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ABSTRAGT

A pulsating-combusfor producing longitﬁdinél acoustic oscillations
was constructed and a mathematical model of the system developed. The

combustor was a closed - 0peﬁ tube, combustion taking place at the closed

“end into which were fed air and prdpane._AThe two lowest modeé of

»longitudinal_acoustic'vibration were ébtainéd. The fundamental occurring

at low fuel flowrate up to a maximum flowrate corresponding to an'energy :
input of 12Kw, at which either the fundamental or first harmonic,occurfed

and above which only the first harmonic was obtained up to the maximum

flowrate of the system corresponding to an energy input ofAZO Kw.

The .analysis of the system used the conser#ation equatiéhs of ﬁass,

momentumvand energy from.these suitably formed equations could be derived

thich were solved by the method of characteristics. The combustion model
was governed by a simple overall-reaction rate equation. Plug flow was

- assumed with perfect radial mixing and no axial mixing, conduction or

diffusion. The convective heét transfer coefficients were evaluated by
means of the ﬁuasi-steady-state theory.

The mathematicél model predicted the gas‘temperature gradient and
thé disfribution of pressure and velocity standing waves. Owing to the 4
use of a much simplified combustion.model, it was not possible tb predict
the acoustic energy required’to determine the amplitude and frequency of
oscillation. The amplitude was found to be highly dependent on the fuel
injection systém, Air/Fuel ratio and mode of oscillation.

The practical results confirmed the higher rates of heaf transfer

associated -with pulsating flow.
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' SymBol
A

As .

[o]]

F Z

0> o g

»v

Cross-sectional. area of combustor -

Surface area

~ Velocity of sound |

Time—indepehdeht veloéity_of;sound

Speed of sound after isentropic change of

state to reference -pressure

Mass fuel conbentration/ﬁnit volume

Specific'heat at consfant pressure-

Diameter of thermocouple wire

”fDiameter of combuétor E

Activation enefgy

AFrequenQy of acoustic oscillation

. Calorific value of propane

Heat transfer coefficient
Frequency factor
Thermal ‘conductivity

Length of combustor

Acoustic length

Mixture mass flowrate

‘Propane flowrate

Rate of change of sound for linear variation

‘Integer n=1,2,3

: Velo¢ity of sound at X=0

Nusselt number

~ Pressure

Pressure amplitude

Pressure amplitude X=0
Atmospheric pressure

Prandtl Number

Energy transfer/unit mass/unit time

Units

. KJ/Kg-mol

s
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m
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. Symbol

Q
R
Re
Rn
Ru
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Ne

D N

£ e dgd +dFno

Energy transfer/Unit time

Gas constant

~ Electrical resistivity
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Universal gas constant

- ‘Inner radius of combustor
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Time

Périod of oscillation

Gas temperature

—_AGas temperature amplitude

Time-independent axial gas temperature

Time-independent wall temperature

"Time-independent mean gas temperature

- Particle velocity
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~ Angular frequency

- kass fraction of propane

liass fraction of oxygen
Co-ordinate direction
Ratio of specific heats

Flame emissivity

Bffectiveness of the heat eichanger

J :
Fuel to air ratio

Wavelength

- Dynamic Viscosity

Density
Density at atmospheric pressure

Stefan-Boltzmann constant

3/m%s

 Units
- Kw

KJ/XegX .
ohm-cm

1

KJ/I{g-mol' K
m

Kg/h3s

- KJ/KgK

.S

42}

- Kg/ms

Kg/h3
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CHAPTER 1

1.0 Introduction



1.0 Introduction ‘ B | R

‘ Ra,/leigh (23 ) was the first to advance a hypothesis
regarding the dr1v1ng of oscillations by a periodic heat release o
in a gaseous medium. This hypothesis states that for a heat-

. driven oscillation to occur, tnere must be a varying rate of

" heat release having a oomponent in phase with the varying component' :
of the pressure. ' Although the validity of this hypothesis has
" been questioned where large pressure amplitudevand energy inpute.
ere.involved, it serveS'well as an initiallcriterion of wnether'
or not o’sci_lla.tions' will.occur_. Putman‘(S ) has suggested' the

following mathematical formulation of the above criterion

.§_',‘1-P_Jt > o

_"’where q is the instantaneous heat release rate, P the oscillating
. component of the pressure and 'E. the time‘.
The treatment of i‘la.mes in enclosures has received a
_-'great deal of a.ttenti on under the general heading of combustion
instability. In their review of 1nstability phenomena Barrere and -
Williams (24-) defined the ‘three main forms of instability these '
have been sumarised as i

1) Instabilities that are specific to the geometry and
acoustic character of the combustion chamber, (com‘oustion chamber
- instability).

~2) Instabilities involving interaction of the dynamics of
the combustion.process and the components of thel eystem, (system
iinstability). .

3) Instability involving only the reactants (Intrinsic

instability).

.r'/!




An increasing ihtereqt is being shown iﬁ préctical
applications of oombuqtlon drlven acoustlo 0801118t10n8 mainly
due to the hlgher combustaon 1ntensity and heat transfer rates
assogia&ed.w1th such a process, 1ead1ng to the possibility of
éonstructing compact, high efficiency combustion units; |

Lombustion = drlven acoustic oscillations can Be
classifled into three basic types

| a) Longitudinai'

The gases move back and forth along the axis of the
chamber (referrpd to as organ-pipe | oscillations)

b) Radial |

The gases. oscillate between the axis of the thamber

ond the woll. _

c) Tangential

The gases. oscillate around fhe ﬁerimeter of the
chamber. |

In éddiﬁion combined modeé are possiblé.

This iﬁvesfigation is only conéerned‘with thé longithdinal
type. Such oéciilations are prcduced if the combustion is designed 
50 tﬁat a periodic heat release is obtained at a point corresponding
to a piesSure antinode. " If this varying heat reiease is in phase
‘with the pressuxeloscillatioﬁ the'press§re‘amp1itude can be driven
to high vaiues_(The~Rayleigh Criterion). The.freQuency of |
oscillation being relaﬁed to the length of the combustor and tﬁe
velocity of sound in the combustion gases. <The aim of this
~ investigation was to construct such a combustor aé shown in Figure

(11 ) and to develop a mathematical model of the'system.



Tﬁe combuétor was of the organ - pipe fype with the inlet
end acousiically closed and the outlet end fully'open. Combnstion'
'.takihg plaéeAat the closed end where air and propane were fed.:
.Such aﬁ acoustic system if féd wifh ﬁiﬁroédbandvnoise; in this_i
éaééwthe flame, éan select and amplify cérﬁaih‘narroﬁ frequenéy
»bands-charécterised byIVariOus acoustic modeé of the system.
AS‘acoﬁétic'modesfcan coupié with énd be driven by a varying heat
releésevrate from the fléme; the condition having to satisfy the
Réyleigh criterion. Thé vaiying heat release raﬁe;can be affe cted
by many,factors‘such asg, a»re@ular‘variation of pressure, cﬂanging.
in miXing pattern or vortex éhedding from»a flame holders A
;mo?e{detailéd discussidn of such mechanisms ﬁeing given in

- référence‘s (e4-27),
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CHAPIER 2
~ Previous Vork

2,1 Historical Bagkground of-Pulsating Combustion

-2.2 Analytical Approaches

2,3 Numerical Solution of the Equations
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2.0 Previous Work

Thére has been a vast amount of éxferimental work on
pulse combustion. However; theoreti¢a1 studies ekcept of the
mosf.ru&imentaﬁy kind are largely lacking.‘ The reason is
mainly due'to the working complexity of sgch qombustbrs |
}Which when_combined wifh the unknowné causé the mathematics to

become formidable.

2.1>Historical Backeround of Pulsating Combustion
| The first reported work on combustion-driven oséillations

-was made by Byron Higgins in-1777, when:he enclosed a hydrogen
diffusion fiahé‘in a lérge'tube open at Both ends."vHe_found
oscillations occgriéd for certain lengths of the«fnei supply.

No major‘work iﬁ thélfie%d, though, was’cafried out until- the
| -beginning ofAthe ZOth 6entury aﬁd this work is're¢orded in a
number of Gefman, Swiss and Freﬁch patents dating from 1§Oo.to
1910. Genefal interest.apﬁears to.havé been lécking and the
| study of pulse'combustion again drifted into oblivion until
1930, when Schmidt in Germany and Reynst in Germany and France
revived the pnenomenon of:pulséﬁing éombustion and its practical
"applications.v From these b#sic ideas, designs have been
ﬁroducgd for the use 6f'pﬁlsa$ing combuétbrs in aeronautical
-engines, domestic heating and grain dryers, The field has.
been reviewed recently by Putman (1) and Beale (2) with specific

applications being dealt with in references (3 - 6).

)



2.2, Analytical Approaches

It is cpnvenienEW'to divide the anaiysis into two main

areas g-

2.2,1 The Gas Dynamics of the System

The physcial 1aws‘which-primarily govern the process.
in éuestion are those of mass, moméntnm and energy CQnservation,
these, when coupled with the relations describing the
thermodynamicﬁproperties‘of.the_gas form a set of quasi-linear
hyperbolic partial differential eqﬁati'on‘s.'_' This type of
.equaiion‘is obt@iﬂed Whenéver the problem is associated with

wave propagation and so has received considerable attention.

If it is assuned that the flow is a steady one.with
"small perturbationsAsgperimpoééd then the eéuations become
linear. The solution of the linear equatioﬁs has been highly
developed in the‘sfudy of the theory of sound, As the |
. equation is linear; the complete solution of a problem m#y
be obtained by superimposing the: solutions of a humber of.
simple cases, thus the actual pressure variation may be
expressed as a fourier serier and the partial solutions for -
each term.sdperiﬁposed. _Much_of.thé development of this
; theory4Was due to'Réyletgh (23) whosé text book‘ié stiil a
standard work on the subject, Putman (5) and Raushenbakh (6)

having applied this method to pulsating cémbuétioﬂ’problems.



The fundamental problem of finite waves followed the
early:development of;he theory of sound. - Poisson and Earnshaw
 first éxtended the theoxy §fAsqund to the-case of finite amptitude
". disturbanées‘propagating'in‘bne'direction; , Rlemann introduced
'-the method of cnaracterlstics by presenting the theory in a
form suitable for calculatlng the prOpagntlon of waves of flni

.amplitude proceedlng in both dlrectlons.

