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NASA CR 72374, 72375

(NREC REPORTS 1111=1 and 1111-2)

Volume I, p. 161

Change subheading "Viscosity" to '"Thermal Conductivity"

and ""Thermal Conductivity'' to Viscosity'.

Volume 1, p. 234

In the defining equation for reference dynamic

2

ressiire, change u to u .
P ? g ref ref

Volume 11, p. 1hh, statement DIFL1950

Replace with the following statement:

HLDS(1) = 0.5%(1.~1,/ARAT(1))*ARAT(])#+#2

Volume 11, p. 199, statements BIRFO109, 0110, 0111

' Replace‘with the‘fol]owing three statements:

c

IF(NAB(KKI) EQ.1. AND NCODEA(K) EQ 1YHAW(KK1) ="
’ HAW(KKI)“CFTA(K)

| IF(NAB(KKI) EQ 2. AND NCODEB(K) EQ. I)HAW(KKI)
gis HAW(KK])‘CFTB(K)

. 189, statement’AiRF2760

Replace with the fo1IOW|ng statement

90 PREDM = PREDM (L~DOMLOS“DPHSNT)

DIFL1950

- BIRF0109
BIRFO110

BIRFO111

| AIRF2760
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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 are 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 distribution.

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

Volume |1 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 1.



INTRODUCT | 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 flow, 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 has’been 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 distribution in

tubular combustors with uniformly tapered (or constant cross-sectior) flame

tubes. This work included the effects of momentum transfer between the
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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 :«th 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 outside
of the wall. Net heat transfer in the longitudinal direction was assumed
to be negligible compared with radial heat transfer. Reasonable agreement
with limited experiment was obtained.

Another heat-transfer analysis was carried out by Tipier
(Ref 5), whose work dealt with an industrial combustor and included the
effects of radiation transfer in a longitudinal direction.

Over the last few years, a number of new correlations and
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techniques have been produced which provide the basis for a more
sophisticated approach to the analysis of flow and heat transfer in
combus tors.

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
any 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 accumulated 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 of 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 @ new correlation for film-
cooljng 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

i
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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
combustor whose geometry is given, for specified inlet
condifions.

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 considered 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 a 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,

. Input to the computer program.

3
L, Calculation options.

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

and heat-transfer.
6. 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. Thfs
assumption is reasonable but it precludes the treatment of

transient phenomena such as combustion oscillation.

Percmaiamn

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
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dimensions, other parts of the simulation (for example,
radiation heat transfer} will be of reduced accuracy.
Conditions are uniform around the circumference of the
combustor; i.e. there 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 of 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.

The flow can be treated as quasi-one-dimensional. To
represent the complex flow pattern existing in a real
combustor is beyond iie power of present analytical methods.
Instead, the problem is broken down into two parts: flow

in the main gas streams (one-dimensional) and flow and

.mixing of jets (predicted from correlated experimental data).

Radial-flow or reverse-flow combustors cannot be .

SADL e 1

analyzed.

Flow conditions in the combustor are within the range of
validity of the correlations used. The correlation. are
based on experimental data presently available. Outside

their range of established validity, their accuracy is

likely to be reduced.

e
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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

{ Outer Annulus

— f — B ) \r
Dilution Hole

Inlet \
(Compresson
Discharge):

Primary Flame Tube

Zone |
|
| //rﬂFlame-tube wall
—

| L

Diffuser

inner Annulus

Primary-Zone Holés

:—Center-line of Engine

Air from the compressor enters the diffuser, where it is split
by the snout into three streams, which filow 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 fmpartsASwirl to the air flowing through it. .lndividual
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.

.
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4
P

i

| Scenmimrriony: |
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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

thermal barriers. The cooling slots are assumed to be of the circumferentially

continuous, dynamic-head type shown in the sketch below:

Cooling Air ——eeee Wall

—> Hot Gases

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

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

Secondary Holes and Primary Zcne

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. 1t 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 cocmbustor.

The

§
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secondary holes n.ed 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

Library Data

The library dota are tables of quantities available for use by
the program:
1. Discharge coefficients and jet angles for 100 hole types.
2. Performance data for straight-walled two «imensional diffusers
and straight-walled annular diffusers.
% 3. Flame-emissivity data (none initially supplied).
The library data may be altered or supplemented by the user; appropriate

instructions for so doing are given in Volume 11.

Combustor Geometry

The following information must be supplied by the user to specify
the combustor geometry.

1. Selection of annular or rectangular type.

2. Dimensions of walls of diffuser, snout, dome, flame tube,

and casing.

&
g
5
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The following information must be supplied for each case considered

1

Hole and cooling-slot data:

a. Hole type (selected from library data).

b. Number of holes in row.

c. Axial locatior; inner or outer wall,

d. Area (or cooling-slot height).

Identification of secondary-hole row (marks end of primary
zene) 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

by the computer:

‘.

Flow conditions at inlet (compressor exit):

a. Total temperature.

b. Total pressure (weight-mean average).

c. Air mass fiow rate.

d. Boundary-layer blockage and shape factors.

e. Velocity profile.

Other flow conditions:

a. Initial estimate of flow split among the snout and the
inner and outer diffusing passages. (Optional, |f nbt

specified, program uses internal estimate.)
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initial estimate of downstream blockage in diffuser.
Fraction of secondary-hole air recirculating upstream
into primary zone. (Optional. If not specified, program
calculates flow recirculation.)

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.

b.

Emissivity and absorptivity of flame-tube walls,
Thermal conductivity and thickness of flame~tube walis.
Emissivity of casing walils.

Temperature distribution of casing walls (optional{ if
not specified, assumed equal to compressor-discharge

temperature).

Fuel characteristics and distribution:

a.

Overall fuel=-air ratio.
Lower calorific value.
Hydrogen-to-carbon ratio.

Distribution of fuel burning rate, specified as an

- uypper 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 subprograms in which they

appear. '

oy
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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.

L. 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. Its functions
may be described as follows:

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) actuall? needed for
the cases being considered,

3. Calculate the combustor reference area (the maximum cross-
sectional area bounded by the inner and outer casings).

L, 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.

Geometrical Indexing System

Four interrelated geometrical indexing systems are used within
the program:

1. Input stations.

2. Hole rows.

3. Diffuser stations.

4. Flame-tube calculation stations.

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

Geometric
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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 comprises holes of identical size and shape, centered at the same axial
location, and spaced at equal intervals around a single wgll 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.

Dummy hole rows (holes of zero diameter) may be specified as
input, for purposes of arranging the location of calculation statioﬁs (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:
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1  Entrance to the diffuser (compressor exit).

2 Last 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 dome.

Flame-Tube Calculation Stations
The primary zone of the flame tube is bounded by the dome and
swirler, the flame-tube 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:
1. At the upstream edge of each hole row that is centered at
a distinct axial location. Thus, for hole rows paired on
opposite flame-tube walls only one calculation station is
assigned,
2. At each dummy hole row,
3. At the axial location of each cooling slot having a distinct
axial location,
L. At up to five axial locations spaced at a specified interval
downstream of each cooling-slot location,
5. One station at the very end of the combustor.

Indexing 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:

a. ldeal pressure-recovery coefficient.
b. Actual pressure-recovery coefficient.
c. Effectiveness.

2. Evaluates flow mis-match at the snout.

3. Determines whether or not flow separation occurs and, if so,

its location,

L. Calculates flow conditions on the dome and at the ends of

the diffuser annuli:

a. Static pressure.

b. Static temperature.

These conditions are supplied as input to the air-flow

subprogram.

For convenience in perfonaing 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 i'2gions 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 Streamtube

Streamtube Empirical Data

Streamtube Mixing Equation

Empirical Data Empirical Data

meirical Data Mixing Equation

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-equacion 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 basedlon the direct evaluation of the'effectiveness
of a particular diffusing passage. There are two ways this can be done,
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
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correlatgons 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 thickne. 3
supplied as a program input is used to adjust the flow areca. 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 &.

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

A fiow 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:

1. Geometry of walls, holes, and swirler (if specified), at
app(opriate 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 togsther 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. The 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 flame-tube walls to the annulus air

may be calculated or ignored at the user's option. I{f 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 pressuré from the pressure on the
dome, the snout air-flow rate, and the relations 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 including the secondary holes (recirculating
part).

3. 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.

Proceed from calculation point to calculation point down
the annuli and flame tuke, 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. If 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.

The entire sequence of diffuser and air-flow calculations is then repeated.

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

If the flows in the annuli are of the same sign, the dome
flow is altered and proportionate changes in annulus flows

are made.

This process is continued until the residual air flows at the ends of

the annuli approach zero within a specified tolerance, or until the

specified interation limi¢ is reached.

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

Heat-Transfer Subprogram

The heat-transfer subprogram receives as input the geometry of

trhe fiame tube and casing from the control subprogram and the axial

distributions of velocity and temperature of the flame-tube gases from the

air-flow subprogram, Additional data that may be specified as input at

the option of the user are:

rimpomy
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1. Tewperature distribution of the outer casing.
2. Choice 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 walis.

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

ture.

These operations are performed at calculation stations along the
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flame tube; no provision is made, however, for the inclusion of the flame-

tube dome in the heat-transfer analysis.

Program Options

Several of the program options concern the heat-transfer subprogram;

these options

‘.

2.

are listed below.

The flame=-tube wall may be cooled by:

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

b. Combined effects of (a) and film cooling.

c. Combined effects of (a) and transpiration cooling.

The emissivity of the flame may be computed from:

a. One of two equations for nonluminous flames.:

b. One of three equations for luminous flames.

c. Emissivity data supplied as special input by the user.

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

calculated on the basis of one of two assumptions:

a. Radiation is purely radial (one-dimensional).

b. Radiation to an element of the wall occurs from all
(radial and axial) parts of the flame (two-dimensional).

The heat-balance equation may:

a. Include a term for heat conduction along the fléme-tube

walls.

"b. Include a term for radiation interchange between the two

flame=-tube walls.
¢. Include the terms in both (a) and (b).
d. 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.

Qutput of the Computer Program

A general description of the information printed out by the

computer program follows. A sample printout is given in Volume |1, Appendix |11,

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.
1. Combustor geometry ét input stations.
2. Swirler design data.
3. Details of holes at each hole row, separately for penetration
holes and cooling slots.
L, At each hole row, ratios of cross-sectional areas of flame
tube and annuli to reference area.
5. Total hole area in flame-tube wall, for penetration holes
and cooling slots.
6. Ratic of total hole area, including swirler, dome holes,
penetration holes, and cooling slots, to reference area.
7. |Identification of various key locations in the combustor:
a. Last input station before the snout (diffuser Station 2).
b. Last inpﬁt station in diffusing part of diffuser (diffuser

Station 3).
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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. Secondary hole row (upstream edge is end of primary zone).

8. Fraction of secondary air recirculating into primary zone

(if specified as input).

9. Fraction of inlet air bled, and location.
10. Fuel data:

a. Overall fuel-air ratio.

b. Lower calorific value.

c. Hydrogen-to-carbon ratio.

d. Axial distribution of fuel burning rate.

11. Heat-transfer input data:

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

b. Emissivity of outer casing.

12. 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.

13. First estimate of downstream blockage in diffuser.
4. Overall fuel-air ratio.

15. Fuel burning rate at calculation points.

16. Casing temperature at calculation points.

17. Details of program options:

, ,,.
IR,
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Diffuser options for various diffusing passages.

Jet-mixing model and entrainment constants for penetration

and wall jets.

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

Flame luminosity correlation.

Heat-transfer models for radiation and wall cooling.

Qutput of Diffuser Subprogram

following quantities are printed out by the diffuser sub-

Reference conditions:

a.
b.

C.

d.

e.

Reference area.
Reference velocity.
inlet Mach number.
Reference Mach number.

Reference dynamic pressure,

Diffuser parameters in the three diffusing passages, (1)

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

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

casing:

a. ldeal pressure~recovery coefficient.

b. Actual pressure-recovery coefficient.

c. Diffuser effectiveness.

d. Fractional total-pressure loss.

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

f. Boundary-layer 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.

Qutput 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:

1. Total temperature.

2. Total and static pressures.

3. Bulk velocities.

L. Mach numbers.

5. Accumulated pressure loss due to friction and heat addition

(annuli only).

6. 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:

1. 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 compressor delivery

pressure.

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

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.

i
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The following flow quantities for holes, calculated in the aif&

flow program, are printed out for each hole-row station:

I.

2.

Finally, the

Pressure-loss factor.

Discharge coefficient.

Effective hole area (area x discharge coefficient).

Initial jet angle.

Initial jet velocity.

Fraction of current annulus air flowing through current hole
row.

Accumulated fraction of inlet air flow in flame tube.

air mass-flow split is printed out.

Output of Heat-Transfer Subprogram

The heat-transfer calculations are performed for each calculation

point; heat-transfer quantities are, therefore, available as functions 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.
2.

Adiabatic-wall temperature,

Film=cooling effectiveness.

Flame intensity.

'Flame emissivity.

Heat transferred t6 transpiration alr in the wall, where
applicable,: |

Radiation interchange between each Qall. where applicable.

Heat-transfer rates to and from the flame-tube walls by
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8.

radiation and convection.

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

flame=tube 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
diffuser subprogram are:

. To provide the necessary inlet flow conditions to the annuli
(Stations 4A and LB); 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 press.2-
recovery coefficient for 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 suhprogram 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.

Major Assumptions

The assumptions employed in the diffuser analysis which are
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common 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 locations at Station 2 nearly equal to those of the
snout (see sketch below).

a’fi: i
—=7 |

A

/ N\

-~

It Bounding — —:’A ’

I e Streamlines {__.\\
—-— e m

— the '-\\§ ‘__-"‘Ev.J Swa, mB
NN -

] 2 2! 1 2 2!

Well-Matched Snout Poorly-Matched Snout

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.

If there is a snout, its performance as a diffusing passage
is specified by an input value of the total-pressure-loss
coefficient (i.e., ratio of total-pressure loss between
Station 25' 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 cither the colander (or orifice plate) or

the downstream resistances suppliied 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.

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 4 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.

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.

The air in the diffuser may be treated as a perfect gas, with

Y = 1.4 and c = 0.24 Btu per lbm-deg R.

Other assumptions which relate only to specific calculational

options in the diffuser subprogram will be discussed subsequently.

Definition of Ternis

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 categories: 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. A1}
of these parameters refer to the flow at a'given axial location, where
the static pressure is assumed constant across any section normal to the
passage center-line.

The area-average velocity, E;,.is defined by

5 wdh )

>

a A

o

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, Ea is

the velocity the fiow would have if the profile were uniform across the
entire passage.

