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EXFPERTMENTAL AKD ANALYTICAL STUDY OF BALANCED-DIAPHRAGM
FUEL DISTRIBUTORS FOR GAS-TURBINE ENGINES

By David M. Straight and Harocld Gold

SUMMARY

A method of distributing fuel equelly to a plurallty of spray
nozzles in & ges-turblne engine by means of balanced-disphragm fuel
distributors is presented. The experimental performances of three cof
elght posslible distributor arrangements are discussed. An anslysis
of all elght arrangements is included. Crlterions are glven for
choosing a fuel-distributor errangement to meet speclific fuel-system
requirements of Ffuel-dlstribution accuracy, spray-nozzle preseure
variations, and fuel-system pressures.

Jete obtalned with & model of ome distributor arrangement Indil-
cated & maximum deviation from perfect distribution of 3.3 percent
for a 44 to 1 range (19.5 to 862 1b/hr) of fuel-flow rates. The
meximum distributor pressure drop was 125 pounds per square inch.
The method used tc obtmin the required wids range of flow cenirol
in the distributor valves consisted in varying the length of 2
constant-area flow path.

INTRODUCTION

The problem of supplying liquid fuel to & plurality of fuel-
spray nozzles in gas-turbine englnes has become more difficult =s
operating ranges have widened. Fine atomlizetion must be provided
over a wide range of fuel-flow rates to obtaln high efficlencles
in the combustion chamber. IExcessive fuel-system pressures must
also be avoided. Spray-nozzle pressure characteristica that meet
these reguirements introduce the additiomal problem of maintaining
uniform fuel distribution to the plurallty of nozzles.

With simple fixed-area fuel nozzles (referemce 1) fed by a
manifold, very low pressure drops must be employed in the low flow
range in order to avold excessive fuel-system pressures in the high
flow range. With low pressure drops, however, the dlfferences in
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elevation of the nozzles have a marked detrimental effect on the
fuel distribution. In addlition, low nozzle-pressure drops result
in poor atomlizetion of the fuel.,

The double-menifold duplex-nozzle system (reference 1), which
was introduced as & means of obtaining wider flow-rate ranges with
reduced pressure ranges, alleviates the elevation effects at very
low flow reates but not at Intermedlate flow rates where the flow
through the seccndary slots ls small. The posslbllity of heck flow
from one nogzzle swirl chamber to another through the secondary meni-
fold also necessitates accurate rmetching and Introduces a degree of
uncertainty as to fuel distribution accuracy after the nozzles have
been in service on the engine.

The single-inlet duplex nozzle (reference 2) eliminates the
posslbllity of back flow but requires the use of closely matched
spring-lceded valves. Slight shifts in spring position or slight
dlfferences in spring set meke the matching of this type of nozzle
very difficult. Matching of the single-inlet mmltiplex nozzle, or
variable-aree nozzle (reference 3), becomes physically impossible
vhen wide flow-rate ranges (in excess of 20 to 1) are desired with
very narrow pressure ranges (2. to l). The problem of matching
low-pressure-rise variable-ares spray nozzles is illustrated by the
following figure where the calibration of two hypothetical spray
nozzles sre indicated:

80 - Calibration spread
' Nozzle 1
) Te 2
ozzle
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When both nozzles are operated at the same pressure as Indlcated by
the dashed line, the flow error is very large in spite of the small
callbration difference. If a greater slopes of the callbration curve
can be tolerated the fiow error 1s reduced. *

The vaporizing-type of burner fuel system presents virtually the
same distribution problem as the simple fired-areas-nozzle fuel system.
Low pressure drops across the metering orifices at low flow rates
introduce serlous errors due to differences in elevatlon of the polnts
of liquid-fuel entry.

A practlcal approach to the soclution of these spray-nozzle
problems is the appllicatlion of a2 geparate device for maintaining
fuel distribution independently of spray-nozzle-flow resistances.
The removal of the metering function from the spray nozzls allows
greater freedom In spray-nozzle construction, and therefore Iimproved
fusl atomizatlon, and reduced maximum fuel-systenm pressures. A study
of possible meens of controlling fuel dlstribution to several
nozzles in a menner that would be independent of nozzle-flow
resistences wes therefore started in 1945 at the NACA Lewls
daboratory. The method selected is based on the control of pressure
differentlels across fixed orifices. Experimental bench results
cbitalned with & baslc fuel dlstrlbutor that supplles four spray nozzles
operating on this principle were reported in 1946 in a now unavailable
report. This report was later reissued (reference 4). The results
of an investigatlion of a basic fuel distributor that feeds 14 fixed-
erea fuel nozzles on & bench and on a gas-turbine englne are
reported Iin reference 5. Use of a distributor having a modifled
pllot system for feeding 14 varisble-area fuel nozzles in an engine
is reported in reference 3. In the present report the modified
pllot system 18 termed "a self-setting pilot™.

This report presents & summetion of the fuel distributor
bench results included in references 3, 4, and 5 and, in eddition,
Includes experimentel bench data on e new fuel distributor arrange-
ment whilch feeds 10 varlable-area nozzles that have & much wlder range
of fuel-flow rates. Analyses are presented of the eight possible
distributor arrangements obtzlned by comblnations of flixed-area
and varieble-srea components and the basic and the self-setting
pilet systems. Some distributor application conslderations are
also treated.
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APPARATUS AND METHOD
Basic Fuel Distridbutor

The simplest arrangement for dlstributing fuel to various spray
‘nozzles by the principle of controlling pressure differentials
acrogs fixed orifices is schematically shown in flgure l. Fuel is
dellivered to the distributor under pressure through the lnlet and
fills the manifold passage. From the manifold paseage the fuel
flows Into the individual manifold branches through the metched
metering Jets and the diaphragm-operated equalizing velves to the
individual-branch spray nozzles. Fuel also flows from the menifold
paspage Into the pilot branch, through the pllot metering Jjet and
the regulstor Jet, to the pilot spray nozzle. The pllot spray
nozzle 1s the same as the branch spray nozzles and is also used to

supply fuel to the englne.

By means of the pressure-equalizing passage, the static pres-
sures In the individual chambers A are meintained equal. The coatrol
diaphragms thet separste chambers A and B position the equalizing
valves until the pressure in chambers B are equal to the pressures
in chambers A.

° If the branch spray-nozzle pressures are equal to the pilot
spray-nozzle pressure, the static-pressure drop across each
equalizing valve will be equal to the static-pressure drop across
the regulator Jet. The open area of the egqualizing valves will
then be proporticnal to the area of the regulator Jet. If any onse
branch spray-nozzle pressure should rise above the pllot spray-
nozzle pressure, the equalirzing valve in the branch supplying that
nozzle would have a reduced static-pressure drop and would move to
a position of larger opening. If, on the other hand, any one branch
spray-nozzle pressure should fall below the pilot spray-nozzle pres-
sure, the reverse would occur. In elther case, the static-pressure
drop across the branch metering Jjet remains equal to the drop across
the pllot metering Jet and the guantitative distribution of fuel is
undisturbed.

A test model of the baslc distributor was const:r .cied substan-
tially as shown schematically in figure 1. Photographs of the model
are shown in figure 2, where figure 2(a) shows an assembled dlstri-
butor and filgure 2(b)} shows a dlsassembled view of a8 sectian for
feeding fuel to two sprey nozzles.

