Rl DA RS

o pzmrmay - o FERESIRT

FES 37 1

00 'O(/A«.A Ao ~\<~ /7

TECHWICAL YOTES

RATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

No. 407

-y

THE DISCHARGE FRESSURES

. RFFS(QT OF THE RESERVOQIR VOLUME OF
IN THE INJECTION SISTEM OF TEE
N.A.C.A, SPRAY PHOTOGRAPHEY EQUIPHMEHT

By A, Y. Rothrock and D, W. Lee
Langley lemorial Aeronautical Lavoratory

- e "", "”‘_:_\ bt 4
FELE Goary
10 b-e—mt-u-ﬁm-d-—
the files of the Lasiey

Mamorisl Aergnizutiosl

Laberatory.

. Washington . . T ._.m.]
‘February, 1932 . ) .


http://www.abbottaerospace.com/technical-library

-y ;Gmwlmmn"lmmm

01425 5690

NATIOHAL ADVISORY COHMITTLE FOR AERONAUTIGS

wTEcEHIGALsHQTEjﬂo: 40?-

. BFFECT OF THE RESERVOIR VOLUHE ON T?m DISCEARGE PRESSURLS
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BY A, M, Rothrock and Da W Lee _; L - e —

SUHHARY

. Tests were made to determine the éffect of the reser-
voir volume on the discharge: pressures 'in the injection
system of the N.A.C.A. spray photography equipment ‘The el
data obtained are applicable to the design of a com:on- S
rail fuel-injection system. The data show that an injec- o -
tion system of the type described can be designed so that
not more than full load .fuel quantity can be injected into
the engine cylinders, and so that the fuel spray ciarac-
teristics remain constant over a large range of engine
speeds, TFormulas are presented for computing ‘the volune
of the reservoir and the diameter of &he- discharge orifice.

INTRODUCTIOCH

Investigations are being conducted by the National
Advigory Oommittee for Aeronautics at Langley Tield, Va.,
to develop a-fuel-injection system for high-spoced comdres-
sion-ignition engines which will give the same injection
characteristics for a wide range of engine speeds, The
requirements of such a system have been &iscussed in ref-~
srence 1,

. .The tests are beling con&ucted on- the fuel-injection
systeu of the N.A.C.A. spray photography eguipment. (Ref- "
erence 2.) ,This system is being used iristead of one de- oL
slgned for engine operation because it is particularly )
adaptable to. test work, The injection is caussed by re- .
leasing fuel under préssure from a reservoilr through an
injection tube to a digcharge orifice, mounted either in
a plain holder or in an sutomatic injection valve. {(Fig.
1.) The duration of injection is regulated by the time
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ki,

intorval betweoen the oponing of tho timing valve and tho Lo
opening of the by-pass valve., Tho operation of tho systom 7
nas been described in detaill in.roforonce 1.

i i

by

Tla factors which” have beeh iQVestigated are: tae ef— i -
fect of the injection-tube lengtn: on.the rate of pressure oo
rise at the timing valve after thue- dpening of the veolve ’
(reference 3); the effect of the injectien~-tube length
and diameter, -and of. the prossures in the injection sys~
tem on the time lag between the opening of thae timing _ )
valve and the appearance of the spray from the auntonatic .
injection valve (referonce 4): and the eifect of the in-
Jection~tube dimensions, the digcharge—~orifice arca, tie
velocity of the opening of -the- timing valve, and the DIro8—~
suros in the injection system on the instantaneous pros-
sures at the discharge orifice (roforenco 1). Some data
woro prosonted: in reoferonce 1" on the offect of the volumo
8t the highepressure:roservoir on tho instantaneous pros—
sures at the dischargo orificoe. The present roport con-
tains theo rosults of teosts conductod to complote .this in-
vostigation. .
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The method of determining the movement of the injec- = ¥
tion walve stem (fig. 1) and from this movement computing L=
the ianstantansous pressures at the discharge orifice nas _
been fully described in reference 1. oo