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

A
_ So u? da @)
YUn T TA

S udA

9

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

[_o_“"f. (3)
So «® dA

L
A

m
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For incompressible flow, E is the ratio of the area which would be
occupied by a uniform flow, with a total pressure equal to the mass-
averaged total pressure of the actual flow, to the actual area of the
passege. A related term which is frequently used is the profiie
pavameter, @, which is merely the reciprocal of E. A derivative of

the general inlet blockage, 1-E, is the inlet boundary-layer blockage,

I-Ebly where Ebl defined by i
bi
A
where Abl is the area occupied by the boundary-layer displacement thickness.

if the fiow outside the boundary layer is uniform (i.e., u = constant across
the passage) then E,y = E.

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

by
2 2
vl 30 =J1_pply (5)
4=3gP % =25 P v
0 o
where P is the average-density across the passage
” p=-= (6)
u_ EA
m

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

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

Diffuser Performance Parameters

The diffuser performance parameters used herein are the ideal
incompressible-flow pressure~-recovery coefficient, the actual pressure-recovery
coefficient, and the diffuser effectiveness.

The ideal pressure-recovery coefficient is defined by

Maximum obtainable value of (p, - p,)
C ., .. = 2 1 (7)
p,ideal -
A a

[
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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

c.=1-—li (8)
P AR

where AR is the passage area ratio, A2/A]. 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. 1If, however,
the inlet velocity profile is non-uniform an additional increase in static
pressure may be expected due to the mixing process. |t 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

] i
C === [2(B8, -1 +1 -1

52[ 1 2 (9)
pm | AR

Although both Equations & and 9§ are strictly meaningful physically only
for incompressible flow, they are used here as reference quantities for
compressible flow.
The actual pressure-recovery coefficient, Cp, is defined by
c - 2_ % (10)

o —
9

The diffuser effectiveness, , is defined as the ratio of the
actusl pressure-recovery coefficient to the ideal pressure-recovery
cocfficient. Two definitions are used here, corresponding to the i

pressure-recovery coefficients defined by Equations 8 and 9: i

% - B (1)
¢
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Alternative Analysis Procedures Availale 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-UA and 3B-ULB . (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
parameters 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, 2-38B)

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

Option 3: Mixing-Equation Method (2-4A, 2-LB)
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 always used in mixing passages 3A-UA and
38-4B, regardless of the option(s) used up to Stations 3A and 38B.

The following three 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 analyses.

Empirical=-Data Method
Assumptlons
In addition to the general assumptions listed previously, the

following assumptions are made In evaluating diffuser performence with

)
g

i
]
o
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empirical data:
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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
u=20 for -]-;—E—>Y and Y>l%-E- ' (13)
1- 1+E
= £ —_—YE
u=u for 5=<Y 5 (14)

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

profile is shown in the sketch below.

u A E

-= —
u .- - - -
(o]
Y
= T
0 1-E 1+E 1

2 2

The total pressure is conserved in the flow. This results

in the diffuser effectiveness being reflected solely by

a8 change in blockage from inlet to outlet; the total-pressure
loss is assumed to be associated with the sut -~ - '"mixing
out'' of the profile,.

The effect of the inlet Mach number on o “ffective=
ness is negligible. This assumption is supported by the work
of Henry, Wood, and Wilbur (Ref 14), Van Dewoestine and Fox
(Ref 15), and Youny 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 M < 0.6.

o B A At e pe L 2 e a1 e
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Input Information Required

The input information required to assess the performance of

a diffusing passage is as follows:

1. The inlet conditions defined by m, Py a‘, 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 nondimensional diffuser geometry defined by the ratio
of the length along the passage center-line to the passage
height at inlet (L/A,r] for annular diffusers, L/W for two-
dimensional diffusers), and the area ratio (AZ/AI)'
3. If the option to specify directly the diffuser effectiveness
is used, then this value is of cpurse required in place of

the nondimensional length.

Empirical Correlations Used for Diffuser Performance

Two empirical correlations are included in the subprogram, in
the form of tables, which yield values of the diffuser effectiveness, & ,
as a function of area ratio and nondimensional length, for a fixed value
of inlet blockage (I-E]). One correlation is based on data obtained for
straight-walled, two-dimensional diffusers by Reneau, Johnston, and Kline
(Ref 7). the data on which the tabulation is based are shown graphically
in Figure 6. The second correlation is reproduced from work on «traight-
walled annular diffusers by Sovran and Klomp (Ref 6); this is shown graphically
in Figure 7. The latter work was performed with diffusers having a hub-
shroud ratio in the range of 0.55-0.7, and should only be used for diffusers
in this range.

For the specified geometry, the effectiveness of the passage

is found from the tabular forms of the data represented by Figures 6 and

PRy
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¥

8
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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 [(I-E]) = 0.015 for
two-dimensional diffusers and (l-E]) = 0.02 for annular diffuser%}.

To account for different inlet blockages, the following empirical

correlation has been developed:

£-E ]%E][ (1-E,) - (1-E])]2 cos [ (E- 0.5)m ] (15)

where g = value of § for E, = E] = 0.85
This correlation applies in the range 1 > E‘ > 0.7 and 0.5 < g < 0.9

but it is mathematically unique for all feasible values of E, and E .

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 E] for which the tabuiation is valid into Equation 15 to
determine'z, and then solving Equation 15 again for the corrected value of
% with the known values of%,, E}, and the actual inlet blockage, E,.

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 Qutlet 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

AR B et
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coefficient is determined from Equation 11.

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.

The outlet blockage is computed on the basis that the flow is incompressible
and that the stagmation pressure is constant; the definition of stagnation

pressure then yields 2
E
E) = ! (17)
Z + AR (1-8)

The remaining properties/Zé, G&z 72 at the diffuser exit are determined

from a simultaneous solution of the relations:

= Py T Ep Ay (18)
- :%2

T2 = To1 =T *3g_ 0t (19)

Py = paRT, (20)

Limitations of the Method

The major limitations of the empiricai-data method are due to
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 cata are available on curved-wall diffusers
(Refs 18 to 21), they are either insufficient to pro&uce é correlation, or

they have been obtained for diffusers in which the exit profile has been

O p—
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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 th~ 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 and lower walls of the passage, respectively.

are made:

The

Assumptions

following assumptions specific to the streamtube method

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, Hsep' The latter
value is an input to the program. For conical diffusers,
Carmichael and Pustintev (Ref 23) show that & value of Hsep= 3.0
is typical. For airfoil sections, values of Hsép= 1.8-2.2

are more usual (Ref. 24). A value of Hsep= 1.9 has been
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

considered.

R
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Input !nformation Reduired

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.
2. The following inlet conditions:
a. Weight mean total pressure, P‘.
b. Uniform stagnation temperature, Tol’
c. Mass flow rate, m.

d. A velocity profile given by:

ﬁ- = £(Y)

where U = an arbitrary normalization velocity

f(Y)

a tabuiated function of ﬁ-against Y

Y nondimensioﬁél annulus height

e. The boundary-layer displacement thickness,s‘.

f. The boundary-layer shape factor, H'.

3. The number of streamtubes intc which the flow is to be divided,
N.

L, An initial estimate of the boundary-layer displacement thick-

ness on each wall at every axial location of a geometric input

point.

Outline of Method of Solution f

The method of solution proceeds in the following steps:

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

2. The calculation of the étatic pressure at each downstream

location (specified by the i1ocation 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
performed, the estimated values of boundary-layer blockage
at all axial locations (supplied as inpu:) 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-
streamtube velocities obtained in Step 2.
L. Repeat Steps 2 and 3 until the displacement thicknesses
determined .in Step 3 are within a specified toierance 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 Conditicons

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 Yi of the midpoint

of each (equal-area) streamtube from the relations

Ry *Rim .
v, = —2— : (21)
R T
R,,, =/A, 2 | (22)
v /L, Rj
™
+ P
m .2 JﬁU JU 4L
A= (Ryyy - R ) cos )
+
: Ly
= /
R] I'L 5 fcos ( ] )
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At the comprzssor exit (Diffuser Station 1) it is assumed that
+
s LU
Find uj/U for each streamtube by interpolation from the
velocity profile (tabulated as a function of Y) provided
as input.

Calculate Pch: @ characteristic density to provide a

first guess for p.. from

where P‘ = weight mean total pressure at inlet.
If the static pressure P at inlet is not given, make a

first guess at this pressure from
. )

p___P_pch m (2
e V29| PRy 3)

where A, = NAj

]

Calculate the first guess at U from

U= 0
. A
szJ. Peh A (24)

Using this value of U, caiculate o from the results of

step 2 and the temperature, Ti’ from

2
Uj
T. =T - » 2
i ol ~ 2C g (25)
Calculate the density, pi, from
o =l (26)
i RT.

J
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1.

12.

13.

Calculate U from

.

U = m

1..p. A, |
E I (27)
]

If this value of U is significantly different from the

CLL

previous value of U return to 6. |f not continue.

Calculate tne total pressure Pj in each streamtube from

Y
P [_D ]Y‘ S
P. IT
. ol

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

Compute the mass flow in each streamtube from

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

calculate the new value of weight mean total pressure

from

:E ﬁU'PJ

J

1
(Pl)new T

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
P}
(pl)new =Py 73?7

and return to Step 7.

new (28)
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Hence, the quantities mj'Pj' uj, Aj , Pj are known at the inlet to each
streamtube. The inlet dynamic head is calculated from
m, m,
T “X i 2]
ql [J(ﬁ' PJ) J(m )UJ /290 (29)

Determination of Streamtube Properties
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
Jj refers to a streamtube and the subscript i refgrs to an axial location
of a geometric input point):

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

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

(T, = e 6o

where P Ay
h c}:j 'Jrj v L > U

Jf} = mid-streamtube streamline slope

For the first axial location downstream of the inlet, assuﬁe

(f'-i)m '[er * Py 'frt.)]

(since the relative streamline slope at the inlet is always

i+l

assumed to be zero).
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Estimate the pressure at the next axial location (i+})

from ,
N [ w220 *
. " g
TA;+‘ = : 2"/2 J’L OAZ (COSTrj)
jm ., . . - i
] j72 7 95 A5 - dp |
and Pigg TP ¥ 5P (31)
where TAi = effective total area at axial Station i

2

cos TU+ )’L
2

cos rl_:?u
2

Calculate the static-to-total pressure ratio for each stream-

tube, p.,,/P., and determine T./T ,, u., and A, at i+l from
i+l j oo’ T J

the usual compressible flow relations.

Compute total flow area based on initial estimate of stream-

line slope from

N
(TA);H =(24 Aj cos ¥ ';j)i+] (32)
ji=l

Reestimate the relative slope of each mid-streamtube streamline

from

(Trj)i_,,] =[fr|_ ¥ Yj (TI’U-TFL)] " (33)

A,
= .
where Yj i‘ (Ak cos)ark) 3 cos‘j’rj

k=1
N
E;% (Ak cos Jprk)

and k is a dummy index.
Compute revised total flow area based on new estimate of
streamline slope from Equation 33. Repeat Step 5 until

1
two consecutive values of (TA)i+| are equal.

2

2 +
n{[(ru-(g"ff_ﬁti_) (6, 2T ,}Cos@_f_’g}

T E
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1
7. f (TA)i+‘ does not equal TAi+l obtained from Equation 31,
then repeat entire process from Step 2 with pi’.Pji' Aji’
J?i in Equation 30 being replaced by the current values of
Pisi® Pj it Ay iv P i
8. Continue the preceding process until Py Pj2’ AjZ’Jf}Z’ Ujo
are obtained at the exit station of the diffuser.

Determination of Boundary-Layer
Displacement Thickness

With the velocity, ui’ and density,JDi, 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 foliowing way:

1. The momentum thickness at each axial station i is computed

from the following relation, derived in Appendix || from

the momentum integral equation for boundary layers:

7/6 25/6 7/6 1/6 \ -/ 6/7
u. . f. 0 0076v X.
0. 1y =|8 () (G = 5776 b g
e LTI B T P 25/6, 1/6 Ixi 7] j
Ui, 04 P —J
(34)

where j=1 or M (referring to L and U walls, respectivaly)

and
. - - , ] —
e T X T K o) Yo Y *
cos (=) + i

2. The shape factor, H, of the boundary layer along each wall

(35)

is computed from the empirical relationship of Dussord (Ref 25):

- - déj
HJ.,M Hj’i»f7o(HJ.,i 1.05) I (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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the characteristics of the boundary layer when subjected
to highly favorable gradients are of little interest in
the present application. Hj is also pover permitted to
exceed 3.5; this value exceeds any reasonable separation
value.

For all axial locations at wht;h H does not exceed H‘. on

P
either wall, calculate the resulting displacement thickness

along each wall from

[
850 "M 85,

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

Step 5.

Since this value of displacement thickness tends to interact
substantially with the bounding stresmtube velocity, a new
estimate of the displacement thickness is determined from

the following relation: y
6_] i -dOj + 0.2 _J_.-I:-‘_é-o.l-l.‘_'- (37)
' |6 1 8oj.1

where the subscript o refers to the initial estimates supplied

as input to the boundary-layer calculation. § 'l'.l and & ";"
are determined from the solution to tho following equations

(derived in Appendix 1i1):

W) 8, *9 0N, " 5'1;:[‘ "fm] *Pri (Sop,1 *Fon, 1)

Pu,i 85,0 Wi * IFTREFIN [“?u.‘a *Pu.1(%1,1* Sen, 1)
where g 8 240 H°| {=1.05 . 0] ". + 20
Js ra"a | “j.l Xy - X ol ?
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H. .- 1.05 _—
(Pj =70 0j,i . A.e_l,l.l
’ H. . x. - x,
J! | i=1
5. - +<Sl' . s -d C " .
AG; iy =338, — 178N,i-1 " dol,i-1"d oN,i-]

",i-1 T ML, i-

I1f no separation occurs along either wall at any axial location,
proceed to Step 7.

If01>rgep 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:

\[ 2 (TA)_, cosif
(rLcost]+d;cc.s J"rL)i= fy cos‘)“’c]-d'M cosfru)i- T

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

J{(rucos Yor Sycostuy) . (r cosp, 45, cos rL)?
cos‘lecos (f;L +fru ) Juer
T

Su ¥

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

5 = % (Sy; i +J_;,i)

J>!

If the newly estimated values ofcf} . are not equal to the

originally estimated ones, & . ., return to the streamtube
0j,i

1

‘calculation with the newly estimated values. Repeat both
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streamtube and boundary-layer calculations until agreement

is obtained.