During World Waxr 1I a considerable impetus was given
to this subaect from two sources. Flrst there was con:iderable“ 
'1nterest in explos1ons and their resultant pressure waves.‘

'Wartlme research in this dlrectlon by the group working with

o Courant and Friedrichs haq been qumm&ri%ed in their book (7)

This. work contains a. general mathematical treatment of the
‘method of characterls ics: but a good text wnth emphasis on a

variety.qf eng;neerlng sy:tems_is given by Abbott (8);-

| A second SOQ;ce of interest in waves of finite
.'amplitude ﬁas>the,§értime German dévelopment of the Schmidt
tibe which was developed to power the V1 fl&ing 5omb.

For this purpose the method oficharécteristics was deveioped
‘using numerical infegration. This method having'been'
developed and applied to one-dimensional nonsteady flow
problemé by many workezs (7 - 16) ‘and is the basis éf the

method employed by this investigation,

Tidaes



An alternatlve aoproach to-the problem is to use a
finlte difference method based on the fundamental hyperbollc
equations. Methods of this type thF been known since the |
work of Courant and Frledrlchq but sepmu_to have been neglected
until the development of the dlgital oomputer. . The main
'_.obJe ctlon to this approach being-the appearanoe bf
unrealistic features in the solutlon of the equations such as .
improbable peaks in pressure proflles and sometimes the fluid

' veloc1ty belng given the wrong sign.

2.2.2 General Asnects of the Combustlon

- The primary problem in modelling any practical
oombustionlsystem is to simoltaneoosly_accounﬁ=for_mixing gnd
cheﬁicalrreaction..‘.AtopreSenf,_no'aocurate fo:mulation
foonsidering.bOth.exiéts, but three major theories aro at
' presént being developea. One method employs the calculations.

of turbulent_flame‘speéd based on the turbulent parameters of
- the flow and the chemical reaction rafe.introduced_by‘the use -
of the iaminar.flame speed.  A ‘second. approach uses a microvolume
| hurnlng concept by identifying eddles of size and lifetime
dependent on the turbulence parameters, these eddies are : | :
‘assumed to burn either from the surface at the laminar flame '
speed or homogenously throughout ;he volume, but perhaps the o _ ’
4most suitable approaoh for this invesiigation is baéed upon | _ ‘
reaction rate theory'and.is the method adopted. This method ”
assumes the turbulence level to be 50 high that mixing is
instantaneous, thus the mixing rate is‘so'fast compared 6
" the reaction rate that mixing can be neglected and the

performance can be determined by reactlon rate alone. '




The combustion model assumes a plug flow reactor which is a
contlnuous series of 1nf1nitesmmally stlrred veactors through
which the flow passes. A more comprehens1ve review of the

above techniques is giyen in referencew(17).

‘_ Eariy workers‘in fhis field (18) attempted a reaction
‘rate equation'based upon'a single_sfep." The appliéation
-of'computer techniques has facilitated tne treatment of
multistep: reactions and recently (17) a nine-step mechanism
has been treated. For the present investigation a simple
one-step mbdel is pfoPOSed sincentheie'is stiil insufficient

knowledge to be ablé to prpponnd a prbven Kinetic. scheme,

'Thé investigation assumes heat transfer in the
combustion section to be mainly by convection and radiation, and

in the heat transfer section by convection alone,

4t the presentntime, no complete'anélytieal'sblution-
of fredieting conve ctive heat transfer coefficients in un-~
'steady turbulent flow exists, Howevgr, a simple semi-
empirical approach, the quasi-steady'state theory,_haé been
used by several workers (19 - 21) to describe the effe cts on
heat transfer rates. This treatment is baséd on the |
assumption thét the heat fransfer coefficient at any instant
can be calculated from the instantaneousnvalue of the velocity
by means of the appropriate steady state relationship,
Convection heat transfer coefficients fnr turbulent flow in

pipes have been correlated by the fdlloWing eipression -

0.8 )
oo (CUD ) K : 21
h..o.oz( ) 37 —_—
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The main fault in such an analysis is due to the therﬁal7éa§aci£y ‘
of the fluid causing a phAse_lag'bat;éen driving temperatures

| difference-and resulting.flux'émfthe surfaéé-which haé been.
observed experimentally by Overbye., who nofgd that temperature
difference and transfer raﬁe‘did'not_pass through zeré ' |

simultaneously as reported by annend. - (20), |

The workers who have used this analysis have shown
the method to beladequaté‘and have achieved good correlation.

- between predicted and experimental values .

Theorefical-cohsiderations reléting to radiant
'transfer'is'eQéniiess advancedjand from présent kﬁowledge.on
the7s&bject'it-is apyarent'the best“fhét'can be done is to
. determine empirically an average radiation factor as expressed

- by the following equation,

8 -es (it | 2,2
S , _ a
This expression is admittedly much over simblified,
but due to the lack of data on the subject no more elaborate

treatmént seems useful,

e
Rt
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"~ 2.3 Numerical Solution of the Equations

Numerical'procedu:es for solving the hypeibolic
‘equations of unsteady compressible flow are of two basic kinds
characteristic methods and fixed-grid or finite-difference

methods,

The methed of chafacteristics focuses attention on
the'fact that, in processes governed By hyﬁérbolic,equétions,
disturbances to the fluid are transmitted only in discrete
vdirectidns; These diréetionévform a nétwork of lines,
kncwn_as charactériétics ﬁhich'cover the_domain-éf integration,
~ For Qnsteady one~dimehsi6nal flqw, they comprise thxeé sets of
lines on the distance - time plané ;5the lineé of a particular ‘
‘Set do not intersect, bgt the iineé of one set intersect the .
lineés of another. When the flow is 1sentr0pic,.it_is
necessary to consider only two of the sets of characteristicg

a8 the third set is made redundant,

. The méin objectioﬁ to characteristic methods is that
the locations of intersections of the charaéteristics often
fail to correspond with those at which boundary condition

information is available or flow predictions are required.

With fixed - grid methods the great advantage is
that their grid points are predetermined., When the grid'

has been chosen, a set of algebraic equations are formed

which connect the values of theflow variables for a
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4pérticuier grid point with the values for.neighbouring points
on the distance time éiané . These are the finite difference
v_eQuations; f however, when they are applied to the '
:prediction of flow phenomena, unreaﬂistic features sometimes
- appear in +he solutions, thus, improbable peaks maj appesr in
the pressure profiles and. sometlmes the fluid velocity may be
given the_wrong sign, . Numerous’ways have'been tried to.
| eliminate~this,behstiour; out none are entirely free fron
undesirable features. 8o it seems that the characteristics :
,.form the only natural co—ordinate set for the equations, and‘.
| _also fixed—grid systems tend %0 lose.some of the information.
that the characteristics convey, and to- replace it with '

spurious information of their own,

The method which forms the baSis of the present
investigation is basically the. one suggested by Hartree (22)
and developed by Benson (10), this method combines the
" best features of both the characteristics and fixed - grid
’methods, for it uses a fixed grid, but the relations between
the dependent variables at adjacent grid points are firmly
based on the information that is conveyed only-along the

'direction of the characteristics._
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‘-'Q.O‘Theorx | .
In formulating a mathematical model of the combustoxr the following.
aseuﬁptions are made :- | | |
1) The flow'is one»dimensional'and flow across:boundaries may
. be considered as quasi-steady. | |
2) Longibudinal mixing and heat transfer are negllglble.
3) The fluid is considered to hehave as a perfect gas at each

point in the duct, with varlation in fluld properties due to 1arge axial

- temperature gradients. belng taken into account,.

4) In the absence of rellable heat transfer data for uﬁstead&
fiow, yhe heat transfer coefflcients in any given pipe element at a.
: certaln instant are taken as those for fully developed steady flow at
the Reynolds number then prevalllng xn_that_element. |

5) Second-order effecté caused’by friction'and'veriation‘in gae
composition are considered negiiéible. |

16) The inside wall temperatures are assumed known for all
4 poinfs_along the length of the combustOr and are regarded as steady ie
~changes due to transient variatioﬁs in heet transfer are neglected.
7)'The combustion model‘assumes the turbuleﬁce level is so
“high that the mixing is instantaneous, thus the mixing rate is so fast
oomﬁared to the rea ctioﬁ,rate that mixiﬁg can be neglected.

8) Pressure and velocity ere continuous with time, ie there

are no shocks in the flow

3,1 Fundamental Differential Eguations
Consider a one~dimensiona1 frictionless flow in a constant area
duct with heat transfer taking place, The conservation equations of

mass, momentum and energy tane the form given by equations (3.1 - 3.3).
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The flow of mass, momentum and energy into and out of a pipe element dx

 at timedtis shown in Figure (3.1)

"Continuitonf Masgs

Kk -R L(ue)vdx = A dx e
| S ~ 3t-.

o .expahdmg gives .

39+Péu+uae-o | . 3
ot X bx |

~ Momentum equation

R a = D (Reudd+ D (nu*es d.
. oX 3t A_- Bx

expanding gives

BP+eBu+9uBu + U B(’ +e'au +u3€]
X ot 2x \at X  ox

from (3.1‘)’} [- -J . o

Hence

oL 3o .
¢ L= - —3

Sz’l“" -

2u 4 u
ot

Conservation of Energy

40Adx= b((eam(uu...._am- b((QunYu‘-&-x P)dx
'bt 2 ¥-1e bx 2 U-lQ

33
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3,2 Basic Principle of Nethod of Characteristics

An anal&tic‘al solution of equatioes (3.1.— 3.3) be-ing impossible,
a step by .step integration is adopted, | the eolution thus comprising P, U
. end-C. Given the values of‘l’. U and C at a certain initial time, the task is -
) to find their values at all locatlons at any later tlme._ -‘The mtegratlon* -
procedure depends on the existence at each point in the X,t plane of three
"_(characteristlc) dlrections (Jt/ab( ). If in any of these directions,
a smal_l'step is taken with resgltlng J.ncre_mentsi dP,Ju and J,C y
| then the partial equations (:3.1'- 3.3) reduce to a total diffex_'ential .
’ iele.tionship (the compatibility relationship) between JP 'Au dc and dg
‘ Had the chosen dX ,dt caused a step in a direction other ’chan one of

the three characterlstlcs, such a relatlonship would have been unobtamable. ‘

3,2,1 Characteristics FBquations

The differential equations (3.1), (3 .2) and(3.3), although they
e'icpress_ the physical laws cor;:’ectly are not in a form which brings out
the dominant effect of the three characteristics directions, the
equations therefore have to be transformed to produce this effect, They .
have to be expressed in the form,
dg =38 + m 4
dt ot | X ,