1349
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Modifications of Basic Distributor

Self-setting pilot. -~ As subsequently shown, there 1s con-
slderably more latitude in range of controllable spray-nozzle pres-
sures for the basic distributor when the branch spray-nozzle pres-
sures are below the pilot sprey-nozzle pressure than when the branch
spray-nozzle presesures are above the pillot sprey-nozzle pressure.

It is therefore desirable to set the pilot spray-nozzle pressure
alightly above the highest expected branch spray-nozzle pressure.
The highest branch spray-nozzle pressure that will exist during
operation is, however, difflicult to anticipate with spray nozzles
that are subJect to variations in thelr pressure levels, such as
variable-area spray nozzles. Furthermore, the pressure level of
the pilot spray nozzle may fall whereas the pressure level aof the
branch spray nozzles may rise. The addition of a msans for auto-
mtlically setting the resistence of the pllot spray nozzle to equal
the highest resistence of the branch sprey nozzles becomss essential
if the proper performence of the distributor is to be assured. The
term "self setting"™ is mpplied to this type of distributor.

A self-setting dlstributor employs a springless diaphragm-
operated-pilot resistance valve, located in the pilot branch
upstream of the pilot spray nozzle, that ls automatically vented by
a multiple pressure selector to the branch line feeding the spray
nozzle having the hlighest resistance. As scheomatlcally shown in
figure 3, sach brench line feeding & nozzle is vented to a
dlaphragm-operated check valve. If the pressure in one of the
branch lines is higher than the pressure belng tranemlitted to the
opposlte port of the check valve, the check-valve diaphragm is
moved upward as shown in the center branch of figure 3 and the
branch pressure is transmitted downward. If the pressure in the
branch line is lower then the pressure transmitted to the opposite
port of the check valve, the diaphregm 1s moved downward, and the
higher pressure entering the upper port is transmitted downward.

In this manner, the highest pressure exlsting in any of the branch
lines is transmitted downward to chamber C. The dlaphragm-opsrated
pilot resistence-valve positicde 1teelf to maintain the pressure in
chamber D egqual to that in chamber C. The reguletor Jet therefore
always discharges Into a pressure equal to that exlisting in the
branch line feedlng the nozzle whose reslistance is highest. In the
event the plilot spray nozzle should have the highest resistance,
the pllot resistence wvalve moves to a wlde-open position and the
regulator Jet agein dlscharges into a pressure equal to that
oxisting in the branch line feeding the nozzle with the highest
resistance.
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A test model of the self-setting distributor was consitructed
substantially as schematically showm in figure 3. A photograph of
the model is shown in figure 4.
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Variable-area regulator Jet. - The baslc and self-setting
distributors described have flxed-ares regulator Jets. Because the
pressure drop across a flxed-area Jet varles as the square of the
flow rate, the pressure drop at high flow rates may be excesslive
when a satigfactory pressure drop ls used@ for the mivimum flow rate.
Substitution of a varlable-ares regulator Jet would improve this
condlition. The pressure drop across a variable-ares regulator Jet
can be made a linear Ffunctlon of fuel-flow rete and can be a nearly
constant value.

The varlable-area pilot regulator Jet is shown in figure S as
a spring-loaded valve. The pressure differential across the valve
acts on the area of the movable member, openling the valve against
the spring tension. TFor each fuel-flow rate there is one value of
open area of the valve and one value of pressure drop.

The varlable-area regulator Jjet was added to the self-setting
distributor model previously dilscussed.

Variable-area metering Jets. - The area of a fTixed-area
metering Jet is selected ocn the basis of the minimm pressure drop
that can be controlled accurately by the equalizing wvalves. For
very wide fuel-flow ranges, where excesslve pressure drops may
occur at the high flow rates, variable-area metering Jets are
necessary. The flow pressure-drop relation of the varlable-area
metering Jets ls substantially linear and the maximum pressure drop
cen be kept at s reasonably low wvalue.

A schematlc diagrem of & method of Incorporating variable-area
metering Jets in a distributor is shown in flgure 6. Metering
orifices are drilled In the sides of the inlet menifold and a
sliding sleeve flts Inside the manifold with drilled holes mating
the holes In the manifold. The slliding sleevée ls operated by a
diaphragm vented to the downstream pressure of the pilot metering
Jet. The pressure in the manifold acte on the diaphragnm agalinst a
spring load and the vent pressure to move the sleeve and Increase
the open area of the meterling Jets upon Iincrease in pressure dif-
ferentlsl across the diaphragnm.

A varisble-area metering-jet unit containing four Jeis was

constructed in order to study the accuracy of fuel metering by this
modification. A schematic diagram of the variable-area metering-jet
unit 1s shown In figure 7. : v
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Distributor combinationg. - Several other combinations of

‘distributor modifications are possible (for example, a basic distri-

butor with variable regulator and metering Jets). The symbols
defined 1n appendix A are used in an analysis of characteristics of
elght possible distributor combilnatlions glven in appendix B.

EENCH APPARATUS

The bench apparstus used for investligating the performance of the

fuel distribuitors is shown schematlically in figure 8. The total
flow to the dlstrlibutors was controlled by a throttle valve in the
supply line. Fuel-flow rates to each spray nozzle were measured
with rotameters. A rotamster covering & range of 15 to 150 pounds
per hour was connected In series wlth & rotameter having a range of
100 to 500 pounds per hour. Above 500 pounds per hour the bench
connections were so arranged that two 100-t0-500-pownd -per-hour
rotamsters were comnected in parasllel, which sllowed a maximm
mesasurable fuel flow of 1000 pounds per hour per nozzle. The pres-
sure drop across the distributor components was measured by
menometers for low values (up to 100 inches of fuel) and with
calibrated pressure gages for high veluses.

The variable-arez metering-jet umnlt was callbrated with 2ir on
an orifice comparator and the four holes were matched by polishing
wlth crocus cloth to cbitain egual flow ratee st the positions of
maximum erea. Other area settings were obtalnable by adjusting
the inner sleeve position (fig. 7) by means of the adjusting screw.
The holes were malntained in line by means of an alining pin and
the position of the inner sleeve was indicated by a disl indicator
reading to 0.0001 Ilnch.

A schematlc dlagram of the bench apparatus for calibration of
the variable-aresa metering Jets with fuel is shown in figure 9.
Fuel enters the housing and flows through the mstering Jets. The
flow rate through each of the four lines was msasured by rotameters.
The pressure differentlal across the Jets was meusured by an
inverted U-tube for low pressure drops and a mercury U-tube for
high pressure drops. FPressure differential across the metering
Jets was controlled by means of valves installed in each line
downstreanm of the Jet. The downstream pressure on each metering
Jet was indicated by & bank of manometer tubes installed as shown
in figure 9. Pressurs drop, fuel flow, and sleeve position were
cbtained For each varlable-area meitering Jet for each calibration -
point.
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The fuel used for all bench investigations was AN-F-32.

Rotameter accuracy. - Accuracy of flow measurement 1s an
lmportant conelderation In determining the acecuracy of control of
flow rates. Rotameters have an Inherent posslble exror of 1 percent
of the full-scale reading. For example, a rotameter covering a
range of 15 to 150 pounds per hour would have a possible rsndom
error of 1 percent of 150, or 1.5 pounds per hour. Thlis error may
exist at a reading of 15 pounds per hour, at which point the per-
centage error would be 10 percent possible random error. This
possible random rotameter error must be considered 1n a study of
the data to be presented.

