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SUMMARY

An Orenda P.S. 13 annular, vaporizing combustion
chamber having a 42-in. diam., alir casing has been tested at
atmospheric pressure without preheat. The following matters
were investigated: pressure loss, weak stabllity 1limlts,
weak ignition limits, outlet temperature distribution, flame
pattern, combustion roughness including 1its causes and effects,
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mechanical failures, carbon deposition, distortion due to
overheating.

In most respects the performance of the combustor
was satisfactory. However the cold pressure loss appeared
high (27 combustor q's* at the design velocity of 109 ft¢/sec.)
and the outlet temperature distribution appeared to require
improvement.

% q = 2
2
where p = combustor inlet alr density based on measured

inlet total temperature and total pressure

V = combustor veloclity based on maximum flow area.
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ORENDA P.S. 13 COMBUSTION CHAMBER (42-IN, DIAM,):
TESTS AT ATMOSPHERIC PRESSURE

1,0 INTRODUCTION

An Orenda P.S. 13 annular, vaporizing combustion
chamber having a 42-in, diam., air casing has been tested at
atmospheric pressure by the N,A,E. at the request of Orenda
Engines Limited. The flame tube was built to aircraft
standards, whereas the fuel system, air casing, and other
ancillary equipment (with the exception of the ignition
system) were especially constructed for rig testing. The
air casing is suitable for testing at both atmospheric and
sub-atmospheric pressures which are available with the
N.A.E, facilities, The internal geometry is, however,
identical with that which would be employed in a combustor
to be installed in the engine, so that the aerodynamic and
combustion aspects of the test results could be applied to
such a combustor.

The complete base plate of the flame tube, includ-
ing stiffening ridges, was stamped out of relatively light
sheet metal, This was an innovation and some interest
attached to 1ts mechanical performance.

The primary fuel manifold was supported within the
snout of the flame tube and the seven primary Jets were screwed
into fittings in the manifold, terminating at holes through
the base plate, The main fuel manifold was external to the
combustor and 32 main jets protruded through the alr casing
and outer wall of the snout to terminate at the upstream emnds
of the vaporizing tubes. Except for the numbers of primary
and main fuel jets and the points at which they terminated
these fuel system arrangements were not those to be installed
in the engine.

The following tests were performed on the combustor:

(1) Determination of the total head pressure loss under
hot and cold conditions

(2) Measurements of the weak stability and ignition
limits

(3) Measurements of the outlet temperature distribution
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(4) Studies of the flame patterns within the combustor
i by analyses of the

5 Studies of combustion roughness S . )
noise(e%itted by the combustor, some of the mechanical vibra

tion modes of the flame tube, and the pressure pulsations in
the fuel supply to the combustor,

it i tion was
ITn addition to these specific tests atten .
given to the following points throughout the test programme -

(1) Mechanical failures of components
(2) Carbon deposition within the flame tube

(3) Distortion of the flame tube due to local overheating

2.0 DESCRIPTION OF APPARATUS

2.1 Test Combustion Chamber

A disgrammatic longitudinal section through the
combustor is shown 1in Figure 1, and a photograph of the flame
tube is shown in Figure 2.

Each main fuel jet consists of a metering orifice
followed by a plain tube, any fuel atomization being effected
by the flow of alir past the end of the tube. The flow numbers
of the 32 main fuel jets were measured and found to vary from
1.12 to 1.28. They were installed in the combustor so as
to make the fuel distribution as uniform as possible.

Each primary fuel jet terminates in a small swirl
atomizer.

The 16 large vanes, A, perform the functions of
supporting the flame tube structurally and of removing the
swirl from the air entering the combustor., This swirl
remains in the air as 1t leaves the tenth stage stators of
the compressor so that it was necessary to install in the
test combustor a row of vanes simulating these stators. The

rows of vanes B and C produce a swirl simulating that of
alr entering the tenth stage compressor stators% —

The screen is removable and consists of two pieces

of wire gauze in series, one of 16 mesh with .018-i i
the other of 4 mesh witﬁ «050~in, wirs. e faa
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Two high energy igniter plugs were installed in the
chamber to protrude approximately 1/4 in. from the flame tube
wall immediately downstream of the base plate, each plug being
approximately 45 degrees from the bottom of the chamber., Two
of the primary jets terminated immediately upstream of ths
spark plugs. The spark plugs were energized by an exciter
box of the type currently being used on Orenda engines (24 volts,
12 joules).,

2.2 Alr Supply

In order to obtain suffilcient air mass flow to produce
the combustor design velocity it was necessary to use the availi-
able supply (31 1lb./sec. at 100 p.s.i.a.) to drive an injector
drawing secondary air from the atmosphere and supply the total
combined ailr flow to the combustor. Control of the combustor
air flow was obtained by throttling the compressor inlet,
thus varying the pressure upstream of the injector primary
nozzle, No independent control over the combustor inlet
pressure and temperature was available, The pressure was
always approximately atmospheric and the temperature varied
in the range 50 to 100°C,

Considerable development work was necessary to
obtain a total head pressure distributlion at outlet of the
injector mixing pipe which was satisfactorily flat and
steady, and to reduce the noise emitted by the primary nozzle.
A satisfactory outlet total pressure distribution was obtained
by keeping the secondary air inlet clear of obstructlons,
carefully centring the primary nozzle 1in the secondary ailr
inlet, and by providing sufficient mixing pipe length.

