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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol 
Abbrevia-Unit Abbrevia- Unit tion tion 

Length _______ I meter __________________ m foot (or mile) _________ ft. (or mi.) 
Time _________ t second _________________ s second (or hour) _______ sec. (or hr.) 
Force _________ F weight of 1 kilogram _____ kg weight of 1 pound _____ lb. 

-

PoweL _______ P horsepower (metric) ______ ---------- horsepower ___________ hp. 
Speed _________ V {kilometers per hour ______ k.p.h. miles per hour ________ m.p.h. 

meters per second _______ m.p.s. feet per second ________ f.p.s. I 
2. GENERAL SYMBOLS 

Weight=mg 
Standard acceleration of gravity=9.80665 

m/s2 or 32.1740 ft.fsec. 2 

Mass = W 
g 

Moment of inertia = mk2
• (Indicate aXIS of 

radius of gyration k by proper subscript.) 
Ooefficient of viscosity 

v, Kinematic viscosity 
p, Density (mass per unit volume) 
Standard density of dry air, 0.12497 kg-m-4_s2 at 

15° O. and 760 mm; or 0.002378 Ib.-ft.-4-sec.2 

Specific weight of "standard" air, 1.2255 kg/rn3 or 
0.07651 lb. /cu.ft. 

3. AERODYNAMIC SYMBOLS 

Area 
Area of wing 
Gap 
Span 
Ohord 

Aspect ratio 

True air speed 

Dynamic pressure = ~P V2 

Lift, absolute coefficient OL=:S 
Drag, absolute coefficient OD ~ ; 

Profile drag, absolute coefficient OD. =~s 

Induced drag, absolute coefficient OD, ~ ~S 

Parasite drag, absolute coefficient OD - DS1> • q 

Oross-wind force, absolute coefficient 0 0 = q~ 
Resultant force 

~ID' Angle of setting of wmgs (relative to thrust 

Q, 
12, 
Vl 

p-, 
J.I. 

line) 
Angle of stabilizer setting (relative to thrust 

line) 
Resultant moment 
Resultant angular velocity 

Reynolds Number, where l is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° 0., the cor­
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s. the correspo:::l.ding 
number is 274,000) 

Oenter-of-pres8ure coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

Angle of attack 
Angle of downwash 
Angle of attack, infinite aspect ratio 
Angle of attack, induced 
Angle of attack, absolute (measured from zero­

lift position) 
Flight-path angle 
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REPORT No. 580 

HEAT TRANSFER TO FUEL SPRAYS INJECTED INTO HEATED GASES 
By ROBER'f F. ELDE and ROBERT . PENCER 

SUMMARY 

A study has been made oj the influence oj several vari­
ables on the pressure decrease accompanying injection oj Ct 

relatively cool liquid into a heated compressed gas. I n­
directly, thi p7'essure decrease and the time rate oj change 
oj it are indicative oj the total heat transjerred a well as 
oj the rate oj heat transjer between the gas and the injected 
li quid. AiT, nitrogen, and caTbon dioxide were used as 
ambient gases; Die el juel and benzene were the injected 
liquids . The ga densitie and gas-fuel ratios covered 
approximately the range used in compTes ion-ignition en­
gines. The gas temperatures rangedjrom 1500 O. to 350 0 O. 

everal general conclusions may be dmwn jTom the ex­
perimental results.' 11 aporization begins immediately ajteT 
the staTt oj injection; the initial rate oj heat tran ;jer i a 
diTect junction oj the initial temperatuTe difference be­
tween the gas and the juel; and the heat transjeT is less 
efficient the gTeateT the injected juel quantity, even tho-ugh 
the total heat tran~feTred is gTeateT. 

INTRODUCTIO 

It is generally recognized that the compre. ion-igni­
tion engine in its pre ent tate of development suffers 
the disadvantao-e of inefficient utilization of it air 
charge. Recognizing that the utilization of the air 
must be partly dependent upon the fuel spray, Lee h a 
conducted a detailed photographic inve t igation of the 
exterior characteri tics of fuel spray (r eference 1). H e 
has also determined the spatial distribution of the fuel 
within the spray (r eference 2). These pray investiga­
tions bave been extended by tests with the . A. O. A. 
combustion apparatus and the re ul t give an improved 
in ight into the gross phy ical and cbemical proces es 
as they OCCUT in the engine. (ee references 3 and 4.) 

The ignition lag in compre sion -ignition engines h as 
been shown to influence the character of the sub equent 
explosion (refer ences 5 and 6). 0 entirely satisfactory 
explanation of this fact ha been given, but certain gen­
eral conclusion can be drawn: In general, the fuel must 
be heated after inj ection ; the fuel and the air must be 
mixed ; and certain preliminary chemical reactions mu t 
take place before the actual ignition can OCClH'. The 
observed lag i thus a composite of the intervals as oci­
ated with the e pro esse. It follows that heating the 
fuel prior to injection cannot reduce the ignition lag 

indefinitely although some redu ction may be accom­
pli hed in this manner (reference 7). Rothrock and 
Waldron have hown that appreciable vaporization 
follows injection of the fuel into the combustion appara­
tus (reference 8). The time required for this vapori­
zation to begin was not established but, in view o[ 
Wentzel's theoretical analy is of the heating and vapor­
ization of fuel droplet suspended in a heated ga 
(reference 9), there is every rea on to believe that appre­
ciable vaporization OCCUTS in a compres ion-ignition 
engine during the igni tion-lag period. 