RESULTS AND DISCUSSION
Baslc Distributor

The basic distributor model investigated was used to feed
14 mismatched fixed-sresa fuel-spray noztles selected to give a dif-
ference in flow among the nozzles of 210 percent at the same pres-
sure drop. The accuracy of fuel distribution obtained from this
bagic distributor when feeding these 14 nozzles is shown 1n
figure 10. Above a flow rate of 100 pounds per hour per nozzle,’
the maximum deviation from perfect distribution was 3.5 percent.
Below 100 pounds per hour per nozzle, the fuel dlstribution becanms
less accurate and reached a meximum of 7.5 percent deviation from
perfect distribution 2t the minimum flow rete of 33 pounds per hour.
At this flow rate a possible rotamster error of 4.6 percent existse,
as Irdicated by the dashed lines in figure 10. The bresk in the
dashed lines at 150 pounds per hour indicates the transfer point of
flow Indication from one rotameter size to another.

The merked departure of the fuel distribution from perfect
distribution at the low flow rates is attributed to failure of the
equalizing velves to accurately control the downstream pressure of
the metering Jots. Inasmuch as the beasic distributor has a fixed-
area regulator Jet, the pressure drop across the equalizing velve
1s low at low flow rates. In the event of departure of a spray-
nozzle pressure from the rated pressure, only a small transient
pressure differential exists to act on the egualizing valve
dlaphragm to move the valve to a new position. The force created
by the smell pressure differential may not be sufficient to
completely overcome the friction forces of the pleton sliding in
the valve sleeve.

1349
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The pressure drop scross the beasic distributor is shown in
Pfigure 11. Dete are presented for the pressure drop across both
the metering Jet and the regulsator Jet; the distributor pressure
drop 1s the sum of the pressure drops across the two Jets. The maxi-
mm pressure drop is 70 pounds per square Inch at a flow of
300 pounds per hour, which 1s not excessive for the narrow range
(9 to 1) of fuel-flow rates covered. If the range of fuel flows
were substantially increased, however, the maximum pressure drop
would become very great.

The range of controllable spray-nogzgle pressures ls shown in
Pigure 12. These data were obtained by substlitution of a needle
valve in place of one of the fixed-area spray nozzles. The needle
valve was adjusted in successive increments from substantially zero-
flow resistance to a flow resistence where the equellzing wvelve in
that line beceme Inoperative at 1ts wide-open position. The distri-
butor meintained a substantlally constant fuel-flow through the
needle velve over the full renge of flow reslstance from O to 1.46
times the rated spray-nozzle resistance at all fuel-flow rates. The
baslic distributor willl therefore dlistribute fuel to epray nozzles
having resistances egulvalent to any value within the shaded area
of figure 12 with the accuracy shown in figure 10.

Modifications of Basic Distrlbutor

Self -setting dlistributor. - The self-setting distributor model
investigated was used to feed 14 variable-srea fuel-spray nozzles.
The calibretlion spread of the nozzles used i1s shown in figure 13,
where the dashed line illustrates the condition of severe mis- -
metching. At a pressure drop of 55 pounds per sguare inch, one
nozzle will flow S8 pounds of fuel per hour snd another nozzle will
flow 240 pounds per hour. Fuel-distributlon accurscy of this self-
setting distributor feeding the 14 fuel nozzles is shown in
figure 14. Above & fuel-flow rate of 100 pounds per hour per nozzle
the maximum deviation from perfect distributlon is 2.8 percent.
Below 100 pounds per hour the meximum deviation is 5.6 percent.
Comparison of these dete with that of figure 10 indicates only
slight improvement in distributlion accuracy sbove that of the besilc
distributor. As previously discussed for the baslic distributor,
the inaccuracy at low flow rates 1s due to equalizing wvalve
positioning errors, which result from the low pressure drop across
the fixed-area regulator Jet.

The pressure drop across the model of the self-setting distri-
butor investigated ls the same as thet of the model of the baslc
distributor shown in figure 1i.
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The renge of spray-nozzle pressures that can be compensated
by the self-setting distributor is limited only by the mininum
area of the equalizing valve In the branch line feeding the nozzle
with the lowest pressure drop. The range of spray-nozzle pressures
that can be compensated by the self-setting distributor model
Investligated 1s shown in figure 15. The controllable range of
spray-norzle pressures for this distributor was calculated from
the actual dimenslons of the equaliizing valve used. For the higher
flcw ratee, it is apparent that an extremsly wide range exlsts. At
lower flcw rates, however, & limited range exists, and at 20 pounds
per hour per branch line the controllable range is Just sufficlent
to compensate for the normel varistion of varlable-sres spray-
nozzle resistances. The lmprovement 1ln range of controllable
nozzle pressures by use of a self-setting distributor in place of
a basic distributor 1s apparent from comparison of figures 15 and 12.
For exmmple, at & flow rate of 120 pounds per hour the self-setting
distributor (fig. 15) will conirol the flow to spray nozzles having
a difference of 600 pounds per square Inch pressure drop compared
with 8 difference of 32 pounde per squere inch between nozzle pres-
sure drops for the basic distributor (fig. 12). ~

1349

Varilable-ares regulator Jjet. - Ten veriable-sree fuel-spray
nozzles with & 45 to 1 range of fuel-flow rates were fed by the
experimental model of the self-setting, varlable-aree regulator-jet
distributor. The calibration spread of the 10 nozzles is shown in
flgure 16 and the uwnmatched conditlon of these nozzles is lllus-
trated by the dashed line. At a pressure drop of 52 pounds per
square Iinch, one nozgls will flow 100 pounds of fuel per hour and
another nozzle will flow 450 pounds of fuel per hour. Distributicn-
accuracy data for a 44 to 1 fuel-flow range were obtained with the
distributor feedlng these nozzles (Pig. 17). Thise 44 to 1 range
represents an increase of approximately four times the useful range
of the basic dlstributor. For & range of flow rates from 95 to
862 pounds per hour per nozzle the maximum deviation from perfect
distribution was 2.2 percent. Above 90 pounds per hour, 75 percent
of the data are within 1.5 percent of perfect distributlon. The
maximum deviation from perfect distribution 1s 3.3 percent end
occurs at the minlmum flow rate of 19.5 pounds per hour.

The improvement in accuracy of the self-setting, variable-area
regulator-Jet distributor over the basic and self-setting distri-
butors 1s apparent from comparlson of figures 10, 14, and 17. For
example, at 33 pounds per hour the fuel distribution error is
reduced from 7.5 to 2.8 percent.
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The improvement in accuracy over the wider flow range is
attributed directly to the use of the variable-area regulator Jet.
The flow-pressure-drop relations of the self-setting varisble-area
regulator Jet distributor are shown in figure 18. At the minimum
flow rete of 18.5 pounds per hour, the pressure drcp across the
regulator Jet 1s 11 pounds per square Inch compered with 0.27 pound
per square inch for e fixed-area regulaior Jet. Because the distri-
butor sets up a simllar pressure drop across the equalizing valves,
a sufficient transient-pressure differentlal on the equallzing-
valve dlaphragm is produced, which overcomes the friction forces of
the valve plston sliding in the sleeve in the event 2 new valve
position is required.

The maximum pressure drop across the self-setting distributor
with a variable-area regulator jet (fig. 18) is 125 pounds per square
inch at the maximum fuel flow for the 44 to 1 range of fuel-flow
rates as compered with 65 pounds per sguare inch at the maximm fuel
flow for the 10 to 1 range of the besic dlstributor. The metering
Jet contributes more to the maximm distrlibutor pressure drop then
the regulator Jet. A substential improvement over the basic and
self -gsetting distributors is indicated by comparison of figures 11
and 18.

