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Summar y 

The variat ion of the coefficient of discharge with the 

length-diameter ratio of the orifice was determined for noz

zles having single orifices 0. 008 and 0.020 inch in diameter. 

Rat i os from 0.5 to 10 were investigated at injection pressures 

from 500 t o 5, 000 pounds per square inch. 

The tests showed that, within t he error of the observation, 

the coeffic ient s were the same whether the nozzles were assem

bled at the end of a constant d ameter tube or in an automatic 

injec tion valve having a plain s tem. For these assemblies the 

co ef f icient was constant b etween t he ratios of 1 and 4. For 

ratio s greater than 4 the coeffic i ent gradually decreased as a 

re su l t of friction 108ses. 

The coeffi cients of the noz zles when assembled in an in

jec t i on valve having a h elically-gKDved stem were lower than 

when assembl ed wi t h a plain s t em. There was but little vari

ation in the value of the coef f i c i ent with the ratio for the 

0.020-inch orifice. The coeff ic ient for the 0.008-inch ori

fi c e, however, va ried considerably with the ratio, showing 

some irregulari t ies between t h e r a t ios of 0.5 and 4. 
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Introduct i on 

Investigations on the coeffic ient of discharge of small, 

round orifices have been conducted by Joachim (Reference 1), 

by Gelalles (Refer ence 2), and by Bird (Reference 3) . Joachim 

and Gelalles used nozzles having single orifices of diameters 

varying from 0.008 to 0.040 inch. Several geometrical shapes 

of entering passage and several orifice length-dimneter ratios 

were tested. Injection pressures up to 8000 pounds per square 

inch were used. The coefficient of discharge was found to be 

the sarile for the length-di.ameter ratios between 1 and 3. The 

results obtained when the geometrical Shape of the entering 

edge of the orifice was made to approach that of a Venturi 

nozzle were similar to the results obtained with nozzles of 

larger scale but of the same shape. Irregular results were 

obtained, however, with orifices having a sharp leading edge. 

Bird investigated the effect of length-diameter ratio on 

the coefficient of discharge of a 0.013-inch diameter orifice. 

He varied the ratio from 0.4 to 10, and the injection pressure 

from 1,000 to 5,000 pounds per square inch. A curve with cer·

tain sharp irregularities was obtained when the coefficient 

was plotted against the length-diameter ratio. The lower range 

of the Reynolds Number of the flow, combined with a nozzle de

sign giving a high contraction coefficient, were, apparently, 

responsible for these irregularities in the coefficient of 

discharg e curve. 
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The purpose of the present investigation was to determine 

the variation of the coefficient of discharge of small, round 

orifices with length-diameter ratios of a more extended range 

than was tested previously at. this laboratory by Gelalles 

(Reference 2)e Two nozzles having single orifices 0.008 and 

0.020 inch in diameter were tested when assembled at the end 

of a constant-diameter tube and in an injection valve with ei

ther a plain or a helically-grooved stem. 

The investigation was conducted at the Langley Memorial 

Aeronautical Laboratory at Langley Field, Virginia. The wo rk 

was conducted simultaneously with an investigation on the ef

fect of length-diameter ratio of the orifice on fuel spray 

characteristics, the results of which are to be published as 

a separate report. 

Apparatus and Kethods 

The apparatus used in determining the coefficients of 

discharge was the srune as that emplo yed in the previous in

vestigations at this laboratory. A description of this ap

paratus, its operation, and the possible experimental errors 

are given in Reference 2. The method used in determining the 

coefficient of discharge of the orifices was to time the flow 

of a known volume of fuel oil through the orifice and then to 

determine the coefficient as the ratio of the actual to the 

ideal rate of flow. 
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The equation from which the co efficient 0 was conputed 

is 

o = Q (1) 

Q is volume of the fuel oil discharged. 

a is area of the orifice. 

t is time of discharge. 

g is graVitational acceleration. 

p 
1 

is injection pressure 

p is chamber pressure. 
2 

p is densi ty of the fuel oil. 

Owing to the d i fficulties of machining such comparatively 

large lengths for the small orifices tested, the diameter of 

the throat was not uniform throughout. As shown by Table I, 

which g ives the micrometer readings of the outside openings 

after each suc cessive grinding off the end of the nozzle to 

the proper ratio, the variation with the O.008-inch orifice 

was 7.3 per cent, and with the O.020-inch about 2.9 per cent . 