N TR
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The conditlons that were maintained counstznt during . -
the present tests were: :

Orifice diameter, o ' , 0,080 inm,
Injection~tube length, 44 L
Injection~tube interhal diemeter, Q.12 "
Injection~tube external diameter, 0.256 L
Total length of tubing between ' . el D
high-pressure reservolr and T
disgcharge orifice, 58 n
Injection pressure, R . 3800 1b./sq.in,
Time interval of injesction asm ' - )
regulated by the hy-pass valve,, 0.0047 8GC,

IW|im

2 b

; 1 ||
S “_-'l'-lll i_"-'l i

mne high~pressure reservoir was ‘a cyllndar with an
outside dilamster of 4 inches and an inside diametor of 2
inches,- The volume of the r@serv01r Wgslcnanged by plac~
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ing 2~inch diameter cylinders inside the reservoir. Tae
tube counnecting the hlgh-pressure reservoir to the timing
valve was connscted to the top of the reservoilr instead
of tho bottom, as shown in Pigurs 1,

Tests wore made with the by-pass valve operating,
with the by-pass valve disconnected, and with the timing
valve 2aeld open to determine the maximum &ischarge that
could be obtalned with each reservoir volume,

The tube connecting the timing valve to the hand
pump was approximately 20 feet long. A hand-operated nee-
dle valve was mounted between the Jjunction of this tube
and the timing valve to determine the effect of the fuel
under pressure in this tube on the instantaneous pressures
at the dischrage orifice, T

. RESULTS AND DISCUSSION

Effect of reservoir volume.~ Figure 3 shows the seffect
of the reservolr volume on the instantaneous prsssures at
the discharge orifice. It should be noticed in analyzing
the curves that the injsction valve—closing pressure
(V.C.P,) was lower with the 3.2-cublc-inch reservoir than
with the other volumes, The injectlon wvalve-~closing pres-
sure 1ls defined as that pressure which, if acting on the
whole of the stem area, would result in a hydraulic force
equal to but oppositely directed to the force exerted by
the injection-valve spring when the injection-valve stem
is seatod, The Injection valve-closing pressure is equal
to the injection valve-opening pressure multiplied by the
ratio of the stem area presented to the hydraulic pressure
before the injoection valve opens to the stem area present-
ed to the hydraullic pressure after the injection valve
openg, For the valve tosted, this was equivalent to ap-
proximately 0,7 times the opoening pressure, The closing
prossure was detormined from the calibration records (ref-
orence 1) by exteonding tho stom lift-pressure curve to zero
stem 1ift, It could bo determined morc accurately than the
opening pressure, Thether or not the pressure on the in-
Jection-valve stem was egqual to the V,.C.P. when cut-off
occurred depended on the position and direction of movement
of the stem when the by-pass valve opened.

Tie curves in Pigure 3 show that the initial rate of
pressure rise was practlcally independent of the reservoir
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volume, The maximum pressures increased slightly as the
volume was increased. The general .shape of the curves
for the first 0,003 . second is the sagms, regardless of the
reservcir volume,. As was shown in reference 2, for vol-
uines :zreater: than .11 cubic inches, the injection pressures
were 115ependent of the reservoilr volume, The total ro-
corded injection period with the 4,7~cubie¢-inch reservolr,
as will "be &hgwn. later,. was 0,0045 second; Dbut the stem
1ift after the:first 0, 003 second was 76t sufficient to
give efficient. 1nject10n. Consegaentlj, the instantane-

Oil8 Pressures, were determlned fo¥ only the first 0,0033
secoad, Restriction to Flow betweenythe injection-valve
stem and’' the valve seat did. not. occur until cut-off in
any. of--the tests, as tne,erea ‘etween the stem and seatb
for a~stem 1ift of O, OOl inch WES agqual to tHe dlscharge
oririce area, .

