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RFFECT OF THE RESERVOIR VOLUME ON THE DISCHARGE PRESSURES
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L
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IN THE INJECTION SYSTEI O

.-

N.A.C.A, SPRAY PHOTOGRAPEY EQUIPMENT -

By A, M., Rothrock and D, W..liee
 SULHARY

Tests were made - to determine .the . effect of the reser-
voir volume on.the discharge pressures in the injection
system of the N.A.C.A. spray phoetography equipment. The
data obtained ‘are:applicable to the. design of a comuon-
rail fuel-injection system. The data shew that an injec-
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 caarac-
teristics remain constant over a large range of engine
speeds., Formulas are presented for computing the volume
of. the reservoir and the diameter of the discharge orifice.

INTRODUCTION

Investigations are being conducted by the Hational
Advisory Committee for Aeronautics at Langley TField, Va.,
to develop. a fuel-injection system for-high-spced compres-
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 discussed in ref-—
erence 1,

The tests are being conducted on the fuvel-injection
system of the N.A.C.A. spray photography equipment. (Ref-
erence 2.) This system is being used instead of one de-
signed for engine operation because it is particularly
adaptable to test work. The injection is caused Dy re-
leasing fuel under pressure from.a reservoir through an
injection tube to:a discharge orifice, mounted either in

(75 o

g plain holder or in an automatic injection valve. (HEge

1.,) The duration of injection is regulated by the time
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interval between the opening. of the timing valve and the
opening of the by-pass valve, Thé operation of the system
has been described in detail din reference 1.

The factors which have been investigated are: the ef-
fect of the injection—-tube length on the rate of pressure
rise at the timing valve after the opening of the valve

(reference 3); the effect of the injection- tube length

and diameter, and of the pressures in the injection sys-
tem on the time lag between the opening. of thae
valve and the appearante of the spray from: the
injection valve (reference 4); and the eifect
jection—tube dimensions, the discharge-orifice

and the ores-

velocity of the opening of the timing valve,
sures in the injection system on the instantaneous pres-
sures at the discharge orlflce_(roucrcncc 1) e . Bome data
wers presented in reference 1 on the effoct of the volume
of the High-pressurc roservoir on the instantaneous pres-
sures at the dluCﬂdT”O orifice., The prosent report c
tains the rosults of tests conductod to complete this in-
vestigation, P '

UETHE0D AND APPARATUS

The method .of determining the movement .of the injec-

‘tion valve stem (fig. 1) and from this movement computing

the instantaneous pressures at the discharge orifice has
been fully described in reference 1,

The conditions that were maintained coanstant during
e present tests were:

Orifice diameter, : Q080 in.
Injection~-tube length, ' 4.4 "
Injection~tube internal diameter, D12 i
Injeéction-tube external diameter, O.bo n

Total length of tubing between
high~-pressure reservoir and

~discharge orifice, 58
Injection pressure, 3500 1b /ua ine
Time interval of.injection as [ T X e
. régulated by the by~pass lee,”z 00 JO0AT . ded ;.

The nlpq—nrb"~vré_rés rv01r wag d cylinder with an
utsidc diameter of 4 inches and an inside dismetor of 2 i
choes, The volume of the reservoir was changed Dby plac-
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ing 2-inch diameter cylinders inside the reservoir. The
tube connecting the high-pressure reservoir to the timing
valve was connected to the top of the reservoir instead
of the bottom, as shown in Figure 1,

Tests werc made with the by~pass valve operating,
with the by-pass valve disconnected, and with the timing
valve 21eld open to determine the maximum discharge that
could be obtained with each reservoir volunme,

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 junction 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.,

RESULTS AND DISCUSSION

BEffect of reservoir volume.~ Figure 3 shows the effect
of the reservoir volume on the instantaneous pressures at
the discharge orifice. It should be noticed in analyzing
the curves that the injection valve—~closing pressure
(v.C.P,) was lower with the 3.2-cubic-inch reservoir than
with the other volumes. The injection valve-closing pres-
sure is 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 seated. 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 injection valve opens to the stem area present-
ed to the hydraulic pressure after the injection valve
opens, For the valve tested, this was ogquivalent to ap-
proximately 0,7 times the opening pressure, The closing
nrossure was detormined from the calibration records (ref-
crence 1) by extending the stom lift-pressure curve to zero
stem 1ift, It could be determined more. accurateoly than the
opening pressure, Whether or not the pressure on the in-
jection-valve stem was equal 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,

The curves in Figure 3 show that the initial rate of
pressure rise was practically independent of the reservoir



