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" ABSTRACT

This work examines the effect of longitudinal oscillations on
. the heat transfer in a naturally-aspirating, propane-fuelled combustor. o
Previous investigations in the field have been predominantly

_ experimental in nature, although theoretical studies of the effect of
"'oscillations on local heat transfer coefficients have bean made. " In.

this work & linearised wave equation, which governs the pronagation _

--of sound waves in & gas confined by a straight tube and exhibiting an

axial temperature variation, is used to correlate local heat transfer

f['coefficients by & quasi-steady-state umthod. An apparatus was .

-'_constructed, and measurements of the gas, wall and water temperatures
. and of the gas pressure amplitudes were taken in a concentric tube heat-'

T_”exchanger, which formed part of the resonating section.
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Section 1.

 SYMBOLS. AND - CONSTANTS

a I Hz s Qs ,B constants :

tlme-averaged veloclty of sound

speciflc heat at constant pressure

-speclflc heat at constant volume

amplltude of kinetic energy in osclllatlon

'-time—averaged kinetic énergy. of flow

’ frequeney

Graetsz number

- ;1ength'.

integer

rotatienal sPeed'

time—averaged Nusselt number in pulsatlng flow

)

Nusselt number in steady flow

pressure amplitude
tlme-averaged.pressure

pressure amplitude of Koshkin (37)

_working pressure of Koshkin (37)
Prandtl number | |
. Reynolds number

sound pressure level

velocity amplitude

time-averaged velocity."

“axial distance

wavelength

" ratio bf'cp/cv:
| density

.'pulsatlon energy attenuatlon factor of
Galltseysky et al. (38)

w/ex
C xI/xe K

- Hz

rev/minute

‘@B

n/s

/s

[,
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time

velocity

g
angular frequency .

5

- coﬁstant

.bulk modulus of air

velocity of sound at x = O
épedifid internal energy:
Eckert nﬁmber

local heat trensfer coefficient

_ Bessel_fUnctioﬁ of first kind - order n

thermal conductivity_

length

constant defined by equation 2,2,28
ness flowrate o

constant defined by equation 2.2.29

" pressurs.

préssure amplitude at x = 0 -

ﬁeat'transfer'

specific gas constant for air 0.2871

cod

Strpuhal numbér =

tempefature

.témpérature-af x=0

-~

_axial diSfance ,

function of x

. Bessel function of second Kind - order n
' _codrdinafe' - |
‘change of variable

. coordinate

e

“radian/s

N/m

/s

k3/ke

o
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axial displacement of pressure vave

~ .constant
" function of time
N -_wavelength:. |
. function |
 dynamic viscosity

- density

Section 3

'CL'_'

""_DEQ

: diamefer of aeredynamic valve

| damping ratio - | |
eenpecting iength for pressure transdﬁcer.
- mass flowrate of chamber coolant
-emass_flbwrate of properei

- mass.flowraﬁe of rater;_j

- pressure amplitude at eiée n'

regulated pressure of propane

_radius of connectlng tube

temperature of air at_s1te n

temperature of propane in flowmeter

eurface temperature at site n'_'
Tw;lN .ou_tlet-t'emperatere of water from injeetor
.l-T;hn. _tempereture of weter at site n -
34506, ‘axial _pesition of augmenter
'C&Zﬁ natural frequenqy- .
- Sectlon TR ':' L |

veloc:ty of sound -
equrvalent dlameter of annulus

diameter of aerodynamic valve

| ' ke/a

'kg/m. s

f_ radian/s.
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-'velocity amplltude of air

: dxameter of inner tube of heat éxchanger - A

frequency -

heat transfer coefficlent between alr and tube
surface :

heat transfer coefflcient between tube surface ,
" and water : ‘

thermal conductivitj of air
thermal conductivity of water

length

| length of heat:exchamger A'

mass flowrate of air through'resonating section
mass floWrate-cf propame | | |
'_wave numper- !_;;3',

“imteger_

pressure amplitude at point x .

maximum pressure amplltude

o combustlon chamber pressure amplitude

time~averaged Reynolds number of_alr flow -

Reymolds number'of water flow

-Strouhal.number

"surface area of section of heat exchanger A

temperature of air at point x
temperature of air at site-n--

mean air temperature in section

mean surface'temperature in section

mean water temperature in sectlon '

time—averaged velocity of air flow _f'

axial dlstanceil

density of air

dynamic uiscosity of air

- thermal efficiency -

-3

'_l-”lkE/m 8"
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_ 5
-:CLs -gravitationailecce;eration
c velocity of sound |
C. ~ capitance of connecting leads
hC:ie: " capitance cf.amplifier input
Y ._capitance:of microphone -

specific heat at canctant'pressure of air .

Sp601f10 heat at constant pressure of water

internal diameter of chamber lagglng

'-external dlameter of chamber 1agg1ng

diameter of inner tube of heat exchanger g

diameter'cf sheath

function of x L e

frequency

.constant in Newton;s Second Law

" mean heat transfer coefficient .

specific enthalpy of pure substance
convecficn heat transfer coefficient

radiation heat transfer coefficient

thermal conductivity of chamber lagging

thermal conductivity of sheath
immersion of thermocouple
length of'tube '

length of Heat exchsanger A

:1eng£h.of chamber 1agging
. mass flowrate.of.fluidl
massrfiowrate cf'air through resonefing secficn
hmass flowrate of air through Heat exchangers B & C
mass flowrate of chamber coolant

- mass flowrate of propane “'

/g X

kJ/kg: X



mass flowrate of water

- defined by-eQuation 6 = C.7

_Nusselt number based on tube diameter

pressure

ambient pressure

: referenceupressure - 1,01325 x.105

rate of heat transfer

rate of heat transfer through chamber 1agg1ng

-.: radial ordlnate
" radius of tube
* Reynolds mumber of flow- in tube

‘surface area of thermocouple bead

charge sensitivity of microphone

. voltage sensititity of microphone

connected sensitivity of microphone

mean sir temperature over length A3

~ connected air temperature

temperature recorded by thermocouple

‘ambient temperature

exheust gas temperature
outer. surface temperature of chamber lagglng

reference temperature_ 273,16

'_chamber surface temperature
'thickness of’sheath wall

'mean water temperature over length AXx

specific 1nterna1 energy of substance

rate of external work"
caxial distance along tube“

~e01d end of Heat exchanger A

hot end of Heat exchanger A

XJ/kg
W

-y .
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Y chaﬁgeiqf &arigble | o
- | elevation of 's.yst'e'm‘ ..above arbitrary datum | ‘ n
AW zate of change of enthalpy v

| [ 4}:{-’]% rate of increase of enthalpy of propane fuel in

: 1sowherma1 react:.on _ _ | W

| _ATW ._ ._change in water temperatufe over Ax | K_.'. -

.. Eg | B nbr;ﬁal total emissivity of bead |
'lagﬂ " normal total eﬁ_issﬁity of sheath - C o
o~ Stefan-Boltzmann constant 5.67 x 108 B o W/m’"' 4
e  density I I ‘ kg_/mg.
E time-;at'eraged density _' ' ) . o .kg:/mal
W ‘angular fre-quency - . e fadién/s

. thermal efficienc
Men slency
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M Tatroution

- This" work studies the effect of combustion—driven oscillations
on the process of heat transfer in a doubleuorifice pulsating combustor.
-Such a combustor consists of a combustion chamber, into which fuel and
air ere admitted, and a resonating_exhaust tube in which cOnvective
heat transfer occurs, When'in oneration; the predominent oscillations
occur in e stending,.longitudinel mode and are sustained by 8 |

" correctly-phased variation_in the rate of energy release in the

combustion chamber. The oscillations are regarded as stable when the .

pressure amplitude neither increases nor decreases, which indicates

- that the energy added -to the wave motion is exactly damped out by -

- viscous dissipation.- The adtantagee of constant volume over constant d-f

pressure combustion are generally held to-be increased volumetric
.conbustion.rate, increased combusion_efficiency and increased rete'of |
'i'convective heat transfer, the chief disadvantage being noiSe‘ Although
considerable interest has been shown in the pulsating combustor,. there'
- have been few commercial applications.n |

E One of the earliest observations of combustion—driven oscillations

. was recorded by Higgins (1) in 1777 when he found that & hydrogen

.diffusion flame, enclosed by a large tube (open at both ends), oscillated_

audibly-for certsin lengths of . the fuel supply line. In 1859 Reijke (2)

'reported an acoustically-driven oscillation in an air column when a
hot metal gauze was positioned one quarter of the way up a- vertical
open—ended tube. In 1883 Mallard and Le Chatelier (3) noticed that a
flame, propagating from the open to the closed end of a tube began to
oscillate with increasing violence until detonation occurred,

. In 1904 Lemale and Armengaud (4) built one of the first constant

\:fpressure gas turbines but obtained no external shaft power as the




2

-t -

output-Of the turbine eas-absarbed by'the compressor. Holzwarth (5)

recognised that the negative compression work had to be reduced and
A

. suggested +hat 8 constant volume combustion process should be employed

A number of patents were taken out - by Esnault~Pelterie in 1905 (6),
Karawodine, 1906 (7) Armengaud 1907 (8) and Marconnet 1910 (9).

Each of these degigns consisted principallv of a rigid volume with two
Kopenings, one for the injection of the combustible mixture and the
_'ether for the expulsion of the combustion products. In these |
valve-actuated ehambers, the constant-volume .combustion produoed a ,
.considerable pressure gain although this pressure could only be expanded
in the turbine with a poor efficiency, due to the variation in the
exhaust-gasfvelooity. : In the course of these early experimentl, it

'was observed that the transmission of energy from the intermittent flow

- of exhaust gases to “the cooled walls of the outlet tubes was very

: apparent and this led to the development of a steam boiler, the Velox,
by the Brown Boveri company. _ .
L In 1930 Schmidt (10) patented & pulsating combustion tube which

wag designed to thrust a column of air out of the open end by. means of

.. the: "rapidly repeated oombustion of fuel and air in small quantities"

- at the accoustically closed end. ' It vas this tube, 'Das Schmidt-Rohr'.
-that was later deVeloped by the Argus Engine COmpany to propel the

: 'Vergeltungswaffe - l' flying bomb, shown in Figure 1,1, Manganiello

(10) has reported that a replica of the propulsion unit developed up

j' to 520 kw at’ the operating frequency of 40 Hz. .

h In 1933 Reynst (ll) patented a cembustion chamber’ which consisted.

of a rigid volume w1th only one opening for the alternate passage of .

- fresh mixture and exhaust products. Reynst took out a further patent )

'.(12) in 1938, concerning an invention, based on his earlier patent to.
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-produce and transfer heat effioiently by means of a detonative

_.combustion process (see Figure 1. 2)._ o

-.l,; -Water[eir heating pg;sat;ng combgsto:s'- _ .

. In 1943 Reynst (13) reported work on a single-orifice combustor;
'3volumetric combustion rate was 17, 5 Mw/m at an operating frequency of
'_128 Hz, and the maximum rate of heat transfer was O, 28tv/h~ K for an
outlet water temperature of 50 C. An analysis of the.exhaust'gases

gave 13% 002, 1, 5% 0, and 0% Co, and the unit was said to be unpleasantly
-noisy. In 1948 Huber (14) began to market the 'Schwingfeuergerat'-
_this unit incorporated a two-orifice combustor, fuelled by petrol at

first, but by naturel gas after 1950, . The device was intended to o

"_.preheat the cooling water of internal combustion engines prior to

starting in cold weather, and wae reted at 5 8 kw. Huber later
*.developed the_'Schwing Calor' air-heater for the heating of temporary
| shelters and more recently, a continuous-flow water heater (Figure 1. 3)

. in conjunction with the Junkers Company.. This unit comprised a peir

. of twc-orifice pulsating combustors coupled at their inlet ends. Each_

. chamber (Figure 1.4) worked alternately, the fuel'was drawn from a
common chamber into a mixing tube and the resultant mixture passed
into the combustion chamber via a funnel and burned explosively. The
comoustion-driven oscillations occurred first in one chamber and then
the other, and most of the hot gases were expelled through-the heat

* exchangers at the end of the combustion chambers into the pulsation |
tubes.. A small propoxrtion of the hot gases were forced back through -

the mixing tube, due to the relatively low resistance to flow in the

'--_inlet tubes; these were connected to restrict this back-flow.  The

.’operating frequency of the heeter was 130 Hz on town gas, and 122 Hz
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~ with propane, due to the different temperature profile, snd it wes

‘rated at 23,2 kW,

Another commercial application of pulsating combustion has been

' to central heating. The 'Pulsamatic'_(see'Figure 1.5) was developed

R -in Canada and was rated at 30 kW, This boller was invettigated by

Alebon et al (15) with a view to improving the method of silencing.
They found that the volumetric combustion rate was 44 5 Mw/m at an
‘operating frequency of T0 Hz, the overall rate of heat transfer was -
58.6 kw/m , and an enhaust gas analyeis‘gave 8.56% 002, 3,06% 0, and
0.0% CO.‘. The-ovenali thermal efficiency of the unit varied'between
87% and 93% and the water outlet temperature varied between 32°C and
95°C._,'The,authors managed o neduce the noise output from the device
- from 107 dB to 68 dB. A notable feature was that physically it was
'smaller than designs for steady combustion of a simllar rating.
However, it was noted by Bottoms (16) that the CO content in the éxhanst '
_ygases increased when ‘the unit was operated at less than its maximum
-rating. _ _. | _ _
f__In 1963-Fnancis et.el (17’ reponted a preliminary study'by tneiGas

HCOnncii on.pnlsating combustors to assess their uee in industny,
Npantioularly for heating water and air. Two types of.combuetor were
examined -i'Schmidt' and 'Helﬁholtz' (see Figure 1,6) - nene examined
for quality of combustion, thermal efficienoy and stability of operation.
| The dimensions of these units were typically of 50-75 mm, internal
- diameter and between 2.1 mand 3.3 m long, and were fired by natural
gaes; bbtn'aerodynamic and mecnanical values were studied for.their
eifect-onjperfornqnce. Tne anthors_eoncluded that the combustion in |

- their devices was efficient;'provided that |
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.a) multiple gae Jets were used to echieve a uniform air/fuel -
mixture~ ' |
:b) the fuel flowrate was not excessive;
_.c) the combuetore were 'well-tuned' |
'The authors found that extending ‘the exhaust tube of the combuetor
“moved the prelsure anti-node of the acoustic oscillation away from the :
-'flame, thus adversely affecting the stability of the oscillation.
This observation wag explained by ‘the criterion of Rayleigh (18).
'Their correlation between thie expression and experiment was not
conclusive and it was recommended that more attention ehould be paid
te the effect of the inlet valve section on combuetor frequency and to
the effect of axial temperature gradients on exhauet pipe frequency.
Further work by the Gas Council has been reported by Reay (20).
It was found that the thermal efficienciee of the combuetcre ranged
~ between 70% and-BO%, and the noise levels of 125 dB from the uneilenced
etate could be reduced to approximately 80 dB using Burgess 'straight-
_through"abeorption eilencers. It was also found that the thermal.
i-effioienciee under pulsating flow conditione were from 30% to 50% higher
than those predicted thecretically for steady flow.._ The equation used
by Reay for this comparison assumed that the heat transfer in the
.?combultors wae predominantly convective, and it is ppesible that
negiecting radiation led to slightly low values of the steady combustion |
. efficiency. It wae'ebserved‘that no fully eatiefactory design -
.procedure for these units had_yet been evolved and that the effect-of
the many parametere on.combustion stability was not clear, _
B _in 1967 Muller (19)_reported the development of-a resonant
.combuetion heater for drying applications.. Simple acouetic theory was

~used to deeign two combuetore, one of the Helmholtz type and the other
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‘of & mixture of Helmholtz and Schmidt types. . Both units developed
7i_fapproximate1y 90 kW of LPG; the'tolumetric combustion rette of ithe i
'lfirst was 71'MW/m3'at a'frequency of 153 Hz (estimated), and that of

the second was 150 MW/m at a frequency of 210 Hz. Muller made use

of augmenters (see Figure 1.7 to inorease the quantity of air pumped

by his combustors, and noted that the length of the augmenter had an
'important influence on performance and had to be Such that its natural
_ frequency was some multiple of the oombustor frequency.

In 1971 Briffa et al. (21) reported wcrk on both Schmidt and

Helmholtz type combustors (Figure 1.8) which. were fuelled by a_mixture'f

p of methene and air injected into short_inlet tubes. The aims of-the :

- study were to examine methods of'noise'suppression. It was concluded
':'that some reduction in noise was obtained by coupling the exhausts of

two identical pulsating combustors and that reductions of up to 30 dB

'were attained when the coupled units operated in opposed phase and

produced identical pressure waveforms. : It was also noted that the

'”u__Schmidt combustors gave a smoother and more ‘sinusoidal - pressure wave

-than the Helmholtx combustors and were thue more suitable for. the

'“_'method of . anti-phase silencing.

2 llsat n combus jors in steam generati ant _ _ _
In 1948 Reynst (22) advocated the use of pulsating combustion
in Loiler furnaces fired by pulverized solid fuels to increase the
volumetric combustion rate. B This idea was pursued by Sommers 1954
(23) who reported the oonversion of a tube boiler to pulsating

combustion. Preliminary experiments were undertaken on & double~ -

{orifice combustor fitted with a. mechanical valve, It was found that

qnwhen the oombustor was water-cooled it would operate only with an g
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Eapproximately stoichiometric mirture, whereas, when the combustor was'

| either uncooled or lagged and supplied with pre-heated air, the
'_t'mixture ratio could be varied widely. It was noted that the
.:combustion-drivenloscillations ceased when the maximum temperature in
' the combustion chamber fell ‘below 1200° C. ; Sommers estimated that the
-amplitude of ‘the oscillations~was approximately 0. 65m by extrapolating_."
'ythe slope of the temperature distributions (Pigure 1. 9) in the
':combustor towards the open end. _
"'Sommers carried out a study of the effect of tube shape and type
B of inlet valve on the intensity of pulsation, and a wide range of
'configurations were- tested. The results for the work on aerodynamic
?valves .are summarized in Figure 1 10._ Configuration A was found- to

.]present the most resistance to back-flow through the inlet valve and

'to inflow at the exhaust end- - whereas configuration B proved to be

o the best shape for complete combustion, particularly if the combustion :

'.chamber was maintained at a high temperature.
= Sommers finally installed a double-orifice combustor, deve10ped
_from the earlier work, in a tube boiler (see Figure 1.11), lhe
maximum volumetric_combustion rate_attained was.21MWIm 'at a coal
'-fconsumption'rate.of 1900kg/h'and-an operating frequency of 35Hz. ‘The
fsvolumetric combustion rate was estimated to be several times that of a
- contemporary cyclone burner. Sommers concluded that attention to. the
'h;“design of both the aerodynamic valve &and the pulsating tube would |
.improve performance. ' | |

In 1965 Babkin (24) reported a project similar to that of - Sommers.

'..; The investigation into pulsating combustion had been undertaken in

' .f1958 with the purpose of intensifying combustion and heat -transfer in

"tthe furnaces of steam boilers.._ A ‘preliminary study was_made-oﬂ-the
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tmo types oi valve - mechanical (flap'and rotaryl and aerbdynamic"'
' (see Figure'l.12). ' Tests showed that intense pulsating combustion
‘and seli-aspiration were easily obtained in chambers fitted with flap '
valves but these suffered from fatigue failure. Rotary valves were
: tested but they were found to be impractical for- chambers of more than
15 MW. rating._ Aerodynamic valves were then-studied, and it wasufound '
jthat: | B l i. _" | R

'a)'the ability of the_pulsating-combustion-chamber to self-aspirate -
was'sharply.diminished when'air'preheat was.introduced. '

b) the pressure amplitude of the oscillations increased when the
l_inlet pipe length was. increased but beyond a critical length the
oscillations would break down-
| c) the oscillations ceased if the aerodynamic valve was conneoted
to any inlet duct, even of much greater cross-section. :

_ The design of the aerodynamic valve used in the investigation is-
-'shown in Figure 1 13, it oonsisted of a. hemi-Spherical stabilizer,
telescopic connecting piece through which the fuel oil was fed and
turoidal shield, It was found that combustion of heavy fuel oils was -
'particularly efficient-in-chambers fitted with such a valve which did
.not'completely prevent baek-flow:and thus permitted & certain amplitudel
‘of flame movement in thelregion of -the fuel injector. In 1960 a - |
'doucle-tube counter-phase pulsating combustion unit was installed in
a steam boiler (see Figure 1.14 and A in Table l.A). On the basis of ‘
_ measurements taken from this apparatus, a ‘further unit -was designed ”
:and installed in another boiler (see Figure l 15 and B in Table 1.,4) in |
| 1963. Both furnaces were fired by fuel oil. It is apparent from o

- Table l.A that the volumetrio combustion rate ‘of B was less than half
'that of Av |
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ﬂ"mable 1,A Fugnaces of Babkin

.-PULSATING.COMBUSTION FURNACE A B
Total rate of oil consumption 1500 4200 kg/h
Frequency of’oScillations - 68 -r 31 | | Hz |
' Pressure amplitude of ' - - _ -. - 2
. oscillations . 30 15 ~ kN/m
,Volumetric combustion-rate 18,6 Te2- - 'MW/mjﬁ'

In 1968 Hanby and Brown (25) reported an investigation into a

pulsating combustor fired by pulverized coal. . A full-scale perSpex

-~_'mode1 of the combustor design was used to study ‘the effect of various

deSigns of fuel injectors on the mixing process. The flows of air
 through the inlet pipe and of fuel through the injectors were modelled
by water and by chemical tracer reSpectively. . The quality of the
'injection process was then assessed by sampling the mixture at a number
of points in the combustor model. The final design (Pigure 1, 16),
which was similar to that of Sommers, was constructed in steel the . |
'combuetion chamber and first part of the exhaust tube being lined w1th _
| refractory material. It was found that the volumetric combustion rate

was 8,3 MW/m on a coal consumption of 23 kg/h. at an operation

1lffrequency of 75 Hz., and the gas temperature distribution in the

.'combustor is shown in Figure 1.17. It is interesting to note that

the. sharp change in gas temperature gradient observed by Sommers near '
the Open end of his early combustor . (see Figure 1. 9) is not evident here.
_The combustor of Sommers operated at pressure amplitudes up to 100 kN/m

'while that of Hanby and Brown attained a maximum of 12,5 kN/m .
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-Therefore the reverse: flow of cool air up the exhaust tube occurred
to a far greater extent in the combustor of Sommers than in that of
. Hanby and Brown, and this perhaps explains the difference in shape

- of. the gas temperature distributions in “the two combu-tors. Hanby

o and Brown finally measured a noise level of 80 dB. near their furnace

and concluded that oonsiderable work on this aspect of pulsating
oombustion was necessary before an industrlal use of the process could |

be envisaged.

de3 Eeat transfeg in unsteadx'flow. _

The subject of heat transfer in unsteady flow has received
considerable attention since the work of Martinelli and Boelter (26)
'_in 1938. They found that the rate of heat transfer increased with
R inoreasing amplitude of vibration beyond a critical value of Reynolds
number of approximately 1000. - _ | .

In 1943 Martinelli et al, (27) measured heat transfer between
condensing steam and water flowing in a verticeal concentric-tube heat
exohanger. The.data for the_heat transfer coefficients in steady-flow
h mereiobtained'using -3 centrifugel pump, and those'for'periedic flow,
using a reciprocating pump. : _ | -

-The'oscillating flow was not-striCtly sinusoinal., Keeping the
- stroke of the-reciprocating-pumb constant and yerying the rotational
speed' N, in the range 13 ﬁ 265 r.p.m., enabled the periodic heat' _
o transfer to be examined over the range oi’ frequency, f 0 22 (f (44 2 Hz..

j and over 'the periodic Reynolds number'; Re, range of 2660<:Re<(77300.

- The experiments showed that frequency per se had 1little effect on

_-Nuselt number and that the velooity emplitude was the main parameter...

'__The rcsults were correlated by the quasi-steady-stete method (see



.-1Sectioni2.4.2),'previously used hy~Schultz-Grunow (28) and Estel (29).
In 1959 Jackson ot al, (30) reported an experimental study of

; the effect of acoustic vibrations on the heat transfer of air flowing
through a vertical brass tube 95 mm, intermal diameter by 1 5 m, long.
The- wall temperature of the tube was maintained at a constant
utemperature by the condensation of saturated steam at atmospheric-
~pressure onto its outer surface. _ Heat transfer coefficients were
deduced from the quantity of condensate collected by ten collecting
cups, equally spaced down the tube, The working fluid, air, was
'passed through the test section from a plenum chamber by a centrifugal -
'fan and was excited by a horn at.the lomer end of the tube, the gound
'pressure'level being measured at the mouth'of the tuhe'in.the plenum |
chamber; Results were presented for Reynolds number of 2300 over a .
.range of sound pressure level 108 {SPL (138 dB., at a frequency ef
.'520 Hz., the third harmonic of the tube under the experimental o
conditions... It was found that the sound pressure level had little -
~effect upon the heat transfer up to 118 dB,, above which the effect

- was quite marked., This is evident from Figure 1.18, where.the

distribution of the ratio:

Nw,. - time-averaged Nusselt number'in pulsating flow

- N :
o N

steady state Nueselt number '

.against axial’ diSplacement has been replotted for two sound pressure
.levels 118 dB. and 129 dB,, from the data of Jackson. The ratio
.quiL‘ rises to a maximum of 1.8 at x/1L = 0, 3, correspcnding to the.i
-position of & velocity antinode, and thereafter diminishes approximately

linearly, the overall effect being one of an improvement in the heat



A

VA ‘va . WA . VA

© 129 48 . | '
"+ 118 dB Q\

1-22. = 2300
f = 520 Ha

TN

T AL ’ L] v 4 x
—— %

o.s‘ ’ 1'0

AxianL DisTANCE

FIGLORE |.,19 : GRAPH OF NUSSELT NOUOMRER,

RATIO AGAINST DISTANCE FRoM

bPFl‘A OF THC-KSON E'T" AL




22

'transfer;- The authors sought e relationship between the Nusselt
number at any cross-section of the tube and the sound pressure level,

‘as measured by the microphone and gave:

N"JP” z 2os_2. _.sxp(sm./eq-s') Gz

.. (ﬁé)o.zg.l .. . ': 1.3..1. -

' :-whichlwas claimed to be val:l.d within 1'25% for SPL>118 dB. Using
further data for resonant-frequencies of'125, 250 and 2000 Hz. obtained
. under otherwise similar conditions, a further empirical relationship,
incorporating a frequency term, was given. .

