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TECHNICAL NOTE NO . 338 . 

SOME EFFEOTS OF AIR AND FUEL OIL TEMPERATURES ON 

SPRAY PENETRATION AND DISPERSION. 

By A. G. Gelalles. 

Summary 

This note presents experimental results obtained from a 

brief investigation of the appearance, penetration , and disper­

sion of oil sp r ays injected into a chamber of highly heated air 

at atmospheric pressure . 

The development of single spr ays injected into a chamber 

containing air at room temperature and at high temperature WaS 

recorded by means of the N. A. C. A. spray photography equipment . 

A comparison of the spray records showed that with the air 

at the higher tempe r ature the spr ay assumed the appearance of 

a thin, transparent cloud, the greatest part of which rapidly 

disappeared from view. With the ch~flber air at room ten~erature 

a compact spray with an opaque core was obtained . Measurements 

of the records showed a decrease in penetration and increase in 

dispersion of the spray injected into the heated air. No i gni­

tion of the fuel injected WaS observed or recorded until the 

spray particles came in contact with the much hotte r walls of 

the ch~flber about 0. 3 second after the start of injection. 
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Introduction 

Most of the research work carried out thus far on the var­

ious factors affecting the charact~ristics of fuel sprays for 

compression- ignition engines has been conducted at room temper­

atures . The design of an engine with favorable ignition lag 

and efficient burning of the fuel injected, however, requires 

among other things a knowledge of the effect on the spray of 

the factors involved under the temperature and pressure condi­

tions in actual engine operation. The investigations that have 

been made on sprays injected into air and other gases at vary­

ing pressures and temperatures indicate that the temperatures 

of the fuel and air considerably influence spray penetration 

and dispersion. An outst anding investigation on oil sprays in­

jected into heated air Was presented in a paper by Bird (Refer­

ence 1) . He found that increasing the temperature of the fuel 

decreased penetration and increased dis~ersion of the spray. 

Increasing the viscosity of the air alone by increasing its 

temperature had no appreciable effect on penetratiorr. As the 

spray advanced through the heated air in the chamber, however, 

a large part of the fuel Was Vaporized. 

The purpose of this note is to present spray records and 

data obtained from a brief investigation of the appearance, pen­

etration, and dispersion of oil sprays when injected into air 

at high temperature and atmospheric pressure. 
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Methods and Apparatus 

The method employed in this investigation WaS to record by 

means of the N. A. C. A. spray photography equipment (Reference 2) 

the development of single sprays injected from an automatic in­

jection valve into heated air. With this apparatus, motion pic­

tures at the rate of 2000 per second were taken of a single fuel 

spray . 

A diagr al11mat ic arrangement of the heating chamber and of 

the fuel inje ction system is shown in ligure 1. A special spray 

chamber was installed in which the air could be heated to a high 

temperature by means of electric heating coils . This chamber 

was a sheet steel cylinder, with closed ends, 5t inches in diam­

eter and 18 inches in length. It had two mica windows 1/64 inch 

thick along its entire length through which the spray was photo­

graphed. The chrunber was insulated with asbestos covering . 

Nichrome wire heating coils were mounted on hard asbestos mill­

board crosspieces, as shown in the figure. Asbestos coverings 

were also placed over the windows, while the chwnber air was 

being heated to the desired temperature. A calibrated pyrometer­

thermocouple unit was used to indicate the temperature of the 

air in the chamber at about 4 inches from the tip of the nozzle 

and in the spray path. The thermocouple was not shielded against 

radiation from the walls, and consequently the indic ated temper­

atures were possibly several hundred de grees higher than the 

actual temperature of the air in the chamber . The temperatures 
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given throughout this note Xor the air in the chwnbe r are those 

indicated by the pyrometer with the thermocouple thus connected. 

For these tests, provisions were made to water-cool the injec-

tion valve while heat ing the air in the chamber. The fuel in-

jection system and its operation are fully described in a previ­

ous report of the Comnittee (Reference 2). 

A high-grade Diesel fuel oil having a specific gravity of 
o 0.86 at 80 F. was used. The d ischarge orifice in the injection 

valve had a diameter of 0.004 inch. Injection pressures of 

4000 , 6000, and 8000 pounds per square inch were employed. 