4

T.A,C.A, Technical Note No., 407

voluine, The maximum pressures increased slightly as the
volume was 1ncrea%e( = 1he Wenérul shape of the curves
for‘the Tirst 0} OOS second is the‘%ame,_regardleﬂs of the
reservolr volume. “Ag was shown in referénce 2, for vol-
umes greater than 11 cuble 1ncnes, the injection pressures
were independent of the reservoir volume, The total re-
corded tlrvecfvon “erlod with the 4,7-cubic-inch reservoir,
as w’ll be shown later;, was 0,0045 second; ' but: the stem
1ift ter ‘the flxst 0,003 second ‘'was not' sufficient to
give bmf1c1eat inidction. " Conseguently; ‘the instantane-
ous '“QNOHres were determined for only the fipadh 00,0053

secoud, Restriction to flow between the injection-valve
otem' hd the’ va1VG seat did not: occur until: cut-off in
any. of the tents,‘"s the area between ‘the stem and seat

Lorfp uuem 1354 o;»0.0Cl inch’ was egqual ‘to the discharge
orifice arses. T " e e ’ '

The 1,8~-cubic—~inch volume was sufficient for an in-
jection period of 0,003 second. Since 0,003 second is ap-
pTOT’A=u01y the allowable injection period for high-speced
engine operation, it can De concludcd that the 1l,5-cubic-
inch volume is sufficient for th eservoir under these

“test ¢ ndltlons. Tne'qotal uel quantlty discharged, com-

pttpﬂ‘;von ‘the instantancous pressures asccording to the
netnot given in referemnce -2, was O, 00023 pound. Assuming
14.5 JOIAdS of "air required to burn-l pound of fuel and
comnlete combus t*on; the discharge was sufficient for an
engin 10 cyllnﬁer with ‘a bore and stroke of 4,6 inches It
is see u,.tAereIoro, that tqe reservoir volume ne eed not be
eXCngIVe in comparison to the other dimensions of the en-
gine, ﬂrbv1ﬂe6 that the preéessure in ‘the reservoir is built
up to the required 1nwect10n pressure before the start of

éach in ectlon.

e pressure difference between the inje ctlo pres-
ure and injection valve~closing pressure for the test
ith the 1l,5-cubic~inch common-rail volume was 1,475
onnds per sguarce inch, The decrecase in fuel volume for

m e D

:.9 .t . \A f - » 7 1 i i
als pressure differenc e was 554000 X j.6 eubic inches or

0.0083 cubic inch, in which 284,000 pounds per square inch
ig the bulk modulus of the fuel, (Reference 5,) This
volume is egual to 0,000286 pound, since the den'sity of the
fuel was 00,0307 pound per cubic inch,. This value com-
pares favorably with the discharge of 0.00023 pound com-
puted from the instantaneous pressures
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To compute the 'reservoir wolume for any conditions, let

Voo reservéir'voiume x

W = .weight of Tuel for he%iﬁﬁﬁ ibéd7-

P2 pressure dn reser&oir at etart'cf injection
P, = closing pressure. of injection walve

B = bulk modulus of fuel

‘VW = ‘.gpecific weight of fuel

Then
T =v 32—%—39 % (1)

Solwins fors V

= W E : ¢
A MR | it

Care must be taken in using the equation to substitute the
same units of mass and length for all the .factors.,.

The total tube length of 58 inches between the common
rail and the discharge orifice, according to reference 2,
was sufficient for ‘an injection period of 0.,0029 second,
Figure 3 shows that, had the cut-off been controlled by
the by-pass valve and had it occurred at 0,0024 second
after the start of injection, the cut—off of the fuel
sprays with the 1.6, 3,2, and 4,7 cubic inch reservoirs
would have been sharper and there would have been less
tendency for after dribble. -

Vith the 3.2-cubic—inch common.rail, the fuel volume

for discharge was 8500 - 1785 x 3,2 cubic inches or, ex-
284000

pressed as a weight, 0,00052 pound., The discharge, com-
puted from the instantaneous pressures, was 0.00024 pound.
The difference in the:two quantltles was caused by'the
pressure-wave phenomena discussed in- reference B Mho
time required to discharge 0,00052 pound of fuel through
a 0,020-inch orifice with a pressure head of 3,500 pounds
per square inch is 0,0071 second, assuming a coefficient
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of discharge of 0.94. (RO¢GTOJCO 1.): ¢
{ A

onsequently, it

can be concluded that th 20-=inc¢h orifice was too small
for the 58-~inch 1n30ct10n~tubc longth and the 3.2-gubic-
inch common rail:: To déterdine-the orifice di ametor to be
used with the 3.2-cubic-~inch volume, the orifice area nec-
ess ary .to -discharge 0,00052 pound of “fuel ian 0,0024 scc-
ond with a pressure head of 3,500 pounds jer square inch
is computed,  Using the flow fo‘Aula '

w=%d20tf'ngw (3)

irnwhich o d. | dgithe pri€ites diameber,s <6 *ithevecoefficient
of dischargo of the orifice; and- t the time of discharge,
Soliving fer d : :