The renge of spray-nozzle pressures thet can be compensated by
the distributor was computed from the dimenslone of the equalizing -
velve snd is shown in figure 1S. This distribubtor will distribute
14 pounds of fuel per hour 4o each of several spray nozzles having
& meximum difference of 800 pounds per square Inch pressure drope.
The self-settlng distributor will distribute the same fuel-flow
rate equally to epray nozzles wlth a maximum difference of anly
7 pounds per square inch (fig. 15). The substantial improvement
in range afforded by the varlsble-area regulator-jet distributor
1s due to the use of a variable length of flow path in the
equalizing valves (discussed in appendix C), which resulis in a
very smell minimum valve effective area. The varisble-area
regulator Jet sets a finlte limit greater than zero fuel flow due
to the initlal spring locad below which the distributor will not
function. This limlt for the model investligated is about
1.5 pounds per hour, which 1s below the range of fusl-flow rates
used for the investigation.

Variable-ares metering Jjets. - Peta obtalned from investige-
tion of the varisble-area metering-Jet unlt are shown In figure 20.
The effectlve areas of the four Jets are plotted as e functlon of
the fuel-flow rate through each Jet. The connected data points
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wers teken with the same setting of acturl metering-Jet ares at
various pressure drope. The pressure drops are indicated by the
radlial lines. .
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The slight decrease of effective ares &s the fuel flow 1s
increased indicates a decrease 1n the flow coefficlent as the
pressure drop ls increassed. ,The percentage values presented in
figure 20 are the maximm area devisatlons from the mean of the
four areas at the pressure drop where the greatest varlation
between the four areas exlats. It 1s obvlous from figure 20 tha
the four Jets are not perfectly matched, with maximum veriations
of as much as 16.2 percent and -10.0 percent at small area settings.
It is believed, however, that the Jets could have been more accu-
rately metched by improved fabrication technique. Jet number 2, for
example, has & smaller effective erea than the other Jets &t every
area settlng and it 1s poseible that the percentage deviation could
be reduced by increasing the size of this Jet.

The deshed line in figure 20 represents a typlcal operating
curve for a verlable-area metering-Jjet unit installed in a distri- =
butor from which ‘the fuel-flow rate, the effectlve area, and the
pressure drop may be determined. The poslition of the operating
curve at the minimum fuel-flow rate 1s determined by a compromise
between small areas where large area errore occur and low pressure
drops where control of the pressure drop is less accurate. Dats
presented nesar the operating curve in figure 20 Indicate an
accuracy of 3.3 and -3.2 percent along the dashed line. It is
believed that an accuracy of 12 percent can be achieved for an
cperating curve by improved fabrication technique. This accurecy
is somevwhat{ lesa than can he obtained from filxed-area mestering Jets
vwhere 1 percent has been obtained. The maximum pressure drop
across variable-ares metering Jets, however, may be greatly reduced
compared with fixed-area metering Jets for very wide renges of
fuel-flow rates.

Vibration

During the bench runs of the dlistributor models, the effect of
vibration on distributor performance was determined by vibrating
the distributor with an alr-operated mechanical vibrator. Vibra-
tion had llttle effect on performance except at branch flow rates

. below 100 pounds per hour where the distribution acocuracy was
slightly improved. The fuel-dlstribution data obtained in engine
tests of two dilstributors (references 3 and 5) indicated that
engine vibration s2lso caused a slight improvement in distributor
performance. ‘ ' -
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Distributor Selection

In order to melect a fuel dlstridbutor to meet specific fuel-
system requirements, a study of the requirements must be made.
Factors that must be considered are: the flow range required, the
fuel pressures available, the accuracy deslred, and the range of
spray-nozzle pressures that must be compensated. By using verious

binations of fixed-area and variable-area metering and regulator
Jots with the baslc or self-setting distributor, eight combinations
are possible. Methematicel expressions for distributor operation,
range of spray-nozzle pressures, and distributor pressure drops for
these combinations are gliven in sppendix B. A discussion of distri-
butors sultaeble for feeding flxed-aree and variable~area spray nozzles
1s also included.

The final selection of a fuel distributor must be a compromise
to meet the requirements of & glven application. For example, a
self -geotting, variable-area regulator Jet distributor was found
most satisfactory for & 50 to 1 range of fuel-flow rates, but exces-
slve fuel-system pressures would result for & 100 to 1 range of
fuel-flow rates. For a 100 to 1 range of fuel-flow rates, & distri-
butor with variable-area metering Jets would have to be used In
splte of the probable poorer accuracy of distributing fuel. Another
consideration in the application is the area range of the dilstributor
equalizing valve, which mey be as great as 241 to 1; such a range pre-
sents a valve problem. A useful principle for obtalning a wide-range
valve consists of the control of flow rates by verying the length
of & constent-aree flow peth. A comparison mede between & variable-
length and a varisble-area valve indiceted that the minimum area
required for a variable-length valve was more than 10 times the
minimum area required for a variable-area valve for the same condi-
tlons. These and other comnslderations are discussed in appendix C.

CONCLUSIONS

A performance study of balanced-diaphragm-type fuel distri-
butors showed that no cne distributor was best for all applications
and a2 compromlse wWas necessary depending on the following factors:
flow range required, fuel pressure avallable, accuracy desired, and
the range of spray-nozzle pressures to be compensated. For example,
variasble-aree metering Jets were found less accurate than flxed-area
Jets but the meximum pressure drop was considerably reduced for very
wide (100 to 1) ranges of fuel flow rates.

Improvements In distributor performance were cobtalned by modifi-
cations of the basic distributor. The addition of a self-setting
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pilot to this distributor greatly increased the range of controllable
spray-nozzle pressures. Replacing the fixed-erea regulator Jet with
a varlable-ares regulator Jet resulted in improved distribution
accuracy and greatly reduced the maximum pressure drop. A model of
a self-setting distributor with & veriable-ares regulator Jet dis-
tributed fuel from 19.5 to 862 pounds per hour per nozzle (44 to 1
range) to 10 varisble-eres nozzles with a maximum deviation from
perfect dlstribution of 3.3 percent. The meximum fusl-distributor
pressure drop wes 125 pounds per sguare inch. The wide range of
flow control in the valves of this dlstributor was obtained by

varylng the length of a conetant-aree flow path.
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APFENDIX A
SYMBOIS

The following symbol notaetions are used in the anslysls given
in sppendixes B and C:

A effective flow area (ectual area times flow cocefflcient),
sg in. '
c opening pressure of spring-loaded flow device, 1lb/eq in. gage

._ravitational constant, 32.2 f£t/sec?

J dimensional comstant in flow equation (for AN-F-32 fuel,
hr in.