: 57 exp(sw-/m's) /_Grzx 10
lwrrs T
which was valid within *'16% if the data for. 125 Hz. were ignored.-
l'The authors concluded that it was difficult to separate the effect of
"'frequency upon heat transfer from that of sound pressure level an
"observation also made by Martinelli. | | _
In 1961 Zartmann and Churchill (31) reported an investigation into
the effect of combustion-driven oscillations on the local heat tranSfer
' coefficients in a water-cooled cylindrical burner, 125 mm. internal
diameter ano O 68 m, long. Preliminary studies (32) had shown that
" intense longitudinal and transverse oscillations could be attained in
' such a tube'over the range of flow, Re = 5000 to 20000, The frequency
_of the 1ongitudina1 oscillations in the water-cooled burner was found
.'.to-be 350 Hz, and that of the .transverse oscillations ‘to be 4000 Hz.
The combustion was stabilized by & bluff-body flame-holder, upstream

.of which was sited a microphone to measure the sound pressure level,
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This was found to be 130 dB. in the absence of oscillations, and to
vary from 148 to 155 dB with oscillations. From measurepents of the
local heat transfer coefficient with and without oscillations, the
fauthors obtained a linear correlation between.ﬁdltand P of the form‘
' _/\1& s H P + B
e. where.ATand B”are conStants;-'_This result was consistent with that
of Harrje (33) who also observed a linear increase in forced'ccnuection
heat trensfer with pressure smplitude. |
In 1965 Jackson and Purdy (34) reported a study of the performance :

-of & simple convective heat exchanger under the influence of acoustic :
. ,oscillations.. The apparatus was similarly constructed to that of-(BQ),
. except'that it was sited horizontally;: Air.was passed through'a
| copper tube, 98 mwm, internal diameter by 3 O mnm, long, the walls of
:-'which were maintained at a constant temperature. The sound field was
.. introduced by & horn placed at the exit of the tube, and the sound L

' pressure level could be measured at any cross-section by a microphone.
mounted on & rod inserted into the tube from the upstream end., Heat
"transfer coefficients were deduced from the euantity of condensate
'cooled over lengths of, 153 mm,, and the range of experimentel conditions

was ‘2000 (Re < 200 600 and 0(SPL<163 dB. Results were presented

o for Re = 2100, 16,000 and 49 690 for the sound pressure level range of

152 %o 163 dB., and three of the tests have been replotted in Figure

_1 19, which again shows the varietion of the ratio AEﬁP— with axial
w

-displacement ?Si.. It is evident from the graph that, except for

= 49, 690 the maximum values of ﬁbﬁg_ occur at the velocity antinodes,



. that the maxima of NUB  £or Re = 2100 decrease along the tube, end
that the effect of the oscillations at Re = 16000 and 49,690 is -
considerably less than at Re = 2100, The authors correlated the

;rat16‘YE$> ~with axial position in the tube using the relationships
Nw - S :

o given in Table 1,B.

Qable-l.B:.go;relat;ogs of Jackson anQ_Pugdx

% N
2100 {1 + Ps (A 1 cos "( 2mx cos?(wt)| "
P*O-lb7 J) a2 , A
- A \O'8 | o4
16000 R ?:.‘) [l.-"' cos( 4Wx ]
- 2 “ : ( | ) S )

where Al_A2 A3 are constants,

It is interesting to note that, apart from the transcendental terms,

$

the ratio Yo oceurs in each equation, This ratio signifies

‘velocify amplitudé of the osciiiation

mean flow velocity

’

- at any §ross-section of the tube,_ﬁnd, for{;n acoﬁstig oscillation in
an isothermﬁl gaé, varies sinusiodaily in amplitudélglong t?e'tube.
Erom'the'information provided in the paper,-the va1ues of Eégt at
the velocity antinodes have been caloulated and are given in Table 1.C.,
tbgethefuwith the.corresponding'meap &alues of h!:fg,jo
_ ' _ o ' T TNw
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Table 1,C Calculated 14-fgom Jackson &nd Purdy

&

Re @}«' ﬁ/_

Nw : w
200 | 374 26.3
16000 | . 1.6 3.5
49690 | owr BEWY

-Table 1.C has been plotted in Figure 1,20 and may be.seen to be
'approximately linear, although it is unfortunate that there is a lack

 of data in the range 6(/ < 22, '.[‘he equation of the line is: .

A o S o '_f
ri‘f?— = 0.72 + 0114’71.; 133

X

It may be:egncluded tentatitely.from.these estimates thet at an&

' cross-section of the tube, the heat transfer coefficient is linearly

.'dependent on the dimensionless velocity amplitude. In this paper,
Jackson and Purdy regarded_the flow of air through the tube at Re = 2100
asllaminar, which is a questionable assunption. The transition from
- the laminar to the turbulent regime has been'studied.by Miller and
B Fejer (35) who examined the'flow of air over a flat plate.under tne
l influence-of oscillations produced by a set ot rotating butterfly valves,
The frequency of the oscillations could be varied from 4 to 125 Hz.,

and the range of dimensionless veloeity amplitude was O, 585( & < 0. 667.
. The value of the transitional Reynolds number was found’ to be 954,000
under steady flow conditions but, under the influence of the oscillations,

it varied from only 350,000 to 200,000 and was independent of frequency._
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_'These'results are not direetly eppllcable to:flow througnztubes,”ae
' the Reynolds numbers arefnased'on length, but the uork'inddcates.thet
the onset of transition is edv&nced bydmacroscopic oscillqtions ina
flow and that the transitional'Reynolds number decreased with increasing
'dimensionlees_velocity amplltude. In 1964 Purdy-et al, (36) repdrted
‘& theoretical examination of the effect of oscillations on laminar |
flow:and supported their hynothesis of 'standing vortices' uith a
visualization study, using a smoke-filled transparent tube., It ie
.notable that in these experiments, the flow did not exceed a Reynolds
: number of 478, Furthermore, Martinelll_and Boelter (26) observed
that the rete of heat transfer increased_with.increasing velocity
amplitude only when a Reynolds numbexr of 1000 was exoeeded. 'This"
. worker feels that, for moderate values of Reynolds number and of
g dimensionless.telocity amplitude; an approximate eetimate of the

transition from.the-laminar to the-turbulent regime in osecillating
£1low through a tube may be gained by coneideration'of_the instentaneous'
.ﬁeynolds number; if, at any 1nstant during'the cycle of oscillation,'
g the instantaneous Reynolds number approaches 2000, then the flow may
_be regarded as on the point of transition._ _ \

In 1966 Koshkin et al.. (37) reported a study of'time-averaged
" heat transfer rates in an acoustically-closed tube for a wide range
of ekperimental conditions. The apparatus consisted of a stainless' _
.steel tube, 5, 4 mm, internal diameter by 1.2 mm. long, which was heated __'
-by passing low voltage alternating current through its length,
Ambient air was passed through the tube at pressures between 5 to 20
_bax for Reynolds numbers.of 10,000 and.loo,ooo and was excited by‘a

,rotating valve at the resonant frequencies of the tube, 90, 180, 270




.117'

o

360 and 450 Hz, The pressure amplitude was expressed as a fraction

of the working pressure, and the range studied was O Ol<§ <: 0 25.

HThe flow was claimed to be hydrodynamically developed at the'entrance '

to the test section., The results of the work showed that the maxima

of Nﬁﬂ occurred at the velocity antinodes, as is- evident in
Figure,l.zl. For this range of Reynolds numbers, the evidence _

conflicts with.that.of.Jackson and Purdy (Figure 1,19), although'the

| frequencies of the two sets of data, 270 and 222 Hz. reSpectivelv, are

not dissimilar, It is possible that the ratioqﬁﬂ' in the work of

_ Koshkin et al was far greater than in the case of Jackson (see Table

1., C) but due to the method of presentation of the experimental

conditions, the values of ,4- in the Ruesian work remain obscure and

- further comparison is of dubious. value. Koshkin et al. made en
'_analysis of the’ effects of the oscillations on heat transfer in their

' apparatus and proposed that the ratio % was prOportional to E/- ’

Nw o E
given by: _ ‘ . _ .
o~ - L o -
_ j;_ = amplitude of kinetic energy in oscillation
. E_

- mean kinetic ensrgv of flow

' The analysis took into account energy dissipation down the tube and

also considered the non—isothermal effects in the flow, Due to the

temperature gradient in the tube, the velocity of sound was regarded '

_as & function of axial distance, and thus mean velocity of sound was

given by:

s L fecaa= s,
_ : =, y o | : .
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K
| "It wasg concluded that for any value of% the distribution of N.TS—'
| along the tube followed that of /E closely, but due to.the methodu
used to normelize coefficients, again it is difficult to pursue the
analyses further. N o B
In 1967 Galit_sey_sky.et' ai. (38) reported & 'stu:dy-of the effect
of. long:i_.fudinal oseillatlonson heat _transfe_r in a tube when the '
dr:tylng fr_eqoen_cy was .di'spla;_ced -from resonencé. The apparatus and
: expefimental conditions were-?ery Siﬁilar to those of Koshkin (37).
except that the tube diameter was 9. 7 mm, and the frequency range 45
to 135 I_Iz. : The experiments showed that the maximum value of 'Lﬂ-
occuri-ed et 90 Hz,, the :fundamental of the tube, and that at the Nw
' .exfreme anti.-resonant freque'ncies of 4_5 .and 135 Hz., the heat t_ransl’er
data _com_paredvclosely with the steady state Yalues._ ' T!le' authors made.
'_ a_n' enalyses irl .fhis paper of the non-isothermal and disslpation effects
in the tube., The velocity of sound, c, was, as before, regarded as &
function of the ad:_ial co-ordlnate', x, end, by 'intro'ducin.g-a change of.
frariab_le, q*, ehe acoustic wave equation wes re-egpressedz
azA(gu) = B‘A(gu) o
e T ™
wﬁere ?/ = dx L
o cL:c) A
E.

'.Then, by assuming a perfect gas, the distribution of é in the tube

- was obtained

E_—. = (AP) 1 Sim (n_rr ‘_7}) : o
_E' Zp P lax | | 3’? 1436
R -

'where ‘L/’%‘_ represented_ a further change of variable to permit the



1.Tana1ysis of resonant frequencies. This expression, 1.3,6, was
: exoanded to'the case of non-isothermal flovw of a viscous gas by
:assuming that the kinetic energy of tho oscillations attenuated

‘.exponentially along the tube-
'ﬁ- 2

£ .,,,(f‘-_"z (4% S*“(""’Z;) .

Where ZéT was the pulsation energy attenuation factor.

In 1968 Hanby (39) reported an experimental investigation of
the.effect of oombustion-driven oscillations on convective heat -
“transfer. The apparatus consisgted of a stainless steel'tube, 51 mm.
.internal_diameter by 1.9 m.'long. which was water cooled for most of

L4 o
its length. Propane and air were injected under pressure at one end

' hf_of the_tube, which,.being thus constricted, behaved as an acoustically-

"closed end. - Two- water-cooled cylinders with adjustable pistons were
attached to.the main tube at the closed end, so that the amplitude of
the oscillations could be controlled. The local heat transfer

coefficients were measured directly at five pointl along the +ube by
means of & heat flux transducer. : Results were obtained_for Reynolds

-numbers of 6000 to 16,000, and, from the data. provided,ﬁifaaf has
n

been plotted against x'/L in Figure l 22. - It is evident that these

o :results are in accord with those of Jackson and Purdy in Figure 1.19

”;over this range of Reynolds numbers._ ‘The maximum of 5&%5* occurs in
,:the region of the velocity antinode at the open end of th;Atube, and |
the minimum near the combustion zone, & velocity node. In these .
experiments,-the pressure amplitude was found to vary approximately

.Sinusoidally along the tube, .from & maximum of 38 kN/m2 (186 aB,) to
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| zero.et the Iepen ”end. _This level is greafly' in excess of those
. found in ‘the apparatus oi’IJeckson et al. (30) or Jackson and. Purdy
'.(3;1)'._ -.'-I.{anb'y used acoustic relationships, ‘nased 'on the 'one-dimensional
- wave equation, to derive an expression :t’or the dimensionless velocity .

- amplitude-
1,3.8

“An anallysis of the effect of the oscillations on heat transfer was
made, -nsing' the quasi-steady state approach (see Section 2.4.2); then,
by 'as_suming that the 'gas particle veloeity in an aconstic wave

- superimposed on a mean flow tcould be represented by:

w s U (I + M cos wt) L
. T W ' : - 1.3.9
it"was shown tha_t.-l . _ _
Ny e L f(l” B eos m/) et
N -,1,-"-_ ) W 1.3.10

-__The-resnlt"of a .numerical integration of 1.3.10: is sh'own in Fig\ire 2.6,.. |
_'and Hanby found that his experimental data fitted this- curve to a . _
' standard deviation oftS% over. ‘the range of possible values 0. 5(/ <4 8; :
This graph 2.6, is very similar to that of Figure 1. 20 as both show ' . |
an approximately linear increase in N/u,s‘ with. /- greater that l O, |

_ W o
but the slopes are not the same, being O 3‘77 and 0 114 reSpectively. .



_ ;;& 'A;ms of the Investigation

The review of previous work revealed that studies of the _'

-~effect of ]ongitudinal oscillations on local heat transfer -

': coefficients using sirens and microphones were reasonably numerous, -
Also there existed a number of investigations into pulsating combustors

.'of various designs. The only studies of local hesat transfer ;

coefficients in pulsating combustors were thcse of Hanby and Reay,

'who used a clcsed-open organ pipe and flap-valves respectively. It

"_ simplified analysis of the flow capacity of the aerodynamic valve.

was decided to study a pulsating combustor with an aerodynamic valve,
and to measure local heat transfer coefficients between the hot

combusted gases and-the heat exchanger wall; The results of this

could he corgelated in a similar manner'to that used:by'Hanby, whosge

work indicated a dependence of 'J%?ﬂ on the lccal dimensionless
. Vi . S

-fii velocity amplitude,2¢1::'. As Hanbyﬁhad ignored.non-isothermal

W

..effects, it was . decided to make an analysis the propagation of sound
.waves through a gas exhibiting a severe temperature gradient in one B
-direction. Due to the complexity of operation of combustors with
-'aerodynamic valves, it was hoped 1o make a contribution to the under-

”pstanding of.the subject. Finally, it was decided to attempt a.

-



2,1 Acoustic Wave E uation - Isothermal Fluid'

The aooustie wave equation for plane waves of small waves of
o small amplitude prOpagating through an isothermal oompressible fluid

:l.s .; a—ﬁl g'.f— éf,}

"The eolutions to this equa+ion for the case of standing waves in a

' straight rigid duct of large L'/d s closed at x = 0 and open at x = L,

T;are-

& -sih(wtt s;;;(o%ac)-

Joe,) 5

¥ & >

@_(_sc,telz zg— $im (_‘?"t 'PI) ““(%Z‘) | 2.3 |

f, 84« (wt) cos ( ‘*’”)

-r:ch)t)

2.1.4

R (2“ =) mel2,3...
24 o |

2.1.5

The boundary conditions and co-ordinates for this system are shown in

.Figure 2,1,

'2,2 Acoustio Wave Eguatiog - Exponent;al variet;on of Fluid Temperature .
| Now consider the prOpagation of plane waves of small amplitude
through ] compressible fluid which as before, is confined in a
straight, rigid duct of large . ’ZL but whose temperature varies
exponentially along it, as shown in Figure 2.2, For a perfect gas, : 1
.'the velocity of sound is & function of the absolute temperature only._.

: j:Therefore, if the variation in the fluid temperature is. written-

~}7,{._'é fz;.ei-ilocso .

C 2,201
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" the’ var:l:ation in the velocity 6f sound becomes:
- o< 5¢. --

e & € 2,2,2

The wave egquation 2,1,1 may 'b_e solved with ¢ now being a function of"x.

putting:.' - e
3 (x,¢t) = X(x) () o o .. . 2,2,3
- and eparatiﬁg variables; 2.1.1 bécomes: _

e X . .9@. =—w® o

o where.-w. :!_.sl the separatio_n"constant_. Thus

B w o f =
0 + 6 =0 S 2

” . o
- and . X - L X=0 - o 2.2,6
' "l‘he solution ‘to equation 2.2.5 i8:

IR H sim (wt + f—) 2,27
. where A and £ are consténts. Sﬁbstituti-gn of 2.2,2 into equation
2.2.6 yields: | |

Lxx.

X.// + /\‘l X =O‘

. 2.2,8
where )\ = 2.2.9

%
Now pu’tfir_xg. 2 = /\/ 'e_"‘"‘ ' o : . 262610



_ "'related by

.from Figure 24 1 yields reSpectively- 8

. and Mls,-(z.’.) + N' x (’Z.l.) E
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 end substituting into equation 2.2.8 gives:

drX + L 0_954-)( S :
dz“ % ds ' ._-- "ff-%§Pj

provided that 0(.# (o .. Equation 2 2,11 is Bessel'e Function of the

Second Kind and the general solution is: _
X(,Z') = M, JZCE’) + N, Y°C'Z) ' | 2.2.12

where M and N are cdntants. Thus the general solution to 2.1.1_fer

an exponential variation in the velocity of sound is, from 2,2,.3:

O s MTE N A ) s

‘Noting“that the_ d_iSplacement and pressure in an acoustic__wave are

peomi

2.2@14

' where Bg is the adiabatic bulk modulus of elasticity of the fluid and

is independent of temperature, the variation in pressure may be obtained- '

rcx,t) . - [M 5@ + N, Y(z)} AAE B, ot +ip 215

Applioetion of the boundary conditioue:
(e'@ s O

?CL €) £ O

and

| Cz'o) + 'Nl Yn 'C*o_)

o
0

2.2.16

"
Q

'212017'.



Cmere Ee= M. roas
L m :Ae, S 2239 L
%

B The equations 2 2,16 and 2 2 17 must be solved simultaneously for /\

f(x) T(L,\)}’(a/\) T(W\)VCM) o 2.2.20

o _ ( o8¢ b | .
© " where ' 'a'_' = °‘ e o S 2_.2.21_ |

The Newton-Raphson method may be- used to find the zeroee of ‘f(/\)

and is of the form

A - fcm

M|
S - f(/\ m)
' 'where :F C/\) is given by: '
Foy ==k {o»YCAA)[J' (aN) - (w\)}
ot N'(M)[-lw»] L% (N[-2.5 (o0 2.2.2
AT N NEN - @]

2,2,23

h _The particular solutions to the wave equation 2,1.,1 for an exponential

o ..'wh.er.e. M - ' ._YOCE)

variation in the velocity of sound are, therefore

K C:c,t') .t._?'—"- $in th) {M; CE) +N, Y Ci')} 2.2,25

2,2,26

| u(x,t) 2__ %(wt J’){M J"(a) +NM Yo (a)}
| 'P(x,t) T, s-m(wt) {M,JI\(%) + _N, X(%)} 2.2.27

2228

[:r (%,)7(%, - T (=) Y, (%,)J
| N | T(z) N 2229___' B
[T C‘&,) " C%.) TC’*:) A (%0)1




40

: '2“,.2 .Gen‘eral- 'Wave Eguation - A.rbi.. trary Varietion in 2. uid ‘l‘emgerature
Consider now & flow of hot. gas through a smooth horizontal tube,
hthe hot end of which behaves as though acoustically closed and the
cold end of which es though acoustically open (see Figure 2 3). As
convective heat transfer ocours between the hot gas and the externally-
cooled wall of the tube, the temperature of the gas falls in the
'direotion of-flou ee ehown in figure 2.2, Therefore, the time-averaged

-temperature;7‘, may be regarded as a function of x:

' and, as the problem is effectively one-dimensionel, changes in the y
'and z directione may be ignored, Consider the elemental conirol volume -
Cin Figure 2.4, equating the rate’ of increase of mass within the control .

UVOlume with the rate of efflux minus the rate of influx yields:

5 %!; Sx 5‘3 5% (e + -a-? b‘x)(u + a“Sx) Sja';-eusyé';

-Ignoring.quadretic terms, the coneervation-of maes equation becomes: -

9&

g%.’-u %;L‘ . eé}_& = 0. o é.3‘2

Equating the forces acting on the element with the rate of change of
momentum yields:

F 5'3 52—(1:1— 3’?;5::)5'35; -:.—ng%&- %}t.?

' end the equation of motion'becomes, for an inviscid fluid:

233

___? + eau +—€u3u.=o
: Z a :

/2%
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. EIGURE 2.4 ! ELEMENTAL  CONTRoL VOLUME OF
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-;gFE; o

Equating the rate of change of internal energy of the element with

the heat and work transfers from the surroundings yields:
Q_a"'aja% DQ = ?uagae {(P-r- j}é’x)
| '__(,w- ?‘5,&)555%} v 3:7,:.(5;;53 S

and the conservation of energy equation, in the absence of capillary,

’ magnetic and electric effects, becomes

' 314 ey o
-- i -ﬁ- - & .
. : 2.3,
E_ ¢ ¢ ;‘i P ;?: 3.4
Consider now the effect of -mall perturbations on the flow, such that:
Q. = € + Q 23

the'equatione 2.233, 2.3.3 and 2.3;4 may now be_examined_again. From

. the eqnation of state of & penfect gas, it is evident that:

o : ' - L A '
. The analysis will now be limited to pressure amplitndes, f:l s Such
~ that: - : R . -

2 < os
: ?’-'

. 203.9

as recomnended by Bogdanoff (40).  The epproximations may then be made:

s 2 95 d 48
é-i | -;t x| Jf 2300
Consider: R 't . - - P
I"* /(?_‘_\;LI = o(%/wc) 25
taelt b | _. e
= o (%) .

3



from eqeation 2.1, S.e- Thus, for flows of low Mach number, the term

_'\A- a“’is negligible compared with 3? . Assuming that the time-averaged
< .
pressure drop along the tube is negllgible . : :
and ueing the definitions: - ) .
) S ) R o
e 4 9
é—? ) —e - ....e., . . 2.3.13
at | ot at | -

_the equations 2,3.2 and 2,.3.3 become, respectively"

.ae_. +1Aé£,+€a’4-o

9t Ix I B
_:alé | 4;- :;L. W -6 : i_.' | r2 ; g _
ot . E— D-E:. - - - |

. and using equetion 2. 3 14, the energy equation 2,3.4 becomes

‘beg_;_ ég d + 9
ebt | -e{a 'H«a'i’} I

For the flow of a perfect gas with negligible kinetic energy, the

2.3,16

Specific internal energy, €, may be expreesed-

e = C":7- = L alii

Therefore: ’U-I - S
Ei‘_,p-.{é' jt-:-u?_?) (ég-:-uax)}

_ o
Using 2.3.10, 2, 3 12 and 2. 3. 13 and noting that: '

’U.RT’

equation 2, 3 16 becomes

= C (?_& + .35:)4-0};‘);3
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Thus equations 2.3.2, 2,3.3 and 2,3.4 have been reduced t,o'-2.3.14,.
. 2.3.15 and 2, 3 18 respectively. Differentiation of equation 2.3.14

[}

B with respect to‘t:yields- ' B S .
2 : .
s / |
£n = {_,_‘:)_1’?_2 i‘é_? 2.3.19
49:=.é>tr . C;ac a:c. & c);g :
and differentiation of equation 2.3.15 with respect to&yields-

A% =.at{ .L[ 3__?4—0-—;’) ]} 2.3.20

317¢’>e
'using equation 2,3.18, Equating 2.3.19 and 2,3, 20 yields:

.a“-/ -La_ga _ .'l-/’5 t_y%
a'f, e 0 -? | "'at"' ot I

2.3.21

Now g, the heat flux, is dependent on.the difference between the Bulk- A

mean gas temperature and the tube wall temperature and thus is

) dependent on x. For high frequencies, this temperature difference

o may be regarded as independent of time, due to the thermal inertia of .

the w_all and the small oscillations in the gas temperatura. Therefore:
CS)_S’V) FC Q. o Lo 243,22

If sinusoidal oscillations of F ,u and Q_ are now assumed a
' _solution of the type- | A L
= Poc S—m(“’t') 2323
may be used. Equation 2 3,21 then becomes: RS “

3% _ L de)ap, W =0
5.5.'_ g 3’4)5}; _.'" P 0 2.3.24

or o w ..L AT a_l,_gn -+ w F = O ,
. 2. 3 5

L dset | T e dx AMRT

-Equation 2,3.25 requires numerical solution, and the Rnnge-Kutta method

_'was ueed (see Appendix A). As in the case oi’ the exponential
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temperatnre'variation, it is necessar& to obtain W by en_iterative
',procedune-from.the.boundery condition: |
b () =

In this section, a general wave equation, similar to that of
Kapur et al, (41) has been derived for ‘the prOpagation of small
emplitude-waves at high frequency through a non—isothermel, perfect_
‘gas, flowing at small Mach number through a honizontal, straight tube,
It may be noted that_equation 2.3.21 reduces to the one-dimeneional |

acoustic wave for a static, isothermal gas.

255. forced convection neat iransfer and longitudinal oscillations

_ 2,5,1 Dimeneional Analysis - _

f'.ﬁ_Some insight into the-important parameters of heat trensfer.in G
: ‘oscillating flow may be gained by the application of dimensional

'-nanalysie. Consider first the stead& flow of a gas in é straight,
_horizontel tube of circular cross-section, as shown.in Figure 2.5}
. essnming'that the flow of hot.gae_upstream of the.heat exchanging
':section is hydro-dynamically developed and that the effects of natural _
. convection are negligible; the local.héat transfer coefficient becomes

a function of nine parameters- ’
he 7‘(&» ke “%1’) 2tat

| By selecting e cl, 'u.and Tas the repeating variables and using
~Buckingham's Pi Theorem, the following relaticnship is established:
NM.=¢CR2 .Pv-__’/,E) _2.4.2
>’ T _.
'Now, by superimposing small oscillations on the flow, and assuming
that they may be charaoterized by the angular frequency,QJ, and the

o A
: _local velocity amplitude QL , equation 2, 4 1 becomes-
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fce ’f") ,CF,_’;,ﬁ,x.D,w,&>
which leads to: - - '

ﬁ. §CR3 .P""v -5’:7% ‘E‘:,% ss) 2.4.4 |

- Thus the superimposition of small oscillations on the flow gives rise

to two additional T factors, the dimensionless velocity amplitude- \<
| and the Strouhal number, 5 . As the analysls of the slow is confined

. to. flows of-small Ma.ch_ number (see.Section 2,3), the effect of the

; Eckert number, E; » upon the heat transfer may be ignored. Therefore, )

if the other parameters are kept constant, a relationship may be sought

. between Nur,"‘/,, and S
- 14. :

-“'é;g,2; -guasimsteadz-state Analxsis

o The principle of this uethod,:which hag been used by SchultzeGrunow

(.28').,- Mertinelli (27) ; Morell (42) and Hanby (39), is. that an em.pir_icall
'relationship for'forced'oonveotion in stead& flow may be applied-during

ﬂ-_fany instant of the cyole of.oscillation superimposed on the flow, The
hchief objection to this approaoh is that the veloeity and temperature
_profiles will change throughout the cycle, and this in turn affects

- the_accuracy of the relatfbnship. For turbulent flow, the equation

" of Sieder and Tate (43) was chosen:"

Nu oozv(_Re) (Pv} ( )'4__: 245

| '.'_l‘hi_s expression is valid for = > 60 3 for (’7" 'T') }56 C and for
.007 <P <1670° A prOperties are evaluated at the bulk meen

gas temperature, except for rts s Which is evaluated at the tube

'surface temperature. ' Now from equations 2.3, 6 and 2, 3. 23, the velocity .
at any ‘instant may be expressed-

u.se'_-ﬁ + “ c-QS'(.“’_fS N 2.4.6



Equation 2.4;5 becomes, on substitution of equation 2.4 6:
0133 0 048

| N‘*P 20.027 (Re) 1) (£) [l + /eostt)] 2.4.7

Dividing 2.4 7 by 244, 5 and integrating over the period of one

oscillation yields-'

By fc

' Thie_eurve is shown'in Figure 2.6.

I) o(wt'

2,4.8

The effects-predicted by ‘these analysee were calculated for the
- arrangement as shown in Figure 2.4, A. comparison between equations
.2 1.4 and 2.2.27 is shown in Pigure 2,7, where it is apparent that a
~temperature'gradient causes a nodal shif{ towards the cooler end of
. the tube._ The meximum pressure amplitude increases by'epproximately

_30%; 'Figure_z.s.illustrates the increase in local heat tranefer
_eoetficient predieted b& the quaeiésteady anproach;: At velocity
antinodes the inereeses range from 20 to 200%, = Figure 2.9 demonsirates
- the inoreeses to be expected'in overail heat transfer rates, 'Theee
are leee dramatic,'renging from-o to 17. 5% At higher frequencies,

_increases are approximetef§ 2% more ‘then at low.