= 4 W (2

v e e e P Y

Substituting the numerical values

B L 4 X 0,00052

J ,.14x094x30024/ X 3500 X 585 % 0.03
= 0,088 dinch,

Iﬁ t e design of an injection system of
scrived in this report, eguation (2) is used
the volume 'of the reservoir, and ‘equation (4

ag the diameter of  the discharge orifice. i1
ifice nozzle is used, the sum of 'the arsas of the.ori-
s -should be equivalent to that of a single orifice
the diameter given in equation (4), making suitable
corrcctions for any variation in tho coefficicnt of

charge, ' The data. prosented in reférence 1’ show that tho
length of the. ﬁnjcction tube in ihches should be twice the

e h
injection perlod in 0.,0010 second and that. the area of all
passages between the common rail and the discharge or
shovld be at. 1east four tlme théfarea”o;.tge discharce
orifice.- ; :

Effect of form of h1gn—pres$ure reserv01r.~ To dete
mine, wnether oF ‘n6t the" n1gh~preqsnre reaerv01r comld, con-
sist of "a long tube, a test wag made in whicl a 94-inch
tube with a volume of 1,1 cubic inches was used for the
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high~pressure resérvoir, The recorded movement of the in-
jeetidn~valve stem is shown in Figure 4, The total in- .
jection period is-longer than was obtained with the l.6-.
cuvic—inch reservoir, The curve shows, however, that the
instentaneous pressures were considerably lower than when
tho 1.6~cubic-inch volume of short length was used, Fur-
ther tests would be necessary to determine the maximum
pornissible ratio betwem the length and the cross-scc—
‘tional area of the high~pressure reservoir, The results
do szow that a safe rule to follow is that the linear di-
mensions of the high-pressure ressrvoir should all be of
the sgame magnitude,

_ " Bffect of by-pass valve on the injection period.—- The
injection-valve stem records for the 4,7-cubic-inch reser-
voir with and without the by-pass valve operating are shown
in Figure 5, 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-
umes, However, after the first 0,0033 second with the
4,7-cubiec-inch reservoir, the stem 1lift was insufficient
to give efficient injection., When the by-pass valve was
disconnccted, the injection was controlled by the time in-
“terval during which the timing valve was opened and was
consequently longer than with the by-pass valve oporating.
Tith the 146 and 3,2 cubic inch reservoirs, as has been
shown in Figure 3, the total injection period was inde-
pondont "of tho by-pass valve setting, provided it was set
for an injection poriod of greater than 0,0030 and 00,0034
second, respectively. Consequently, it can be concluded
that with small reservoir volumes and individual pumps

and reservoirs for each engine cylinder, the maximum fuel
quantity which could be delivered to an engine employing
he tyne of injection system described herein, could be
limited to full load fuel quantity,

ot

o

nffect of slow opéning of the timing valve.~ Reference
hows there was little variation in the instantaneous
njection pressures for camshaft speeds of 470 to i, 00
m, In the present investigation, a test was made in
h the timing valve was opened by giving the camshaft
yartial turn by hand sq that- . the timing valve remainecd
) ‘The injection-valve stem 1ift record (fig. &) shows
although the instantancous pressures were lower than
tho cam was rotated by cngaging the clutch, tho stem
ftoed clear of tho soat until the pressure in the in-
1 systom dropped to the injection valvo~closing

n
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prossurc: ' The rocord shows thet at engine cranking spcod

satisfactory injcetion charactoristics were maintained,

and.that an injection system of the type herein described

should be.satisfactory for operation’'over a wide speed
rangees i

Effect of tube connecting timing valve to hand pump.-

A comparison of the results presented in Figure 3 with
those in reference 1 shows that tde initial rate of pres-
sure rise was slower in the p*ese -t investigation, 1In the
tests from which ithe 'data for Figure 3 were obtained, a
hand-operated needle valve was placed between the tlmlng
valve and the tube connecting the timing valve to the hand
pumps When this valve was removed, the injection-valve
stem record showed the same rate of pressure rhies (fiza' W)
as presented in reference 1, It can be concluded that the
higher rates of pressure rise presented in reference 1
were caused by the additional impulse given to the initial
pressure wave by 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 but 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
reservoir, -the in Jectlon—valve ‘stem records and the in- |
stdgtaneous pressures were thosé given 'in Figure 3. (The

ttom curve in Figure 7 is thé same as the curve for the
stem 1lift with the 1Ll- cublc—lnch reserv01r volume shown
in Figure 3.) s

CONCLUSIOQNS

It can be concluded from the data presented that:

1, In an injection system of the type descrived, the
reservoir -can be made sufficiently small to prevent more
than full load fuel guantity from being injected into the
engine, and still give satisfactory injection characteris-
tics over a large range of engine speeds, s g

2., The volume of the reservoir and the diameter of
the dlscnarge orifice can be computed from a knowledge of
the fuel cua*tlty to be dlscharged and tne time of dis-
charge, v G
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3 The reservoir should be designed with linear di-
mensions of equal magnitude

Langley lemorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Lhangley Hield; Vas, Jaabary 18, 1932.
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