Consider figure (3 Io.),lf a function. ¢var1es along a curve'w® and if
¢ is a function of X andkt then :
-d¢= _a_é dt + _a_ji dx

ot OX

" and along m

Rttt S

t X dt

( ‘)m=§;ﬂ+é¢o\x

Hy



Awhere m= dx/dt ’ the slope of the curve at any pomt along the curve,
Under these condltions the curve is a characteristic curve

Fioy 3o

@
B (48)- 2 26
md | (_tm’é'g'f Y1

The characteristic equations are obtained by combining the
- ~equations of conservation in the following manner.,

Using equation (3.1) and (3 2) the energy equation ca,n be

expressed in the form

(E’-Bﬂél’) C"‘(99+u99) (§-)€94=20 —0 34
ot X ok X . o

Combining equations (3.1), (3.2) and(3.4) in the following

manner.,

equation (3.4) V+CA2 (equation (3.1) ) + @c (equétions (3 +2) ) :-

35

(c)P +(U+c) aP)+ Pc(_ 4 +(u+C) u) - ~(¥-Nf9=0
Y X 2 i |
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-equation (3.4) +:c2 (equatidn (3 1) ) - @c (equation (3. 2) ) 1=

(bP.;.(u-c) bP) Qc(bu...(u c\bu\ (‘(—\39‘1 =0
ot X _

. along a ,characteristi‘c' dx = u+c the compatability conditi.dns, '

o————

. at
from equation (3.5) is : _ |
dP yoedu —(¥-Df9=0 — 37
dt  dt o o
‘along a cha-racteristic .‘l.’f. - = U~C the compatabilitvy conditioﬁ, from
, | at .
equation (3.6) A
dP_gcdu —(y-Neqe0 3-8
- dt dt ' :
- -along a characteri_stic %2‘. _=¥ u the compatability condition, from
equation (3.4) . | |
dP _ctde - (x—-l)f"!:o P 39

S de dE
| .The lines having slopas of 1/(U+C) and l/(U-C) are ‘he loci of pressure
waves mov1ng relative to the fluid at speeds of ¢ and -C, and are called
wave characteristics. - The lingiqf slope 1/(U) is the locus of a fluid
' element and is called the path line characteristic.

| As a fluid element moves along a:duct, its éﬂérgy content may
vary'as & result of combustion and other phenomena., These enexrgy .
changes take place ﬁith-changés of the entrbpy of the particles. As
the entropy is no longér constant throughout thevflow field it must
‘be introduced in some suitable form, |

Consider the second laﬁ of thermodynamics as afplied to a

B perfect gas in the form:

ds: cpéj-— R_df
T o

then along an isobar d S= CP i_;:

Hence S2- S = CP Ioge::% ,
: ‘ 3
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" Referring to figure (3.2), if the isobar is defined at some refe‘re'..nce o

pressure P and Co is the speed of sound on the isobar then :

Sa- sI & Sao. Sla = ‘an lase Caa
. Chx

. 'j.‘hus a change in the speed of sound Qe represents a ‘chan'ge 4in the
ent’r.opy level,
The following identities apply for a perfect gas undergoing '

an isentropic process.

..E:(.c_j)-?f"\ . g_.(_r_é)‘*'?'., _\_%_,._

R Co Ra \F

hence . E : .
dp =28 dc _ 2% dCa
P ¥=i ¢ ¥-1 Ca
d®. de 4 L dP
v R TP
de&: -2 Cc;

: 7 C Co
therefore

d€.-2dCa+ 2 dc -2 dce
Y Ca ¥-1 C ¥\ Ca

multiplying by§Pand substituting C for¥P gives :.
. ‘Q 9 :

dP-c*dR =20t dC.
) Co
from (31.9) | :
EQCZ g\_(;_g. = (K‘“‘) @q dt
. Co.

. therefore

c!ce.-co.q(x \\c\t S 3.0
acz A ) . .
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3.2,2 Determination of 9. '

- Ifa péth line is followed in the Qomﬁustor.it maf»ﬁé coﬁsideréd
as_representing the mpﬁion_of a infinitesimal.iayer of gas; the rate at
whicﬁ energy is being transferred per uniﬁlmaés infthis layer is given
‘by.‘1> and itvis_for this quaﬁtify thét some assumption must be madé;

" The mathematical model of the combustor has two distinct sectidns, :
the cémbuStién an& heat transfer sectioné figure (IJ j. Thé detéﬁmination'
'df‘q in thé'combustion section‘depends on the energy released by cbmbustion
and the energy lossed due to heat transfer by convection and radiation, the.
details of which aré given in section (3.3 ). |

| The déterminatiﬁn of“q_ in the.heax transfer section assuﬁes no
combustion takes place in the section and that heat transfer is by.
convection alone.l' In evaluating 9 the assumption that the hea£ transfer
ébéfficient at any instant can be calculated fromlthe inétantaédﬁs value .
of the'velocity by means of the appropfiate éfeady'state rélationship,,c‘v

is given by

9= 4h (Tw'-T)/?D 3

where N is given by equation (2.1) 3

3;3 Combustion ldodel

At the present time, the rate of heat releasé §f a burniné gas
miiture as & function of flow conditions is not-well known. None of
"~ the éombustion models proposed to date enables accurate quantative
estiﬁates to be made, the most promising are those based upon réaction
rate theory, upon which the mbdél of thisAinvestigationAis based,

The primary problem_in_modelling any practical combustion system.>
is to simultaneously acéount for mixing and chemical reaction, At present,
no accurate formuation considering both exists, The reaction rate\theory
~ assumes thaﬁ the tﬁrbulénce level is so_high fhat'mixing is esseﬁtially
insﬁéntanequs, thus mixing is so fast compéred to thg reactioﬁ rate that.

mixing'éan be neglected,
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: The,léw of mass actioﬁ may be expressed b& :
_ dCce] =-n-cxcHZIBExo 2‘3"" 6"5/%1”
‘ktA ‘ ' o .
where the pafameteis‘A,,B, ¢ and E'aie.defined emﬁifically.f
This expression mayvonlﬁ be applied in a mééningful way to':

-eieméntary,reaction steps corrééponding $o actual reaction.mechaniSm..-
However,-mostvcombustiqn reactions are extremely-complex,vahd most'..
'likélyjinclude chain;initiating, dhain'carrying, chaiﬁ'bfanching_and

lchain breaking steps. Thé precise'details,of'which-are most com@lex.

Fér this reasdn, the‘bnly feasible approach to the problem'of:determining

thevreaétion mechanism of a technical cdmﬁustion systém'ié_to_measuie_the
dependencé.of the oveiali’réactiqp fate on the coﬁcentrations of the

spécies.inyolved.

| Hbst-chemical reactianvare bi-molecular énd proceed és the result -
:df reacfions'f0110wing biﬁary coilisiohs.A In complex coﬁbustion
processes, second ordér'kihetnes'have been*uséd successfully by'cénéiée:ing
that one of tﬁe bi—molecular prodessess involved in the_reaction constitutes
the réte detérmining step. | |
| It is convenient in determining the overall reaction rates iﬁ a
combustion process to_consider the rates of consumption of original fuel
anA~oxygen on the basis of a second_oider reaction.,
Thus for the reaction |
| | 2nd order

- Fuel + Oxygen - Products
Reaction

The fuel consumption rate in such a process may then be described

by the Arrhenius expression

3 1 -E )
ke K@ xcH™® xo2™ T 3R

as used by Chen (31) which assumes a negligible reverse reaction




The'comtustion model is based on a plug flow reactor which ié a

' continuoua series of infinitesimally stirred reactors, that is a réactor ,

Jwith perfect radial mixing and negligible arial mixihg, conduction and
~ diffusion, 1t assumes the reaction rate can be calculated from. the -
instaﬁtaneous value of gas properties by means of equatioh (3.12)

- Heat transfer from the combustion zone‘is accounted for by radiation and

convection assuming'the combustion wall temperature is known and radiates

as a black body.

. Then -.q: lEH -;-}44-h(-Tw-T\él--‘EEé‘(Tw*—T"‘)' 3'3

ad - dlXeH)= WDtk dx

4m
with o | o
XCH=_8 _ ot x=o0
: (14 8) ‘ ‘
By stoichiometry, assuning reaction to CO,, and H;O only
X02: (0-233-3-63(8-(1+6) : XCH))

(14+8)

- In engineering combustion analysis based upon»reacﬁion>rate
theory,.it is ﬁsual to assume a constanf vaiue-of activation energy.
Walburn (32) has shown it to be a variable quantity for propane, and h
éuggeét that the activation energy varies aimost exponentially with
»teﬁperaﬁuré through the reaction zone. From observed species
'distribution through the reaction zoné it has been deduced that the
combuétioh of the hydrocarbon proqeeds as follows : Inifially.the
.h&drﬁcarbon bfeaks down via chain branching reactions into rédicals

which are then oxidized to carbon monoxide and hydrogen.
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Subsequently, these two.constituents are further oxidized to carbon dioxide -

and water vapour respectively,  The rate of decomposition of the’ hydrocarbon

is greater than the oxidation of carbon monoxide or hydrogen, resulting in

the contlnulng increase in these species concentratlon.

| Fast chain branchlng reactions assoclated W1th the decompositlon of
hydrocarbonq are recognised as having low activatlon energies, while slow
carbon monoxide oxidation reaction has high activation energy. Hence
the variatlon in actlvation‘energyé ; As the predomlnatlng flame reacfion
_changes from a fast chain branching hydrﬁcarbon reacfion to the slower
'oiidation reaotions.of carbon monéxi&e and ﬁydrogén, the activation

energy inoreaSes_prognessively frbm a low to.a high Value.

It is worth noting ‘that the basic equation

B: ﬂae.%"T - - 3-!35

 assumes é similar form if E is assumed to change linearly with temperatute.

ie E=NP + N
then equation (3.13h) becomes
: ~(MT+N)
B: AE ¢ /ReT

| /e
hence B‘-’- A.e !

whei'e R, _-_- Hoe- MR

" Thus the basic equation does in fact assume a linear variation in
activation energy.