Since the spray chaxaber was rrot air-tight, all tests were made 

at atmospheric pressure. Air temperatures of 800 0 and 11000F. 

as indicated by the thermocouple, were used for the tests with 

the heated ai r. The temperature of the fuel o il for the tests 

with the heated ai r Was 1100F. at the junction of the injection 

tube and injection valve, and for the tests with the unheated 

air Was at room temperature, which varied from 700 to 800F. 

The test procedure was as follows: The asbestos window 

coverings were clamped in pos i tion at the start of each test . 

The electric current was turned on to the heating coils . Fif­

teen to twenty mi nutes later the pyrometer indicated the approx­

imate desired temperature. Fifteen minutes were allowed fo r the 

pyrometer reading to become steady, after which the fuel pres­

sure in the injection system was brought up to the test condi­

tions and the thermocouple was withdr awn from the spray path. 
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The asbestos wi ndow coverings were then rapidly lifted out of 
. 

the path of the light to be projected on to the spr ay and , at the 

same t ime , the oi l spray Was injected into the heated air of the 

chamber. The time required from the instant the asbestos cover-

i ng s wer e lifted from the mic a windows until the spray was in-

jected and photographed Was less than 1 second. 

Results and Discussion 

The results obtained in this investigat ion are shown in 

Figures 2 to 6. A photographi c record of the spray when inject-

ed from a 0. 004- inch diamete r orifi ce into a ir at atmospheric 

temperature and pre ssur e is shown in Figure 2a. A re cord of 

the sp ray injected f r om the same orifice into ai r at an indic ated 

temperature of 1100oF . and atmospheri c pressure is shown in Fig­

ure 2b. The injection pre ssure in both cases was 4000 pounds 

per square inch . The oil at the entrance to the i nj ect.ion valve 

was at r oom tempe rature for record 2a, and at about 110oF. for 

2b. 

Comparing the two photographic records, the thinning out 

of the spr ay injected into the highly heat ed ai r is noticeable. 

The opaque core, wh i ch characterize s the spray injected into the 

ai r at atmospheric temperature and p r essur e, appears to have 

change d into a translucent cloud when injected into the heated 

. a ir. Following the cut-off of injection, wh i ch comes bet ween 

0 .002 and 0.003 second after the start, there are left only 
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traces of the fue l when injected into the air at high tempera­

ture, and these rapidly disappear from view. Whether this thin­

ning out and rapid disappearance of the spray is due to the 

vaporization, or whether the size of the spray particles was so 

small and the dispersion so great that the particles would not 

reflect sufficient light to be photographed, cannot be definitely 

concluded. 

A photographic re cord of the spray injected into air at 

room temperature and atmospheric pressure, but with an injection 

pressure of 8000 pounds per square inch is shown in Figure 3a. 

A record of the spr ay injected into air at an indicated tempera­

ture of 1100oF., and with the same injection pressure, is shown 

in Figure 3b. The temperatures in the fuel injection system 

were approximately the same as for the sprays of Figure 2 . The 

same fading out of the spray injected into the heated air is no­

ticeable. After cut- off of injection, there is only a slender 

core left extending about 3 inches from the tip of the nozzle . 
,-

Part of the spray can be observed in the act of breaking away 

from the main body, and the greatest part of the fuel injected 

into the heated ai r is rapidly lost to view. However, comparing 

Figure 2b with 3b, it will be observed that after cut-off the 

visible volumD of the spray injected at 4000 pounds per square 

inch injection pressure remained suspended along the entire 

length of its penetration. On the other hand, the bulk of the 

visible spray injected at 8000 pounds per square inch penetrated 



,. 
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to a distance of about 4 inches before losing its velocity, and 

then remained suspended as a gradually disappearing cloud. 

This rapid diminishing in volume of the spray when injected 

into the heated air is well illustrated by the photographs in 

Figure 4 . These spray records were taken with the heating cham­

ber at right angles to the position at which the records of Fig-

ures 2 and 3 were taken. The injection pressure Was 6000 pounds 

per square inch and the chamber pressure atmospheric. The air 

in the chamber for the record of Figure 4a Was at room tempera­

ture, and for Figure 4b was 800oF. Although the individual 

spray pictures cannot be clearly distinguished because of over-
. 

lapping and the further disadvantage of unfavorable light re-

flecting conditions for the Figure 4b, the records serve to show 

the rapid disappearance from view of the spray injected into the 

heated air as compared to that injected into air at room temper­

ature . In Figur e 4a, the injected fue l persists in the form of 

a mist until the end of the photographs . In Figure 4b it fades 

from view almost inrnediately after cut-off . 