Determination of Diffuser Perfoimance Parameters
and Outlet Conditions

The diffuser performance paran=ters of ideal pressure-recovery

coefficient, actual pressure-recovery coefficient, and effectiveness are

A, 2
(E‘) (38)

calculated in the following way:

C. =1
pl
Pr - P 39)
;L (
4
3 A
2,=_L {40)
¢

where a, is the inlet dynamic head obtained from Equation 29.

The outlet conditions of pz,}oz(r), uz(r) are directly available

from the procedure, as well as}>j, u m., Aj for each streamtube. The

']
blockage due to displacement thickness is also computed from

g cos P y2\2 g cos)"'_L2 2
U2 u2 coSs f - | L2 L2 COSf
£ - - cl2 cl2 (41)
bl . 2 r 2

U2 L2

in the computer program, only uz(r), Py p(xi),<§(xi), and H(xi) are printed
as output information; the remainder of the quantities arz used internally

in transferring from one diffusing passage to another.

Limitations of the Method

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

stailed 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 IV.)

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-LB, 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 losses at the snout
lip.

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

flow, wherein the variation of the profile parameter,/a,
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The

with passage area is of the form

A _
g- K = constant
where K >pi. This is merely a qualitative indication

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 slope 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, p,, 'q'l, and B,; 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 norme! to the engine center-line at diffuser Station 2',

Ath/AZ" That is, for example,
2 2
(A, ) =7r[2r 2o (r )] (42)
th 2A th 2A 2A
where (r..) is determined from
th 2A
(r..)
th 2A
LI 2N rp udr (43)
"2A

mass tlow in inner annulus

£
¥
o
-
©
3
"

r,p = radius of inner casing at Station 2A

= properties from diffuser solution (Station 2)

o
c
|

A similar calculation may be performed for the outer annulus.
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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 staje of diffusion
in @ 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).

L. Determine the stagnation pressure on the dome.

5. If the diffuser has no snout, deterniine the inlet conditions
to the annuli by assuming an isentropic expansion around the
dome.

6. |If the diffuser has a snout, calculate the diffuser performance
between Stations 2-4A and 2-4B and the odtlet conditions at
LA and 4B, by using the empirical-data method or the stream-
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-LA and 2-U4B.

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 Streamtube
Streamtube Empirical data
Streamtube Mixing equation
Empirical data Empirical data
Empirical data Mixing equation

g

AT et EARAAZDS Phi - TEakdE
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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 4.

For diffusers without snouts, the analysis of the “low 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.

2. Weight-mean total pressure, F].
Total temperature, Tol'

A nondimensional velocity piofite, u/U.

AV 2 I A

The shape factor of the boundary layer, H].

o

The inlet blockage, I-E‘, if the empirical-data method is
to be used, or the fractional area occupied by the boundary-
layer displacement thickness, ‘-Ebl’ if the streamtube method
is to be used.

7. The fraction of l-Eb‘ which is on the inner wall,
If the streamtube method is used between Stations 1 and 2, this information
is in the proper form to enter the method directly.

if the empirical-data method is used between Stations | and 2,

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

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



iterative solution of the following relations:

2
9
Tor =T * ol
ZgoJCp
Pp=pR T

m =P EA

Py Ty S
;l.a (=7 -1
| Tol

which also yields G&,.jal, and hence E'.

Diffuser Performance Between Stations | and 2

This is accomplished by either the empirical-data method or
the streamtube method, as previously described. A summary of the input

and calculated quantities is given below:

Streamtube Method Empirical-Data Method
Input Calculated Input Calculated
m p:.p(xi)* M Py
P |Pafn) Py )
Tor | %(r) 9 £2
ul(r)/U E‘ ~1;;*2
Eot T,
My |Epie8lx)? WO, Cor”
cp‘* cz*
Cp 'ﬁ
E;*
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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
requied is the mass flow split, mA, mB, ms. This is supplied as input
from th2 air-flow subprogram.

For diffusers with snouts, the information required in addition
to the mase flow split, consists of the flow properties Ath’ G;,;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 strecamtube method is used between
Stations 1 and 2.

If the empirical-data method is used between Stations 1 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 . _A
Yo =5+ E, (51)
1-E, T_B. .

4 1-E

o T e

S
o VA YB Y
2. The areas of the passage at Station 2 which are occupied by

the mass flows ﬁA’ ma, and ms are calculated from:

B g

ARty MR T
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Ath,2a = A2 Ya (53)
Ath’za =A, (1- YB) (54)
Ath,2s = A2 = Ath,2a ™ Aen,2s (55)

The inlet blockages associated with the flows into the two

annuli are calculated from:

m £
Jo A 2
B2d =@ ¥ (56)
‘ A
g m E
~"; = ....B_ -——:.Z_
L TR pv (57)
B
and hence
-]
~ Pan,28 = Fan,28 (58)

It is assumed thatﬁ25 = E25 =1,

The area-average velocities are determined from:

s 2a = Eap up - (59)
Ua,2B EZB Un2 (60)
Ua, 2s = Un2 (61)

If the streamtube method is used between Stations | and 2,

these same quantities are determined as follows:

1.

2.

3.

- - .

The area of che passage at Station 2, A and A » which

th,2A th,28

are occupied by the mass flows ﬁA and mB are determinded from

Equations 42 and 43 applied to both mass flows. Then Ath 2s
’
is determined from Equation 55,

The inlet area average velocities are determined from

Ath,ZA
udA

o)

- _ 1
th,2A

Ya,2n T A
and a similar eguation for UE,ZB'

(62)

The inlet velocity profile parameters are calculated from



SAth,ZA
Bon=do o2 aa (63)
i p
th,2a Y a,2A

and a s‘imllar equation for ﬁm. Again, it is assumed that

,5&5 = 1,

k. if the empirical-data method is to be used between Stations

2 and 3, the inlet blockages assoclated-w{th the flows in

+

the two annuli are calculated from:

8 2a

Eon = Ebi,2 (64)
San *S2p |
4 28 | (65)

€28 © $5p +d,g B2

For the purposes of the diffuser analysis between Stations 2 and

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

Ath,2a'™ Atn,2a < Fc,a (66)

and

A A

th,28' " Aen,28 <°5P¢.B (67)

where JPC is the angle of the slope 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 vaiid when the areas
Ath,ZA' and Ath,zs' differ substantially from the actual geometrical areas
of the diffusing passages at Station 2' (A'2 coshfc). The output of the
computer program includes the ratios Ath,ZB'/Aza' and Ath.ZA'/AZA' (denoted

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

The inlet dynamic heads at the diffusing passages are calculated
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from:

() 2 -
= _1_ "aB2a Ya,2n , (68)
24 290 A

th,2A'
and a similar equation for Eéa. The inlet dynamic head at the snout is

determined from: -
1% Y (69)
2g

° Ath,Zs

q25 -

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

| rpy (1K) G (70)
where - .l g u
%275 2 m (71)

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
effectiveness 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, PZs" is determined by assuming a sudden contraction or expansion

process between the areas Ath 2 and AZs' (the actual geometric area of

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

bh or 45. The dynamic head just inside the snout is calculated from
A 2

= o (thy2s =
G941 (AZs' ) 9

The total pressure on the dome is then calculated from
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Pd = sti + (1 - Kd) EZS. | (72)
where K, 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 is present, the diffuser exit conditions at Stations
LA and LB (the entrances to the annuli) are calculated by assuming that
the flow expands isentropically from the dome stagnation pressure determined
by Equation 70. For either annulus, the conditions at Station & are
completely determined by mA (or ma), T, Py and AhA (or Ahs)'

Diffuser Performance Between Stations 2
and 4 for Diffusers with Snouts

The procedure for determining the performance of the diffusing
passages between Stations 2 and L depends upon the diffuser-analysis

method employed. The procedures are indicated below.

Mixing-Equation Method
In this case.‘the procedure is identical do that described
previously. The inputs required for the analysis are f,, Pys EEA’ ﬁéA’ Ath.ZA'
and a similar set for Zhe outer annulus; these are determined in the manner
indicated in the previous paragraphs. The calculated quantities are
cpmA' cpA’gmA’ Puar Tyar Pyp Ond @ similar set for the outer annulus,

All of these quantities are printed out by the computer program,

Streamtube Method

In this method, three steps are involved since the basic stream-

tube analysis is only applicable between Stations 2 and 3, end does not
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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-3B. The inputs
required for this analysis are #,, Ath.ZA" Py» uz(r),¢52A,

H and a similar set for the outer annulus; in addition

2A
it is assumed that the boundary-layer properties on the
snout lip are 55 0 and H = 1.4, The only calculated
quantities which are used subsequently are the static

pressures, and P3g: and the profile parameters, ‘BA and

P3A
B3g 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
cutput, however,

It is assume& 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'ua = P A A
B3R L (a2 8, - 2D (73
A3 ﬁBA LA LA

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

L6 and 47), and that this loss may be applied directly at
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Station 4; that is, in the inner annulus for example:

P - P! A, A . 2
ba ” 7 ba 2‘% (1 - 2Ry Zh, 24" (74)
: . )
Ay, th,2A 2A
if AZA'/Ath,ZA'é"' P.hA is the total pressure corresponding to

. .
Plua To’ My s and AhA'
The calculated quantities are the diffuser performance parameters

c ,C enuian‘betwecn Stations 2A-L4A and 2B-L4B, and the flow conditions
pm P, !

Pua’ Puar Tuar Puge Puge @™ Tug-

the printed output of the computer program.

A1l of tnese quantities are part of

Empirical-Data Method

As in the streamtube method, three steps are involved in the

procedure:

i. The basic empirical-data method, as previously described,

is performed between Stations 2A-3A and 2B-3B. The inputs

A

required for this calculation are m 3

th,2A'’ P2» 92a° Fope

and a similar set for the outer annulus. The only calculated

A’

quantities which are used subseguently are the static pressures

and PLA and the profile parametersﬁ3A ( -l) and

P3a = E3a
5&A ( = EAA‘I). The diffuser performance parameters Cp, Cpi’
and § as obtained from the basic method are printed as
program output,

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

3. The affects of any area mismatch at the snout are included

in the manner used fcr 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 difftuser 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.

L. A group of library subroutines which provide gas properties
and interpolation procedures.

Detailed flow charts and the program listings for the diffuser subprogram

are presented in Volume 1.
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AIR-FLOW SUBPRCGRAM - ANALYTICAL METHODS AND PROGRAM DEVELOPMENT
Jdntroduction

The main objectives of the air-flow subprogram are:

1. To calculate the air mass flow and pressure distribution
in the flame tube and annuli and, hence, the ovérall
przssure loss,

2, To provide a starting point for the heat-transfer
calculation by working out the temperature and velocity

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 walls.

3. The mixture of fuel, air, and combustion products flowing
through the primary zone (the flame tube upstream of the
secondary holes).

L. 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.

Bewems e
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This section of the report is devoted to a detalled description of

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

Assumptions

The air-flow calculation rests on the following main assumptions,

In addition to those discussed under OVERALL APPROACH:

2.

3.

The primary zone can be treated as a stirred reactor:

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

are uniform throughout the zone.

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 burning in the primary zone
is reaction-rate limited, unless an accurate estimate of
the fuel-burning-rate distribution (see assumption 3) has
been made.
The flow can be considered io be one-dimensional. This
represents a considerable simplification, particularly
In the case of the gases in the flame tube. Howevér,
reasonably simple methods are not available at the present
time for treating flow and heat transfer in a gas stream
having non-uniform temperature and velocity profiles.
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 fuél-

s e s gy s e
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burning rate will be difficult to make, particularly
(as mentioned above) at low pressures. |f the fuei-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 - Qutline

In calculating the flow conditions throughout the combustor,

the air-flow subprogram goes through the following routine for each

iteration on

1.

2.

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 established, flow
conditions in the annulus and flow though flame-tube holes
into the primary zone are computed for calculation stations
up to the cecondary 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 input.

A1l of the contributions to.primary-zone air flow (through 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.
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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.

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

control volumes bounded by adjacent calculation stations k and k + 1|.

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 downstream station are

found as follows:

6.

9.

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

the mass flow rate through the holes just downstream 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

(residua! 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, and state are
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written for the hot stream in the fiame tube (excluding

residual jets) between stations k and k + 1. Heat addition
is included for fue! burned, up to stoichiometric; any
Y 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 "wsign; 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:

. 3
™ Ld Ah ( Zgo pan (Pan pft) ) (75)
where Pan = total pressure in annulus
= Pan * 9an

2
9an = Pan uan/zgo

Cd = discharge coefficient

Discharqge 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).
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The discharge coefficient is plotted against the hole pressure-

loss factor.

P.=P | AP
qan an

where APy, Pan ™ Pft

p Static pressure in ftlame tube

ft
Pressure-Ratio Correction
It has been shown by Dittrich and Graves (Ref 32) that the effect
of Flame-tubé—éélocity on discharge coefficient can be predicted by:
Cy = c; (0.75 + 0.25 pan/pft) (77)
where Cd = the actual discharge coefficient (which is a function

of pressure ratio)

—t

C, = the "corrected" discharge coefficient (which is in-
dependent of pressure ratio)
The values given on the library tape are corrected discharge coefficients.
In Equetion 77, Pan 15 replaced by Pan if the hole is a

scoop or other total-head device.

Swirler 'low

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

was taken from Reference 2I.

2 2 . 2
AP A m
SWo_ ref secz ﬁ _ ref Sw (78)

et sw 2 sw A 2 " 2

sw 1ft ref

2
where A = area, ft

m = mass flow, 1bm per sec
q = dynamic head, 1bf per ft2
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B = swirler angle
APy = total-to-static pressure drop, |bf 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 examination 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 6,0, = 0.225 th + 0.75 in

Swirler {,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. Only the flow

through the secondary holes is treated in this way.
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The fraction of secondary-hole air flowing into the primary
zone, ﬁsy ﬁ/ﬁsy’ may be specified as input to the computer program.
This must be set tc zerc 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:

. T 1/2

2LB = 0.5 sinlf -—“'—'1} (79)

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 of the dome, Py, obtained by the diffuser sub-
programn, 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

dome holes: 2
- - md
Pd p| |
2 go/o ref Adh th * —
/K sec” B sw _

VAR N 2 A 2

sw ft

where md = total flow through dome (80)

= Mow T Myh

ﬁdh = flow through dome holes
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th = discharge coefficient of dome holes

ow coefficient in swirler pressure-drop equation
ﬁ; = blade angle of swirler

SwW
Aft = cross-sectional area of primary zone

This equation is derived in Appendix VlI.