2 Dimeneionless'velocit amplitude
From the acoustic wave equation, the dimensionless velocity

amplitude for the isothermal state is given by.-

A A ‘ S
N PR c : S .
’f;, " 'L—°3A Sin (wx) .

o and for the exponential temperature variation-

B ug@ @] e

3=

| :s_’f'l\’*.'
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~ For the general case, | = T(x) it is necessary- to-':solme equat_ioxi
12.3.25 end derive U from equations 2,3.25 and 2,3.23: ., B

o ‘at. - (1 15’@ . e _
:-Integration gives

2.4.12

o we ax’ . .
~ from which '._ T e '
"~ _

T A_E,x_' L 2aa3

wn W Ix o -

. 245 'Ahalxsis of.aerodinamic'valve - f -"_ B
- It was decided to analyse the flow through the aerodynamic valve
J.din order to predict the net mass flowrate of air through it for a givend
pressure variation 1n the combustion chamber, During the induction _
part of the cycle air, and possibly rejected gases of the preﬁious ><
fcycle, are drawn into the combustion chamber. | After the expansion of
the combustion_process,-hot products are rejected'back'through the-
pvalve. It was decided to simplify the problem by assuming that the
induced fluid was air at atmospheric temperature and that the exhausted

fluid was air at & high temperature. The analysis uses a quasi-steady

-state approach. : From Lewitt (44), the isentropic steady state

"':_ relation for the frictionless flow of a gas through a nozzle.ie:

.'m. ﬁe{ P'Q'Q' )(‘%)%[ (%)Ej}'&:""s'l

-.,where JU is evaluated at-ﬂ; o The velocity at 2 is given by:

e RENRE
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The situation is illustrated in Figure 2,10, The effective area of
’the valve is lees than its actual cross-nectional aresa, and is given

by Shapiro (45) to be: _ _ . .
H_"f‘_'cal | L a3

.i C%L, the coefficient of discharge is given by.
' .

_Cd 3 "'!"1. [ .,..(.A{.:.’) JJ bl - /10 2.5.4
ML Va2 o o
.M being the Mach'number of the flow through the nozzle at 2, Using:

the binomial series to expand equation 2,5.4 and simplifying, the-

_coefficient of discharge becomes, approximately:

- : 4 o
- ' + M M L ' C l
Ca( = /2- 8 + _ | . 2.5.5 |
_ provided M < 1.
| The oscillation of pressure within the combuetion chamber is

assumed to be sinusoidal, and the steady state flow relation through

the valve is assumed to hold over the whole cycle, The induction and

exhauet sequence is shown in Figure 2. 11.

Induction . T _
3 ,jAt any instant then:
o | Jﬁ; I

e

Equation 2.5.6 must be integrated .over. the time-'
.ZE~ $ t S? %ﬂl-,, : o 245.7

| when the preesure in: the combustion chamber is less than atmospheric.

. Thue o

Lo
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a . : N\ 2! 2 .
7 MUz 42 ?' (E?'. [‘ -(B.> Mo, R
‘Exhaust |
"By similar considerations, for when the pressure in the

. eombustion chamber exceeds atmospheric, the total mass of air

f* f”‘sﬁf@m ' 5{-’;,)} i (P')/”{ (q)ﬂ. e,
T BRI

E"- may be expressed in terms of e, ’ by the :lsentrOpic relation

eoef

L ".l'he necessary integrations may be carried out using Simpsons Rule. :

The net flow of air into the eombustion is then given by

Z‘h« '-l- z*h”.r - 2-_.5:.13'-""
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3, "EXQerimental Worl o
As stated in Section 1.4, it was decided that a pulsating
'combustor, comprising an aerodynamic valve, combustion chamber and
heat exchanger,.should be constructed with an exhaust tube dimension
of 26.mm;iinternel diameter, Due to the lack.of experience in the
field;ia-preliminary investigation into.the-general behaviour of a
pulsating combustor was carried.out.- This worh is reported'in
nppendix B, and the conclusions were:
a) a Helmholtz-type combusior was suitable for the purpose of
the work; | L R
b) the aerodynamic valve should be- 50 nm. long and 12 - 26 mm,
internal diameter- | .
| c)-the'apparatus should include two heat-exchengers, ohe through
| which thc reverse flow back past the valve could be arranged to pass,
| The'general arrangement of the apparatus is shown in Figure 3.1,
It was mounted on & rigid steel framework which was tilted a few
d.degrees from the horizontal to allow condensate to drain. ' The
: apparatus was separated from the frame by wooden vee-blocks to reduce
lconduction losses and permit expansion._ The exhaust gases vented at
:atmOSpheric pressure into the laboratory beside an extractor fan that
.f pumped them away. - The inlets to +the combustor were placed near an
open window to ensure a continuous supply of fresh air. ‘The epparatus |
' ;was constructed in several sections which were flanged and bolted

together, seeled by copper geskets."

h'z,l The gesonating Section
--The. resonating section of the apparatus is shown in Figure 3 2

-and- comprised a combustion chamber with aerodynamic valve, settling
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length, heat exchanger A , tail-pipe and augmenter. The total’.’
length of the section was 3.05 m. and’ therefore was O, 65,@..longer
than the development combustor. The purpose of this increase was to

perMit the use of a longer heat exchanger (2.07 m. compared to 1. 65 m.)' '

- and a settling length of approximately 10 tube diameters between the

combustion chamber and the heat exchanger. It was found necessary

:also to increase the length of the augmenter from 0 276 to O, 61 m,

3,1.1 The Combustion Chamber
'_The_combustion chamber is shown‘in Figure 3.3, Internally it
| was an exact reproduction of the chambers used in earlier experiments. |

The chamber itself was constructed from'a har of stainless -8teel, It

. had six radial holes into which components could be screwed, of which.

the fuel injector and sparking plug are shown. Due to trouble.
'experienced with proprietory Sparking plugs, a Special one was built.,
This consisted of ‘a stainless steel body into which a long-reach KLG
_electrode and insulator fitted being retained by & threaded ring.
. This design proved to be very convenient for cleaning the electrode of__
deposits and for realignment, often necessary after a prolonged period :
.of combustor operation. The.cooling annulus around.the chamber was
.intended to provide some control.over the chamber.wall temperature,
.so that the gas temperature gradient and hence the operating mode,
--could be changed if required.. The metal temperature was measured by.
| Chromel—Alumel thermocouple only one measurement being taken as it was
'-felt that this temperature was not critical. ' Also shown in Figure 3. 3
. is an aerodynamic valve screwed into the combustion chamber, . The
hvalves,.which were 51 mm. long and-from 9,5 to 25 wm, internal.diameter, '
twere constructed*from stainless;steel'henagon har; ~ Apart from removingu

sharp corners, no attempt was made to streamline the bores. An air
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.inlet manifold. which enclosed the valve, was boltedeafthe end of
the combustion chamber and is shown in Pigure 3¢4e  The purpose of
.'the manifold was to guide the air inducted by the combustor into the
' valve and thus, by using 8 suitable flowmeter, to make a direct .
. measurement of the flow. . | o
| -The combustion chamber and ancillaries were 1agged-by winding
asbestos rope around-them, and enclosing that with preformed sections.
-_-of calcium silicate, 0,23 m.'outside,diameter. obtained from Newalls

Insulation Company.

.;'2=1,2 Heat'Exchanger_A | |
As:heat erchanger A formed part of the resonating section of the
,_apparatus, it was constructed so that measurements of local heat
ftran-fer coefficlents and of local pressure amplitudes could be made.
It consisted principally of two concentric copper tubes, of 26 and 38 mm,
nominal diameter,- which were located at the ends by two brass adaptors.
; The arrangement is shown in Figure 3.5, _The exchanger, which was
2.14 m. long overall, had a heat exchange surface of 2,07 m..length,
giving a surface area (based on the.outside diameter, 28.3umm.. of the
Einner tube) of 0.184 m . Along this length were sited six'instrument-
__mounting-, into which a temperature .probe (see Section 3. 4. 1) or a
pressure transducer (see Section 3.5. 2) could be screwed. Seven
f_thermocouples were mounted in- the annular space to measure the water
- temperature (see Seetion 3.4, 2), and five other thermocouples were
S?oldered to the heat exchange surface to measure the wall temperature. ,\‘(
" The seven water thermocouples were threaded through mounting pads and.
' bent to face upstream to oppose the water flow. This meant that the
' fwires led axially away from the Junction and thus not along an isotherm,-'
 but it was felt that, as the axial temperature gradient in the water |

Lflow did not exceed 0. 05 C/mm., the error due to conduction along the
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o 455?:
’fwires was Smail. ‘The thermocouples were laid adjacently where
- possible and clamped with wire to the inner tube. The free ends
' 'were passed through holes in the brass adaptor at the cold end and
connected to cOpper wires in an isothermal wooden box, clamped to the
tail-pipe. | |

The water connections to-heat'exchanger A consisted of.vertical
'thermometer pockets at eachfend, to'which 13 mm, diameter tubes were
. s80ldered for connection.toithe water system. The exchanger was lagged
.by preformed glass-fibre sections ‘of 82 mm. outside diameter. During
the construction of this plece of apparatus, a solid 25 mm, diameter

mild steel bar was passed through the inner tube in order to minimise

"'_distortion during the welding operations. - When complete, the annulus

'hwas tested ‘up to 270 kN/m water pressure- ‘minor leaks were found and

these were. repaired with araldite.

”3,1,3 The Tail-pipe and Augmegter
| The tail-pipe was constructed from & piece of copper tube, 26 mm,
' nominal diameter and 0.62 m. long.. Onto the outer end were glued
three steel rods of small diameter and 38 mm. long, over which the
augmenter could slide axially. The augmenter consisted of a piece of
--tube, 38 ‘mm, nominal diameter and 0. 61 m. - long. The arrangement is -

shown in Figure 3.6,

- 3:2__The Euel System

_ The fuel used in the investigation was commercial grade propane

'(B 5.4250:1968) obtained from the British Oxygen Company in quantities

" of 47 kg, in the liquid state., The arrangement of the fuel system is

" shown in'Figure 3.7« The flowrate was measured by a viscous flowmeter,.
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Type R837951/G, supplied by the Rotameter Manufacturing Company and

: calibrated over the range 0. 13 to 1.3 kg/h. at standard atmospheric

-conditions to + 2'per cent'of indicated flow. The pressure in the

flowmeter was displayed by a Bourdon gauge, supplied by the Budenburg “

_ Gauge COmpany and calibrated to i' _0.—25 -per cent of indieated pressure. B
‘The preseure drop at maximum'flew through the meter was quoted (46) to

| be O.l'kN/mz. It was thus.negiigible compared with the working

‘. preseure; The temperature of the propane was measured to ‘t 2 pex

cent by & Type T thermocouple ineerted_into the.top of the meter and

- was controlled at '.'20 % 3 °% by manual adjustment of the isothermal

bath'temperature.-. A straight, settling length of 0, 6 m, was placed

between the heat exchanger coil and the meter to damp out disturbancee

in the_flow, and this wee lagged tp-reduce heat losses, The rate of .

flow of the fuel was controlled by a precieion pressure regulator and

' a needle valve, with a shut-off valve in case of emergency.

| The fuel was' forced radially into the combustion chamber through

a.water-cooled_injector, (see Figure-j.B). Brass jets, which were

obtained from Amai in sizes ranging.from 0.2 to 2,5 mm; internal diameter,;

screwed into the injector. 'Thie-was water;cooled to prevent premeture N

.decomposition of the fuel due to the high chamber temperature.

It wae found that a jet of 0.86 mm..internal diameter perfcrmed
best'in the fuel injector, If a larger jet was fitted, the pressure ;
drop across it was less, and the oscillations in the chamber affected
the prppane flowmeter. If a smaller one was fitted, the combustor
did nct'alwaye oscillate'smoothly, and the flame occesionally faiied.,.
" This was possibly due to the:high injection velocity which cowld have

-'preVented'good mixing in the chamber and.retarded the'rate of reaction.
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In addition a small Jet set a limit on the maximum fuel fiowrate, as

 the maximum propane regulator pressure.was.epproximately 270 KN/uP.

h}@} The-Water sttem

| | The water, which was.pessed in.e counterflow direction through
heet erchangers A, B and C, was drewn froh the storatory cooiing
'.sﬁstem for heat engines, .A diegrem of the oircuithis shown in-Figureh
3.8, The rate of flow was measured by a viscous flowmeter, Rotameter
'Type Metric 24E. A scale, graduated in 1itres/mihute, was supplied |
with this instrument but, as only thellower cart of_if-was used during
‘the experiments, it was necessery to improve the accuracy of j: 5 per
cent fhll scale reeding. A calibration of the flowmeter was'therefore-
o ﬁade,;using a vessei; a weighing machine and a.stoowatch to measure the
mess of waterhfiowing_per second for a_giten scale reedihg. The
r'esult is shown in Figure 3.9, the accuracy beihg improved to * 0.5
per cent of indlcated flow, As the lahoratory cooiing water oontained
small quantities of grit and rust it was necessary to clean the tube
ahd float occasionally,

o The flowrates of cooling water through the fuel injector and
through the transducer adaptor were each measured with a graduated '
flask and a.stopwatch, the me thod being accurate to 1: 0.3'per cent

-of the reading,

3.4 Measurement of Temgerature

The measurement of gas and water temperatures within the apparatus'
.was made with thermocouples ‘and thermometers of the types shown in |
R Table 3 1, and the circuit used for .all the thermocouples is shown 1n
.Figure 3.10, | |
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Table 3,1 Types of thermocouple and thermometer

| Thermocouple '.l‘y.pe.K' ' N.i-- CR/Ni- H{ + 3% < 400 °C
| - | £015% >4.oo°c..
"J.‘hermocouple | Types | P‘f. IO%RR/Pt & l 5-‘/9
Thermocouple | Type T CM / Cow t/°C

. Thermometer I B ngm-g"m 1+ 0.2

Py

The unbroken thermocouple wires were led to an isothermal enclosure,

comprising 8 wooden box, where connections were made, using electrical

'tagstrip', to the ‘copper connection wires. These wires were connected
- to a selecting switch mounted on an isothermal enclosure, . again using
"~ the 'tagstrip' The selecting switches were supplied by the Croydon
rPrecision 1nstrument company and had silver-plated terminals, The

v output terminals were_connected tosa digital voltmeter, Solartron

Type IM,1420,2,

3 ,4,; Gas Temp eratgre
'.[‘he ges temperatures,'gz -’;9 , were each measured by screwing
into the instrument sites the probe shown in Figure 3 11. When in

_position, the thermocouple ;junction projected approximately 22 mm, into

| _the tube. ‘The temperature of the Junction was not that of the flowing '

] gas as it was: -influenced by ‘the effects of radietion, conduction and
convectio_n. Corrections were complicated by the presence of the _
' _ 'oscillations. - An analysis of -the errors of ‘this measurement has been

_ made in Appendix C. . The highest gas temperature,-’;I , Was measured by

. a thermocouple mounted in a silica tube, shown in Figure 3.12, -The

- ftube, which had a nominal outside diameter oi’ 4 8 mm., possesced twin
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“ edircuit wes continuous.

" bores, thrOugh which the thermocouple. wires were pessed,'and_wa_s '_

‘obtained from Thermal Syndicate.

. The gas temperatures,.';m -,;22_ and 1;2.3 were measured in a

,l ‘manner exactly similar to that described earlier in thie section except

_ "that three thermocouples were used and fixed in place permanently.

'.3.,4:,2 Water Temperature |

The seven Type T thermocouples in Heat Exchanger_A. used to
measure the water temp.erature, were constructed :Erom a continuous coil
of thermocouple cable, This consisted of a mild steel sheath 1 6 mn, .'

outside diameter, containing the copper and. constantan conductors packed

_in magnesia insulation. I.t was obtaine_d from Pyrotenax. The

.,con_s_truc_tion of the junctions wes a delica_te operation, and the advice -

¢ontained in their manual '_(47) , wag followed. Due to the hygroscopic

nature of the refractory insulant, the. two ends of the thermocouple

were dried’and sealed with Araldite. The finished thermocouples (see

_ Figure 3,13) were checked to ensure that the insulation resistance

' _between conductors and sheath exceeded lOO ‘fl-ﬂ. and that the electrical o

The remaining water temperatures T'WI ,T;'vq,‘T;m ,T;'". T:st TM-'R.’ .

andT " were all measured with mercury-in-glass thermometers, Type :

TJ-O?O obtained from Gallenkamp. These were total immersion

' -thermometers, graduated in 0, 2 c with a range -5 to 105 c. _ They

were immersed in oil in thermometer pockets of the type illustrated o

' -'in Figure 3 l4 in the case of Ty 'T Q’T;vu ,nzzandT’_g, and of .
the type shown in Figure 3 14 in the case oi’T WTR andTMN. The

' corrections to the readings due to the. incorrect immersion is

. considered in Appendix C. .
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'r.3,§: Measurement of Pressure
o A very important measurement in the experlments was that of
C preseure.__.lt.was found in -the preliminary-experiments that;
| e) the preesure'waveform of_thé_oécillatiohs was approximately
: einuéoidal- | | _ |
| b) the mean static pressure throughout the combustor was
approxlmately atmOSpherlc.
‘ Therefore it was decided not to take any further measurements of the
_statie mean pressure, ‘and to assume that the pressure oscillated ‘about
~the mean atmospheric value.
There_were ten sites on the resongting section wﬁere measurements

of pressure amplitudé could be taken, They are listed in Table 3 2.

It was . decided to use one. transducer. and this was inserted into each =

of the sites in turn.

Table 3,2 Axis) Position of Neasuring Sites

x
Fac - 003 __
“Pa | 0,190
ﬂ!z_. N 0,476
Pas L 0.654
PA4' 0 1.010
Pas | - 1365
Pac B W
Pag o zom
ﬁaé- o _'_ | 2,4§1l.
P | zs2
Rm- o 3,047
'_Wﬁ.'




3,5,1 Time~degendent static g pressure
The prellminary investigation showed that the instrument used
rfor measuring the pressure variations in the hot gases had to-be .
sengitive to_oscillations between 30 and 300 Hz, to_pressure
amplitudes in the'range.1 to'zo Hz and to be independent of temperature._.
It vas deeided to use a transducer'available in the leboratery and
. ..mauufactured by the Kistler Instrument Aé. Details are given in

‘Table 3;3'and Figure 3,15, i

Iable 3.3 Transducer deta

Kistler Type 412 static pressure trensducer
Serial No. SN 33502 |
Max. measuring range ._ 0 - 10 ' . | - Atm,
Calibrated pertial ranges 9 '_'""(1) B R
| Resolution _; ] ,-  ' 1;5 x 1(_)"5 | f : "
Semsitivity = | | 2230 | pesatm
Resonant frequency -'i- . . '7500 “ ‘...  Hz
" with cover ,-.l- .f . 350 | . . - He
‘Mei.,error.for-each range' S "1.“ - ) %.
Working jt.empereture range - <150 - + 220 %

_The_mountiug fOr,the'presSure;trensducer'is'shown-in Figure.3,16, where_' .
it is illustrated conneeteu to e site'on the-heat'exehanger;- The-twO'-
_ longer lengths of tube were found to be necessary due, flrstly, to the
high wall temperature of the combustion chamber and, secondly, to the i
augmenter sliding over the exhaust pipe, thus 1imiting access to it, as'..

shown by Figure 3. 6
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Consli..d_ering' the system shown in Figure 3.17, the attenuation of

_ Po . thé pre's_sure sign&il, is given by Holman (48) to be:

. _ ' !
N R R A S
o . _ N 7N | Wy /. .
. where th'e natural frequency, @y , of the transmitting volume is:
: w.h = {5"".?1-&&}/1 B ’ 3,5.,2
The damping ratio, h , which is expressed as & laminar frictional

resistance, is given by:

hoe Ep { &V}"‘

,Q"—" T 3.5.3 .
‘and the phase angie--for the pressure signal is: - o _ o
| ?Pk c t““’{ — 2“("‘;") } 3,504
. N (.ﬁ‘h) _ :

o . It was agsumed that the fluid in the connecting tube and dead volumg

wes air at 20 °¢ 'and. the following di_afa was put into equ'at_idné 3.5.2_
end 3.3.3; . Ce e K
vz 5 x l0™%m?

| v- t 08 lhm oL
ot 185 %107 kg fm s

e = 345 m/s
| _Ev'aiuatiqﬁ_'.q;f the_ eqﬁa;’cions gi.ves: '

wy = 242 D 3.5.5
A= 00213/ . 356
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353'532

The resonan* frequencies and damping factors are therefore-

4’;’ 43 He 'Bfg ©:0815
W, = 14 He  h s 01246
Wny ¢ T3 He K,‘ : o'.leoo
for &y = 1477  ram.
ko = . 34»2. mm

ld‘-; 57?55? Ayﬁ~'

' respectively.

It was decided to calibrate the transducer mountings experimentally,
using a loudspeaker, driven by an audio wave generator, and a micro-
phone of known response. The details of the erperinent are given in
Appendix D; The results of the experiment and of equation 3.5.1 are )

shown in Figure 3. 18, where attenuationl}a/ is plotted against

frequency for the range 60 to 220 Hz, The main oblervations from the
graph are summarised in.lable 3¢4, where the three different transducer

mountings are identified by connecting tube length,

able Maxima from Fizure 3,18

Theoretical | Experimental

Length Attenuation Frequency - -Attenuation FreQuency

4 6.16. 143 | 430 180
342 400 %0 116 e0
565 . 1.94 108
mm. | . Hz _ B Hz

Numerically there is little agreement between the two sets of values.

 With respect to shape, the durves are substantially similar, the )(f o

c
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'_ resonanc‘es being displaced ‘oy from l(l Hz in the case ofl’_.e'. = 342 mm,
up_to approximately 90 Hz in the case of"ia 565 mm, ,The reason
 for this is not clear; The 1ower peak value of the experimental )
resonances is in all probability due to underestimation of the
.frictional losses in the connecting tube fluid,

The response of the Kistler transducer without cover and
connecting tubes was compared, using the same method and apparatus,
_with that of the microphone. The two agreed to within * 0.5% over
the whole range., The disparity-between'the experimental calibration
jand the theoreticallone was probably.caused by distortion in-the_sound
- field so olose'to the loud speaker cone,  This would have been
accentuated by the difference in cross-sectional aree between the
;microphone diaphragm and the connecting tube end, which were 1960 and=-
2,01 mma'respectively. As it was impossible to estimate accurately
_the errors in the experiment it was decided that the analysis of Holman -
.'should be used to determine the attenuation of the pressure waves
fwithin the transducer connections.'

Figure 3 19 shows a diegram of the apparatus used to amplify the
: signal from the Kistler transducer. The charge amplifier was Type _'
1 TA-B/C, manufactured by Vibro-Meter Ag, The amplified signal from it
wag filtered by a Dawe Type 1461 A Wave Analyser, and the filtered' |
'signal was displayed on an‘idvance 0s 1000 oscilloscope.,_ The _

' jmagnitude of the pressureca;;atude was measured by means of the _)k:l
graticule on the screen, graduated in millimetres. The signal
'conneetions were made with coaxial leads, and it wes vital when

' settling up the equipment to maintain the insulation resistance to

| 14F4JL.- This was achieved with a Freon aerosol sprayed onto the



'-plugs and sockets before connection. " The oscilloscope had-a facility.t

for rapid calibration of the y amplification and this was also done -
before,experiments. This was always-adjusted, when takiig readings,
so that the waveform filled.the graticnle. This procedure minimised_

treading errors, The oscilloscope was equipped with a single-shot

facility and & mounting for a Polaroid camera. This.permitted

'recordings of any pressure waveform to be obtained with difficulty.

It nas necessary only to set the brightness of the trace low, open

' the.camera shntter, press the single=shot button and release the
:shutter. The film used was Kodak 107 and was developed in the

: recommended way, . _ _

The transducer sensitivity was 2230'* 5 pc/Atm (Kistler
.calibration) and the charge amplifier potentiometer was set such that_
‘the system senitivity was 0.199 + 0.006 kl\I/m? per. mm, on the
oscilloscope graticule.-- | -
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.-3-,6,1' glce_lndepeg- dent-Vari.ables |
| _' - The independent variables'for-the experiments are 1isted in
'_'Table 3 5 Of the five, the preliminary :investigation (Appendix B)

. showed that the effects of changes in B, C and E were small compared

to changes in A and D,

Table 3,5 Independent Variables

A |Fuel flowrate 1| o113 & ”“‘P o8 '&ﬂ/k
B |Water f1owrate 120 < Wiy < 538 &g/

' C |Coolant flowrate I < vy < 10 Rg/h
D [Aero! valve diameter | De = I3 ,/6 , 19 e
E Augmenter position |08 & "RUG- < s'ols ™.

| The following experiments were therefore carried'out°

) 1) the combustor was operated to establish an energy balance for

E _'values of D =13, 16 »19 mm. and MP in the range 0,13 to 0.6 kg/h,

Application of the First Law to a control volume around the apparatus

.fpermitted a table of energy exchanges to be drawn up;

2) the combustor was operated at gradually increasing fuel

_ flowrates, and'measurements of frequency and gas and chamber

'_temperatures uere taken. By this means, the resonant frequencies

of the: combustor were found for varying gas temperature distributions-
3) the combuetor was finally operated to obtain data from which _

.the.local and overall heat transfer coefficients could be calculated. .

Pressure amplitudes were measured also, and the velocity amplitude of -

the gas was deduced by assuming a sinusoidal variation with time. From

.these results correlations of N} ‘against x were plotted.



' 3,6,2 Experimental Technigue :

The combustor was started by supplying a combustible mixture of

'fuel and air to the chamber and igniting it with a high tension Spark.'

A flow of propane in the range 0,19 < W\F & 0.49 kg/h was
required for this purpose, and a euitable flow of air, directed into
the aerodynamic valve, was found by experiment. Once the combustor
: had started, the forced air supply could be shut off, although the
combustion would sometimes quench if this was done when the chamber
wal]s were below approximately 260 °c, Great care was taken when
using the trembler coil to ensure that all the electronic apparatus
" was grounded. Failure to follow this precaution could have led to
~an instrument malfunction due to the inductance of the connecting
signal 1eads.=
It was found "that the combustor required nearly an hour to reach

' thermal equilibrium, This condition was taken to be when the chamber
temperature varied by less than 2.°§ per minute, . Clearly the process
was'accelerated by setting a high fuel flowrate. 'Eefore readings
o could be recorded, it was necessary to check thatwthe fuel gauge.

_ pressure; r‘, and temperature;T; s were set correctly, and that the

.. water flowrate was steady. " For all experiments the local atmcSpheric

-pressure and temperature were recorded before and after the readings

. were taken, = - o .j- ;

The operation of the apparatus for experiment l presented no.

particular difficulties. j Readings were taken every 5 minutes for a
N period of 30 ‘minutes, For experiment 2, the combustor had to be

operated at first at a very low fuel flowrate to obtain its loWest '

fresonant_frequency, and-the.pressure amplitude was found to be very
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unsfeadf; The combustor also ‘did not remain in thermal equilibrium.'
- as its 1owest frequency. For these reasons, it was necessary to.

| collect the data briskly and thus the accuracy of the eXperiment
suffered. - For higher fuel flowrates and thus higher frequencies,
the combustor did reach equilibrium, and the accuracy improved.

| . During experiment 3, it waS“found that the combustion became
slightly unstable when the ceps on the instrument sites were removed,
_Thus several minutes were allowed to elapse while the apparatus, and

the inserted instrument, reached equilibrium once more.
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4,1, The Energy Balance

- The results of Experiment 1 ave ;:resentled in Apperdix B, The double-
.orif'ic_e 'puls:atin'g dom'bustor'is a flow process-and, therefore, by drewing a
. Control Volurﬁe around .the ai;:paratus, as in Figure 4.1., the Firs_t Law of
Thermodynamics may .'be. apﬁliea in the -form of the Steady Flow Enérgy Equatiﬁn. :
The'disc_repancy between the two sides of the- eqﬁation lay wi_thin the range
~5.7 to +10.0%. = This was regarded to be acceptable, | The calculations also
yielded the variation of the thermal éfficienpy ﬁi‘l?ﬁ the fuel flowrafe s énd
tﬁis.has been plotted in Figure 4.2, The graph shows that the thermal
efficiehc‘y decreases with increasing fuei flowrate, This trend was found
with _e;;rlier- combustors, a.s- shown in Figure 3%.5. and was ;o'bsexved by Hanby
(39) and i{eay (20). T_he thermal e.fficienc'y.v'arie_s from-0.7l+ to & maximum
| of 0,%. It is difficult to choose an serodynamic valve vhich perforns best.
. > . G ) S
)1.