The values of K and ¥ were chosen such that they gave the 'best

fitr (temperature wise) between calculated and experimental values.
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The quoted measuredrﬁaldeé ofIE for pfopané and air'mixture.ranéeS'
from 21OCOKJ/Kg—mol -168000 KJ/Kg-mol, the value of E which gave the 'best
fit éurve' for this investigation was MBOOO'KJ/Kngol. _The‘valueé of K
4 qﬁoted in the literature range from 3.0 x 10°1? /Kgs - 4.8 x 10 m’ /Kgs the
value of K ﬁsed~in fhis'in§estigation was 3.125 X'ﬂfﬂ?/Kgs,

Thé cdmbustiohbmodel-assumed that the ignition temperature 6écurred at -
X=0 andAwas varied between 600°K - 800°K so 'best fit' curvés-vcéuld be
'.obtained_While adco@modating the use of only one value for E and K for all

test cpndiﬁions. In all calCulétions € was taken to be 0.2.

3.4 Boundary Conditions

- Given the values of the dependeﬁt vafiables at all locations at a
" certain initial time, it is nécess;ry to:find their valués at all. locations
at ény.later time. Kanledge of thé initial values is not enough,
'iﬁformation must also be supplied.about the conditions that are enforced
at ?he‘ two ends of the ducf.at all later times.

The boundary conditions fér this invesfigation are a closed end at the

“inlet. and an-open end at the outlet considering each in term:-

Inlet‘Boundary Condition

The inlet is aésuméd acoustically closed the value of U is equél to the
_ mean velocity. The value of C, is assumed known and corresponds to the
inlet condition of a path line characteristic. It is assﬁmed fhe inlet of
the dﬁct cbrresponds with the pressure plane of recovery after‘the sudden
enlargement i;e. the-piane where the pressure is uniform and the flow

one-dimensional.

Outlet Boundary Conditions

In the problem considered only subsonic flow is assumed to occur,

and neglecting the inertia of the fluid outside the duct exit, the state



of the gas at the plane of the 0pen'end can be assumed to bé that of the
' ‘surrowndings. For the open end condition two conditions can pcéur*
.they'afe‘: | | |

(Out flow)

- In this case only oﬁe éondition is requiﬁed. _Aé long ag the
flowivelocity at the exit remains‘subsonic, and the gas inlthe eitefnal L
region ié at.rest, the pressure at the end of the duct can be;assumed
.eQual to the external pressuxe.. The outlet velo city can tﬁen be
calCuiated from equéfion (3.7) and Ca can be calculated from equation
(3.10) N |

(Inflow) |

InAthis in&estigation due to the presence of a stending wave
for whiéh the'open end is a pressure node, it‘can still be-aSSumed the
pressure at the open énd to be the same as the external régién, ﬁowever,
the entropy of the gas entering the du ¢t from the external region has
to bé.éalculated. When the floﬁ enters the duct from an external
reéervoir, it must be accelerated from reét to the entrance veiocity.
Making the assumption that the f;ow in the wicinity at the end of the
dﬁct-can'be treated as quasi—steady;The state of ﬁhe gas in the externai.
regioh rep:esents the stagnation condition (denote@_by'subSOript o) for
the flow &b the iﬁ;et section tq’the duct, and assuming the inflow to be

isentropic, Applying the energy equation in the form, |

u+2¢ = 2¢y 314
¥l 2

from whichCcan be calculated as W can be obtained from equation (3.7) |

3.5 Opexating Frequency
| Hanby’(ze) has reported an accuracy of 5% in predicting frequency

by using the mean square root gas temperature as a basis for computing

the speed of sound in the basic equation;



(?. -1y C

- for Nz 1,23

Hirst (29) .- see Appendix I has recently consmdared a closed/
bpen pipe of acoustic 1ength 2.0m assumlng a 1inear rise in ve1001ty
Aof sound for a temperature rise of 1000° C, with a s1nusoida1 pressure»
oscillatlon of angular frequency W generated at X = 0. _

Considerlng the same nrob]em but using a less rléorous

approach
The perloa of 0501llatlon is reTated to the standing wavelength

ana velocity of gound by the equatlon.

t,= A
d K

Tor the fundamental'qué of vibration the period of oscillation is Biven
by ¢

.tr"-‘- 4L
c

ie a préssure.pulse'mqst travel the length of the tube four times before
- the cycle is repeated, for reflection at the closed end takes:ﬁléce
without change of phase , and so two reflections at the open-end are

necessarj before the reflected pulse is restored to the initial ﬁhase.

with C= MX+N.

| o ax
thén .t,,= L‘ TR
}.‘ T T ’Q&Q(!ﬂ_. +1)
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for higher harmonics

N &.—_‘?LOQQ(MLH\)

(2n-1)
Cfor N=14,2,3
The frequency of dscillation being given by ;:

| 4:=._L_‘

The following table’shows the comparison of the above theoxry to the basic

sound theory and the one proposed by Hirst.

st 2nd

Fundamental . Harmonic - ' Harmonic .
Basic Sound Theory 65.2 .. 195.6 35,9
. Predicted o 62.5 - B .18;{.5 312.5
Hivsts o Y 191.2 L3149

( * possible error)
To be able to predict the operating frequency in this manner, it would be
-necessary to know the temperature gradient., This investigation used the

measured frequencies for all predicted results,

3,6 Numercial Solution

The mathematical model of the combusfor is.diﬁided_into two sections,
the combustion section and the heat transfer section,

The numerical solution for the combustion section is more elaborate
than for the heat transfer section, due to the chemical reactions océurring'
in the combustion section, It is necessary to preserve the identity of
path lines in the combustién section as the mass fractions of propane
and oxygen vary along each path llne figure (58), and s0 a nonmmesh

method has to beemployed for the path line characteristic.



" The numerical mefhod used in the'heat transfer section is described
first followed by the descrlption of the non-mesh method for the path llnes

in the combustlon zZone.

| 3,6.1 Numerical solution'in:the'heat transfer section'

.The-gepmetricalvrelationship between the points which have to be |
conéideféd during a forward step in time are shown in figure (3.3)
Figure (5 3a) concerns a p01nt in theAcentral part of the grld while figure
(3.3b), figure (3. 3c) and flgure (3. Bd) ‘represents p01nts near a boundary.

For a central grid 001nt flgure (3. Ba), the task is to calculate
values of P, U and Ca at point 'P' , given the values of these variables.
at inntS'T,V and W, - Pirst, the charadteristié lines RP,'AP and SP are
located, having slopes 1/(U+C) &‘1.1/(3) andVi/(U-C) resPecti#ely. Theﬁ
tﬁé values of P,U and:Ca-fbr.the points R, A and S are‘obtéinéd from those
at 7, V'and W by interpolation, Finaily the variables P énd U ét point P
are found by combining equations (3.7) and (3.8) in Finite difference form
aﬁd the value of Ca at point P is fqund by appl&ing‘equationv(B.lo)

For the boundaries, the pfocedure is modified by the fact'some
of the information implied by the above relations is replaced by iﬁformation
vdexived fzom*boundary conditions, Consider outflow to the right figure (3.3&)"
ihstead‘of knowledge ﬁransmitted by'the SP'characteristic, the value of P is
known and U can be calculated from equatién (3.7)  Similar relationships
- can be formed for the other boundary conditions,

a) Calculations of the variables at R, A and S

The slope of the characteristics through R, A-and S are respectlvely
' 1/(U+L), 1/(U) and 1/(U-C), but the U and ¢ valiues are different for each
point, and they vary along the length of the lines that lead to P,

Hany methods can be derived of varying accuraéy and complexity for the
evaluation of approﬁriate mean values of U andC, the one that is adopted

in the program is to use the value of U-and C at position V,
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" CENTRAL REGION . INFLOW AT THE INLET BSUNDARY .

'._:INFTLG\J AT THE OUTLET BOUNDARY  OUTFLOW AT THE SUTLET BouUNDBARY
) B ()
‘ ' F‘laﬁuhe.- (3-3) -



The corresponding X co-ordinates of the 'points R. A and 8 are thus i
Xg: Xv - (U'f“C) dt
- XazXv- (U dt

Xsz Xv ~ (U-'C) dk
dt had 1;6 be chosen so that none éf the ends .of the characferistics
R, A, and S lie outsi‘de‘the, range TW, this is dealt with more _fully in
E Appé_ndix I. ‘
lt is also assumed. that dt is sufficiently small that ﬁérts of
the characteristics betweeﬁ R and P hetween § and P and bétween Aand P
are straight liljies. _ | _ |
Wi_th location of the poinfs detem_ined, the values of the
'va,ri_ables ‘the‘re can be fixed by interpolati’on. Linear interpolation -ié
' used in the program, beca.use it is the simplelt and beceuse more complex
| prccedures appear to have no advantage. The formulae are :
- FasFe+(Fr-R)( Xa=Xv)/(Xr=X,)
F's.l'-‘v+(rw- l'-"v\(Xs-X\DI(Xw-Xv) :
1f the vélocity of thé particle ié positive A will be to the'lef'b.l

of V, then :

FazFv +(Fy-Fv )( XA—XV3/(XT -Xv)

If the velocity of the particle is negative A will lie to the right
of V, then :

i:n= 4+ (Fw- Fv)(Xn-Xv)/(Xw"XV)

where F denotes any property of the fluid.
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b) Calculating Ca, P and U at a Central Grid ﬁoint. at> fhe time t++dt
Mo find the value of the flow variables at the point P, which
has the same X value as V but at a later time éonsidering the threé
_charactéristic.equations : (3.7), (3.8) and (3.10),_ | |

‘The value of 9 i n equation (3.10) is the-.value thé path line
has .'at A given by equationti}.ll)z . Ali‘ grid poin‘_c values of -qu. . assume
the value tﬁeir respective patn line chafacteristics had at point A,
'I‘hérefore, all path line caiduia£ions for time step dt muét be carried
out first.

The value of q in equation (3.8) is the arithmetic mean value
| of_fhe Qalues at V and W, - The«vaiue~of'q "in equation (3.7):ié'the
arithmetic mean value of the valués at T and V; ' |

The values.of © and C are thevvalues'they have at V.