Temperature Rise

The energy equation for combustion in the primary zone takes the

following form:

m hair,T] +4q=(m + mfb) hprod,Tz (81)
where ﬁ‘ = air mass-flow rate
ﬁfb = fuel burning rate
§ = heat release rate
hair = enthalpy of air
%rod = enthalpy of combustion products

and subscripts | 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 =
fcp.dT (82)

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

from the expression:

o = 0.2L419 - 0.8181 x IO_ST + 17.91 x IO.9T2 - 2.743 x IO-‘ZT3

(83)
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The data of Fielding and Topps (Ref 36), shown here in Figure 11, have
been used to modify Equation 83 for calculating the specific heat of

combustion products:

c, = 0.2419 + 0.103f - (0.8181 - 22.6f) 1077
-9_2 -12_3 (84)
+ (17.91 - 29.6f) 10 T - (2.743 - 0.35fF) 10 '°T
where f = local fuel-air ratio.
This equation is suitable up to stoichiometric values of the fuel-air
ratio:
) [ 1+ H/C

fstoich = 0.0867 ( 1 + 3H/C ) (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):
1. Burning of fuel.
2. DBissociation of products of combustion.
The equations for Cp given above neglect dissociation effects;
Hodge (Ref 37) suggests that dissociation may be represented by defining

an effective calorific value of the fuel:

h = -
eff,p ~ p Ahets, p

where h
P

Aheff b = energy supplied to cause dissociation of combustion

fuel lower calorific value, per unit mass of fuel

products

In Figure 12, curves ofAheff o are plotted as a function of

y

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 10'2672‘5
Aheff,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

. o . . . .
dissociation, hprod’ is given by:

' = ’ A '26 7.5
hprod (T2) hprod (T2) + 3 x 10 T, fg
f
where fg = fuel-gas ratio
__f
1 + f

—f
]

b base temperature for enthalpy

L4L59.7 deg R
Thus dissociation has the effect of lowering the temperature of the
combustion products.

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

general, for combustion between conditions |1 and 2:

. 7.5 . 7.5
§ = ho+3x 00726 | ™ Ty oo mT, (86)
P 1+ f 1+ f
1 2
where mfb = rate of burning of fuel

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

and the TZ'S term in Equation (86) may be ignored. Equation (81) is

now solved for T the primary-zone temperature.

2’
The empirical method described above is widely used and gives

satisfactory results in practical cycle-performance calculations.
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Density and Velocity

The density is fourd from the equation of state:

LS S
P - RT,
and the velocity from the continuity equation:
m
_ 2
U2 =

Pk

where my = m,

Hot Loss
The '""hot loss'' of total pressure, which is the change in total

pressure due to heat addition, is given by

A Poe =P - P (87)
=/Oz V22 (1 _423_)
290 Jol

Flow in the Annulus

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 Ay
T T N
. . |
- ; J,
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The resulting equations are then used to cai.ulate 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 ,tations 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 Pa , the total pressure at Station

n,l

1', may be calculated:

2.21
2 1/(.5+.242M7° 7 )
F'an,luan,l [- rhh an, 1

P =P ., =1.85 (88)
an, | an, 1 2g_ ll'36ﬁan ‘

(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
total pressure at Station 1' known, the other flow conditions at Station 1'
may be found fron the equations for the isercropic flow of a perfect gas
between Stations | and 1'. The most convenient approach is first to

calculate the Mach number at Station 1', Man 1+ from the following equation:

Yot

frouitizninig
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1

2
an,1' an, 2 [_{) PanJl' Man,I® (89)

- 7 +]
2
Aan,l' Aan,l R To Y- 2(¥-1)
2
I+ 2 Man,l'

stagnation temperature, assumed to be constant across the

where T
expansion

=T ‘+—ﬂ-l__
an, 2C g J
p-o

The static temperature and static pressure are then determined from:

S
an, 1!

X
T .]"‘
= | —an, 1!
P TOJ

an, 1!

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

Pan,l‘ RT

From continuity, the velocity is:

man,l‘

uan 1!
ean,!'Aan,l

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
. dA
pan,l' Aan,l * man,2 uan,l'/go + er P an dx dx

X

2
2 .
urx f Awpan Yan / 29o' dx = pan,2 Aan,2 * man,2 uan,2 / go (90)
|

where F friction factor (Fanning)

- .42
an, !

0.0035 + 0.264 Re (Ref 39)

A
W

wetted wall area per unit length

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:
jﬁxz FA P u2 / 2g .dx =F (C, +C) p ' uz 1(x, - x,1)/2g

w ‘an an o A B’ Yan,l an, | 2 ] o

)(ll

where CA and CB are the inner and outer wall areas per unit length

between 1' and 2.

The integral pressure term can be evaluated if it is assumed
that flow between Stations 1' and 2 is incompressible and that the mixing
rate wil! be delayed by diffusion. With these assumptions the integral

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

A
an,1'"an,|

n, . an,2 an,2

| dx A + A
an, | an

2
p dx = (p -p ) 2Aan lAan 2 +p A - p
an « — . an, 1! an, 2 —1 .

y 2

ol
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The final momentum equation thus becomes:

2
Lanl el (o Ly )
B 29, X2 T Xy

2 A A
)I A )
an. an, 2 (p

. an,1' ~ Pan 2) - F (CA e
an, | an,2 ’ ’

man,z (uan,Z B uan,l')/go

(91)

Enerqy Equation

The energy equation for flow in the annuius between Stations 1

and 2 is:
"2
h(t. ) +ud s2a9) & .+] 4 c. .dx
an, ! an, | o an,?2 x W A’
1
2
= h "
[ (Tan,z) * uan,Z/zgoJ] n1an,2 x
where h(T) = static enthalpy of annulus air at temperature T

éw = heat transfer rate from unit area of the flame tube wall

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,
however, the heat-transfer rate between casing and annulus air is assumed
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 <o is a mean specific

heat. |f mean values are also assumed for éw and C the simplified energy

A’
equation becomes:
(

2 . .
cp Tan,l * uan,l/ZQOJ) Man,2 ¥ 9w €y (XZ xl) (92)

2 .
= (cp Tan,2 * uan,Z/zgoJ) man,2
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Continuity Equation

The continuity equation for flow in the annulus between Stations

] and 2 is written as follows:

. . - A
uan,\ Aan,l man,Z/man,l pan,2 uan.2 an,2 (93)

pan,l

Equation of State

The equation of state for the annulus air is:

p P

an, |

- -an,2 = R (94)
/pan,l Tan,l ,ﬁhn,Z Tan,2

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, man 2 is simply:

m =m = M - m
an,2 an, 1" an, | h

There remain four unknowns, uan,Z’ pan,Z’/)an,Z, and Tan,Z’ which can be
found by solving Equations 91, 92, 93, and 9k.

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

2 -
_82 Yn,2 ¥ B, “in,2 ° B, = 0 (95)
where 82 =] - JCQ_ Aan,l * Aan,2
R
an,|
B = 2 99 qu o Aan,Z . Aan,l * Aan,2
] R an, 1! o an, 1 2 A ‘
an,2 9 an, |

FE+ Gy ¢ - X))
2 A
an

1 -
) 1
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| =y 2 4, Ca (X5 = %))
. Bo uan,l + 29°Jcp Tan,l + w A 2 |
; cp man,Z

The solution of Equation 95 is

_ -8, +/B]2 + 4B B,
Yan,2 9 (96)

| 282
| .
i where physical reasoning dictates the choice of the positive root.
{ .
; With “an,Z known. Equations 91, 93, and 94 are solved for

Pan’zsﬁ an,2’ and Tan’zi

p =p .+ Man,2 Aang1 * Aan,2 ot (Ca *Cg) 9 = ™0

an,2 ' an,| ( ) | Y O " Yan,2

an,2 2g A 2 A
(o] an

an,l. .9‘

o - man,2
an,2 an,2 uan,2
* T = P_g.rll-z——
; an,2 Rp
g an,2

Introduction to Jet Flow and Mixing

i’ ‘ 1‘.}

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.
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L. The development of the nondimensional ve ocity and tempera-
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 to

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

illustrated in the sketch.
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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
three 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

three mixing models are given detailed discussion in subsequent sections.

Characteristics of Pentration Jets

The dimensions used in describing jet behavior are shown in
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the sketch below, 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‘P. 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“Y = < (97)
dn
' : &Py,
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:

Lf = 90 degrees.when c,>¢C

d dn

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 40 through 57):

0.47 u 0.85 0.32

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

= (Cd)'k x axial length

T = jnitial jet velocity
= mh
/Osn Cd x hole area

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'
—< 3;“5 . = R
d_j UJ'¢. Yo
oS! ' s'
3.’+5<dj<5.2 uj 't U PR + [l - .229 (-E; - 3.‘05)] (uj,o - uft)
3! i 6o .BMS'/d.]! _

The effective distance along the jet center-line, s', used in the above

poreseete@ang

Ladat o |

B
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equations, is calculated (Ref 56, page 492) from:
U, o
5! = s+ (2.93 - 0.279 —1=2) 4, (100)
Yy ’
4, 7]*
where 3 = 1+ (dx) .dx (101)
'A
d. = effective initial jet diameter’

1
= (Cd. Hole Area . L/m)?

Transverse Velocity Profile

The correlating equations for the jet velocity profile, expressed
in terms of the transverse coordinate’q , are obtained from Figure 16 (Ref

56, Fig 9):

= g -
0<T|<1]i uj " ug, + [O.S cos (2 ,n%) + 0.5] (uJ. " uft)
= -1.257 / -
L TP PR A bo(uy g e (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 Prandtl number is proportional
to the relative spreading rates of velocity and temperature profiles (Ref 58).
Since the Prandt]l 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 tgé same reason, the‘cenfer-line temperaéure decreases more
rapidly than the center-line velocity. The expressions relating temperature

to velocity are then:
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M ujlm " Yt (i63)
Tj’{ - Tft u ®< - uft

Tidos' " Tee 4.8 Yjd.s ™ Yee "
. - T - 6.5 ( u -u ) (104)
j,0 ft §.,0 fi

where M o= M/

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-line may be represented by:

A cs = 0.12'7(*"8
where Yz * = the value of'q at the assumed jet boundary.
The jet area normal to the cqmbustor axis is then given by:
A = 0127 Frcos g, (105)
where (Pj = local jet angle 1 |

ol [ 1+ 407
Other jet properties needed for solution of the flame-tube

equations may be calculated as follows:

Ll
. 0.8
. = . u, 0.12 x 1.8 ,
m, j: P Y x 1.87 dn (106)
m = fj" u? 012 x1.87%8 4 (107)
] g} P i, . . .dn . coslpj 7
o]
X U? 0.8
h 0.12 x 1.87M d7

= . i
j 3 pJ uj M CP(TJ. ’YI Tb) + 5 QOJ
° (108)

v
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The value of ﬂ* depends on the mixing correlaticn 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.
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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):

- uj’t = uh
u
x = x + dx ' = '+ (1 - —il) dx
u,
it
0.0287 vy
cf (109)
u, = u., + 2= (u, = uc)
i fe © yaas'y* Th ft
g_ where Uh = initial j?t velocity
h

/oan Cd x slot area
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1.06
a =5 - 0.5
[' Yee/Mn ]

The above equations apply for values of uj ¢ between u, and u. . Otherwise,

ft
u. is set equal 1o u, .
it q h

Velocity Profile

For purposes of analysis, the velocity profile is divided into
two sections about its maximum. Near the wall (T{<C%) the equation of

Kruka and Eskinazi (Ref 60) is used:

Ao (%"0'/“ , M (110)
j.¢ ft 1
where N = perpendicular distance from wall
c s 1.0
n & 10

5] = 0,0109s!

Since n is so large, it is sufficiently accurate to ignore the precise
shape of the profile and to assume:
5
Yim ft

Uj )t - uft
8]

Il ¥

dn = 0.956, (1)

in the outer region (n>6') the equation of Harris {Ref 61, Eq 21 gi\ s):

u, - u 2
uJ,n _ uft = o K (112)
it ft
where k = 0.6%3
' m - 6‘
| .
nl. - 6|
2

N1 =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 10k4) are made

about the relation 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. = cAn“ on the inner wall (113)
n'\j = CAf pj Y, .dn (114)
(o
,",':
mj = CAf P; UJ?“ .dn (115)
. o 4

116)

~~

1
.2 _
h, = C . u, T.ara=T )+ 1 u7 9 | .d
J _Af-ro P u_”‘ I:Cp (J'Y.z b) 293 J’qj !

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

to be used, as input to the computer program. The exact function of the

et s
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entrainment constant varies from model to model, as is explained below.

Mass-Loss Model

This is a simple mcdel 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. (In this model the above more
sophisticated calculations of jet properties other than length are ignored.)
The mass flow remaining in the jet, m., is then given by:

rilj ’ﬁ'h (W -¢ S'/dJ.) (117)

The entrainment constant, C, may-Bé ass}gnéd ahy~va|ue between zero (no
mixing) and one (instantaneous mixing).

The other jet-f.ow quantities are calculated directly from the

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

uniform:
- mi
A, = — (118)
j fan uj,o cos‘fj
., = m, u, os . ]
m "j Yie € f; (119)
h, = m | c_ (T -T)+7-'-u? -] (120)
j j P an b %3 1:° | |

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 through the hole, ﬁj act -~ M, is the mass flow of gases that have

P R S e e o
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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:

UL L ﬁh? (121)
An entrainmeni constant of zero again specifies no mixing; one specifies
complete mixing when the computed flow of ths 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 poiﬁt'q* on tﬁe~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 initial value.

Tt e L
T o - Tft

(122)

Air outside the boundary at'ﬂf is assumed to have mixed with the main
stream. The value of‘nf defined by Equation 122 is then used to obtain

- *;’ Aj’wnj’ and hj for penetracion or wall jets from Equations 105, 106, 107
and i36 or from Equations 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
number 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
Pan ~ Pft - 2RT w uan G (123)
tu KMy9,
where tw = wall thickness

T = wall temperature

" dynamic viscosity

3 =
]

G = mass flow rate per unit are; through the wall
M, = molecular weight of coolant
The porosity of the wall is characterized by the permeability

coefficient W 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.

[T
[ Py

[

e
(R
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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.

4. 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.

Filow and Heat Addition in the Flame Tube

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

from the sketch below.

et T Annulus

\ \ Entering

/‘\'t
N Jets Flame tube

Momentum Equation

The flame-tube 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
. dA
Pee,1 Pre,t * Mee,1 Yee,179% * 2M o+ 2y *f Pre g 9%
entering residual Xy
jets jets
Pee,2 Pre,2 ¥ Mre,2 Yee,2/% Y Al jégznj,z

where ™

axial component of jet momentum

mj uj cos ?j

-
n

local angle between jet axis and flame-tube center line
[ 3

mass flow of hot gases in fl=m rube. (This excludes unmixed

3.
"

ft

air in the residual jets but includes the mass of fuel

burned between stations 1 and 2.)