]

13mm. gave the best efficiency over the range of fuel flowraté but - . |

16mm. atteined the maximum efficiency.
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" 2. The Aerodynamic Velve | |
| The netllflow .°f a.1r, ﬁtﬁ A’ through'.the '_aerodynamic vaive was dedueed
:.from the results using equation E.'1.'1.7'. . Knowing the corresponding preesure .
amﬁiitttde. in the combustion chamber, it. was possible to com_pare. the experimental ._
. 'results w:Lth the values obtumed by the quas:-steady state aoproach of Sectlon
: 2 5. The comparlson nay be mede in Figure k.3, |
It is evident that the 'experimental curves follow the theoretical ones

approximately in shepe, but, except the thecretical ones for bz = 13mm, , do
:not- agree in.. magnitude. It is interestiné .to note that the pressure amPlitude
_ reeches its_ maximum value for 'DI = 19mm, " The curves verify the experimentally
_ o'bser'ved fact that the 'dombuétor pumps its own combustion air through itself,

The differehce 'b_etween_ the curves ie due to the a.ssinnptione mede in the guasi- |
~_stéady state epproach, These were that the flow was a) isentropic and b) -

_fx-ic'tionless, and that c)" the kinetic energy of the fluid entering the valve
. -during the _cycle was. negli_gi'ble compared to that leaving :'Lt, end that d) the

" equation _held ot all instants of time. Of these assumptions, b) and d) are

~ the most sﬁsPect. In a_daition, the fluid 'duri.ng the exhaust part of the
. cycle was hot conbustion ges, It was assumed that the inlet air was at

- 520 % by taking a mean of the prof‘ile shown in Figure L.k, A Type K
thermocouple was mounted on a probe, and the probe onto a rack mechanism, and

~ fed into the valve and chamber. . It shows that the mean temperature of the

: _ga.ses in the aerodynam:.c valve to rose from 215 % at entry to 850 % for

= 0 409 kg/h Fggure 4.5, shows & temperature traverse of‘ the combustlon
' _cham'ber itself for the same fuel flcwvrate. The ‘maximum temperature of the
gases occurs at the axis of the chamber, and. the minimum at the walls, There

~ appears to be an anmﬂ.us of relat:nvely cooler gas extendmg from the valve

lip into the chamber along the axis. Also from Figure 4,5, th;.s low temp-

erature gas extends across the cross-sect:v.on in-Plane 7, This gas is c_:ooler_'\_r

l‘,\ ) P
due to the hea.t exchahge 'between it and the vaJ.ve walls. - The core is clearly

hlghly-.turbulent from 1ts rapid rise in temperature - 830 % Jjust past Plané. Y
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to 1 300 ¢ at Plane 2 27 . into the.chan.'ber.- It is :.npcrtant to remember
| these are tlme-mean temperatures s and that events are occurr:l.ng in reality ot
the rate of one cycle 1n 4 mS The abrupt coolino of the gases in Plane Y |
. may be due to a nozz.le_ expansion effect. At hlgh fuel flowrates, the. |

* ‘combustion process emerged from the aerodynamic valve. It was the energy

.dlss:matlon represented by this flame that led to the additlon of heat
i 'exchangers B and C |

Us:mg equatlons 2,5, 9. and 2,5, 11., the velocity of‘ the gases passing

through the aerodynam:.c valve were. calculated for regular intervals during the
- oycle. These have been plotted in I‘:Lgure 4,6,, and show that the exit
veloc:Lty of the gases is hlgher than the induction veloclty. Given the
- discrepancy in Figure. ll-. Sey it s probeble that these veloc:.t:Les are generally
_ too h:Lgh. Tentat:.ve conf:.rmatlon of th1s view was provided in a photographlc
.study by Poole (19). Poole stud:Led a pulsat:.ng combustor whose combustion
¢ chamber Was fitted with quartz ‘windows, Using a schieren technique, the
combustlon was fllmed w:Lth a rota.t:.ng prism hlgh-speed camera, at a rate of
8000 p:.otures per second- A typical sequence of 5 frames is shown in Figure
ll-.7'.' The p::.ctures shcw a column of ges progress:.ng along the axls of the

' combust:.on chamber, whose dimensions were sim:.lar to those employed in. this

. : study, the maln difference. be:mg that the cross-sectlon of‘ the Poole chamber

was square. . The scale of the p:.ctures is 1 21,695 and the t1me 1nterva1 between
them is 50 F.S'. : The mean veloc:Lty orf’ “the 1:|.ne, marked A over the five

_plctures- is 56 m/s. ' Th:Ls compares favourably w:.th the values of F:Lgure l|-.6

'l‘he dlf‘f:.cult;y in maklng a str:l.ct comparison J.s to place the sequence of

'p:.ctures correctly dur:Lng the cycle. : Examlna.t:.on of several whole cycles’ of
' pictures “and further work of‘ Poole synchron:.s:.ng the pressure amplltude onto
_the fllm, suggests tha.t the sequence of . events in Figure. 4, 7. occurs approx-- :

- 'imately ﬁﬂ' before the max::.mum pressure in the chamber. :
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L3, ..Cnlr‘x‘graetejrist:i.cs of Resonating Section

The first result ef' experiment 2 is shoWn in Figure 4.8., where the
"oi)eratlng frequency of the combustor is plotted agalnst fuel flowrate. The
.graph has been lelded 1nto four parts by lines 4, B Cand D, Up to A,
'the,_pressu_re oscillations in the combustion chember wers too smell and _.
irreéular to Ee measured with any certainty. | In the region AB the frequency |
veried from 59 to 70 Ha for DI = 13 and 16 mn., and fron 7 - 93 Hz for Dp
19 mm, Then by 1ncrea31ng the fuel flmvrate to and beyond B, the frequeney
- would begin to Jump and settle on & higher note.l For DI-= 13 and 16 mm. this
was appro,umately 117 Hz, and, f'or Dt 19 mm,, it was apprmcimatelyﬁsh. Hz,
With 1ncrea.s1ng fuel flowrate a similar transition ooccurred around o where the.
frequency Jumped to 193 Hz for,» Dy =13 and 16 mm, a.nd to 240 Hz for Dr = 19 mm.
. At D, the frequency ;Jumped aga.m far Dz = 16 mm. to 280 Hz. For clarity,

R the ﬁ'ans:Ltn.on f‘requencles are shown in Table 4,4,

_f[lg_]gle' l:..A_,' ’Iransit'ion frequencies

Dy | 1206 m. 19 m.
Transition frequency, | 59 ' . _ 80
o "r e 15,

s 280 (16 mn. onmly)

F:Lgure )+.8 also shcms that, for a. . given mode of Operatlon, the f'requency
' 1ncreases W:Lth fuel flowra.te. _ The slope of the 11nes 1s approxlmately 100 Hz.__.
per kg/h fuel flowrate. The only exoeptlon is for Dy = 19 mn. at 154 Hz .
where the slope is approxlmately 2 Hz per kg/h 'The explanat:.on for the r:.se o
in frequency lies in the 1ncreas:.ng meéan temperature of the gases w:Lth:m the |

o resonat:.ng sect:.on.
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23,1 Waveforn

o Due to the assumption of a s:muso:.da.l pressure varlat:.on in Sect:Lon 2
-1t was necessary to investlgate the nature of' the wavefarm. - It was foun:l
_that at low fuel flom:'ates the ‘oscillations were irregular. This is
' demonstrated 'by F:Lgures 4.9. and I+.1O whlch show the pressure varla.t:.on in-
.the com'bust:.on chamber for DI 19 mm, and for two low fuel flowrates. | -From
Figure L, 8, it will be seen that, for ‘N\P % 0,27 kg/h the frequency is in an '.
unstable reg'x.on and can ,junpdto approximately 194. Hz, whereas, fcr' M,é 0.18
kg/h the frequency is stable a.t.apprm;lmately 80 Hz., Figure l|..10. shows that
. the funde.inental frequ'ency of 80 Hz is extremely :irregular. In Figure 4.9.
the waieform is more regular and 1ts amplitude has 1ncreased from 2.5 to 5
_ divisions, |
F:.gure 4.11. shows the pressure varlatlon f’or the same aerodynamlc values.
and for MF o =042 kg/h " The smoother nature of the oscllla.t:.ons is

J.dent and the amplltude has mcreased to 14 divisions, F:Lgure 4.12 shows

' the pressure variation at 160 Hz which is fundamentally . s1nus01dal. It was

'found that the smoothness and stab111ty of the osc:LlJ a.t:.ons at a part:.qu.ar

' -fuel flowrate always 1mproved when the combustor atta.med thermal equ:.llbr:.um._

k3.2, Pressure Amlitude Variation 5

The readings for the axial distribution of pressure amplitude.in the
: resonating section were obtained 'by screwing the‘pressure- transducer into each
of-the neaswing sites in turn. Dwr:mg the experlments s the com'bustor was .
_ mainta:.ned :Ln 0perat10n in order not to d:Lsturb 1ts thermal equ111br::.um. The N
'results of three such tests for MP = O.Z:-5 kg/h are shown in Figures l+.16.,
l|-. 17. and 4.18.. The dlstrlbutlons each show sl:Lght Jrregularltles in the
reg:Lon of the combust:.on chamber. 'Ihls wa.s felt. to be acceptable due to the N
.com'bust:.on process and the flux of‘ the :Lnlet a.nd exhaust gases. At the cold
‘end of‘ ‘the resonatlng sect:.on in F:Lgures k.16, and L.18, the resding ha.s not .
fellen_ to zero hs expected. This was- f‘elt to be due to the 'end eff‘ect' found:'_'-

in. orga.n pipes, - ' **E‘N‘S“L"E‘““"”
- R '2JUN\975
. S _ S

: Lo o - ~LIg-A A‘!
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' The d:.strlbut:.ons are generally smoother tha.n those of Reay (20), as
shown in F:.gure L1413, Reay reported in the work that the pressure measurements
 were compl:u cated 'by the presence of harmon:.cs. | | o |
| The ‘phase of the readlngs was found by compar:mg on the oscill oscope two
traces~ ' one from the combust:.on chamber as a reference, and the one 'be:.ng
._ measured. ‘The nodes of the d:l.stmbut:l.on are a.t % = 1 5 my, ;¥ =1 .0 and
2,21 m., end X = 1,68 m, for D: 13, 16 and 19 mm. reopeotiuely. An
| a.ttempt was made to | meesure the exact position of these nodes by passing a
long, tubular probe into the combustor from the cold end, - The -tube was
.connected to the pressure- transducer. Although the method was f‘ound to work
~in pI‘lnClple the probe interfered with the combustor 0perat10n and thus
- altered the frequency. _
| It may be concluded from the magnltude of the dlstrlbutlons at =0
a.nd x = 3.05 m, that the resonatn.ng seot:l.on behaved as an open-closed’

._organ pipe for D I =13 and 16 mne and as an 'open~open' organ pipe for D T

19 mms Table k.A. may now be written;

L,B, Transition frequencies showing wavenumber, n

Di.: 13: 16 mme .- | Ii;= 19 mm,
59 n=1@o) . 80 n =1 (80)
M7 n=3 (120) |- 13 n=o (160)
193 m=3(0) | om0 n =3 (240)

280 n - 4 (280)

Hz -~ Hz . Hz =~ Hz

In Ta.ble L;..E the trans:.t:.on frequencles -are shown. together with wavenumber, n,
Far DI 13 and 16 mn,, the behav:mur of the combustor durlng warm-up follows

the sequence g:.ven by the s:mele acoust:.c relat:.on~ ' _ ' : :

" f = ne U Es k2.



' ‘hN/m"‘ | -

 PRESSURE PAMPLITUDE

AY

' FiGURE4-I3: PP;E:ssuRE'” BRMPYUTUDE DISTRI BUuTioN

IN A COMBUS‘ro& By RERY (20)

FoR 'TWO F'-ue-rt. F-L.OWRH:T&’S




e
| _The except:.on occurs f‘or bI - .15‘ and 16 mm.. with the initial frequenc'y”cf'
' 60 Hz, It is felt that in this 'oa.rtlcular case, the resonat:.ng section:
.'behaves as an open-oPen' organ pipe. The objection to th:.s 1s that the
1n1t:.al frequency is 21 Hz below that fcr DI = 19 mm. It is poss:Lble that :
" the mean temperature pf the gases was lower for Dy = 13 and 1 6_m. but no
' .measerements ere e.vaile.ble to support this view, o |

A Dawe Wave Analyser was used to examme the warn~-up waveforms, 111us- g
trated by F:Lgures 4.9, and l,..10. Tt was fourd that the wavef'orm contained
a frequency double the.t of the main one, but of lesser magn:.tude in all
cases. ‘This observation could expla:m the first jumps of frequency at line

B in Figure 4.8, With inereasing f'uel f’lowra.te the magnltude of the 80 Hz

frequency, for exa.mple decreased while that of the 160 Hz frequency :mereased. .

.At ) ar:.t:.ca.l fuel flowrate approxlmately 0,27 kg/h, both frequenc:.es became

. unstable. W:Lth a further increase in fuel flowrate the oscillations settled

at 160 HZ. )

"' k3.3, Axisl temperature distribution -

Figure LA, shows the axial. gas temperature d:.str:.butlon in Heat

| Exchanger A for Dy = 16 mme and f'or four fuel flowrates, The temperature |
' falls between 950 and 150 K over the 1ength of the heat exchanger, It was .
_found ‘that the exit temperature of the gases was generally below the
' condens:.ng temperature, 100 %, .

| Figure 4,15, shcvws the fltting of curves to' the experlmenta.l ges temp-
erature d:.strlbut:.ons. The 1sothermal line, T = 715 K, is clearly very '
| poer.. - The exponential curves were fitted to the temperatures TA l aa.n(’i'Tﬁ8
'. It was found the.t the resulta.nt curve was very flat and tended to a straight
. line, In Flgure 4. 15 the exponent:.al curve flts the exper:.mental points
- to within 26%, For the case of the general solut:v.on, Equation 2, 3.214.., it was
aeclded tha.t a s:.nuso:.dal curve was the best f:.t as shewn in F:Lgure b1 5.

The sine curve f:.ts the points, to w1th1n 8% a.nd 1t was fcund to fit all the -

_tempera.ture d.lstrl'butlons to W1th1n 12/o. As for the exponent1a.1 curve, the
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- fitted noints were g,

As

.é-. .li-. Frequencv'& Pressnre Amplitude Predictions

Table 4.C, shows the oomparzson between the experlmental values and the -

'analytlcal predlctn.ons, based on the temperature measurements.

TARIE L.C,

| Experinentar ' Isothernal . Exponential General
116 126 (+ &%) o M= ba5%) 115 (- 0,&%)
195 | 223 (4 12,6%) 188 (- 3.8%) . _193 (- 1.0%)
"-132..5_ " 121 (= 9.5%) 111 (= 19,5%) 132 (- 0.5%)
_201 | 247 Y+ 7.2%) . 188 (- 7.0%) 198 (= 1.%%)
P 87 (+ 13.20) - 77 (+ 26%)
s 178 (- 19.5%) - W6 (+0.78)

Hz

. D,

' The agz'eemen'!: between the isothermal frequenoy and ;bhe experimental ones

- is not better than 7.2%, and is on average 11%, .The agreement between the |
exponential frequencies .a.nd- the ex]oerimental ones lies in fhe range 3.8 to’

‘ 8.5%. The predlotlon by the genera.l sclution, us:mg the sinusoidal fit, is _

clearly the best, being on avera.ge 1.1%. o _

' The pred:.ot:.ons of the general solu’c:l.on for the axial dlstrl'but:.ons of
pressure amplitude have been plotted in F:Lgures l+.16., 14-.17 a.nd 4,18, For |
I = 13 mm, and. 116 Hz, the general solution f:L'l:s the exper:.mental po:Lnts to .
- withln 8}'5. For D 1 16 and 19 m. the f:Lt improved to within 67 The
| .curves demonstrate the :mcrease Ain pressure ampl:.tude at the oobler end of" A
_ the resonat:mg sectmn, predlcted in Section 2.3, In Figure. l|..16., *.l:h:.s is

15%, in F:.gure 4.7, 87 and in Figure I+.18., 177 The results also
'-aemonstrate the nodal shlft towards the cold end, These are 0,51, 0.19 and

- O, 15 M respectlvely for the three flgures.

%



- FIGURE 4,i6 : AXIAL DISTRIBUTION OF PRESSURE
S | " AMPLITUDE IN THE RESONATING

' SECTION

.'D 13 MM-
j‘- “l HE N

AXIAL DISTANCE

.o

o’)?es

' '_ bumr-:ws:om.ess PRESSURE
- AMPLITUDE




FIGURE 4.1 1+ RXIAL DISTRIBUTION OF PRESSURE

AMPLITUDE IN THE RESONATING

- SECTION

Dt = '6 mm.
f =202 Hz

 AXIAL DISTANCE -

'~ DIMENSIONLESS PRESSURE"

AMPLITUDE:




FIGURE 4./8 : RAXIAL DISTRIBUTION OF PRESSURE

AMPLITUDE IN THE RESONATING

.S'E_r_'r'loN -
f 145 He -

30

20

L ]

ro

" AXIAL. DISTANCE
| S

O_l . | T _G'l  I— T T
oEE . o b

. DIMENSIONLESS PRESSURE

€D)

- AMPLITUDE



A _"'u.3"

-—ll-lol-l'o Heat Transfer

The results of Experiment 3 lare taealatea in Appendix E, Both the.
readlngs, from which the heat transfer coeff'lclents were calculated and the
der:.ved parameters, are presented in Table Bk, et. seq, | The overall heat
_transfer coefficient, U s lay in the range 32,8 to 61.0 W/m K. The
. value of Reynolds Number, Rew y for the water flow in Heat Exchanger A lay
:m the range 655 to 1256, The flow was therefore predom:.na.ntly laminar,
The value of Reynolds Number, Re s for the gas flow through the Heat

Exchanger was based on the mean gas ‘velocity, "IA.A . Thu.s-

B,

Rey, = Ty >, ea
_ﬁ-QA lay in the range 1846 to 6689, and the gas flow was therefore .-'pre-
| domina.ntly- twbulent.! For a tube .of'__'.26 mm. diameter, a l'ength of 0.5 m. -
wov.ﬂ_d normally be requ_:“Lred' to ellow a steady flow to become .hydrodynamically
deueloped. g Thus it was assumed that the pulsating gas flow became fully

 developed in the lagged settling length of 0.22 m,

'_l_.,:',' &,1,‘ T‘Eer:.mental heat transf'er coeff:.clents
' The experimental -heat transfer coefflclents were calculated by d1v1d:|.ng
_ the heat exchanger into the seven sectlons ’ ly:.ng between the gas temperature
| thermocouples. A typ:.cal section is shcwn in Figure 4,19, Appl:.cat:.on of
the F:.rst Law to the control volume leads to the heat transfer coefficients: -. |
.“A's- 2 ——ith =< - : a.u.z;
Se(Ta - T) -

A

| '_where s‘:.s the surface area based on the outside diameter of the inner tube,
-Th is the mean gas temperature,
i; is the mean surface temperature, _ _
AHA is the change of enthalpy of the gas (equal to that of the water,
- assuming negligible losses through the lagg:.ng)

The water and surf'ace temperatures ccrrespondlng to the po:.nts ‘were found by

llnearly mterpolata.ng between the nearest ad jacent readlngs. 'I‘hese-calc-
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NS
_ ulations were perf‘ormed w:.th the computer programme shmm in Appendlx r,
.The propert:.es of the gas and water were. evaluated at the corresponding mean
temperatures. The Nusselt numbers were also calculated, using:
Na, = has Do
P L
Nw, = ’\sw)&_a[ S Lodioliy

It will be seen f’rom Taeble L,F, that the heat transfer coeff:.clents

b3

between the water and the tube surface, AS'W s lie in the range 1391
< hgy < 2327 W/mt K, -

to i o2 Stead state heat transf'er

. In order to 'be gble to correlate the exper:.mental results, an estimate
_ of the equ:walent steady flow heat transf'er was requ:Lred . It was not
poss:L'ble to run the aoparatus under 1dentn.ca1 conditions without osc:.llat:.ons. x
Therefore the enpirical equation of Seider and Tate was used (see equation
2.4.5.). | The procedure was to oalculate the heat transfer in folly developed |
. steady tur_bulent flow, using 'the same values_of' 'h'\ AA ,T' s .ahd TW.Q |
as in the exPeriments. ’i‘he caloulations were performed by the progranim
CKBA in Appehdix F. This had to be started with an esta.mate of the outlet
_ ‘water temperatu:r-e,Tw, e - It was f'ound that o step 1ength of}/ converged
satlsfactorlly, and by success:.vely changing the origma’l. est:Lmate the :Lnlet
water temperatm:'e was obtained. ' The water side heat transfer coefficients
lay within an average of % of the exper:menta’l ones, end the Reynolds
numbers corresponded to within 5"7 W:Lth this agreement established, the |
steady state ges to surfaoe Nusselt numbers could be used as a basis of

compar:Lson for the exper:.mentally measured ones,

| Lol 3, Heat Transf‘er Correiations
The 1oca1 heat transf‘er coeff:Lc:Lents s ’\ Y in the heat exchanger were

' ' A
- correlated with 1ocal velocity ampl:.tude “w 'by plott:mg N:"&- the ratio
| . o Nw



o equatlon 2.#.8. to within 21% up to 5’-

. | 1l 6 .
| A
of pulsatlng to steady state Nusselt number, agaunst / the ratio of the
: Up. .

_ veloc:.ty amplitude to the mean flow velocity. The latter was deduced from

the continuity equation, thus;

&An S . - _
where QA is the dens:.ty of the gases at po:.ntx o The velocity amplitude
at any point were derived from eque.tlon 2.4.13, | |

A o d
| | Cax dx
' The eorrelatlons for DJ.’ =13, 16 and 19 mn, are shown in F:Lgures 1.,..20 4,21,

: and 4,22 respectively.' Also shown on each graph is the quas:L-steady-state
'relation, equation 2.11-. In I‘:Lgure ).;..20., the exper:.mental po:.nts follow
54 4 1.5, and then diverge along :
e steeper slope, For D.T = 16 mi, the agreement is a’pproximately 16%, and
again, a steeper slope is suggested after / = «0s For DI = 19 mm..
| the agreement is apprommately 13%, and the same trend is a.pparent. These

results. substant:.ally agree with those of Hanby (39) and do not exhibit as

- -'much sce.tter. They tend to conflict with those of H:.rst (57) in that his

© results f'ollow a slope below equatlon 2,4.8, as shcwn in F:.gure k.23, Hirst
'examlned the heat -transfer f'rom a heated tube to a flow of air pass:mg through -

. 1t wh:Lle excited 'by a s1ren. The a:qal .temperature gradlent in the tube was

'less than 15% of that 1n 'thls'stuﬂy,' and there wss as no- combustion process, o
| In F:Lgure b2, the Nusselt Number ratlo. N% , hes been '_plotted-

| _. aga:.nst dlstance in Heat Excha.nger A,x for DI = 13, 16'.and 19.mm.-' On

these graphs, the posﬁ:lon of the veloclty antlnodes has been ma.rked V.A.

: -'In F:Lgure Z;..2lg. (a) the var:Lat:Lon of /P with %¢ is approx:.mately sinu-

- so:Ldal and- reaches a 1ocal max::.mum of 2 23 a.t:c = 1 18 m. The nea.rest

._.veloclty ant:.node is at 0.92 m. - The next v-eloc:.ty antinode is at x= 2, 16 1 m. )

' ,'but here the va.lue of &Eﬂ- is- 1arge due to the end ef‘fect._ In F:.gure _ |

o l;- 21;. (b), the veloc1ty anta.nodes do not coincide with local ma.x:.ma. ' Iri'_
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-I‘:.gure la..2l|. (c) the veloc:.ty an’clnode occ_xix:s at & = 1.70 m.. and coineicies .-
' . w:!.th a 1ocal plateau in the curve whex-e MZL:‘;P' ’-‘ 1.9, These results .ex-e
not as clear as those of Jackson and- Rmdy (311:), discussed in .Section 1.3,
'. In Section 2.L,.. o5 dimensional analysls po:.nted to a relat:.onshlp 'between
P y a_ RQ and S . ~ In order to be sble to derive an empirical
relatlonshlp it is mcessary to keep- two fa.ctors consfant while exam:Lmng the -
other two. This was not possible w:.th this apparatus due to its feature of
pumping :Lts onn combust:.on air, whlch meant that RQA could not be fixed |
- while alteringu for example. In F:Lgure Lo.25,, Nﬁﬁ hes been plotted"
_ aga:.nst Strouhal num'ber, Se The points are scattered, ar:g the stra::_gh’c line |
shown is a least squares f:.t The line :Ls;._ |
%  = 1.0 +0,20 8 i_».h.é_.
| Hirst (57) produce_d 'a'_. similar empirieal relationship which related his

'_ experimental results to the quasi~steady state predictions, .



- 5, Conclusions

A naturally-aspirat:.ng propane —f:.red pulsatlng combustor was. constructed

C w:l.th aerodynam:.c valves of diameters 13, 16 and 19 mm, Prov:.s:Lon was made to

| measm'e the f’lun.d_ flowrates and flu:.d temperatures and pressure ampl:.tude of
the osmlla.tlons at regular :Lnterva.ls along the resonatlng sect:Lon. A
linearised wave equation, govermng the propagatlon of sound Waves through a -
gas eéchi'biting an exial temperature gradient wes cbtained, together with
exact solut:.ons of an exponent:.al tenperature grad:.ent.
The results of an energy balance of the apperatus lay within - 5. 77 to
.'+ 1b. 0% | Tt was found that the overall therma'l efficiency of the com'bustor
 decressed with increasing fuel flowrate,. Tt was found that the airflow .
through the resoneting section lay in the .rsnge 6 to 17 kg/n, A quasi-steady~
-, state _analysis of._ the. aerodynenic vélve overestimated this ei-rflov.r by two to
three magniﬁldes. This was felt to be. caused. by the assmptlons of isentropic,
'__Ifrlct:.onless flow in the analys:Ls. | - _ . | ' |
o It was found tha.t at low fuel f‘lowrates a.nd low mean temperatures s the
com'bustor ran at a fundamental frequency of approxn.ma.tely 60 Hz :f'or Dg =13
and 16 mm, and appro:n.mately 80 Hz for DI = 19 mm, - .With 1ncrea.s1r\g fuel
f'lowrates, the combustor ! jumped! tc hermonics based on.the mode of oper-atlon.
This were 'closed-open' organ pipe and 'open-open' argan pipe for Dr = 13,
K -16 mm. a.nd DI = 19 mm, respectl-vely. The waveform of the osc:xllatlons-was '
| 'found to 'be s:muso:.dal only at high fuel flowrates and high f‘requencles. -‘
| The predlct:.on of the overat:.ng f‘requency by the exponentisal analys::.s 1ay o
within 3.8 to 19, 5%, of the experlmental readings, a.nd that by the general |
- wave“eque.tion 1Ay within 0,5 to 2 v | The predictions by the genera.l wave
equa.t:Lon far the ax:Lal d:.strlbut:.ons of' pressure a.mpl:.tude lay W1th1n 6 to /L.
_ A The hea.t transfer results sought relat:.onshn.ps between a.) /PN““ ‘and
Ve  , endd) Nﬁ/ and S, The results of a). suggested a steeper _
-_remonshlp than predmcted by the qua.s:.-steady-state theory (based on an

" empirical steady state heat transfer equation), The results of b) -produc_e‘c'i



las
a sca’c::tex; of points which were correlated by a 1east-squareé line;

@p =1.0 + 0,208 |
Nw | o

| The range of the major parameters was; |

ﬁ'QA ' .1800 - 6690 |

s 0.8 = 4.7
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- 6.4 Solution of the general wave equation

bquatlon 2.3%.2 isy
- where -. é % é:' (3&>

.It may be wrltten in the form: -
? " $() P +acx)r o
} e L - ...L oo
e HORRE &
| q(.%) = @

s .
: 'J.‘his may be spl:.t up into two smultaneous f':.rst order diff'erentla.l

. equations by wrltlng

3?
5?