The compatability equations in Finite difference form for

equation (3.7) and (3.8) are :

(R-RY+RC(Us-Un) = (3-D Rdt (%49 [p = o
(R-R)~Rc(Up-Us) - (%-1)Rdt (4 +4up = ©

v Up = llCPa-R) #8130t (= )fg Voo Hlills)
ond | ’ |

Ros Pr- pcCUp=Ua) +(5-1) @t (Av4ar) Ja

Thus the vel_ocity at P becomes the arithmetic mean of the
values at R and S, plus a vcontrib\;tion from the difference between the

| pressures at those two points plus the heat transfer effect,
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Likewise the pressure at P can be shovm to be the arithmetic meaﬁ'of-the

- Ppressure at R and S, plus a contribution from the difference between the

~velooities at those p01nts plus the effect of heat transfer.
The value of Co a.t P is found by fmdn.ng the value -of Co.
~'_ at A and applying equation (3.10)

hence - - C«,- Coqp + Cq,ﬂ(‘&-l\dt
: . acz

c) The calculation of P, U and Ca at the boundary grid. n01ntq
at tlme t+dt

Inlet boundary

1f the inlet is considered an acoustically closed end, the value
of u at P is given by the mean velocity. rhen the value of p at P

is given by equation (3 8) in finite - difference form 1

R =R+ c(Up-Us) +(5-D0a dt - .

The value of 9 is assumed to becomposed of two distinct ﬁarts-,
a mean value which determines the change in.- mean values of fluid properties:
“due to enexrgy transfers and the Second part, an unstea@y oomponent a small
fraction of the mean 4., value causing.the fluctuations in flow conditions
ie pressure amplitude, . | HMany atteinpts have been made to pi'ediot the
_pressure amplitude of oscillation, it has been suggested by Bhaduri (30)
: that the pressuro‘amplitudeumay.be calculated by assuﬁiog, that the energy .
of the wave is proportional to the thermal inputAzaﬁe. This
investigation fourd that the amplitude waé dependent on fue1‘injeotion
system, air/fuel ratio and mode of oscilla.tion, suggesting Bhaduri

assumptlon to be wnsatisfactory as Hanby (28) has suggested

RS
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This investigation then has to rely on the measured pressure
-amplitude at the inlet and uses.a steady flow value for the mean value of 9
. It is proposed to represent ’%' ‘the preésure at the inlet .‘ooundajfy

- by the equation :

R B+ ﬁswcwt)}(xén Qﬂmd‘t‘-'

E where P, is the atmospheric nressure, ﬁg.ﬁ'(w.t) represents the- meas'u:c»'ed _:
.bréssure-amplitude_at the-inl.'et-, ‘and the tern (‘(-l3'eqm dt
, represents the increase in mean pressure due to ‘combustion,
Co assumes the value it had in steady state calculatlons when
obtaihing the ’best ri t' curves for the measured axlal temperature
gradlents in the combustlon zone for non—nulsating cond;’r,:.ons.

Outflow through a, I‘u"'!y onen end

‘The end of the path llne cnacactemstlc A f‘lgure (3 34) lies
with:in the duct. The value of Ca at P can be calculated from
equation (3.10).  The pressure at the duct outlet can be taken to
equal the external pressure. - The value: of u at. p may be cal culated ,

- from equation (.3-7)

UP= Ur - < (PP"PQB“(‘X‘\E e(qv 1.({73/2&&: S/PC )

Inflow through a fully open end figure {¥3¢)

When fluid enters the duct from an evternal region, it is assumed
the stagnation condition at the end of the duct is the seme as that of
the external region, and assuming the inflow to be isentropic. The

energy equation can be expressed, from eguation (3.14) vy

Up +2 Ch=2 c&
51 3=
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The v»ressure at P majf still be assumed to be equal to the external

pressure due to the formation of a pressure node at the open éand,

‘3.6'.2 Calculating, ("a'a.i': g central grid noint in the Combustiori-Zone

A non—grn.d method had to be used for path line characteristics in
the combustion zone as it was necessary to preserve the identlty of each
~ path line due to the complexity of ' burm.ng.
| ﬁeferring to figure (3- 4- ), a search is made to find the nearest )
path line on either side of the grid point (J+1) in this case Xx{l and XK2, - 3
The velocity and pressure at these po:mts can be found by linear

interpolatn.on ie for XK1 -

u,m Uy + (Um -U,)(xm xu')/Ax

Sincé the slope of the path line is dt
dax “
its new position aftér an interwal of time 4+t , is (assuming the path line

s %raight over the qhort interval dt )

XK= XK1 +um dt:

from the path line compatibility equation (3.10)

CQ“ = Caga 4 dCoxa

= Coyg + Caka 9 (¥-1) At
2Cka

where - 4 is given by equation (3.13).

I>t is necessary whén calculating the wave characteristics to
know the 9 value at grid points, this is done in ‘the. eombustion .zone
by interpolating between the points ¥X1 and XK2.  The basic
information which must be stored for a patii line is its. nosition, its

entropy level in terms of Co. and the mass fraction of unburnt fuel.
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" Combustion was considered comnlete when XCH = 0.00Brwhich corresponded to
X;ﬁb 0.3 m for all test conditions considered by the investigatién, this

giving a combustion efficiency of 95%.>
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3.7 Computer Proeram.

‘The computer program was wrltten in Fortrém Iv and was executed
on an IBm 360_computer. ‘ fhe organisation of the - program is shown in |
figure (35) |

In workmg with the program great dii‘;lculty was found in choos:mg'
the correct number’ of path line characterlstics for the combustion section
of the program. - However, it was found that a’ good approxlmation could
be had, if the mean veloelty for the path line characteristlc direction
" was used instead of the instantaneous velooity. This approximatjon
_greatly reduced.tﬁe difficulty»and'comnuter time was saved due to a
' reduction in the number of path line characteristics required. _ A
typlcal comparison of results Sfrom the two methods is shown in figure
(5 6’) and flgure (8-1), ,av,further comparison being glver; in the test
résﬁlts.for<tesfs 3a and Bb. ‘The comparison shows that a reducﬁion
of tempéraﬁure oscillations in the combustion}section is obtainéd, when
using tho mean velocities for calculation,of path line characteristi.cs,
this producing a change in the diStribtuion.of standing waves as shown
in the results for tests 3a and 3b, | -
| 411 predicted results for tests 1 - 5 (section 52) used the

instantaneous velocity for pathline calculations .
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4.0 Experimental liethod -

‘The aim of the experimental work was to construct a pulsating
combustor of simple design which would facilitate mathematical ayalysis,
and allow measurement of the variables thouglht to affect the combustion

oscillations.,

4.1 Bxperimental Apparatus

The combustor is shown in Rigure (Il ) it consisted of a
1,965 m long 50.8 mm internal diameter stainless steei‘tube 6f 6.35Amm '
wall thickness, with a hcounter—flow-cboling Jacket for most of its
-length, The outlet of the ‘combustor was connected to a large
silencing chamber - section (4.9). The combﬁstor inlet - see figure
(4"2 ) - was acoustically élosed by a constriction to 19 mm'diamefer
with a 16 mm diameter centf§1 ﬁropéne Jet with an end nozzlé'éftachedf
During combustion the combustor produced iongitudihal acbusfic'oscillations
of the fundamental and first harmonic - figure (5-1) - the mode of
‘oscillation depending on air and fuel-flowrate, - Twelve sampiing
 ports were provided along‘thelcombustors length for tﬁe insertion of

' probes, two in the combustion chamber and ten in the heat transfer

section,
o‘
4.2 Air Supply '

A two stage recipfocating compressér,.with a receiver pressure‘v
éf 10.5 bars gauge, supplied air (model 15T type 30 manufactured by
ingersoll Rand Limited). The Supply flowrate was measured by a Gapmeter--
(Type IGU/15F) manufactured by G.A. Platon Limited).  The range covered

was from 0.1 x 10 "2 - 0.9 x 10 ~ 2 Kg/S at 7 bar gauge and 15° C.
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»The Gapmeter was calibrated by thé manufacturers to an acéuracy of ¥ 1}25%
of full scale deflection. | The calibration pressure was maintained by a
pressure regulatof, and any temperature vamiafion was correctedvfrom a
measurement of air temperature in'fhe supply line, A‘largé ﬁreésuré

, fdrop was produced in the air éupply line at the inlet tq.thglcombustionv
chamber to prevent flow;oscillations:in the supply line; fhis was verified
by traﬁsducer measprement'of-pressure close to the flowmeter, no

variation in pressure was observed - steady flow could be assumed .

4.3 Fuel Supply’

| ¥n order to simplify as much as p&ssible the matﬁemetical model
a gaseous fuei was. ﬁsed (Commercial Propane from the British Oxygen
Company Limifed). This choice eliminated the‘problems associated with
predictingvvaporization rates and liqﬁid drOplet,burning.rates. Theb
suépiy.flbwrate was measured by a high accuracy rotameter (Type 100
“manufactured by Rotameter Limited). The range covered was from
0.18 - 1.8 bmfvﬂ.at 30 psi and 200 C. The rotameter was calibrated
by the manufacturers to an accuracy of + 2.0% oflindiéated flow. A
large pressure drop was produced in the fuel supply line at the inlet
to the combustion chamber by flow across a nozzie to prevent flow
oscillations in the supply line, transducer measurement of pressure
néa¥ the flowmeter indicated no variation in.pressuré - sfeady flow
could be assumeds The temperature of the propane was controlled
by passing the propane through a cooling coil immersed in a constant.
temperature bath, The calibraﬁion pressgxe was maintained by a
pressﬁre regulator, and any teﬁperatuie variation was corrected from

a measurement of propane temperature in the supply line,
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4.4 Fuel InJection bystem '

The fuel 1njeotion sy%tem is shown in ftgure (4-2) "Standafd

- Amal nozzles were used,.the size of.nozzle’used was found to .affeot the

| pressure smplitude and mode of oscillation;jj:fmanonther variables were
'_fouhd to affeot theoe two-quantities, that it was decided to oae only '
'Oné:nozzle'size. ' Nozzle No.400 wao’choseh, 1hié producedofhevfundaméntal f‘

-at low fuel flowrates and first harmonio at hlgh fuel flowrates - Figure

(5 1)

4.5 Cooling Yater Flowrate'

ﬂhe coollng water flowrate was. moasured by a rotameter (Type
Lefrlc 248 manufactured by Rotameter lelted) The rotameter was
-:callbrated by tlmlng the discharge of. a quantitj of vater for set
conditlons, the error 1nvo’ved was estlvated at =~ 2% J'he 1n1et and
-:outlet water temperatures of the cooling jacket were meaoured by
callbrated thermometers . *o. 2° C over a range of temperature 15 C - 35 C,

for a flowrate of 0.15 Kg/s.