The integral pressure term is approximated by:

2

dA

1
Pee dx

I =7 (Ree2 ~ Aeg, 1) (Pep ) * Py o)

X

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

Pee,t Peet T Mee,1 Yre 179t re,2 = Ape,)) (Pregt + Peg p)/2 4

R ASEEDY Aep o + 1 /e, +) (124)
M o Mo T Pre2 Aee2 Y Mee,2 Yre,27% M;,2

entering residual all

jets jets jets

Energy Eguation

The equation expressing conservation of energy between adjacent
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calculation stations in the flame tube is written as follows:
[h(Tft ot "'%t /29 J:' e, ) * z hy oM o * E he o
i ! ° ’ entering 1.9 1 residual J*° d°
jets jets
X
r\z'd E\’T ) 2 /2 J]n‘\ + zh i (125)
+ q.dx = ( +u g R
J X, ft,2 ft,2" 7o ft,2 all jets §,273,2
where the enthalpy of hot gases is defined by:
Te
t
h (Tft) = cp(T) dT
T
b

The specific hzaat cp is correlated as a function of temperature by
Equation 84; the enthalpy of the jets, hj’ is obtained from the jet-
mixing calculation, Equation 108, 116, or 120; and the heat-release rate,
q, from Equation 86.

Heat loss from the hot gases to the flame-tuhe walls has been
ignored in Equatian 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 zone. Inclusion of this effect would, however,

considerably complicate the calculation procedure.

Continuity Equation

The equation expressing the conservation of mass in the flame

tube is:

Pee1 Ve [Aft.l ) z Aj,l] + z L z“.‘h“hfb

residual residual is entering
jets jets jets

= Pey , Y s [Aft,z- E AJJ + z LI (126)
~ all jets °°

all jetis J»

where figp, = fuel burning rate
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The jet areas and mass-flow rates are obtained from the results of Jjet-mixing i

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

Equation of State

The equation of state may be written as follows: !

Pfe, 1 _Pfey2

= R (127) i

Peet Tee,t Pre,2 Tee,2
wheare 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. It has been further assumed that the gas constant for a mixture

o FEA

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 -1
of 60 deg F and L atmospheres varies only 0.2 per cent as the fuel-air

ratio varies from zero to the stoichiometric value.

Method of Solution

The mass flow at Station 2 is known from jet-mixing results:
heg g = e,y * 2y o + TRy L =LAy, (128)

Since Equation 125 cannot be solved explicity for Tft g0 N

iterative technique is used to arrive at a solution. In this equation the

e

velocity terms make a small contribution to the total enthalpy. For the

HETI IR

I

first stage in the iterative process, therefore, Uge 9 is set equal to
14

uft P In addition, the specific heat, cp, and heat-release rate, §, are

i

computed for Tee 2 = Tee With these simplifications Equation 125 can .

t,!

be solved explicitlty for a first estimate of 'l'ft 9 New values of cp and
]

4 are then computed for the new Tee 2 and Egquation 125 is solved again.
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This process is repeated until '|'ft 9 COnverges to an acceptable accuracy.
L

Using the value of T, , so obtained, Equations 124, 126, and 127

are solved to obtain a quadratic equation injoft 9?

2 | 2
Presa R Teea (e 2 * Ree,1)/2 “Pie,a Ky % B 9795 (A o “LA; g)= 0 (129)

| ,
where Ky =gpc,  (Ag, o +Ag ) Hme g ue /9,

+Z-mj,° "'ijJ "Z"lj.z
The resulting value of /oft 2 is substituted in the following version of

Equatfon 126 to obtain uft,Z:

Yee,2 ™ Mee,2/Pee,a Pee,2 “LAy )
This value of "f: z.ﬁg inserted in Equitlon 125 and a new value
of Tft.z is found. This process is repeated until both Tft,z and "ft.z

have converged to within specified tolerances.

Structure of the Subprogram

The air-flow subprogram consists of:

1. A subroutine which sets up starting conditions and dirzscts
the air-flow calcqfatlon tHrough the other sdbroutlncs in
the appropriate sequence.

2. Subroutines for solving the equations for flow in the anguiﬁo
and flame tpbo.' -

3. Subroutines for calculating the heat addition due to fuel
burning and the temperature in the primary zone.

L, A subrohtine for calculating the rate of mixing of the
entering jsts.

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

given in Volume I1I.
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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 detarmine 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 assumed

to be uniform. The heat-flux compunents considered in the balance are:
1. Radiation from the flame to the flame-tube wall, Rl'
2. Convection in the flame-tube gases at the wall, C].
3. Radiation from the flame-tube wall to the outer casing, RZ'
L. Convection in the annulus zir at the outside surface of the
flame=-tube wall, CZ'
5. Longftudinal conduction in the flame-tube wall, AK.
6. Radiation interchange between the flame-tube walls, R3.
7. Heat transfer between porous wall and transpiring gases,

Qtr’ 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, + (:l +4K = R, +C, + R3 + Qtr (130)

v Each of the components of heat flux depends upon the flame=-tube
~wall temperature in the manner shown in the following sections. Substitution

i - of the various heat-flux expressions into equation 130 yields a polynomial

in the wall temperature 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.

; . Calculatfon 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-

PrOR

tions will be consldered'first.

B

veneral Assumptions

The following is a list of the general assumptions which apply

un&er all program options:

}f 1. For the burpose of heat-transfer calculations, the combustor
can be considered as two-dimensional, that is, conditions

! | are assumed to be constant in the clrcumferential direction

for the annular geometry and in the lateral direction, with

negltglblo'edgo effects, for the rectangular geometry,

j 2. Steady-state conditions pr-vali. |

3. The quantities supplied byitho air=flow subprogram, for -

i | | - qump!q. temperature and velocity distributions in the flame
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tube and arnu:.i, are reasonable approximations to real
conditions. This assumption is potentially one of the
largest sources of error in the heat-transfer calcuvlations.
The flame and walls are gray radiators, that is, spectral
effects can be ignored. In the case of the wall, spectral
effects are unlikely to be very significant; flame emission
is discussed again in a later assumption.

Wall emissivities and absorptivities are coi:stant. In fact,
they are functions of temperature, but the range of varia-
tion in emissivity is small.

The effect of the wall-to-bulk temperature ratio can be
neglected; 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 thar 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 repo.*

Here the various options are reconsidered in the light of the additiona!

assumptions associated with them.

1.

The options to specity film or transpiration cooling of the
flame-tube walls introduce all the assumptions associated
with the methods employed for treating these cases, namely

the method of Spalding (Ref 9) for film cooling and the
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method of Wheeler (Kef 64) for transpiration cooling.

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 characterized.by the
hydrogen/carbon ratio of the fuel,

The one-dimensional radiation option assumes that the tempera-

ture gradients in the flame-tube are small, a situation which

‘is unlikely to be realized in practice. In the case of the

“two-dimensional radiation option, it is assumed that there

are no sudden temperature changes at the ends of the combustor.
The exclusion of Jongitudinal conduction and radiation inter-
change between the flame~tube walls from the heat-bzliance
equation assumes that temperature gradients along the walls
are smail and that the two walls are at approximately the

same temperature. These éssumptions are, in general, quite
valid; however, the option does cxist to include either or
both of these effects if they are thought to be significant

in a particular case,.

Unless the outer-casing temperature distribution is specified
in the program input, it is assumed that the casing tempera-
ture is cloﬁe to the compressor-discharge temperature. This
is not a serious assumption since the radiation from the flame
tube t6 the casing is generally small compared with the

convection to the annulus air.
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Radiation From the Flame to the Flame-Tube Wall - One-Dimensicnal Model

The one-dimensional-radiation model describes the case where each
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 th= length-to-diameter ratio of

the flame 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 = 0l Tep = @ T
where g = Stefan-Boltzmann constant
€ = issivi inper
ft emissivity of flame at teinperature Tft

aft absorptivity of flame to radiation of temperature Tw

Since the wall is not black, but has an absorptivitycxw which
will 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 (|+<xw)/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
A S
eft Tw
-« 1.5 2.5_ . 2.5 (131)
Then R' 3 o(1 +°€v) eft Tft (Tft Tw )

The emissivity of the flame.éift, 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

‘rv«z.wﬁzj
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flame-emissivity data would be to use tables of empirical information
compi ied by Hottel (Ref 26) and others. Although these data are the most
accurate that are available within their reange of applicability, the
alternative approach of supplying data in functional form has been adopted
here. This is equally valid, because:

}. The functions used fit the empirical data to within one or
two per cent.

2. Most of the empirical data apply only &t pressures near )
atmosphere; the excessive extrapolation required to obtain
emissivities at normal gas-turbine operating conditions
renders the data less useful.

3. The only comprehensive data are for nonluminous flames;
it is anticipated that luminous-flame correlations will

prove more useful.

Nonluminous Flame - Distillate Fuzal

This correlation was produced by Reeves (Rgf 65).

€, = 1 - exp [:- 18.5 Py (lbf*)o'S Tf;"%] (132)

where fx = Jocal fuel-air ratio
Ib.- mean beam path length

= 3,6 x Volume/Surface aréa

et s e
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Nonluminous Flame - Residual Fuel

This correlation (Ref 65) is similar:
; 0.75 0.5 -1.5
Ere = 1 - exp [:f154 Py (lbfx) Tey j] (133)

Lefebvre Correlation

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

correlation with a "luminosity factor', A :

0.5 . -1.5
Eft 1 - exp [:-18.5 P, A (‘bfx) Tey :] (134)

A correlation for A was based on data from two sources.

A = 7.53 (coH-5.508 (135)
where C/H = carbon to hydrogen ratio of the fuel, by mass

Thi. 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 (-C—/—'ig—;f‘—ﬁ) (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 predicfions 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:

H
P

PR ——

v
g 2

T,
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et armagag it
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£, = |- exp [- 4.7 p;'BA(lbfx)o'S Tf"'S] (137)

t
where A = (C_é_H_l_g_j_

This correlation is compared with the experimental results of Reference 1]

)0.7h (138)

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 from elements of flame at all axial locations.
The radiative heat transfer to an element of the wall from an elemental
volume of flame is equal to the prbduct:

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

2

NP (G (140)

Emission Per Unit Volume

Following Hottel (Ref 26), the radiation emitted by unit volume

of flame at temperature Tft.is:

d€ .
b fr 141
vt () e
pGJb = 0

where Pg = partial pressure of radiating gas (!.e., water vapor e&nd carbon

dioxide), 1bf per sq ft.
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d€&

The quantity - ft is chiefly a function of temperature. ;
dPGlb pGlL =0 - ' . .

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

approximated by (Ref 26): a R

d e
dPa 1y Pgl, =0 ft

The form of the expressions for flame emissivity (Eqs 132 through 138) indicates

that for luminous flames, the fcllowing equation is approximately true:

déft =/\xd£ft
dpgly, S Pely O dPely /Pety ©

luminous non-lurinous

Thus a more general form of Equation 142 is:

d€ :
ft _ 3.6 A (143) ,

=0 ft

ety | Pely

View Factor

The sketch below illustrates the nomenclature of the axially

symmetric configuration considered.

)
X \___ Elemental length
£l | of wall
ementa
¥ length of
r‘ flame g
r :
3 ]
i
ry %
< —_— — Engipe centerline
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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

AXW in the outer wall: (”"'4)
Few = % - Xy I - X 1. % _:ELiﬁ_ . X
(ry -7y RPN LTRSS R

Transmittance

The transmittance accounts for the radiative energy which isnot

absorbed by the intervening gas; it is a function of the distance the ' ’

]

[
radiation travels through the gas, the gas composition and the gas »

temperature. Here a curve has been fitted to typical data prepared by v e

Hottel (Ref 26) and shown in Figure 21, The expression developed ist . .
a . IL*|82 ) ‘ ‘ -~ )
M= pg s *+ 1L.82 . (183)
N >

. . . ‘ea!?
where s = distance from element at vonsidered point on the wall tor

element of the flame, ft .

Since s varies over different parts of the flame, ar averaging procedure »

1
S e o]

is used over the radial dimension of the flame to determine a single, .
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: 14,82

. 14.82 + p 2 _ Ry
i=1 G\[: + [r3 r2--(20 ho)(rl l’z)] 2

Partial Pressures

.
rlmean - 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 = P (xcoz * ”Hzo)‘ C(147)

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, Tw’ and an effective wall
absorptivity, (1 4-0&)/2, the radiation absorbed by the wall element

from the fiame element is:

(1+4) d€ 2 _ 2 Lo h
WOl e — "¢ (dpGL)o BXgy Try = rp) Fry (Tge = 7))

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 G- o
positions

wre (L4 3 Pe =5 oxg, (r% - rg) Fru (T?t i T:)}

The radiative heat flux per unit time and area of flame tube is, therefore,

given by:
(1 +A)a ZE: dE 2 2 L L
R, = W’ r P =) D, (ry - r2) Fo, (To = T)1(148)
‘ ASXWR3 all flame | mean G dpGL o ft ! 27 FW Tt W

positions
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, A&Xw, since in Equation 143 ¢§Xw in the denominator

cancels with z&xw appearing in the expression fcr the view factor, FFW'
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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:
_ L L
RZ - choh(Tw N Tc ) (149)
where TC = temperature of casing. This may be supplied as input as

a function of axial length; if it is not, it is assumed
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

given ty (Ref 26, p. 76):

A\
| | W | |
—_— = — - ] t — —_— =} + o
wC (C W ) AC <€C > F.WC ( ! 50)

F
where E@C= black-surface overall interchange factor
EC = emissivity of casing (assumed equal to absorptivity) .
Aw = surface area of flame-tube wall
AC = surface area of casing

For radiation 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 becrmes:
. Ew Ec

= ~ \
we E+E, (V&) A, (151)

A
c
Thus, from Equations 149 and 151 the radiant heat flux from the wall to

thie outer casing is:

Evw €¢ 4 L
R, = 0 —~ (T" - 717)
2 €_+ LQY] -Ec) AW/AC] W C (152)

-




116

Radiation Interchange Betweqn Flame-Tube Wells

Under some conditions, radiation interchange between the combustor

walls can become important. The net rate of heat transfer to a section of

the flame-tube wall from all other ''visible' parts of the flame-tube wall is

derived using the anomenclature shown in the sketch:

Engine_Centerline & 4

X I b
b - «—Element of Outer Flame-Tube Wall

‘J-F k—bxb

.

b -l - B

] ]
+—y) @#——— Element of Inner Flame-

X a

Tube Wall

»

'Radiation emitted by element be which is received by ele-

L J
ment 6xa (neglecting any reflections) is:

L [ ]
. ’ 2 L Ly
. ('3 : -
; ew.znrbébeba r*(Twb Twa )
»
where Fba = View factor for radiation from b 0 a
2
. . A L4 _ 6.‘(3 (rb bod FQL)
. _ 2 2] 3/2
2 [(rb ra) + (xa xb)

-3
I

Transmittance between b arnd a

14.82

2
pG\ﬂxa -»xb)2 + (rb - ra) + 14.82

(153)

(154)

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

L T

i N
P ]

[R

oIy -

[
Cxerop TS sy
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2 2 L L
AR, =96 b &% Uy - ) Py - Twe) (155)

2 27 3/2
g2 [y - r e (k- %) ]

Thus the net rate of heat transfer per unit area to the point on the

inner wall under consideration, from all parts of the outer wall is:

2 2 L L
R3 = O'EW Fi (rb - ra) ["(wa - TWa ) 6xb
2
all b-wall ra [(rb - ra)2 + (xa - xb)%]B/z

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

wall to a poirt on ‘he cuter wall.