Penetration-time curves obtained from the spray records of 

Figures 2 and 3 are plotted in Figures 5 and 6, respect ively. 

Both sets of curves show a marked decrease in penetration of the 

spr ay when inj ect ed into the he at ed a ir. The work by Beardsley 

(Reference 3) has shown that for room temperatures the penetra­

tion of the fuel spray is dependent upon the density of the me-

dium into which it is inje cted. If this was the only factor 
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affecting the spray penetration, the penetration into the heated 

air should have been the greater, because the density Was only 

one-third that of the air at room temperature. Evidently, other 

factors such as the viscosity of the medium and of the fuel, in­

itial veloc ity, and size of spray particles, which vary with 

temperature, have considerable effect on spray penetration. 

An examination of the records shows that the loss of pene­

tration by the sprays inj ected into the heated air Was accompa­

nied by a gain in the dispersion. This appears more pronounced 

with the spray inje cted at 8000 pounds per square inch inject ion 

pressure, indi cating that both higher temperature and higher in­

jection pressure favor spray dispersion. 

No attempt has been made in this brief investigation. to vary 

separately each one of the factors affecting the spray penet ra­

tion and atomization. However, the combined effect of the de­

crease of oil viscos ity, increase of chamber air vis cos i t y, and 

the decrease of a ir density, by the increase of oil and air tem­

perature, can be clearly seen by ex~nining and comparing the 

spray records presented. Th e decreased p enet r at ion and the in­

creased dispersion of the sp ray are probably due to the increase 

of the oil temperature as was found by Bird (Reference 1) . Thus, 

the decreased penetrative power of the spray caused by the in­

crease in fuel temperature more than offsets the decreased re­

sistance of the air caused by the lowering of its density . The 

fading out of the spray is probably due to the air temperature 
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which caused the injected fuel to diffuse with the sur r ounding 

air . 

The results of repeated observations during these tests 

showed that there Was no visible i gnitioIT_ of the spray until it 

reached the side walls of the chamber. The photographic records 

show no flame, although they extend for 0 . 008 second after the 

start of inje ct ion. The film used was suf ficiently sens itive to 

re cord the appearance of the flame had there been any . The fuel 

particles burst into a fl~fle only when they came close to or 

actually in contact with the side walls of the ch~flber, where 

the tempe r ature Was estimated from the color of the steel walls 

to be approx imat ely l400oF . A record obtained with a slow moving 

film drum showed the appearance of a flame about 0 ,3 second after 

the start of inj ection. 

Neumann (Refe rence 4) gives the relation of i gnition temper­

ature to density of air, which he derived f rom the experimental 

results of Tausz and Schulte, as 

where 

-m 
o ry 460 

ts is the lowest temperature in degr ees Fahrenheit 

at which i gni. tion occurs. 

C and in ar e constants whi ch, fo r fuels comp osed pri­

ma;dly of aliphat ic hydrocar bons, are given as 

819 and 0 016, r espect ively . 

ry is the density of the ai r i n pounds per cubi c foot. 
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For the density at the temperature of 11000F. and atmospheric 

pressure. ts equals 10100F. , which is about 1000F. below the 

temperature indicated in these tests. Neumann found that for 

an initial pressure of 8 atmospheres, an ignition temperature 

of 5100F. and an air temperature of 610 0F., the ignition time 

delay was 0.2 second. 

Even had the actual temperature of the air been that indi­

cated by the pyrometer-thermocouple unit, the i gnit ion delay of 

0 . 3 second WaS comparable to that obtained by Neumann for the 

same temperature difference. 

Con c 1 u s ion s 

The spray records and test results presented show that im­

mediately after injection, under the condi t ions of these tests, 

the spray that was injected into air at an indicated temperature 

of 11000F. assumed the appearance of a cloud which rapidly dis-

appeared from view. An examinat ion of the spray records and 

the curves plotted from these records shows that the changed 

properties of air and fuel under high temperatures decreased 

the penetration and increased the dispersion of the oil sprays . 

Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Langley Field, Va., April 14, 1930. 



N.A.C.A . Technical Note No. 338 11 

1. Bird, A. L. 

2. Beardsley, E. G~ 

3. Joachim, W. F. 
and 

Beardsley, E. G. 

