded from
Equations 42 and 43 applied to both mass flows, Then Ath.zs
is determined from Equation 55.

2. The inlet area average velocities are determined from

_ : Ath,2a
Ui, 2a T R udA (62)
’ th,2A ()

and a similar equation for T, 28°
’

3. The inlet velocity profile parameters are calculated from




Ath,2A

B * So 2 ga (63)
o u A

Ath,24 Y 8,24

ard a similar equation for 8,,. Again, it is assumed that
525 -1

4. If the empirical-data method is to be used between Statlions
2 and 3, the inlet blockages associated with the flows in

4

the two annuli are calculated from:

82a -
Ean Eni,2 (64)
San * S ! '
£ 428 (65)

= £
28 JIZA +3ZB bi,2
For the purposes of the diffuser snalysis between Stations 2 and

3, the areas of the diffusing passages at Station 2' are assumed to be

Ach,2a'™ Aeh,2a <5 c,A (66)
and

Aeh,28'" Ath,28 < Fc.B (67)
where fc is the angle of the siope of the passage center-line relative
to the axis of the combustor. This assumes in effect that the inlet
areas to the annular diffusing passages are the areas occupied by the
respective flows at Station 2, projected normal to the passage center-
line. It is obvious that this assumption is not valid when the areas
Ath.ZA' and Ath'“. differ substantially from the actual geometrical areas
of the diffusing passages at Station 2' (A', cos)’c). The output of the
computer program includes the ratlos Ath.Z!"‘ZI' and Ath.IA'MzA' (denoted

as "area mismatch at the snout' in the program) .

The inlet dynamic heads at the diffusing passages are celculated

—
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from:
B, U
_ 1 "aPoa a2 (68)
A zgo A
th,2A'
and a similar equation for Ezs. The inlet dynamic head at the snout |s
determined from: -
s el Y'm (69)
2s g
° Ath,Zs
Conditions on the Dome
If the diffuser has no snout, the stagnation pressure on the
dome is assumed to be constant and is determined by
| Pg =Py *+ (1 - Ky) 9 (70)
where a ! ~) (7])

9 = 'i'g'OF 2 'm2

The coefficient Kd is an input quantity representing the number of dynamic
heads lost in the mixing and flow processes occurring around the dome.
The magnitude of Kd will depend upon the shape of the dome and the
effectivensss of the diffuser between Stations | and 2, and is difficult
to determine a priori. It Is expected that its value would be in the
range 0.2 - 0.5.

For diffusers with snouts, the static pressure just inside the

snout, Pz is determined by assuming a sudden contraction or expansion

sl'

process between the areas A and A, , (the actual geometric area of
th,2s 2s

the snout entrance); this is accomplished by the application of Equation

by or 45. The dynamic head just inside the snout Is calculated from

A 2
- th,2s, =
941" (—-‘—Aw ) 9y,

The total pressure on the dome |s then calculated from
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Py = Pygr + (1= Ky) Qg0 (72)
wrere Ky is an input quantity representing the number of dynamic heads

lost in the flow through the snout.

-
*
Diffuser Exit Conditions |f
No Srout is Present
If no snout 15 present, the diffuser exit conditions at Stations
LA and 4B (the entrances to the annuli) are calculated by assuming that
the flow expands isentropically from the dome stagnation pressure determined i
by Equation 70. For either annulus, the conditions at Station b are
completely determined by (or ﬁB). Ty Py and Ay, (or Aha)' !
Diffuser Performance Between Stations 2 ?
and & for Diffusers with Snouts '
The procedure for determining the performance of the diffusing |
passages between Stations 2 and 4 depends upon the diffuser-analysis _
i
method employed. The procedures are indicated below. t
« Mixing-Equation Method
% in this case, the procedure is identical do that described
? previously. The inputs required for the analysis are hA. Py G9pr ﬁZA’ Ath,zk'
and a similar set for the outer annulus; these are determined in the manner
indicated In the previous paragraphs. The calculated gquantities are
cm, cpA’émA’ Puar LYY Pua and a similar set for ths outer annulus,
All of these quantities are printed out by the computer program,
Streamtube Method
in this method, thres steps are Involved since the basic stresm= (
; tube analysis is only applicable betwesn Stations 2 end 3, end doss not I

W
f
4
"
4
ke
&
NRB
.Y
4
fid




67

consider any losses due to expansion or contraction of the flow at the

snout lip.

The steps are as follows:

A basic streamtube analysis, as previously described, is
performed between Stations 2A-3A and 2B-38. The inputs
required for this analysis are h,, Ath,ZA" Pys uz(r),CSZA,
HZA and a similar set for the outer annulus; in addition

it is assumed that the boundary-layer properties on the
snout lip are d= 0 and H = 1.4. The only calculated
quantities which are used subsequently are the static
pressures, p3A and pBB' and the profile parameters, ﬁ%A and
Big: which are computed from Equation 63 applied to Stations
3A and 3B. The diffuser performance parameters Cp, Cpi, and
é,as obtained from this analysis are printed as program
output, however.

It is assumed that the profile mixes to a uniform one
between Stations 3 and 4. The static pressure at Station

L in the absence of area mismatch at the snout lip is

accordingly obtained from Equation 5-7 in Appendix V:

P'lua = P A A
e e I R T I
934 3A A hA

The effects of any area mismatch at the snout are rather
crudely approximated by assuming that the total-pressure
loss between Stations 2 and 4 due to this process is given

by the sudden expansion or contraction relations (Equations

46 and 47), and that this loss may be applied directly at
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Station L4; that is, in the inner annulus for example:

| AZA' A
=E (] -A
th,2A!

Poa - P 2
LA LA th, ZA') (74)

- A
Al

924 2

if AZA'/Ath,ZA'<"’ P'hA is the total pressure corresponding to

. .
[o] Ll'A’ To, mA, and AL‘A'

The calculated quantities are the diffuser performance parameters
C , C_ andg between Stations 2A-i4A and 2B-4B, ana the flow conditions
pm’ "p, m
p

Puar Puar Thar Pugr Pugr 2 T

the printed output of the computer program.

All of these quantities are part of

Empirical-Data Method
As in the streamtube method, three steps are involved in the
procedure:

The basic empirical-data method, as previously described,
is performed between Stations 2A-3A and 2B-3B. The inputs
required for this calculation are m,, Ath,ZA" Pys EZA’ EZA’
and a similar set for the outer annulus. The only calculated
quantities which are used subsequently are the static pressures

) A
P3p 219 Puar and the profile parameters BBA ( =Ey ) and

- -1 ; )
5MA (= Eua ). The diffuser performance parameters Cp, cpi’

and § as obtained from the basic method are printed as
program output,

A mixing analysis is applied to the flow between Stations
3A-LA and 3B-4B. This is indentical to the procedure used
for the streamtube method.

The affects of any area mismatch at the snout are included
in the manner used for the streamtube method.

The calculated quantities and the program output are identical
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to those of the streamtube method.

Structure of the Subprogram

The diffuser subprogram consists of:

1. A subroutine which sets up starting conditions and directs
the diffuser calculation through the other subroutines in

" the appropriate sequence.

2. A group of subroutines which perform the streamtube analysis.

3. A group of subroutines which perform the empirical-data
analysis.

| 4. A group of library subroutines which provide gas properties

and interpolation procedures.

Detailed fiow charts and the program listings for the diffuser subprogram

are presented in Volume I1.
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AIR-FLOW SUBPRCGRAM - ANALYTICAL METHODS AND PROGRAM DEVELOPMENT
|g;roductlon

The main objectives of the alr-flow subprogram are:
1. To calculate the air mass flow and pressure distribution
in the flame tube and annuli and, hence, the overall

pressure loss.

2. To provide a starting point for the heat -transfer

H
{
!
i
H

calculation by working out the temperature and velocity i

distributions of the gases in the flame tube and annuli.

To facilitate analysis, flow in the combustor is broken down into
distinct but interacting streams:
1. The annulus air (inner and outer annuli).
2. The air flowing into the flame tube through:
a. Swirler.

b. Dome holes.

c. Penetration holes in the flame tube.
d. Wall-cooling slots in the flame tube. !
e. Porous flame-tube wallis. i
3. The mixture of fuel, air, and combustion products flowing
through the primary zone (the fiame tube upstream of the [
secondary holes).
4. Parallel streams flowing through the flame tube downstream -
of the primary zone: |
a. The hot stream, a mixture of combustion products,
unburned fuel, and air.
; b. The cold streams, those portions of the penetration

jets and wall-cooling films, originating upstream,

that remain unmixed at a given axial position.




A
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This section of the report Is devoted to a detalled description of

po—t

the calculation methods and general organization of the air-flow subprogram.

Assumctions

The air-flow calculation rests on the following main assumptions,
in addition to those discussed under OVERALL APPROACH:
1. The primary zone can be treated as a stirred reactor:

- a. Static pressure, temperature, and fuel-air ratio i

are uniform throughout the zone. H
!4 b. Mixing and burning occur instantaneously.
This is one of the major simplifications in this work, and
it precludes the possibility of calculating, for example,
pressure distributions In this zone. it will be partlculariy

invalid at low pressures, when hurning In the primary zone

|

i

| is reaction-rate limited, unless an accurate estimate of

‘ : the fuel-burning-rate distribution (see assumption 3) has

!_ been made.

2. The flow can be considered o be one-dimensional. This
represents a considerable simplification, particularly
In the case of the gases in the flame tube. However,
reasonably simple methods are not available at the present
time for treating flow and heat transfer in a gas stream
having non-un!form temperature and velocity profiles.

3. The rate of fuel burning as a function of axial length
can be specified as Input. This assumption makes the

calculations easier but a realistic estimate of the fuel-

Bl A S

PEC T T
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burning rate will be difficult to make, particularly
(as mentioned above) at low pressures. |f the fuel-air
ratio at any axial position, which will not be known in
advance, exceeds the stoichiometric value, the excess
fuel Is assumed to be available for burning at the next

downstream position.

Calculation Procedure - Outline

In calculating the flow conditions throughout the combustor,

the air-flow
iteration on

2.

subprogram goes through the following routine for each
the mass-flow split:
The mass-flow rate through the dome is obtained from the
flow split, and the total pressure on the dome is obtained
from the diffuser calculation.
The pressure drop across the dome to the primary zone is
found by equating the combined swirler and dome~hole flows
(functions of pressure drop) to the total dome flow.
With the primary-zone static pressure establ ished, flow
conditions in the annulus and flow though flame-tube holes
into the primary zone are computed for calculation stations
up to the secondary holes (the end of the primary zone).
The portion of the secondary-hole flow that recirculates
into the primary zone is calculated, either directly by the

program or from a fraction specified as inout.

All of the contributions to. primary-zone air flow (thirough the swirler,

dome holes, and flame-tube holes up to the secondary holes) are now known.

In addition,

the fuel flow into the primary zone is known from input.




5.

Calculations proceed downstream from station to station. In general, the
flow conditions at the upstream station, k, are known from the results of
the previous calculation step. Conditions at the downstresm station are

found as follows:

6.

For the remainder of tha calculation the combustor is divided into axial

control volumes bounded by adjacent calculation stations k and k + |.

73

The temperature rise due to combustion is calculated for
the primary zone treated as a stirred reactor. (Excess
fuel above stoichiometric is carried downstream.) Flow

conditions at the end of the primary zone are then found.

From tha annulus-to-flame-tube pressure drop at station k

the mass flow rate through the holes just downstresm of

k is found. The mass flow remaining in the annulus is then
known.

For tbe annulus, the equations of momentum, energy, continuity,
and state are solved for the pressure, temperature, velocity,
and density at station k + 1.

Correlations for flow and mixing of wall and penetration

jets are used to compute the fluxes of mass, axial momentum,
and enthalphy contained in the jets entering the control volume
(through holes at station k and in the form of residual jets
originating upstream of k) and leaving the control volume
(residus! jets at k + 1). The net transfer of mass,
momentum, and enthalpy from the jets into the main gas stream
in the flame tube may thus be found.

The equations of momentum, energy, continuity, snd state are
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written for the hot stream in the flame tube (excluding

residual jets) between stations k and k + 1. Heat addition
is included for fuel burned, up to stoichiometric; any
excess fuel is carried downstream. The solution of these
equations yields the temperature, pressure, density, and
mass flow at station k + 1.

The sections that follow describe the detailed calculations

that are performed in each of the above steps.

Flow Through Holes and Swirler; Swirler Design; Recirculation
Flow Through Holes

The mass flow rates through the holes in the dome and in the
flame-tube walls are calculated from the discharge equation:

m =

h Cd Ah ( 290 Pan (Pan - pft) )% (7%)

where P

an total prescure in annulus

= Pan ¥ 9an

2
9an Pan uan/290

(g
]

discharge coefficient

pDischarge Coefficients

For dome holes a value of 0.6 is used for the discharge coefficient,
For flame-tube holes a table of experimentally measured discharge
coefficients for 100 hole types is supplied as library data. An index to
these hole types is given in Table | of Volume (1. (Data for other hole
types may be added to the library as required.) The tabulated data are
drawn from experiments reported by Venneman (Refs 28 and 29), Marshall

(Ref 30), Kaddah (Ref 31), and Dittrich and Graves (Ref 32 and 33).

I
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The discharge coefficient is plotted against the hole pressure-

loss factor:

p

~an

It has been shown by Dittrich and Graves (Ref 32) that the effect

of flame-tube velocity on discharge coefficient can be predicted by:

where c

—

The values given on the library tape are corrected discharge coefficients.
In Equation 77, Pan '3 replaced by Pan if the hole is a

scoop or other total-head device.

The equation used in the program for the flow through a swirler

was taken from Reference 3!

q

an a

= the actual discharge coefficient (which is a function

= the '‘corrected" discharge coefficient (which is ine

[>d
A4
>

© Pry

|
+

(76)

0
3

= pan - pft

= Static pressure in flame tube

Pressure-Ratio Correction

1
Cy = €4 (0.75 + 0.25 pan/Pft) (77)

of pressure ratio’

dependent of pressure ratio)

Swirler Flow

2 2 , 2
A Psw Aref 2 Aref M ow
q = sz 7 S¢¢ 5 sw o 2 2 (78)
f A A m
re sw ft ref
2
where A = area, ft
m = inass flow, Ibm per sec
q = dynamic head, Ibf per ft?




B = swirler angle

APy = total-to-static pressure drop, 1bf per ft2
sw = swirler
ref = reference condition

ft flame tube

[

In the program the constant sz has been given a value of 1.3, which is
suitable for straight-bladed swirlers. For curved-wall swirlers, the

value of sz could be changed to 1.15.

Swirler Design

A comprehensive literature search brought to light virtually
no work on which such a sound theoretical swirler design method could be
based. The method used is therefore based on an examipation of swirler

designs that have previously been used on 16 combustors, mainly of the

tubular type. The results are shown in Figure 10. Although the range of
th does not cover the values normally encountered in annular combustors,
the following may be used until more information on swirlers is available:

Swirler 0,D.