T*e l o~cubic~inch volume was sufficient for an in~
Jection period of 0,003 second. ‘Since 0,003 second is ap-
prozimately the allowable injection period for high~spcod
engine operation, it can beo .concluded that the 1,53-cubdic-
inea volume is sufficient fér ths roservolr under those
test conditions. Tho total fuel gquantity discharged, com-
puted from the instantanoous_pressures according to the N
wethod given in reference 2, was 0,00023 pound., Assuming
14,5 mounds of air required %o burn 1 pound of fuel and
comolete combugtion, the. dlsdharge was sufficient for an
engine cylinder with a bore ahd stroke of 4,6 inches. It
is seen, tnerefore, that the reservoir volume need not be
excessive in comnarison to the other dimensions of the en-

gine, provided taat the pressure in the reservoilr 1is built
uo to the required injection pressure before the start of
each ingection. :

The pressure dlfference between the 1njection pres-
sure and injection valve-closing pressure for the test
with the 1l.6-cubic~inch common=rail volume was 1,475
pounds por square inch, Tne de re?se “in fuel volume fbr

NP T3
this. nressure - difference. wae Z84000 X.r.s cubic inches or

0.008%. cubic inch, in which 284,000 pounds per square inch
ig t-e bulk modulus of: the fuel. (Referentce 5,) This
volume is equal to 0,00026 pound, since the density of the
fuel wes 0.0307 pound per .cubiec inch. This value com-
pares favorably with the discharge of O, 00023 'pound con-
puted from the instantaneous pressures.,
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To compute the reservpir volume for any conditions, let. -

»

V .=_.reservoir volume -
% := weight of fuei for maximum 1oad N
'P¥-='-pressure in reserv01r at start ofllnjectlon
P, = closing pressure of injectlon valve
E = bulk modulus of fuel
: Y =. specific weight of fuel-.
Then - .
w:va:E.ch'Y (1)
Solving for V '
A e 553 (2)

Care must,be taken'in using the equation to substitute the
same units of mass and length for &}l the factors,

The total tube length of 58 inches between the common
rzil and the discharge orifice, according to reference 2,
was sufficient for an injection perioed of 0;0029 sescond.
Figure 3 shows that, had the c¢ut-off besn controlled by
the by-pass valve and had it occurred at 0.,0024 second
after the 'start of injection, the cubt~off of the fuel
sprays with the 1.6, 3,2, and 4,7 cubic inch reservolrs
would have been sharper and tqere would have been less
tendency for after dridble.

¥ith the 3 e2~cubic~inchk common. rall, the fuel volume

. 3500 —~ 1785
for d;sq@a;ge uas 584000 X 3.2 cubic 1nches or, eX-—
pressed as a welght, 0,00052 pound. The discharge, com=
puted from the instantaneous pressures, was 0,00024 pound,
The difference in the two gquantities was caused by the
pressure~-wave phenomena discussed in reference Z. The
time required %to.discharge 0,00052 pound of fuel through
a 0,020-inch orifice with a pressure head of 3,500 pounds
per sguare inch. is 0,007l sscond, assuming a coefficient
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of discharge of 0,94, +=(Reference la)..: Gonseguently, it
can be concluded that the 0,020-inch orifice was too small
for the B58«~inch injcction-~tube ‘length and tho.3,2~cublc-
inch coumon rail., To detormine the orifice dizmoter to be
used with the 3,/8~cubic~inch volume, the orifice area noc-
essary to discharge 0.00052 pound of fuel in 00,0024 scc-~
ond .with & pressurse head of 3,500 pounds per sguaro inch
is computed U51ng the flow formula