Convection at the Inner Surface of the Flame-Tube Wall

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

temperatures:

0.8 , 0.k

|~

C, = 0.023 Re™ ™ Pr (Te, = T)
] p 1 ft w (156)
ft
where k = thermal conductivity of gas
Dlt= hydraulic diameier 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 Prandtl 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 layer and the expression for the Nusselt number js

usually multiplied by a factor for the entry-length effect. Typically

-0.7
1 + [—%—]
. (Pfe

Because of the intensely turbulent conditions in the combustor, the

(Ref 26), this is:

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

representation and has been used in the program.

Iinternal Convection with Film Cooling

The contribution of interﬁal convection to the wall heat bal-
ance is computed from Equation i56 only when film cooling and transpiration
cooling are absent. For the case in which film cooling is employed,
Equation 156 is modified by replacing .the hot-gas temperature, Tft’ by an

adiabatic wall temperature, Tad , thus:

C. = 0.023 Re?:8 p 04 ¢

! T

k
5 - 1) (157)
]
th ad w | .
The adiabatic wall temperature is a quantity measured experimentally
and has been correlated by Spalding (Ref 9) to geometric and flow variables
by means of a film-cooling effectiveness, T, and a downs tream-distance

parameter, X:

- ft ad :
T 7 - (158
U - 0.8 -0.2 g
X = 0.91 (% %) (Re_¢) AN Bt
U cf cf
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where ch = inlet temperature of cooling film
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:

T = 1
Xo 0.22 :
or T = (3.SX) (160)
Xo
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 Sturgéss (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 fér "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 formt~ X, and a value of x° that fits the data best
is chosen and;supplied.as input to the program.

2. If no experimental data are available, the recommended 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
adnvective hent flux is as follows: For a particnlar 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 j’from Eauation 160. Equation 158 is thern employed to give the
adiabatic wall temperature, Tad,which is substituted into Equation 157

to give the convective heat flux,

|n;g;ng] ggnvectlon with Transplr tion Couoling

The transpiration-cooling flow rate s obtained 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: o
c, = 0.002 -1§- Reg, (Ve = T,) o o 1e1)
| ft | .
It should be emphasized, however.'that no independent assessment'of tnn

validity of this method for the present lppl!cntion has been made. flt~v

-Is expected that, If a sertous study cf trlnsptrntlon coollng ls to bc '

. * undertaken wlth this program. morc sephistlcnted und pouarful methads

‘such as that onSpalding (aeszB). or actual ttst dota fron-pract!cal

ccmbustors, wltl be used. f‘
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Convection at the Outer Surface of the Flame-Tube Wall

External convection from the flame-tukte walls to the annulus
air is governed by an equation similar to Equation 156:

Re0.8 p 0.4

— k -
C, = 0.023 —— Re_*" Pr (T, = T.,) (162)
an
‘ . .
where Dan is equal to twice the distance between the flame-tube and

outer casing for both annular &:d rectangular geometries.

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

representing heat transferred to the ccolant as it passes through the

Qtr

wall:

Qtr = G cp (Tw - Tan) (163)

Gas Properties

The gas properties used in the above relaticns are obtained
from empirical correlations derived from a survey of all available
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+cT +dr (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 constants
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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:

where mi

C .
pi

Cp = :E m; cpi (165)
mass fraction of ith component

specific heat of ith component

The viscosity of a mixture is obtained from:

where xi =

M., =
' B

2% B (Mi)%

TR
S x, ()7 - (156)

mole fraction of ith component

molecular weight of ith component

The thermal conductivity of a mixture is obtained from:

2% K (Mi)w _
2% ™M

Longitudinal Conducticn Along Flame-Tube wall

The longiiudinal conduction effect can be estimated on the

basis of average temperature gradients. For the inner flame-tube wall

the rate of heat flow to the section of wall (n) under consideration

from an adjacent

where k =
w

t =
W

one (n + 1) is given by:

w tw CA (Tw,n+l ) Tw,n) (168)
¢ = x - X
n+! n

thermal conductivity of wall material

wall thickness

Per unit area, the heat gain is:

kw tw (Tw.n+l ~ Tw,n) 2

xn+l n n+!
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Ccmbining this with a corresponding quantity for heat flow from the
n-1 element, the net heat received becomess:

k - -
OK = 2 W w Tw.n+| Tw,n - Tw,n Tw,n-l
xn+l - xn-l xn+l T Xn xn - xn (169)

Solution of the Heat-Balance Equation

wWhen all of the heat-flux terms are considered, the heat-balance
equation for an element of thc flame-tube wall is:

Rl + Cl

+AK =R, +‘C2 + R3 +Q,

Both the longitudinal conduction ierm,.AK,and the radiation interchange

term, R3,are functions of the wall temperature distribution (rather than
the local temperature of the wall element) and, therefore, an iterative

method of solution of Equation 130 is required when these terms are

considered. Often, however, the user will not wish to consider AK and

R3,in which case a non-iterative solution of Equation 130 is possible.

Non-lterative Solution

In this case Equation 130 becomes:

Ry + 6 =R+ G+ 0, (170)

Qtr is zero when there is no transpiration cooling.
Substituting for R from Equation 131 or 14; for C, from Equation 156,
157, or 161; for R2 from Equation 149; for C2 from Equation 162; and
- for Qtr from Equation 163; Equation 170 becomes:
D, T¢ +0, 125 4 05 T, = D, (171)
whe?e D]. DZ’ 03, and Dh are known, thgir 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 cne of the following equations:
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o, T,) = o,

0, Twz.s = by

D3 Tw = D“
RS

The chosen Tw is that which leads to the smallest value of € when Equation

171 is written in the form:

L 2.5 -
Dl 1'w + D2 Tw + 03 Tw - D, £ (172)

With this initial estimate of T Newton's approximation is

Qsed to find a value of Tw that satifies Equation 171.

|l terative Solution

The iterative heat-balance solution is only called for after a
noniterative calculation; an approximate wall-temperature distribution will
therefore always be available. The iterative heat balance is repeated
until the maximum temperature change between any two iteration cycleg is

less than the specified tolerance.

End Effects

The boundary conditions assumed at the ends of the combustor can
have an Iimportant 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:
l. A subroutine for solving tie noniterative heat balance.
2. A subroutine for solving the iterative heat balance.
3. A group of library subroutines which provide gas
properties, correlations for wallAcoollng and flame
emissivity, and the solution of the fourth-power heat-
balance equation.
Detailed flow charts and program Iistlngs.for the heﬁt-transfar subprogram

are given in Volume |1.
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LIMITATIONS OF THE COMPUTER PROGRAM

The computer program represents a signlflcant 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 Iin 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 accuracy 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 program;
radial variation of these quantities is coﬁsldered 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 to base a more detailed 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 iarge'departure from one-
dimensionality ]n the experiment may cause considerabls disagreement between

experiment and analysis,
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Diffuser Subprogram

The analytical methods used inh the diffuser program contain seversl

impoviant limitations:

2.

3.

Flow in the diffuser is assumed to be unaffected by downstream
conditions. If the flow Is well matched-at the snout, this
assumption is expected to be valid, Otherwise, serious errors

will undoubtedly result. Sﬁoqt'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

follows:

The more important limitations of the air-flow subprogram are as

2.

The treatment of the primary zone as a stirred reactof limits

the information obtained. For example, if the detailed burning
rate and flame temperature‘wero known, the flamg-tube wall
temperatdre could be calculated as a function of position. Present
dnderstanding_of the flow, mixing, and combustion processes in

the primary zone is inadequate. to support'$ more detailed analysis.
The program does not calculate the fuel-burning rate direétly,

but récelvgs it as input and only serves to k§ep it below stoichio-
metric at any location. The results are iimited by the judgment
of the user and by his access to experlmentalqutéa For a more

accurate estimate of fiow conditions, particularly at low pressures
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3.

5.

where reaction rates decrease, it should be possible to devise

a fuel=-burning rate correlation.

The jet-mixing models suffer from a lack of experimental data
upon which to base the choice of models and entrainment constants:
in addltlon,.the program does not relate the mixing rate of wall‘
iets to the film=cooling analysis carried out in the heat-transfer
section.

The swirler-design method contained in the program is crude.

When more experimental daga become available, a more refined
method should be incorporated.

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:

1.

2.
3.

b,

The film=Ccooling model is idealistic; there is a serious lack

" of experimental data upon which to base choice of the characteristic

distance X _ used in the correlation; in addition, as mentioned

above, the film-cooling and wall-jet-mixing models are not related.

‘Data is lacking on the emissivity of luminous flames,

There is a lack of data on transpiration cooling, with which to
Judge the reliability of the theory used. | -

No heat balance is performed to calculate the temperatures of the

inner and outer casing walls,
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Conclusion

Before making extenslv; use of this program.‘lt.would be useful
to make a.moré exhaustive shrvoy'of the Influence of program options than
has been posslbio within the limttatlons of time and budget in the present
project. For example, jet-mixing rites; and cobscquontly the flame-temperature
distribution, are quite sensitive to the ;chol,cu‘ of entrainment function and‘

constant. By experiment, a '‘most reasonable'' 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 deta 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 addition, 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 9 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 resdlts was that the shape factor at entry is 1.4,

For annular diffusers the émpirical-data’method 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 @ (see sketch below) and inlet blockage.
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In Figure 23 the experimental results«oijoVranxand Kiomp are
combared with the predicted performance using tﬁ(istreamtubeAmethod; The
following assumptions wer§ madeg»<' | '

1. Shape factor at inlet = 1.4

2. Separatibnvsﬁdpe'fa§t§r - 1.9  'Q f5'1“.;

3. Blockage at inlet = 3 per cent
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L. Hub-to-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
blockage of 4 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 inlgt blockage, but is also due to differences in theAvariatlon
of area ratio with length. For a two-dimensional diffuser:

A = A|+(A2-Al)'f

(173)

"(A/Al")- Ay <y
A

¢ (1)

For a simple annular diffuser:

r o '

: ’rO‘
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Equations .173 and 174 reduce to the same form for Py ryy fees A2 ¥ A

or for large values of o Thus the performances of annular and two-

dlmenslonai 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 géometry of the diffuser section is shown

below:

i

K-
--L

j

This geometry is not entirely suitable to test the streamtube method for

the following reasons:

The boundary layers at inlet are formed on highly curved

surfaces, and,not. as‘issumed. on & flat piite.

. The staticepressure pfoflla at inlet is dlstorted due to



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 cbtaining @ concise comparison of the
diffﬁser effectiveness obtained from the streamtube method with experi-
mental results over an adequate range, a family cf diffusers was selected
from the data 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 geometric data are summarized below,

Included Nondimensional Area
Angle length Ratio
degrees L/N‘ AZ/AI
7.0 8.04 1.99
14.0 8.08 2.96
16.8 8.10 3.40
21.0 8.12 3.94
28.0 8.09 L .oL
31.1 8.06 5.4k
35.0 8.03 5.94
38.2 8.00 6.46

For these configurations, measured values of the shape factor at inlet were

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 cascs were run with a blockage of 0.6075, and a cor-
responding shape factor of 1.47 (since the deceleration rate along the wall
will be greater for the nonuni form velocity prefile, a larger blockage should
be used with a uniform velocity profile to simulate this effectj.

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 metﬁod 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 24, The agreement is reasonable,
considering both the approximations made with regard to inlet conditions and

the fact that the experimental accuracy was reported 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 flow 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 Vasil'yev (Ref 71). The geometry considered is shown below:
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The two test cases analyzed were:

Area Ratio Range of @
A /A degrees
2’ _
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 separation 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.

To 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 1.47 15

The results of these tests are shown in Figures 27 and 28; 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 pressurc-
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 stfaight-
walled tubular combustor without a diffuser. Seven test caces were run,
varying three main parameters:

1. Reference Mach number

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 cqual to those in the NASA combustor. The

dimensinns of the hypothetical combustor are shown in the tabie below,

Geometry employed in Test Case NASA Combustor (Tubular)
Flame~tube height 2.37 in Flame-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
Compressor-discharge total pressure 15 psia
Fraction of air entering secondary holes that

recirculates upstieam 0

Rate of jet mixing instantaneous
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The tota! pressure was assumed to be 15 psia at the beginning of each

annuius.,

Three hole arrangements were used, as indicated below:

Axial location, inches 6 |10 |14 18 22 26 30 ! 34

Run | . vV |V v \"4 v
Run 11 v vV |V v v v v v
Run |11 N,

in Run |, input conditions were varied from case to case as

follows:
1
Overall Air Mass Flow Rate
Fuel=air Ratio Ibm per sec
Case | 0.0 2.46
!
Case 2 0.0 1.23 '
Case 3 0.0 L .92
Case &4 0.00724 2.46
Case § 0.0152 2.46

The three fuel-air ratios correspond, according to Figures 21 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 comjared with the results
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of Reference 74. The agreement wih the experimental data is very good,
coasidering the difference in geometric configurations. However, the
sharper increase in pressure drop at higher Mach numbers, 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 to 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 31; again the agreement with the experimental results
s 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 obtained 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 differences between the geometrical configuration
of the experimental combustor in Reference 74 and the configuration
employed for the present computations, the comparison betweeﬁ the calculated-
and the measured pressure losses is particularly good. The only effect
which the computatioﬁs apparently do not accuratgly_predi;g{jsi;hgAqffect
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 presen;ed by Milfor¢ and Spiers in Refergnce 75.