The present investigation wa undertaken to isolate 
the heat transfer accompanying the mixing of a fuel 
pray and the ambient gas in a bomb and to study the 

influence of several variables on this individual process. 
Tb e result of this inve tigation should give an in ight 
into the tim r quir d to efrect ome vaporization ince 
this proce neces arily corresponds to a portion of the 
total heat tran fer. Experimentally, heat transfer i 
not directly mea urable in a system of thi type ; there­
fore, resort has been had to an indirect approach, namely, 
the meaSUTement of the change in pre sure accompany­
ing the adiabatic exchange of beat between the gas and 
fuel after injection of the latter into a bomb . The pri­
mary variables were the gas temperuture, the gas density, 
and the ga -fuel ratio. The effects of the nozzle design, 
the fuel temperature, the kind of fuel, and the character 
of tbe ambient gas were less exten ively investigated. 

Ga densities covering most of the range found in 
engine practice were u ed. For mechanical reason 
temperature corresponding to tho e attained in com­
pres ion-ignition engine at top center could not be u ed. 
The maximum temperature employe 1 was ac tually 
somewhat les than that of tbe ga charge prevailing 
at the start of injection (references 10 and ll ) in com­
pression-ignition engine . 

A ALYSIS OF THE PROBLEM 

The transfer of heat to a suspended droplet can take 
place by two mechani illS: condn tion and radiation. 
Except insofar a their boundary condition are altered, 
the rna flow of gas, induced by the inj ction of the 
liquid fuel, presumably is of little importance with re­
spect to the incliyidual droplets because of their low 
relative velocity (reference 12). The situation may be 

1 
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y a tly cii[\'erent, 11oweyer, for the sp ray considered as a 
unit, parti cularly for inj ection into an engine h av ing 
indu ced air fl ow. R adi ation to th e suri'aces of tLe 
droplets take place to some exten t and, whereas til!' 
actual magni tude of this exchange is uncertain, tl e 
maximum rate for energy transferred in thi s manner 
can be !'stim ated for comparatiYC purpose . 

For conductiye heat t ransfer there are two con trolling 
resistances: The first is within the droplet itself and 
the econd must be associated with the equiyalent of a 
film surrounding the droplet. The first can be analy t­
ically trea ted but the econd pl'e ents difIicul ties. 
Because of the net transfer of molecules from the droplet 
surface, the character of tltis film is not independent cf 
tim e, as is usually assumed in theoretical treatments. 
( ee reJerences 9, 13, 14, and 15. ) In fuel spray tbc 
vapor fi ln: abo ut the liquiu droplets probably in ter·· 
penetrate, thus necessitating some consideration of th!' 
spray as a whole. 110reover, the fuel is not uniJormly 
distribu ted \\'ithin the spray . In yielY of these din · 
culties no attemp t will be made to e ta bli h any ma the- · 
matical relntions 1'01' the heat transfer t hrou gh the fil,, ~ 
encompa ing the droplet. 

Heat transfer within a droplet.- Ingerso ll and Zohe[ 
haye p ublished equati ons per taining to the inte l nal 
hea ting of a rigid sphere suddenly in erted into a flu id 
po sessing a higher temperature (reference 16). These 
equation m ay be modifi ed to giYe, respectively, tit!' 
in tantaneou center temperature te and the average 
temperature ta of the droplet: 

+ ( t ) 1 R' + U' + 1 R ' + [ 
6 

( 
-,,'I1't 1 -4"o'" 't -9,,' I1 ' t ) ] 

ia= t j t.- I - 71" ' e "4 e TIe ... 

where ts is the temperature of the sh ell, 0 C. 
ti, the initial droplet temperature, 0 C. 
R, the radiu s of the shell , cen timeters. 
t, the immersion time, second. 
h2

, the therm al difl'usivity of the liquid In the 
droplet. 

As applied to liquid droplets these relations do not 
represen.t the efrect of pos ible in ternal con,ection 
current . The e curren ts, if present, \yould increase 
the rate of tempcmtm e rise as determined by these I 

relations. 
It follo,YS from these relations that when h2 i con­

sidered constant, the increase in both the cen ter and 
average tempera ture above the ini tial droplet tempera­
t ure is a defi.nite fraction of the difference ts- t;; thus 
tc- tt=ex Cts-tt) and ta- t i = f3 Cts- t i ) . The as umption 
of a constant yalue of hZ, independent of temperature in 
the range employed, appears justified for the purpose of 
qualitative ('ompari on in view of the uncer tainty 
involyed in i t e timation. An average value for the 
range 49 0 C. to 350 0 C. can be estimated on the basis of 

the ayerage yalues of the thermal conductivity (0.00027 
calorie per second per cen timeter per degree C., refer­
ellce 17) , the den ity (0.713 gr am per cubic centimeter, 
reference 1 ), and the specific heat (0.662 calorie p r 
q;ram per degree C., reference 19) . These yalues result 
in hZ= 0.000572 square ('entimeter per econd. 