The maximum variation between &!y two consecutive ratios test-

ed was 3.5 per cent with the O.008-inch and 2.1 per cent with 

the O.020-inch orifice . TIle diill1eter at t~e exit of the throat , 

as measured for each ratio, was used as the orifice diruneter for 

calculating the coefficient. 

Tests were made with the nozzles mounted at the end of a 

tube with a constant diameter (Figo 10), with the no zzle ass em-
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bled in an i nj ection valve having a plain stem (Fig. lA) and 

one having a helically-grooved stem (Fig. lB). Cross sections 

of the nozzle assemblies are shown in Figure 1. In the accom-· 

panying table the size of the orific es and the length-diameter 

ratios tested are given. The orific e sizes tested were 0.008 

and 0.020 inch in diameter at the length-diameter ratios of 

0.5, 1.0, 2.0, 3.0 , 4.0, 6.0, 8.0, and 10.0. The hydraul ic 

inj ec tion pressure was varied from 500 to 5,000 pounds per 

square inch. Air at atmospheric pressure vias used in the di s

charge chamber . The fuel was a high grade Diesel oil with a 

specific gravi ty of 0 ~ 86 and an absolute Viscosity of 0 . 048 

poises (45 seconds Saybolt Universal) at 80 degrees Fahrenheit. 

Results and Di scussion 

Figures 2 and 3 give the effect of the length-diamet er ra

tio on the coefficient of discharge for the orifices with the 

no zzles mounted at the end of a tube of constant inside diam

eter (Assembly C, Fig . 1). Within the experimental error, 

identical results were obtained when the nozzles were assembled 

in the injection valve with the plain stem (Assembly A, Fig . 1). 

The data wi th the nozzle at the end of a constant diameter tube 

given in this note, therefore, may also be taken to represent 

data with an injection valve having a plain stem and the same 

nozzle. There was a slight decreas e in the value of the coef

ficient for the 0.020-inch orifice as the length-diameter ratio 
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was decreased from 2 to 0.5 . Between the ratios of 1 and 4 , 

the variation of the coefficient from its maximuril value was 

small with both orifices . The coefficient gradually de

creased as the length-di ameter r atio of the orific.es WaS 

fur ther increased . 

In previous i nvestigations at this laboratory with noz

zles having t he same geometrical shape but with an orifice 

di&aeter of 0 . 014 inch, the coefficient was found to have the 

constant value of 0 . 94 for rat ios from 1 to 3 and injection 

pressur es from 1,000 to 4,000 pounds per square inch (Refer

enc e 2). TI1is coefficient is slightly h i gher than that ob

tained with the orifices of these tes ts at the same conditions, 

but the deviation is close to t h e exp erimental error of 2 per 

cent. 

The decrease in t he value of t he coefficient for 1ength

diameter ratios grea ter than 4 is due to the increased fric

tion losses, which become of apprec iable magnitude as t he ori

fice length is increas ed fur ther. In FiGures 4 and 5 the 

curves of Figures 2 and 3 are shown corrected for friction 

los ses beyond the 1ength-dia .... neter ratio of 3 . I n Figures 6 

and 7 are given the coefficients for the 0.008-inch orifice, 

uncorrected and corrected for losses, respectively, when plot

ted against the injection pressures. To determine the frict ' on 

losses the usual equation for pressure losses in pipes is used, 

i. e. , 
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p = f L V2 

2 d g , 
p 

(2) 

where 

P is pressur e head loss. 

L is pipe l ength . 

V is flow velocity. 

p is density of the liquid . 

d is d iameter of pipe . 

f is coefficient of friction. 

The friction coefficient f i s a funct i on of Reynolds Nwnber 

(V .d), 1n which v i s the kinematic viscosity of the liquid. 
v 

The value of f has be en determined experimentally for a large 

range of Reynolds Number. Hopf (Reference 4) has found that 

for Reynolds Numbers greater than 2,300 , i.e., turbulent flow 

range, f is e~pressed by the quat ion 

f 
( 1-0•35 

o 00714 + 0 ... 6104- V d • 
v 

A co r rection for friction head loss was applied to equation (1) 

as fol l ows: 

From equation (1) 

c = Q 
: 4 = K 
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in which 

fj P 
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= P 
2 

and K = Q 

a tj 
• 

2 g 
P 

From equation (2) ' the pressure head loss P is obtained 

and the corrected coefficient of discharge is 

a' K 
= 

JEp- p 

'Or J3 at a P (3 ) = 
JfjP - P 

Exruaination of Figures 4, 5, and 7, giving the corrected 

coefficients, shows that, except for the length-diameter r a tio 

of 10 with the 0.008-inch diru!lot er orifice, the coefficient of 

discharge is the same for all ratios greater than 1, within 

the error of the observation (about 2 per cent). No correction 

was appli ed for the lengths of ratios less than 3, for these 

lengths come within the jet contraction region at which the 

magnitude of the los se s is unknown. 