4,6 Pressure Fpasurement

Pressure amplitudes were measured at each of the sampling ports
>:using quartz crysta1~piezoelectric transducers (Kistler_type 601A
housed in é cooling adaptor type 728).  The measuring range'was 0 to
250 baro with a scale linearity of 0,255  The output from the‘
tiansducer was displayed on an oscilloscope using.a charge amplifier
thevémplitude was mMmeasured from the screen to an acc@racy of ¥ 34

The frequency of oscillation wasfélso found from the'trace‘andA compared
with measurements from a wave analysef (A .F. Analyser tjpe‘1461A
manufactured by Dawe Limited). A switching adaptor (Kistler type
.642)~was’ used for meosuring the valueéiof‘mean préssure in the

combustioh chamber,
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4.7 Wall 'Pemperature leasurements

The mathematical model of the combustion system reqﬁired' as
input data inside wall temperature measurements of both the heat

transfer section and combustion section,

4.7.1 Wall Temperature leasurements of the Heat Transfer Section
The temperature difference aqross.the-tube wall had first to be
. measured this was done by}ﬁaking temﬁerature.measurements.at two radial
’positions for each section corresponding te a sempling pert'in the
heat transfer-sectidn.‘~ |
| From measuremeﬁts of wall temperature it was found that the rad1a1
temperature gradient was much greater than the longltudinal temperature
gradlent.‘~ Thus it may be assumed that heat flow is malnly in the radial
direction, then it can be shown tﬁeAtempereture Ty at any radius ¥ is
given by }- |
T _(T-R) loge & + T
'osg

vhere TT ok ',r'=r.' ond TeTa ok r=rp

'I'His equation enabling the inside wall temperature, Tw, to be
deﬁermine‘d .' ' - | :
| The wall temperatures were measured by 00pper/consta.ntan
thermocouples., The junctions were spot welded and ele dirically
insulated by applying a thiﬁ covering of araldite, The measuring
system for the thermocouples is shown in Figare (43 ).  The thermocouples
were calibrated against N.P.L. calibrated thermometers & 0.100.) using a
constant temperature 0il bath., The bath was controlled with a maxiﬁum
temperature of 200" C. The results agreed with the standard calibration

curves (36) to within 0.5 %
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~ The referenbe zone was aﬁ inéﬁlated box éonfaiﬁing the juncti§ns'.

of the thermocouple wires and the cbppef conne cting'wires ; the
temperatﬁreﬂdf the zone was measured with a calibrated thermometer *

0.2o Cr.- The,geherated voltages wefé meaéured:by a digital'volfmeﬁer v
.(type L1604, manufaétured.by Sglatron:Limitéd).'_ The outpuf was printed
on é paper tape (Addmaster type 35 manufactured By Addmaster Co. Ltd,) |
A selecfor swich had to be incorporated in the design, due to limited
input-channels to the transfer unit. The.arrangement enabled all.wéll.
temperatures’ to be measured relativé to0'a referenée temperaturé, and the.

equivalent voltage recorded on a paper tape print out.

4.7.2 Wall Temperature Neasurements of the Combustion Chamber -

It was found that the temperature drop across the wall thickness
was qditévsmall, and so only one radiai témperature position was.neeéed.
Ten equaliy spaced holes were drilled'along the length of the gombustor
wall,'ﬁhich allowed a thermocouple probe to be insérted to measure the
temperature 1.5 mm from the inside surface of the combustion chamber.

The thermocouple probe was a nickel/chromium V nickel/aluminium
(maﬁufactured by Protenax Type BJ). The thermocouple was calibrated
by the manufacturers and agreed with the standard calibration curves

(37 ) to within 0,757

4.8 Time-independent gas temperature measurements

The axial temperature gradient in the combustion zone was measured
by an akial thermocouple nrobe. The thermocouple probe was made from
twin bore ceramic tubing down which the thermocouple leads were féd.

The thermocouple was Platinum/10:% Rhodiun V Platinum and of diameter

0,01 inches the Junétion formed by spot welding, The thermocouple was .
A éalibrafed in aﬁ electrically heated furhace which was calibrated to within
0.75/%4 of the standard cluibration curves (38 ), the overall calibration;

of the thermocouple agreed with the standard calibration curves to within
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1,54 | |
The axial gas temperatﬁre at each samﬁling~port in the heat
transfer section wasimeasupéd by the same type of thermocouplé probe,
-more détails of the method used is described in Appendix II, The
transverse temperature profiles in the heat transfer section were |
found to_app#dximate very closely £§-the temperaturé distribﬁtion'of

- the form :

(@)

Where T is the absolute temperature at distance Y from the tube wall,
Te is the absoiute temperature at the agis. . When testing, Ta was
measured by a thermocouple-prdbe situated on the axis and calculating

the mean temperature by integration of the ébqve expression to give :
T=0-875 Ta

The maximum error was estimated to be 5%

4.9 Sileﬁcing Chamber

| .A chamber was constructedAto gi#e alvolume df approximately _
3m5,'it exhausted di;;;tly to the atmosphere, The sides were lined
with fibre - glass insulation and acoustic tiles. An average decrease
of 50/ in room sound level was measured. The temperature of the gases

in the chamber was measured by a calibrated thermometer ¥ O.2° C, this was

needed as a requirement for a boundary condition in the mathematical model,

4.10 Experimental Procedure

o obtain the characteristics of the combustor a series of rums
were made over the range of air/fuel ratios 14-21:1 and Reynolds numbers

of 3400-10900,
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A standing wave was produced in the coﬁbdstor with a pfessure-
. antinode at the closed end and a pressure node at the outlet. The
combustor could osc111ate at elther the’ fundamental or first
lharmonlc depending on the fuel and air flowrates. The oscillation
, reg1ons were detgrmlned by keeping the fuel flowrate constant and

- varying the air flowrate for variéus fuel flowrates, figuré-(5.i).
The osdillations could be prevented by removal of a port plug at a
posiﬁion qorrespondiﬁg to the méximum pressure.antinpde, which enabled
non—pdlsating coﬁditions to be achievedlfor the same conditions as for
_'pulsaﬁing conditions,

The effectiveneés of the heat exchanger was determinéd'foi~
: fixéd values of fuel flowrate while Varying the-aif flowrate, the

‘effectiveness 71: being defined as :

,Ttv v. Energy removed hy coolant
E =

Energy released by fuel for 1007% combustion

' The variation of'pressure amplitude of tﬁe pressure antinode
at the closed end for variation in alr/Tuel ratio, was deternlned for
:-4f1xed fuel flows - figure (5. 3)

"Having obtained the overall characteristics of the combustor,
test were carried out for the following conditions :

Details of Test Conditions

. Test Mg A/F Hode of Oscillation
1 16.30 15.75 Fundamental
2 0,30 18.89  Fundamental
34 0,50 18,89  Fundamental .
3b 0.50 18,89 First Harmonic
4 0,60 15.75  First Harmonic
5 | 0.60 | 18.89 First ﬁarmoﬁic

Bquilibrium conditions were defined as constant wall and coolant
- temperatures. The time to reach equilibrium conditions was approximately

30 minutes,



" For each test the following measurements were‘taken;'-

ifean Air Flowrate | |

-.Gapﬁeter

- Airvsuﬁply line-teﬁperature
- liean Fuél Flowrate

- Rotameter )

-»Fﬁel,supply 1ine_temperatur§
Hean Water Flowrate '
| - Rotameter

‘- Coolants.Inlet and Outlet temperaﬁures
Wall Temperatures | | |

- Thermocouple ;éadingé

o - Reference Zone temperatures 

Readings at sample ports

Pressure amplitude

Frequency.of Oscillation

“Gas temperatures
Silencing Chamber
- Temperature

~

4,11 Brror Analvsis

The maximum possible experimental érrorsAiﬁ the investigation
are considered, Thé errors are derived frém the;poséible errors in
the measuring instruments. 7 .

The relevanf_instrument accuracies can be defined :

Adr flowrate k

Gapneter accuracy 1.1.29% full scale deflectién |
1 Propaﬁe flowrate |

Rotameter accﬁrécy accuracy & 2;0% indicated flow
Water flowrate

Rotameter accuracy - 3.07% indicated flow
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,ﬁall»temperature -
| | _Calibration.errér of thexmocduple wire £ 0.1%.
Resolution of digital voltmeter T 0.25°%C
éas temperaturé p
Célibration'errof of thermocoupie wiretr 10°%,
Resolution of digital voltmeter & 0.3%.
'Pulsatien Parémeters . | .
» e | < o T 35
Pressure amplitude measurement oscilloscope resolution
- it is assumed that possible errors of'fhe transducers and
.charge~aﬁp1ifieré are negligiblé conpared with the ésdilloscope
" resolution., B |
Frequenq& lieasurement
Oscilloscoﬁe resolﬁtion f'3.q% |
Ap~estimate of the performance of the experimental syétém can be'
" found fﬁom a,c;mpérisonvof the System under nén—pulsating thrbulént flow .

conditions for which a theory is already well developed (40 ).



CHAPTER 5,

Results and Discﬁssion
. 5.1 The Combustors Characteriétics
' 5.2 Test Results
5.3 Non-phiéating conditions
5.4 Pulsating Conditions
'5.5 Fﬁequendy Measurements

5.6 Time-independent Axial Gas Termpature
measurements in the combustion chamber
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5.0 Results and Discussion

- 5.1 The Combustors Characteristics
The modal zoneé of oscillation are’shbwn‘in figure (51 ).
For any fuel mixﬁure éccufring in région 'A' the fundamental mode of
osCillatidn was'obtained,‘in region. 'C' the firét harmcnic and in region
1B eithéf the fundamentalnor first harmonic. Thé fundamental was
obtained in region '3B' by oPerating the combustor in region 'A' then
moving into region 'B'. If the combustor was operated in region-!c'
then moved to region 'B' the first harmonic was obfained'. .
A possiblé explanation for a change in the mode of oscillation,
could be the higher flowrgte associated with.the first harmonic producing
in the brbadband'noises,'c%used by thé flame, a.narrow frequency ‘band
more 619sg1y coupled tb'the firsf-harmonic'than fuﬁdamental.
| Figﬁre (5-2) shows -the comparison of the effectiveness of the
héét»exbhangerlvlz for pulsating and non pulsating conditions.
| The higher values of‘??E-Were obtained for the fundamental mode;-
this being mainly due to thé.larger pressure aﬁlifudes associated with
this mode of oscillation, . However, Hirst (29) has suggested lower
frequencies produce higher heat transfer rates; but this was not verified
in the present invéstigatioh. . |
Preésure amplitudes measured at the closed end of the.
zombustor, against air/fuel ratio for different fuel flowrates are shown
in figure (83), increases in air/fue1~ratio caused corresponding-rises
.in'pressure_amplituQe. These resuits are similar to those reported.
by Hanby (28) who suggested that it may be caused by increasea heat release

in the combustion zone and by the increased Kinetic energy of the flow,
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- 5.2'Test Results

‘The resuits'for the.test.conditions shown below, are reooroed

graphically in terms of the dietribution of the. standing pressure waves

'for pulsating conditions and the time-independent mean gas temperature
Vi.;gradients, for both pulsating and non-pulsating condltions B

Details of Test Conditions

Mest  Tusl Flow Ratelf, A/F lode of Oscillation
1 . 030 '- 15.75 - Fundamental
2 030 18.89  Fundamental -
33 0.50 18,89 . Fundamental
3% 0,50 - . 18,89  Firet Harmonic
4 '0,60 _ | | : ?15375'-'.;First,Harmonic.
5 060 - 18,89  First Harmonic

_ 5,3 Non Pulsating Conditions

An estimate of the;performance of the experinentalfsyetem '
was'found-from a oomparison of the-system‘under non-puisating-turbuient :
- flow conditions to those predicted by the already well developed theory
(40 ) on convective heat transfer for fully developed turbulent flow.v

The estimate was-made by carrying out tests 1 - 5 for non.
fpulsating conditions and & comparlson made of predlcted and measured
gas temperauures in the heat transfer section of the combustor.