4. Neumann, Kurt 

Re f ere n c e s 

Experiments on Oil Jets and Their Igni­
tion. proce edings of the Institution 
of Mechanical Engineers, 1926 . 

N.A.C .A. Spr ay Photography App aratus for 
Studying Fuel Spr ays fo~ Oil Engine 
I n jection Valve s and Test Results from 
Several Rese a r ches . N.A. C. A. Te chni cal 
Report No . 274, 1927. 

The Effects of Fuel and Cylinder Gas Den­
sit ies on t he ChaI.'acteristics of Fuel 
Sprays for Oil Engines. N.A. C.A. T~ch­
nical Report No . 281, 1927. 

Expe riments on Self-Ignition of Liquid 
Fuels. N.A . C. A. Technical Memorandum 
No . 391, 1926 . 



• 

IUca wlndow 

Initial pressure 
control valve 

Heatlng 0011s 

I~.ot1on tub. 

o 

F1g.l Fuel spray injeotion ayatem. 

High presaure 
reservoir 

Tim1ng valve 

Cam 

z 
~ 

C) 

~ 

'"i 
C» 
(J 
:T 
t1 
~ 

o 
~ 
~ 

z 
o 
rt 
G 

~ o 
~ 
~ 
(I) 

~ 
~ 

OQ 

.... 
~ 



.. 

I 

.008 
1 

.007 
( a) 

.00 7 .006 
(b) 

I 
.006 

I 
.004 

Time, se conde 

I" 

.003 

Chamber air and fuel oil at room temperature 

.005 .004 .003 .002 .001 
Time, seconds 

1 

.001 

Indicat~d chamber air temperature 1100of. Fuel oil tempe~ature 1100F. 

F1g.3 Effect of air and fuel oil temperatures on oil sprays. 

Orifice diame.ter .004 inch. 
Chamber pressure atmospherio. 

Injc.'Jction pressure 4000 
lb. per square inch. 

o 

Q) 

r.: 
Q) 

P. 

m 
(!) - ~ 

-5'0 
I: 

4 0rl 

.. 
-31: 

0 
2~ 
l~ 
~ 

-"C~ 
II) 
p. 

z · > · 0 

· » 

~ 
(b 

0 
p-
::i .... 
0 
III 
I-' 

Z 
0 
rt 
co 
Z 
0 · ~ 
~ 
0:> 

>-:<j .... 
aq 

N 
(]v 



.. 

.008 .007 .006 
(a.) 

.005 .004 
Time, aeconds 

.003 .002 .001 

Chamber a i r ~nd fuel oil at room temperature . 

(b) 

I I I 
.004 

Time, secon:is 
o 

Indioated c~a.mber air temperature 1100 F. 

I I 1 
.002 

Fuel oil temperature 110°F . 

Fig.3 Effe ct of air and fuel oil temperature on 011 sprays. 

Orifice diameter .004 inch. 
Chamber pressure atmospher~c . 

Injection pressure 8000 
lb. per square inch. 

0 

CD 

- 5.8 
0 4;; 

3 .. 
. ~ 

2 0 ..... 
l~ 
~ 

- 0 +=> 
CD 
s,:: 
Q) 

p., 

III 
CD 

s'§ 
s,:: 

4 ..... 

3 s,::"' 
0 

2 ..... 
+=> 

l~ 
+=> 

OCD s,:: 
CD 

Po 

Z 
• > · 0 · > 
• 
~ 
CD 
0 
~ 
!j ... 
0 
pl 
...... 

z 
0 
rt 
G 

~ 
0 .. 
t.:l 
~ 
(X) 

..q ... 
(JQ 

C>I 

~ 

J 



.. 

.000 

.000 

.001 .002 .003 .004 .005 .006 
(a) Time, sa.conds 

Chamber air and fuel oil at room temperature 

.001 .002 
(b) 

I 
.003 .004 .005 

Time, seoonds 

.1. 
.006 

.007 

I 
.007 

.008 

I 
.008 

Indicated ohamber air temperature 8000 F . Fuel oil. temperature 1100'. 

Fig.4 'Effeot of air and fuel oil temperature on oil sprays . 

Chamber pressure atmosphe r io. 
Injeotion pressur~ 6000 
lb. per s quare inoh. 