Experimental Conditions

The apparatus used is shown in the sketch.

Convective-Cooling
Gas Fuel Stabilizing Supply
Supply Injector Gutter

Film-Cooling
Supply
b “- o Voo - 1 |
B LIRS PRPIALI S OFI,
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 numbgr' 0.25
v _ [Cooling-gas temperature 1440 deg R
Convective Cooling

, <4 cboling-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)
800 ft per sec

(Cooling-gas temperature 1530 deg R
Convective and |
Convective-stream Mach number 0.15
Film Cooling <
Slot-gas velocities 0, 260, 580, and
(Cases 8, 9, 10, andll)

q 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 4.5 in

Annulus height 0.45 in
Slot .height 0.036in
Static pressure Atmospheric
Fuel-air ratio 0.067

Fuel hydrogen-carbon ratio 0.172

The casing femperature was calculated assuming natural cou-
vection and radiation to a room- temperature baékground. (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:



Casing Temperature, deg R

Distance Downstream of Slot, in

1h3

| 1872

2 1780

3 1752 1720

Y 1707 1698

5 1762 1723

6 1661 1662

7 1639 1647

8 1762 1757 1720

9 1566 1617 1609
10 1461 1542 1550
n 1448 1518 1537

. i i

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 Xo = 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 fases 1 to 4 - 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 assumﬁtions about the dimensions of the test

combus tor,
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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 becomes significant in

the absence 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
caiculations 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
near the slot than was obtained in the experiment. At higher velocities,
the effect of film cooling was found to be greater than in the experiment.
Again this is probably due to incorrect assumptions about the dimensions

of the slot.

Figure 35 shows the results for combined convective and film
cooling. As expected, the predicted effect of film cooling at low slot-

gas 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, ignering

undocumented two-dimensional 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 11). The program optiéns specified by NASA for these test
cases are given in Table lll. 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 | 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-
tributions 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 11l of Volume I1I.
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Diffuser Performance

Figure 36 portrays the pressure-loss characteristics of the
diffuser as obtained from the five d:ffuser 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 | and 2 are a
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. 1In Case }, 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 cischarge 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 presént examples, which
result in a badly mismatched flow at the snout, the use of the stream-
tube method between Stations 1 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 influénée thé‘mass-
flow split at the snout. Table IV summarizes the fractional flows through

the snout and the inner and outer annuli for the two test cases. The
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dependence of flow split on pressure drop may be seen by comparing entries
in Table v with corresponding points on Figure 36,

The flow split at the snout 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 distance downstream.

The temperature and flow distributions for the individual
test cases are discussed in subsequent sections. Reference should be made

to Table 11l for the program options used in running these cases.

Test Case |

The choice of entrainment constants for this case has a
pronounced effect on the results.. As shown on Figure 37, the penetration
jets dissipate before the first calculation point downstream of their
origin; this is to bé 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 wall jets do not mix at all, the amount of gas
available in the flame tube is reduced by'the conténtsybf the wall jefs

and the resulting flame-temperature disf?ibution 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 cooling.) ODespite 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 tc the walls, up to an axial
position of about 24 inches. Downstreamvof this position the sharply
d(opping radiative heat transfer from the flame is roughly bala:iced by
a 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 nearly to

zero, forcing the wall temperatures to rise sharply.

Test Case 2

Although the change in the .iow split at the snout for this case
causes a drop af abou: 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 compafed with those of Test Case 1, are
attributable to the change in the entrainment constant for wall jets
and the inclusion of film cooling.

As in Test Case 1, the penetration jets effectively mix
instantaneously (Fig 39). The wall_jgts, however, dissipbte witﬁin

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 siots. 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 I.

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 lével about 400 deg F lower than in Test Case i. The wall-
tempefature profiie is quite jagged in fhis case: essentially step changes
in temperature at the cooling-slot positions are followed 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. In 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 drigins; for the model used here (equivalent entrainment)
the entrainment coﬁstant (1) implies complete jet dissipation when the mass flow
in the "actual' jet has grown to twice the mass flow at thé hole of ofiéin..
The wall jets mix very slowly and are extant at the end of the flame tube.

Because of the relatively slow mixing of fhe jéts, 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 wéll temperatures to a general
level even higher than those for Case |. The predominance of radiation

as a heat-transfer mechanism is apparent from the manner in which the wall
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temperatures decrease in step with the flame temperature in the downstream

end of the combuster.

Test Case b

The luminous=-flame correlation used in this case gives iuminosities
considerably lower than were found in Case 3 (about 0.25 vs about 0.4). This

accounts for the generally lower level of wall temperatures in this case

(Fig 4k4), despite the exclusion of film cooling. The combination of no Tilm
cooling and two-dimensional radiation causes the wa}l kemperature.profile
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 affect jet
behavior significantly (compare Figs 41 and 43). For this reason the
flame- temperature p}ofiles 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 obszrved 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
result in low wall temperatures (Fig 46). The typically jagged profiles for

_4wal] 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 ¢ffects 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 absgpce of film
cooling;-can influence flow and temperature distributions dramatically. -
Choice of reasonable correlations is mostly a matter of judgment. A
poor choice can result in ridiculous values. For example, a poor choice
of entrainmeﬁt constant in the profile-substitution model can result in
wall jets that do not disappear, or worse yet, grow ;ith &ownstream distance.

It has not been pbssible. 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
be carried out by the user, preferably in conjunction with appropriate

experimental data, to select reasonable values of these constants.



CONCLUS 1 ONS

The main conclusions of this work are:

2.

3.

.

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, aii-Flow, and heat-transfer sections of the
computer prog%am have been tested individually by comparing
their predictions of appropriate quantities with experimental
data availaSle 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 sétlsfactory
operation by running a series of five hypothetical éverall test
cases, using geometry, inlet conditions and program qptions
specified by NASA. The main trends of the results, as inferred

by comparing changes in pressure;,'flows. and temperature distri-

butions from case to case, are reasonable. (It is therefore

concluded that the program as a whole Is operating properly,

The wide range of progrsm options avallable makes this program
a useful tool for predicting the’effeét on combustor performance
of changes in bombustbr geomdtfy,mlnlqt coh&ltlons, and fuel

distribution.
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6.  The results of the strgamtubehdiffuser calculation a?e
surprtsiﬁgly good in-vlewﬁgf the gross assumptions made.
{f the equations m}é examfnéd’fﬁfther and;the'potentlailtﬁes
and l!mifatlons of the method d;pI;rbd, this technique could

provide a powerful new tool for more general application.
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TABLE | - VALUES OF CONSTANTS IN GAS-PROPERTY EQUATI]ON

The gas-property equation (Eq 164) is: Z =a + bT + cT2 + dT3 where Z

is the gas property. Values of the four constants are given in the table

for various gases for the gas properties indicated.

Specific Heat

Gas

W_*\%
Range
a b x loh c x 108 d x lO“ Deg R

Per Cent
Accuracy

Air
Carbon Dioxide
Nitrogen

Oxygen

Water Vapor

0.2419
0.1397
0.2540
0.2126

0.5632

-0 08181

1.791
-2.6k6

2.658

0.90L4L4

-0.2743 | 180-3600
400-2500
-0.4718 |200-3600
-0.2294 |700-2700

700-2700

Viscosity
Air -0.2853 | 3.268 -;8253 1.239 | 200-1800
Carbon Dioxide | -1.180 1.582 0.7728 L00-1100 |
Nitirogen -0.01937| 3.!'94 | -0.7820 0.8990 200-2206
Oxygen -0.4704 | 3.270 | -0.59i5 200-1100
L:iter Vapor -2.316 2.280 | 0.1756 700~ 1500

Thermal Conductivity

Air

Carbon Dioxide
Nitrogen
Oxygen .

Water Vapor

700-3200
400-3000
L00-3600
L400-3600

700-2700

1.9
L

1.9
1.1

0.5
0.5
0.5
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TABLE 11 - COMBUSTOR GEOMETRY AND INLET FLOW

CONDITIONS USED FOR OVERALL TEST CASES

- .0.98

Axial
Position
From : Geometric
Compressor Inner Inner Inner Dome Quter Dome | Outer Quter | Input
Discharge Casing | Snout or Flame or Flame Snout Casing | Point
Inches Tube Wall Tube Wall -Number
0. 32.5C0 -0. -0. -0. -0. 35.700 1
0.500 32.390C -0. -0. -0. -0. 35.9001 2
1.000 32.000 -0. -0. -0. -0. 36.2u0 3
1.500 31.800 -0. -0. -0. ~0. 36.400 L
2.000 ~ 31.500 -0. -0. -0. -0. 36.700 5
§ 2.500 31.300 -0. =0, -0. -0. 36.900 6 .
2.800 31.100 33.100 -0. -0. 35.100 | 37.100 7 H
3.000 31.000 33.000 -0. -0. 35.200 | 37.200 8
L.000 30.500 32.500 -0. -0. 35.700 | 37.700 9 4
5.000 30.10C 32.100 -0. -0. 36.100 | 38.100} 10 |
6.000 29.600 31.600 -0. -0. : 36.600 | 38.600] 11
7.000 29.100 31.100 | 34.100 34.100 37.100 | 39.100) 12
8.000 28.600 30.600 31.100 37.100 37.600 | 39.600( 13
8.800 28.200 30.200 30.200 38.000 38.000 | 40.000| ik
i 9.000 28.200 30.2C0 30.200 38.000 38.000 | 40.000| 15 H
9.100 28.200 29.900 29.900 38.300 38.300 | 40.000}| 16
14.000 28.200 29.900 29.900 38.300 38.300 | L0.000| 17
15.000 28.200 29.900 29.900 38.300 38.300 | 40.000| 18
15.100 28.200 29.600 29.600 38.600 38.600 | 40.000| 19
20.000 28.200 29.600 29.600 38.600 38.600 | 40.000] 20
21.000 28.200 29.600 29.600 38.600 38.600 | 40.000] 21
121,100 - 28.200 29.300 29.300 38.900 38.900 | 40.000| 22
26.000 28.200 29.300 29.300 38.900 38.900 | 40.000| 23
27.000 28.200 29.300 29.300 38.900 38.900 | 40.000] 24
27.100 - 28.200 29.000 29.000 39.200 39.200 | 40.000] 25
29.000 . 28.200 29.000 29.000 39.200 39.200 | 40.000 | 26
1 30.000 28.200 ‘| 29.000 29.000 38.200 38.200 | 40.000; 27
31.000 28.200 29.000 29.000 37.200 -37.200 | 40.000]| 28
32.800 28.200 29.000 29.000 37.200 -37.200 | 40.000| 29
Swlrler Design (Specified as Input) ‘
| ' Number of Swirlors =2
Number of Blades = 8 :
Blade Stagger Angle = 45.00 Degrees
Inner Diameter = - 1,00 ‘Inches -
Outer Diameter =  1.50. Inches -

Square Inches (lgnorln9~'|°°k‘9° |
~~”,»._,_;4~‘nuo,ta Vmﬂ) e 4




163

TABLE 11

5

__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 l_
Row Position or of Holes or Cooling Slot
Number of Hole Outer in
Center~ Wall Row
Line
Inches
| 9.000 I nner 1 Cooling slot: stepped louvre 0.095 in
2 9.000 OQuter ] high, with wiggle strip
3 12.000 Inner 50 Round holes 0.75 in diameter with scoop
L 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 ] + Cooling slot: stepped louvre 2.095 in
7 15.000 Outer ] high, with wiggle strip
8 16.500 0 Dummy hole row (no holes)
-9 -18.000 Inner Lo Flush holes 2.0 in long and 1.0 in wide
10 18.000 Outer Lo
1 19.500 0 Dummy hole row (no holes)
12 21.000 Inner ] Cooling slot: stepped louvre 0.095 in
13 21.000 Outer ] 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
32.700 0 Dummy hole row (no holes)

inlet Flow Conditions

Total Temperature at Compressor Discharge = 1150.000 Dég»F

Total Pressure at Compressor Discharge =
Air Flow Rate at Compressor Dtschorgc -

Overall Fua|~Alr Ratio .

-90.000 psia
.96.000 1bm per sec
=  0.018




TABLE t1l - PROGRAM OPTIONS FOR OVERALL TEST CASES

164

I Program Option
Calculation method in first part of
diffuser:

a. Streamtube
b. Empirical Data

Calculation method in second part

of diffuser:
a. Streamtube and Mixing
b, Empirical Data and Mixing
c. Sudden Expansion and Mixing

The following combinations of dif-
fuser calculations are permitted:

Test Case Number

First Part F-) a a b b

Second Part | a b c b c

Entrainment function for jet mixing:
. Direct Mass Loss
2, Equivalent Entrainment
3. Profile Substituticn

l Entrainment constant for penetration jets
Entrainment constant for wall jets

Luminosity correlations for flame
emissivity: .
1. Reeves Distillate Fuel -
(nonluminous)
2, Reeves Residual Fuel
(nonluminous)
3. Lefehbvre (luminous)
L, NREC 1964 (1uminous)
5. NREC 1966 (1uminous)

One- or two-dimensional radiation?
Radiation interchange between walls?
Cooled walls?

Longitudinal wall conduction?

[ Heat transfer to annulus air?

1 2

| 1 0.75 0.5
0 0.1 0.2 0.3 0.4
| 2 3 L 5

1 1 ] 2 2
No. No No Yes Yes
No Yes Yes No Yes
No

No
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TABLE IV - FLOW SPLITS AND PRIMARY-ZONE TEMPERATURES FOR OVERALL TEST CASES

Test Case No. 1 2 3 L 5

Fraction of Inlet Air . 04847 - 06174

Entering Snout or Dome - 06230 | . 05759 . 06313

Fraction of inlet Air NETLD .42020 42994 Lo 41369

Entering Inner Annulus

Fraction of Inlet Air f
n , ,

Entering Outer Annulus -52036 -51806 -50775 +54120 -52317

Temperature of Gases in _
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Fraction of Inlet Air in Flame Tube and in Residual Jets
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Symbo!