Lests 1 and 4 were not-ooneidered due to errors of 10% 1n
the predicted inlet gas temperatures to the heat transfer section of -
the combustor. Test 2 figure (5118 ) showed agreement of 3% upto the
position X=1.8 n,where.the difference rises to 10%,whioh mey be -

: extiained by a energy loss occurring at_the e¥it of the heat exchanger

to the outlet section, which the theory-doee not take into account,
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| For tests 3 and 5 an additional plug had o be removed at X = 1.47 m
to.prevent-first'harmonic OScilia+ioﬁs. Agreemenﬁ of'2% was obtained
bup to X l 47 m at which position the port plug had been removed. | Past
this. position a marked divergence occurred, the maximum difference of ?5ﬂ
g occurring at the exit of ‘the heat exchanger for test 5 figure (523)

:, ThlS may be explained by an additional energy loss from the Open sampling

'.port at X = 1.47 m.

T Pulsating Conditions
For pulsating conditions a similar analjs1sbwas used w1th an
) additional comparison belng made, that ofAdistribution of pressure :
'standing weves. The measured and - predicted gas temperature gradients
showed the marked effect pulsationshad on the enexrgy transfer from
the exhaust gases. , The maximum divergence of 22# between: predicted
and measured values o’ccurring in test Sfigare (5-37) .

In trying to make an‘estimare of the percentage'difference.
‘ BetWeen predicted‘and‘measured values of pressure distribution; ther_
absolute values were used, as a emall error in the éredicted position
of a pressure node would produce a meeninéless_error if the differedce
was based on pressure arplitude alone.  The maximum difference of 10%
occurred in test 3b figure.(5?25).l

The measured pressure oxcillations could be assumed sinusoidal
- maximum distorition of 5% . The measured mean pressure in the

combustion chamber was found to be atmospheric compared to a predicted

value of approximately 1500H/H2 above atmospheric pressure for ali

test conditions ie an increase of 1.5% above atmospheric pressure.

5.5 Prequency leasurements

The'table below shows the measured frequencies compared to the

predicted values using the method proposed by Hanby (Section 35 )



A Comparison of Measured and Predicted Frequencies

~ Test. - Measured Frequency ' fPrédicted Frequency = % Difference
1  u8.0 o 6.0 310
2 48.0 | . 63.0° 31.0
3. 53.0. | 70.0 S 330
% 200.0 - 220.0 | 10.0 -
S 218.0 231,00 ~ 6.0
5  202.0 o 227.0 2.0

Reééonable agreement was found_fpfwoséillation of the first harmonic
(tésfs’Bb - 5). However, large differenées are found in the fundamental
mode of oscillatiog (tests 1 - 35). The'p?edicted:freqﬁendies being based
on measured tiﬁe-indépendent mean gas temperature grédieﬁts. Figuré (5.4)
shéwé'typical.predicted_gas temﬁeraéure émplifudes in the heat traﬁsferb |
secticen of;the combustor, for both the fundamental and iirst harmopic.
ItApéﬁ‘be seen that the femperature émplitudes are far larger in thé
fundémental fhan in the first harmonic. This could beﬂa'possible
explaﬁation for the large differences ?ound in the'£requencies‘for'the
fundamental mode of oscillation, since the Eaéic freduency equation uses

only the time-independent mean gas temperatures.

5.6 Time-Independent Axial Gas Tempefature Measureménts in the Combustion

Chamber

As{it was not pOSSible to take trangverse temperétufe measﬁrgments at
various cross-sections in the combustion chamber, the measured
fime~independent axial gas temperatures are shown plotted on the éraphs

of gas temperature gradients. Vertical transverse temperature

measurements were possible at X = 0.229 m a typical distribution is shown

in figure (5.5). The percentage difference between axial and mean gas
temperature measurements at this section of the combustion chamber are

shown below for all test conditions .



59

_ao...n_,m.w!o“ u,o _:b@.,z.md NG NoLisod LSNWSY D
- "SGn1dwE  SV0iuvddWaL 30 SUINAoN (#-5)-G1a

| oy
o-2 R AN o1 . 50
-
“Sm.,
”o.ew*
.I..Q.ocm
ﬁm. 833 ™ » .. m _....._........l.

3

- LS3L. wos SBOTWA Q31A3Y4




- 60

i

W Ho10=X 10 UIOwehs NOILENEWOS 30 SINZWSUNSUIW BYOLUYSAHDL  SSUIASKEVL ﬁm.mv.mﬁ_

_0...N

m N wnzuz\

w,.l Vg os dosmcm.iou = O WIALIWYIQ .Ezmw._.zu

dz.»aauam.:e.x

TYLNIWYANOY

SRS uioxuaz ._.a.u..u

o o
x

| v
orws

. 68-81 =owivy T3na/wiy
éntu 0s:o «u...té?oau a304

N m....o..:atoo rawu. .

oov]

cosl
009/

oot

003/



61

Test - ~ Percentage differenée'between mean and axial
o gas temperature at X = 0.229 n

Non pulsating ' Pulsating .
1 a5 20
e 3.0 - : 3.0
30 -_ 70
3b o 3.0 R | 3,0
4 60 - - 2,0
5 6.0 B 4.0

In makiﬁg a,édmpérison of predicted and.measured time -
liﬁdgpendent_gaé temperatures in the combuéfion Chaﬁber;_the percentage
differehce was baged on the difféﬁence of'the maximum-temperatgrés
rather than on gas temperaturés'at corresponding positions; ' A'maximum
difi‘erénce of 22% occurred in test 3a.figur¢ (524).

- The predicféd instantaneous gas tempenétures for pulsating
conditions showed laxge temperatufé ogscillations, Figureb(5f1) shows %or
the coﬁditions of test 3a température variations of various particles
passing.thrdugh the combustion chamber (path 1ine—¢haracteristics) for
'different' instancés in ¥ime. Figure (5-9) shows the pressure _var_iation»
eagh path line'experiénced 6n{its path through the combustion chamber,
and figure (5*8)-sh6ws'the.consuﬁpfion of propane in terms of pfépane
masgs fracfion XCH for each path line. .Thésg were typical of all tests
considered, the folloﬁing table showing the predicted maximum
temperature amplitude for each test condition,

Test. 1 2 | 3a | 3b ) 14v 5
__Maximum gas |

temperaturg . ' '

amplitude C - 300 315 425 . 90 145 195
Also shown in figure (58) is the consumption §f fropane XCH for non
pulsating conditions the cﬁmparison suggesting no marked overall_

increase in combustion intensity being achieved;
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The measurement of temperature oscillatioﬁs of the kind-dﬁoted:above.
‘ requirévery;elaborate techniques, meésuiements of this'nature were
vnot(attempted'in.thisiinvestigafidn; , Hoﬁever, Brom (39) has
reported température oscillations associated with the_préssure osciliations
ih a §uisating coﬁbustdr:Which are-&f‘interest. Af aftimé;mean gaé
'temperaturé}bf 975%, the'instanedué maximum and minimum temperatufe“.:
measured wer9.1400°C and 470°C, the temperature peaks were O-20°A6ut

of phase with the préssure;



PEST 1
Fuel Flowréte 0.30 Fm /h'
~ Air/Fuel Ratio 15,75:1

" Fundamental liode of Oscillation
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TEST 2
Fuel Flowrate 0,30 Fm°/h

. Air/Fuel Ratio 18,89:1

‘Fundamental Mode of Oscillation |
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| :TEST'3
Fuel Fiowrafe 0.50 li‘m3/h
Aip/Fuel:Réfio 18,69:1
Test 3a Fundamental Mode c;f 6s¢illation

‘Test 3b First Harmonic
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TEST -4

Fuel Flowrate 0.60 FmB/h»

Air/Fuel Hatio 15.75:1

First Harmonic
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TEST 5

Fuel Flowrate 0,60 Fn/h

Air/Fuel Ratio 18.89:1

First Harmonic

93
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6.0 Conclusion

A pulsetihg combustor producing lengitudihal acoustic osciilatiohs.
was eonstructed and a mathematical model of the system developed.. The |
B mathematieal model predicted with reasonable accuracy the.gasitemperature :

-gradients and'distribution of the pressure ahd velocity Sténdihg waves.
It was unable to predlct the acoustic energy required to’ determmne the

amplitude and frequency of oscillatlon due to the use of a much Simpllfied
combustion model, The combustion model although greatly. simplified
served well as a prediction of iniet gas temmeratures to fhe heat transfer
section of the coﬁhustor. |

| The quasifsteadyvstate theory'gave a satisfactory description

- of fhe effectsbof 1ohgitudina1 cohvective heat transfer rates in the

heat transfer section of tne mathematical model.
| The measured and predlcted results showed the effect 1arge
-temperature gradients have on the distribution of standing waves, the
effects are summarised below : | | |

a) . Wavelength of the stand*ng wave decreases with
decrease in temperature. | |

b)" A Nodes and antinodes are displaced in the same
directlon as temperature fall,

c) * Pressure amplitqde at pressure antihodes increase
in the direction of temperature fall,

d) Veiocitf amplitude at velocity aﬁtinodeshdecrease
vih the direction of temperature fall, |

e) | - Resohant frequencies are increased relative to ambient

- conditions



100

U81ng the simple method pr0posed by Hanbv (98) for nredlctlng

the frequenCJ of oneration, Fzasonable agreement was found for
| frequencies of the flrst harmonlc, where predicted gas temperature
' Aoscillatlons were of small amnlltude. However, large dlfferences in
frequency were encountered with the fundamental mode of oscillatlon, vhere
large temperature oscillatlons were predlcted.

| When using the bas1c equation of sound, to predict the
standing wave dlstributions, large errors were obtalned. This method
.hav1ng been used by danby (28) who reported satlsfactory agreement with
experlmental results, .