= -5 L
J = 5.88 x 107°), (n@ s :\/Tb

K pregssure~rige coefficient of spring-loaded flow device,

br/in.2
N retio of maximm to minimum effective area = Eﬁ
n  uwnit conversion factor, oo = 300 (sec/nr)(ft/in.)
AP pressure drop, lb/sq in.
W branch flow, lb/hr
p density of fuel, lb/cu £t
Subscripts:
b branch metering Jet
c fuel distributor
e fuel nozzle

m pllot metering Jet
P pilot fusel nozzle

r pilot regulator Jet
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equelizing valve

pilot resistance wvalve
maximum

minlmm

rated
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APTENDIX B
ANALYSIS OF FUEL DISTRIBUTOR ARRANGEMENTS

The experlmental fuel-distributor models consisted of a basic
disgtributor and three modifications to the basic distributor. It
1s possible to construct elght ocombinetions of baslic and modified
forms of the distributor. As will be discussed in the anslysls,
distributors without the self-setting feature must be adjusted or
preset for the particular type of spray nozzles that 1s to be
used. Distridbutors wlthout the self-setting fesature are referred
to as preset or PS distribubors, and self-setting distributors are
referred to as 85 distributors.

In order to simplify the analysis the elght posslble combina-
tions are divided into two groups; the PS dlstributors and the
8S distributors. The eight distributor arrangements are identifled
by the following code system:

Preset Digtrlidbutors

PsS Preset with fixed-area Jets (basic distributor)
PS-VR Preset wlth verisble-area regulstor Jet
PS-YM Preset wilith verisble-area metering Jeis

PS-VR-VTM Preset with variable-area regulator and metering Jets

Self-Setting Distributors

85 Self-getting with flxed-ares Jetas
S5-VR Self-setting with variable-area regulator Jet
sSS-TM Self-setting wlth varisble-area metering Jets

SS-VR-VM Self-seiting with varlable-area regulator and metering Jets

Line drawings of the eight distributor arrangements are shown in
FPigure 21. _ _ )

It is deslrable to operate a fuel distributor with as low a
maximum pressure drop as possible conslstent with good accuracy.
The pressure drop across a distributor and the accuracy of fuel
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distributlon depend on the dimensicnal areas of the distributor
companents relative to the fuel-flow rete. A maximum ares limlta-~
tion exists for each of the verious distributor components to

Insure a reasonable distribution accuracy. Because of the component
gize limitetion there 1e & minimm resultant distributor pressure
-drop.

In order to establish the range of fuel-flow rates that can be
equally distributed over & range of spray-nozzle and distributor
pressure drops, a study of the characteriastics of the disgtributor
components 1s necessary.

In thls analysis the pllot branch feeds one of the englne
fuel-spray nozzles. Both fixed-area and variable-srea fusl-spray
nozzles are consldered.

Preset Distributors

Distributor operation. - Under any operating condition the sum
of the pressure drops through any branch 1s equal to the sum of the
pressure drops through the pilot branch end mey be expressed by the
following equation:

APy + APy + APy = APy + APp + AP (1)

The dilstridbutor functlons to malntain APy In each distributor
element equal to APp in the pilot element; therefore, when the
distributor is within the useful range of operation, each distri-
butor element is sc operating that

APy + APg = APn + AP (2)

The distributor acts by varying APy (accomplished by varying Ay)
to compensate for differences in APg (caused by veriations in the
resistences of the various engine fuel-spray nozzles)}. For equal
flows to each spray nozzle, the metering Jjets must be metched so
that Ay, 1s equal in each distributor element and also equal to
Ay  in the pilot element.

Range of controllable spray-nozzle pressures. - The design
requiremsnts for the regulator jJet and the equalizing valves are
determined from equation (2) and the anticipated wvariation in
gpray-nozzle pressures.

349
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Rearrengesment of equation (2) to solve for AP, results in:

APy = AP, + (AP - AP,) (3)

At each value of flow rate there is a minlimum value of egquallzing-
valve pressure drop APv,min based on the meximum deslign arez
Av,maxy ©Of the equalizing valve.

The valus of AP, can be increased from zero to a value greater
than AP, but only to such a value that the right-hand member of
equation” (3) ia no greater than APy min 2% the flow rate considered.
Spray nozzles operating at pressures above thls maximum controllable
nozzle pressure will operate with decreased fuel flow.

The range of controllable nozzle pressures is a linear function
of AP,. and therefore may be altered by increasing or decreasing
4Pn. The range of controllable nozzle pressures 1s also dependent
ocn the pillot spray-nozzle pressure AI’_.'Q. In the event the pllot
nozzle pressure APp decreases, the controllable pressurs range of
all the other nozzles 1s decreased. If AP, i1s small relative to
APP s the range of controllable nozzle pressures may be particularly
small. When AP decrees.ses beyond the controllable range of opera-
tion, fuel will continue to flow to a1l the nozzles but the fuel
distribution will be a functlon of the nozzle resistances. When
APP increases above the nominal value, accurate fuel distribution
is meinteined providing AP, 1is not excesaslve beyond the point
where the equalizing valve has reached its minimum design area
A'v,min‘ An excesslve dlstributor pressure drop may be a further

limitation on the allowable Incresse in APP.

The area of the equalizing valve may be expressed as follows:

= I (2)

s

The maximum arse is usually determined by a design space limitstion.
The minimum area is determined by substituting in equation (4} the
meximum value of AP, obtained from equation (3). The value

APy ey ©Xxlste when AP, is at a meximum anticipated value and

AP, is at a minimum antgcipated value. The value of AP, depends
on the type of fuel nozzle used and ls dlecussed 1n the next section.

Spray-nozzle considerations. - Fixed-ares spray nozzles have a
parabolic flow-pressure-drop relationshlip and the pressure drop may
be expressed s follows:
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J 22
AP, p = APg p <§Z,§) W (5)

Variations in the resistence of the nozzles occur when the value

of A, deviates from Ag ,R* The percent deviation of nozzle pres-
sure from the rated pressure generally remeins constent over the
flow range; therefore, the actual pressure devistions or range of
Fixed-area nozzle preegsuree thet are to be campensated is a func-
tion of the square of the flow rate. The regulator Jet regulrement
for a dlstributor feeding fixed-ares sBpray nozzles would then be a
dovice with a pressure drop thet veries as the square of the flow
rate. The fixed-area regulator Jet meets this requirement.

Dietributors PS and PS-VM eare sultable for feeding flxed-
area fuel-spray nozzles provided that the higher distributor pres-
sure drop at the maximum fuel-flow rates can be tolerated. The
glze of the regulator Jet ls selected to provide the necessary
value of AP, +to compenesie for the anticipated greatest negative
value of (AP - APg) 1in equation (3). The relation for computing
the size of s fixed.-area. regulagor Jet is

= W '
Ar /VATr (6)

Values of APr for other flow rates may be computed from equa-
tion (6) after the velue of A, has been established.

Variable-area sprey norzles have & substantlally linear flow-
pressure-drop relation and the pressure drop can be substantially
constent. In general, the pressure drop may be expressed as
follows:

APP,R = APB;B = Ce,B + KB;B W (7)
Variations in the reslstance of the nogzzles occur when the
vajues of Ce and Ke deviate from C and « The

Ke,R
va.riable-a.rea. spray nozzle 1s a spring-ié&d.ed devicéd end there is
no correlation between the variations of C, and K, and the
flow rate W.

Variations of AP, and AP, at low flow rates may be as

large a8 at high flow Pates. The possible veriations of (AP, - AP,)

in equation (3) is then nearly constant over the entire fuel-flow
range. The regulator-jet requirement for a distributor feeding
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variable-area spray nozzles would then be & device wlith & pressure
drop that 1s nearly constant over the fuel-flow range. This condi-
tion precludes use of a flxed-ares regulator jJjet, but a variable
regulator Jet will meet the requirements.