NOMENCLATURE

Des on
Area

Area occupied by boundary-layer
displacement thickness

Hole area

Cross-sectional area occupied by a
specified mass flow at diffuser
station 2

Wetted wall area per unit length

Critical area, for which Mach number
equals 1.0

Area Ratio Ay/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 area per unit length
Discharge coefficient

""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 $q ft sec

Btu per sq ft sec

ft
ft

Btu per Ibm deg F

=8



Aﬁ;

Description

~ Wall~to=wall width of flame tube -

Hydraulic diameter of flame tube

(= Zth)

Combustor reference diameter

Effective axial length of hole

| Effective initial jet diameter

Diffuser blockage

Diffuser baundafy-layer blockage

. View factor of receiving surface
2 from radiating object 1

Fanning Friction factor
Fuel=air ratio
Mass flow rate per unit area

Constant in Newton's.law

Enthalpy

'Boundary-layervshape factor

Shape factor at diffuser inlet

Shape factor at whuch separation accurs"

 Fuel hydrogenacarbon ratno

Effective fuel lower calor:fic value

MechantaaifeqasValént'of heat

Number of nynamic heads Tost In flow

:-'Fram diffuser statian 2 ar 2' ta dome

Net rate of heat transfer by conduction}y;

into unit ares of the f!amewtuba wail

from adjageﬂt wall @Iamgﬁts

ft
ft

ft
ft
ft

1bm per'sq ft sec

ft 1bm per 1bf sec?

 ‘Btu1per ibm

Btu per 1bm
 '8£3 pet Thm
£t 1bF per Btu

~ Btu per sq ft sec
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Symbol

- x r
2 .

3

Nus

éphat
Pr

Description
Gas thermal'cbhductivity
Thermal conductivity o? wall material
Length
Mean beam path length

Mach number

~ Moiecular weight of coolant

Axial component of jet momentum Flux

Mass fraction of component in mixture

Mass flow rate

Mass flow rate through hole

'.ﬂumber of streaﬁtubes in diffuser

analysis
Nusselt number

Total pressure

 Loss of total pressure due to ccmbustion

Prandtl numbes
Static pressure

Partial pressure of radiating gas

 Heat transferred to transpiration
coplant as it passes thraugh the.wal% o

o Dyﬁqm:c head, pumiﬁgg

Rate Gf heat addiﬁiﬂn dua ﬁﬂ rua}

' burntng

' Heat transfer rate frcm 1he flmma»tube’
g wa?] ta ﬁhe gﬂnu!us azr ' ,

Gas ,Cﬁng;t‘uﬁt g

Units

o

Btu per ft sec deg F

Btu per ft sec deg F

ft
ft

[ 3

ft ibm per sec2

(. o )

Thm per

 ibm per

-

- 1bf per

1bf per

1bf per
1bf per

Btu per

 1bf per

Btu per

Btu per

sec

sec

sq ft
sq ft

sq ft
sq ft

5q ff sec

sq ft

sec

Sq'ftrsae

| ¢ 1bf per ibm *
.._deg R

oy
\omtsmem e

TR .
¥
Rty 8 ’]

i

[




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 znthalpy

Casing temperature |

Temperature of cooling air

Static temperature of hot gases

Wall temperature

Total:crcss-sectiona} area of streamtubes
Wall thickness

Main-stream velocity

Bulk velocity of gas in flame tube

218

Units

Btu per sq ft sec
Btu per sq ft sec

Btu per sq ft sec

ft
ft

ft
Tt

deg R
deg R
deg R
deg R
deg R
deg R
deg R
deg R
sq ftr
fr

ft per sec

ft per sec
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Description
Mean initial velocity of cooling film

Velocity
Area~average velocity

Mass~averaged velocity

Diffuser width, for rectangular diffusers

Nondimensional 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

Nondimensional 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 disp!aﬁemehf thickness

Flame emissivity

‘Transvérse jet«coofdiﬁate .

Units
ft per sec
ft per sec
ft per sec
ft per sec

ft

ft

-ft

ft

ft

ft

ft

radians

e ft



Symbol

R
ro

- Q@ Q@ o

Description

Value of at which nondimens fonal
velocity profile parameter equais 0.5

Value of Nat the assumed jet boundary
Boundary-layer momentum thickness

Luminosity factor

~ Diffuser total-pressure-loss coefficient

Dynamic viscosity

Kinematic viscosity

lnitiél‘jet angle

Diffuser effectiveness in the presence |
of mixing o

Diffuser effectiveness between Statlons
1 and 2

Density

Stefan=Boltzmanh constant

| Film-coaling'effectiveness -

*»

Transmi ttance

220

Units
ft
£t
ft

1bm per ft sec

sq ft per sac

radians

1bm per cu ft

Btu per sq ft-(deg R)—hr

“
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APPENDIX |

iDEAL PRESSURE-RECOVERY COEFFICIENT IN A DIFFUSE
WITH NONUNIFORM INLET VELOCITY PROFILE

Governing Equations

Consider the incompressible flow in a diffusing passage; it is
assumed that the velocity profile is nonuniform at the inlet, anhd mixes

to a uniform profile at the outlet as indicated in the sketch,

- The equations of continuity and momentum for an elemental control

volume of length dx can be written as

d . E
% (Pup) =0 ) - {1=1)
do o lodrpm = oy » L (e
ax g dx (Puuh) (1-2)

Equation I=1 can be.integéated tQ;yield | ,
pipmpFea=h )

where i tsythe mass floW~infthé paésage.',ﬁam&ining\EQuatidns;1~3 and leé |
g

a7 ﬂ'gdA‘dx;(;A;)» . ) )



223 -

This Is the equation which expresses the static pressure as a function
of the passage area and the uniformity of the vevlacity profile. it is

to be noted that 'fo.r a uniform p_rofﬂ_e B =1, while for a nonuniform profile

B>i.

So!utidnAfbr Max I mum Possible Pressure{RecOVer

To obtain a solution Ffor the maximum possible pressure recovery,
it is first necessary to determine the form of ﬁ (x) which ytmds the
max mum vame of the function - | o 5
(214 B | |
' ‘"g [z'a:: ey d{! (1-5)
L -
This expresslon ¢an be lntagrated by parts to obtain | |
o N [ B 2;3 | |
z- (:D:Q-)I . (?-}2' . e (1-6)
The maxImun Qaiue of I w:l}'l ‘accordingly be obtained when the 'iasé term in
~Equation i=6 is a minimum; thi's is obvfousl‘y achieved by having 5 relasﬁ 1ts
mi aimum value instantanenusly at Stntmn Te Hence, the maxfmum mssibie |

pressure mcovery is achteved ny instantaneéus m%xing at statian Ty Toeu,

_ then =
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or, from Equation 1=3¢

P - p . ’ L --
.—&'&1 1. 18:2. [z(ﬁ] “l)+1a 3-&2} (1-5)



225

APPENDIX 11

BOUNDARY=-LAYER MOMENTUM THICKNESS

introduction

In the preéent streamtube méethod, 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: | .
U (x) |
Fh(x) Boundary Layer

/////////////

. The method used herein is a modification of standafd integral
treatments of the turbulent boundary layer (see Ref 76, Chapter XXi1) to
account for compressibility effects. The integral momentum equation for

-

campressibie flow is (see Equation 1-23 of Kutateladze and Léent”ev, Ref 77):

. 8 (g, Mo

B

whére..faé:'“ densityvsn,free.streém,i f

s 2

11
fa.f_‘zs '
=

ity

| 4

v { oo
Mgt
Q.
~

If it is assumed that H is canstant and that‘t o' the shear stress at |

the wa!!, is given by

To o
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where n and & ‘are constants and v is assumed. to be constant, then

Equation 2«1 may be integrated to gtve.
' - - ' . '
0, (-.na‘-v\ ) = ﬁ& ux €, +a vt p dx | (2=3)

1
where. am!-'«;- ol

b= .':‘:.t.!.. (H+2) -

C, = constant of integration |

Taking values of n = 6 and o = 0,0065 (Ref 76), and assuming a mean value
of H= 11/7, then 1=3 becomes:

L b - |
C' + 0,0076 Uu ‘P” 6 dx] (2-4)
" |

- | | | ° x. 5/7
/3 u, 25/6 , /6

1/6 - e\ .,
9x » 90 ( ) (ﬂ) +}° 7 025/ . U/D dx |
| U

| ' o
_ , , xo

Equation 2«5 is used in the computer program to calculate 3, a constant

value .of v’v“,6 = 0.23 (sq ft per sec) 16 is assumed.



227

APPENDIX 111

NEW ESTIMATE OF BOUNDARY~LAYER
DISPLACEMENT THICKNESS

This appendix describes the technique used to obtain converéence

in the iteration on boundary-layer thickness,

Consider any section where the present value of displacement
thickness is & o and the predicted value is & . The correct value lies
between do and & since, as & o is increased, the flow velocities increase
and & is reduced. The best estimate, & ], to use as a starting value for
the next iteration is such that, as 50 is increased to § ], d is reduced

to cS ‘. Let

At any section, from Equation 2-4:

8 i,
_u2’+/7

From the continuity equation for two-dimensional flows

Au _Agoi * Adyp
u - EA

(3-2)
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where EA is the flow area and subscripis 1 and Z'refer to inner and
outer walls, respectively.

By definition:

G
]

HE

§' = (n+an) (8 +4B)
0
6] = 6[' + %ﬂ o} 'Ae"‘}

(3-3)
From Equation 36:
AH = 70, (ﬁo - 1.05)A(§%)
M L g9, (Mo - 1.05)  (46; -46; )
H H T (xmx ) (3-4)

Combining Equations 3~-1, 3-2, 3-3, and 3=4:

» (H = 1.05) .
§'= sl - (zuo. — - x._g ; + 215/7) (A5°' :%502 (3-5)
[

70(H - 1.05)- 48, _, ]

H ’ X=X,

=1
§ i I |

J

ie€s, for walls | and 2

- |
6y [T *P (o *6o9) = (Fy + N8+ -5 (3-6)

o ad

6, [10,] +¥y (801 +8.0) = §, -8 + (9,4 08, (D)

~ where Adol’fsi;"'f;o | e e i
| 5 [oug Wy = 1.05 'y sn N £
q)*'é'g 20 _OH, — T ]+ 211-/7 o ‘
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(g - 1.05) A8,
i

l? = 7C ™ -

X% -1
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 yield convergence and hence the actual estimate
used is a weighted average of é o and 5‘ ‘as indicated in the text (Equation

37) L



APPENDIX IV
ESTIMATES OF BOUNDARY=LAYER SHAPE FACVORS

As inputs to the streamtube method of diffuser analysis, boundary-
layer displacement thicknesses and shape factors on the two walls are
normally provided, |If, 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 fagtor at inlet, Hy, is derived as
follows, Hama (Ref 78), from experiments with boundaryglaygrs on various
types of flat surfaces, produced the following correlation:

1
1 - 0,78 Rx

Hy = 75 . (4=1)

f U.x
where Rx =3

x = length of flat plate
U = free stream velocity
Y = kinematic viscosity'

For flat plates Equations 2-1 and 2-3 give:

dR |
8, =
~ 1/n (4-2)
u.8 _Uu.é¢
where .B.e’" v oy H
Integrating Equation 4-2:

Using values of (A = 0.0065 and n = 6 (Ref 76}, 'Eq@tians bat and 4-3 glve:
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T ) o ] ’
' B Hy = '
il,ﬁ : L | = 0.58 R"i/lﬂ

L ¥ - (lsmtr)
' - U &y ~1/12

'n This equation may be solved to obtain Hga if the inlet displacement

thickness (or bouddary~layer blockage) is known.

>

oA

Sl bt
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APPENDIX V

i uati -
The equations governing the’ incompressible flow In a diffusing

passage have been derived In Appendix |; they are:

e |
P-%-sr?l (5-1)
L% d 1 d .,

kR Ly ' (5-2)

Mixing=Process Assumption

To obtain a solution to Equations 5-1 and 5-2, it is necessary
to postulate the fbrng of the mixing process, which is characterized by 8 (x).

It is assumed here that mixing will occur in such a way that
‘5%' = constant, K> 8 | | (5~3)

- wh'ich‘is merely based on the plausible hypothesis that the mixing rate wiill
be delayed by diffusions The value of K may be @btafned by applying Equatibﬁ

'6=3 at the inlet and exit:

(5-4)

. Substitution of Eﬁu’aticn 5-3 into Eﬁuatfoﬁs‘-z_vi"’aids: L
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P9, dA
—3 % = K=
i A

which can be integrated between inlet and exit:

g
Lo G, -p) =8 & - L) (5-5)
m , A‘ Ay

Combining Equations 5-1, 5-4, and 5-5 provides the desired result:
Ps = Py 1 1 1
- ® e (14 =) (B, - 7= 8,) (5-6)
2 AR (P - AR P2
\ 9 ﬁ‘ _

if the flow mixes to a uniform profile ( )32 = {), then:

2. ek (B - (5-7)
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APPENBIX VI

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 (ﬁld)

where ﬁd = total flow through the dome (or snout)

The mass~-flow rate through the dome holes is given by the discharge equation;

gh = Can Adh\/zgo/’ref APy - &

The mass-flow rate through the swirler may be found from the swirler pressure~

drop equation:

2 2 2
APsw - A ref 2 ﬁggf. Mo
9 ref swo % aZ i
sw ft ref

The reference dynamic pressure is given by:

22
q - Pref Yret - . Tref A
ref 2 g o, , A ,
e 29, Pref Arefv

" This expression is substituted for dpes in Equation 6-2 and the result ;s‘

solved for the swirier mass-flow rate:

] o=
L SwW
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3

The total flqw through’the dome may now be found by adding Equations 6-1
and 6=3: | |

| 290 P ref AP sw

My, = Can Adn / 29, Prer APy ¥ e (6-4)
. , sSw - -
sz ( A? ' Az '

sWo ft
Since the pressure drop across the dome holes and the swirler must be equal,

this equation may be solved for this pressure drop:

a2
AP - d : . . '
¢ 29 AC. 4 1 1% (e5)
295 Prer | AdnCdn |
K F'ecﬁ-éW.. A
S Al 2
» Lo, AR
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-APPENDIX V11

. ‘
INTEGRATION OF INTEGRAL PRESSURE TERM

The integral pressure term in the annulus momentum equation

~ (Equation 90) may be integrated by parts to yisid:

2 2 2 |
P%?; dx = (pA)] = Adp (7-1)

1! [ 1

An appropriate relation between A and p for mixing has been derived in

Appendix V:

pgo
a———— dp = K m— .
w2 X o (7-2)

When Equation 7-2 is. substituted into Equation 7=, the latter may be

integrated:
2 2
o2 o ‘
dA _ mK sl ne
po dx = (pA)| + = (2 = =) (7-3)
dx - ' fge Az A‘!l '
RS : ]

Equation 7-2 may be integrated directly:

109 i v o | | .
- ("z p) = - % *;"l“‘é‘“% B
m A, o -
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