. f(x)j - f)(x)f’

~thus giving:_ '

: _'.The bbuhdary cbnda.tlons for the tube are:

PO = F
p(L) = O

_ Th:l.s 1s an initial value problem and was solved using the subroutine DRKGS

in the Numac Library (50). This uses a fourth-order Runga-Kutta method,
. and requires anly the velues of P(o) and -]b’(a) to start it, In order to
| meet the bou;dai'y condi.tion ?(L)uo,- a. Newton-Rephson iteration loop was
ﬁritten into.the proéedwe. ' The output of' the programme was the pressure

amplltude at any req_u:Lred pomt in the tube,
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1000 FORMAT(4(F13.3))

CRBGPX == GENERAL” scLN.‘”“
DIMENSION Y(2), D[RY(Z),AUX(1;,2,,pKMT(:)

133

INTEGER NDIN,J,N,AUN,JM .

COMMCON OMEGA.

EXTERNAL FCT,DUTP

N=0

READ(S,IJC“)OHEGA,PAC,GPAD

COMPUTE STARTING VALUE CF P(L)

Y(1)=PAC

Y (2)=GRADN

DERY{1)=0.5
DERY(2)=3.5

- PRMT(1)=0.0

START ZERC SEEKING LCCP
OMECA= 04LGA+2J.G

10

PRMT(2)=3,3
PRMT(3)=0,3

PRMT(4)= O.JO 1

NDIM=2

WA=CMEGA

CONTINUE

EQFT INPUT PARAMETERS. FCR DRKGS

Y{1)=PAC .
Y(2)=GRAD
DERY{1)=0.5

_DERY(2)=G¢5

S PRMT(1)=0.Q

PRMT{2)=3.3

 PRMT{3)=0,3
PRMT {4)=0,0001

" NDIM=2

3311

WB=CMEGA

~ K=(FB=FA)/{wB-KA)
OMEGA=KB-{FB/K)}

- CALL DRKCS(FRMT,YvFERY ADIMyIHLF FCT,OUTP,AUX)
FA=Y(1) :

" CALL DRKGS(PRMTvaDERY:NDIM IHLF FCT OUTP:AUX)
"FB=Y(1) .

IF(CABS{OMEGA-WB).LE.0.01.OR.N.GE.20)GO TO 6

N=N+1'

WRITE(6,3311 N, OMEGA
FORMAT (4X412,3(F15,2))

‘FA=FB

‘WA=WB .
.60 T0 10

CONTINUE

X=0,0

DO 12 J=1,12
Y(l)=pPAC
Y(2)=GRAD
DERY(1)=20.5

 DERY(2)=0.5

“PRMT(3)=X/1¢

PRMT{1)=0.9

PRMT (2)=X

T



LR}

CPRMT(4)=0,00091
NDIM=2
CALL DRKGS(PPMT:Y,DERY,NDIM,IHLF FCT9CUTP,AUX)
o NRITﬂ(6y9u9])J,X,Y'l),CERY(l)
9091 FORMAT(6X3I243(4X4F10.3))
X=X40 .3 :
12 CGNTINUE
~ WRITE(£,90$2)0MEGA o
9092 FDRMAT(éXy'DH%GA = 1, F10,2) "
- 5TOP _ :
END.
SUBROUTINE FCT(X, v,ntav)
"IMPLICIT REAL%8({A-Z)
DIMENSICN Y{2) 4DERY(2)
CCMMCN CMEGA

DATA AyByRRyGANMA/=373,47140040520721,1.4/
TX=1500,0-1200 (O%DSIN({ X=0.2)%3,14159/¢)
DTX==260,0%3, 1415°*rc051(x—u.3)$3 14156/6)
 FX=DTX/TX
© GX=(OMEGA®%2)/ (GAMMA*RR#TX )
DERY{1)}=Y(2)
. DERY (2 )=-FX*Y({2)- GX*Y(I)
RETURN
END . |
'SUBROUT INE ourp(x,v CERY, IHLF,NDIH PRMT)
“IMPLICIT REAL%8{A-Z)
~ *DIMENSION v(2),ner(2>,Aux(16,2),prT(S)
INTEGER NDIM,THLF
RETURN
" ENC
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| 6.B, The Ifrel.iminarx' .Investigatioﬂ |
‘ . The first combus.tor to be cons;trucfed was be.sed on a design of the Gas
'council' (17) and is shown in Figure B.1. It was f'cUnd that steble combustion
- oscilla.t:.ons could be susta:med only by directing a blast of air contlnuously
towards the -aerodynamic valve. The mean static pressure in ’che chamber was
" 0.3 kN/m : for an energy release of 18 k¥ on opane fuel and the exhaust
temperature was approximately 1}50.0. It was observed that flames emerged
from both ends of .the chamber.. . | .
A. nﬁmber of mcaifications were made to the é.eeign in orde;' to measure
the overall rate of heat ‘transfer, and the resulf of these is shown in
Figure B.2, The fuel injection was changed o a raiial configuration, &
systeni used by. Fl'e.ncis e.t el. (17) and Muller (19), and a heat eﬁ:chénger_was
- f:Ltted to the exhaust end of the chember. The combustion chamber was fitted .
with a. cooling Jacket, It was f'ou.nd tha.t the maximun volumetrn.c combust:.on |
" rate was 78 MW'/m3 » that the operating frequency was 175 Hz and that the
‘overall ra.te of. heat transfer was 64 kW/m 2, These :f':.gures were compared
_ with those of Reynst (13), Muller (19) and Alebon et al. (15), which were
17,5 W/n’, 71 and 150 MW/nP,'a.nd e 5 Mw/m3 and 50 Mi/u° respectively., A

o sample of exhaust gas from the centre of the heat exchanger was analysed w1th

an Orsat apparatus, which yielded 6.5 per cent carbon dioxide, 3.6 per cent
: oxygen and 0.1 per cent carbon monox:.de. It was concluded from.this analys:,s _
'that the combus tor was 1nduct:.ng excess air and that therefore, the dlmens:.ons -
“of the aex_'odynamic valve coul‘d 'be reduced without detriment to the ccmbustion _
- process, o _ - | N :
As the orig:mal 'combustion“chamber. had 'become dietcrted, 8 new one of

51 mm. internal dianletel' was cons_truc_ted,- and a 'tail-pipe added to the heat
.'.exché.ng_er _to prevent 'end_-effects ‘due to reverse flcw.- The rev:.sed anparatus
~is shown in Figure B.3, It was found that over the range of' fuel flowrate,'
| 6.68 to 0.92 kg/h, the gas temperature at the ex::.t of the heat exchanger fell -

from 260 to 175°C while that of a thermocouple placed just cutside the aero-
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‘dynamic valve rose from 185 to 225 C, as may be seen f’rom F:.gure Bhe It
was a]so found that, over the same range of fuel flowrate the thermal . |
: efficiency (Pigure B.5,) of the combus‘tor fell_f'rom 38.5 to 32 per cent.
It was concluded from these observations .that the reverse flow of‘ hot gases
through the - aerodynamic valve (‘blowback') represented a significant energy
loss wh1ch would be difficult to measure without plac:.ng heat exchangers
suitably. It was real:.sed -that -if this was done, cool air would be |
- entrained. 1nto such a heat exchanger, ‘thus reducing the temperature d:.fference. _
between the hot gases and the cooled walls, A further experiment was nade
to determine the eff'ect of aerodynamic valve length upon the volumetric
' combustlon rate. The results are shown in F:Lgure B.6. where meximum fuel _
flowrate is plotted agalnst velve length for an internal d:.ameter of 16 mm, . |
1 It was concluded from this graph that, in order to obta:.n a wide turn-down - .
rs.ta.o, a short valve was des:trable. . ' _

| It was decided then to construct an anliaratus in which local heat .
transfer coefficients could be measured (see F:.gure B.7.) Two identical
| _ cOmbustors were al1gned hor:.zontelly opposite each other. It was intended -

‘that, by 0perating the combustor unéler counterphase cond:.t:.ons R the blow-

o 'back from. one valve would be 1nducted by ‘the other, and thus virtually

_el:.mlnate energy 1osses. . "The combustion chambers were mounted on a sl:Lde

- within a large wooden box so that the gep between the two valves could be N ' __

‘varied. from 5 to 260 mm, The box was linel with tin foil to reduce rediation
-‘ _' 1osses f‘rom the unlagged chambers. _' Its pur'pose was t0 act as a smoothlng o '

"reservoir 80 that & neasurement of the’ airflcm could be made. The- volume of -

~ the. box was 0 l|.5 m3 y calculated from the formula in B.S.726 (51)

' The des:Lgn of the combustors is shown m ‘more detail in F:Lgures B 8. & 9. o

The aerodynam:.c valves were 50 mm,. long and 16 mm, internal diameter. : Each
_ com'bustor hed nine sampl:r.ng sites-" “those of‘ Conbustor A were used to measure
gas and water temperatures ’ while those of Combustor B were: for pressure

'measurements and exhaust sampling. _ The gas temperature_s were measured b_y
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= inserting a chromel-aiumel' thermocouple into the cho.sen pocket which was
: sealed when not in use, .. The water temperature sites were all prov:ded with
oopper-constanta.n thermocouples which indicated d:.rectly on a chart recorder,
The static pressure measurements were measured by an inclined water mult:.-
" manometer, |

During early experiments‘ on this apparatus it was cbserved that a. short
1ength of 37 mm, diameter tube, when held over the end of the tail-pipe,
caused the combustlon-driven osclllat:.ons to ;Jump to a higher frequency, In
_addition the pressure variation 'became very regular, and the maximum volumetric
'combustion rate was :anreased This tube is similar to the augmenters of
L"uller (19), and, although he intended them to perform as eaectors and used
slightly divergent tubes, this term is used henceforward The diameter of'
_:the augmenter wes found not to be critical, 'but its length was 1mportant
and one of 0.14-5 m. gave the best results, The reason for the improving
_ 'effect of the augmenter was not clear,
. Results- _
o The results of tests on Combustcr L are presented here. Figure B. 10. o
illustrates a typical sequence of frequency ,jumps during the warn-up period
of the combustor, - The frequency was measured by a piezo-electric transducer,
and the chamber wall temperature by & chromel-alumel thermocouple. The =
__--frequency gumped from 9% to 160 to 245 Hz,. If the mean gas temperature is
" taken to be 500 C and the 1ength of the resonator being 2.1-1- m., the natural '
frequencles are given by simple acoust:n.c thec:ry to 'be-
open-open tube; 104, 208, 312 Hg 5
-closed-Open tube- 52, 156 260 H'g " _
The bands have been marked to show a region of' instability in wh:Lch the
| -operating frequency on‘.‘ the combustor alternated ra.ndomly. FrOm the eomparlson
' : of the experimental and: calcmlated. Operating frequencies shown, it was endent

" that simple acoustioc theory was" inadeq_ua.te.
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| Figure B.11, -shcws. that, haﬁng rea.ched.the 245 Hz mode, the combustor
frequency rose at the rate of 0. 25 Hz/ C but d:.d not :jump h:.gher as the

_' _ ohaniber reached its maximum temperature of approucimately 920%. The rise

was _attrlbuted -to the ;ncreas:.ng velocity' of sound in the gases.

- Figures B,12, and B.1-3. illustrate thelgas and water temperature dist-
ributions found within the heat exchanger of Gomhustor A, The gas temperatur_e '
| fell apprommately 380 C in the final 1, 3‘75 Mo of the heat exchanger. ~No -

' measurement at the entrance was ta.ken, ‘but from F:Lgure B.11, it was approx-
imately 900 . Thus the gas temperature fell 600% in the first O 275_ me of
the heat exchanger. The water temperature showed the greatest rise, of
60%, in the first O, 5# m, of the heat exchanger, the rise up to that point,
of 18% C, 'being aprroximately '1inear.' - The greatest energy transfer therefore

| ._ oocuxred at the entrance to the heat exchanger. Th:.s was expected because the

‘difference in temperature 'between the gases and the water was greatest in ke
this region, -During the tests the Reynolds number of the water flcmr in the
annulus was 6 _;0 end- that of the gas flow ranged from 2700 at the hot end to -

| 6750, at the cold end. Tt was concluded from this that the water flow was
_essentially laminar, ..and that ‘the gas flow could be regarded as turbulent.

. The data permltted heat transfer coeff:.c:.ents to be calculated _By

.. ) drawing a control volume around each of the six sections of the heat excha.nger
- and apply:.ng the First Law, the mean heat transfer coefficient, 'based on the
erea separating the two fluids, was: L

| ;:’3:-5. Thw CFH~ ATy

mrd, Ax(Th -Tw».) -
The heat transfer coefficients thus calculated are plotted aga:mst distance

.'.l6-B.1' '

along the combustotr in Figure B.1l|-. The ooeff:.c:.ents fall steeply from a |
_value of 240 W/n® % at the hot end %o & minimun of 22 W/i? K end then rise
again to""l-37 W/m2 %% at the cold end, Shown on the same graph is the
var:.at:.on in the pressure amplltude along the combustor. ' This was assumed

to- be s:Lnuso:.dal and the com'bustcr was assumed to be operating as a closed-- '
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open tube. . The only measurement of pressure amplitude was taken at the

h

combustion chamber with a. plezo-electric transducer, | Assum:Lng that
. oscillations in particle veloclty w:.thin the tube were phased 90 ehead of
the pressure oscillations, the velocity antinodes mey be teken to lie on the
- greph at the pressure nodes, At the first velocity antinode at x = 0.48 m,
the heat .transf'er coefficient reaches a minimwxi. At x = 0,96 m, a velocity :
' node, the heat transfer coefficient is approximately constant. At x = 1o m,
the heat tra.nsf‘er coefficient attains a local maxw.mum. According to this |
ev:.dence R therefore, it appears that the local velocity variations in the gas
flow affect the heat transfer coef‘ficient in opposite Ways. This anomaly
was caused by:

a.) the pressure amplitude variation shcvwn tock no account of the
_ seyere axml tempera.ture grad:n.ent existing in the gas flow; _
| b) the u.ncertainty in the deduction of the heat transfer coef‘ficient..

| The effect of a) is that in reality, the wavefarm would be compressed
towards the cold exhaust end because, for a given frequency, the decrease of
the sound velocity in the cooling gases would be accompanied by a shctrter
' wavelength. This means that the pressure nodes, as shown, are shifted towards
. the combustion chamber, - Regarding b), an analysis of equation 6-~B.1 showed -
" that the temperature rise 1n the water, ATW , Was caloulated by subtracting
two velues taken frcm the chart recorder. , It was estmated that the max:Lmum
" possible error arising f’rom this source vas 257 by with an expected highest error |
of 155, | |

F:Lgure B. 15 shcws a graph of overall heat transfer coefficient against
com'_bustion chamber-pressure amplitude, The overall heat transf‘er coefficient - |

was hase& on the logarithmic mean temperature difference. The linear
character of the graph is 'evitient; ’ | | |

7 as the apparatus had given a great deal of trou'ble in Operation, 1t was |
decided to construct a s:mgle new combustor,. 1ncorporating a longer heat

: ~
exchange section and improved measurement technlques. )
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. Exhaust Gas Anélvsis

‘A Pye Series 101;. Gas Chromatograph was used to ana.lyse the products of

-combust:.on pass:mg through the hea.t exchangers of the combustor, The carrier

_ gas was argon, which wa.s passed through a dry:.ng agent before entering the
N instrument. A coiled tube, 1 me long: and £illed with Molecular sieve was -
- used to elute hydrogen, oxygen, nitrogen and carbon moncxide from the sample,
‘and a siniler one filled with Silica Gel to elute carbon dioxide. A peri-
| staltic pump drew s'a'.mples from the combustor, in which the mean pressure was
.gpproximately atmosphet'ic , through a water trap.

. Tt was found by experiment that the best settings far the Chromatograph

were:
-. Detectar oven temperature: = 5660
. Analyser oven temperature 5% -
irgon flomwste 22 nl/min
Semple flowate 33 wl/nin
Katherometer current. ._' . 60 mA |
 Chartsped . 142 :m/h

.A typical chroma.togram is shown in F‘:Lgure B.16 and Figure B.17 shows
‘the vesult of the tests. It is evident that the combustor operated on the "
ean side of stomchlometrlc. W:n.th mcreasing fuel flowrate the a1r/fuel R
"ra.tlon a.pproached sto:.chiometrlc. The graph suggests a connect:.on between
the maximum volumetr:n.c GOmbustion intensity and the atta:.nment of stoich:.o-

_metrs.c conditions, If this were so, it could be. concluded that pulsating

combustors extingu:.sh under fuel rich conditions., It was also observed that

no carbon monoxide’ was present in measurable quantit:.es, although up to 0.5 ..

. per cent h,ydrogen was found ocoa.s:xonally.

' Sunun.g_z;z-
The prel:.m:.na.zy work showed that the Helmholtz-type combustor would 'be

. satisfactory for the investigation. It was felt that it could be 1mproved
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'bs; iengthening_ the heat exchanger ._tc.) sprééd out. thé effects under observé.fion,
and by adding heat -éxéha.ngefs- to the inlet side -to rec_cvér the energy loss

" caused by blowb';ck through the velve, It was folt that the dinensions of the
| vaive' should lie in the-ran'ge 12 ~ 26 mn. diameter and be 50 mm, long. It |
was found that the waveform of the pressure osc:.llat:.on was approx:.mately
sinusoidal and. that, compared to it, the mean static pressure within the
combustor was approxlmately atmospherlc. Tt was decided that the accuracy

of the fuél flowrate measurement should be improved.
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. 6,8, Gas Temperature Correct:.one

As stated in Seotion 3.l4. 1., _two types of thermocouple were used to |
measure the gas ten@erature.- These were a bare Type S Junotlon mmmted on
a silica rod and a Type K sheathed thermocouple. The temperature of the
Junctlon in both cases requ1red correct:.ons for. three reasons:

" a) oonvectlve a.nd radiant heat exchange oocucrred between the gas,
.tube walls and the thermocouple, as well as conduction from the junetion;

| b) the thermocouple was heated due to stagnation of the gas velooity;
c) as the 'junctions. wer_e at fixed radii in the tube, the reading had to

be corrected to the bulk fluid temperature,

a) : Thermoooﬁ:p_le A

- This thermooouple Junction, a 'beeﬁ' of 0;8 mm, diameter, _pro,jected. 9.0 mm.
:. into the gas flow, _It.we.s supported_' by its two oonstituent 'w:i;res, .whioh were
threaded through a silica rod of low thermal'contluotivity. It wos decided -
that, even. though the tﬁermocouple wires aid not run parellel to the flow 'lfor
- afew irxi_]ilimetre's,' the predomina.nt influences on the bead were radiation and |
-'oonveoti'on. To. simpiify calculetion, it was assumed that the surroundings
were large and that the effective radiation temperature of the surroundings

was Sﬁ . The following energy balance may then be made, a8 in Figure.'0.1;'

‘\- S ( a| -T;:) s SBVEB(‘TE/(‘P" S¢4)

1 . '
where -’;‘ is the temperature recorded 'by the thermocouple. The normal

total enissivity of a plat:mum filament lies in the range O. 036 to 0. 192 over
‘the. temperature range 27 to 1230%,, accordmg to Simonson (53). Thus
'_ was teken to-be 0.19. The correlatlon ‘used for forced conveotion over spheres

 was taken from Holman. (5&-)

| N'_ot esv(‘tze,() | . 6.2
Thus: " 06 | |

e emﬂ{ ,uae.a e

6C.1
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The properties of air in equation 6-C.3 were. evaluated at 7; | s and’ 'MA was
‘deduced from ﬁ\AA by the dontinuity equation: ' '

t

- " _
Uy * ala 6-Coly -
: | 3600 g, Sfé -
_ The total cdr'rectlon is, from equatlons 6-C,1: |
_ o o 4
- ot o8('7", - Tig )
-Tg"'_ .-Ti;l- +F - A 6-C.5

10% he
- where ‘\ is calculated from equat:.ons 6-C,3 and. 6-0.1...

Tﬁermoébuple B

| ~ This 'bh_ermocbuple juﬁcfion was embedded in magnesium silicate powder.
" and sheathed in 25/20 Chromium/Nickel steel. It projected 22,6 mn. into the
£low and was mounted in a brass collar so that it could be screwed into the
'meaéuriné sites on_' the Jres‘ona.ting section, | (See Figure C,2). Due to this '
-reqﬁi_rement,'_the thermocouple was'strai-ght s and again not bent along an-
;lso:thermal to reduc; ‘conduction. It was decided that the teﬁperatwé of
‘the ‘Junction was affected by radiat:.on, comrectlon and conduction, and the '
anslysis of Cha.pman (55) wes used: | 3

- Tom = he . cosh (mL) =

. ,Tﬁv\ Sn A + I‘ cosh (m l') .

whereT - was the read.:.ng of the thermocouple at the Slte num'berh /_

- 6-C.6

C . was the 1mmers:Lon of the tha:'mocouple and W\‘ was given by:

(Ao he I
' M'_ ' i ¢ . 60,7
' 'ksk tsk S L

.tﬁk , the thickness of the sheath wall, was 0.15 mm, The radiation and

-convect:.on coef'f‘:.c:.ents were taken from Chapman and. Holmen respect:nrely. _

hw = v- ask (T "”Ts-h o - P
: /
. C-T- __ -r;h ) | _ : __—0.8

l‘c = 05 ;—ff‘ RaLO o | e



s

Ageain, the pz‘operties of a1r were evaluated at ‘7;1: .. | .The normal total‘

| _"ex.nissivity. of the sheath was taken from Simonson to be '0.82 as the surface

' 'beceme.'blackened with use,” The thermal conductivity of .18/8 Chromium Nlckel |
steel is 22,5 W/moK at 600° C, and this value was used for ‘k

) Assﬁming that the two installations cdnpletely stagnate the moving

| gas ad:La.'bat:Lcally, the thermocouples recorded the totel temperature of the

gas. . Therefore: ' ' .

Tan = Tan * 2 | om0

Zo,,n

Now,- the velocity of _'the gas at any instant, 'U-A s is given by equation 2,3,6:

Up 2 Uy + n, R 236
. fThe stagne.tion temperature of the gas'a..t_ any instant thus depends on. the
“velocity ampi:i.tude of the osc:_'.llatiens as well as the mean velecity, un ’

' of the gas.

.. o) - The bulk fluid temperature at a cross-section may be defined, for an . |

1ncompress:L'b1e flu:l.d of constant propert:.es s as:
B
P f Q‘uv- v

' -rg is dependent on the velocity d:Lstr:.but:.om across the tuibe. In the

60,11

. @bsence of a direct measurement which. would have required a ‘special hot-w:u:'e' '
anemometer, :|.t was assumed that the t1me~averaged veloc1ty dlstrzbut:mn in

- the tube was given by an equat:.on of the type:

'(seemgurecs) . . '. - I
( ) . - '6-.0.-12._



~ For Re = 4000, Bayley et sl (56) give N =6 and the ratio:
A . o9y S 60,13
Now equation 6-C,11 may be written:

T sss0 ¢, [Tonr
. .W\AA .
Substitution of 6-C.l;., 6-C. 12 and 6-C.13 1nto 6-C 12;. ylelds'

._.’; o'7‘?lS f“c) ) * e O saw

It .wa._s ‘therefare necessary to measure the temperature profile,_r' (V') at

601l

3 cross-section. This wes done at S:.te 7 for two fuel flowrates, and the
results are - shown in F:Lgure G.ll-. A Type X thermocouple of 0.5 mm, d:.ameter,

.we.s mounted on a sl1de with a mlcrometer and traversed across the tu‘be.

' _ 'Immediately after the tra.verse, the Pyrotena:c Type K thermocouple was 1nserted '

s

and a’ read:mg obtained under the same cond1tlons. | It.was.assumed that. the
',corrections- to the readings from these thermocouples were identioel elthough- _
o this is an a.pproxlma.tion since the :meersion of the traversing thermocouple
necessarn.ly changed., _ .
The date from the traverses was used to 1ntegrate equation 6-0 15 by

: Simpson s Rule, and the results are shown in Table C,1,

Table C,1.

Comparison of experimentsl resding with corrected temperature

5. " Experimentsl
| Re,, '- Reading .TB.
3o s o w
woo | W 128
% | - o %
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- It transpired that the product M,L' always exceeded 5, and thus equation
6-C, 6 became: . o | |

' --T;h\ - .-T;h +( A P)(j-ﬂh" -rs-h) 6-C.17 |

The carrection to the Pyrotenax installation therefore depended only on the
relative méghitudes of the éomrection and radiatiﬁr; coef'ficients; The ratio
| hc. + I"f’ /‘\ ) lay in the range 1,01 to 1.2, corresponding to
. corrections of .a;prokimateljf 0.5°0 énd 130°G at the cold and hot ends.réséec.t- '
ively, | - ' :

. The gas feméérature corrections were applied using the programmes over-

1eaf.
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. 7

TAl

el

TEMP., CORRECTION PROG

JIMPLICIT REAL®B(A-2) .

3 .