Values of ex and f3 are given in the following tab le 
for seyeral immersion intervals and droplet r adii, the 
largest radius corresponding to the initial average ize 
(reference 20 ) . No actual values of droplet t emper -
t ures are given inasmuch as t here j no adequate basis 
on which to e timate t heir urface temperature. 1-
cidentally, the foregoing relations tacitly assume th:1t 
the surface temperature is instantaneou ly attained 
and thereafter remains con tanto This a umption do s 
no t greatly in validate the fact that the increa e in the 
temperature of t he droplet, par ticularly t.he average 
temperat ure a shown by the f3 val ues, attains a larve 
fraction of the po sibJe increase in a remarka bIy hort 
time. M oreover , the smaller th e radiu the more 
quickly thi fraction approache unity. As a re ult f 
evaporation , the surfa ce temperature does not attain 
so high a value as it would if all the heat reaching the 
drop served to heat it. EYen so, such evaporation 
pre umably does not aJter the e tablishment of th erm al 
equilibrium within t he droplet and hence the ex and f3 
quantities till have ignificance. 

HEATI NG RATES FOR IMMERSED 'PH ERES 

11,-i , =",(I.-i,); ia-t' = Ii (t. -i ,)] 

I"" ",,,'''{,m . 
0.0015 0.0020 

" radius in . .00059 .00079 

" " " "" " Immersion " time " " 
a Ii a f3 
----

&cond 
0.000 1 0.002 0.46·1 O:~~ 0.36 
.0003 · 154 .706 .573 
. 0005 . 444 26 . 128 .690 
.0007 .658 95 .296 .771 
.0010 · 8~8 .95 1 .520 .851 
.0015 · 74 . 962 .760 .927 
. 0020 .986 .996 . 882 .964 

0.0025 
.00098 

Ii 

0.000 0.296 
.004 . 479 
.024 . 587 
.092 .666 
.344 . 749 
.494 .8'12 
.674 . 900 

Radiation from bomb wall .- Some in ighL in to the 
pos ible contribution of radiation from the bomb wall 
to the total heat transfer follows from a consideration 
of t he maximum rate of radiation. If the very ques­
tionable assumption is made t hat the droplets are 
true black: bodies su pended in a space filled with 
black-body radiation, the net energy transferred In 

caloric per second is gi\en by: 

Ml= l 37 X 10- 4S[(.L..)4 _( Tz )4J 
. 100 100. 

(re[erence 21 ) where 
S is the urfa,ce a,r ea. of the drop. 
T I , the bomb-wall temperature, degrees K . 
Tz, the droplet t emperature, degrees K. 
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The extent to which the droplet are not black bodies 
introduce a factor that reduces this rate. The exi t­
ence of black-body radiation within the bomb i actually 
the ca e prior to injection, but thereafter the radiation 
within the pray envelope undoubtedly correspond 
to a lower temperature than that of the bomb wall . 
Thi fact again entails a diminution in the rate indicated 
by tLe equation. The area S may be taken a eq uiva­
lent to that of the number of droplet of average size 
(reference 20) required for a pray oJ given weight. 

For comparison with the ob er ved rate of heat 
transfer, expressed in thi case in term of rate of pres­
sure drop , the calculated rate of radiant transfer mu t 
be expres ed in identical units. Although not indica­
tive of the actual mechanism, this rate can be put in 
terms of the units in which the experimental data are 
expres eel by con idering all the radiant energy as 
being derived from the ambient gas. 

Basic considerations of experimental method .- The 
obser ed decrea e in pres ure accompanied the decrease 
in temperature of the ambient gas cau ed by the flow of 
heat from it to the inj ected liquid. This process wa 
e en tially adiabatic in view of the mall r ate of heat 
transfer from the bomb wall. Cragoe' empirical 
relations (reference 17) for the specific and vaporization 
heat of oil permit the calculation of t be pre sure 
decrease t hat hould accompany the complete vaporiza­
tion of a given amo unt of fuel wh n all th heat i ab-
tracted from the gas pha e. When the total heat 

absorbed by the fuel in vaporizing is equated to that 
10 t by the ambient o-a , these relation lead to an 
expre ion that can be solved by trial and error to give 
the final eq uilibrium temperature: 

t NCrti - 49.5w 
I NCv+ 0.333w+ 0.000444w tl 

where N is the moles of ambien t gas. 
C., the molal specific hea.t of this gas, taken a 

constant between tl and t i . 

t i , the initial gas temperature, °C. 
w, the weight of inj ected fuel, grams . 