0.225 Dg + 0.75 in

swirler 1.D, = 0.10 th + 0.25 in
No. of Blades = 8

Blade angle = 50 degrees

Recirculation
In an actual combustor a complex pattern of recirculating flow
exists, particularly in the primary zone. Representation of recirculation
is introduced in the computer program by a provision for partial recircula-

tion of secondary-hole flow upstream into the primary zone. Oniy the flow

through the secondary holes is treated in this way.




n

The fraction of secondary-hole air flowing into the primary
zone, rhsy p/'hsy' may be specified as input to the computer program.
This must be set to ze-c if recirculation is not to be considered. |If

the recirculation fraction is not specified as input, it is generated

within the program from the following formula:

: 1/2
m Tan
SLEB - 0.5 sin 9’ -—
m T
sy ft
This is an empirical expression based chiefly on measurements obtained by
Rosenthal {Ref 35) in a tubular combustor.
The air entering the primary zone by recirculation from the
secondary holes is treated in exactly the same way as air entering through
swirler, dome, and wall holes. Air going downstream is treated as

ordinary penetration-jet air.

Primary Zone of Flame Tube

Pressure
The pressure in the primary zone, Py is found from the pressure
in the diffuser upstream cf the dome, P4, obtained by the diffuser sub-
program, and the pressure drop across the dome, which is a function of

the flow through the dome and the characteristics of the swirler and the

- . o T T

(79)

dome holes: 2
Pa " P , 2
2 go/o ref Adh th * T
/K lsec B sw o

Vv  SW 2 2

Asw Aft

where ﬁ\d = total flow through dome (80)

= ﬁ'sw * Mdh

Map ™ flow through dome holes
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th = discharge coefficient of dome holes
sz = coefficient in swirler pressure-drop equation
5 = blade angle of swirler
Sw
Aft = cross-sectional area of primary zone

This equation is derived in Appendix Vi,

Temperature Rise

The energy equation for combustion in the primary zone takes the

following form:

. P
) hair,T, +§ = () +fe) hpmd‘].2 (81)
where ml = air mass-flow rate
Mep = fuel burning rate
4 = heat release rate
hair = enthalpy of air
%rod = enthalpy of combustion products

and subseripts | and 2 refer to conditions before and after combustion,
respectively. Velocity terms have been neglected because mean velocities
in the primary zone are usually quite small.

The enthalpies of air and combustion products are calculated

h = fc dT (82)
p

where the specific heat of air as a function of temperature is correlated ty:

from the expression:

-5 12,3

T+ 17.91 x ]0-9T2 - 2.743 x 100°°T (83)

p = 0.2419 - 0.8181 x 10
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The data of Fielding and Topps (Ref 36), shown here in Figure |1, have
been used to modify Equation B3 for calculating the specific heat of

combustion products:

c, = 0.2819 + 0.1037 - (0.818] - 22.6f) 10777

+ (17.91 - 29.6f) 10791 - (2.73 - 0.35F) 107'273 (8
where f = local fuel=-air ratio.
This equation is suitable up to stoichiometric values of the fuel-air
ratio:
fstoich = 0.0867 '( %_;%%égf (85)
where H/C = fuel hydrogen/carbon ratio by mass.

Dissociation
There are two factors in the heat balance for the primary zone
(or between stations in the flame tube):
I. Burning of fuel.
2. Bissociation of products of combustion.
The equations for cp given above neglect dissociation effects;
Hodge (Ref 37) suggests that dissociation may be represented by defin'ng

an effective calorific value of the fuel:

h = -
eff, p hp Aheff, P

where h

b fuel lower calorific value, per unit mass of fuel

Aheff o = energy supplied to cause dissociation of combustion

products
In Figure 12, curves of Aheff p are plotted as a function of

temperature, pressure, and fuel-air ratio, for combustion of a fuel in

air. The effect of pressure is ignored in the present work and the curves
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are approximated by: _
3 x 10 26T;‘5
Ah =
eff,p f
where f = local fuel-air ratio
T2 = temperature of products of combustion

If the energy of dissociation is related to the enthalpy of the
products, then the enthalpy of the products, including the effects of

. N . . . i
dissociation, hprod’ is given by:

" ] ) = ’ . '26 7.5
hprod (TZ) hprod (Tz) + 3 x10°77T, fg
f
where fg = fuel-gas ratio
o f
1+ f
Tb = base temperature for enthalpy

459.7 deg R
Thus dissociation has the effect of lowering the temperature of the
combustion products.

Hence for the combustion of fuel in 2 vitiated gas, when the
enthalpies do not include the effects of dissociation, the heat release
rate, §, is adjusted to account for dissociation and recombination. In

general, for combustion between conditic .s 1 and 2:

7.5 T 7.5

§ =t ho +3x 0726 | ™ Ty oM™ 2 (86)
P T+ f 1+ f

1 2
where M., = rate of burning of fuel

fb
For combustion in the primary zone the temperature rise is very large

and the T."5 term in Equation (B6) may be ignored. Equation (B1) is

|
now solved for T2' the primary-zone temperature.
The empirical method described above is widely used and gives

satisfactory results in practical cycle-performance calculations.

Paon aim

-

|
|
|
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Density and Velocity
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The density is fourd from the equation of state:

p

P2

2

and the velocity from the continuity equation:
m
A
2

Pty

where m, = ml

Hot Loss

The '‘hot loss'' of total pressure, which is the change in total

pressure due to heat addition, i< given by

4 Phot ~ Pl - P2

Flow in the Annulus

(87)

The equations of momentum, energy, continuity, and state are

now set up for a section of one annulus between adjacent calculation stations,

labeled | and 2 in the sketch below.

A, Ay A,
T H v
! . |
- ! |
b, - o
Pys Uy @ s P I Py Yy ™
| -+>
] ]
_.'a IUI
! L
2
u
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The resulting equations are then used to calculate conditions at Station

2 from the known conditions at Station 1.

Momentum Equation

Derivation of the equation for conservation of momentum between
Stations | and 2 is complicated by the fact that, in the general case,
the annulus wall between these stations contains a hole through which
some momentum flows. To deal with this complication the calculation is
carried out in three steps.

First, the flow through the hole, m is found from the hole

he
type and size, the pressure drop across the hole, and discharge-coefficient
data. (An expanded discussion of this topic will be found later in this
section.)

Second, it is assumed that the air remaining in the annulus at
Station 1', immediately downstream of the hole, undergoes a sudden
expansion. The resulting total-pressure loss is given by the following
empirical expression, from which Pan,l' the total pressure at Station
1', may be calculated:

't 2.21
Pan Iu:n 1 r P DS 2N )
- P , = 1.85 L L (88)
an,| an,l
2g [1.36&
o an, |

(This expression has been obtained by fitting the curves of Figure 13,

[

which is taken from a review of empirical data on total-pressure losses
due to sudden expansion in compressible flow, Reference 38.) With the
tctal pressure at Station 1' known, the other flow conditions at Station 1'
may be found from the equations for the isentropic flow of a perfect gas
betwecn Stations | and 1'. The most convenient approach is first to

calculate the Mach number at Station 1', M « from the following equation:

an,|
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m P M
an, ' _ _an,2 1 an,!' an, 1’
el =—] 3 —y. (89
Aan,I' an, | R o ¥-1 2(0-1)
2
1 + M .
2 an, |
where To = stagnation temperature, assumed to be constant across the
expansion
2
unll
= Tan ] + =
! 2C g J
p’o

The static temperature and static pressure are then determined from:

T . Y

an,1' _I, - 1 2
To VY3 Man,l'

_ g

P T Re
an,1' _ an,1

P, T J
an,l o

Then from the equation of state the density at 1Y is:

e - pan,l'
an, 1’ RT .
an,!
From continuity, the velocity is:
- ﬂ‘anll'

uan 1
»
A
ean,l' an,|

Thus, the assumption of a sudden expansion at Station i' permits all of
the necessary flow quantities at that station to be computed.

The third step is to apply the momentum equation for flow between
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Stations 1' and 2:
"2
) A + m u /9. + J' 9A_ dx
“an,1! Tan,l an,2 an,l'’ ‘o « P an dx
1
[ a2
- x F Awpan “an / 29o' dx = pan,2 Aan,2 * man,2 uan.2 / go (90)
ll
where F = friction factor (Fanning)
= 0.0035 + 0.264 Re;;“? (Ref 39)
A = wetted wall area per unit length

w

A number of simplifications are made in this equation. Since
the pressure losses due to wall slope and friction are small terms in the
equation, an iteration loop can be avoided without a significant loss
in accuracy by writing:
yKZFAPUZ J 29 .dx =F (C, + C) o qv ui (%, = x| 1)/29

w tan  an o A B’ Yan,1' “an,1' 72 1 0
X

where CA and CB are tie inner and outer wall areas per unit length
between ' and 2.

The integral pressure term can be evaluated if it is assumed
that flow between Stations |' and 2 is incompressible and that the mixing

rate will be delayed by diffusion. With these assumptions the integral

pressure term may be integrated as shown in Appendix Vi1, yielding:

X
2
dA _ _ 2A A
wa , pan . — dx = (pan,l' pan,Z) . ———EQLL—EE*Z— M pan.ZAan.Z P
] dx A + A
an, | an, 2

an,l'Aan,l

. i 5 an. [ e $oe ot ’-

[—




The final momentum equation thus becomes:

2
2 A A ﬁ lu ]
an,1 _an,2 - - yZan,1' an,l - -
s (Pap, 1t = Pan,2) ~F (64 * Cp) 79 (xy = %)
an, | an,2 o

man,z (uan,2 - uan,l')/go

(91)

Energy Equation

5 The ergy equation for flow in the annuius between Stations '

and 2 is:
{ h (T ) + u2 /2g J | m + k 3 C..dx
i an, | an, 1”9 ] an,?2 x X “a-
i
2
= h f
[ (Tan,Z) + uan,ZlZgoJ] man,2
‘ where h{T) = staiic enthalpy of annulus air at temperature T
! dw = heat transfer rate from unit area of the flame tube wall

j to the annulus air

The casing temperature is normally assumed to be equal to the compressor

delivery temperature. Even when a different casing temperature is specified,

‘l however, the heat=-transfer rate between casing and annulus air is assumed
z ) to be negligibly small.
: ) Since the variations in annulus air temperature are normally

small, h(T) may be assumed equal to cp(T«Tb). where p is a mean specific
heat. |f mean values are also assumed for Qw and CA’ the simplified energy

{ equation becomes:

(c_ T + 2

p an,l uan,l/ZQOJ) Man.2 * LW . (‘2 - x‘) (92)

2 .
* uan.2/2goJ) man,2
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Continuity Equation

The continuity equation for flow in the annulus between Stations

] and 2 is written as follows:

0 |' = A
pan,l uan.l Aan,l man,Z/“an,l pan,Z uan.2 an,2 (93)

Equation of State

The equation of state for the annulus air is:

Pan,l Tan.l f’an,Z Tan,Z

P P
an, | an,2 =R (94)

Method of Solution of Annulus Equations

Since the mass flow through the holes between Stations 1 and 2,

m

b is known, the downstream flow in the annulus, ﬁ‘an 29 is simply:

m = m = -m
an,2 an, ' an,| h

There remain four unknowns, uan,2’ pan,z’Pan.Z, and Tan,2’ which can be
found by solving Equations 91, 92, 93, and 94.

These equations are easily reduced to a quadratic in Yan 2:

2
By Yn,2 * By wn 2~ B, = 0 (95)
where 82 = | - JCL Aan,l * Aarl,g
R A
an, |
B = 2 99 ch p Aan,Z + U Aan,l * Aan,Z .
| R an,1' o an, 1’ 2 A
an,2 9% "an,1

fEp*CY &p =y
2 A,

] -

, 1

S

o e o e
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-y q C, (X, -x))
Bo uan,l + ZQOJCp Tan,l + 'w A Y2 )
cp man,2
The solution of Equation 95 is
- -BI +./ Bl2 + 4B B2
%in,2 o (96)
282

where physical reasoning dictates the choice of the positive root.

With U known. Equations S1, 93, and 94 are solved for

pan.z'f7 an,2> and T o

.

Pan,1t * "an,2 (Aa".l * Aan,Z) (1= f(Cy +Cg) (g - X|)_
’ an [ u

A
an,2 2 9, Aan,l 2 Aan,l

p
an,2 an,2

o an,?2
an, 2 Aan,2 uan,2

T - pan,Z
an,2 R pan,Z

Introduction to Jet Flow and Mixing

The flow characteristics of jets entering the flame tube through
holes and cooling slots is treated by the use of empirical correlations
for:

1. The length of the jet (measured along its center line).

2. The cross-sectional area of the spreading jet as a function

of jet length.

3. The jet center-line velocity and temperature as functions

of jet length.

’ {"' J
{' “: «.f:.
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4, The development of the nondimensional velocity and tempera-

Besatereas |

ture profiles across the jet with jet length.

Two sets of correlations are provided, one for wall jets (where the air
enters the flame tube through a cooling slot in a direction parallel tc

the wall) and one for penetration jets. These two types of jet are -

illustrated in the sketch. i
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Penetration Jet wall Jet

Once the jet properties have been estimated, the rate of mixing
of the jet air into the main gas stream is estimated according to one of
.hree optional mixing models. The same model, chosen by the user of the
program, is used for both penetration and wall jets. ;

The characteristics of penetration and wall jets and of the

VSNSRI

three mixing models are given detailed discussion in subsequent sections.

i e

Cheracteristics of Pentration Jets

TT SO TR

The dimensions used in describing jet behavior are shown in
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the sketch beiow, where x is the direction of flow of main-stream gas in
the flame tube, y is jet penetration distance normal to the flame-tube
wall, s is distance along the jet centerline,7? is transverse width

of the jet (measured normal to the jet center-line along lines of constant
s), and Yis the angle between the initial jet trajectory and the flame-

tube wall at the entry hole.

Initial-Jet-Angle Data

The jet-mixing correlations, and the momentum equations in the
flame tube, make use of the initial jet angle . This is available as a function
of pressure-loss factor for 47 of the hole types in the library data, Where

the data do not exist, the following correlation is used:

c
2 d
sin "f’ =< (97)
dn
. OPy
where Cdn = the asymptotic value of Cd as 1 + tends to
an

infinity
This approximation gives reasonable results for round flush holes. For

total-head devices its accuracy is unknown; in particular, the following
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assumption must be made:

‘f = 90 degrees'when Cd > Cdn

Penetration Distance

The penetration distance y, measured from the wall to the jet

center-line, is calculated by an empirical correlation of experimental data
obtained from 18 sources (Refs 4O through 57):

0.47 u. 0.85 0.32

Pan 1.0 X - 8
y = 0.87 dh (Pft) (uft ) (dh) sun‘f (98)
where dh = effective axial length of hole

- ((‘.t‘)"‘t x axial length

u, = jnitial jet velocity

= II‘i‘h

C, x hole area
an d

It is assumed that there is no change in density of the jet as the air passes

through the hole. Equation 98 is plotted in Figure 14,

Jet Center-Line Velocity
An empirical equation for the jet center-line velocity has
been obtained by fitting carves to the experimental data of Keffer and

Baines (Ref 56, Fig 11), shown here on Figure 15:

s’
S 3.45 . - .
4= i T Yo
s' s'
3.l¢5<d—j<5.2 Uie - ug, + [l - .229 (d—J - 3.‘05)] (uj,o - uft)
EM _ - [ - .ms'/d.] .
5.2< dj Y1 ug, * 3.6e j (uj.o uft) (99)

The effective distance along the jet center-line, s', used in the above
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equations, is calculated (Ref 56, page 492) from:
Yo
5! = s+ (2.93 - 0.279 —=2) ¢4 (100)
Yy '
el
_ gy,
where S = [1 + (‘dx"] .dx (101)
d. = effective initial jet diameter

hy
= (_Cd. Hole Area . L/m)?