The noise emitled by the primary nozzle was somswhat
reduced by replacing the original conical nozzle wilith a ccn=-
verging~diverging arrangement, but the noise level still
remained uncomfortably high.

2,3 Instrumentation

The instrumentation planes B, D, 0, and Z are
indicated on Figure 4, Figure 3 is a photograph of the
combustor rig showi.:g all the rig instrumentation in placea

A description of the instrumentation installed in
each of the four planes follows: (in planes B, D, and O,
each of the four quadrants are identically instrumented, tha
quadrants being numbercd clockwise from the upper right, look-
ing downstream,)
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Plane B - One static wall tapping, 1/8-in. diam., in the
annulus outer wall of each gquadrant.

One total head pressure rake, with seven hgles at "
1/2=in. increments of radius in each quadrant. The inner an
outer holes are each 0,54 in, from the adjacent walls, the
annulus width at plane B being 4.08 in,

Plane D - One static wall tapping, .089=-in. diam., in the
annulus outer wall of each quadrant.

One total head pressure rake with six holes placed
at the centres of equal area annull in each gquadrant. These
rakes are rotated 30 degrees from the axial direction in o?der
to have approximately zero yaw angle with respect to the air
flow direction in this plane.

One stagnation thermocouple rake with six thermo-=-
couples placed at the centres of equal area annuli in each
quadrant. These rakes are also rotated 30 degrees from the
axial direction. (Actually the thermocouples are about
-085 in. downstream from the holes of the total pressure
rakes, but this distance is not significant.)

Plane O - For cold pressure loss tests:

One static wall tapping, 1/16-in. diam., in the outer
wall of each quadrant. ‘

One averaging total head rake with three holes,

0.9 in. apart in each quadrant. The centre hol
at the centre of the annulus. Q18 Wad placed

For hot running:

One radilally traversing stagnation thermoc

remotely operated, installed in one gquadrant at a ti;:ple’

Plane Z - One stagnation thermocouple 2 in, r
wall at top and at bottom of the duct. Fom Ehe outew

Further instrumentation for the noise and vibration analyse
s 3

An accelerometer was used to pick u s
vibrations of the flame tube. The acceleromege?e;%iZ;;;l
(shown in FPig. 1) is a tube passing through a hole in th:n:ﬁ

ir
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casing and welded to the flame tube, The accelerometer was
mounted so that only vertical movement of the tube was detected
and thus only transverse vibrations of the flame tube wall,

A pressure transducer was used to pick up pressure oscilla-
tions in the main fuel line, It was installed at two posi-=
tions, one in the fuel line just ahead of the manifold and

the other just after the pumps. A muffled microphone was used
to pick up combustor noise., The microphone was positioned
about 8 ft, from the axis of the combustor, 3 ft. above thse
ground, and in the plane of the main fuel injectors.

The signals from the accelerometer, transducer and
microphone were analysed by a panoramic wave analyser and
photographs of the traces on the analyser screen were taken
with a 35-mm. camera. A block diagram of the equipment layout
is shown in Figure 4.

Fuel flow:
The main and primary fuel flows were measured with

a combination of an orifice plate and a rotameter.,

3,0 TESTING TECHNIQUES

3.1 Total Head Pressure Loss = Cold Condition

The total head pressure loss of the combustor with-
out combustion taking place was measured over a range of air
mass flows with and without the screen in place ahead cf the
combustor., The screen was removed in order to increase the
attainable maximum combustor velocity, but this necessitated
checking the effect on the inlet pressure distributlcn, pres-
sure loss, and stability and ignition limits,

As mentioned above, the mass flow was controlled by
throttliing the compressor inlet only. Calculation of thes alr
mass flow was based on the pressure measurements in plane B
and the total temperature measurements in plane D.

The loss of total pressure was obtained from the
measurement of tetal pressure in planes B, D, and O.

The total head pressure rakes in planes B and O
were rotated in order to find the position where the readings
were a maximum. This was found to occur when the holes faced
virtually straight upstream., Consequently, the probes wers
used in this position at all times.
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A nominal comhustor veloclty was obtained based on
the air mass flow, ths total pressure and temperature in
plane D, and the full alr casing Internal cross=sectlonal ares.

3.2 Total Head Pressure Losa - Hot Condition

lio speciflc tests were performed to meesure directly
the totgl head pressurse loss with combustion taking placs
because the total head pressurs probes in plans 0 could not
be used under these conditlons, However, this lo=zg was calcu-
lated from information obtalned in other tests under hot and

cold corndiltions.
5.8 Wealk Stability Limits

The wesl stebillty limlts of the combustor were
meastred over a range of combustor nominsl velocitiss with
and without the secrsemn. A4n approximation of a chosen veloclity,
with combustlon cceurring, could he obtalned by adjussment of
the mass Tlow, and then mesaured accurastely. The fuel flow
was then reduced untll an observer looking upstream into the
combustor outlet signalled that the first vaporizer tube
{invariably one st the top of the combustor) had blown out,
whereupon the fuel flow was read, The fusl flow was further
reduced until the last vaporizer tube had blown out and the
fuel flow read agaln. During reduction of the fusl flow the
alr mass flow remained very steady,