A'AThe following suggeetiohs are mede for future Work;'. In attempting
to _peedict the empiitude of oseillation it will Be necessary to isolate
such ﬁeriables as : fuel injectlon system, Air/Fuel ratlo, mode of
oscillation and heat release rate, so as to understand what part each
plays in the driv1ng mechanism of :combustion driven 050111ations.
fo deVelop a more advanced combustion model it will be necessary to
have more knowledge on how_properties such as act;vatlon_energy and

. flame emissivify'vary with temperéture and flow conditions,
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Apnéndix I

The determinatlon of Step Length ax

The accuracy of the numerical solutlon is dependent

" on the ‘value of'AX. “For a high order of accuracy Ax uhould be

fas small as possible,. for sneed of calculation it should be as

1arge as_poss1ble.

' To . determine the optimum conditions for the calculation,
a simple problem was ccnsidered;.

Con51der an adiabatlc flow of gaq in the follcwing system.
It is assumed the gas can bhe’ ccn31dered perfect. A%sume a
‘ s1nusoidal pressure os0111at10n of’ aqylar frequency w is
~ generated at X = 0 . At resonance.a‘standlng wave is produced in

the pipe due toAwévelreflecticn'from.the open end,

Closed/Open pipe

' Closed - Open

x=0 . Xala

" Direction of flow —p=

where La = acoustic length
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If the motion can be cor_xsidéred as steady, having mean

properties U , ©  and P on which is superimposed

incremental time-varying properties W., © , P.

i.e. Velocity, M=z O =+ Qs
Density, C=€+&

Pressure, P= P+

‘The incremental properties' are such that their square
and products can be considered negligivle, By applying the
small pertubation_theofy it can be showm (12) that such a system

can bé respresented by the one - dimenstional wave equation,

2394.52-83
B dx?

“which describes the propagation of plane sound waves, assuming

0 <<€

Applying this equation to the above problem, using

the boundary conditions,
. 'Ul =0 o &E X= 0

B=0 ok X=La
 for perfect reflection | .

Pz Pa C°$(v4‘§) SiN(Wt)

i

¢

O

. . -
Uam Py SiN(WX) CoS{wi
® Vg ?(a) ( )



3

- where Pa is the pressure amplitude at the closed end of the

duct, and C the velocity of sound,

To obtain coresspondlng values of pressure and :

'velocity from the ‘numerical solution it was necessary to

_ make

4
Ry

At being obtained from the Courant - Fredrichs stabllity

.criterion as quoted in (11). .

At

: ( [V ‘u‘)mux .
’ 1n such problemsAX is kept constant for all step

1eng'ths along the duct,.

If a system with a large temperature gradient is
c_onsidéred, it will bé seen from fi'gure (1) thatax will

have to vary along.t‘he length of the duct.

HIGH - TEMPERATURE . Low TEMPERATURE Ty
) {0
feBX __J
w
()
M N
ch(l)

(1) and (11) represent characteristic directions whose gradients

|
are( z -HU\D and m respectively where C_-)Cz

109
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Theiaccuraéy of the solution is increased the closer
the intersect of a characterisﬁic aﬁpfoaqhes‘M. ‘Thus in
figure (1) it caﬁ be seen‘inaccuraciés,will be
~ introduced into the cglculafion at the low température end
'-of thé grid due to characteristic.(li) intersecting MN at -
quite a distance from M. | lA | |
o This effect was investigated by considering a simllar
-ﬁrdblem as the first, this time considering an energy,transfer
to the system wﬁich pxoducesia large temperature gradientiin.
- the éystem. |
- Hirst (29) has shown such a system can be represented

by :- | o K
b?-Pu_:* Ez bZP‘
o X

where C is a -F(?Q

The analytical solution to such an equation becomes
rather complex depending on the form & takes, Hirst has |
produced an analytlcal golution to the problem for a system
with an axial temperature gradient such that the change in the
‘ velocity of sound is linear.

ie A

E M Fog 2

where N = velocity of sound at X = 0

M= rate of change of veloclty of sound along tvhe pipe.
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- The system can be represented by the equation

- IR = (Mx+nY XR

ok ot
applying the same boundary conditions as for the adiabatic case
U;=0_’ L ok X=0

B=0 okt Xx:=La
for perfect reflection

then : ' ‘
R . T‘;_« enz/a ( % sm(g,z) +b cos(bz)‘) Sin(wi)

=£-——.
b

(MX+N)

. ‘ :
Wz =WN P, e“zh'vSIN(bZ) coslwt)
where _ .
ke L Y VL)
ke \[(4 _ )

 zad loae(MX 4+ 1)
BEE IAC A o
A . v
Pa is the pressure amnlitude at X = 0

. The resonant fréquencies are given by solving the following

equation by the Newton - Raphson iteration technique

M sin(bZ) + b oS(bZ.)= O
2

Figures (la~20) shows the cémparison of results produced by
the numérical solution to those ;brodu'ced by Hirst foi' the éonditions
shown, |

The AX used in the adiabatic case was used in determining

At.from

AL = |
AX CC +UD) ey

AX was found from

AXz (C+un) at
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where‘llNhis'anAeétimate of‘thexméximum veldcitylamplituae.

uN may’be variedfslightly to allow a whole numﬁer of sfepg
| lengths to be accommodated in the chéractéristic length of
’thé tube;: |

For the cémbﬂsti&n sysﬁém it was decided %o use the.

heasuﬁed feﬁperature gradient ih determining-A'X; .HﬁweVer,
the‘pxediéted steady state temperature gradient-éouid*equally,

well have heen useds
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-Measurement of High Gas Temperatures

In general the thermocouple“probe does not attain the same
'vtemperature as the hot gas. The gas is contained by solid’ walls and
]_there is a radiative energy exchange between these and the probe. The
probe usually radiates energy to cooler walls ‘and in the steady state -
' this‘is balanced by convective energy transfer from the gas to the
"probe, this means that the wire is at a lower temperature than the
gas.. The value of the temperature difference is called the radiation
correction. Because the radiation from the probe increases as the
fourth power of the probe temperature, thie correction increases veryv
sharply with temnerature. ConSLderation of the energy balance for
' the probe also shows that the magnitude of the correction decreases .
| with the size. of the probe.

' Assuming that the surrounding walls are black to radiation
from the wire and that radiant exchange between the wire and the gases

is negligible, the steady state energy equation can be writien as

follows :
c:l (K dT's‘) + ﬂ(T—Ts\ 46 CETs-“TW) O}
dx dx : d a

where T is the gas temperature, Ts the probe temperature and Tw the wall
temperature, Bradley et al (33 ) have produced a generalised temperature
profile associated with a simply supported fine wire thermocouﬁ1e~

figure (l b). The support &b A, because of radiative and conductive
‘energy losses, willbbe at a temperature below that of the gas and the

fine thermocouple wire. The profile at ABC shows the cooling effect

of thefsupport-by the conduction of heat along the wire; which becomes
‘negligibie at C. The profile CD shows the wire‘at a steady temperature, :
such that radiative energy loss to'the,cooiing surrounding walls is

balanced by convective energy gain from the gas.
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The h§t 5unction of the thermocouple formed by fusing'the'two éoﬁﬁohent wireé
together, has slightly é larger diameter than the two cémponent wires.
The increase'in diameter créates a relatively larger energy loss by
radiation than energy gain.by coﬁvéction and the junction temperature is
_ xlqwep:than that of the,adjoining-component_wires. .This_is_ghdwh by
3§oint E,'Brédley (33 ) has shown this effect to be negligible, The curve
'4I_FGHJ're§£esenté'the temperature for the other component wire¢ |
.When-théir is no thermal ébnduction along thg(wi:e'it_may bé
said to be at its semi-infinite equilibrium temperature Teo . |
The diffe;énce between this temperature and the gasvtemperatu#e is fhé
_ :adiation correction,  In this case the first term in equation (1)
. is zgiQ, hence s - | A |
i _&A_h'_'(-r-r.o\ - 46 (ETh-aTN =0
3 :

\

_for low wall 'temperafure the Ty term is negligible and so

Te To+6ET8 >
' Bradley has found the jﬁnction will only be cooled a few degreeér
by conduction along the fine wirélthermocouple. However, if the fine
wires are too short serious cooling of the hot junction can result;
For fhis investigation it was fouﬁd that increasing the length of the
wire past 22mm had no effect on temperature readings and so this length
was considered to be the correct value to eliminate conduction errors.
The iﬁportance‘of reliable values of emissivity now becomes
apparent. Unfortunately, there is a dearth of expe:imental data for -
. thermocouple materials at high temperatures., Another approach is to

"~ derive values of emissivity from electrical resistivity on the basis

of-elécﬁroﬂagnetic theory.
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DaViséon'and Weeks (34) gi?e_a théroetigai expression for the‘émissivipy
o Ve | o -
€: 0-751(TRe) - 0-632(TRe)+0-67(TRe) ~ 0:607(TRe)

iResistiVities'forbthe platinum - rhodium alloys can be estimdted from thé

 :daté presénted,by Wise and Vines (35),
' The heat transfer coefficient in equation (2) is determined from

the expression from Kromer quoted by Bradley (33).
: . o2 _ o5
Nu: 0-42 R + 057 P" R
It is frequéntly used in anemometry for cross flow to a wire,

Figure (2B) shows tyvical radiation correctionAdata for the -

thermocouple brobe used in this inveétigation.



119

casz
g

¥

o08)

k.1

5, BUALEIIIWIL KWNIYAINADS FLIMANI- W3S
_,o__o.v\ © o0z . oool  ©08 c09 ool

A _n_mwn._u, |

o9

Ui NOILSIUVeD Nouuaey JUALIUVSAHEL 509 .

_. w2

w

o

091
elor}

ol

e

NO1LY3VY0Y NAUBIQYY

2Gop