Transverse Velocity Profile

The correlating equations for the jet velocity profile, expressed

in terms of the transverse coordinate’rz , are obtained from Figure 16 (Ref

56, Fig 9):
0cn< u, a y +[0.5 cos (-T-‘II—)+051 (u - u,)
¥ Tia ft 29y T U] M T e
=1.2
1|>'q% ujﬂl = uft+l.7l+e S'ﬂ/‘ﬂi (uj.t 'uft) (102)
where, from Figure 12 of Reference 56: ﬂ% = 0.215 s!

Transverse Temperature Profile

The transverse temperature profile is assumed to be similar in
form to the transverse velocity profile. The Prandt! number is proportional
to the relative spreading rates of velocity and temperature profiles (Ref 58).
Since the Prandt! number for air in the jets is about 0.7 for typical annulus-
air temperatures, the dimensionless temperature profile is assumed to be
roughly 1.4 times as wide as the velocity profile at a given position along
the jet., For tge same reason, the center-line temperature decreases more

rapidly than the center-line velocity. The expressions relating temperature

to veiocity are then:




TJ' Nt
T. -
it

Tj o Tft

where n = M/ .4

The constants were taken from reviews of jet data by Forstall and Shapiro

(Ref 58) and Squire (Ref 59).

Calculation of Jet Properties

Examination of the data of Jordinson (Ref 57), reproduced here
in Figure 17, shows that the cross-sectional area of a jet in a plane normal

to its center-'ine may be represented by:

*1.8
Aj,cs 0.12’7{

where YZ %+ = the value of‘rz at the assumed jet boundary.
The jet area normal to the combustor axis is then given by:

*1.8
A, = 0.12 '
] M /cos LPJ

local jet angle

-1/2
cos-l [\ + (_ciy_)Z]

Other jet properties needed for solution of the flame-tube

equations may be calculated as follows:

ok
. 0.8
.= cu, 0,12 x 1. ,
i, f P Vi x 1.87 dm (106)

(o]

0.12 x 1.81%8 4y . costp, (107)

0.8
0.12 x 1.8 d1

(108)




The value of ﬂ* depends on the mixing correlation employed; this topic

is discussed after the wall-jet correlations have been presented.

Characteristics of Wall Jets

A large number of correlations for wall-jet characteristics are

available in the literature; most give essentially identical results. The

methods described have been chosen mainly on the grounds of simplicity.

The symbols used are defined by the sketch below.

Vef ] 5)
- | o
' | T~ i 7
S . :, UJ'{ J:k

|

Max imum Velocity

: The maximum velocity in the wall jet is calculated from equations

derived by Kruka and Eskinazi (Ref 60, Eqs 16, 17, and 18):

g—
2

x =.-0 s = 0
u. = u
it h
u
x = x + dx s"s""("'u—fs)dx
it
0.0287 y
f (109)
u. = u u_ = ug.)
it fe ™ yazs')y (n = e
where Uh = ipitial jet velocity
rhh

- { /gn Cd x slot area
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i.06
e Ugesh OEI

The above equations apply for values of u,

&

between Y and Ug, Otherwise,

u. is set equal to u,_.
it 9 h

Velocity Profile

For purposes of analysis, the velocity profile is divided into
two sections about its maximum. Near the wall (T(<6') the equation of

Kruka and Eskinazi (Ref €0) is used:

:"‘l::ft - (%)”" T (110)
I 4 ft ]
where N = perpendicular distance from wall
¢ & 1.0
n ¥ 10
5 = 0.0109s'

1
Since n is so large, it is sufficiently accurate to ignore the precise
shape of the profile and to assume:
6
(VI - uft
L dy = 0.955, (1
u. - u
it ft
o

In the outer region (|'|>6|) the equation of Harris {Ref6l, Eq 21 gives):

u, - u 2
| _ uft . kM (12)
B L
where k = 0.693
[ n '6|
M & ————
TL& = 6|

N4 =0 065s' (Spalding, Ref 62 Table 1)
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Typical profiles are shown in Figure 18.

Temperature Profile

The same assumptions as before (Equations 103 and 104) are made

about the relatian between the velocity and temperature profiles.

Calculation of Jet Properties

The equations for the properties of wall jets are similar to those
for penetration jets (Equations 105 to 108). The major difference is in

the expression for elements of area.

. Aj = CAﬂ on the inner wall (113)
- -n-’: .

S L 0 o= cAJ: B ujy - (114)
) .,
. mj = 'CAJ; P; UJ?’,‘ .dn (115)
i r 2 ; T
; hoo cAJ; P i [cp SPVERN +2_gl;:j_uj‘7l] dn (116)

i Jet-Mixing Models

! Three of the mixing models use the jet properties calculated

above to predict the rate at which the penetration and wall jets mix into
the gas stream, The quantities calculated are the mass flow, axial-

momentum flux, and enthalpy flux remaining in the jet as functions of

distance downstream from its point of origin. The fourth model assumes
instantaneous mixing.
for each model the rate of mixing is governed by an entrainment

2 constant, C, whicli is selected by the user, along with the mixing model

to be used, as input to the computer program. The exact function of the
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entrainment constant varies from model to mode), as Is explained below.

Mass-Loss Model

This is a simple model in which a specified fraction of the
initial mass flow in the jet is assumed to mix with the main stream for
each unit of distance along the jet. (I1n this model the above more
sophisticated calculations of jet properties other than length are ignored.)
The mass flow remaining in the jet, hj' is then given by:

lilj =M (v -c s'/dj) (m7)

The entrainment constant, C, may be ass}gnéd ahy value between zero (no
mixing) and one (instantaneous mixing).

The other jet-flow quantities are calculated directly from the

residual mass flow, with the jet velocity, density, and temperature assumed

uniform:
m, '
! (118)

u, cOs ‘¢,
n j,0 ?_;

R, uj 0 cos PJ.

. 1 2
h - T -T.) + .
i mj[ o Tan = T) * 77, Y0 ]

Equivalent-Entrainment Model

This model starts with the actual mass flow in the jet, ﬁj,act,
as estimated from Equation 106 for penetration jets or 114 for wall jets.
in these equations the integration of mass flow is carried across the
jet to a value of the jet width.?l*. large enough that virtually al)
of the jet is included. The excess of this mass flow over the initial

flow throucy: the hole, - mh. is the mass ‘low of gases that have

mj.act
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been entrained into the jet from the main stream. It is then assumed that
a fraction C of this entrained mass flow represents the jet mass flow
that has been mixed into the main stream. The residual mass flow in the

jet Is then given by:

m, =m =C (mj’a‘:t - 'hh_) (121)

j h
An entrainment constani of zero again specifies no mixing; one specifies
conplete mixing when the computed flow of the actual jet reaches twice
the initial jet flow; infinity {or a large number) implies instantaneous
mixing.
Jet velocity, temperature, and density are again assumed uniform
and the area, momentum, and enthalpy flux are calculated from equations

118. 119, and 120.

Profile-Substitution Model

in this model use is made of the jet temperature profile

calculated by the methods discussed above. The boundary of the jet is

*
defined to be that poihtﬂq on the transverse temperature profile where

the difference between the jet temperature and the temperature of the gases

in the main stream has fallen to a specified fraction C of its initlal value.
T, g% =T
4 fto. ¢ (122)

Tj.o - Tft

Air outside the boundary at 7( is assumed to have mixed with the main
stream. The value of‘n? defined by Equation 122 is then used to obtain

ﬁ). Aj"“j’ and hj for penetracion or wall jets from Equations 105, 106, 107
and 126 or from Eauations 113, 114, 115, and 116, respectively.

An entrainment constant, C, of one implies instantaneous mixing;

zero implies no mixing.
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Aerodynamic Treatment of Porous Walls

When transpiration cooling is specified, the entire flame~-tube
wall is assumed to be made from material of uniform porosity. The usual
nunber of holes for the admission of penetration air are permitted, but
there should be no film-cooling slots.

The coolant flow through the wall is governed by the Darcy

Equation (Ref 63}:

2 2
- 2RT G
Pan Pfy - w u'an (123)
by KM%
where t = wall thickness

T = wall temperature

b = dynamic viscosity

G = mass flow rate per unit area through the wall

M, = molecular weight of coolant

The porosity of the wall is characterized by the permeability

coefficient K which is defined by Equation 123 and has the units of ftz.

Calculation Procedure

when transpiration cooling is specified, the only additional
input required is the permeability coefficient. The calculation proceeds
in the following steps:
1. The air=-flow subprogram is run, using an assumed wall
temperature in Equation 123 to find the transpiration
cooling flow rate.

2. This air-flow rate is used in the heat-transfer subprogram

to obtain a first estimate of wall temperature.
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3. This wall temperature distribution is used in the air-flow
subprogram to obtain a new estimate of the transpiration
{flow rate.
L. The heat-transfer subprogram is entered once more to obtain
a new wall-temperature distribution.
It is not possible, without major alterations in the program, to
continue this iteration until any desired accuracy is achieved. Results

show, however, that the above procedure gives adequate predictions.

Flow and Heat Addition in _the Flame Tube 1

The equations of momentum, energy, continuity, and state will J
now be set up and solved for a section of the flame tube between adjacent
calculation Stations } and 2. Contributions to the flow can be visualized

from the sketch below.

- e- - Annulus I 4
~ 3
—t A l
! \\ \ Entering |
——lﬁqiet
\\ ~ > Flame tube l
—_— ' . ~ —
~-1_§__ \\‘\\\\ l
T \\\ i
! Residual jets -T-
— ‘l ——
Ll

© e

Momentum Equation

Tha flame-tibe equations include terms for the entering and

residual jets. Since the gas velocity in the flame tube is typically

one half, or less, of the velocity in the annulus, the friction
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loss has been ignored.
The equation expressing the conservation of momentum within

a control volume bounded by the flame-tube walls and by transverse planes

at Station )| and 2 is then
X

2
+ M u.. /g + W, _+ >m. +f p., 9A_dx
fe,1 fe, 17 entering 19 residual i X\ ftax
jets jets

Pee1 Prea

/9°+ w‘j'z

Pee.2 Pre,2 ¥ Mre,2 Yft.2 ol j:‘t:s

axial component of jet momentum

m. u. cos Y.

J ) ?J

local argle between jet axis and flame-tube center line
L]

mass flow of hot gases in fl~: rube. (This excludes unmixed

air in the residual jets but includes the mass of fuel

burned between stations | and 2.)

The integral pressure term is approximated by:

32

a1
Proax © O 7 Reeg ~ Aee ) (Prp y + Peyg)

]
The final forir of the flame-tube momentum equation is then:.

X

Peet A * e Yre/%0 t Bee,a 7 Are,1) (Pregt * Pee /2

ij,o +ij,l = Pre2 Are,z MRz Yre2/% "Zw\j,z
alt

entering residual
jets

jets jets

Enerqy Equation

The equation expressing conservation of energy between adjacent
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| calculation stations in the flame tube is written as follows:

2 . . .
| (T ) v+ u /29 J_-] I + E h, M.+ E h, .
I [ fe,l ft,1" "o fe,l entering 1,05,0  LoSquar 40 i,
jets jets

‘ "2 >
‘ + Ix q.dx ‘E“Tft,z) * uft 2729, "] fee2 * — by ™2 (125)

1 all jets

! where the enthalpy of hot gases is defined by:

‘ Tet
| h(Te,) = cp(T) dT
T
b
{ The specific hz2at cp is correlated as a function of temperature by

Equation 84; the enthalpy of the jets, hj' is obtained from the jet-
l’ mixing calculation, Equation 108, 116, or 120; and the heat-release rate,
, g, from Equation 86.
l Heat loss from the hot gases to the flame-tube walls has been
ignored in Equation 125. Strictly speaking, this is quite unjustified
since the heat loss reduces the effective value of 4, typically be about
5 per cent in the primary zore. Inclusion of this effect would, however,

considerably complicate the calculation procedure.

[——

L Continuity Equation
i The equation expressing the conservation of mass in the flame
; tube is:
| oor o [ Sl e S
i t.) ftr, 1l fr, 1 i M M
; residual i sidual i entering h fo
[_ jers Jets jets
’ P u A - :] ;
1 Fr,2 Vee2 | A o (126)
) L_ t.2 all Jets all jets j.2

where fi¢p, = fuel burning rate
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The jet areas and mass-flow rates are obtained from the results of jet-mixing

calculations, Equations 105, 106, 113, 114, 117, 118, and 121,

Equation of State

The equation of state may be written as follows:

Pee,1 U P2 - R (127)
Pse Teer Prez Tee,2

whare R = gas constant for air

It has been assumed in Equation 127 that Kk is independent of temperature.

This is true to within 0.5 per cent for all conditions encountered in

practice. |t has been further assumed that the gas constant for a mixture

of combustion products is equal to that for air and independent of the

fuel-air ratio. The actual gas constant for & mixture having initial conditions
of 60 deg F and 4 atmospheres varies oniy 0.2 per cert as the fuel-air

ratio varies from zero to the stcichiometric value.

Method of Solution

The mass flow at Station 2 is known from jet-mixing results:
hee,2 ™ Ppe,) ¥ D o+ LAy Ly 5 (128)

since Equation 125 cannot be solved explicity for Tft Rl
iterative technique is used to arrive at a solution. In this equation the
velocity terms make & small contribution to the total enthalpy. For the
first stage in the iterative process, ti.erefore, Vey 2 is set equal to
’
Uee qr I addition, the speclfic heat, € and heat-relesse rate, §, are
computed for Tft 2 " Tft T With these simplifications Equation 125 ~2n
] 9,
be solved explicitty for a first estimate of Tft 2° New values of p and
1

§ are then computed for the new T, 2 and Squatinn 125 is 30lvad again.
ft,

Boranr

e i

—
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This process |s repeated until Tft 5 Sonverges to an acceptable accuracy.
Using the value of 'l'ft 2 8O obtained, Equations 124, 126, end 127

are solved to obtain a quadratic equation “EPft 2!

2 2 -
Pre,a M T2 Bee,a * Aee 172 “Prea K1 ¥ e 279 (e 2 -IAj =0 (129)

] L)
where Ky = gper  (Aee o+ Aee, 1) * et Yee,1 /%

*Z:Wy,c *2:"U.| -2:"5,2
The resulting value of/.')ft 2 is substituted in the Yollowing version of

Equation 126 to obtain Uge 2}

Vey 2 " My 2/ Pee,2 (Ree,2 "LAy,2)
This value of Vg, 2‘15 inserted in Equation 125 and & new value
of Tﬂ:'2 is found. This process |s repeated unti} both Tft.z and Vge.2

have converged to within specified tolerances.

Structure of the Subprogram

The air-flow subprogram consists of:

. A subroutine which sets up starting conditions and dirscts
the alr-flow calcqfliion tHrough the other subroutines in
the appropriate ssquencs.
Subroutines for solving the equations for flew in (he enmulus
and flame tube.
Subroutines for calculating the heat addition due to fuel
burning and the temperature in the primary zone,

L. A subroutine for calculating the rete of mixing of the
entering jets.

Detailed flow charts and program listings for the air-flow subroutines are

given in Volume (1.




HEAT-TRANSFER SUBPROGRAM -
ANALYTICAL METHODS AND PROGRAM DEVELOPMENT

Introduction

The principal operations in the heat-transfer subprogram comprise
the formation of the various heat flux components at the flame-tube wall
in terms of the wall temperature, the solution of the heat-balance equa-
tion to determine the wall temperature, and the evaluation of the wall heat
fluxes. This section of the report presents the assumptions and relations
employed in the subprogram. Program options which relate to the heat-

transfer subprogram are also discussed.