No definite explanation can be given for the lower cor-

reoted coefficient for the length-diameter ratio of 10 with 

the 0. 008-inch orifice . . Either one of t wo causes is possible. 

As seen from Table I, the outs ide opening of the orifice at the 

ratio of 10 was disproportionately l arger than at the r at io of 

8. It is possible, then, that the issuing jet did not completely 

fill the outside opening of the orifice with the tests at length-

diameter ratios of lO a A small difference b etween the orifice 
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diameter used in the calculat i ons and the actual jet diameter 

at the outside opening would affect the value of the coeffi

cient considerably because the coefficient varies inversely as 

the square of the jet diameter. The other possible cause is 

that there was another jet contrac t ion at that ratio.. The spi

ral motion given to the jet as i t passes from the large diameter 

of the t ube to the small diameter of the orifice is known to 

persist even after th e jet issues from the orifice. It is prob

able that the jet again contrac ted at the length corresponding 

to the ratio of 10 after i ts fi rs t contraction and re-expansion 

near the inner edge of the orifi ce. Birdls curve of coeffi

c ient' against length-diameter ratio also shows a second depres

s ion at the ratio of 7.5 (Reference 3). 

III Figure 8 the relation of the coefficient and the hy

draulic injection pressure to the Reynolds Number of flow is 

given. The kinematic viscosity of the fuel oil was obtained 

from data given in a previous publication of the Committee on 

the same oil (Reference 5 ) . These curves indicate that the 

flow becomes definitely turbulent (Reference 2, Appendix) at 

pressures above 1,000 pounds per square inch even with the 

smaller orifice tested. The smaller coefficients obtained at 

pressures below 1,000 pounds per square inch with the 0.008-

inch or ifice (Figures 6 and 7) indicate a flow in the semi

turbulent region. The coeffici ents for the 0.020-inch orifice 

at 500 pounds per square inch inject ion pressure were the same 
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as at 1,000 pounds per square inch pressure (Figs . 3 and 5). 

This fact, together with the curves given in Figure 8, indi

cates that the flow with this orifice is well within the tur

bulent region. 

Centrifugal sprays.- In Figure 9 are shown the results 

obtained with the nozzles assembled in the inject ion valve with 

the helically-grooved stem (Assemply B, Fig. 1 ) . The variation 

i n the value of the coefficient was s-nall fo r the 0.020-inch 

orifice with changes in either the length-diameter ratio of the 

orifice or the injection pressure. Sharp irregularities were 

observed, however, for the O.008-inch orifice . The irregular-

ities were decidedly greater with the higher injection pres

sures. In general , the coeffic ient decreased with th e increase 

of the ratio from 0. 5; a minimum Was reached at the rat i o of 

about 2, to be followed by a maxinn.lI:l a t the ratio of 3 and then 

to decrease again as the ratio was i ncreased further. 

These irreg-ulari t ies are peculia r only to t l1. is small ori-

fice. Previous test results wi t h a 0.014- and a 0.040-inch 

orifice indicated no such irregularities (Reference 2) ; curve 

forms were obtained that were similar to that of the O. 020-inch 

orifice given in Figure 9 . The set of curves obtained with the 

0.008-inch orifice are not unlike the curve obtained by Bird 

with a 0.013-inch orifice (Reference 3), which indicates an 

initia l turbulence of f l ow and consequent fluctuating coeffi

cient of contraction for both tests 
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These apparent l y anomalous Yariations in the value of the 

co efficient wi th the length-diameter ratio for the smaller ori 

fi c e can probably b e expla ined by an examination of the t ype of 

flow existing within the grooves and the throat of the ori f ices 

In Figure 10 the co efficients of discharge are plotted against 

the Reynolds Number of the flow through the orifices for the 

orifices of these t es ts and of the previous tests (Reference 2). 