It follows at once that the temperature drop (ti- t/) 
houlcl remain con tant for a given initial temperature 

and gas-fu el ratio , i. e., e entially N /w. The cor­
l'espondino- diminution in the partial pressure of the 
gas are calculable from the expression 

in which P i i the initial pressure, atmo phere 
P f1 the final pressure, atmosphere . 
T i , the initial absolu te gas temperature, de­

grees K. 
TfJ the final equilibrium gas temperature, 

degrees K. 

This expre ion is strictly applicable only to the initial 
stage of the heat- tran fer proc s when little vapor 
e~ists. Later in the proce 8, however, the e diminu­
tions should be greater than the experimentally derived 
ma::\.imum values to the extent of the partial press ures 
of the vapor, these latter being directly proportional 
to the initial pressure for a given initial temperature 
and ga -fuel ratio. Thus the calculated actual drop to 
be e;qJected under the e stipulated conditions IS III 

accordance with 

(Pt-P/) 0"",1 =p.[ (Ti~TI) -CJ 
where C is a correction factor nece ita ted by the pres­
ence of the fuel vapor. This factor i equal to the 
partial pres m e of the vapor of the inj ected liquid di­
vided by the initial gas pres ure. The partial pressure 
wa obtained from the perfect gas law and the lmown 
bomb volume, gas temperature, fuel weigh t for the par­
ticular gas-fuel r atio, and an e timated averag molec­
ular weight of 200 (reference 22). It follows from thi 
expression that the pressure drop should be directly 
proportional to the initial pres ure if the fuel derived 
all its heat from the gas pha e under the a umed condi­
tions of constant initial temperature and air-fuel ratio. 

Some onception of the rate of heat transfer can al 0 

be obtained from the experimental results, particularly 
for the early part of the proce in whi h the number of 
moles of gas is essentially invariant. It follows from the 
perfect gas law that the rate of pre sure change 
related to the rate of temperature change by 

dP NRdT 
(It = Ydt 

wherein R i the gas constant. 
V, the vohmle of the bomb . 

Also, the r ate of chano-e in the energy conten t of the 
ga pha e must equal the rate of heat transfer , thus: 

dQ dT 
dt = CvN dt 

1£ minor variations in C. and N a1' neglected, it follows 
that the rate of heat tran fer is proportional to the 
rate of pressure decrease. For the pm tical purpose of 
howing the trends in the present data it is u:fficient to 

use these rates interchangeably a though they were 
ynonymou . 

. dP NRdT 
Th e expre IOn ([t= Y dt can al 0 be used to com-

pare the relative rates of temperature drop in differen t. 
gase when the corr e poneling r ates of pres ure change 
are known for a given initial gas temperature, density, 
and gas-fuel ratio. The initial pressure under uch 
condition is very nearly proportional to N, hence the 
ratio of the initial rate of pre sure drop to the initial 
pre sm e is proportional to the ini tial rate of tempera­
t ure drop irrespective of th nature of the o-a . 

l 
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APPARATUS AND METHOD 

Thc expcrimcnta l method cmployed in thi investi­
gation consisted in photogruphicfl lly recording with a 
sllitflble indicator the clecrca c in pressure following the 
illj ection of a definite quantity of liquid in to a spherical 
bomb containinO' a ga at a known tempcratm'c and 
Drc surc. " -i th the exception of a few minor modifica­
tions thi apparatu was c cntially as described in 
refcrcnce 23. The present arrangement is shown dia­
grammatically in figlll'C ]. The esscntial part wcre a 
bomb, a constant-tcmperfl tlirC ba th, a fucl-injcction ys­
tem, and an optical-type ciirrcl'cntial-pressure indicator. 
The stainlcss-steel bomb ha a yolume of 600 cubic centi-

of 0.050 inch (fig. 2). The fuel weights were varied by 
changing the inj ection pre sure ; the latter vari d 
from abou t 194 to 600 atmospheres (2, 50 to 9,0 0 
pound per square inch ) for each nozzle. The requi ite 
inj ection pre UTe for a given fuel quantity was deter­
mined ju t prior to a series of te t at each temperature, 
The inj ection period ranged between 0.002 and 0.0 6 
econd, depending upon the inj ection pres ure u ed. 

The hiO'11 -pre ure indicator employed in ea dier work 
(references 6, 11, and 23 ) wa altered to record mall 
pressure difl'ercnces by sub tituting a thin cOI'l'ugat d 
pho phor-bl'onze diaphragm for the heavy steel dia­
phragm and by providing a gas connection between the 
sealed chamber a bove the dia pluagm and the bomb 

J S 
J:--+ 

N 

A, air gage. 
S, bimetallic slrip. 
C, bomb. 
D, cam. 
E, check ,·ah·e. 
F, clamping rings. 
G, clu tch. 
H, condenser, S microfarad . 
I , contact points. 
J, cooling coil. 
K , exhaust. 