Heat Balance in Flame Tube

The heat-flux balance is performed on an elemental length of the
flame-tube wall; conditions in the circumferential direction are assuned
to be uniform. The heat-flux components considered in the balance are:

Radiation from the flame to the flame-tube wall, R].
Convection in the flame-tube gases at the wall, Cl.
Radiation from the flame-tube wall to the outer casing. R..

Convection in the annulus air at the outside surface of the

flame-tube wall, Cz.

Longitudinal conduction in the flame-tube wall, AK.
Radiation interchange between the flame-tube walls, R3.
Heat transfer between porous wall and transpiring gases,
QLr’ when transpiration cooling is specified.

Equating the heat gained by the element of wall to the heat
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lost, the following equation results:.
R, + €, +4K = R, +C, + R3 + o," (130)
Each of the components of heat flux depends upon the flame-tube
~wall temperature In the manner shown In the following sections. Substlitution
of the various heat-flux expressions into equation 130 yields a polynomial
in the wall temparature which is solved numerically. The methods used
for solving this equation are described in a later section after the

various heat-flux expressions have been derived.

Calculation Options and Assumptions

Several of the assumptions associated with the heat-transfer
subroutine apply only under certain program options. The remainder of the
assumptions are more general and apply in all cases; these latter assump-

tions will be considered first.

General Assumptions

The following is & list of the general assumptions which apply

under all program options:

l. For the purpose of heat-transfer calculations, the combustor
can be considered as two-dimensional, that is, conditions
are assumed to be constant in the ;lrcymferentlll direction
for the annular geometry and in the lateral direction, with
nogllglblolcdgo effects, for the rectangular gsometry.

2. Steady-state conditions prevall,

3, The quantities supplied by.thc alr=flow subprogrem, for

dxnplt. temperature and velocity distributions in the flame
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tube and annuli, are reasonable approximations to real
conditions. This assumption is potentially one of the
largest sources of error in the heat-transfer calculations, %

L, The flame and walls are gray radiators, that is, spectral
effects can be ignored. In the casc of the wall, spectral
effects are unlikely to be very significant; flame emission
is discussed again in a later assumption.

5. Wall emissivities and absorptivities are corstant. In fact, E

they are functions of temperature, but the range of varia-

tion in emissivity is smali.

, 6. The effect of the wall-to-bulk temperature ratio can be

neglacted; fluid properties used in the heat-transfer

relations are evaluated at the bulk fluid temperature. With
this assumption the rate of heat transfer to the annulus

air may be overestimated by as much as 10 per cent for Reynolds

Numbers greater than 10,000.

Calculation Options and Additional Assumptions

A list of the program options which are concerned with the heat- !

transfer subprogram was presented in an earlier section of the report.

Poetsnane §

Here the various options are reconsidered in the light of the additional
assumptions associated with them.
I. The options to specify film or transpiration cooling of the
flame-tube walls introduce all the assumptions associated !

with the nethods employed for treating these cases, namely

' .
P §

the method of Spalding (Ref 9) fcr film cooling and the

s 1
o

—
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method of Wheeler (aef 6i4) for transpiration cooling.

2. The use of empirical correlations to estimate the emissivity
of the flame introduces large uncertainties. One of the
major assumptions here is that the effect of the fuel type

| on the flame luminosity factor may be characterizod.by the

hydrogen/carbon ratio of the fuel.

j . 3. The one-dimensional radiation option assumes that the tempera-

i ture gradients in the flame-tube are small, & situation which
is unlikely to be realized in practice. iIn the case of the
two-dimensional radiation option, it is assumed that there
are no sudden temperature changss at the ends of the combustor. *

k! The exclusion of longitudinal conduction and radiation inter=

change between the flame-tube walls fiom the heat-bzlance

equation assumes that temperature gradients along the walls
are small and that the two walls are at approximately the
same temperature. These assumptions are, In general, guite
i valid; however, the option does exist to include either or
. both of these effects if they are thought to be significant
in a particular case.
5. Unless the outer-casing temperature distribution is specified

in the program input, it is assumed that the casing tempera-

ture is close to the compressor-discharge temperature. This
is not a serious assumption since the radiation from the flame

tube to the casing is generally small compared with the

convection to the annulus air.

—




108

Radiation From the Flame to the Flame-Tube Wall - One-Dimensicnal Model

The one-dimensional-radiation model describes the case where sach
element of wall receives radiation only from elements of flame at the
same axial position. This model is accurate when axial temperature
gradients and end effects are small and thz length-to-diameter ratio of

the flamr tube is large.

The usual expression for radiant heat transfer between a gray

flame at temperature Tft and a black container at temperature Tw is:

L L
Ry = ©O(E Tep =@ T)

a Stefan-Bo!tzmann constant

Eft = emissivity of flame at teaperature Tft

aft = aosorptivity of flame to radiation of temperature Tw

Since the wall is not black, but has an absorptivity a.w which
wi'l normally be between 0.8 and 1.0, a correction should be made for
absorption, reflection, re-absorption and so on. McAdams (Ref 26, p. 91)
suggests a factor (I+@ )/2 to allow for this effect.

A further simplification is introduced by the use of an empirical

formula suggested by Lefebvre and Herbert (Ref 4):

1.5
oy | L
T

€s¢ w

~

Then R, -—%—O(I +ou) €, rft"s (Tftz's- 1 2:5) t131)

w

The emissivity of the flame, & fo' is either calculated from one of several
alternative empirical equations presented below or supplied as special input

as a function of pressure and temperature. Another way of obtaining
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flame-emissivity data would be to use tables of empirical information
compiiod by Hottel (Ref 26) and others. Although these dats are the most
accurate that are available within their range of applicability, the
alternative spproach of supplying data in functional form has been adopted
here. This is equally valid, because:
1. The functions used fit the empirical data to within one or

two par cent.

Most of the empirical data apply only &t pressures nsar 1

atmosphere; the excessive extrapolation reyuired to obtain

emissivities at normal gas-turbine operating conditions

renders the dats less useful.

The only comprehensive data are for nonluminous flames;

it is anticipated that luminous-flame correlations will

prove more useful.

Nonluminous Flame - Distillgte Fusl

This correlation was produced by Reeves (Ref 65).

0.5, -1.5
€, = 1 - exp [- 18.5 p, ('bfx) Tee ]

fx = loca) fuel-air ratio

1. = mean beam path length

b
e 3.6 x Volume/Surface ared
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Nonluminous Flame - Residual Fuel

This correlation (Ref 65) is similar:

0. 0. -1.
€ = 1 - exp [:f|54 Py 75 (Ibfx) > Te %] (133)

Lefebvre Correlation

Lefebvre, in Reference L, used Reeves's distillate-fuel

correlation with a "luminosity factor', A
0.5 . -1.5
Egp = 1o {:"8'5 Py A OLFT Tee :] (134)
A correlation for A was based on data from two sources.

A = 7.53 (C/H - 5.5)0-84 (135)
where C/H = carbon to hydrogen ratio of the fuel, by mass

This expression is invalid below carbon-hydrogen ratios of about 5.7.

NREC 1964 Correlation

By 1964, further data on the effect of C/H on A were available.
An examination of these scurces showed that a better correlation for A

in Equation 134 is:

A = exp (“—’—”-5-7“—‘-') (136)

NREC 1966 Correlation

Schirmer and Quigg, in a recent paper (Ref (1), examined the
effect of pressure on flame radiation in a z-inch diameter tubular combustor.
Their data have been converted from radiation flux to 2missivity at an
assumed flame temperature of 3500 deg R and are plotted in Figure 19,
together with the predictions of Equations 134 and 136; agreement is
poor at C/H ratios above about 7. A new correlation, which fits the data

reasonably well over the whole range, has therefore been produced. This is:

Fra—t

-

. .
e

ettt
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g, = 1 - exp [ b7 oy A (1007 Tf;"s] (137

where A= (S%%—E)OJ“ (138)

This correlation is compared with the experiments) results of Reference n

in Figure 20.

Radiation From the Flame to the Flame-Tube Wall - Two-Dimensional Model

This section describes the option for calculating the heat
received by a wall element fram elements of flame at all axial locations.
Yhe radiative heat transfer to an element of the wall from an elemental
volume of flame is equal to the product:

Volume of flame element x Emission per unit volume

x Transmittance x View factor (139)

The quantities In this product will now be considered individually.

Voiume of Flame Element

The elements of flame considered have elemental length in the

axial direction of Axft and inner and outer (flame-tube-wall) radii of Ty

and " respectively. Thus, the volume of each flame element is:

ax, - et - 1)) (140)

Emission Per Unit Volume

Following Hottel (Ref 26), the radiation emitted by unit volume
of flame at temperature Tft is:
d€
b ft (1

where Pg " partial pressure of radiating gas (1.e., water vapor gnd carbon

dioxide), \bf per sq ft.

[
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de
The quantity - ft is chiefly a function of temperature.

For a typical value of pG/ Pgy = 0.05 and for a non-luminous flame it can be

approximated by (Ref 2‘):-
dE
((_.-—f‘) - 2 (142)
dpﬁlb pG‘b =0 ft

The form of the expressions for flame emissivity (Eqs 132 through 138) indicates
that for luminous flames, the f>llowing equation is approximately true:

dE ., . de .,
drgly /Pe'b” ° degiy /Ph,” ©

luminous J non~luminous

Thus a more general form of Equation 142 is:

dé
__..ﬁ = (”0)

dpG1b pG'b =0

View Factor
The sketch below illustrates the nomenclature of the axially

symmetric configuration considered.

_I'\__ Elemental length

of wall

Elemental
length of
£ ame
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! Employing an equation derived by Hamilton and Morgan (Ref 66)
and the principle of superposition, the following equation is obtained
for the view factor of the flame element radiating to an element of length

(144)

AXw in the outer wall:

2)

Fru‘ll; DX, . ___1]; Ax, - x
(ry =t JXZ*“;’rz)z (ra = ry) ”(2+(r'3."92

Transmi ttance

The transmittance accounts for the radiative energy which isnot

»

! absorbed by the intervening gas; it is a function of the distance the .

1]
radiation travels through the gas, the gas composition and the gas ’
temperature. Here a curve has been fitted to typical data prepared by .

Hottel (Ref 26) and shown in Figure 21, The expression developed E?: .. -
_ 14 82 e, o
M- Pg s * 1%, 82 . (W)

. . . o
where s = distance from element at considered point on the wall toc
element of the flame, ft ’

Since 5 varies over di fferent parts of the flame, an averaging procedure .

is used over the radial dimension of the flame to determine a single,

i mean value of the transmittance for each axial location of the flame
element. The resulting expression for the transmittance to an outer wall
element is:

20 ' (146)
2: 1L, 82

Bl osf_} * ['3 A U "2)] ’

Partial Pressures

.
r‘mean 20

The partial pressures of carbon dioxide and water vapor that




%
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are required for Equations 141 and 146 are obtained from stoichiometry

Then:

Pe = Pfe "‘coz * %y o (w7)

where x = mole fraction of constituent in product mixture, Local air-
fuel ratios are calculated in the air-flow subprogram in such a way

that the mixture can never be richer than stoichimetric.

Total Radiation

Introducing a wall temperature, T, and an effective wall
absorptivity, () + dL)/Z, the radiation absorbed by the wall element

from the flame element is:

Ay e (-

(1 +& )
sol] --—2—— ( ) BXey Tt(r 2" "rw ft W

mean

Hence, the total radiation per unit time at a point on the outer flame-

tube wall receiving radiation from all positions of the flame, is:

2 all flame| mean ¢pel o
positions

(1 +d) d€ 2 2 O

sre (0 2R S e e 25y axg () - ) Py (T - T
The radiative heat flux per unit time and area of flame tube is, therefore,
given by:

= (‘ +dw)a- Z r

AX R3 all flame | mean
positions

2 2 L L
Pe (dp L) Bxg, (7] = 1)) Fry (T = T (148)
A similar expression applies for radiation to the inner flame-tube wall.
It should be noted that it is not necessary to specify the length

of the wall element, t&xw. since in Equation 143 A&Xw in the denominator

cancels with Axw appearing in the expression for the view factor, F

FwW'
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Radiation from the Flame-Tube Wall to the Outer Casing

{ .
The radiant heat flux from the flame-tube wall to the outer

casing 1s given by the equation:

by
}

|
|
|

4
Ry = P00, = Te

Z

(149)

temperature of casing. This may be supplied as input as

| > T
where ¢

' a funclion of axial length; if it is not, it is assuned
% equal to the compressor discharge temperature.
ch= overall interchange factor which accounts for the re-emission
and absorption between surfaces.
For the case where only two surfaces are involved and where both surfaces

have high emissivities, the overall interchange factor is approximately

A am

given by (Ref 26, p. 76):

| | v /) 1
—_ = — -1 + —— — -1 4+ —
ch (6 w ) AC <CC > Fwc (150) )

where F@c= black-surface overall interchange factor
Ec = emissivity of casing (assuned egual to absorptivity) . .
A = surface area of flame-tube wall . * e
AC = curface area of casing . .

i Far radiaticn across an annular space, the black-surface interchange factor

can be assumed to be equal to unity. With this simplification and some

rearrangement, Equation 150 becomes:
. Ew €c
= ~ £\
we £ *E (T -€) A, (151) .

~

Z|

C

Thus, from Equations 143 and 151 the radiant heat flux from the wall to

the outer casing is:

w Ec 4 i
(T, =T (152)
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Radiation lnterchange Betweqn Flame-Tube Walls

Under some conditions, radiation interchange between the combustor
walls can become important. The net rate of heat transfer to a section of
the fiame-tube wall from all other "visible' parts of the flame-tube wall is

derived using the oomenclature shown in the sketch:

x b
[ b «—Element of Outer Flame-Tube wall

-

! OX

[ a

h%—i <«———— Element of Inner Flame-
| »a Tube Wall

. Engine Centerline
— >

Radiation emitted by element be whicn is received by ele-

ment 6xa (neglecting any reflections) is:
* . .
Ly

2 N
f£° -
ew_urrbéxbfba r*(Twb Twa )

View factor for radiation fromb to a

2
6xa (rb - ra)

2 [(rb - ra)2 + (xa - xb)z] 32

Transmittance between b ard a

ik.82

2 2
PG\](xa -xu) + (rb -t 14.82

Radiation interchange per unit time and area of inner wall is given by:




b (rb - ra)ziﬂ(wa“ - Twau)

ra' 2 [(l‘b - ra)z + (xa ." xb)z] 3/2

Thus the net rate of heat transfer per unit area to the point on the
inner wall under cons’'deration, from all parts of the outer wall is:

- 2
R3 = UEW
2

2 L L
- \ -
b (rb Mo F(wa Twa ) 6xb

N )2J3/2

2
all D-wall r_ [(rb - ra) + ("a' b

positions
A similar expression applies for radiation from all parts of the inner

wall to a poiri on 'heg cuter wall.

Convection at the Inner Surface of the Flame-Tube Wall

The corralation employed for the internal convective heat transfer
at the flame-tube wall is one suggested by Humble, Lowdermilk and Desmon
(Ref 67) for subsonic flow through smooth tubes at high surface and fluid
temperatures:

C. = 0.023 + re®-8 pr0-% (1

1 - 1)
D
ft

ft w

thermal conductivity of gas
hydraulic diame.er of the flame tube, equal tc twice the
distance between the flame-tube walls for both annulus and
rectangular geometries.
The effect of annulus diameter ratio is small and is ignored in this
treatment. Reynolds and Prandt] numbers and thermal conductivity are
based on properties of a gas mixture taking account of the amount of fuel
present. The methods used to evaluate these properties are described in

a later section.
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Entry-Length Effect

When starting conditions on the wall are uniform, there is a :
developing boundary laysr and the expression for the Nusselt number is ‘ §
usually multiplied by a factor for the entry-length effect. Typically

(Ref 26), this is: |

R

Because of the intensely turbulent conditions in the combustor, the

relationship for fully developed flow (Equation 156) gives . better

representation and has been used in the program.