CONTINLE :
RLAD(“,I“GQ)TA,TS,NAA
IF{TA)E 4644

"4 CONTINLUE.
RED= MAA/(?497*MUA(TA))

TTA=TA+ 1. 085 (TA*%4=TSH%k4 ) /{100000009%HC)

1001
190¢

HC=462*KA(TA)* (RECH%0,6)

WRITE(6,1001)TA
FORMAT(8X,F10.2).
FORMAT(5(F1C.3))
GC TC 3

CONTINLE

. STOP

END -

T TAl

3

1000

4

A

N TENP,” CORRECTION PREG
IMPLICIT REAL*8(A-Z)
CONTINUE = |
READ (5, 10001 TA; TS, MAA
FORMAT (5(F1G.3))
LE(TA)E4644 |
CONT INUE

- REGC=0. POlo*NAA/ﬂUA(TA)

HR=(TA#%4- TS*#Q)*4.69/((TA-TS)*IOCOOOOOO)

"HC=384%KA( TA)* (RED*¥D, 47y

" R={HC+KR)/HC

1001

STA=STS+{R%X(TA-TS) )
WRITE(641001)TA
FORMAT(GX,FIO 2) .
GO0 TO0 2. - 3

”6'ccn71muc
- sTOP -

END
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- Type T thermocouple Cal:.bratlon ,

Th:Ls was achieved by 1a.gg1ng the resonat:.ng sectlon thoroughly w1th
'lCosywrap and running a constant flow of water through the heat exchangers ' _
without f':.r:.ng up the GOmbustor. The system was alloned to reach equlllbr:.um
. and then read:mgs of aJ.l the surface and water thermocouples were taken,
together with the_ mercury-in-glass thermometer readi’ngs TW¢ and qu -. .
y The mean of these last two wta.s teken, -and all other readings compered. In
the case of the surf‘ace thermocouples, the carrections lay in the range -1.7
to +1.3 K, and in the case of the water thermocouples, the correct:.ons lay |
in the range -(_).3 to +1.3 K. These corrections were applied to the e:c;perlmentél

‘readings by the programme CKBC,



' where

163 |
:6.D. Calibration. of I;relssur_-_e__t_z_:-_a_nsducer mountings
The Kistler pressure transducer nmountings were cal:.brated by comparing
| their response to a ra.nge -of frequencies with that of a calibr:.ted Bruel and
Kjer micr_'_ophone. The apparatus is shown in Figure D.1 and was set up in the.
‘middle of high, open laboératory to minimise re_flectio_nsi The 1oud-speaker was
| eﬁ:oited by an audio Wave generator- at the highest level that could be sustainecl_ B
R ..c\rer ‘the range 60 to 220 Hz w:.thout overloading the cone, The transducer
-mountings and cali'brated microphone were held by a clamp so that the open end .'
--of' the tubes and the diaphragm, res-pectively, were in the same pos:.tion
relative to the loudsspeaker. . 'The procedure followed was to set the sound
level, run through the frequency range at 10 Hz 1ntervals taking the trans- -
: ducer readings, and then, having exchanged the mim:'ophone for the transducer,
_repeat the experiment. . The transducer signal was amplified using the same
" amplifier and oscilloscOpe as was used in the main experiments, and was trans-
' mitted-by the same comecting csbles. The results of the calibration are o
shcﬂn in Figure 3419 _ ” _ _
| The charge sens1t1v:.ty of‘ the Bruel and ngr Type 11.117 M:Lcrophone was

- caleulated as follows, from. (57)

' Gharge_. sensitiv:.ty', S

ehav-se *® Sv_ -.x Ch

; and the voltaoe sensitiv:.ty was given a3t _-'

.The sens:.tiv:u.ty correction was's: -

- S, (Ch. + 0 Dy
C-m + Co + C,,,

gVCe)
Clm - Al. 2- wF-
- Ce. ' ® 3041“&90 F/m
"'._.ci t 00004 FF' : - |
_'S.,c;) 0 3555 ».v/lasu-

Scharge * 14°9 pC/ N/m*
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The amp_lif’ier-waé set to an amplif‘icafioxi of 1,49 x 1000 and the time-;constant |
t0 0.1m$ . TFrom the Vibro-Meter Ag Henibook (Bi bfﬁ{; 49 ), and the
setting of the oscill‘bscope, the final amplification was, on the oscilloscope

swoon: |V o £ 0'05  Njm*



--'6..1"3.1 The Ener;rv Balance |

The readn,ngs for Experiment 1 were converted to. S T. units and corrected
o to a standard temperature and pres.,\:a:e 293.16 K and 101, 325 kN/m resnect-

 ively. The following correct:.on f'actors vere used:

Temperature, T-_ S T X T/T' - - -_'.."E.1.1'_: _

Pressure, .. P | - _ Ny P X ‘P/‘P | ., : '-. 'E..1~.2 | | o

Mass_flonrate, ™ oM oX P 6'{75‘}/7' | B.1.3
IR _ PA. _ ﬁ _

where -7; ’7: were the ambient conditions. The mass flowrate, of fuel,
(-] °

water and coolant air were obtained with the following factors to give kg/h:

‘h'\P _ 1,905 x read:mg o . ) . _E_'.1,lp
_ *w | 105.614- + (37 512 xreading) ' - Eol1.5
h'qﬂ‘ 0._1168_x readlng_ ' ' = _ E.1.6 | '

'_The thermocouple readlngs were comrerted by su'broutlnes of the main computatlon :
whlch interpolated quadratlcally the reference tables. All these operat-ions .

were performed by a compu.ter programme, CKEC, llsted in Appendix F,

E.1, 1'- .Appli'ca.tion' of the 1.3‘irst. Law
The Steady Flow Energy Equat:r.on is;
Q"',‘= ouTMC""'L _ | |
=2, ""C‘* v By Q’-ﬁ-) + [:AH] B
TN : -2,30 _ _ : '
- where - the terms acoount:.ng for the effects of cap:.llar:.ty, electrz.city and
magnet:.sm have been 1gnored. _ The streams of ma.ter:.al entering the. control
volume are cold water, cold air, propane and cold coolant water, _and those

leav:mg were hot water, two streams of combustion produets, and. hot coolent -

. water. _ There are no work :Lnteract:.ons at the control boundary, if the

| radlatn.on of sound waves from the open ends of the combustor is’ regarded as
| neglig:v.ble. . There are heat interact:.ons in the form of' heat transfer through
the lagging, | - '



L :

Assuma.ng that the heat transf‘ers through the. heat exchanger lagging
‘were negln.glble R and that the conduct:.on through the combustion chamber

'1agging is g:.ven by, _ _ _ |
s = AMRae (oo -T5.) bes
'5059 ( Dia /Du )

_ Ignor:.ng changes in kinetic and potent:.al energy, equation E,1.7 may be

Q"'.‘".‘,' EA.8

written: . , ' R .
Ques = MwAhw + Ty Ay -‘*""'“m 4R e
+ ”"wzu'A"Qw -+ hﬂ A.kﬂ,_ [4k ]t . 1S

~ The connect:mg pipe carrylng thc water flcw from Heat Exchangers B and

C to A 11es outside the control volume in Figure 4,1, so:

Ak = AAWA. + 4dh, o R o RAM0

and by cont:.nu:.ty. _ _ ] _ _ o
N A ' B
The assumption is now made that the com'bu.stlon products flow:mg through the
apparatus are predomna.ntly air, and +he proPerta_es used hereafter for the .
com'bust:.on products are those -of pure air, . Assum:l.ng that air a.nd water -

- behave as pure substance ) the cha.nges in enthalpy through: the control volume are:

A“Aag | °Pm, (Tag = Tao) AR
4 ,‘Aa.,,, -' Qrm' (T Az3 - Ha) | : Bol.13
a “M"R-' | ? 0'Pw-rz T = w:.;)- -_ | CEA
4 “ww. - "’szu'CTww "’-Tvza) s
"A“ B P?e. (T gez. ‘ju) o OEAE

N | where the specific heats of the substances. are evaluated at the arithmetic mean

“of the :Lnlet and outlet temperatures.

The mass flowrs.tes of’ the two- strea.ms of air flow:lng through the apparatus



| 468

o may 'be deduced by applying: equa‘l::.on E. 1 .7 to control vo'l.umes around Heat .

Exchanger A and around Heat T‘xchangers B and C, - U51ng the . assumptlon.a
. : o)
already mede, the mass f‘lowrates are g:.ven by: '

');-\ R e 1“W c‘PwA (TWl T - )

AR L E“ o
2 . ele 7 .
| | ana (TAS’ "T t) | -
and _ -
g 2 - M Q'PAB’e. (T wal W7~'3) -
. RBe - - E.1.18
_ ' ' C'Fﬁ.gg,( Azl T Pm.l) o
In equation E,1,17, and spe01f1c heat, C‘.P s 18 evalua’ced at a mean temp—
erature, Tﬁ , defined by: | |
T e = f 7';(%-')0(%
x¢-— xH) u . | Eo.1419
.--wh:i.ch may -comreniently be integrated by Simpson's Rule;
T = ALA[T ;;-4.'7“ +2To, +4Tas
+F 2T + 4-'-7 + TSI o Bele%0

-.wher'e_.-'“ ALA’ 0345 %.

) In equation E.1.18,' the specific heats jare evaluated as for equations E.1..12'

%0 B.1. 16,

' These calcula’cions were perfctrmed also by computer programme CKBC,

i

E, 1 2 Results of the Energx Balance S

~:The results of the energy balance are shown in Tables E, 1 E,2 and E,3

- where the discrepancy between the two sides of equation 4,1.9 is expressed

a.s K percentage of the energy released LAH ]f The discrepancy 11es within
o

the llmn.ts =5, 7 to +10 0% Th:.s wa.s regarded as sat:.sfactory. In the next

-column, the overall thermal eff:.c:Lency of the combustor has been calculated

- using: . ' . _. v Y _'.. .
'l P CAH'W,,, -n—A_.HwB,_--i-AHm +d4H "'AHc.)
e ® wa_

EA”]t | f'.-_1v2_1-
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 TABLE E. o
| 'Y:\P 0:479| 0391 |0:292 e)'.?;?,.?) ﬁg/k
Qren ~3(9|=244|-197 [-203 | W
Y 4186 3348|251 |2104 | W
Y 886 635 | 5717| s18 | W
Ahapg| -~ | 47| 62| 38| 37| W
AHgeg| | aso | aso | 199 |14 | W
Al 54 | 58| 30| 37| w
[aH,en 220 | 222 | 26 | 149 | w
Al:lé,c_ 200 | lo2 | 5% o | w
(TaH T ~b662 |~5432|~4006( |-3098| W
) §£’ﬁt’é [+82 [+10:0 +eo |-27 | %
Then lo-886| 085 |o-882]/0-906| -
| | TABLE E2 .
Mp |0:562|0°477|0:383 0329|0223 | Rg/h
o Qe | - 294~ 237|217 |- 204|182 W
4*'*%-41’.78' 3660|3266 184% 2307 | W
AHog | 1927|1432 1i0g | 723] 35/ | w
|ab4] ©%| 62| 48| 95| m. | w
Afaogl 422 372 293 | 1oq| 92 [ w
|aHa| 52| 66| 67| s2| 53| W
{ak,v] 230 225 226 198 | 168 | w
1ab,, | - | - | - - - | w
- |[8H]eg-7818 |-6627|-5332|-4558|-3107 | W
[NERer ) g2 | +8:8 | 420 | 460 |-57 | %
0853|0849 [0:874 |0:838|0-936 | -
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e

0 842

TABLE E3
mp |0:563|0'477 0381 [0330[0-224 | Rg/h
Qrew |= 331 ~245(-227|-211 |=190 | W
AH, . 14185 |3784 [310m |2%28 |2185 | W
A ae| 1765|1491 |32 | 780] 297 | w
AHapg| 112 | 100 | 89 | 19| 86 | w
1@Haeq| 362 | 298 | 157 | 126 | llo | w
|4He| €4 | 65| 51 | 42| 30 | W
{4t | 25| 29 | 27 | 204 173 | w
ek | = [ = | = - - | w
[ak'Te|-1820 |- 6627|~5352| 4564 |~312 | W
loinl va.5| +6 8| 474 | +62 | +45] %
o | 0379 | 0332 0393 |

0372
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LE E.4 |

D, |3 | 3 e | |9 g |
Wp | 0292] 0572 0:291 |0 569| 0293|0573
my | 145 | 141 IS1 | 144 | 149 | 159
s | 0 | 118 | 957|142 | 130 | 11

1 7 | 3um | 32023146 |327.2] 312:9 ]| 3202
T5a | 3108 | 3259| 318.4 | 3331 [309.3 [322:8
-733' 300:7| 3088 [ 306:7 | 317} %os'?;_ 309.0

' '7"34 293:9| 2977 | 3010 | 30577 | 2957 | 3003
Tgs 293.9 299 4| 300:0 | 306:9 | 298+/. | 300'5

‘ Tm. 1301-¢ | 3100 '3071 319.2 '302,'4 310/
Tws | 297:8| 3013 | 3030 307.2| 297.9] 3033
Tws |294:9| 298-9| 3000| 3040| 295.0| 2993
Tws | 2929| 2941|2973 | 2997|2933 | 2957
Tws | 292-4] 292.9|296:8| 297-5(292-8|294's|
Twe |291:4[2907|2954| 2955|2915 |2929]
T | 2902 | 2880|293/ | 29101 | 2896|2892

| Tws |290°0 [237°5]| 2926 (290 4| 289.3 |238.5 |
Twq | 2893|2871 | 2917 (289.9|289.4|288-6
AH,4 | 2028|3770 | 2705 | 4907 | 2246 3966 |
Uy | 375|533 | 412 | 60 | 3209 4‘7'8". |
Cpan 061 | 1087|1081 | 1110|1082 | 1096
F |l s 193 | 132|198 | 77 | 146



GAS TEMPERATURE

GAS TEMPERATURE -

" CORRECTED

T e o

Y

D | 3|1z | e e |15 |19 |
Tar | 1289 | 1420 | 1308 | 1509 [ 1385|1997 |
Tar | 997 | 16 | 1091 | 1298 | 1083 | 1195
Tas | 891 | 106 | 989 | 17| 973 {1090
Tag | Tos| 837 817 | 963 | 824 9y
Tas | 573 | 6so| 681 | 323 70/ | 7eg
Tae | 454 | 544 | 574 | 697 | 582 | b2]
Tan | 385 | 464| 495 | 598| 498 | 522
Tas | 328 | 362 | 307 | 388| 36l | 384 |
Tar | 1336 | 1479 | 1351 | 1580 | 1454 |1s773
Taz | 1131 | 1368 izsfz 1549 1270 11399 |
Tas | 980 | 1215 | 1oz | 1353 | 1094 | 1236
Tag | 743 | 393 | 874 | loss| 891 | 988
Tas. | §90| 672 7o | 371 | 738| S04
Tao | 461 | 555| 589 | 723 eoo | 640
Tan | 388 | 470 | 503 | 612]| 508 | s3I
Tas | 329 | 363| 368 3% | 363 386 |
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TRABLE FE.06

_ De | 13 | 13 | e |16 |19 |19 |
| Re 1846 [ 2771 | 23%2[3136 [ 1764|2671 |
| 2046 | 2953 25453293 | 1936 | 289

| o)2339] 3375|2856 3720 [ 2172 {3230

: (4)' 27715 | 4109 | 3306 4310 2,4'75' 3724
(s)l 3262 4%36 13774 |4885| 28224298 |
| (b)l 3300 | 5471 4246 5498 | 3207 | 4950
3 .-(1)' 4321 | 6352|49%4 668‘7 3302|587
Re, () 903 104 1057 | 125%| 947 | 1177
(2} 885 | loogq | 1031 | 1205 | 927 | 1138
Csj 855 | 944 | 987 1123 894 1074
@ 814 | 970 | 935 | 018 | 349 995
- (s)|_'~'7'74. 796 | 882 | 916 | Sog 916
© 792| 724 %28 s20| 335 330
() 98| ess| 875 | 784 | 7T20| 66
Uy O 125|238 176 | 35 | 141 | 246 |
@ 107 | 2106 | oo | 292|122 |28 |
&) sn5| 176 | 34| 242] 103134 |
(4)|' 618 1341 | 1oy 199 | 843|149
($)| 534| 103 | 983] 160 | 93] 120 |
@ 32| 58| 743| 13.5 | 5| 973
o 30| eas] 592 01 | 53] 7es
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. TABLE E.7T

Dr | 13 |13 [ e | 16 | 19 |19
@ 0] 42 1781 54| 87 | 414 _3_3-81- .
(@) 795 37| 0059 | 212 '3'7'8:"_1:9';5:'4' |
@) 18 | 377 | 492 | 292 | 344 | 54
@) 130 330 80 | 268|209 | 97
& 35| 73| o | 165|198 | 290
W el si|ns | oz {06324
'(q}l 8:45| 246 | loro | 186 | 0% | 32'8
Nu@) 91| 94] 93| 99| 9s |98
@ 99| 101 | 36 | 1077 | 103 | 1001 |
o) s | g | a9 g | o]
'_ (4* 12:0 12-3 -9 | 12-9 1 l2-4 | 1177
@ 132 34| Bo| g | i3s] 28|
&Jl4u; t4s' I4) | 153 | I14:57| 139
'(n}l s3] Iss| 15 | len ) 1S3} 15+ |
Nup() 1o | ion | 87 | 89 | 112 | 147
@) e | g | 2 e | e | e
O ex|2a|Baise| a3 |ng |
@ 1es|2r6] 60| 179 | 06 129 |
() 262|262 | 188 | 24 | IS0 | 24
(leoﬁ 64| 212 -Mﬁ;-(éﬁ.'174
(-:}I.éif% w3 | 75| 19 62:5| 84
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13

13

6

6

19

ASNOH'

1275

139

1394

202|

1246

1"31_0

(2]

1328

1415

1424

1987

|22

1820

G

1426

145G

1476

1932

1292

1834]

- @

19°80

1516

1§52

1865

1333

135S

@)

1773

1578

1636

|80]

1377
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6,P, Computer Programm s

The follow:.ng programmes are 1leted in this Appendix:
CxCBA - - = This programme calculated the steady state heat transfer
. coeffieients-and flow parameters accarding to Section
L2 for given-air and water mass flow-rates and inlet -
_ and. outlet temperatures. | _
CK_BB . - Th:Ls progra.mme calculated the experlmental heat transfer
o . coefficlents according to Section 4.1, f‘rqm data provided
'by CKBC | - | _
CKBC . ' .~ This programme resd in the expemmental data, corrected it
| : e.ccerda.ng to Section L,..1 and calculated.the energy balance,
; All-water and air preperties tvere obtained by quadretic
1nterpolat10n. . | _ |
.PCVI’P01 - - This programme solved the Bessel boundary cond:l.tions for an
” exponent:.al gas temperature gradient accord:.ng to Sectlon 2 2 |
| forg:.ven-r;% and T%' _ B
“VALVE = This programme calculated the air mass £lom through the sero~
. | dynamic valve accordlng to Secta.on 2.5 for a given pressure
- ‘amplitude and velve dieneter, - |
- Tﬁe programmes are written-in Portran IV and were run on .

- NJUM.AC,



C CKBA ~~  THEORETICAL STEADY STATE HEAT TRANSFER IN FLAT FXCHANGYRI
! - "REALM2 XHyXCy DOy SOy SANNIDEQ4DEP ¢ SS+DLTAL,THWL,TA2, T2, TAX].'TWX]. s
DX s UHsDHA,THL 9 REA, REW!NUA’NUW,MUA’VUNQFRA,PRW,CPA’CPW KAyKWyTAyTH
TOMUAS yMUWS g U HY 4 H2 g TAXM, TJXM,TWXN,XX
>y MAA MK, DHR
DATA XHXC D0y SYySANN 1DEQ,D$P . o
2/0633,2.40,0,026594,0. GCﬁq554690 0006132293. 27616,0.611478/'
_J=50 : S
3 CONTINUE -
: RfAD(5y1q7‘)MAA¢MW TAXI!TNXI,T%L
11070 FORMAT(5(F10.5))
L IF(MAALLE.0.G)G0 TO 33
i . WRITE(6,2073) ' '
2?073 FURMA1(5X1‘XX',5X9'TAXM‘,fX,'TSXM qGXy'TWXM'q6X,‘NUA'17X,'NLW'
‘ >7X1'REA',?X,'REW',?X,'Hl'pBXy'HZ /7)

t
3 DL={XC~ XH)/J
- S58=3 14159?65358*DC*DL
MAA= MAA/36”0 0
MW=MW/3600.0
- THI=THWX1
200 CONTINUE
DH=( .0
TAI=TAXL
DHA=HLD S o o ‘
OXEXH , TN S N
DO 80 . 1J=1,J4 R '
X=X+DL -
: - TA=TAL .
e TH=THL=-273.16 R e : -
“ 0 PRA= CPA(TA)*MUA(TA)/KA(TA) : L : ; R )
" PRUW=CPR{TW)XMUWITW) /KWITW) : ' ' A
S REA=4 . OEMAA/ (3, 14159265358“D0*MUA(TA))
" C EQUy 8415 P.336 CHAPMAN . R SR ' S
' NUA=0,. 023%{ REA%KD, 8)*(PRA**0 3, ' - C
H1={NUA*KA(TAY)/DO - o o S

: REW=MW*DEP/ (SANNEMUN(TW) ) ' '
C EQUy 8,11 P,333 CHAPMAN {LESS vrscosrTv TERM)
© NUW=0,023% (REWH%0 . 8) ¥ (PRN*%0 .4 ) :
 H2=(NUW%KW{ TW) ) /DEQ
S U=H1%H2/ (H1+H2)
ENTHALPY CHANGES
"~ DH=U¥SS*{TA1-TW1)
CALC. FIRST ESTIMATE OF QUTLET TEMPS. FRCM SFCTION
TA2=TAl~-(DR/(MAA=CPA(TA)))
TW2=TW1~(DH/ {MW*CPW(TH) )" . -
TAXM=0.5%( TAL+TA2) . _ -
TUXM=0 5% ({TW1+TW2)

TSXM= ((HIVTAXM)+(H2#TWXN))/(H1+H2) . o
"CALC. AGAIN USING DYNAMIC VISCOSITV RATID & MEAN TEMPS. - A
TA=TSXM : S
THW=TSXM=273,16

. MUAS=MUA(TA)
MUWS=0.0001798°

(]
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_ -l
 TA=TAXM |
TW=THXM-273.16
 PRA=CPA(TA)*MUACTAY) /KACTAY
PRW=CPWITW) XMUWETW) /KN (TW)

REA=&4,OXMAA/ (3, 14150265358*DG*NUA(TA))
EQU,y B8.16. P 336 CHAPHAN

[9n Bt

TF(TAXM.LE.373.16)60 T0 73
NUA=0 . 023% (REA%¥0 4 8) ¥( PRA¥¥0.43)
GO TC' 76
73 CONTINUE
© NUA=5,03% (REAX%D, 33333533)*(PRA**ﬂ 33333333)
60 .T0 76 -
‘76 CONTINUE »

Ty

"H1= (NUA*K&(TA))/DO L
. REW=MWXCEP/ (SANNFMUW{THW))
L EQU, Besll P.333 CHAPMAN
NUN 0. 023%(REW*%*D, 8)*(PRW**0 4)

1]

' H2=(NUW*KW(Tw))/DEQ
. U=H1%H2/ (H1+H2)
L ENTHALPY CHANGES
- © DH=UASSH( TAXM=-TWXM) - '
[ CALC. FIRST ESTIMATE OF QUTLET TEMPS. FROM SECTION
- TA2=TAL-{DH/{MAAXCPA{TA))) :
CTW2=TW1~(OH/ (MWxCPK(TH) ) )
TAXM=0.5%({ TA1+TA2) '
TWXM=0 5% (THW1+TW2) o
TSXM= ((HI*TAXM)+(H2*TWXM))/(H1+H2)
DH=U#SS* (TAXM=THWXM)
DHR=0,17%SS*( (( TAXM/100 x4 )~ ((TSXM/lOO)**4))
DH=DH+DHR
DHA=DHA+DH -
XX=X-DL/2 ' ' :
COWRITE(6,2C10)T1Jy XXy TAXM, TSXM, TNXM,NUA,NUh.REAoREw,Hl,HZ
2010 FORMAT (1H ,I3,F7. 3,1011P010 3))
' TA1=TA2 . _
TW1=TW2
80 CONTINUE
"L .TEST FOR TW2 = TWL ' g . a ‘
i ' IF(DABS(TWZ ~TWL)WLE.0.8)60 TO 1co o SN
L TWH1=TWX1-(Twl-ThL) ' -

- GO TO 200

100 CONTINUE
| wklrete.zozo)MAA MW, TAXL s THXL o THL »J e
12020 FORMAT(7Xy'MA =%, 1PD12.5/7Xy "MW =1,1PD12.5/5X* TAX] =
i #1PD12.5/5X,*TWX1 =*,1PD12. 5/6Xs ‘THL =',1PD12. 5/8Xy%d =1,13)
.. WRITE(6,2017)DHA S
| 2017 FORMAT (10X, 'DHA —',5x.1pn1c 3) -
. 60 T0 3 | |

33 CONTINUE

" sTOP

END
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. CKB B : L -177
EXPERIMENTAL RFSULTS PRGGTT T .

IMPLICIT REAL®S(A-Z) - . . ' A
D IMENS ION XA(ZA),XS(ZF)'XW(?“),TG(Z”),TC(Z ) TE(28), .
>UA(2N),CVFL(ZO)gHAS(Z?),HSW(?Q):NUA(ZO)'NUw(ZU) RLA(ZO),REW(ZO)
INTEGER [,J,K

- DATA XA/D.33,0.47740.654,1., 011,1 366,1. 722 2. c77,2 4/
DATA XS/043340.8441.375,1.93,2.4/ '
DATA XW/043353.450,0.628,0. 805 1. 162 1.518,1. 874 2 23.2.4/

‘DATA CUySOySANZCEQyGEP

/0402659440, C0055566 9000061322 ,0. 027616,0.011478/

CREAD(S, 10000 TGLI),I=1,8)
READ(5,41C001(TS(I)41=1,5)

'READ(B'IOuO)(TF(I),I 1,9} _ o —_ S o
REAC(5, 1000 IMAA, MW - S R ' : C—

L 1ece FORMAT (10{F10441)

GRADS={TS{1)=TS{5))/{XS{1)=X5({5))
GRADW={TF(1)=-TF(S) I/ (XW(1}=XW{(9))
CONSTS=(XS{LI*TS(5)=XS{5)%TS{1))/(XS(1)=XS(5))
CDNSTW-(XW(1)**F(9)-XW(9)*TF(1))/(XW(1)-Xw(9))
DA=0.C o

DW=D .0

.TS1=CONSTS+GRADS#*X1

TW1=CONSTW+GRADWAX1 : :

DO 10 1I=1,7 . . ~
X2=XA{T1+1) o
TS2=CCNSTS+GRADS%X2 "

. TW2=CONSTW+GRADW*X2 _

L. 88=3,14156265358=DC*({ X2-X1)

TAXM=0 5% (TG(I)+TG(1+1})
TSXM=0G5%(TS1+T52)
 TWXM= Oa5*(THL+TW2).
TA=TAXM .

CTW=TWXM-273.16
UALTI=MAA/ (SO%36CN*RHOALTA))

CCVEL(I)=CA(TA)

 DHA=MAASCPALTA)X(TG(T)-TG(I+1)) /3600

- DHW=MW¥CPW(TW) *(TW1-TW2) /3600 '

- HAS{I)=DHA/(SS={TAXM=-TSXM))
HSW{I)=DHW/(SS*{TSXM-TWXM))
NUA(T)=HAS(I)*DI/KA(TA)

T O NUW(I)=HSW(TI)*DEQ/KW(TW)
REA{T1)=4%MAA/ (3, 14159?65358*D0*“600*MUA{TA))
REW(]I)= MW*DEP/(SAN*3600*MUN(TW)) :

. DW=DW+DHW -

DA=DA+CHA
TS1=7TS2
TWL=TW2
© X1=X2 .
10 CONTINUE
‘ 00 20 1=1,7 - )
NRITE(é,BOBJ)I,REA(I)oREw(Il,NUA(I),NUN(I),HAS(I)v
SHSW(I),UALT),CVEL(I) -
3030 FORMAT(I10,10(F10.2))
20 CONTINUE
WRITE(€,3040)DA,DW

-

R el e em e L e s cemer———— ot o anon tme s

3040 FORMAT(F10.2/F10.2)
~ sTOP
END_
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N @KSC A PR('IGRAM T0 PROCES% FXPERIMENTAL RFAD'M;S FRCM THE ')"JUBLt“_
2 ORIFICE COMBUSTOR o . {
. REAL%8 PAQ,TAaypo TO. TFAC,PFA(;PFAC,VF hk,NNTR FhIN CN RFTANN,_
SPAMP,y FoPSCALE, TSO 9 TS1,TS2sTS3, T84, TS5, TYPEK, TYPES,TYPETSE
CODTWL TH2 s TW3 g THA g THS g THA y TWT o THE yTWG s TWZ 1, TW22,TW23 9y TWTRTHWIN, -
L DTALYTA23TA3TA4yTAS, TA6,TATTAB,TA2Y,TA22,TA23, LAUG ¢ XAUGHD] o .
>TGC14TGC2 4MGC,y TREF,TLAG,ROT AMA, HCVP,KlAG AAJAByAC, TWHCPWC,CPUB,
DSCPWALCPWTRyCPWINyCPUWBC, TAsCPACCPAB, CPABC,CPAA,CPAAG, CPACT,
DCPGCyCPASCPW s MAC s MAB s RABC yMAAQLCL ¢DHW,yDHA 3 DHWTR,, CHWINsCHGCy
DDHTO+EQLy TANTBMTCMyUA,UBy UCy NUTHyNUVOL , TYPEK, TYPLS TYPrTv
DTREFKs TREFSyTREFTyTAMB,VOLC yOHWAL,PERC,
TODXAL Y XA2 9 XA39XA %y XAy XAL 9y XATy XAB, XglyX<27X93,Xq49X<5,-
DXW1, XWZ1XN5)XW49XW39XW61XW?QXNS,XW9 . _'ti
. >,DX,VAL(1(’)1T(‘M91(1”’ : . : l
: PART 1 - READ IM. DATA ANC CQRRECT T0 S«1o UNITS & TO CHOSEN DATUM .
READ(5,10GDYPAL,TAD ' ' '
1000 FORMAT(2{F10.4))
S READ(5p10“1)MP,HW9MWTR,MNIN
: 1001 FORMAT{4(Fl{.4))
' READ{(5,1002)PAMP,F

[PPSO [ .