L, film drum. 
M , [rom co mpressed-gas bottle. 
N, [rom high-pressure pump. 
0, [uel-circulating pressure gage. 
P, fu el high-pressure gage. 
Q, fuel reservoir. 
ri, gear pump. 
S, heating coil. 
T, high-pressure reservoir. 
U, holder [or bomb. 
V, indicator diaphragm. 

W, i njeclion t u be. 
X, injection valve. 
Y, lamp. 
Z lens. 

A', motor. 
S', oil bath. 
C' , orifice, 0.020 inch. 
D', phase-chauging gea rs. 
E' , pivoted mirror. 
F', poppet \·alve. 
G', relay. 

H', resistance lamps. 
I ' , spark coil. 

J " spark gap. 
K', Quick-acting valves. 
L', spark-timing switch . 

M I, tirrer. 
N I, synchronous motor. 
0', thermometer . 
P', voltage 2'20 a. c. 
Q', voltage 230 d. c. 

K 

FIGl.'llE I. Diagrammatic sketch o[ tho appa ratus. 

metcrs and i provided wi th openings for the inje t.ion 
valve, the gasinlc t and exhaustflttings, and the indicator. 

The liqllids uscd in tho con tant -temperature bath 
wcre . A. E. 30 lubricating oil for the low tempel'fl­
Lurc and fln approximately 1:1 mL'(tme of sodium 
and potassium nit.ratcs for the high temperatures. 
The bath tempcratlll'e \Va kept within ± 2° C. of the 
de ired yalue hy an automati control. 

The injection system dclivered a ingle fuel charge 
of the de ired wcigh t upon the relea e of a trip mech­
anism. The inj ect.ion valve was so const.ruct.ed that 
luel could be con tinuously circulated through it, 
thereby maintaining a constant fuel tcmperature of 
49° ± 1.5°C. Three nozzles were used, all having 
equivalen t orifice arCclS: A 13-orifice, a 2-impinging­
jets, and a single-orifice nozzle with an orificc diameter 

proper. The same initial pres m e wa applied to bo th 
ides of th e diaphraO'm but, just before injection, a 

valve inserted in thi connection was clo ed. Thi · 
procedme permitted th subsequent pre sure difference 
to actuate the indicator and t.hus to generate a trace of 
the pressure-difference variation with time on the film . 
Thi valve was opened again immediately after injection 
in order to minimize the interval v.-ithin which the dia­
phragm remained deflected. A park, recorded a a 
vertical line on certain records, marked the tart of 
injection . Thi park and inj ection tart were yn­
chronized by ob erving the pray with a neon-tube 
troboscope actuated by the witching device on the 

injection sy tem that ordinarily controlled the parle 
The film drum wa driven by a synchronou motor to 
provide the time cale. 



HEAT 'l'RA SFER TO FUEL SPRAYS II JEC'l'ED I TO HEATED GASES 5 

Air, nitrogen, and carbon lioAide were u ed a 
ambient gases; nitrogen wa ub tituted for air in the 

B-+--+-

A 

.018" Dic/ oririce 
Section ADB' 

D 

, 
D' 

A 

E' 

C' 

(a) The 13-oriflce nozzle; plane DD' is ident ical with BU', a nd plane C' is 
identical with AN. 

(b) 'l' he 2·im pinging'iets nozzle. 

(e) 'l' he si ngle·orifice nozzle. 

FJG URE 2.- Diagram matie sketches of the three nozzles. 

te t at the higher temperature because air permitted 
auto-ignition of the fuel oil at 230 0 O. with certain ga -
fuel ratio . few te t were made with carbon dioxide 

becau e it phy ical characteri tic were con iderably 
different from the other two ga es. The ga den itie 
cOl'l'espond to 5, 10, 15, and in some test 20 atmo -
pheres absolute at 100 0 All gase were con idered 
to be id al when computing the pressure con e ponding 
to the everal densitic and temperatures. The initial 
gas temperature ranged from 150 0 to 3500 

Different liquids were injected: An automotive 
Diesel fuel ( uto Die el) wa investigated mo t 
extensively be au e of it practical importance; ben­
zene, because its critical temperatw'e \Va within th 
available temperature range; and water, becau e of its 
large heat of vapOl·ization. The water te t were not 
very extensive and, as they failed to show any intere t­
ing dis imilarities, these data have been omitt d. The 
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FiG u nE 3.-The A. . '1'. 1. distillation curve for Auto D iesel fu el. 

Die el fuel had a vi cosi ty of 70 and 52 aybolt econd 
niver al at 3 0 and 99 0 O. (100 0 and 210 0 F .), 1'e pec­

tively, and a den ity of o. 31 gram per cubic centimete r 
at 15 0 C. Its A. . T . 'M. distillation curve i gIven ill 
fio-ure 3. 