5.4 Weak Tgnition Limits

The maximum veloclty at whiech ignition of the
chamber could be sffected was determined for main fuel flows
of 500, 1000, ard 1500 1b./hr., and primary fuel pressures (at
the manifold) of O, 30, 50, ani 100 Dus.l.5. with snd without
the screen,

The procsdure was to switch on the ignition system,
the primary fuel, and the mair fuel at 3-gse. Iintervals and
o wailt a maximum of 15 szec, for lgnitlon of the fuel to
oceur, If ignition oeccurred the test wag repezted and three
consscutive ignitions were neceasary to constitute a "light
polrt", The velocity was then ralsed in stepa of approxi-
mately 5 ft./sec. and measured st sach conditlon, until a
condltion wes reached where three consecubive ignitions could
not be cobtained, this constituting a "no-light point™,

3.5 Cutlet Temperature Dilstrioution

The outlet tsmperaturs distribution was measured
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with the traversing stagnation thermocouple at velosities of
spproximetely 7C, 80, 90, 100 and 110 ft./sec. and fuel/air
ratlos of approximately .004, ,008, .012, .016, and .020, the
screen belng In place 1in all cases. Since only one traversing
goar was avallable 1t was necessary to install 1t In one
quadrant at a time so that each test, consisting of a comblna-
tion of one palr of the above condlitions, hed to be repesated
four times. Each repeat test consisted of one traverss
radially inwards and one outwards, measurement of veloelty,
and measurement of fuel Tlow,.

3.6 Flame Pattern within the Combustor

Concurrently with the measurement of outlst tempera-
ture dlstribution, observatlons of the avpesarance of the flame
witkin the combustor were mads by an observer loocking into the
outlet from downstream. These obssrvatlions were recorded as
brief descriptions of the disposition of blus and yellow flame.

3.7 Analyses of Combustlion Roughness

For sll tests concerned with the analysis of the
nolse and the flame tubs vibrationa the combustor was operated
at the maximum vslocibty obtainsble (approximately 110 ft./sec.)
with the acrgen in place, Fuel/air ratiocs of O, ,004, 008,
012, 016, and 020 were employed,

The Tollowlng procedures was followed for tests at
gach of the above conditions. The analyser was first cali-
brated using ths audio oscillztor., The zignal from the
microphone was then applled To the analyser and a photograph
of the analyser screen taken., This was repeated once. The
gignal from the accelerometer wes then applied to the analyser
and & photograph of the screen taken. This also was repeated
ONce .

The analysls of pressure ovscillations in ths fuel
1line was made with the transducer in two locstions as mentioned
above, one close %o the combustor, the other clcse to the
pumps . With the transducer e¢lose te the pumps 1t was poasibls
to pump fuel around the loop eircuits using either of the two
pumps avallable in auch a way that all fuel passed through
the section of line contalining the transducer but none flowed
to the combustor. With the transducer close to the combustor
all fuel flowing threorgh the main fusl jsts passed through
the line containing the transducer,
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Three tests were done. In each case the analyser
was calibrated first, then the signal from the transducer was
applied to the analyser and a photograph was taken of the
screen, In the first test the transducer was close to the
combustor which was operating using pump No. 1 at a condition
where combustion hum (to be discussed later) was occurring and
the main fuel pressure was 100 p.s.l., the maximum allowed by
the transducer operating limits. In the second test the trans-
ducer was close to the pumps, the combustor was not operating,
but pump No. 1 was running. The third test was the same as
the second except that pump No, 2 was running.

The analyser screen displays panoramically the
Fourier analysis of the signal into frequencies between 0 and
1000 cycles/sec, The oscilloscope takes 3 sec. to make one
sweep during which the analysis is displayed. ZEach photograph
was exposed for 30 sec. so that ten sweeps were superimposed
on each., This procedure showed up the presence of strongly
dominant freguencies very clearly and eliminated errors which
might have been caused by spurious frequencies occurring on
one sweep only.

4,0 RESULTS AND DISCUSSION

4,1 Pressure Loss

4.,1.,17 Cold Conditlon

The total pressure measurements in plane B with and
without the screen are plotted in Figure &§. Six only of the
11 mass flow conditions measured without the screen are plotted.

Since in all cases the total pressure proflle is
gqulite flat the mean pressurs in plane B has been tsken as the
arithmetic average of the 28 readings from the four rakes.

The mean static pressure for the plane was taken as the average
of the four readings from the wall taps in each case,

It will be noted that after the screen was removed
the total pressure in gquadrant No, 3 was invariably lower than
in the other three quadrants. To check whether this was due
to the probe 1t was interchanged with the one in guadrant
No., 1 and a test repeated. The probe in guadrant No. 3
continued to give low total pressure readings from which it
was concluded that the velocity in the vicinity of the quadrant
No, 3 probe was low. Although this low velocity region may
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have been small, so that the readings should have been given
less weight in the averaging than the others, there was no
evidence to indicate this and it was decided to give all
readings equal weight,

Since these measurements were performed it has been
found that the swirl angle in plane D varies considerably
across the annulus from the value of 30 degrees at which the
plane D probes were set. The effect of varying swirl on the
total pressure readings is serious but the effect on the
stagnation temperature is small, and in fact the thermocoupls
readings varied only slightly in both radial and circumferent:ial
directions. Consequently the mean stagnation temperature in
plane D was taken as the arithmetic average of the 24 thermo-
couple readings (see Table II),