1002 FORMAT{2(F1G.4)) -
©© READ(5,1003)7S0, 751,152,153,754,T55
1003 FORMAT(6(F10.4)) ' L
READ(5,1024 )TquThZ'ThB,TH4,TW5,TH6,TN7,TN8,TW9. W21, TH22,TW23,
~ OTWTR,THIN :
| 1004, FORMAT(B(F1044)/6(F10.4))
1. READ(S,IQJQ)TAl,TAZ,TAB,TA%,TAB,TAb,TA?,4A8,TA21,TA2?,TA23., 5
1005 FORMAT{B({FI0.4)/3(F10.4)) .
© READ(5,1006)LAUGIXAUC,DINJET
1006 FORMAT{3(F1(.4),13) _
. READ(S,1ﬁo7)sGCl,Tpcz,MGc,TREF,TLAG
1007 FORMATI5(F10.4)) '
- PACG=PAO%133,333333
TAQC=TAQ+273.16
¢ 'CALCULATE CORRECTIGN FACTORS
PO=1(1225.0
TO=293.16 -
TFAC=TQ/TAD
3 PFAC=PG/PAG : -
°l - MFAC=PFAC/(CSQRTATFACY))
i MP=MP¥1,925%MFAC
" MWTR=MWTR%3.6%MFAC
MHIN=MWIN*®3,6*MFAC
C CM=MW
" MW=ROT AMW (CHM)#MFAC |
PAMP=PAMP¥1723 ,69*PFAC .
" TAMB=0,.5%( TREF +TAC~273,16)
E=TSC - :
E=E+TREFK(TAMB). _
. TS0= TYPEK(E)*TFAC-
E=TS1- -
£= E+TRFFT(TAMB) L o : _ o . o
~ TS1= TYPET(‘)*TFAC:n LD e N
. E=TS2 - . P ' o : I
- E=E+TREFT(TAMB) - -
. TS2=TYPET(E)*TFAC
- E=TS3 '
't=E+TRFFT(1AHB)




©TS3=TYPET(E)*TFAC
D E=T7S4

© E=E+TREFT(TAMBY)

- TS4= TYPET(i)ﬁTFAC

 E=TS5

E=E+TREFT(TAMB)

1T858 TYPtT(ﬁ)*TFAC

- E=TW2
E= E+TREFT(TAMB)'

TW2=TYPET(E)=*TFAC

E=E+TREFT{TAMB)

TW3=TYPET{E)I*TFAC

E=TW4: |
E=E+TREFT(TAMB)
TW4=TYPET(E)*TFAC

. E=THW5
- E= F+TREFT(TAMB)
TWS=TYPET{E)*TFAC

- E=TH6

E=E+TREFT({TAMB)

THé= TYPFT(&)*TFACi-
E=TWT

E=E+TREFT(TAMB)

TW7=TYPET(E)#TFAC
E=TWB . - _
E=E+TREFT(TAMB) .
TWB=TYPET(E)*TFAC
THWL=(TW1+273,16)*TFAC
THI=(TW9+273.16)*TFAC

TW21=(TW214273.16)%TFAC
S TW22=(TW22+4+273.16)%TFAC
o TW23=(TW23+4273.16)*%TFAC -
THTR=(TWTR+273.,16)*TFAC

TWIN=(TWIN+273. 16)*TFAC.

E=TAl
E=E+TREFS(TAMB) .
TAl= TYPES(F)*TFAC

. E=TA2

S S Uy

E=E+TREFK(TAMB)

TA2= TYP“K(E)“TFAC

"E=TA3

E= F+TREFK(TAMB!

| TA3=TYPEK(E)XTFAC, -

E=TA4

E=E+TREFK (TAMB)
TA4=TYPEK(E)*TFAC
E=TA5 .

| E=E+TREFK(TAMB) .
 TAS=TYPEK(EIXTFAC

- E=TA6.
E=E+TREFKLTAMB) =
- TAG= TYPCK(&)*TFAC

_E=TA7 -
CE=E+TREFK(TAMB).

L TAT=TYPEK(E)RTFAC

L E=TAS.
' E=E+TREFK(TAMB)

. TAB= TYPcK(t)*TFAC _

E=TA21 .

'f7 1;l§!f3 L

¢y

R TS

::”_CPHTR CPWITW) -

L OVALEL) = cPA(TAr
. VAL(3)=CPA(TA)

. VAL{5) = CPA(TA)

'-i"-CALL DQSF(DX,VAL,TEMPI,NORD)

. My .
. E=FE+TREFK(TAMB)

- TA2L=TYPEK(E)®TFAC
E=TA22 -
E=E+TREFK (TAMD) |
TA22= TYPEK(E)*TIAC

~ E=TA23

CE=E+TREFK(TAMB)

CTA23= TYPﬁK(f)MTFAC
E=TGCL
E=E+TREFKTTAMB) .
TGC1=TYPEK(E)®TFAC o
E=T6C2 = | B -

. E=E+TREFK(TAMBY

~ TGC2=TYPEK{E)*TFAC
TREF=(TREF+273.16)%TFAC .
TLAG=({TLAG+273.16)*TFAC .
- CM=MGC '
MGC=POTAMA{CM) =2 TFAC

SET CONSTANTS o
HCVP=50060000.0

S KLAG=0.0845

- AA=0.183862
CAB=0.108856
AC=0,.,072759 :

CALCULA:F MEAN SPEGIFIC HEATS. an=
 TW=0.5%(Th23+TW22)-273, 16 4

CPHC =CPW{TW)
TW=0.5%{TW22+4TW21)~-273. 16
CPHB =CPW(TW)

THW=D.5%(TWO +TWl )-273, 16
CPWA =CPW(TW)
TW=0, 5%(TH234TWTR 1 ~273. 16

TW=0. b*(Th23+ThIN)-273 16 ;
. CPRIN=CPW(TW) : i

- TH=0. 5$(Tw23+TH21)—273 16

 CPHBC=CPW{TH)
TA=0.5%(TA23+TA22)
"~ CPAC =CPAITA)"
- TA=0,5%(TA22+TA21)
CPAB =CPA(TA) -
TA=0. 5% (TA23+TA21) S
~ CPABC=CPALTAY D
SUTA=TAL o o

CTA=TA3 -
VAL(2)=CPA(TA)
TA=TA4 "

TA=TAS : : -
VAL(4)= CPA(TA) e
TA=TAG6 . e

TA=TAT S
T VALL{G) = CPA(TA)” R
TA=TA8 - . e
CVALLT)=CPA(TA)
DX=2.132/6.0
NORD=7 -
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"~ CPAA=TEMPL(NORD) /2,132 e o " S
T TASQL5H(TAD +TA8 ) ; _ e ' o . b
CCPAAN=CPA(TA) : S : B SR
TA=0.5%(TAD +TA23)
CPACO=CPA(TA) — ' : - :
TA=0.5%(TGC2+TGC1) : - L .
" CPGC =CPALTA) : ' ' S
> PART 2{A) - APPLY S.F.f.E. TO CONTROL VOLUME AROUNC HEAT EXCHANGER
- MAC==MW* (CPWC/CPAC ) *(TW22-TW23) /({TA23-TA22) o
> PART 2{B) = APPLY S.F.E.E. TO CONTROL. VOLUME AROUND HEAT EXCHANGER
 MAB=~MW®(CPWB/CPAB)%*(TW21=TW22)/(TA22~TA21) o O
> PART 2(C). - APPLY S$S.F.E.E. TO CONTROL VOLUME ARQUND HEAT EXCHANGERS —
MABC-—MhA(CPHBC/CPABC)*(TWZl ~TW23)/(TA23-TA21) ' .

PART 2(D) - APPLY S.F.E.E. TO CONTROL VOLUME ARDUND HEAT EXCHANGER.
MAA=—MW=(CPWA/CPAA)*(TW1-TW9)/(TAB-TALY

PART 2(E) - APPLY S.F.FE.E. TO CONTROL VCLUME ARDUND WHCLE DOUBLE OR

COMBUSTOR

CALCULATE QLCL a SEPARATE ENTHALPY CHANGES FIRST . B
QLCL==2,0%3,16159265358%0,43%KLAGX{ TSC~TLAG )*0, 99969873436
DHW=MW* (CPW A% (TW1~- Tw9)+CPHBC*(TN21 TW23)). :
DHW=DHW/363C.0
DHA=MAAXCPAAO*(TA8- TAO)+MABC*CPACD*(TA23 -TAG)

" DHA=DHA/36003.0 _
DHWTR=MWTR*CPHTRA{ TWIR-TW23) .
"DHWTR=DHWTR/ 36,0 _
DHWIN=MWIN*CPWINS (TWIN-TW23)

. DHWIN=DHWIN/36(0.0
DHGC=MGC#CRGC* (TGC2-TGC1)
DHGC=DHGC/3600.9

; ~ DHTO=MP*HCVP-

. - DHTO=DHT0/3600.9

_ EQl= DHNfDHA+DHHTR+DHWIN+DHGC+(—DHT“) oLGL

PART 3. - OVERALL HEAT TRANSFER COEFFICIENTS .

- CALCULATE LOG. MEAN TEMPERATURES DIFFERENCES FIRST .
CTAM={TAl-TW1-TAB+TWSY/DLOGI{TAL-TW1) /(TAB=-TW9)) -
TBM=(TA21-TW21-TA224TW22) /DLOGE{ TA21-TWw21) /(TA22~TW22)) |
“TCM={TA22-TW22~ TA23+TH231/DLOG((TAZZ-TWZZ)/(TAZB-TWZB))-

UA= MW#CPWA*(TWI ~THWS) Z{AARTAM)
UA=UA/3600,0 - ' | _
us= MW*CPWB*(TWZl TNZZ)/(AB#TBM)' oL B
T UB=UB/3600.0 - R
- uc= MWH*CPWC* (TW2 2~ TWZB)/(AC*TCM) T SR
T UC=UC/36C0.0

¥

L2
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. PART 4 - = THERMAL EFFICIENCY DF DDUBLE ORIFICE CDMBUSTDR .
~ NUTH=(DHW+OHWTR+DBWIN) /DHTO
: PART 5 _' - VOLUMETRIC COMEUSTION EFFICIFNCY .

VOLC=0,00018
NUVGL DHTO/VOLC. -
"DHWA=MWXCPWAX (-TWl=- TN9)/3690 O
- : PERC=1000%EQ1/0HTC ' ' h ,
L~ PRINT OUT CORRECTED EXPERIMENTAL DATA & CALCULATED PARAMETERS ',
X NRITE(épr?O)MPyMW,NWTR NHIN;VAC MAByNABCyHAA MGC,PAMP F '
BOOJ FORMAT(

>11H. MP =, 1PD16.5,8H  KG/H/
DIIH MW =,1PD16.5,8H.  KG/H/ -

- >11H . MWTR 7 =y 1PD16.5,8H. . KG/H/.

C>11H | MWIN =41PD164548H  KG/H/
S1IH " MAC = - =,1PD16.548H  KG/H/

C>1IH MAB.  =,1PD16.5,8H - KG/H/ - - . o o
>11H MABC..  =,1PDl6.5,8K  Ke/wr oo




>11H

- >/7)

>11H
>11H
>11H

MAA. =, 1PD16. ,CH'-

MGC . =,1PD16.5,8H
PAMP . =,1PD1é.5,8H

F =4 1PD16.5,8&H

WRITE(6,8001)

'>T<0 TS1,TS52,T83,TS4,TS5,TW1, TW?,TW3 TW#yTWb,TWé Th7,Th8 TN9
: 8001 FORMAT (

S11H TSn- =, 1PD16., s,PH
" >11H  TSi =91PD16.5,8H -
. D11H . TS2 =, 1PD16.5, 8H
C>11H  TS3 =41PD16.5,EH
>11H TS4 =, 1PD16.5,8H
>11H TS5 =y1PN16.5,8H
C>11H THWL =41PD16.%,8H
>11H TwW2 - =y 1PD16.5, 8H
>11H TwW3 =y1PD16.548H
D11H TW4 =,1PD16.5,8H
>11H TW5 =91PD16.5,8H
DLIH  Tké =y1PD16,5,&H
>11H - TW7 . =, 1PD16.5, 6H
>11H - TWe =31PD16.5, 8H
D11H TW9 =3 1PD1E.5,8H
S YZA) -
 WRITE(6,8002)
DTW21,TW22,TW23
-8002 "FORMATI _
>1IH  .Tw21 =y1PD16.5,8H"
DI1H TW22 =, 1PD16.5,8H
S OD11H TuW23 =,1PD16.5,8H’
>11H TWIR =4,1PD16.54&H
>11H TWIN =y 1PDL6.5, 8H
>11H - TAlL =4,1PD16.5,8H
>11H 'TA2 =,1PD16.5, EH
>D11IH TA3 =431PD1645,8H.
-~ >11H  TA4 =,1P016 54 8H
">11H TA5 - =,1PD16.5,8H
D11H TA6.  =,41PD16.5,8H"
>11H TA7- =,1PD16.5,8H
>11H TAB =,1P016.5.8H_
>//) ' ' '
wRITF(6,8033)

>TA21,;,TA22, TAZByLAUG XAUG,TGCI,TGCZ,TREF TLAG, DHW,DHA,DHWTR

B003 FORMAT

>11H

>11H

>11H
311k

D1l1H.
>11H

>11H

>11H
~ >11H
>11H

. >11H

- >11E
>//)

TA21 © =,1PD16.5,8H
TA22 - =,1PD16.5,8H
TA23 ' =,1PD16.5,8H
LAUG =31P016.5 8H
XAUG =31PD1645,8H
TGCl  ~ =,1PD1645,8H
TGC2 ~ ' =41PD1645,8H -
TREF | =,1PD16.548H
TLAG =y1PD16.5, 8H
DHW " =,1PD16.5,8H
DHA L =4 1PD16,5,8H.

- DRWTR __=,1pnlc.5,eH:;"

WRITE(byBﬂOé)

. .'>DHWIN,DHGC,DHTO,QLCL EQI,PFRC,DHNA,UA,UB,UC9NUTH NUVOL,DI
8004 fORMAT( ' o

1533

KG/H/

L KG/H/
A/M*«z/f

HZ/

K/l-
K/ -
K7. -
K7

K/
K/

K/ -

K/
K/
K/
K/
K/
K/
K/

K/

K/
K7

K/ .

K7

" K/

K/

K7

K/
K/ .

K/
K/

K

K/
7

M/

- M/
K7

- K/
K/

WY
- W

K/

K/ -

KL
W

$THTRSTWIN, TALy TA2,TA3 1 TAG  TAS s TA6 y TAT , TAS
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" SLIH DHWIN'  =y1PD1645,8H . W/

>11H DHGC =91PD16.548H - . W/
->11H  DHTO =y1PD16.548H W/
>11H  QLCL =91PD16.598H " 7 A
-211H EQL - =y1PD16€.5,EH W
>L1E PERC - =4,1PD16.5y8H %/
>11H - DHHWA . =y1PD16.,5,8H W/
>11H uA =g 1PD16.5y10H  W/Mx%2 K/
© o >11H uB - =y 1PD1645y 10H W/M¥%2 K/
- D1IH - UC - =91PD16.5910H  W/MRR2 K/
">11H NUTH - =,1PD16.5,8H %/
~>211H  NUVOL =431PD16e548H W/MXx%3/
>11H DI : =,1P016.5,8H . W
>117) ' '
WRITE(6,8010)NJET '
FORMAT{19H AMAL JET NUMBER =,16/)

8010

DATA XALyXA24XA39XA%yXASyXAEy XAT,XAB/

>0.33,0.477,G.654'1.011,1.366,1.722,2.07?,2-4/ o
DATA XS1yXS24XS33XS49XS58/0433,Q,8491.375,1,.93,2.4/

U DATA XWLyg XW29 XW3 g XHb g XW5 g XWE o XWT ¢ XWE 4 XWS/ -

20, 3390G+4590462840.805,1, 162,1 5185 1e 87412423424/

DATA M1,XA9/8,43.0G5/7

WRITE(2,50501M1
WRITE(Z.SUQG)XA[,XA3:X\4yXA5,XA6qXA7 XA8yXA9
NRITE(Z,SGﬂO)TAI,TA3,TA4,TA5,TA6 TA?,TAS TAS
WRITE(2,5300)XS1,4XS85

WRITE(2,5000)TS51,TS5

" WRITE(24,5000)XKWL9XW9 -

5000

1 5050

9898

VEAVEVEVEV

vavvvvyvV

WRITE(2,5GG0)TWL, TWS

FORMAT(9(1PC1D, 3))

FORMATI(I1) ) '
WRITF(2,98Q8)MP,VW;MAAqPAMP,F'LAUGyXAUG DHWA s UA
FORMAT (5(1PC164.5 )/4(1P016 5))

sTOP

END

FUNCTICN TYPLK(E)

TYPEK =~ NICKFL CHRCMIUM / NICKEL- ALUMINIUM

. REFERENCE :.  B.S. 4937 PAPT A'1973

REAL A

'SUBROUT INE TO PtRFORM QUADRATIC INTERPGLATICN ON THFRMGCDUPLE REFER
TABLES &« E = EeMoF« IN MILLIVCLTS 7O OEGREES CELSIUS

_ .REAL*8 TFMP(bQ),EMF(é”)151“01'HU?qu3’011027039512'02399123
),TYPEK,TYPFS TYPET,TRFFK TREFS,TREFT

'.s.o;'

11.0,

17.0y

23,0,

29,0,
H3500! -
C41.0, -

HTe0y
53.09.

+ 0y 319.1,

DATA EMF/ o . T
0D, 0, . 1% 0’- 2 01 ' 3 _D’ ' '4.0, _
.6 Q,: T+0y _ . Belry . 9-09. _10.0,
1240y C 1_3'-01 '_ 14,0y . 1540 - _16';01
18.0, 190Gy 0 2060 7 2140 22,0,
24-09 : 2500' ' " 26-@1 27..09- 28.9’
~ 300y "3le0y 3209 - 33,0y - 34,0,
- 360y - 3_7-09 - _38-01 : ,39.‘3_1 - 40,0,
42001 _ 43.0' '44001 B 4500, ' 46.0’
. 48, 0". L 49,0, 5040 ¢ 51la09 " 520 -
54,0/ ST ST TR
DATA TEMP/ T
0.0y . 25.0y - 49.5, C o T3e6y. 9TuTy © 12240y 146,64 !
1715, 196.63' 221,511 24643y . 27047y 295 _ ;
~343.,0y 36649y,  390.6, 41443, 437,99, 461459 485,047
o B08.4y 0 53149y 555.3y 57848y - 60243y, 625.93. 649.5, .

67302, 69649,  T20:48y 74448,  769.0,  T93.3y  817.7, .



- 21 CONTINUE

22 CONTINUE

I8s

>  842.3,  867.0y  891.9, 916.9, 942.2, d67.55 - 993.1,
- > 101848y, 164447y 1070.8y 1097.1y 1123.7y 115044y 1177eley ¥ -
© > 120447y 123243, 1260.3, 1288.6y 1317.3, 1346.3/ '
© DATA HOL,HCG2yHI3/1.0,1.0,0.5/ c
IF{E.LELU.9)G0 TO 21 _ _ .-
IF(E.LT.53,21G60 TO 22 R = .
N=53
60 TO 24

~IF(ELLT.0.0)60 TO 23
- N=1
GO TO 24

- A=SNGL{E/HG1)
N=IFIX{A)

24 CONTINUE
DI=E-EMF(N)
D2=E-ENF (N+1)
‘D3=E~EMF(N+2)

C D12=(D1¥TEMP(N+1)- EZ*TFMP(N))*HO?
‘D23={D2*TEMP(N+2)-C3%TEMP(N+1) ) *H) 2
D123=((01*D23)=-{D3%D12) ) *HO3
TYPEK=D123+4273.16 :

GO TO 25 -

23 CONTINUE

'7”25 CONTINUE

CrereIcy

RETURN
END
FUNCTION - TYPFS(C)

.SUBROUTINE TO PERFORM QUADRATIC INTERPOLAT!ON ON THERMDCDUPLE RPFFR
- TABLES o E - EsM.F., IN MILLIVCLTS TO CEGREES CELSIUS .

TYPES - PLATINUN 10ZRHODIUM/PLATINUM

'REFERENCE BeS.4937:PART 131973

- REAL A
REAL*8 TEMP(bC)yEMF(éO),i,HPI HOZ,HJ3 Dl.D?,D3,DlZ,02310123
">y TYPEK,,TYPES, TYPaT TREFK,TREFS, TPEFT

'DATA EMF/ . | . P |
'> Q.0 Q. 5[ . -1 01 ' 1 S, 20 ) 2-5, ' ‘3404 3.5y .
> 4qﬂt 445, - 5.0y T 5459 0 6eldy . B a5y Te04 o Tedy

. > 8.01l' . 805—'.,. _900' 905,. 1000, : 10.59 . 11._0’ 11051- -

>12.05°  12.5, 13.0y 13,5, 14,0y, 14.5y  15.0y 15.55 .-
> 16,8y 1645, 1740y  .17.5, 18.0, 18.5/ : S
DATA TEMP/ ~ : ' S

> 0.0, 798y 1464y 2071, 2643, 319.3, 372.74

>  425.0Dy 47643, @ 52648, 576.6y  625.7, 6739y 1721.3,

> 168.1, Bl4.2y 85G.7, 90446y 948.9, 992.6y 1035.89
- > 1078.5y 112048y 1162.7, - 120444y 1245.9, 1287.2y 132845,
2> 136S.Ty 141049y 1452.2 1493.6, 1535.3y 157742y 16154y .
> 1661.5y  1795.1, 1749.7/ B : o :

" DATA HOL gHO2 ¢HO3/05 2041 or

CIF(EJLE.N.4)60 TO 21
IF(E.LT.18.1160 TO 22
IF(E.GT.18.5)60 TO 23
N=36 -

. GO0 TO 24

21 CONTINUE .

© IFLELLT.0.0160 TO 23
N=1



R AN oo o

60 TO 24
22

 N=IFIX(A)
24

23
25

CONTINUE

A=SNGL (E/HQ1)

CONTINUE

D1=E=EMF(N)

"D2=E-EMF(N+1)

D3=E-EMF(N+2)
D12=(D1%#TEMP(N+1)- DZ*TEMP(N))*HOZ

D23=(D2*TEMP(N+2)~D3%TEMP(N+1) ) ¥HG2
- D123=((D1xD23)-{D3*%D12) )*HG3 '

TYPES=D123+273.16

GO TO 25
CONTINUE

"TYPES=(,0
"CONTINUE
‘RETURN
- END

"FUNCTICN

TYPET(E)

.';f.mifgé,'wm""':

SUBROUT INE TO PERFORM QUADRRATIC INT&RPDLATIDN ON THERMOCQU"LE REFEK
IN MILLIVCLTS TO DEGREES CELSIUS .
TYPET - COPPER~CONSTANTAN .
BeSe182821961

TABLES .

F

“REFERENCE ¢

REAL A

'EMFO

REAL#8 TEMP{60),EMF(60),E, HGl HOZ;HJ%,DI,02103,0121023,0123
. 2 TYPEK, TYP;S_TYPET,TRTFK TR:FS,TREFT

: 1.59"
559
9.5'

13.5,

17.5,

. 3746,
126.8,
2061,
27905’
348.6,

DATA EMF/

> 0 Gy 0.)1 ,1.09
> 4.0, 4,5, 5.0,
> B.Gy 8.5y 9.8y

>212,.0, 12.5, 13.0,

> 16.(), ’ 1605-9... 170!3"
> 2040y,  20.50/
 DATA TEMP/ :

R Ooﬂy .1209' _25.4'
> 94,8, .105.6y 116.3,
> 177.2y 187.Cy 19646y
> 252.5y 261l.6y 27065,
> 323.1, 33107, 340.2,

> 390.3, 398,57

- IF(E.LE.D.49)G0 TO 21
«1)60 70O 22
IFIE.GT.2C. S)GG TO 23

21

S22

 N=IFIX(A)
CONTINUE

24 .
E-EMF (N)

IF(E.LT.2D

N=40

GO T0 24

CONTINUE

TF{E.LT.C

N=1 -

"GO TO 24

CONTINUE

LN)GO TO 23 .

A=SNGL(E/HD1)

Dl=

- D2=E-EMF(N+1)

. D3=E-EMF({N+2

DATA HO1,HD2,HO3/0,5,2, ¢ l Q7

2.0,
én{)"
100’0!

- 1440,

18,0,

49,5,

137.1,
215.6

2B8.3

357.1,

© D12=(D1#TEMP(N+1)- DZ*T’MP(N))*FOZ _
D23=(D2*TEMP(N+2)-D3*TEMP (N+1) ) %HO2 .
D123={(D1%023)-(D3#D12) }*HO3 .