~I 
~ I o 
> 

>-3 
(l) 

o 
tT 
~ .... 
o 
~ ..... 
z o 
c+ 
() 

z o 
(..j 

eN 
(X) 

""'I .... 
OQ . 
~ I I 

, 

CJ'I 



, 

ro 
Q) 
r' ~. 

0 
~ 
'M 

"' 
~ 
0 
'M 
.p 

cO 
F-l 
.p 
Q) 

~ 
Q) 
p. 

P. 
'M 
.p 

~ 
cO 
F-l 
P. 

Cf) 

N.A.C.A. T e c~nica1 ~ote No . 338 Fi g .. 5 

6 

5 

4 

3 

2 

1 

o 
o 

( h ::l ',1b 

r bo. 

/ 
I 

I 
/ 
I / 

!I 
, 
I 

!I 
I /' 

/ / 
I / 
f II 
/ 
/ 

1/ 

I I :1' 1::1 i ::l fn;1 ~l 1p. 1 () i 11 ,t 

l1r~ 
I 

n t en !le I' Jat ~ / In ic; [::It ~ .~ ~ t=l . m~T'" 111 0 h'C' 

L V rl C"~-'tt'ilr U 
1/ / I I --,--

If : 1 ,tJ_ ~;l:t 11.1 r 

~/ ./ 
flY i -+- I I I 

/' !~ L· I n~-~ ! i I i I. l 
/ 

I 

-L i L i i 
,. /1

7 I I I I I I I 
i 1 

.. 1- I 
, 
I I I I ! i I 

- 't 

] 1 I I 
I ! 

/ J 
I 
I 

L I . I 

i i I I I 
/ i i i 

/ I I I I 
1 I 

I 

J 
I 

I I I I j I 

I ; I 

I I I 
I J I J J 

i 
I 

I i 
-1- , 

I I ! I ! I 

J 
! I I 1 

I 'm-I j ! 
I i ! I J 

I 1 I i J , 

J. ! I 
J 

I 

I ! i i ! i ! 
! I I I I 

1 

, 
i I ! 

0 . 0 " 1 0 . 802 0 . 003 ,.., . 
.I. J. me ) se c on:ls 

Fig .5 Eff e c t of a i r ani f ue l oil te Dp eratura on s prRY 
penC' ·;:.:::-at ion . Or ifi ce :liar::eter 0 . 004 i nc ::.e s. 
ln jc:. c: t.~on pre s sure s 4000 lb . p e:;.' s quare i nc ~1. 
O ~·:a;:1be:;.' press1.:.re a t r:lO sp::e ric . 

Ib 



CJ) 

(1) 

rCl 
() 

~ 
·rl 

s:: 
0 
·rl 
~ co 
~ 
~ 
Q) 

s:: 
OJ 
p., 

p., 
·rl 
+> 
:>. 
cd 
~ 
p., 
(f) 

• 

N.A.C.A. Te chilicel Note No .338 

I 

0 1 

5 1" 

4 

3 

f---

2 

1 

o 
o 

I 

r 

I 
'j 

~ 

l:=i .~ op. 

\ rI",.. + 

/ 

/ 
j 

/ 

I 
~i/ 

I 

/ 
/ 
/ 

1 I 

r :=i ir ;:>.n:i F11Fh ); 1 :=i 

\~Y' Ip1" 1+'1 ~ T ,'" .; :,.,n :p " + > y" ,~ C "Y' 
.J.-

/ -r h!Ol- fhc 

/ V f IH~l n 
II 1/1 i 

/ I I 
I / 

I 
/ I 

/ 
II 

I 

I 

I 

I i 

0 . 801 0.00&- · 0 . 003 
Time, seconjs 

-r 

<>Ii". 

1 b+ 

i 

1 

I 

! 

Fi g .6 

.+, :"Y' ~ ~-<. 

1 1 hry b.", , .. 
1 1 ho ~ 

I , 

I 
j 

I I I 
, I , 
I 

i 
I 

I I 
I 

I I 
; 

i 
I 

I i 

I ! ! I 
T T i ! 

I 

Fig.6 Effect of ai r e,nj f eul oil t er.1perature on spray 
l')enetration . Orifice d.iar.1cter 0 . 0 0.:1 Llc:_es . 
I njection pressure 8000 10. per square i:;:lC:~. 
Char:.1ber pre ssure atmosp::eric . 

17 