The expression for the pressure drop across a variable regula-
tor Jet 1s

APy = Cp + Ep W (8)

The consitants C, end K. are selected to provide the necessary
value of AP, %o compensate for the anticipated greatest negative
value of (AP ~ AP,) in equation (3). In general, establishes
the value of “APp a.t the minimum flow rate and Er establishes AP
at the highest flow rate.

Distributors PS-VR and PS-VR-VM are both sultable for feedling
varisble-area fuel-spray nozzles. Complete failure of a variable-ares
nozzle will usually result in a nozzle-pressure drop near zero. The
regulator-Jet pressure drop AP, must be set greater than the
meximum pressure drop AP, ,TEX among the other nozzles at the flow
rate considered to mintain regulation of distribution if the pliot
nozzle should fail.

Meotering Jets. - No fixed relsiion exists between the size of
the metering Jet and the other dlisitributor components. The sgilze
is selected on the basls of range of fuel flow. The Jet must be
large enough to avold cavitation and excessive pressure drop at
the maximum flow, and small enough to produce & pressure drop at
the minimum flow large enough to be regulated accura.'bely by the
equalizing valve. -

The reletion for determining the area of a fixed-ares metering
Jet is

_Jl'ii (9)

Values of APy for other flows may be computed from equation (9)
after the value of Ay hasg been established.

AmsA-bls

Fixed-area metering Jets may be used for limited fuel-flow
ranges without excessive pressure drops. For very wide ranges of
fuel-flow rate, however, a variable-ares metering Jet l1s required.
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The pressure drop of a variable-area metering Jet mey be approxi-
meted by the following relatlion:

APy = APy, = Cp + Ky W (10)

The value of Cp 1s determined from the minimum APy, +that can be
regulated by the equalizing valve for good dlstribution accuracy.

The value of K;, is determined by the maximum AP} eallowable at

the maximum flow rate. The meximum and minimum areas of the variable
metering Jet are determined by the value of APy at the maximum and
minimom flow rates. The area at other flow rates 1s a2 function of
the value of APy as well as other design considerations, such as
the shape of the varleble orifice, the spring load, snd the spring
rate. Eguation (10), however, is & reasonably close approximation
of the resultant flow-pressure-drop relation.

Distributor-pressure drop. - The pressure drop across & preset
distributor 1s defined as the difference betwsen the inlet pressure
end the rated fuel-spray-nozgzle pressure. Assuming that all spray
nozzles are operating at the rated velue of pressure drop, 1t is
apparent that the distributor pressure drop 1s the sum of the pres-
sure drops through the pllot metering Jet and the regulator Jet.
The distributor pressure drop is expressed as

AP, = APy + AP, (11)

Substitution of the proper relations for APy (equation (9) or
(10)}) and AP, (equation (6) or (8)) in equation (11) will permit
computation of the distributor-pressure drops for each of the
preset distributors.

Self-Setting Distributors

Distributor operation. - The self-setting feature of a dlstri-
butor introduces an additlonal reslstance term in the distributor
equation. Thls reslstance term corresponds to the addlition of the
pllot reslistance valve in the pilot branch. The operation of a _ _
gelf -setting distributor may be expressed by the following equation:

APy, + APy + APy = APp + APy + APy + AP (12)

The distributor functions to maintain .AP;, equal to APy . Equa-
tion (12) mey then be rewritten as follows:
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APy + APy = APy, + APg + APy (13)

The self-setting distributor acts in the seme manner as a preset
distributor by verying AP, to compensate for differences in APg.

Range of comirollable fuel-spray-nozzle pressures. - A self-
setting distributor hes no upper nozzle-pressure limlt beyond which
the dlstributor is out of range due +o the pilot resistance valve,
which matches the resistance of the pllot branch to the reslstance
of the branch with the highest nozzle pressure. The flow to all
spray nozzles is adjusted egqual to the flow to the nozzle with the

hi cﬂaas+ regigtanca.

Bearra.ngement of equation (13) to solve for AP, results in
AP, = (AP, + APg) + (AP - AP,) (14)

Ad sanh wvalna P -P'lrn.r wata +hara a mindmm valna ~fF
Y Lol waOl o S MLaNaidn vauauwes OO

equalizing-valve pressure drop APy,min based on the maximum
design sres .Av,m of the equaliz:l.ng valve.

T e
8

Al]l of the wvalnesa of AP, greater then AP are compensated
by APy through the action of the pressure selector and pilot
reslstance valve which comprise the self-setting feature. For
values of AP, greater than APP, the velue of AP, mey be
written as

AP {15)

APg = A'Pe,na.z - &p

Substitution of equation (15) in equation (14) will result in
APy = AP + (APg oy - APg) - (8)

The minimum value of APy will occur in the branch line feeding
the nozzle with the highest pressure, that is, when AP, 18 equal
to APe,max+ Equation (16) then reduces to

APy min = APy, (17)

Equatlion (17) indilcates that the function of the regulator Jet is
‘o provide a pressure drop across the egualizing velve to maintain
it in operating range. The range of controllsble nozzle pressures
is not a function of the regulator Jet reslstance as it was in a
preset distributor.
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For values of APg less than APe,mmy in equation (16),
reguletion is maintained by the equalizing velve providing that
AP, 1is not excessive beyond the point where the equalizing valve

bas reached its minimm design area Ay pmine

When AP, is greater than AP, in equation (14), the self-
setting feature 1g inoperative and the pilot resistance valve moves
to a wide-open position. The velue of AP, 1is then a function of
the square of the flow rate inasmuch as the pilot resistence valve
acts ag a fixed-area Jet In the wlide-open position. In practice,
the pllot resistance vaelve ls conetructed with as large & maximum
ares ag ls posalble to prevent an excessive pressure drop at the
me.ximm-~-flow rate.

The ares of the equalizing valve is obtained from equations (4)
and (14) for any desired condition.

Distributor stability. - Equation (17) indicates that AP,
need be only large enough to maintain the equalizing valve in
operating renge. The arsa of the regulator Jet could be made as
large as the maximum area Ay may OFf the equalizing valve. Inasmuch
as Av,mx is constant over the flow range, a fixed-area regulator

Jet is suitable.

Use of a fixed-aree regulator Jet size equal to Ay oy mey
cause cycling at low flow rates (up to about 25 percent Of the maxi-
mum flow rate). Because of low pressure drops across the equelizing
velves at the low flow rates, large valve motlons are necessary to
compensate for smell nozzle-pressure changes. These large motions
cause overshooting, which results in the cycling of fuel flows
between the pllot fuel flow and the Ffuel flow to the other norzles.
If a smaller fixed-ares regulator Jet is used to maintain a greater
APy min the distributor operation will be stable. Use of a emaller
Jet, however, will result in & higher distributor pressure drop,
which may be excessive at the maximum-flow rate for wide flow ranges.

A more desirable method of overcoming the condition of Iinsta-
bllity 1s the use of a variable-area regulator Jjet. The pressure
drop acrose the equalizing valve can be mainteined at a substantial
level at the low fuel-flow rates. The pressure drop et the maximm
flow rate can be kept at & minimum value consistent with the maxi-
mum area of the equaliring velve. The operation of the distrlbutor
1s such that the open area of the egqualizing valve wlll increase
with the fuel-flow rate when a varilable-aree regulator Jet is used.

1349



6¥<T

NACA RM ESOF0S 25

Spray-nozzle considerations. - A self-setting distributor will
permit use of any type fuel-spray nozzle. Use of wvarilable-ares
spray nozzles wlll reguire, in general, & greater eguallzing wvalve-
erea range than fixed-ares nozzles becanse they have a larger pos-~
slble pressure varlation at the low flow rates.