The readings from the total head pressure rakes in
plane D are tabulated 1in Table I. These were not plotted
because, unlike plane B, individual readings were not values
of total pressure at that point. The method of calculating a
representative mean total head pressure in plane D from the
readings obtained is described in Appendix A,

The mean total and static pressures in plane O were
taken as the averages of the values in the four quadrants at
each condition,

Table II summarizes the measurements in planes B,
D, and O and the calculations of mass flow, combustor nominal
2
velocity, and combustor nominal g where ¢ = Eg’:

total density at plane D based on measured total
pressure and temperature

©
I

V = combustor nominal velocity

Pressure losses between planes B and D and planes D
and O in terms of percentage of inlet total pressure in §ach
case and in terms of g are plotted in Figures 6, 7, 8 and 9,

4.,1.,2 Hobt Condition

The results o7 the cold pressure 1loss tests and the
outlet temperature distribution tests were gsed to calculate
the increase in pressurs ‘oss due to combustion,
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The total pressure at plane O was obtained from the
total pressure at plane Z (calculated using the measured air
mass flow and averaged exlt temperature)} and an estimated
pressure loss in the exit diffuser between planes O and Z
based on the cold loss in this section corrected for the in-
creased temperature. This loss in terms of combustor g 1s
small (approx. 1/2 q) and errors in its estimation have little
effect on the overall hot pressure loss,

The total pressure at plane D was not measured
during the outlet temperature distribution tests. Thus, to
obtain its value it was necessary to calculate the loss between
planes B and D. This was done by assumlng that for a given
plane B velocity, the loss in terms of g in plane B was
independent of fuel/air ratio, and was therefore equal to that
measured in the cold condition.,

From the total pressure at plane D the combustor
nominal velocity and q were obtalned. For a given combustor
velocity the incremental pressure loss due to combustion in
terms of combustor q was assumed to depend on the temperature
rise according to the relatlion:

8% omb =:<hot loss _ cold loss) _ g Eg,_ ;
q q ol

where K = a constant
T = combustor outlet temperature (plane O)
Tp = combustor inlet temperature (plane D)

) A summary of the hot pressure loss calculations is
ggzep 12 Table III from which the mean value for K of 4.36 1s
obtalned,

“ The symbols used to designate the tests have the
following meanings :

A B ¢ D E
Nominal velocity, ft./sec, 70 80 90 100 110
i 2 5] 3 2

Nominal fuel/air ratio ,004 .008 .012 +0186 . 020



Page - 11
LR=-154

The tests tabulated in Table III are those in which
the outlet temperature distribution was measured in all four
quadrants, At other combinations of velocity and fuel/air
ratio the distribution was measured in one or more quadrants
but the results were not considered useful and have not been
included.

4,1.5 Discussion

The cold pressure loss at the design velocity of
109 ft./sec. is 14.5 percent or 27,0 q (averaged from the
values with and without the screen). The results of the
cold and hot pressure loss tests can be extrapolated to the
engine maximum conditlion where the combustor inlet tempera-
ture is about 570°K. and the outlet temperature is 1300°K,
to give a pressure loss of 11 percent or 32 g,

The non-dimenslonal pressure loss (32) 1s relatively
high by normal standards (25 - 30), particularly in view of
the high design velocity employed 1in this combustor, the
combination of factors resulting in a .high percentage pressure
loss on the engine (11 percent cf, about 5 percent normal),
leading to a gross thrust penalty of roughly 5 percent.

The effect of the screen on the total pressure
distributions in planes B and D is small though not negligible,
It 1s considered reasonable however to employ the same averag-
ing methods both with and without the screen to obtaln the
mean total pressure in planes B and D.

4,2 Weak Stgbility Limits

The results of the weak stabllity limit tests are
plotted in terms of air/fuel ratio against velocity with the
screen in place in Figure 10 and with the screen removed 1n
Figure 11. (It should be pointed out that a vaporizer tube
near the top of the combustor is invariably extlingulshed flrst
because of the relatively lower fuel static head which causes
a lower fuel flow.)

Removal of the screen had virtually no effect on
the air/fuel ratio at which the first vaporizer tube was
extinguished for velocities of 95 ft./sec. and greater.
However, the air/fuel ratio at which the last vaporizer tube
was extinguished in the same velocilty range appears to have
been definitely lowered. This may be a real effect of change
in the inlet air distribution since the last tube to be ex~-
tinguished burns with a very feeble flame, or it may simply
represent scatter in the results.
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The weak stability limit air/fuel ratio is about what
one would expect for a vaporizing combustor. For instance, in
Reference 1 where a very similar combustor test was described,
the limit at a velocity of 80 ft./sec, was 400 when the inlet
pressure was 26 in. Hg abs, Extrapolating the results of
Reference 1 and the present results to the same pressure and
velocity conditions would result in about the same weak stability
limit air/fuel ratio,

4,3 Weak Ignition Limits

The results of the weak ignition limit tests with
the screen 1n place are plotted in Figure 12 1n terms of
velocity against primary fuel pressure for different main fuel
flows, and are cross-plotted in Figure 13 in terms of velocity
agalnst main fuel flow for different primary fuel pressures.
The results with the screen removed are plotted in the same
terms in Pigures 14 and 15.