243

645,
10.5,
140 59

18 059

14743,
22449,

297.1y

36544

15.0

6102 |

é.o,
7.0,
11.0,

19.0,

T2 46

157, 4y
234.2'
305, 8y
373.8,

3,5,
7.5' )
115

15.5,

_19.5’-

83.8,

167« 4y -

243 .4,

3145,

382.9;
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. TYPET=D123+273.16 s
G0 TG 25 S R S A

23 CONTINUE

TYPET=0.0

25 CONT INUE

" END | 3 L - L ‘
FUNCT ICN TRCFK(TAMB)

~ SUBROUTINE TO PERFORM QUADRATIC INTERPGLATICN ON THERMOCOUPLE TABLE -
. FOR A GIVEN RANGE OF ATMOSPHERIC TEMPERATURE 0 < TAMB < 30.0°

~ TYPEK - NICKEL-CHRGMIUM' / MICKEL-ALUMINIUM : R |
DEGREES CELSIUS TO MILLIVCLTS . ; e
REFERENCE :  B.S.4937:PART 4:1973 o
REAL A
 REAL#8 TEMP 160 )4 EMFL60) +F 4HO1, ch,Ha3,01,Dz,03,312,023,0123
>y TYPEK TYPES yTYPET ,TREFK, TREFS, TREFT, TAMB ;
" DATA TEMP/ 0.0y 2409  4e0y 6.0y B840y 1040, 12.0y 14,05,
> . 1640y 18.09 2040, 22.0y 2440, 2640, 28.0, 30.0/ -
DATA EMF/ 0.000, 0,079, 0,158, 0.238, 0.317, 0.397, 0.477
>  0.557, 0.637, 0.718, 0.7S8, 0.879, 0,960, 1,041, 1.122
>  1.203/7. ﬂ | _ | S
DATA HO1,H02,H03/2.0,045,0.25/7
IF(TAMB.LE.1.8)G0 TO 21 |
IF(TAMB.LT.28.4)G0 TO 22
IF(TAMB.GT.30.0)60 TO 23
N=14 | |
60 TO. 24

21 CONTINUE

IF{TAMB. LT Qe O)GO T0 23
‘N=1
60 TO 24

22 CONTINUE

.. A=SNGL{TAMB/HO1)
" N=IFIX(A)
24 CONTINLE
© D1=TAMB-TEMP(N)
. D2=TAMB=TEMP (N+1)
D3=TAMB-TEMP(N+2)}"
D12= (DI*EMF(N+1)—DZ*CHF(N))*HOZ
D23=(D2#EMF (N+2) =D3%EMF (N+1))*HD2 _ ' ' :
. D123=((D1%D23)- (DB*DlZ))*HOB - ; B L
- TREFK=D123 ' : -
G0 TGO 25

23 CONTINUE

TREFK=0,0
25 CONTINUE

RETURN

END '
FUNCTICN TREFS(TAMB) '
SUBROUTINE TO PERFORM QUACRATIC INTERPOLATIDN ON THERMOCOUPLE TAELF
FOR A GIVEN RANGE OF ATMCSPHERIC TEMPERATURE 0 < TAMB < 30.u
' TYPES - PLATINUM-IC%RHGDIUM/PLATINUM ' :
CEGREES CELSIUS TU MILLIVCLTS . :

‘REFERENCE ¢ B, 5.4937 PART 1 1973

REAL A
- REAL*8. TFNp(éf)!EMF(6D)1E9FQI FnZyHﬁ3yDlyDZ,D3,D121DZ3’0123
 Ds TYPEK,STYPES, TYPET, TRFFK,TREFS,TR FT,TAMB
DATA TEMP/ D09 2409 . 4, 0, 601:". - 8 Oy lc’oﬂ’ 1200’. 14,0,
> 1640y 18.0y 20,09 22.09 24.0y 26.0, 28,0y 300/
- DATA EMF/ 0.000; 0,011, 0.022, 0.033, 0.064y (.0554 0,067



LA RERERE %]

. > 0,078y 0.09%0, Q. 101,- 0.113,
> 0.173/ B
DATA F014H22,H03/2,050.5,0425/
IF{TAMB.LE.1.8)60 TC 21

IF(TAMB.LT.28.4)G0 TO 22
- IFITAMB.GT.30.0)6C TO 23
. N=14 -

‘60 TO 24

21 CONTINUE

IF(TAMB LT.0. G)G 10 23
N=1
60 TG 24

22 CONTINUE
A=SNGL (TAMB/HO1)
N=IFIX(A)

24 CONTINUE :
D1=TAMB-TEMP(N)
D2=TAMB~TEMP{N+1)

D3=TAMB-TEMP(N+2)
D12={D1%*EMF{N+1)~ DZ*FNF(N))*HQZ

D23=(D2%EMF(N+2)-D3*EMF (N+1) ) *H02 -

D123=((LC1%D23}-{03%xD12) ) *HO3
TREFS=D123
60 TO 25

23 CONTINUE

TREFS=0.0

" 25 CONTINUE

 RETURN
END
FUNCTION TREFT(TAMB)

04125,

N.137,

0148,

0 161 | .

SUBRUUTINE TO PERFORM QUADRATIC INTERPOLATIUN ON THEPMUCOUPLE TABLE
FOR A GIVEN RANGE OF ATMCSPHERIC TEMPERATURE

"TYPET - COPPER-CONSTANTAN .

- DEGREES CELSIUS TO MILLIVOLTS .

REFERENCE ¢
- REAL A

BvsS.1828:1961

- REAL*8 TEWP(bO)9EMF(60);E1H01;H02 HG3

'> TYPEK ¢ TYPESs TYPET o TREFK,TREFS s TREFT , TAMB.

DATA TEMP/ C.0y 249 440, 660y 8.0y
160'01 18.61 20.0' ’ 22'.01 24091

DATA EMF/ (C.000y 0077y GC.l54,

>
> 0.545, 0.624, 0,703, 0.783,
> .

1.1887°
- DATA HO14H02,H03/2.04C. 56425/
© IF(TAMB.LE.1.8)1G0 TO 21
IF(TAMB.LT.28,4)60°TQ 22
IF(TAMB.GT.30.0)60 TO 23
N=14 ' |
GO TO 24

‘21 CONTINUE

IF(TAMB. LT.O 0160 Te 23
N=1
GO TO 24

22 CONTINUE

A= SNGL(TAMB/H?I).
N=IFIX(A)

" 24 CONTINUE

DL=TAMB-TEMP(N)
D2=TAMB-TEMP(N+1) -
. D3=TAMB=-TEMP(N+2)

D- 863'

(} .232 ]

0 < TAMB < 3040 ;

10.0,

26.09 2840y

0309,

) 0.9‘)‘4'

yDl,DZ,DB,DlZ,DZB,DlZB

12 00'1-

0.388,
1,025,

30,0/
N.466

14.0,




v
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.23
}‘ 25
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D12=(D1%E F(N+1)—DZ*:HF(N))#H02
D23= (D?*CMF(N+2) -D3%EMF (N+1) ) *HO2

- D123= ((Dl*D23)—(03*D]2))*H03 '
TREFT=D123
GO TO 25 S : S o
CONTINUE o - : :
TREFT=0.0 . o
CONTINUE
RETURN -

END . _
FUNCTION RQTAMN(CN)-

FERENCE ;3 CALIBRATICN OF METRIC 24E RDTAMET&R FDR WATER « 21 SEPT: .
REAL%8 RNTAMW,CM '
ROT AMW= 105, 64+(37.51?*CM)

ITS =---  KG/H ’

RETURN

END

FUNCTICN RDTAMA(CM)
REAL*8 ROTAMALCM
ROTAMA=CM*D,1168

. RETURN

SP
CR

“RE

Al

- HI

END

FUNCTICN CPA(TA)

SUBRCUTINE TO PERFORM QUADRATIC INTERPDLATIDN ON DATA FOR .
ECIFIC HEAT AT CONSTANT PRESSUR“ OF
Y AIR AT ONE ATMOSPHERE ' '
FERENCE : - TABLES CF THERMOODYNAMIC & TRANSPDRT PPOPERTIES OF.

R,AR,COZ,CO,FZ,NZ,OZ & H20 .
LSENRATHyJ» ET AL: PERGAMON 1960
CREAL A

REAL*8 TAB(BQ),TT(30),TA,HOl,HOZyHﬁ3,Dl9DZ,D31012,023,0123.

+CPA

21

22

24

E R ERE XK,

DATA 1T/299. Gy300.0¢400.,04500.0,600.30,700. 01800.\,900 0,10“0 0: _
£1100.091200409130060514004C9150Ce041600409170CoC41800,C51900.0 -
+2000.042100.0,2200.0,2300, 012406.0,250d.”g2600 0y
+2700.092800.0425C0. G,3UGO o/

DATA TAB/ - | | |
3.5062, 3.5059, 3,5333,  3,5882, - 3.6626, 3.7455,
-+ 34828, 3,906, - 3,979, GoGhby ~ 44109y 44171
- 4.230, #0289' ) 4-352) 4'4187 4.4879 . 4-566’
4a662y 4,781, 4,947, 5.179, 5484y 54882,

: .43' T 06’- Te 87, Be BEy GeG6 ’ '

DATA ‘HOL,HJ2,H03/186, 040 01,0, 005/
CIF(TA.LE.299.0160 TO 21
IF(TA.LT.2640.0)60 T0 22
IF(TA.GT.3C0040)60 TO 23
N=16

60 TO 24

CONTINUE
IF(TALLT.200.0160 TO 23
N=1-

60 TO 24

CONTINUE.
- A=SNGL{TA/HO1)
N=IFIX(A)=2

CONTINUE =
D1=TA=-TTIN)

C D2=TA-TT(N+1)
. D3=TA-TTIN+2)




.(1

TV Oy

l%

'012 (DL#TABINFL)-D2%TAB(N) )#HI2

UN

- 23

700

25

ITS OF CPA ¢ J/KG K-

60 TO 25 ..

CONTINUE

WRITE(6,700)TA

FORMAT('CPA  ARGUMENT CF ' ,F12.5,¢

+0F 20040 -=  3C00.0 DEG. KV)

RETURN - | .

END - o |

FUNCTICN CPW{TW) | |

SUBROUT INE. TO PERFORM QUADRATIC INTERPOLATION ON DATAFOR

SPECIFIC HEAT AT CONSTANT PRESSURE FOR WATER

~ FROM TABLE 5 4PAGE 119 ,UK STEAM TABLES IN SI UNITS 1970 ,

REAL A -
'REAL %8 TAB(11),TT(11),TwaGI,HOZ'HOB,DlvDZ;D%yDlZ,023.0123,
+CPW .

DATA TT/10.0,20.0,30. D14040450.0160.0 7040980 .0490.0910040,
C+116.0/

21

22

24

D23=(D2*TAB(N+2)=D3%TAB(N+1) )%HO2 -

D123= ((Dl*D?3)—(D?#D12))*H03_
CPA=D123%287.041

. DATA TAB/4,194, 4 18214.179,4 1794+44181,4. 18594 1Q194 1981
+44207+4421844. 230/

DATA ‘KOl HO2,H03/1040,041,0.05/
IF(TW.LEL19.0)6C TC 21
IF(TW.LT.104.0)60 T0 22
IF(TH<GT.110.0)60 TO 23
N=9 . _

60, TO - 24

CONTINUE :
IF{TW.LT.10.01G60 TC 23
N=1 - .
GO TO 24 ’

CONTINUE ~-

A=SNGL {TW/HC1)
N=IFIX(A)=1

CONTINUE

DL=TW-TT{N)
D2=Th-TT(N+1)

D3=TH-TT (N+2)

- D12=(D1*TAB(N+1)-C2%TAB(N))I*HO2

D23={(D2*TAB{N+2)~- DB*TAB(N+1))*H02

- D123= ((01*023)-(D3*012))*H03
. CPW=D123%1700., O '

23
7006

G0 T0.25
CONTINUE
"WRITE(6,70D)TH

FORMAT(' CPW ARGUMENT OF ",F12.5,¢

+ 10,0 --- 110.0 ©DEG. C*)

25 RETURN

END

1S CUTSIDE TEMP

RANGE " OF

| . - »
IS CUTSIDE TEMPERATURE RANGE
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PCEPPOL a
PULSATING COMBUSTOR FREQUENCY PREDICTION PROGRAN == CNE
THE PURPCSE OF THIS PROUGRAM. IS TO SOLVE THE BESSEL BOUNDARY
CONDITICNS FOR AN EXPONENTIAL GAS TEMPERATURE GRACIENT. IN THE
HEAT EXCHANGER SECTIONS OF THE MARK 5 COMBUSTOR .
6 JUNE 1972

NUMBER CODE : M = 1 GPEN-OPEN MCCEL
| M= 2 OPEN-CLOSED MCDEL

IMPLICIT REAL¥8(A-K,0-2) : -

" DIMENSION BJL6)1BY(6), TER(12)

REAL*8 LANDA
18 CONTINUE |
f . READU5,7799) 71,12
17799 FORMAT(2(F10.3))
3 IF(T1)53,53,12
12 CONTINUE

oy

HaXeXsizsleXsizisl

DATA X14X2/0433,2.4/ - I o _ f_é

ALPHA=(-DLCG{T1/T2)31/(2%(X1=X2))

TO=TL1/(DEXP(-2%ALPHA%X1)) . R o .

CO=DSCRT(401.94%T0)
. EL=3,3
_ M=2
o
NRITF(6,20301M,ALPPA'C0'EL ' ' i
2009 FORMAT {3X "M =4,13,4%X, '"OPEN-CLOSED MODEL? //ax,'ALPHA = V,1PE12,6
1//711X4'CO = 'y 1PEL2.6 93X, ' METRE/SECONDY//11Xy YEL = ', 1PE12.&,
23Xy YMETREY /) S e o RS
£234567
C CALCULATE A & B
T A= (DEXP(ALPHA*CL)!/ALPHA

B=1. G/ALPHA
C
: WRiTF(619111)T1,T2 ' S S
19111 FURMAT(IIX,'TI = ! ,IPDIZ 617X,'K'/11X,'T? = 19 1PC12.&y TXy 'K /)
!  p=0.001

€ READ STARTING VALUE CF LANCA
i, 11 READ(5,1G01 JLANDA
1 1001 FORMAT(FL0.5)

. IF(LANDA)18,18,10 R - S
10 CONT INUE T
C SET N EQUAL TO ZEROD R
N=0. B
¢ : _
€ . | SR . T .
4 CONTINUE =~ - -~ = o . B :

BLANDA=B*LANDA

CALL DBESJ(ALANGCA,04BJI(1)4D,IER(L))
" CALL CRBESJ{BLANDA,CBJI(2),D,IER(2))
- CALL CRESJUALANCA,14BJI{3) 4Dy IER(2))
"CALL CRESJ(BLANDA,1,BJ(4) 4D, IER(4))
CALL DBESJ(ALANDA24BJ(5)+DyIER{5))
- CALL DEESJ(ELANEA;Z,BJ(&),D,158(6))

oo et e Toe e een vh o

CALANGA=A®LANDA ~ oo -

' CALCULATE BESSEL ARRAYS FOR GIVEN ORDER AND ARGUEMENT b



R = S T

F 2004

§zoos

i 99
2150

N I rft.r TIeYT O

18
7799

12

"L234567

53

CALL
CALL
CALL
CALL

-,CALL

CaLL

192

DEESYUALANCA,Q,BY( 1), TERLT7)) -
DBESY(BLANDA,G,8Y(2),]ER(8))
DRESY(ALANDAy 1,BY(3),IER(9))
DBESY(BLANCA,1,BY{4), IER(1O))

OBESY(ALANCA,2,8Y(5), TER(11))
DRESY(BLANCA,2,BY{E), IER(12))
FLANDA=BJ(2)*BY(3)=-RBJ(3)*BY(2)
GLANDA=B*BJ(3)1%*BY{4)-B*RY(3)}%BJ(4) +{

' > DeS5HAXBY (2)X{BI(1)~BI(5))

- ~IF(DABS(GLANBA) .LT. 1.0D-06)G0 TC 90

Y=LANDA-{ FLAND A/GL ANDA)

IF(DABS(LANDA~Y) LT. 1.0D0-06 .OR. N +GT. 50)G0 TO 9 .
N=N+1 : : Co :

LANDA=Y

GG TO 4
WRITE(€42004)Y,N o
FORMAT (4X, 'FINAL VALUE CF LANDA =*,2X, LPEL2.644X," AT N —'.13//)

"FREQ=CC*Y/6,2831853072

WRITE(E,2005)FREQ
FORNAT(IQX:'CDMPUTLD FREQUENCY “'QZX IPE12.646Xy?

GO T0 11
KRITE(€,42150)

FORMAT (3X,® GL ANCA EEFALLT '//)
G0 'TO'11.

sTop

- END

PCFPPO1,

NUMBER CODE : M = 1

PULSATING COMBUSTDR FRfQLENCY PRFDICTIDN PRCGRAY
. THE PURPCSE OF THIS PRCGRAM IS TO SOLVE THE BESSEL BOUNDARY ,
'CONDITIONS FOR AN EXPONENTIAL GAS TEMPERATURE GRACIENT 1IN THE
HEAT EXCHANGER SECTIONS OF THE MARK 5 COMBUSTOR .

& JUNE 1872

M= 2 - OPEN-CLOSED MODEL

IMPLICIT REAL*8(A-H,C~2)

- DIMENSION BJ(é)pBY(é)yIER(lZ)

REAL%8 LANDS2
CONTINUE

- REAL{5,7799)T1,T2

FORMAT(2(F1C.3))
IF(T1)53,53,12

CONTINUE
"DATA
- ALPHA=(=DLOG(T1/T2) )/t 2%( X1~ XZ))

X19X2/0e3342.47

TO=T1/{(CEXP({-2%ALPHA%*X1))
CO=DSQRT(401. 94*T0)

EL=3.

M=1

3.

wRITEke,zoor)M,ALPHA.CO.EL

{ 23X,'HETRE'/)
0234567

L CALCULATE ‘A § 8 . | R
A= (CEXF(ALPFA*EL))/ALPFA | *

B=1.G/ALPHA . L

CWRITE(£,9111)T1,72.

]

- -

" OPEN-OPEN ©  MODEL

|

JSRAXBIL2)% (BY (1) -BY(5])

HERTZ'/)

CNE

-, 2000 FORMAT{3X,'™ = ¢,12,4X, '*0PEN-OPEN- MODEL'//8X,‘ALPHA =
L C17711X,'C0O = ',1PE12. 613X9‘METRE/SECCND'//11X9'EL

,1PE12069

' 31PE12. 6 -



| 73 .

9111 FDFMAT(IlX,'Tl = ,19012 6,7X,'K'/11X,'T2 = 1y 1PD12.6, TXy 'KY/) ¢
; WRITE (€420011A,8 o
[ 2001 FORMATUTX,'A = '51PEL2.6/7X,'B = ,1PF12 6/
T D=C. 001 - ] i . .
£ READ STARTING VALUE OF LANDA T .
11 REAL(5,1021)LANCA . S
| 1001 FORMAT(F1C.5)
WRITE{E,2002)LANDA - _ 3
| 2002 FORMAT(3X,'LANDA STARTING VALUE = 'y 1PE12.6/)
IF(LANDA) 18,18,10 -

. 10 CONTINUE
C SET N EQUAL TC ZERF
_ N=0
WRITE(646000) '
6OCO FDRMAT(BX;'N',6X,'ALARDA',6X,'BLANDA',6X,'FLANCA',6X,'CLANCA'
g 46Xy 'LANDA'/ /)
. 4 CONTINUE
ALANDA=AXLANDA
- BLANCA=B*LANDA
C CALCULATE BESSEL ARRAYS FOR GIVEN GRDER ANG ARCUEMENT
‘CALL DBESJ(ALANDA+G,BJ(1),D,IER(1))
CALL DRESJ(BLANCA,G,BJ(2),D,IER(2))
-CALL DBESJUALANCA,148J(3),D,IER(3})
CALL DBESJ(BLANDA9148J(4),D,IER(4))
CALL DBESJ{ALANCA,2+8J{5)yD, IER(5))
: - CALL DBESJ(BLANDA,2,BJLE),D,IER(6))
0234567 SR - o
CALL DBESY(ALANCA,0,BY(1),1ER(7))
CALL-DBESY(BLANDA,G,BY(2),IER{8))
- CALL CRESY(ALANCAy1,BY(3),1ER(9))
- CALL DRESY(BLANCA,1,BY(4),IER(1D)) -
CALL DBESY(ALANDA,2,BY(5),IER(11))
CALL DBESY(BLANDA,24BY(6),1ER(12))
- FLANDA=BJ(4)%BY(3)-RJ{3)*BY(4) :
.GLANDA=0.5%B%BY{3)%(BJ(2)~ BJ(6))+u.5#A4BJ(4)4(BY(1)-FY(S))
>=0.5A%BY (4 )% (BJ(1)=BJ(5)-0.54B¥BI( ) X(BY{2)=BY( ) ) :
IF(DABS(GLANCA) .LT. 1. 0D-06)6C TG 90 :
~ Y=LANCA-{ FLANDA/GLANDA) _ S
" IF(DABS(LANDA-Y) LT. 1. 00-06 .0R. N .GT. 50160 T0 9
N=N+1 ' ' :
LANCA=Y '
WRITE(6, 7000)N,ALANCA,BLANGA,FLANDA,GLANDA,LANDA
7000 FORMAT(2X,12+4Xy5(1PE12. 51)
GO0 T0O &
9 WRITE(6y2004)Y,N '
12004 FORMAT(4X, 'FINAL VALUE CF LANDA -',zx,1P£12 6,4X,'AT N —',13//)
: . FREC=CO*Y/6.2831853072
- WRITE(€,2005)FREQ ' .
2005 FDRMAT(IOX.'COVPLTED FREQULNCY -',zx lPEIZ 616Xs° "HERTZ'/)

60 TO 11°
90 WRITE(£,215C)
| 2150 ‘FORMAT{3X,' GLANDA DEFAULT N

; GO0 TO 11

! 53 -STOP _

H END S a

. - TEST PROGRAM - 10 SEPT 1972 :
" EVALUATION OF P(X,T) FOR C(X) = Cu4EXF(ALPHA*X)

© - IMPLICIT REAL*B({A=- HvO -1)
REAL*E LANDA . -
- DIMFNSIO'\I BJ(‘?),BY(QMIER(‘?)




~

"DATA BALEL,D/13500GG.04343,3.00001/
4 REAC(5, 1750)ALPHA,CTPMAX .
: IF(ALFEA)24,24,73 '
| . 73 CONTINLE
11050 FORMAT(5(F19.7))
P RYTE(ﬁ,SGDA)CU,ALPHA,FL,PMAX BA
5000 FORMATI(2X,' CO = t,1P[12.5,¢ HCTR?S/QEC'/?X,'ALPHA =
© 191PD12.5/2Xy!'  EL = 1,1PD12.5,% METRES'/2X,! PMAX =
291PD12. 5yt N/M¥%20/2X,?  BA = 1,1PD12.5,!' N/ Me%21//)
- READ{5,1000)LANDA -~ . : '
1000 FORMAT(F15.6)
i WRITE(&,4000)LANDA -
'54000 FORMAT (2X,'LANDA = ', 1PC12.5/)
1 IF(LANDA) 24424425 -
| 25 CONTINUE
P IL= (DFXP(ALPHA*ﬁL))*LAAEA/ALPHA . . -
Z0=LANDA/ALPHA g o !
CALL DBESJI{I0, 7,BJ(1),0,I&R(1)) '
.. CALL DRESY{Z0,0,8Y(1),IERI2))
RMN=-8Y({1)/BJ{1)
"CALL DBRESJ(20,1,8B4(2), D,IER(a))
"CALL DBESY(ZD,1,BY(2)4IER{4))
CONST= (RMN*BJ(2) 1+BY(2) '
Cd " WRITE(&,2001) o
12001 FORMATU4X,*J, x,-x'.lsx,'p',lax,'v'//)
. © X=0.0"
DO SO J=1,12 -
1= (DEXP(ALPFA*X))*LANDA/ALPHA
CALL DBESJ(2,1,BJ(3),DyIER(5))
CALL DBESY(Z41,BY(3),1ER{6))
P=PMAXADEXP (AL PHA®X)F{ (RMN*BJ(3))+8Y([ 3} ) /CONST
"CALL DBESJI(Z404BJ{4) 3D IER(T))
CALL DBESY(Zy0,8Y(4),IER{8))
: . V=PMAX*CO* ( (RMN*BJ(4) ) +BY(4))/{BA%CONST) .
.! L HRITE(E92000)J 9 X9 Py V
12000 FORMAT(15,3(5X,1PD10,3))
k X=X+, 3
90'CONTIhUE
CWRITE(6,2002) ; L S ;
2002 FPRMAT(//+X,'-‘,YX.'NETRES' y10X o 'N/MEX29,9X, Y*M/SECY//)
- GO TO 4 - Lo - o oo
24 STCF _ - B : i
. END S : ) o . .

1
FE




l%‘

c PROGRAMME TO CACCULATE TR WASS FLGW THROUGH AERDDYNAWIC VALVE T

C CALCULATICN BASED ON QUASI- STEADY STATE THEGRY . THUS MASS FLOW
C IS INDEPENDEMT OF FREQUENCY . 5 MARCH 1973
: REAL®*8 MAIN(208) ,MAEX(200),4R HOlvRHCZ,Pl,P?yCAMl,rhMZvGﬁMMA TA,
L ML M2 A3 AESCDEC1,C24PXO4PAT D KGoKPyToDT4RE,,ULI20C), UZIZ"Q)

C - READ D INTERNAL OIAMETER OF VALVE ‘
c . © BXO -, PRESSURE AMPLITUDE IN COMBUSTION CHAMBFR
c :

" TA VEAN TEMPERATURE IN COMBUSTICN CHAMBER .
- 98 CONTINUE - : _
L - REAC(5,190210, PXD, TA
I IF(D)}S4,34465
. 95 CONTINUE
1 1000 FORMAT(3(F1C.01) ' : .
C° SET CONSTANTS FOR INDUCTION PART GF CYCLE 5 2PI > T > PI
PAT=1C1353.0 o :
RHO1=1.177
NORLC=20
T=3.,14159265368
. DT=3,14156265358 /NCRD
P1l=PAT . :
NORD=NGRD+1
GAM1=1.4 ‘
KG={GAM1-1.,0)/GAM1
RR=287.1
Cl= DSORT(GANI*PR*’CO 0)
_ CWRITE(6,3G03)
..3003 FDFMAT(IGXo'T'113Xy'U1(I)'//)
.. DO 10 1=1,NCRD
P2=PAT+PXD*DSIN(T)
KP=p2/P1
RHC2= RFOl*(KP**(l G/CAMI)) .
c CCALCULATE INSTANTANEQUS VELGCITY & NACH NC.
- Ul(li= DABS((Z.)*PII(KG#RHOI))*(I.Q KP*«Ku)i
UL I)=0BSQRTUL(I))
“M1=Ul(1)/C1
C CALCULATE COEFFICIENT OF DISCHARGE & CFFECTIV& AREA
T CDE0LEH{MLRE2)RD L1254 (M1H%4 V%) (04166666667
AE=32,14156265358%{D*%2)*CD*0.25
¢ CALCULATE INSTANTANEQUS AIR MASS FLONRATE
- MAIN({I)=RHO2#AE*UL(I)
C WRITE ANGLE & VELOCITY
. WRITE(£,3C00)T,L2(T)
3000 FCRMAT(?(wX,1P013 5))
. T=T+DT
10 CONTINUE
C INTEGRATE BY SIMPSDNS RULE
' CALL DCSF(DT,MAIN,MAIN,NCRD)
WRITE(&, 3310 )IMAININGRD) o - :
301C FCRMAT(4X,*INDUCTICGN AIR MASS =1,1PR13.5//)
C. RESET CONSTANTS FOR EXHALQT PART GOF CYCLE 5 0 < T < PI
: NORE 20 - '
DT 141=9265358/NCRD - e
'GAMZ 1.3
. KG=(GAM2-1.0)/GANM2
- C2=CSQPT(GAM2*RR*TA)
NORD=NCRD+1 .
RHO2=P1/({RR*TA) .



LT

WRITF(6,3“14)

3004 FDRMAT(lqu'T',13X,'U2(J)'//)

. €

~
=]

. 1235 FORMATI(4X,' MAA = %,1PD13.5)

DO 11 J=1,NORD
P2=PAT4PXI4CSIN(T)
KP=p1l/P2
RHOL=RF02# (KP¥#(1.0/GAM2) )
CALCULATE INSTANTANEGUS VELCCITY & MACK NO.

S U2(J)1=CQ : .
U2(J)=DSQRT ((2.0%P2/ (KEHRHO2) ) %1 1.0-KPH¥*KG) )
M2=U2(J)/C2 S -

CALCULATE COEFFICIENT OF DISCHARGE & EFFECTIVE AREA .
- CD=0.5+{M2842) %0, 125+ (M24x4 ) K0 041 6£ £€5667
AE=3,141562€5358%{[#%2)%CD%Q,25
CALCULATE INSTANT ANEOUS AIR MASS FLOWRATE
MAEX(J)=RHOL*AE*U2(J)
WRITE ANGLE & VELOCITY
WRITE(€y3506)T,020J)

3006 FGRMAT(Z(QX;IPPIB 5))

CT=T4DT
.11 CONTINUE

. IhTEGRATE BY SIMPSCNS RULL

CALL DGSF(DTyMAEXyMAEX,NORD)Y
 WRITE(6,3077 INAEXINORD)

3007 FORMAT(4X,'EXHALST AIR NASS "leD[B 5/77)

MAIN{NORD )=MAIN{NMORD)=-MAEX{NORD) .
NRITE(2y1235)MAIN(NGRD)

CWRITEA 2, 2222)0,9X0 TA

12222 FORMAT{(4X,'D = '1F10, 5/4X,'PXu ='1F10.2/4X, 'TA =14F10. 2//)

GO TO <8

"94 CONTINUE

STOP o g
~ENC o S