Internal Convection with Film Cooling !

The contribution of internal convection to the wall heat bal-
ance is computed from Equation i56 only whem film cooling and transpiration !
cooling are absent. For the case in which film cooling is employed, i

Equation 156 is modified by replacing .the hot-gas temperature, Tft’ by an

adiabatic wall temperature, Tad , thus: i
ny K 0.8 , 0.4
¢, = 0.023 BT Re™* " Pro " (T, - T) (157)

The adiabatic wall temperature is a quantity measured experimentally
and has beer: correlated by Spalding (Ref 9) to geometric and flow variables
by means of & film-cooling effectiveness, T, and a downstream-distance

parameter, X:

ft ad
T = - (158 ;(
Tft ch 58)
v 0.8 -0.2 Ug, 17103 (’
Y o= 091 (CR ) (Re ) o+ 1| S (- (159)
0 Yef cf Ucr
cf ¢
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where ch = jnlet temperature of cooling film
j Yef ™ slot width
x = downstream distance of wall element from cooling slot.
Figure 22 shows an envelope enclosing 90 per cent of the data
points employed by Spalding; these data may be represented by the three

straight lines:

L T = |
) X, 0.2
"‘! or T = (3.5x) (160)
Xo
lg or T = X whichever is the smallest

where Xo = 7.0

These relations correlate well the nine sets of experimental data on which
they were based, but their validity for practical combustion systems, in
which the slot may be obstructed by structural elements and imperfections
left after fabrication, is uncertain. This uncertainty is supported by
the data published by Sturgess (Ref 10) which are also plotted on Figure
22. These data for, so-called, ''dirty' slots may be represented by the
- same equation (EQ 160) that was used to represent the data for ''clean" slots;
| however, the value of Xo is reduced from 7.0 to 3.5.

Equation 160 is employed in the computer program and Xo is
supplied as program input by the user; its value can be determined in one
of two ways:

1. If experimental data are available, these are plotted in

the form Tt~ X, and a value of X, that fits the data best
is chosen and supplied.as input to the program.

2. If no experimental deta are available, the recoomended values
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for xo are: 3.5 for “dirty" slots; 7.0 for "'clean' slots.
The procedure employed by the program to determine the
convective heat flux is as follows: For a particular wall element
considered, a value for X is computed. This value, together with the
value of Xo supplied as input, are used to calculate the cooling effective-
ress T 7from Equation 160. Equation i48 is ther employed to give the
adiabatic wall temperature, TageWhich is substituted into Equation 157

to give the convective heat flux.

lntarnal Convection with Transpiration Cuoling

The transpiration-cooling flow rate is ocbtained from the air=-flow
subprogram. It is assumed that the coolant leaves the wall at the wall

temperature.

The heat<transfer rate is calculated by @ method suggested by
Wheeler (Ref 64). With this method, the convective heat-transfer coefficient
for the transpiration-cooled wall is given by:
Nu = 0,002 Reft

The Nussait and Reynolds numbers are based on the bulk properties of the

gas in the flame tube,

- Hence, the convective heat flux from the hot gas to the wall is:
¢, = 0.002 61]— Reg, (Te, = T,) (167)
ft
It should be emphasized, however, that no independent assossmont'of the

validity of this method for the prcsoni application has been made. It
Is expected that, If a serious stddy of transpiration cooling is to be
undertaken with this program, more sophisticated and powerful methods

such as that of Spalding (Ref 68), or actusl cest dets from prectical

combustors, will be used.
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Convection at the Quter Surface of the Filame~Tube Wall

External convection from the flame-tute walls to the annulus

air is governed by an equation similar to Equation 156:

¢, = 0.023 —‘1‘— Reg's pr0-4 (T, - T, ) (162)

n an
D
an

] .
where Dan is equal to twice the distance between the flame-tube and
outer casing for both annular and rectangular geometries.

in the case of transpiration cooling, there is an additional component

Q

tr representing heat transferred to the ccolant as it passes through the

wall:

Q = G Cp (Tw =T ) |

tr an (163)

Gas Properties

The gas properties used in the above relations are obtzined
from empirical correlations derived from a survey of all availab'e
literature. Values for air are used in the equations for heat transfer on
the annulus side of the wall. In the case of gases in the flame tube, the
molal gas composition is found from stoichiometry, and the properties of the
constituents are combined according to formulae recommended by Perry (Rgf 69)
to obtain the properties of the mixture.

The effect of pressure has been ignored,

The equations used for the specific heat, the dynamic viscosity
and the thermal conductivity can all be expressed in the form:

Z = a+bT+ cT2 + dT3
(164)

where Z represents the gas property

The constants take different values for each property and for

each gas considered as shown in Table . Table | also shows the temperature

range covered by the data employed to determine the values of the constarts
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P

for each gas; the percentage accuracy of the equations is also indicated. -

Properties of Gas Mixtures

The specific heat of a mixture is obtained from: -

J a -
3 Coo= 2™ S (165) |

where m. = mass fraction of ith component

C.. = specific hea! of ith component
The viscosity of a mixture is obtained from: ;{
“’ = —__——; p ‘ '

> (Mi) : (156) §

where x. = mole fraction of ith component .

M., = molecular weight of ith component

The thermal conductivity of a mixture is obtained from:
1
Sx; K )" (167)
= 167
:Exi (Mi)|/3

Longitudinal Conducticn Along Filame-Tube Wall

k

\ W e

The longitudinal conduction effect can be estimated on the
basis of average temperature gradients. For the inner flame-tube wall é\
the rate of heat flow to the section of wall {n) urder consideration

“ran an adjacent one (n + 1) is given by:

kw tw CA (Tw,n+l B Tw,n) (168) i
qQ = x p— I
n+1 n
where kw = thermal conductivity of wall material [

tw = wall thickness

4
1
;
H

Per unit area, the heat gain is:
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Combining this with a corresponding quantity for heat flow from the

n-1 element, the net heat received becomss:

2k t - -
AK w —2 M TW.M' Twm - TW.n Tw.n-l
xn+l " xn-l xn+l " X xn - xn-l (169)

Solutior of the Heat-Balance Equation

Wwhen all of the heat-flux terms are considered, the heat-Lulance
equatior for an element of tne flame-tube wall is:

Rl + C] + AK = R2 +‘C2 + l'(3 - Q“_
Both the longitudinal conduction term, AK, and the radiation interchange
term, R3,are functions of the wall temperature distribution (rather than
the local temperatures of the wall element) and, therefore, an iterative
method of solution of Equation 130 is required when these terms are

considered. O0ften, however, the user will not wish to consider AK and

R3,in which case a non-iterative solution of Equation 130 is possible.

Non-|terative Solution

In this case Equation 130 becomes:

R] + c‘ = R2 + C2 + Qtr (170)

Qtr is 2ero when there is no transpiration cooling.

Substituting for R, from Equation 131 or 14C; for C' from Equation 156,

1

157, or 161; for R2 from Equation 149; for C2 from Equation 162; and
for Qtr from Equation 163; Equation 170 becomes:
D) T, +Dy T, 7+ 0, T =D, (i)

where D‘. DZ' D3, and D“ are known, their values depending upon
the program option. Newton's approximation is used to solve Equation 171,

For use in Newton's approximation, a first estimate of Tw is

obtained from one of the following equations:
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Dl Twu = D,
) Tw2.5 = Dy
D3 Tw = 04

Tw - Tft

The chosen Tw is that which leads to the smallest value of €& when Equation

171 is written in the form:

“ 2'5 =
D, T, *+0, T 7+ Dy T, - D, 13 (172)

With this initial estimate of Tw Newton's approximation is
»

ﬁsed to find a value of Tw that satifies Equation 171.

|terative Solution

The iterative heat-balance solution is only called for after a
noniterative calculation; an approximate wal l-temperature distribution will
therefore always be available. The iterative heat balance is repeated
until the maximum temperature change between any two iteration Cycle§ is

less than the specified tolerance.

End Effects
The boundary conditions assumed at the ends of the combustor can
have an [mportant effect on the overall wall temperature distribution.
Since the highest temperature gradients frequently occur away from the ends,
it has been assumed that the wall temperatures at the ends are as given

by the noniterative calculation.
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Structure of the Subprogram

The heat-transfer subprogram consists of:

1. A subroutine for solving ti:e noniterative heat balance.

2. A subroutine for solving the iterative heat balance.

3. A group of library subroutines which provide gas
properties, correlations for wall cooling and flame
emissivity, and the solution of the fourth-power heat-
balance equation.

Detailed flow charts and program listings for the heat-transfer subprogram

are given in Volume 11.

T ~ iy
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LIMITATIONS OF THE COMPUTER PROGRAM

The computer program represents a signiflcant advance In the
analysis cf annular combustors, in that it draws together reasonable represent-
ations of the pertinent flow, burning, and heat-transfer phenomena into an
Integrated computing tool. Because of limitations in the models and in the

experimental data available, and the need to keep the program to a manageable

size, however, It has been necessary to make a number of assumptions and
compromises that limit the acruracy of the results, “Most of these have been
discussed in connection with the analytical methods. To emphasize the
importance of understanding these limitations In making intelligent use of

the program, they are summarized here.

General

The analysis is one-dimensional: circumferential variation of flow
quantities such as pressure and temperature Is Ignored throughout the prcgram;
radial variation of these quantities is considered in the streamtube method
of diffuser analysis, but not elsewhere. It is well known that the flow in
an actual combustor departs significantly from one-dimensionality, because
of the presence of swirlers, fuel atomizers, holes, swirl at the compressor
exit, and so forth. At present, however, neither the theoretical methods nor
the experimental data are available upon which tc base a more detalled model.
This is, then, a limitation of the program as a whole. Its effect Is difficult
to assess. It should be kept in mind when using the program lﬁ connection

with experimental data, however, that unusually large departure from one-

dimensiorality in the experiment may cause considerable disagresment betwsen

experiment and analysis,
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Dif r Subprogram

The analytical methods used ih the diffuser program contain several

important limitations:

2.

3-

Flow in the diffuser is assumed to be unaffected by downstream

conditions, If the flow is well matched.at ths snout, this

assumption Is expected to be valid, Otherwise, serious errors

will undoubtedly result. Snout design should, therefore, receive

careful attention.
No provision is made for including splitter vanes in the diffuser
analysis.,

The program does not attempt to treat flow after separation,

Air-Flow Subprogram

The more important limitations of the air-flow subprogram are as

follows:

1.

2.

The treatment of the primary zome as a stirred reactor limits

the information obtained. For example, if the detailed burning
rate and flame temperature'wero known, the flame=-tube wall
temperature could be calculated as a Function of position, Present
understanding of the flow, mixing, and combustion processes in

the primary zono is inadequate to support a more de-ailed analysis,
The program does not calculate the fuel-burning rate directly,

but receives it as input and only serves to keep It below stoichio-
metric at any location. The results are limited by the judgment
of the user and by his access to exporlmontalAdati. For a more

accurate estimate of flow conditions, particularly at low pressures
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where reaction rates decrease, it should be possible to devise 1

[S——

a fuel-burning rate correlation.
3. The jet-mixing models suffer from a lack of experimental data

upon which to base the choice of models and entrainment constants:

in addition, the program does not relate the mixing rate of wall

jets to the film-cooling analysis carried out in the heat-transfer i

section,
b, The swirler-design method contained in the program Is crude. _ 3]

When more experimental dat: become available, a more refined

method should be incorporated. “
S. |If the use of transpiration cooling Is to be explored in detail, !

an assessment of calculation methods should be made.

Heat-Transfer Subgrogrém
There are several significant limitations to the heat-transfer ‘
program:
. The fiim-cooling model is idealistic; there is a serious lack
" of experimental data upon which to base choice of the characteristic
distance LR used in the correlation; in addition, as mentioned

above, the film=-cooling and wall-jet-mixing models are not related.

2, Data iIs lacking on the emissivity of lumincus flames.
3. There is a lack of data on transpiration cooling, with which to

judge the rellability of the theory used.

L. No heat balance is performed to calculate the temperatures of the

inner and outer casing wulls,
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Conclusion

Sefore making extansive use of this program, it would be useful
to make a more exhaustive survey of the Influence of program options than
has been possible within the limitations of time and budget in the present
E project. For example, jet-mixing rates, and consequently the flame-temperature

distribution, are quite sensitive to the cholce of entralnment function and

constunt. By experiment, & '‘most reascnable'’ choice mey be found.

|
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TEST CASES
In this section, the results of a number of test cases

illustrating aspects of the program are presented.

Diffuser Test Cases

Introduction
The diffuser test cases are mainly concerned with checking the
validity of the analytical ''streamtube'’ method. The following cases wer«
specified:
1. Comparison with experimental data on two-dimensional
diffusers, compiled by Cochran and Kline in Reference 70.
2. Comparison with data on annular diffusers, compiled by
Abramovich and Vasil'yev in Reference 71.
In eddition, the results of a number of test cases used during program

development are presented in this section.

Choice of Separation Shape Factor

Before the test cases were run, it was necessary to select a
value for Hsep’ the value of the shépe factor at which separation occurs.
In conical diffusers, Hsep is typically 3.0, but for airfoils at moderate
incidence, a value in the range of 1.8-2.2 is more usual.

The value of Hsep = 1.9 is used for comparison of the
streamtube calculation method and the empirical-data method. The
latter is based in the case of two-dimensional diffusers on the

experimental results of Reneau, Johnston, and Kline (Ref 7). A com-

parison between streamtube and empirical-data methods is shown in

Figure 3 for diffusers with area ratios in the range 1.2 to 5.0 and
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nondimensional lengths of 1.0 to 20.0. The only assumption made in
obtaining these results was that the shape factor at entry is 1.4.

For annular diffusers the empirical-data msthod is based on
data of Sovran and Klomp (Ref 6). The experimental results are based
on diffusers with inlet hub=to-shroud ratios of 0,55 and 0.70 and various

values of @, and 8 (see sketch below) and inlet blockage.

Hub diam

L
©
3
3
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In Figure 23 the experimentel results of Sovrsn and Kiomp are
compared with the predicted performance using the stresmtube method. The
following assumptions were made: .

1. Shape factor at Inlet = 1.4

2. Separation shape factor = 1.9

3. Blockage at inlet = 3 per cent
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4. Hubeto-shroud ratio = 0.55
5. 6, = 0 degrees
The inlet blockage assumed in the calculations was somewhat higher than
the 2 per cent assumed in Reference 6 for the following reasons:
1. The flat-plate Reynolds number at entry appears from the
geometry of the system to be of the order of 107 giving a
biockage of L4 per cent,
2. The maximum diffuser effectiveness recorded was 85 per cent
which indicates a high inlet blockage.
The difference between Figures 9 and 23 is not due only to the different
values of inlet blockage, but Is also due to differences in the variation
of area ratio with length. For a two-dimensional diffuser:
A = AI+(A2~A').5
L
‘ (A"‘r ). A2 - (173)
a (1) M
For a simple annular diffuser:
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Equations .173 and 174 reduce to the same form for r, > r|, l.e. A, ¥ A,
or for large values of o' Thus the performances of annular and two-

dimensional diffusers show the most difference at large area ratios.