Removal of the screen seems to have reduced the
limiting ignition velocity at most combinations of main and
primary fusl flows, However in at least one case (namely no
primary fuel and 1000 1lb,/hr., main fuel) the limit has been
raised by 5 ft,/sec., It is thus impossible to draw any con-
clusion, In fact the primary fuel and ignition arrangements
are 1n too tentative a state to allow any worthwhilile comparison
with other systems or conclusions as to thelr effectiveness.

From Figure 30 1t can be seen that the ignition
limit curves at primary fuel pressures of 50 and 100 p.s.i.
extend into the weak extinction regions of the combustor.
Presumably, 1f the primary fuel were turned off after ignition
had been accomplished in these regions one or more of the
vaporizer tubes would be automatically extinguished, but nc
tests were conducted to test the correctness of this predic-
tion,

4,4 Qutlet Temperature Distribution

Since, for a gilven comblination of nominal velocity
and fuel/alr ratio, four separate tests had to be made in
order to obtaln outlet temperature traverses in the four
quadrants, the measured results from the four quadrants are
not directly comparable from the point of view of determining
the circumferential temperature distribution., The measured
results were therefore corrected for the effects of variation
in the actual fuel/air ratio and the inlet temperature, the
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two quantities which would have the greatest effect on the
outlet temperature. The measured outlet temperatures were
corrected to a common standard inlet temperature and fuel/
ailr ratio by a degree per degree correctlion based on the
difference between the actual inlet temperature and the
standard temperature 1n the first case, and on the differencs
between the theoretical temperature rises corresponding to
the actual fuel/air ratlo and the standard fuel/air ratio in
the second case. The standard inlet temperature and fuel/air
ratio were taken to be the arithmetic means of the actual
values. Since, of course, the actual values all apply to the
same nominal condlition these corrections were small.

The outlet temperature distributions are plotted
in Pigures 16, 17, 18, 19 and 20,

The temperature spread index, I, defined as

T
max me an

T
mean

was calculated from values of temperature as plotted. It was
also calculated on the assumption of an inlet temperature of
300°C,, the design value, rather than on the actual inlet
temperature. The results of these calculations are shown in
Table III.

A comparison of the outlet temperature profiles
obtained with the ideal profile, which is shown in Figure 21,
indicates that some improvement 1s necessary. The tempera-=
ture spread index of the 1ldeal profile is low In relatlon to
those obtained and the peak is 1.3 in., out from the centre
line, whereas the peaks of the profilles obtained are generally
0.5 in. out.

The circumfersntial temperature distributlon is
rather poor when the fuel/air ratio 1is .012 or greater for
all velocities. In particular, the temperature near the
inner wall in gquadrant No. 3 is generally low, and in several
cases this is coupled with a relatively high peak temperature
in the same quadrant. The reason for this poor distribution
in quadrant No. 3 is not known; no persistent abnormality in
the flame pattern in this region was observed.
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4,5 Flame Pattern within the Combustor

The results of the observations of the flame patterns
within the combustor are given in Table IV,

Little information on the axial length of the flame
could be obtained since the observations were made from well
downstream of the outlet., In some cases however, the flame
extended through the turbine annulus (plane 0) in the form of
long thin tongues extending 10 to 15 in, downstream of the
annulus and lasting a fraction of a second. These observations
are recorded in the table,

The combustor conditions of high fuel/air ratio and
low velocity which produce these long flames may occur during
acceleration of the englne from low speed and indicate the
desirabllity of measures to ensure more rapid mixing and
burning of the fuel at these conditions.

T At fuel/air ratios of ,012 or less and at all
velocitlies, one of the vaporizer tubes at about 8 o'!clock,
looking upstream, produced a bright yellow spot of flame
almost invariably. In the photographs of the combustor
interior, dilscussed later (Fig. 28 and 29), this tube can
be seen to have a heavier deposit of carbon than any of the
ad Jacent tubes,

At one point during the testing, the fuel jet supply-
ing this tube was interchanged with one from the opposite side
of the combustor, The spot of flame, however, remained in
the same place, suggesting that it was caused by some abnormality
of the vaporizer tube, When the combustor was dismantled after
the testing was completed, this vaporizer tube was examined and
the only abnormality which could be seen was a slight dent in
the wall at its entrance., The dent may possibly have deflected
some of the fuel from the jet to the outside of the wall of
the tube rather than allowing it to pass down the inside,

Fuel burning on the outside of the tube would produce the
effects observed.

As mentioned in the introduction, the mechanical
performance of the base plate was of interest, and it was
expected that the most serious condition would exist when
the combustor was burning weak with the flame close to the
base plate. Although the axial position of the flame could
not be determined, it will be noted from Table IV that at
90 ft,./sec. and ,004 fuel/air ratio the base plate at the
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bottom of the combustor could be seen to be glowing red,
indicating tnat the flame was very close to it. No damage to
the base plate resulted from this condition.