RE ULTS 

The data derived from the experimental record 
corre ponding to he injection of Diesel fuel are pre­
. ented in table L Typical record for an intermediate 
fuel quantity (0.2 4 gram) and ga den itie of 4.73 
and 14.19 gram 1 er liter are reproduced in figure 4. 
The effect of the nozzle de ign on the heat tran fer to 
the pray, all oth r controllable variable being con­
tant, i illustrated by repre entative Tecord in figur 5. 

R e ult obtain d when Diesel fuel wa repeatedl 
inj ected in to a ingle, individual gas charge are pre­
ented in table II. Figme 6 compri es the corre­
ponding records, taken with a o-as temperatme of 250 0 

O. It is to be noted that the e record do not corre­
pond to con ecutive injection . 
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Th e ]'esults obtai ned with benllene are pre ented in 
table HI and figure 7. These test were limited to the 
smaller weights because of the greater pre sm e change 
pel' unit \\'cigh L of liquid . 

An inspection of the experi mental records revcals 
h\'o time int(,ITal mol'c 01' Ie s clearly defined on all the 

'" a: ... 
:r 
Q, 

'" 0 
% .... .. 
~ 
a: 
0 

'" a: 
::> 

'" VI 
Ul 
a: 
Q, 

(al 

start of injection OITe pond, with one exception, ~o 

th ye]'tical li ne appearing on some of the record and 
i coincident " i.th the A points; i. e., the cleCI'ea e in 
tbe gas pre lIrc began immediately after the fir t part 
of the fuel charge cntered the bomb. The one exce -
tion (record 295, nO'. 5) wa dll e to improper ynehr -

150 

200 

250 

0 

'" a: 
~ .... .. 
a: 
UJ 
Q, 

:::I! 
UJ 300 .... 

'" .. 
'" 

350 

(a) Oas densit y, 4.7:3 gra ms per liter ; gas-fuel ra tio, 10 . 

FJ(; t; I< E 4. Varia tion of pressure drop with gas tempera LUre. Diesel fuel ; fu el weight, 0.284 gra m . 

pre sure-timc curn. Thrce characteJ'i tic point are 
designated on all the records reproduced : A, the point 
at which the press ure drop begin ; B, thc end of the 
initial pre sure drop [or which thc rate was essentially 
con tantj and C, thc minimum pre lIrc point. The 

nization of the inj ection tart and the timing pa.rk. 
The A- B in tCl'val and the pres ure drop associated wi th 
it are indicative of proces e OCCUlTing immediatel 
aftf'r the injection tarts. This intenal i therefore 
of primary interest with respect to comprc ion-ignition 
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engine The whole A-C interval, on the contrary, is 
of no immediate interest in t11i 1'e pect and con e­
p ncl to the period wi tlun Wllichheati being abstracted 

from the gas pll ase at a rate greater than the rate of 
tr :1ilsfcl' from tbe bomb wall. The A- C interval is 

.... 
a: 

'" :I: 
0.. 
CIl 
0 
::I 
f-.. 
. 

0.. 
0 
a: 
0 

W 
a: 
::> 
CIl 
CIl 

'" a: 
0.. 

(b) T I ME, SECOND 

partial pre ure of the vaporized fuel. Records repre­
enting thi condition were no t obtained as the rela­

tively low rate of heat transfer from the bomb wull 
would have nece sitated an extended deGection period 
for the diaphragm. 
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(b) Oas density, 14 .19 grams per-liter; gas-fu ol ratio, 30. 

FJCWHE 4. -C'onti nued . , 'a ria tioD of pressure drop with gas temperatu re, Diesel fu el; fuel weight, 0.0284 gra ill. 

influenced 0 little by mo t of the available variable 
that no theoretical basi for its a pproximate constancy 
is at present evident. Eventually, upon reestabli hing 
thermal eq uilibriul11 , the pre sure should increa e 
beyond it initial value to an extent represented by the 

lU:lJ75 :17 -~ 

pray photographs shown in figu re iUu trate Lhe 
manner in whi h sprays from the 13-orifice and th 
2-impinging-jets nozzle penetrate air at room tem­
perature and a density of 14.19 grams per liter for an 
in termediate inj ection pre sure. 
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PR ~CISION OF RESU LTS 

T h\' rl' Jl rodlll' ihili Ly of Lhe ex peri lll e ll Lnl I'c~ uI Lt; 

depell ded upon the Jl olll'<l riatioll or Lil e fuel quan tity 
all d Lhe inciie,l tor calib1'<l tion. The mH xim u m de\·il1-
Lion in the obse rved chtta for apparen tly iden tical 
conditions amo unted to roughly ± 5 percen t of the 
11 I'erage "a lues. The variation in fuel weigh ts, 1'01' 
apparen tly identical inj ection pre sure, wa approxi­
mately the same for all weigh t and am ounted to about 
± 3.5 percen t 01' tb e actual weigh t for the lower inj ec­
tion p ress ures or to ± 1 percen t 1'01' the higher. 
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weigh t, preven ted the lise of the larger fuel weigllts. 
The objectiona ble feature of th e shift arose fro m t e 
fH ct thHt a given defl ec tion before and after a particul l' 

tcs t did not corres pond to equival nt pre ures. A 
possible errol' of pcrhaps ± 5 percent may arise in th is 
way; at 3500 C. the eITor is undoubtedly greater. 