In Figure 11 the i njecti n pr es sur es are plotted against the 

Reynolds Number of flow through each groove. Following the ex

planation given in Ref erenc e 2, by Hodgson (Reference 6) and 

others, the shape of t he cur v es of Figure 10 would indicate the 

flow through the OoOOS-inch orific e to be both in the semi-tur

bulent and def i ni tely turbulent region, depending on the length

diameter ratio and on the inj ec t i on pressure employed. For ori

fi c es larger than OG008 i nch, the flow is definitely turbulent, 

with the exception of pr essures beloN 1,000 pounds per square 

inch at which the f low is probably ~ithin the semi-turbulent 

region. 

Examining t he curves of Figure 11, the value of the 

Reynolds Number of the flow through the grooves for the 00008-

and O.Ol4-inch orifi ces is below 2,000. It is known that the 

flow is streamline f or Reynolds Numbers below 2,000 when round, 

straight, smoo t h p i p es a r e used as the path of the liquid. It 

is not unlikely, however, that the Reynolds Nurab er at which the 

critical region begins may be much lower for the rectangular 
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grooves of these tests than for round, straight pipes . The sp i

ral motion given to the liquid and t h e sharp en trance to and 

exit from the grooves are known to be not conducive to stream

line flow. For sp i rally-wound tubes the critical region is 

found to commence at a Reynolds Number as low as 130 (Reference 

4). In any event, in approaching the inner edge of the orifice, 

the f l ow becomes, if not already t urbulent, semi-turbulent and 

then turbulent as the liquid enters the orifice. Wi th the 0.008-

inch orifice, the f low through the grooves and the subsequent 

converging to a jet, as seen from the shape of the curves, is in 

the semi-turbulent r egion at which the coeffic i ent is se~sibly 

affected by any small change in the nozzle shap e, such as va

r ying the length of the orifi c e in respect to th e diameter. 

With the larger orifices, the flow becomes definite l y turbulent 

in both the grooves and in thB or ifice; the . losses are a fixed 

propo r tion of the pres sure head; and the coefficient is insensi

tive to any changes in the nozzle shape. 

Conc lusions 

Resu l ts obtained with a 0. 008- and a 0 . 020- i nch diameter 

or ifice, when the nozzle was assembled at t he end of a constant 

diameter tube, showed the coeff icient to have an average maxi

mum value of about 0 . 91 for the length-di ameter ratios from 1 

to 4. For ratios greater than 4 the co effic ient gradually de

creased as a re sult of t he friction l osses which became appre

ciable with the greater lengths. 
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Tests with the nozzles assembled in an automatic injection 

valve, with sufficient stem lift to prevent throttling, gave 

the same coeffici.ents as those with the nozzles at the end of a 

straight tube, within the error of t he observation. 

Lower coefficients were obtained with the nozzles a s sem-

bled in an injection valve containing ~ stem with h elical grooves . 

Approximately a constant coefficient was obtain ed with the 0.020-

inch orifice fo r the range of ratios and inj ection pressures of 

thes e tests . I rregul arities were observed, however, in th e value 

of the coefficient for the O.OOS-inch orifice. Examination of 

curves of coefficient of discaarge against the Reynolds Number of 

flow through the grooves and the orifice disclos~d the possibil

ity that these irregularities were a reflection of the tTp e of 

f low existing within the nozzle with the smaller orifice . 

Langley Memorial Aeronau tical Laborato ry, 
National Advisory Committee for Aeronautics, 

Langley Field, Va., March 16, 1931. 
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TABLE I 

Orifioe Diaraeters 
l ength- diameter 0.008 orifioe 0.020 orifioe 

r atio inohes inohes 
10 0.00857 0.02036 

8 0.00827 0 . 02030 

6 0.00811 0.01988 

4 0.00804 0.01998 

3 0.00809 0.02000 

2 0.00805 0.01978 

1 0. 00799 0.02010 

i- 0. 00815 0.02025 
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rig.10 Reynolds lumber of orifice flow with a helioally-grooved stem in an injection 
valv •• Atmospherio back pressure. 
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through the groove.
Helioal stem and 
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J'ig.ll Reynolds lumber of groove flow with a helioally-grooved stem in an injeotion 
valve. Length-diameter ratio - 3. Atmospherio back pressure. 