Two-Dimensional Diffuser Geometries

The test cases for two-dimensional diffusers are taken from
Cochran and Kline (Ref 70) and the earlier work on similar apparatus by

Moore and Kline (Ref 72). The geometry of the diffuser section is shown

1 —

below:

-

7

This geometry is not entirely suitable to test the streamtube method for
the following reasons:
1. The boundary layers at inlet are formed on highly curved
surfaces, and not, as assumed, on & flat plate.

2. The staticepressure profile st inlet is distorted due to
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the curvature of the flow. In the streamtube method the
static pressure is assumed to be uniform across each cross-
section,
These difficulties notwithstanding, it is felt that the results provide
an adequate basis for assessment of the streamtube method. It is to be
noted that these results are also included in the compilation and cor-
relation of experimental data presented in Reference 7,

For the purposes of obtaining e concise comparison of the
diffuser effectiveness obtained from the streamtube method with rxperi-
mental results over an adequate range, a family cf diffusers was selected
from the daia of Reference 70. These diffusers all have a nondimensional
length of approximately 8, and cover a range of area ratios from 2 to

6.5. The georetric data are summarized below.

Included Nondimensional Area
Angle length Ratio
deyrees L/Wl AZ/A]
7.0 8.04 1.99
LI 8.08 2.96
1€ .8 8.10 3.40
21.0 8.12 3.94
28.0 8.09 L .94
3.1 8.06 5.4k
36.0 8.03 5 .94
38.2 8.00 6.46

For these configurations, measured values of the shape factor at inlet wer:

in the range 1,43 to 1,79 and measured values of the blockage were in the
range 0.004 to 0,006, To circumvent the difficulty associated with obtaining
the experimental velocity profile at the inlet to the diffuser, the streamtube
method was used assuming a uniform inlet velocity profile; to account for the

fact that the actual velocity at the wall was some 20 per cent greater than that
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in midstream, the test cases were run with a blackage of 0;0075, and a cor-
responding shape factor of 1.47 (since the deceleration rate along the wall
will be greater for the nonuni form velocity prcfile, a targer blockage should
be used with a uniform velocity profile to simulate this effect).

For obtaining a comparison of the results of the streamtube method
for the prediction of separation with experimental results, the data of
Reference 72 were used., Again, the streamtube method was used with values
of the inlet blockage and shape factor of 0.0075 and 1,47, respectively.

Comparison of Results for Diffuser
Effectiveness

The effectiveness as computed by the streamtube method is shown
with the experimental results in Figure 2L, The agreement is reasonable,
considering both the approximations made with regard to inlet conditions and

the fact that the experimental accuracy was repcrted as +5 per cent.

Results = Line of First Stall

in Figure 25, lines are drawn dividing geometries in which
separation occurs from those in which the fiow does not separate. A
comparison is made between the‘results of Moore and Kline (Ref 72), in
which a flow visualization technique was used, and the results obtained

using the streamtube method. Agreement is quite good.

Annular~-Diffuser Geometries

The test cases for annular diffusers were taken from Abramovich

and Vasii'yev (Ref 71). The geometry considered is shown below:
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The two test cases analyzed were:

Area Ratio Range of ©
AZ/AI degrees

2.0 5=-40
3.8 5-40

The following assumptions were made:
1. Shape factor at inlet = 1.4

2. Shape factor at separation = 1.9

Annular-Diffuser Results

In Figure 26 a comparison is made of the results of the stream-
tube method with the experimental results given by Abramovich and Vasil'yev
(Ref 71). As the blockage is not quoted, theoretical curves are given for
1 per cent, 2 per cent, and 3 per cent blockage. A blockage of 1.5 per cent
gives good agreement between the theoretical and experimental results. It is
to be noted that the inlet blockage has a significant effect on the computed
effectiveness, as is expected from the consideration that the effectiveness
is determined by the displacement thickness at the exit (until separation
occurs) and that this thickness is roughly proportional to the inlet displace-

ment thickness,
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Unfortunately, no data on the occurrence of separstion in annular

diffusers is available for comparison with analytical results.

Shear Flow in a Diffuser

The streamtube method provides a means of predicting the change in
velocity profile through the diffuser. The main assumptions made in the
method are that the profile at entry is in equilibrium. and that mixing

effects can be neglected.
fo test the method, the experimental results of Horlock and Lewis
(Ref 73) are analyzed. In these experiments straight-walled diffusers and

nozzles were used and velocity profiles at inlet and exit were measured.

Two geometries were considered:

Type Area Total Included
Ratio Angle, degrees
Nozzle 0.7 10
Diffuser V.47 15

The results of these tests are shown in Figures 27 and 23; the agreement

between the streamtube method and the experimental results is good.

Air-Flow Test Cases

Introduction
The air-flow test cases were designed to check the pressure-
drop and air-flow-distribution calculations. For comparison, the

experimental and theoretical work of Dittrich (Ref 74) and Graves and

Grobman (Ref 1) was used.
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The tests used for comparison were carried out on a straight-
walled tubuiar combustor without a diffuser. Seven test cases were run,
varying three main parameters:

1. Reference Mach rumber

2. Overall temperature ratio

3. Ratio of total hole area to reference area

Input Conditions

Since this program only deals with annular combustors and
combustors of rectangular cross section, it was impossible to match the
geometry used in the original tests. Instead, a hypothetical combustor
of rectangular cross section was set up. This was 12 inches wide and
had all cross-sectional areas equal to those in the NASA combustor. The

dimencsinns of the hypothetical combustor are shown in the tabie below.

Geometry employed in Test Case NASA Combustor (Tubular)
Flame-tube height 2.37 in F lame=-tube diam 6.0 in
Casing height 3.95 in Casing diam 7.75 in
Overall length 52.0 in Overall length 52.0 in
No. of holes per 3 No. of holes 6
row on each wall per row
Area per hole 1.48 sq in | Area per hole 1.48 sq in

input quantities specified by NASA are listed below:
Compressor-discharge total temperature 80 deg F
Conpressor-discharge total pressure 15 psia
Fraction of air eatering secondary holes that

recirculates upstream 0

Rate of jet mixing instantaneous
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The total pressure was assumed to be 15 psia at the beginning of each

annulus.

Three hole arrangements were used, as indicated below:

Axial location, inches 22

Run | \ v %

Run 11 v | v N,

Run 11 v v v

In Run I, input conditions were varied from case to case as

Overall Air Mass Flow Rate
Fuet=air Ratio 1km per sec

¢.0

0.0

0.0
0.00724
0.0152

The three fuel-air ratios correspond, according to Figures 2] and 23 of
Reference 36, to temperature ratios (combustor outlet/inlet) of 1, 2, and
3. The three mass flows correspond to reference velocities of 50, 100, and

I50 ft per sec.

Results

In Figure 29, the variation of pressure-loss factor with reference

Mach number as calculated by the present method is compared with the results
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of Reference 74. The agreement wi-h the experimental data is very good,
considering the difference in geometric configurations. However, the
sharper increase in pressure drop at higher Mach rumbers, apparent in the
experimental data, is not so marked in the curve representing the present
predictions.

Figure 30 shows the effect of changing the ratio of total

hole area 'o reference area. Here the agreement with experimental results

is exceptionally good, particularly at high values of the area ratio.

The effect of heat addition on the pressure-loss factor is
shown in Figure 3!, again the agreement with the experimental results
Is good.

Figure 32 is a plot of the fraction of total air flow in the
flame tube against the ratio of cumulative open hole area in the flame-
tube wall to total hole area. The results cbtained here differ from
those of Graves and Grobman (Ref 1) at.high values of the ratio of
total hole area to reference area, AhT/Aref' No experimental results

are available to check the validity of the two methods.

Conclusion

In view of the differerces between the geometrical configura;ion
of the experimental combustor in Reference 74 and tke configuration
employed for the present computations, the comparison between the calculated
and the measured pressure lusses is particularly good. The only effect
which the computations apparently do no: accurately predict is the effect
of high Mach numbers on the pressure-loss factor. However, the Mach
number at which the divergence becomes appreciable is outside the normal

range of reference Mach numbers for gas-turbine combustion chambers.
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Heat-Transfer Test Cases

The predictions of the heat-transfer subprogram were compared

with experimental data presented by Milford and Spiers in Reference 75.

Experimental Conditions

The apparatus used is shown in the sketch.

Convective-Cooling
Gas Fuel Stabilizing Supply
Supply Injector Gutter

Film-Cooling
Supply

&

e P LIRS LI AT HH.

Refractory
Lining’
Three sets of results were obtained:
1. Convective cooling (on annulus side) only

2. Film cooling only

3. Convective and film cooling
Some of the test conditions were as follows:
Hot-gas temperature 3510 deg R
Hot-gas Mach number 0.25
Cooling-gas temperature 1440 deg R
Convective Cooling
Cooling-gas Mach numbers 0, 0.11, 0.14

(Cases 1, 2, 3, and 4)
and 0.20
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Cooling-gas temperature 1440 deg R

Film Cooling
Slot-gas velocities 260, 570, and

(Cases 5, 6, and 7)
B6O ft per sec
(Cooling-gas temperature 1530 deg R

Convective and
Convective-stream Mach number 0.15

Film Cooling
T Slot-gas velocities 0, 260, 580, and

(Cases 8, 9, 10, and 1)

825 ft per sec

Assumptions
The information provided in Reference 75 was insufficient to
specify the problem. A thorough search of the literature revealed no other
published experimental results in which heat-transfer measurements had been
made with combined film and convective cooling, Thus, other than abandon
the heat-transfer test case, the only course left open was to estimate or
assume values for the information missing from Reference 75. The information

required to complete the problem specifications and the assumed values are

as follows:

Distance across flame tube L.5 in

Annulus height 0.45 in
Slot height 0.036in
Static pressure Atmospheric
Fuel=air ratio 0.067

Fuel hydrogen-carbon ratio 0.12

The casing temperature was calculated assuming natural con-
vection and radiation to a room-temperature background. (The actual
heat-transfer coefficients were obtained from McAdams, Ref 26, Table 7-2.)
Heat transfer from the casing to the annulus air was ignored. The casing

temperature distributions thus obtained were as follows:

i
d




Casing Temperature, deg R
Case Distance Downstream of Slot, in

2.0 L4.o 5.5

) 1997 1872 1786
2 1808 1780 1750
3 1770 1752 1720
b4 1720 1707 1698
5 1800 1762 1723
6 1610 1661 1662
7 1580 1639 1647
8 1762 1757 1720
9 1566 1617 1609
10 1461 1542 1550
11 1448 1518 1537

The flame-tube wall absorptivities and emissivities were taken
as 0.85; the casing emissivity was taken as 0.8. The flame was assumed
to be luminous (1966 NREC correlation, Equations 137 and 138), and a
value of X° = 7,0, the value for ''clean" slots, was assumed in Spalding's

film-cooling correlation (Equation 160).

Discussion of Results

The results are shown in Figures 33, 34, and 35. Figure 33
shows Cases | to b4 - those with convective cooling only. Agreement is
reasonably good, the predicted results showing a somewhat greater effect
of annulus convection than the experimental ones. The inconsistency may

be due to:

1. Incorrect assumptions about the dimensions of the test

combus tor,

P SO -7 C Uy o-# 73
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2. Incorrect assumptions about the heat loss from the casing.
The casing temperature does, in this case, exert an important
influence on the flame-tube wall temperature, since radiation

from the flame-tube wall to the casing tecomes significant in

Powr i

e 4

the ahsence of film cooling,

The steep slope of the "radiation-only" ;urve was not well
predicted. It is interesting to note that Milford and Spiers' own
ca culations also failed to predict this trend. This is clearly due to
two-dimensional effects which become increasingly important as the
convective-heat-transfer components are reduced. Two-dimensional
effects were not included in this calculation.

Figure 34 shows cases 5 to 7 - those with film cooling only.
At the lowest-slot gas velocity, the correlation predicts poorer cooling
neir the slot than was obtained in the experiment. At higher velocities,
the effect of film cooling was fourd to be greater than in the experiment,
Asain this is probably due to incorrect assumptions about the dimensions
of the slot.

Figure 35 shows the results for combined convective and film
zooling. As expected, the predicted effect of film cooling at low slot-

9as velocities is again lower than the experimental one.

Conclusion
The most striking differences between the calculated and the
experimental curves are in their slopes. There appears to be a dominant
two-dimensional heat-transfer mode that is causing the experimentally
measured wall temperatures to fall off rapidly with distance downstream.
This effect is most apparent in the radiation-only results (experimental

curves A of Figures 33 and 34), but it must also be present in the other
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experimental results. Since the experimental conditions of Reference 75
are poorly documented, it is not possible to simulate this two-dimensional
effect in any meaningful way.

From the results of the present computer calculations it is
concluded that the film- and convective-cooling models used are producing
results that agree with the main trends of this experiment, ignoring

undocumented two-dimensicnal effects.

Overall Test Cases

Operation of the complete computer program has been checked by

running five overall test cases having identical geometry and inlet con-

ditions (Table 1l). The program options specified by NASA for these test

cases are given in Table 11l. The results of the test cases are discussed
in the following paragraphs.

The pressure-loss characteristics of the diffuser are summarized
on Figure 36. Subsequent figures are grouped in pairs by individual test
case. For Test Case 1 the cumulative fraction of inlet air present in
the flame tube and the fractions of inlet air contained in the residual
jets, as functions of axial position, are shown on Figure 37, the axial
distributions of the flame temperature, the flame-tube wall temperatures,
and the cumulative fraction of fuel burned on Figure 38. Figures 39
through 46 are similarly ordered. On Figure 47 are shown the axial dis-
tributicns of total and static pressures in the flame tube and the annuli
for Test Case 3, as a typical example of pressure distributions.

The complete input and output data for Test Case 3 may be found

in Appendices Il and 111 of Volume I1I.
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Diffuser Performance

Figure 36 portrays the pressure-loss characteristics of the
diffuser as obtained from the five diffuser calculation options employed
in the test cases, The range of flow splits obtained for each option
is that which occurred during the air-flow iterations in the process of
obtaining a solution (the narrow ranges shown for Cases 1 and 2 are &
result of accurate initial estimates of the flow splits). The large
difference between Case 1 and Cases 2 and 3, each of which employs the
streamtube method in the diffuser section between the compressor discharge
and the snout, is due to the fact that when the streamtube method is used
in the annuli, the calculated blockage decreases considerably between
Stations 2 and 3, and hence small mixing losses result. In Case 2,
where separation occurs between Stations 1 and 2, the blockage at Station
3 is assumed to be equivalent to that at Station 2, and hence rather
large mixing losses result., In Case 3, the mixing loss again includes
the loss associated with the blockage at Station 2. The generally
lower pressure losses in the inner annulus indicated by Cases 1, 2,
and 3 as compared to Cases 4 and § are due to the distorted velocity
profile at the compressor discharge which results in a higher local
total pressure in the inner annulus; only when the streamtube method is
used between Stations | and 2 is this distortion in total pressure re-
flected in the annulus calculations. In the present examples, which
result in a badly mismatched flow at the snout, the use of the stream-
tube method between Stations | and 2, and the mixing method betv en

Stations 2 and 4 (as in Case 3), is recommended.

The pressure losses in the diffusing passages influence the mass-

flow split at the snout. Table IV summarizes the fractional flows through

the snovt and the inner and outer annuli for the two test cases. The

Bt §
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dependence of flow split on pressure drop may be seen by comparing entries
in Table {1V with corresponding points on Figure 36.