Metering Jets. - Because there 1s no fixed relation between
the slze of the metering Jet send the cother distrlbutor components,
elther fixed-area or varisble-zrez metering Jets may be used.

Distributor-pressure drop. - The pressure drop across & self-’
setiing distributor is deflned as the dlfference between the Inlet
pressure and the highest fuel-spray-nozzle pressure. It 1s apparent
that the pressure drop is the sum of the pressure drops acrose the
pilot metering jet and the regulator Jet. Equation (11) applies to
& self-setiing distributor as well es a preset distributor.

A special case exists for a self-setting distributor when the
pllot nozzle pressure is grester than any other nozzle pressure.
The pressure drop through the pilot resistance velve must then be
included, with the result that the distributor preseure drop is
glven by the eguatlion

AP, = AP + AP, + AP, (18)

The value of APy 1s expressed as

APs‘( Ll )2 (19)

Ag,mex

The values of AP, and AP, are obitained from equation (2) or (10},
end eguation (6) or (8), yhichever is applicable for the distributor
under considexration.
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APPENDIX C
APPLICATION OF DISTRIBUTOR SYSTEMS
The velue of the analysis of appendix B may be amplified by
considering a typical fuel-distributor application. The following
conditions are assumed to be representative of a distributor-
application problem.

Flow range 50 to 1

Wi 20 1b/hr

Woax 1000 1b/br

I 5.8 x 1075 L IB:  (AN-F-32 fuel)
8Pg . min 0 1b/sq in.

APg ey  enticipated, 1.5 X 4Pg R, 1b/sq in.

The following design conditions are assumed:

As,max Ay maxs 0-025 sg in. (design space limit)

APp,min minimum controllable pressure drop across fixed-area
metering Jets, 0.058 lb/eq in (2 in. of AN-F-32 fuel)

APy, veriable-area metering Jjets, 0.103 + 0.0099 W

APe,R fixed-area spray nozzles, 14.02 x 10-%4 w2 (fixed-area
spray nozzles used with distributors PS and
PS-VM only)

APe,R verlable -area spray noziles, 42 + 0.036 W

AP, variable-area regulator jet in present distributor,
1.5 X APy p = 63 + 0.05¢ W. (This assumption will
permit regulation of fuel distribution for condition
when pllot spray nozzle 1s opsrating near zero pree-
gpure drop.)

AP, variable-ares regulator Jet in self-setting distributor,
5+ 0.02 W

APr,min fixed-area regulator Jet in self-setting distributor,

0.1 1b/sq in. (stability limit)
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Distributor Selectlon

Distrlibutor-pressure drop. - The distribubtor-pressure drop for
the eight distributor arrangements may be computed by substlitution
of the foregoing conditions in the proper equations presented in the
anelysis. The results of the calculatlions are presented in figure 22.
The pressure drop for distributors PS and PS-VM uslng fixed-area
nozzles was computed with the pllot nozzle operating at the nominal
pressure drop.  If the computetlion wers to include the possibility
of the pilot nozzle operating near zsero pressure drop, the pressure
drop across the distributor at the maximm fuel flow would be
2257 pounds per sguers inch for distributor PS and 2122 pounds per
square inch for distrlbutor PS-VM.

A study of figure 22 indlcates that distrlbutors with variable-
area regulator Jeots have greatly reduced maximum pressure drops
compared to distributors with flxed-ares regulator Jets. Distri-
butors with veriable-srea metering Jets also have lower meximum
pressure drops then the same distributors with fixed-area metering
Jots.

The preset distribubtore are sensitive to the pilot spray-nozzle
pressure and must be preset to control the antlcipated maximum varisa-
tion in pilot nogzle pressure. The high pressure drops of distri-
butors PS end PS-VM at the maximum fuel-flow rate and the high
pressure drops of dlstributors PS-VR eand PS-VR-VM &at the minimum
fusl-flow rate 1s due to this sensitivity of the distributor to the
pllot nozzle pressure.

Self-getting distributors are not sensitive to the pllot spray-
nozzle pressure alone but are sensitive to the highest of all the
nozzle pressures. As & result, self-metting distributors have lowsr
distributor-pressure drops than preset distributors.

Selection of a distributor on the basls of pressure drop alone
indicates that distributors wilith both varlieble-srea regulator jet
and veriable-arez metering Jets are most desirable for very wide
flow ranges.

Accuracy. - Any distributor with a variable-area regulator Jet
will operate wlith improved accuracy compared with any distribuitor
with a fixed-area regulator Jet. The improvement was demonstrated
by the results of studlies of the SS-VR distributor (variable-
regulator-Jjet modification of the self-setting-distributor test
model). The date also iIndicated that a distributor with fixed-area
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metering Jets wlll perform with better accuracy than a distributor
with variable-area metering Jets. Distributor arrengements PS-VR
and SS-VR will perform with the best distribution accuracy.

1349

Range of spray-nozzle pressures. - Fuel-distributors PS and
PS-VM can be used to feed only fixed-aree spray nozzles. The
preasure-drop curves for distributors PS5 and PS-VM shown in
figure 22 were computed for the condltion at which the pilot spray
nozzle is operating at its rated pressure drop. (See appendix B.)
If the plilot nozzle pressure should decrease helow the rated pres-
sure drop, the distributor willl not function and the fuel distri-
bution is governed by the resistances of the varlous spray nozzles.
Thus the range of controllable pilot nozzle pressures for distrl-
butorg PS and PS-VM ig limited. A compromise must therefore be
made between & short range of controllable pilot nozzle pressures
and an excessive distrlibutor-pressure drop.

Distributors PS-VR &and PS-VR-VM have varlable-area
regulator Jets end may be used to feed variable-erea spray nozzles.
(See appendix B.) The pressure-drop curves for distributors PS-VR
and PS-VR-VM 1in figure 22 were computed for varlable-area spray
nozzles including the full range of anticipated pllot-nozzle-
pressure varilation and will distribute fuel equelly to all the spray
nozzles over the complete range of anticipated spray-nozzle pressures.
If a nozzle pressure increased beyond the anticipated maximmm nozzle
pregsure, the fuel flow to that nozzle will decrease eand the fuel
distribution wlll be altered. An exceptlon occurs when the pllot
gpray-nozzle pressure increases above the maximum pressure antici-
pated. In this case the fuwel dlsitribution is undisturbed but the
fuel-pressure lsvel at the entrance to the dlstributor will be
increased. Also, If the pilot-nozzle pressure rises exceptlonally
high, the equelizing valves mey not function because 2 velve area
less than the minimm aresa may be required.

Self-getting distributors will operate over an infinlte range
of controllable spray-nozzle pressures with one limitation. If an
exceptionally large difference should occur between any two nozzle
pregsures the equalizing valve in the line feeding the lower nozzle
pressure mey not function because a valve areea less then the mini-
mum area mey be required. The fusl-pressure level &t the inlet to
self -petting distributors is a functlion of the highest spray-nozzle
pressure. Either flxed-area or variasble-area spray nozzles may be
used with this group of distributors. Self-setting distributors
should be selected for compensating a wide range of spray-nozzle -
pressures. .
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Selection compromise. - The final selectlon of a fuel dlstri-
butor miust be 2 compromise to meet the reguirements of & given
appllcation. For a 50 to 1 range of fuel-flow rates, an SS-VR
distributor lis the most desirable distributor. The SS-VTR distri-
butor has good sccuracy, a wilde range of controllable spray-nozzle
pressures, and a relatively low maximum-pressure drop. The good
performance cheracteristics of the S8-VR distributcr are substan-
tlated by the data presented.