4,6 Analysis of Combustion Roughness

A falrly high pitched hum became audible at any
combustor velocity when the fuel/air ratio was about .012 and
a rumble became audible at a slightly richer condition. 'Ine
rumble increased somewhat in volume as the fuel/air ratio was
increased up to a value of .020, the maximum used. At this
point the rumble did not appear serious and did not cause any
visible movement of the flame tube or rig.

These noises were attributed to combustion roughness
or instability. The results of their analysis are described
below,

Photographs of the screen of the panoramic analyser
are shown in Figures 22, 23 and 24,

The traces obtained from the accelerometer attached
to the flame tube were analysed by determining the frequencies
of the most prominent peaks appearing (utilizing the calibra-~
tion traces), and by measuring the height of these peaks by
means of the background grid. The heights were then converted
to values of root-mean-square displacement of the flame tube
wall by means of the expression:

D = 4a08 h x 102/20
- -3

Il

where D displacement, in. r.m.s.

h

i

height ot peak, grid divisions

a = attenuator setting, decibels

I

By

frequency, cycles/sec.

The results are shown 1in Figure 25,

The traces obtained from the microphone were analysed
by determining the frequency and neight of the most prominent
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peaks again and converting the heights to values of relative
sound intensity with respect to the intensity of the 36U=cyclie/
sec, component at a fuel/air ratio of zero by means of the
expressions:

R =20 1og10 ﬁL ta - a,
o

where R = relative sound intensity, decibels
h = height of peak, grid divisions
h, = height of 360 cycle/sec, peak at F/A = 0
a = attenuator setting, decibels
g, = attenuator setting at F/A = O

The results are shown in Pigure 26,

The audible hum which starts at a fuel/air razio of

.012 at any velocity is presumably the 360-cycle/sec. component
of the noise shown in Figure 26. This component is present in
the noise at all fuel/air ratios down to zero, and just why it
becomes so prominent at a certain critical value is not known,
At the same fuel/air ratio a flame tube vibration component of
virtually the same frequency makes a sudden appearance as seen
in Figure 25, This flame tube vibration component may be
either the cause or an effect of the hum.

It was thought that this vibration frequency might
be correlated with a fuel pressure pulsation frequency reach=
ing the combustor, and it was for this reason that the analysis
of the fuel pressure pulsations was made,

The traces obtained from the transducer had, in
each case, only one significant peak., The heights of these
peaks were not required but only their frequencies. The
frequencies are:

Test No. 1 - 272 cycles/sec,
Test No., 2 - 285 cycles/sec.

Test No. 3 =~ 43% cycles/sec,

[ P S T TR | 2% bl pmb Yad

4~ B~

D O, ~ L =

- OO O O O

b S a &+
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These results indicate that pressure pulsations
produced by the supplying pump carry through the fuel line to
the combustor, but the two frequencies arising from the two
pumps differ too greatly from 360 cycles/sec. to indicate any
correlation,

The remaining components of the noise and flame tube
vibratlions, since they are present at gll fuel/air ratios
including zero, are probably produced by the noise emitted by
the injector. In particular, the 720-cycle/sec. component
which 1s strong throughout probably corresponds to the high
pltched screech of the injector.

It will be noted that the rumble, which appears at
the higher fuel/air ratios, does not appear to result in any
prominent low frequency components in the analysis., This is
probably because the rumble is aperiodic and not amenable to
this type of analysis.

It is believed that the onset of combustion rough-
ness was shifted into a lower fuel/air ratio region by the
low inlet temperature than would be the case if the inlet
temperature were at the design value of 300°C. Also, at tche
design inlet temperature any combustion roughness could be
expected to be milder,

4,7 Mechanical Pailures

Three types of minor mechanical failure were
encountered during the testing. These are described below.

The flanges joining the various parts of the outer
casing and ducting of the rig were held together by "Marmon®
couplings. After the major part of the testing had been
completed a growing fatigue crack was noticed 1n one of these
couplings, The coupling was replaced before it caused any
trouble.

The primary fuel Jets were screwed into the primary
fuel manifold and held by a piece of locking wire. One of
these jets became unscrewed after a fracture of the wire, and
the resulting leak necessitated termination of the ignition
limit tests. The cause of the leak could not be determined
until the rig was dismantled at the end of the testing
program, at which time it was found that another jet was
loose although the wire was intact, The remalining five jets
were unaffected.
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When the rig was dlamantled after the testing was
completed, several cracks were Tound at the entry of the Ilame
tube snout. These cracks were all In the regions of the welds
where the sectlons of the straightening vanes (A, Fig. 1) were
welded into the snout. Fhotegraphs of some of these cracks
ara shown In Figure 27. The crecks did not interfere with the
funetioning of the flame tube during the testing.

The mechanical Taflures ware probably due to vibra-
ticns caused by the Injector noise rather than vibratiors
resulbing from combustion roughnsss., The total length of
time for whilch the combustor was operated at conditlona of
rough combuatlon was sbout 15 hours, whereas the total times
that air was blown through the combustor by the injector was
gbout 100 houra, During all this time the flame tube and
prasumebly gll parta of the rig were subjected to very intense
vibrations at 720 cycles/sec.