The flow split at the spout in turn influences the temperature
level in the flame tube., As the amount of fuel available for burning in
the primary zone does not vary from case to case, and as the total
temperature of the entering air is substantially constant, the effect of
a decrease in flow through the dome into the primary zone is to raise
the temperature of the combustion products. This trend is evident in
Table 1V, where the primary-zone temperatures are listed. The primary-
zone temperature influences the general level of temperature in the flame
tube for some distancz downstream.

The temperature and flow distributions for the individual
test cases are discussed in subsequent sections. Reference should be made

to Table 11} for the program opticns used in running these cases.,

Test Case |
The choice of entraimnment constants for this case has a
pronounced effect on the results. As shown on Figure 37, the penetration

jets dissipate before tne first calculation point downstream of their

origin; this is to be expected for the entrainment constant (1) used here,

The wall jets, however, with an entrainment constant (0) that implies no
mixing, remain unchanged from their origin to the end of the flame tube.
The virtually instantaneous mixing of the penetration jets results in a
sharply falling flame temperature immediately downstream of each hole
row (Fig 38). As the uall jets do not mix at all, the amount of gas
available in the flame tube is reduced by the contents of the wall jets

and the resulting flame-temperature distribution is considerably higher
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than It would have been, had the wall jets mixed with the main stream in
the flame tube.

in the program option used for this test case, film cooling Is
ignored. (It should be recalled that there is no interconnection in the
program between wall jets and film coollng.) Despite the lack of film
cooling, the general level of the flame-tube wall temperature Is relatively
low. The explanation is, of course, the assumption of a nonluminous flame.
The temperatures of the flame-tube walls follow the general variation of the
flame temperature reasonably closely, as would be expected with a one-dimen-
sional calculation of radiation from the flame ts the walls, up to an axial
position of about 2% inches. Downstream of this position the sharply
dropping radiative heat transfer from the flame is roughly balanced by
@ drop in convective heat transfer in the annuli caused by sharply reduced
air velocities in the annuli downstream of the dilution holes. Near
the end of the combustor the air velocities in the annuli fall rearly to

zero, forcing the wall temperatures to rise sharply,

Test Case 2

Although the change in the flow split at the snout for this case
causes a drop af about 140 deg F in the flame temperature at the end of
the primary zone, the most pronounced changes In the temperature distri-
butions for this test case, when compared with those of Test Case 1, are
attributable to the change in the entrainment constant for wall jets
anc the inclusion of film cooling.

As in Test Case 1, the penetration Jjets effectively mix
instantaneously (Fig 39). The wall jets, however, dissipate within

about 1} inches of their origins and their cool air is mixed into the
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flame-tube gases. As a result, the flame temperéture drops sharply down-
stream of the cooling slots. Because of the lower primary-zone temperature
and the more rapid jet mixing, the flame-temperature profile and the peak
temperature are much lower than in Test Ca;e 1.

The inclusion of the film-cooling effect and the relatively low
flame temperature combine to hold the flame-tube wall temperatures (Fig 40)
at a general level about 400 deg F lower than in Test Case i. The wall-
tempefature proflie Is quite jagged In this case: essentially step changes
in temperature at the cooling-siot positions are folloqed by rapidly

increasing temperature as the cooling film dissipates.

Test Case 3
The most significant change in program option in this case is
from nonluminous to luminous flames. The radiation heat transfer for Case 3

is greater by about a factor of three than that for Case 1. |n addition, the

behavior of the jets is substantially altered by the change in jet-mixing model

(Fig 41),

The penetration jets now remain distinct from two to four inches

downstream of their origins; for the model used here (equivalent entrainment)

the entrainment constant (1) implies complete jet dissipation when the mass flow

in the "actual' jet has grown to twice the mass flow at the hole of ofiéin.

The wall jets mix very sliowly and are extant at the end of the flame tube.
Because of the relatively slow mixing of the jets, the flame

temperature (Fig 42) is relatively high throughout the combustor, compared

to that in Case 2, where mixing was rapid. The high flame temperafure and

luminosity combine to increase the flame-tube wall temperatures to a general

level even higher than those for Case 1. The predominance of radiation

as a heat-transfer nechanism is apparent from the manner in which the wall
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temperatures decrease in step with the fiame temperature in the downstream

end of the combuster.

Test Case L
The luminous-flame correlation used in this case gives iuminosities
considerably lower than were found ir. Case 3 (about 0.25 vs about 0.4). This

accounts for the generally lower level of wall temperatures in this case
(Fig Lb), despite the exclusicn of fihn cooling, The combination of no {ilm
cooling and two-dimensional radiation causes the wall temperature prof:le

to be relatively flat, compared to the profiles of previous cases.

Cases 3 and 4 use the same mixing model, with changes in the
entrainment constants for penetration and wall Jets too small to a®fect jet
behavior significantly (compare Figs 4l and 43). For this reason the
flame- temperature profiles of these two cases are quite similar.

The calculated effect of radiation interchange between the flame-

tube walls is negligibly small,

Test Case 5

With the entrainment constants and the mixing model used, the
penetration jets mix in a distance too short for a residual jet to
be observed at the next calculation station downstream of the jet origin,
The wall j;ts survive for roughly the distance to the next penetration-hole
row (Fig 45). As a result, the flame-temperature profile is relatively low,
with periodic bumps attributable to the influence of lingering wall jets. '

The luminosity correlation and relatively low flame temperatures i] i
result in low wall temperatures (Fig 46). The typically jagged prufiles for .]

wall cooling are tempered somewhat by two-dimensional radiation.
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It should be noted that the effects of including radiation inter-
change between the flame-tube walls and conduction along them gre small and
cannot be distinguished on these plots because of the stronger gffects of

changes in luminosity and jet-mixing correlations.

Conclusions
The results of the test cases indicate the sensitivity of
calculated conditions in the combustor to the models used. The diffuser options,

mixing and flame-luminosity correlations, and the presence or absence of film

cooling,bcan influence flow and temperature distributions dramatically,
Choice of reasonable correlations is mostly a matter of judghent. A

poor choice can result in ridiculous values. For example, a poor choice

of entrainment constant in the profile-substitution model can result in

wall jets that do not disappear, or worse yet, grow Qith downstream distance.

It has not been possible, within the scope of the present program,

to investigate fully the influence of various arbitrary program inputs, such

as entrainment constants, on program results. Such an investigation should

= e e o

be carried out by the user, preferably in conjunction with appropriate
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experimental data, to select reasonable values of these constants.
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CONCLUS | ONS

The main conclusions of this work are:

1.

2,

3.

b,

5.

A computer program for analyzing the aerodynamic and heat-
transfer characteristics of annular and rectangular gas-

turbine combustors has been completed,

All computer-program options have been checked and are found

to operate satisfactorily.

The diffuser, air-flow, and heat-transfer sections of the
computer progiam have been tested individually by comparing
their predictions of appropriate quantities with experimental
data available in the open literature. The correlation between
calculated and experimental values is judged to be reasonably
good,

The complete computer program has been tested for satisfactory
operation by running a saries of five hypothetical overall test
cases, using geometry, inlet conditions and program qptions
specified by NASA. The main trends of the results, as inferred
by comparing changes in pressures, flows, and temperature distri-
butions from case to case, are reasonable. It Is therefore
concluded that the program as a whole is aparating properly,

The wide range of program options available makes this program
a useful tool for pradicting the effect on combustor performance

of changes in combustor geometry, inlat conditions, ard fue!

distribution,
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6. The results of the streamtube diffuser calculation are
surprisingly good in view of the gross assumptions made.
if the equations are examined further and the potentialities
and limitatlons of tﬁe method oxpléred, this technique could ’

provide a powerful new tool for more general application.
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TABLE | - VALUES OF CONSTAMNTS IN GAS-PROPERTY EQUAT)ON

The gas-property equation (Eq 16k) js;: Z =a + bT + cT2 + dT3 where 2
is the gas property, Velues of the four constants are given in the table

for various gases for the gas propertics indicated.

Specific Hest

Gas 1y Range Per Cent
b x 10 Deg R Accuracy

Air -0 08181 180-1600 1.9

Carbon Dioxide 1.349 Lp0-2500 1.1

Nitrogen -0.2067 200-3600 1.9
Oxygen 0.1564 700=27¢0 1.1

Water Vapor -2.3L6 700-2700 1.1

Viscosity

Air -0.2853 l 2.268 . 200-1800

Carbon Dioxide | -1.180 1.582 . 400~-1:00
Nitiogen -0.01937 3.194 . 200-2200
Oxygen -0.4704 | 3.270 ) 200-1100

Water \apor -2.316 2.280 . 700-1500

Thermal Conductivity

Air . 700-3200 1.8
Carbon Dioxide -1, 400-3000 0.5
Nitrogen . 400-3600 2.5
Oxygen . . 400-3600 3.0

Water Vapor . 700-2700 1.6




TABLE 11 - COMBUSTOR GEOMETRY AND INLE]
CONDITIONS USED FOR OVERALL TEST CAS

Configuration of Combustor Walls

Axial
Position
From
Compressor
Discharge

inner
Casing

Inner Dome
or Flame
Tube Wall

Outer Dome
or Flame
Tube Wall

Geomatric
Input
Point
Number

32.500
32,390
32.000
31.800
31.500
31.300
31.100
31.000
30.500
30.10C
29,600
29.100
28.600
28,200
28.200
28.200
28.200
28.200
28.200
28.200
28.200
28.200
28.200
28,200
28.200
28.200

28.200

28.200
28.200

-0.

-0.

-0.

-0,

-0.

-0.

33.100
33.000
32.500
32,100
31.600
31.100
30.600
30.200
30.2C0
29.900
29.900
29.900
29.600
29.600
29.600
29.300
29.300
29.300
29.000
29.000
29.000
29.000
29.000

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
34,100
31.100
30.200
30.200
29.900
29.900
29.900
29.600
29.600
29.600
29.300
29.300
29.300
29.000
29.000
29.000
29.000
29.000

- =0.

137.200
37.200

-0.
-0.
«0.
=0.
=0.
=0:
-0.
-0.
-0.

-0,

34.100
37.100
38.000
38.000
38.300
38.300
38.300
38.600
38.600
38.600
38.900
38.900
38.900
39.200
39.200
38.200

OO~V Wb —

Swirler Design (Specified as Input)

Number of Swirlers
Numbar of Blades
8lade Stagger Angle
Inner Diamater
Quter Diamater
Area Per Swirler

Degrees
Inches
inches

Square Inches (lIgnoring Bloc

Oue to Venes)
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JABLE 11, CONTINUED - COMBUSTOR GEOMETRY AND INLET FLOW
CONDITIONS USED FOR OVERALL TEST CASES

Details of Holes and Cooling Slots

Hole Axial Inner Number Description of Hole
Row Position or of Holes or Cooling Slot
Number of Hole Quter in
Center- wall Row
Line
Inches
1 9.000 | nner 1 } Cooling slot: stepped louvre 0.095 in
2 9.000 Outer 1 high, with wiggle strip
3 12.000 Inner 50 } Round holes 0.75 in diameter with scoop
b 12.000 Outer 50 0.75 in wide and 0.636 in high
5 13.500 0 Dummy hole row (no holes)
6 15.000 Inner 1 }“Cooling slot: stepped louvre 0.095 in
7 15.000 Outer 1 high, with wiggle strip
8 16.500 0 Dummy hole row (no holes)
9 18.000 Inner Lo } Flush holes 2.0 ir long aind 1.0 in wida
10 18.000 Outer Lo
1 19.500 0 Dummy hole row (no holes)
12 21,000 Inner 1 } Cooling slot: stepped louvre 0.095 in
13 21.000 Outer 1 high, with wiggle strip
b 22.500 0 Dummy hole row (no holes)
15 24,000 Inner 75 } Flush holes 2.0 in long and 1.0 in wide
16 24,000 Outer 75 :
17 27.000 Inner 1 } Cooling slot: stepped louvre 0.095 in
18 27.000 Outer ] ! high, with wiggle strip
19 32.700 0 Dummy hole row (no holes)

inlet Flow Conditions

Total Temperature at Compressor Discharge = 1150.000 Deg F

Total Pressure at Compressor Discharge = 90.000 psie

Air Flow Rate at Compressor Discharge = 956.000 1bm per sec
Overall Fuel-Air Ratio = 0,018
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TABLE 111 - PROGRAM OPTIONS FOR OVERALL TEST CASES

Program Option

Test Case Number

] 2 3 4 5
Calculation wethod in first part of
diffuser: b b
a. Streamtube a a a
b. Empirical Data
Calculation method in second part
of diffuser:
a. Streamtube and Mixing a b c b c
b. Empirical Data and Mixing
c. Sudaen Expansicn and Mixing
The following comkinations of dif=-
fuser calculations are permitted: F\\‘-\ﬁ /”,//"
First Part | a a a b b ::::><::~\\\\\\\
Second Part | a b c b c ”/////
Entrainment function for jet mixing:
1. Direct Mass Loss I 1 2 2
2. Equivalent Entiainment 3
3. Profile Substitution
Entrainment constant for penetration jets 1 1 ] 0.75 0.5
Entrainment constarit for wall jets 0 0.1 0.2 0.3 o.b
Luminosity correlations for flame
emissivity:
1. Reeves Distillate Fuel
{nonlumirous)
2. Reeves Residual Fuel 1 2 3 L 5
(ronluminous)
3. Lefebvre ('uminous)
L, NREC 1964 (luminous)
5. NREC 1966 (iuminous)
One- or two-dimensional radiation? 1 1 1 2 2
Radiation interchange between walls? No No No Yes Yes
Cooled walls? No Yes Yes No Yes
Longitudinal wall conduction? No No No No Yes
Heat transfer to annuius air? No Yes No No Yes
——y ‘#‘ T
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TABLE IV - FLOW SPLITS AND PRIMARY-ZONE TEMPERATURES FOR OVERALL TEST CASES <

Test Case No.

Fraction of Inlet Air
Entering Snout or Dome

. oL4BL7? .06174 .06230 . 05759 .06313

Fraction of Inlet Air L3117 L2020

Entering Inner Annulus -h29sh 40121 41369

Fraction of Inlet Alr
Entering Outer Annulus -52036 -51806 -50775 .5hi20 -52317 "

Temperacure of Gases in !
Primary Zone, deg F 3890.1 3730.1 3758.8 3800.0 3?25.7 i
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e out F xed Dat

Read in Case Data

Wriie out Case Data
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[ﬁvaluale ard write cut Reference Quantnlie;]

. outlet to snout or dome {Statioas 1-2)

ffalculate diffuser petformance from canpvessorl

Write out results

Set up starting conditions for next
part of diffuser

(alculate diffuser performance for second
part of diffuser (Stations 2-4), tased on
assumed mass-tlow split

| f convergence on mass-flow split has
been achievid, write out resulls
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FIGURE | - OVERALL FLOW CHART FOR ENTIRE PROGRAM
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NOMENCLATURE

Description

Area

Area occupied by boundary-layer
displacement thickness

Hole area

Cross-sectional area occupied by a
speciflied mass flow at diffuser
station 2

Wetted wall area per unit length

Critical area, for which Mach number
equals 1.0

Area Ratio Ap/A;

Entrainment constant

Rate of heat transfer by convection
from the hot gases (or the cooling
film) to the flame-tube wall

Rate of heat transfer by convection
from the wall to the annulus air

Inner wall area per unit length
Outer wall ares per unit length
Discharge coefficlent

""Corrected" discharge coefficient
Specific heat

Pressure-recovery coefficient

Ideal pressure-recovery coefficient

Ideal pressure-recovery coefficient
in the presence of mixing

Hydraulic diameter of annulus

sq ft

sq ft

sq ft

sq ft

ft

sq ft

Btu per sq ft sec

Btu per sq ft sac

ft
fe

Btu per 1bm deg F

f




Description
Wall-to-wall width of flame tube

Hydraulic diameter of flame tube
(= zoft)

Combustor reference diameter
Effective axial length of hole
Effective Initial jet diameter
Diffuser blockage

Diffuser boundary-layer blockage

View factor of receiving surface
2 from radiating object |

Fanning friction factor
Fuel-air ratlo
Mass flow rate per unit area

Constant in Newton's law

Enthalpy

Boundary-layer shape factor

Shape factor at diffuser inlet

Shape factor at which separation cccurs
Fuel hydrogen-carbon ratio

Effective fuel lower calorific value
‘Fuel lower calorific value

Mechanical equivalent of heat

Number of dynamic heads lost in flow
from diffuser station 2 or 2! to doms

Net rate of heat transfer by conduction
into unit are) of the flame-tube wall
from adjecent wall elemants

Ibm per sq ft sec

ft 1bm per I1bf sec?