Use of the BSS-VR distributor for flow ranges of the order of
100 to 1 may result in excessive maximum pressure drops. In this
cage distributors PS-VR-VM or SS-VR-VM would have {0 be used In
splte of the probeble decreaee in accuracy resultlng from use cof
varlable-arese metering Jets. The BSS-VR-VM distributor is &
relatively complex distributor but retains a wide range of control-
lable spray-nozzle pressures and lower distributor pressure drops
over the full range of fuel flows. The PS-VR-TM dlstributor is
less complex but has a narrower range of controllable spray-nozzle
pressures end higher distributor pressure drops over the full range
of fuel-flow rates. The cholice wlll depend on the possible varia-
tlon of spray-nozzle pressures snd the pressure potentlal awvallable
for distributing the fuel.

Distributor Components

Areas of variable components. - The areas and area ranges
required for variable components of each of the elght distributor
errangements mey be computed from the relations presented in the
anslysis of appendix B and the conditione of the typical problem.
The results of the computations are shown ln the following table:

Distributor Av,min A'v,ma.x Ny | Ngl Np Ny
S 0.0011038 |0.025 225 mea|cmme| =m=
PS-TR .0001038| .025 241.0| === |37.0} ===
PS-TM -001109 .025 22.5| mmm]|me==|8.7
PS-VR-VM «0001038]| .025 241.0| ~-=~]|37.0{8.7
SS 0001466 00372| 25.4| 171l |~===| ===
Ss5-VR «000141 «01175}| 83.3|171(23.2| ==~
S8-vM 0001466 .00372] 254|171l |=-===-]8.7
8S-VR-VM «000141 «01175| 83.3|171]|23.2{8.7
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Equalizing valve. - Fquallizing-velve-area ranges required for
fuel distributors shown in the preceding table indicate a valve-
deslgn problem. The valve must be preclsely balanced to regulete
accurately the downstream pressure of the metering Jets. The
balencing problem precludes use of a complete shutoff wvalve. A
piston-type valvé can be accurately balanced but close fits of the
order of 0.0001-inch diametral clearance would be required to meet

-l-'ha mindmm_aras rannidiremanta
Uielldopuin=al ot Lo WLL' SIS LS »«

A further reguirement of the valve is that it mmst be stable
over the full renge of arsas. A useful guide to producing a stable
valve is & logarithmic relstion between area and valve travel.

The relation for computing the travel required at various fuel-flow
rates is expressed as followse:

Buex 1og Wm‘;r.n
B = - (20)
log max
Wnin

where

B valve travel, in.

By meximm design-valve travel, in.
W fuel-flow rate, 1lb/hr

The area requlred for each fuel-flow rate W used in equation (20)
mey be computed from the following expression:

A= o (21)

3/aF

Areas obtained from equation (21) plotted ae & funcition of valve
travel obtalned from equation (20) result in a logarithaic curve.
For the wide equalizing-vaelve-area ranges required, en ares change
on the logarithmic curve is difficult to obtain.

The size of the dlaphragm operating the equelizing velve is
another factor to consider. A large disphragm wlll regulate a
desired pressure wlth greater accuracy than a small diaphragm. A
smell metering-Jet pressure drop can therefore be regulated by a
large diaphragm with the seme accuracy as a larger meotering-Jet
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pressure drop regulated by a smaller dlaphreagm. The choice depends
on the space avalilable and the pressure drop available for metering
fuel. I% mey elso be desirable to minimize the welght of the moving
valve parts to minlmize inertia effects.

Variable length of flow peth. - A method for controlling small
Flow rates at high pressure drops as appllied {0 an equallzing wvalve
1s shown in figure 23. The valve consists of 2 spocl-iype plston
fltted In 8 sleeve with a predetermlned clesrance. The valve 1s-

-balanced by admitting fuel under pressure from the wvalve inlet to

the bottom of the lower spool through the balance passage. For large
fuel flows and low pressure drops, the plston operates in such a
position that the open area reguired is obtained by the exposed
length of slote cut in the upper spool of the plston. For low fuel
flows and high pressure Qrops the piston is allowed to travel into
the sleeve beyond the end of the slots in the plston, such as the
position shown in figure 23. Fuel flow occurs as leaksage through
the cliearance on both ends of the spool. The flow through the
lezkeage path is & function of pressure drop, radisl clearance,
length of path, dlameter of piston, end the fiuld propertles. The
relation for fluld flow through thin annuler clearances l1s glven

in reference 6. For a glven valve and & glven fluid, all quantities
are constant except the pressure drop, the length of path, and the
flow rate. For e constant pressure drop, the flow increases 1n a
hyperbolic relation with decrease in the length of flow path. The
hyperbolic relatlion can be made to closely epproxrimate a logaritbhmic
relation. A valve incorporating a variable length of flow path is
inherently steble when the variable length of path is properly
metched to the varlable-area portlon of the valve travel.

The theoretical reletions for flow through thin annular
clearances may not be valid for short lengths of flow path where
the flow entrance and exit effecis become sppreciable. Turbulent
flow may exist and the exmct flow rslation will vary with the valve
design. The relstions, however, are sufficlently accurate for
spproximating a velve design. .

The variable length of flow path allows use of reasoneble
clearances between the plston and sleseve. TFor example, control of
a rate of flow of 10 pounds per hour at a pressure drop of 100 pounds
per sguare inch would reguire an effective area of 0.0000588 sgquare
inch. The dlamstral clesrance for & 0.25-Inch-diameter piston to
obtain 0.0000588 square inch as e minimm area would be
0.0001498 inch. Use of a length of flow path egqual to 0.1l25 inch
for the same conditions results in a dlametrel cleasrance of
0.001621 inch, which is more than ten times the clearance required
for the wvarlable-area valve.

¢
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Yeriable-ares regulstor jet. - The principle of variable length
of flow path Is useful in design of a varlable-eree regulator Jet.
The variable length of path may be used to meter the flow at low flow
rates and a variable area may be used ot the high flow rates.

Pllot resistance wvalve. - The pilot reslsitance-valve construc-
tlon may be similar to the equelizing-walve construction. The maxi-
mum area 1s &s large as space permlits to reduce the pilot-valve
pressure drop to a minimum in the event the pllot spray nozzle has
the highest resistence.

Veriable-aree metering Jets. - The meximum areaz of round varlable
metering Jets ig determined by the maximum desired pressure drop at
the maximum fuel-flow rate. The minimum area ls es large es possible
conslstent with the minimum pressure drop controllable by the
equalizing valves 2% the minimum-flow rate. The minimum area is as
large as possible to minimize the effect of hole-size variaticns
between Jets.
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(b) Disassenmbled section of a basic distributor for Peeding fuel to two sprey nozzlea.

Flgure 2, - Basic fuel distributor for feeding 14 spray nozzles,
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Figure 9.- Schematlc dlegram of bench apparatus used In studles of varleble-area

metering Jets.
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Figure 21, ~ Line drawings of eight possible fuel-distrlIbutor arrangements.
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Figure 21, - Continued. ILine drawlngs of eight possible fuel-distribubor arrangemenis.
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