4,8 Carbon Deposition

Operation of +vhe combustor at high fuel/alr ratio
produced vary light carbon deposition on the base plate,
primery alr mizing slots, vaporizer tuoes, and parts of the
flame tubs walla adjscent to the base plate, This depositicon
can be seen In Flgurse 28. The picturses wers taken at the
conclugion of a test period invelving 22 to 23 hours ' actual
burning tims over a range of fuel/air ratlos from ,004 to ,022
and chamober veloeltles from 40 to 110 fo./sec. About 5 hours
of this time were spent at the high temperature condition.

No gerious carhon bulld=us in any part of the combustor was
gbserved gt any time during the testing,

Operation of the combustor at low fuel/ailr ratio
removed much c¢f any carbcecn deposltion which had resulted from
previous rich operation. For inatance, the thotographs in
Flgure 29 were taken after a few minutes of low fuesl/alr ratilc
operation following the photographs in Flgurs 28, It can be
gsen that mueh of the egrbon has been removed.

4.9 Diastorticn

> distortion of any part of the base plete, flame
tubs walls, cor conical sectlions of the flame tubke at the out-
let was observed at the complstion of ths testing.

However, some slight effects of local overheating
can be seen In Pigure 2, The derk paftches on ths first
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section of the flames tube wall downstream from the snout are
reglons whish have turned blue 85 a result of having been ralsed
to a high temperaturs.

It ia to be expescted that some dlstortion of the
flame tube, particularly the comical sectlons at the outlet,
might occur at the design temperature rise if the 1lnlet tempsra-
ture were the deslgn value slince the temperature lsvel through-
cut the combustor would be ralsed. However, the temperaturs
of the base plate would not be unduly high sxcept under the
fairly unusual conditlons of very weak burning, snd In view
of its performance in these tests it would not be expected to
glve trouble,

4,10 Summary

4 semi-guantltative summary of the results of the
tests on atability limita, ignition limits, flame patterns,
outlet temperature distribution, and combustlion roughness is
shown in Flgure 30, The stabllity and 1gnition 1imlt results
have been plotted In terma of wvelocity vs. fusl/alr ratlo znd
are averages of the resulta with and without ths s=creen.

The total operating time of the combustor can be
summarized as follows:

Total operating time, hot and cold = 100 hr.
Total combustlon time = 25 hr.

Tosal time at rich (rough) combustion conditions = 13 hr.

5,0 CONCLUSIONS

The cold pressure loss appears to be high. The resultas
indicate a pressurs loss on the engine at maximum rating of
sbout 11 percent of combustor entry total presaurs.

The weak stebllity 1imit near atmospherle pressurs
apoears to be satisfactory.

The outlet temperaturse distributlon requires Improve-
ment to bring the radial dlatribution more 1in line with the
ideal and to reduce cirecumferential variation.
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Measures to ensure more rapid @ixing within the chamber
at rich, low velocity conditions are indicated to prevent long
flames which extend through the turbine annulus.

The performance of the light sheet metal base plate
was satisfactory.

Operation of the combustor at the degign inlet tempera-
ture of 300°C, ought to ameliorate the combustion roughness

encountered at lower inlet temperatures but may lead to some
distortion of the flame tube at the design temperature rise,
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READINGS FROM TOTAL HEAD PRESSURE RAXKES
IN FLANL D, SCREEN IN PLACE
Hole Position on Ralke
Inner Outer
dols Hole
fuad 1 2 i) 4 5 =%
Raf. 1
1 20.15 31.80 o L 31,70 31 .25 21,85
2 30.00 | 57.76 | 5175 | :31.80 | .31.86 | 31.7
3 30,00 | 31,60 | 31.75 | 31,65 | 31.25 | 31.85
4 30,08 =170 31.75 31,80 37 .20 51 .65
Ref. 2 i
1
1 a30.15 S2,00 38,30 ol .25 51 .50 S .0D
2 S0.00 S2.25 S2.85 37 595 27 .78 S8.25
& 50,40 o2 .08 SELR0 S2a715 31 .65 A
4 30,05 S22 .28 D2 .25 32,08 31 .55 22415
Ref. 3
1 30,10 52,85 33 .25 33.20 32,30 3% 420
2 20,92 33 .20 o0 . 85 32,80 o2 .B0 33 .85
o S50.45 o2 .95 33 .15 O3 .00 S22 .40 S35 .40
< 20,08 23,18 33 .20 32.856 ARG 55,10
Reaf, 4
1 20.1C 23 .80 a4 .40 34,40 1 33,15 54:40!
2 29.85 54 .55 of 40 33,70 o a5 o4 .40
a 50,40 34,00 od A0 a4.,15 33 =0 24 .65
& 29,95 Gd o0 od . ab g .30 R 34 .20
Raf. 5 :
1
1 23,20 34,80 =5 .85 25 .25 24 BB 35.35 |
2 Eg q"55 55 n.r”:' 55 oEE 54 IBG 54 ‘4:5 E’S ITE
3 30.25 | 35,15 | 35.70 | 35,40 | 34,25 | 35.70 |
4 HY .65 a5 .65 38 .75 o T ad W20 30 420
Ref'a & :
| 29.856 38 .26 S8 .60 26,60 34,85 35 .60
P 29,45 36,50 G408 | A5,.,90 54 .55 - |
3 30,10 | 35,75 | 36.45 | 36,10 | 34.80 | 36.00 |
4 r zg,eoi 36,35 l 36,50 i 35,80 | 34.75 | 36.30
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FLAME TUBE OF PS 13 ANNULAR VAPORIZING COMBUSTOR
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FIG 26 ANALYSIS OF COMBUSTOR NOISE
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APFPENDTY A