'VVhen the data from the records were evaluated, ome 
personal ClTO[' was introduced, par ticularly for the 
A- B por tion of the curve wherein t he inter vflJ is more 0 1' 

less arbitrary and the distances on the recor d are often 
too small t o be accurately mea ured . The m agnitude 
of this 111lcerta in ty is shown in figure 9, fo r which ' t he 
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FIGt:HE 5. EfTecl, of nozzle design 00 pre..;;;sure drop. Diesel fuel ; fuel weight, 0.284 gram; gas-fuel raLio, 30; gas densi tYI 14. 19 gra ms per liter; gas temperaturel 250° C. 

At temperatlll'es of 250 0 C. und above, the indicator 
howcd a decided tende ncy to change its zero poin t as 

a result of creeping of the dia phrHg m, plll' ticulurly 
dllrLng c-nJibrnLioll ",Jl cn Lhe defl ccLioll pcriod wn s 
I'd a ii vely grea L. TJ JC. ex Le 11 Lo r tIl is s1 I irL i ll t' IT,l sed 
\\-iLh LllC 11 11l0U Il L of de fl cction , Lhe Lime of deflection, 
und the tcmperature. The deflection in terval was 
diminished as mllch as possible du ring c,llibra.tiolls by 
a quick a pplicatio n and release of the gas pre sure. 
The zero poin 1, immediately after de flection was ta ken 
as the propel' basis for calibration in spite of its tend­
ency in many case to drift back toward its original 
position . At 3500 C. this restoration was less eviden t 
a nd the s]lif t assu med serious propor tion . This fact, 
togetll er wi th the increased deflection per unit fuel 

data were taken by two ob erver from the same records. 
The individual deviations are rather great, bu t the mean 
curves eem to fit eithcr set of data equally welL At 
1500 C'. Lhe reco rds were so li n t in the neighborhooll of 
Luc mi nim uill poi ll L t hnL C wa' tnken a t he cell Le r of 
Lhe flat por tion of the CllI ·ve. F or the larger deilect ioll::i 
the trace neal' the minim um poin t con tained a wa ve oJ 
relatively low frequency. An average of thc amp li­
tudes of the fir t cycle wa applied as a negative co/.'­
r ection to compen ate for thi wave. 

One other point of inciden tal interest is the change 
in fuel temperature as a resul t of the inj ection process. 
The passage of the fucI through the nozzle would ordi­
narily resu l t in a mall cleCI'efl e in temperature on t e 
ba is of the J oule-Thomson efl'ect (reference 24), aSS Ulll-
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iug Lle coeffi cient to be po itive fi for cel'tain other 
hydrocarbon (relel'('llce 25). Qualitative experience 
indicates, however, that the net errect i a Lemperature 
increa e due to fri ction in the orifice and the conversion 
of the kin etic energy of the pray into heat. The 
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and va porization. Lee 11a h OWJl (reference 20) LhaL 
t;he degree of ubdi ,.j ion attainable with a bydrauJj(' 
injection sy tem under operating coneliti ns approaches 
a practical limit. For the practical range of gas den i­
tie and in jection pres lire, however, i t i impo i\)le 
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Flt iU HE 6.- Jllflucllte of (ucl· \'apor concentration, prior to injc(;tion, upon pressur drop. Diesel fuel; fuel weight per injct'liol1 , O.5fiS ~rn l1l ; gas density, lU .:j,lj gra ill ti 

per liler; gas temperature, 2:>00 C . 

change i believed to be Loo lllall Lo be of nlly in tel' 
in the interpretation of the pre en t 1'e ult; and will 
therefore be ignored. 

Dl CU IO 

011 Lhe btl i of diffusion and heaL-LrHll for con cpt 
the ize of a droplet mu t influence it rate of heating 

to \' ary the di tribuLioll of droplet ize wi tho ut aL LJl(' 
ame time varying the rate of pray penetration . This 

concomitant variation prevent the i olation of any 
fl'ect that can be a ociated solely with the di tribution 

of droplet izes. In the ubsequent di eu ion i t; is 
well to bear in mind tha t the arne condiLion hould be 
true of certain other quantitie t;hat; may represen t an 
aggreaation of variable . 
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THE A- 8 I NTERV AL 

The A- 8 in terval corre pond to the early part of tbe 
pray development for which the rate of heat tran fer 

i e cntially con tant for a particular record . It is 
possible that this con ancy i in some way as ociated 
with the approxim.ately constant initial rate of pray­
tip penetration (reference 1 and 26). The mao-nitude 
of this in tervnl i comparable with the ignition lag in 
compTe ion-igni tion engine. For this rea on any con­
elu ion baseclupon this in terval are al 0 applicable to 
u h eno-ine, provided that proper allowances are 

lTI.ade for diA'erence in chamber size and air tempera­
t1.ll'e . The pl:otographs hown io figure ,together 
wi th m.ore exten ive penetration data (reference I ), 
show that t bi interval i es entially equivalent to the 
time (0.002 to 0.003 econd ) required by the prays to 