¥ = dz c:t,/ 2PegV _ (3)

in whica 4 1ig the orifice diamegter, C  'the coefficlent
of digchargo of the orifice; and- + the time of dischargo.
Solving for 4

a=/~'- Taw - “
Moot /2P gy

Substituting the numerical valuss

.- V/ 4 X 0,00052
414 X 0,94 X:.0s 0024~/2 X 3500 X 386 X 0.0307

O. 002 inch

In the desgign of.-an injecvtion system of the typo. de~
scribed in this report, eguation (2) is used for computing
the volumre of fthe reservolr, and equatlon (4) for compub-
ing the diametor of the discharge orifice. If a multiplo-
orifice nozzle is used, the sum of the areas of the ori-
fices should be equivalent to that of a single orifico
with the diametor gilven in equation (4), malking suitadblo
corroctions for any variation .in the coefficiocnt of dis-
chargs, The data presented in refoerenceo 1 show that tho
length of the injectlon tube in inches should be twice tho
injection perioed in 00,0010 second and tJat tae area of gll
passages between the common rail and the discharge orifige
should be at 1east four times.: the arga of the dlscharge
orifice. e :

:Lffect of fbrm of high—nressure reservoir.n To deoter-

gist9ox a* long tube, o test wog made in which & 94-incn
tubeo’'with ‘s volume of 1.1 cubic inches was used for. the
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high~pressure resgrvoir, The.recorded movement of the in-
jection~valve stem is. shown 1n Flgura 4, - The. total inp
jection® meriod is longer than was obtained with the 1.6~ .
cuoic-inch reserveir, The qurve shows,; however, that the
instentaneous pressures were considerably lower than when
the l.6~cubic~-inch volume of short length was used, Fur-
ther tésts would de- necossary to determine the maximum
pernissible ratio between "the length and ths cross—-sec-—
tional area .of !the high~pressure reservoir, The results
do skow-tuat a 'safe rule to follow is that the linear di-~
mensions of "the high—pressure reservoir should all be of
the same magnitude. ;,..; - .
- BEfféct of by—pass valve on the inaection perlod.— The
“1nbection—Va1ve stem. records for the 4,Y~cubic-inch reser-
volr with and.without the by—pass valve ioperating are shown
. in Figureé H. - The upper record shows that with the by—pass
“"valve operating, the total. inJection period was approxi-
'matoly the. same as. that for the 11 and 20 cubic inch vol-
W2 S o, However,. after the first 0.,0033 second. with the
4,7-cubic-inch reservoir, the stem 1ift was insufficlent
to ‘give efficient injection. ‘When' thHe by~-pass -valve was
disaonrocted ‘the injection’ was controlled by the time in-
'terval during which the. timing valve was opened and was
consoquently longer than with the by-pass valve operating,
With the 1.6 and 342 cubic inch reservoirs, as has been
snown in Filgure 3, the total injectlion period was inde-
pondont of the by—pass valve setting, provided it was set
for an injection poriod of greater than 0,0030 and 00,0034
second, respectively. Consequently, 1%t can .be concluded
that with small reservoir volumes and individual pumps

and ressrvoirs for each engine cylinder, the maximum fuel
guantity which could be delivered to an engine employing
the type of injection system described herein, could be
lld’ted to full load fuel guantity.’

"”f¢ect of slowlgpenlng of the timing valve.- Reference

1 shows there was: 1ittle variation in the instantaneous
injection pressures for camshaft speeds of 470 to 1,100

TePalla In the present investigation, a test was made in
which the timing valve was opened by giving the camshaft
a oartial turn by hkand .so that the timing valve romained
'“opeﬁ. The injection-valve stom 1if% record (fig. o) S10WS
that,; although the. 1nstantaneous pressures wore lower than
whon tho cam wag rotated by engaging thb clutch tho stem

was lifted cloar of tho seat until the pressure in tho 1ln-
Joction systom dropped to the injection wvalvo~closing
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Prossuroc., The rocord shows that at ongino cranking spood
satisfactory injoction charactoristics wero maintainod,
and that an injection system of the type herein &osoribod
should be satisfactory for operation over a wide speed
range.