Btu per Ibm

Btu per lbm
B8tu per 1bm

ft 1bf per Btu

Btu per sq ft sec




Description

Gas thermal conductivity

Thermal conductivity of wall material
Length

Mean beam path length

Mach number

Molecular weight of coolant

Axial component of jet momentum flux
Mass fraction of component in mixture
Mass flow rate

Mass flow rate through hole

Number of streamtubes in diffuser
analysis

Nusselt number

Total pressure

Loss of total pressure due to combustion
Prandtl number

Static pressure

Partial pressure of radiating gas

Heat transferred to transpiration
coolant as it passes through the wall

-2
Dynamic head, pi,/29,

Rate of heat addition due to fusl
burning

Heat transfer rate from the flame=-tube
wall to the snnulus alr

Gas constant

Units
Btu per ft sec deg F
Btu per ft sec deg F
ft
ft

-

ft lbm per sec?

1bm per
ibm per

sq ft

sq ft

sq ft
sq ft

sq ft sec

per sq ft

Btu per sec

Btu per sq ft sec

ft i1bf par Ibm
deg R
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Re

Recf

Description

Rate of heat transfer by radiation from
the hot gases to the flame-tube wall

Rate of heat transfer by radiation from
the wall to the casing

Net rate of heat transfer by radiation
from the flame-tube wall to all parts
of the opposite wall

Diffuser inlet width, for annular diffusers

Radius
Reynolds number

Reynolds number of cooling film, based
on slot height

Reynolds number of gas in flame tube,
based on flame-tube hydraulic diameter

Distance along jet center-line

Distance along jet center-line from
virtual origin

Static temperature

Stagnation temperature

Adiabatic-wall temperature

Base temperature for enthalpy

Casing Lemperature

Temperature of cooling air

Static temperature of hot gases

Wall temperature

Total cross-sectional area of streamtubes
Wall thickness

Main-stream velocity

Bulk velocity of gas in flame tube

E N . R e .

Units

Btu per sq ft sec

Btu per sq ft sec

Btu per sq ft sec

ft

ft

ft

ft

deg R
deg R
deg R
deg R
deg R
deg R
deg R
deg R
sq ft
ft

ft per sec

ft per sec

R T e g S T Ao T 1-""*-“7»‘?3?‘“7!75, e
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Description

Mean initia! velocity of cooling film
Velocity
Area-average velocity

Mass-averaged velocity

Diffuser width, for rectangular diffusers

Nondimensioral distance downstream of
cooling slot

Parameter in film-cooling correlation

Mole fraction
Downstream distance

Distance downstream of cooling slot

Thickness of slab of hot gas
Axial length of strip of wall
Nondiniensional distance across diffuser

Distance across diffuser or flame tube,
measured from the wall

Height of film-cooling slot

Streamline slope

" Flame absorptivity

Wall absorptivity

Permeability coefficient

Profile parameter

Ratio of specific heats
Boundary-layer displacement thickness

Flame emissivity

Transverse jet coordinate

Units

ft per sec
ft per sec
ft per sec
ft per sec

ft

ft

ft
ft

ft

ft

ft

radians

ft

ft
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Qa Q@ v

Descr lon

Value of Y at which nondimens ional
velocity profile parameter equals 0.5

Value of Nat the assumed jet boundary
Boundary-1ayer momentum thickness
Luminosity factor

Diffuser total-pressure-loss coefficient
Dynamic viscosity

Kinematic viscosity

Initial jet angle

Diffuser effectiveness In the présence
of mixing

Diffuser effectiveness betwesn Stations
1 and 2

Density
Stefan-Boltzmann constant

Film-cooltng effectiveness

Transmittance

220

ft

144

ft

Ibm per ft sec
sq ft per sec

radlans

Ibm per cu ft
Btu per sq ft-(deg R)&hr

L
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APPENDIX |

IDEAL PRESSURE-RECUVERY COEFFICIENT IN A DIFFUSER
~ WITH NONUNIFORM INLET VELOCITY PROFILE

. Governing Equations

Considsr the Incompressible flow in a diffusing passage; it is
assumed that the velocity profile is nonuniform at the inlet, and mixes

to a uniform profile at the outlet as indicated in the sketch.

& TF

The equations of continuity and momentum for an elemental contirol

volume of length dx can be written as

TP =0 | (-1)
il 3 A CTREY (1-2)
)
Equation l=1 can be Integrated to yigld
pﬁ.A -p—upm—A-ﬁl (1-3)

where m is the mass flow in the passage. Combining Equations 1-3 and 1-2

yislds

oA d(
TP dx

gl

£) (1-4)

[ |

el

s

t——|
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This Is the equation which expresses the static pressure as a function
of the passage area and the uniformity of the velocity profile., It is

to be noted that for a uniform profile A= 1, while for a nonuniform profile

B>,

Solution for Maximum Possible P-essure Recover
To obtain & solution for the maximum possible pressure recovery,
it Is first necessary to determine the form of B (x) which yields the

maximum valus of the function
. ,
d
1= [} tE B "E, (1-5)
X

This expression can be integrated by parts to obtain
A .
2
() - (4] - | S 0-6)
. A A 2 A A

The maximum vaiue of I will accordingly be obtained when the las: term in
Equation 1«6 is a minimum; this Is obviously achieved by having ,9 reach Its
minimum value instantaneously at Station 1. Nence, the maximum possible

pressure racovery is achleved by Instantaneous mixing at Station 1, i.e.,

A= ,B' ot x = x,

A= 1 ot x > x,

The solution of Equation I-4 for meximum pressure recovery Is

then
oo g .82 [B .1
pz-Pl. —9—-1- z. 2.-1—!.'
o L% A A T o,
AR A AR Y =
R P T . T AT . e
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i
or, from Equation 1-3:

¢ T

_f.z_._l._‘. [2(51 ..|)+|-.A_il.i7] . (1-5)

VTR AT T T IR T T W T T T e T
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APPENDIX 11

BOUNDARY=-LAYER MOMENTUM THICKNESS

| Introduction

: In the present streamtube method, a relationship is required
between the boundary-layer momentum thickness along the walls of the

: diffuser and the local flow variables. The situation considered is

Indicated in the following sketch:

Boundary Layer

77777777

The method used herein is a modification of standard integral
treatments of the turbulent boundary layer (see Ref 76, Chapter XXil) to
account for compressibility effects. The integral momentum equation for

compressible flow is (see Equation 1-23 of Kutateladze and Leont' ev, Ref 77):

du ...—e-d.&- "O (2])
dx Py dx /%UZ

€

x>

+ 3 M+ 2)

where /DG = density in free stream
o0

g . 6 = Lu_
i fﬁgu O - 5) dy (2-2)

If it Is assumed that H is constant and that Tb. the shear stress at

the wall, Is given by

o . __q._?.
2 uesv )'/m

A
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where n and A are constants and vV is assumed to be constant, then
Equation 2-1 may be integreted to give:

1 )
v h ={1+) b
Gx ( V ) = on

where a = ﬁnl &

ntl 1
b= = (H+2) - -
Cl = constant of integration

Taking values of n = 6 and ot = 0.0065 (Ref 76), and assuming a mean value

of H = [1/7, then |-3 becomes:

- =1 [c +0.00% [ u* p/s dxl (2-4)
e 4 |}
AP,

%o

6/7
U 25/6 i76

.3
7/6 776
! Lo 0.0076 V 4 (2-5)
) (j:) + -ﬁ-k——,;-ﬁ —% U'p dx
X X

X
[+}

Equation 2=5 is used in the computer program to calculate §; & constant

1/6

valus of Y = 0.23 (sq ft per soc:)I/6 is assumed.

TR~y —~ CEREEE ™ LTE TS
? N
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APPENDIX {11

NEW ESTIMATE OF BOUNDARY-LAYER
DISPLACEMENT THICKNESS

This appendix describes the technique used to obtain convergence

in the iteration on boundary~layer thickness,

7777777777 77777777 1777

Consider any section where the present value of displacement
thickness is & o and the predicted value is & . The correct value lies
between 50 and & since, as ¢ o is increased, the flow velocities increase
and & is reduced. The best estimate, & I, to use as a starting value for
the next iteration is such that, as 60 is increased to & I, & is reduced

to 6 lo Let

as =& -8

8 & S
g..zu (3-1)

From the continuity equation for two-dimensional flow:

oy 401 Z0%; (-2)
u EA -
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where EA is the flow area and subscripts | and 2’ refer to inner and
outer walls, respectively.
By definition:

MO
(H + aH) (8 +46)
{84

From Equation 36:
dé
. (M - 1.05) 4 ()

(Ho = 1.05) (40, -46;_,)
H t gy

7) (6501 :2502

70(H - 1.05) a8, _, ]
H T oX,ex, ,

i i'-n_l

i.e., for walls | and 2
S [' "fl] P (8, +6) = (B + ')6: P, '5;
62 [l '\PZ] +(P2 (601 +dOZ) = (PZ '6: M ((?2 * 1)8;
where Adol - (S' - 60

(P . -5_ (21‘0 (Ho - 1.05;

tA H




P = 70

Solution of Equations 3-6 and 3-7 provides a new estimate of the boundary-
layer displacement thickness; experience has indicated, however, that this

estimate will not in general yleld convergence and hence the actual estimate

used is a weighted average of 60 and 6‘ as indicated In the text (Equation

37).
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APPENDIX IV

ESTIMATES OF BOUNDARY-LAYER SHAPE FACTORS

As inputs to the streamtube method of diffuser analysis, boundary-
layer displacement thicknesses and shape factors on the two walls are
normally provided. |f, however, momentum thicknesses or shape factors
are not available, they may be easily calculated, assuming the boundary
layer has built up as on a flat plate.

The equation for the shape factor at inlet, H;, is derived as
follows, Hama (Ref 78), from experiments with boundary tlayers on varjous

types of flat surfaces, produced the following correlation:

!

H, = -
1 ] - 0.78 R VAL (b=1)
x
U.x
where Rx iy
x = length of flat plate
U = free stream velocity

Y = kinematic viscosity

For flat plates Equations 2-1 and 2-3 give:

dR

0 a
- T"‘)‘l/n (42)
de R‘ :
LU8 u. &
where RD - v H
Integrating Equation 4-2:
Ll
a n
w7 Rg =R (b-3)

Using values of Ot = 0,0065 and n = 6 (Ref 76), Equations U~1 and 4=3 give:

NS

i

"
i
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; H"‘l - ]
- 1« 9,88 &,"1/12
f - K (4-4)
V- o.s5 (4. 8y 7112
¥ i
u This equation may be solved to obtain H\‘. if the inlet displacement
- thickness (or boundary-layer blockage) is known.
;
3 o -
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APPENDIX V

OPMENT OF MIX

The equations governing the incompressible flow in a diffusing

passage have been derived in Appendix |; they are:

uA
f’ig- - i (5-1)
L% d i d B8
-;-2-9 ol Sl oy (5-2)

Mixing=-Process Assumption

To obtain a solution to Equations 5-1 and 5-2, it is necessary
to postulate the form of the mixing process, which is characterized by 8 (x).

it is assumed here that mixing will occur in such a way that
A
gor = constant, K>B8 (5-3)

which Is merely based on the plausible hypothesis that the mixing rate will
be delayed by diffusion. The value of K may be obtained by applying Equatloh

6=-3 at the inlet and exit:

(5-4)

for Pressure-Recovery Coefficl

Substitution of Equation 5-3 Into Equation 5-2 ylields:




Combining Equations 51, 5-4, and 5-5 provides the desired result:

E‘-z- 1+ 50 (B, -7 B) (56

1

27 O +ar) (B - &
i

eI S, ST L2 ST e T e e e
. . ‘ .

T I
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APPENDIX V1

PRESSURE DROP ACROSS THE DOME

The total-to-static pressure drop across the dome results from

the combined mass-flow rate through the swirler and through holes in the dome:

Apd = f (md)

where ﬁ\d = total flow through the dome f{or snout)
® Mdh * sw

The mass-flow rate through the dome holes is given by the discharge equation;

Mgh =~ Can Adh/Z 9o Pref A" (6-1)

The mass-flow rate through the swirler may be found from the swirler pressure-

drop equation:

2 2 .2
AP Aref 2 A f Mo w
q——j—'l = K ( 2 sec p - —%’-— ) .——2—. (6-2)
W .
ref Asw Aft Mref

The reference dynamic pressure is given by:

- Pref Yref - _ref

f 2 2
re % 2 9 fref Aref

qQ

This expression is substituted for Uef in Equation 6-2 and the result is

solved for the swirler mass-flow rate:

»N
0
o

‘o
-

©

®
LD

v
+ 8

sw T - = -) (6-3)

w ft

Peanttos 4 [T}

S
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The total flow through the dome may now be found by adding Equations 6-1

and 6-3:
29, Pres AP, -
. o 7/ ref & sw - !
g~ Can Adn /Zgo Pref Py ¥ secl g (6-4)
K ( SW - | ) ’ "o
sw AZ AZ »
sw ft

Since the pressure drop across the dome holes and the swirler must be equal,

this equation may be solved for this pressure drop:

AP, « — d
] 2 (6-5)
Zgo »pref Adhcdh + 2 '
K lgec psw o2 ]
s 2 2
VL Asw Aﬁ:J

e . e ok Sos—— i w M - A
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APPENDIX VI il

|
INTESRATION OF INTEGRAL PRESSURE TERM

The integral pressure term in the annulus momentum equation
(Equation 90) may be integrated by parts to ylicid: !
r2 ' )
\ PE dx = ()| - A dp (7-1) |

1! 1 "

2 2

An appropriate relation between A and p for mixing has been derived in

Appendix V: : A
P9, dA
dp = K — -

When Equation 7-2 is substituted into Equation 7-1, the latter may be

integrated: i
2 2
dA BK ) 1 B
p= dx = (pA)| + D= (3 - =) (7-3) !
dx fgo A2 Al'

1! 1"’

Equation 7-2 may be integrated directly:

L3 1
2 - = -5 = - L) (7-) :
i 2 A 5

The desired result is obtained by eliminating K between Equations 7=3 and )-4:
2

pLax = (pA), - () + 20(p, - ’z)’(%z * ;T') (7-5)

a