CALGULATION OF MEAN TOTAL HEAD
PRESSURE IN PLANG D

1% wad known that the swirl in pliane D d1d not
have g constant value of 30 degrses (the ergle at which the
orobes were aet) and proviaions were made to measure the
swirl angle, at least approximetely. One of the plans D
orobes was modlfied to be rotatable with a segle attached,
The pressure reading ooctalned from each prcbe hole in turn
was maximized by rotating the probe and the corresponding
angles resd from ths acale. This mesthod geve Bn accurate
meggure of ths maximum botal pressure &t esch hole gnd a
very rough measure of the awirl angle. Thess msasurements
were made at the maximum mass flow obtalnable only ard wera
only possible in quadrants No, 1, 3, and 4., The results are

-

given in the followlng table.
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It will be noted from Table I and the above table
that the reading from hole No, 1 is in all cases approximatel
equal to the atmospheric pressure (in some cases slightly
below atmospheric) and is uninfluenced by rotating the probe.
This indicates that hole No. 71 is in a breakaway region
ad jacent to the inner wall of the annulus in which the velocil
is virtually zero. Hole No. 1 thus indicates the statlc pres
sure in this region which is below the outer wall static pres
sure due to the pressure gradient caused by the swirl.

A further limited set of measurements were made 1n
an attempt to determine the total pressure variation between
the positions of holes No. 1 and 2. In quadrants No. 1 and 3
the probe, set at 30 degrees, was withdrawn in steps of 1/8 i
and the reading taken from hole No, 1. These measurements we
made only at the maximum mass flow obtainable. The results a

plotted in Figure A-1.

Finally, measurements made by Orenda Engines Limite:
using a combined yawmeter and total head pressure probe on a
similar combustor bearing a close resemblance at plane D to
the combustor described in this report revealed that the tota.
pressure was constant between the inner wall and the position
of hole No. 1 and fell linearly between hole No. 6 and the

outer wall.

On the basis of these considerations, the followlng
assumptions were made regarding the total head and static
pressure profiles of each guadrant in plane D in order to
calculate the mean total pressure:

(a) From the inner wall to hole No. 1 the dynamic head
is zero and the static pressure at the inner wall equals the

reading from hole No. 1

(b) The static pressure varies linearly between the
inner and outer walls

(c) The total pressure varies linearly between holes
No. 1 and 2

(d) The readings from holes No, 2 to 6 inclusive must
be corrected by the addition of an averaged term to allow Tor
maximizing the pressure through setting the correct yaw angle,
This correction term has the value of 0.54 in., Hg at a velocit
of 120 ft,./sec. and is proportional to (velocity)®
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(e) The total pressure falls linearly from its correct
value at hole No. 6 to the static pressure as read at the
outer wall.

- The mean total pressure for each quadrant was taken
as =—— where P = total pressure in any annular subdivision

M
of the full annulus, M = mass flow through the subdivision
based on the total and static pressures in that subdivision
and the average plane D temperature.

An example of the total and stacic pressure profiles
corrected for swirl, etc. for a typical condition is shown 1In
Figure A-2. The values Po, Pz, Py, Py and che corresponding
static pressures obtained from the curves were used to calcu-
late mass flows in subdivisions Ag, Az, Ay, Ag. However, no
air flows through the imnermost half of A4 and due to the snape
of the curve the value Pg could not be taken as the mean ror
Ag. Consequently, the mean values oif total pressure were
obtained from the curves for A%, Aé and Ag and the mass flows
through these annuli calculated separately. <The mean total
nead pressure was then calculated from the expression given
above,

This method was used to calculate the mean total
pressure at six conditions. It was noticed however that it
the readings from holes No, 2 to 6 inclusive on the rakes Irom
Table I were averaged a number was obtained which was very
nearly equal to the mean total pressure because the correct.ions
ior the swirl and the breakaway in the caiculations tended Lo
cancel each other.

A comparison of the results of «alculaving the mean
pressure and averaging the readings lrom noles No. 2 to 6 1is
given in the following table.
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Calculated mean

Average of holes

Ref. pressure No. 2 to 6 Error
No, in, Hg Abs, in. Hg Abs. Percent
Screen 3 33,02 32,98 0.12
in
place 6 35 .88 35.84 0.11
L 34,18 34,17 0,03
Sereen 6 35,52 35,50 U,ub
Removed
10 38.29 38,15 0.42
(N 58.84 38.63 0,54

On the basis of these results all the values of
mean total head pressure shown in Table II were obtained by
the more approximate method which was much simpler and
considered to be sufficiently accurate.
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ANNULAR SUBDIVISIONS

TOTAL PRESSURE READINGS P, Py P; Pg Pg
CORRECTED FOR EFFECTS OF SWIRL

.lllnlll.l'l||||”l;llf..ull|lti|l.|.ll|
|
(B o v 0] - (e} Te] << L] o -
- 39Nv9 BH NI - 34NSS3Hd

PLANE D

INCHES

DISTANCE FROM DUCT INNER WALL

EXAMPLE OF TOTAL AND STATIC PRESSURE PROFILES,