Bffect of tube connecting timing valve to hand pump.-
A comparison of the results presented in Figure 3 with
those in referencs 1 shows that the initial rate of pres-
sure rise was slower in the present investigation., In the
tests from which the data for Figure 3 were obtained, a
hand~operated needle valve was placed between the timing
valve and the tube connecting the timing valve to the hand
pump., When this velve was removed, the injection-valve
stem record showed the same rate of pressure rise (fig. 7)
as presented ix refarence l. It can be comcluded that the
hizher. rates of pressure rise presented in reference 1
were caused by the additional impulse givern to the initial
pressure wave bdy the fuel under pressure in the tube con-
necting the timing valve to the hand pump., When the valve
between the timing valve and pump was inserted dut left
opened, some damping of the energy from the tube was no-
ticed, When the valve was closed so that the injection
was entirely controlled by the fuel under pressure in the
regervolr, thoeinjection-valve stem records and the in-
‘stantaneous pressures were thaose glven in Flgure 3. (The
bottom curve in rigufe 7 is the same as the curve for the
stem 1ift with the 11 cubic~inch reservoir volume shown
in Figure 3.)

CONCLUSIOWS

It can be concluded from the data presented that:

1, In an injection system of the type described, the
reservoir can be made sufficiently small to prevent morse
than full load fuel guantity from being injected 1nto the
engine, and still give satisfactory injection characteris~
tics over 2 large range of engine spseis,

‘2. The volume of the reservoir and the dlameter of
the discharge orifice can be computed from a knowledge of
the fuel quantity to be discharged and the time of dis~
charge. '
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3; The reservoir should bs debigned with linear diw

mensions of equal magnitude.

Langley ilemorial Aeronautical Laboratory,

2.

3.

4.

5.

¥ational Advisory Commititse for Aeronautics,
Langley Field, Va., January 18, 1932,

REFBRENCES

Rotarock, A, ii.,: Pressure Fluctuatioans in a Common-
Rail Fuel Injection System. T.R. Ho, 353, ¥.,A,0.4A,,
1930.

Beardsley, B, @¢,: Tae H.A.C.A. Photographic Apparatus
for Studying Fuel Sprays from 0il Engino Injection
Valves and Test Results from Several Rosearches,
T.R. No. 274, N.A,C.A,, 1927,

Gelalles, A, G., and Rothrock, A. M.: Experimental
and Analytical Determination of the Hotion of Hy-
draulically Operated Valve Stems in 0il Engine Iun~
jection Systems. T,R. Wo. 330, H.4A,0.4A,, 1929,

Rothrock, A. l.,: Injection Lags in & Common-Rail Fusl
Injection System., T.H. No., 332, F.A.C.4A,, 1930,

dersey, Mayo D.: Viscosity of Diesel Engine Fuel 0il
Under Pressure. T.N, No., 315, H.,4.C.4,, 1929.


http://www.abbottaerospace.com/technical-library

-

Initial-pressure
control wvalve

e
s o

\\\\\/\\ =~

AN

o g N
* mfﬁll

Injectlon
tube

>

.

BN I

1HA
| 1 1]
%ﬁ‘\i %f’/ 7 = o

S AN
e A NS A AR
e o] — SR

.,,,,‘\.‘_’-’//\////'/ﬁ ‘Q-I-‘\",:////// Nl %%W)}/\\\\\\\\\\\\m I.Es Su

Tig.l Tuel sprey injection aystem.

4OT*OR 030X TeOTUWOSL *¥*O°Y°H

1°7%1



http://www.abbottaerospace.com/technical-library

)

~—-Valve A closed for
calibration records

Y AN NN \.\.\ \'\\.\‘ 50
§ \\\\\\\.b.‘;\ \‘\Q LN \\\\ o

,_{- -.008" Diaphragm
gtesl

|

) N \
ﬂrElec'bro— ‘-‘
" I magnetic )

Film drum

Llght source-._

Fig.2 Automatic injection velve and spparatus
for recording valve stem movement.

4OV "OK 910K TeoTwee] *Y*O°'V'N

e-31d



http://www.abbottaerospace.com/technical-library

¥.A,C.A, Technical Nobte No. 4C7

Fig., 3
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at the discharge orifice.
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