I influenced by the temperature gradient between the 
gas and the fuel at two ga densitie and several fuel 
weights i illu trated in figure 9. The e initi al lope 
become more negative, i. e., the initial r ftte of heat 
transfer increa e , as either the temperature difference 
or the fuel weight increases . Increa ing the ga den ity 
decreases the numerical mao-nitude of the lope for a 
given fuel quftntity but does not greatly alter the tem­
perat1.ll'e dependence of the initial rate of pre ure drop 
of the pre ure-time curve: COlT ponding line in figure 
9 have roughly the same lope. 

The increa ed den ity evidently decrea es the effec­
tive transfer area in the early part of the pray a mio-ht 
be expected from the lower rate of pray development. 
hown by the photographs reproduced in reference 1. 

The decrease cannot be attributed to a lower rate of 
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/5/ 201 251 .301 /0/ /5/ 20/ 25/ 301 35/ 
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FIGUIlE g.-Effect of gas temperature on initial rate of pressure drop at different gas-fuel ratios. 

traver e u. distance of 4 inche ,th a pproximate diam­
eter of the bomb 

Thi as ociation of tbe momen t of impingement with 
point B i upported by the fact that the interval de­
rease a the ga density decrea e , i. e., a the pene­

tration increase . ( ee table I , colwnn 7. ) On th e 
contrary, the interval i not apprecilLbly shorter for the 
ino-Ie-orifice nozzle in pite of the greater penetration 

to be expected witb it. The period is aboll t the same 
for carbon dioxide a for nitrogen in contradi tinction 
to the longer A- C in terval with carbon dioAi.de. In­
creasing the fuel quantity increa e the inj ection period 
by a maximum factor of 3, yet the interval remain 
e entiaHy the same. The interval al 0 proved to be 
in lependent of the fu el used. 

Initial rate of heat transfer,- The magnitude of the 
initifll rate of pre ure drop, a ' shown by the particular 
pres Ul'e-time curve, is repre entative of the total rate of 
heat exchange betw en the ga and the fuel for the early 
part ofthe pray, rfhe mallJlerin which tbi initialra t i 

heat transfer per llni t area because the coefficient of 
heat conductivity hould be nearly independent of 
den ity and the coefficient of heat tran fer might be 
expected to increase with O"as den ity (reference 27). 

Carbon dioxide gave ri e to a greater rate of temperature 
drop than did nitrogen, even though it rate of pressure 
drop \Va smaller . Thi fact may be demon trate 1 by 
dividing the values of the initial slope in column 9 of 
tables I and III by their re pective initial pre ures, as 
ou tlined earlier in till paper. -A the pecific heat of 
nitrogen and carbon dioxide do no t differ greatly on a 
weight ba is, carbon ruoxide must have given a greater 
ini tial rate of heat transfer. Since carbon dioxide 1a 
a lower coefIicient of heat condu tivity, it must giv a 
greater effective beat-transfer area. The slope for 
benzene (table III) are lightly o-reater than for Die el 
fuel (table I ) owing per'hap to a combination of the 
differences in the proper ties (molecular weio-ht, pecific 
heat, heat of vaporization, etc.) of the two fuel. 
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For the lowe t density the impinging-jet nozzle gave 
a heat-transfer rate imilar to the 13-orifice nozzle but 
at the highe t density its rate wa ub tantially Ie . 
The single-orifice nozzl gave a malleI' rate at all den­
SItieS. The maximum cylinder pressures obtained with 
similar nozzles and the . A. C. A. combu tion apparatus 
how the ame trends, indicating that better initial 

mixing of fuel and air, together with the resulting 
improvement in heat transfer, occur with the high­
di persion nozzle (reference 3). 0 information rele­
vant to the effect of vapor concentration on the ignition 
lag can be obtained from such an enO'ine study, presum­
ably becau e all nozzle giving at lea t moderate fuel 
dispel' ion permit the optimum air-vapor mixture 
somewhere within the spray and tlm give approxi­
mately the same ignition lag. 

The contribution of radiation to the total heat-trans­
fer rate can be bo"rn to be negligible on the ba is of 
the treatment given in an earli er section. If record 
41 i considered to be typical of the other, the rate of 
pre me drop equivalent to the maximum rate of radia­
tion that could occur is only 1 percent of the observed 
rate. It appears that radiation contribute little 
toward heating the fuel injected into an engine except 
for the pos ibility of unvaporized fuel becoming sur­
roun led by a cloud of radiating combu tion product. 
Even in this case, the conducti '-e heat exchange can 
be ho,vn to predominate if its rate per deO'ree tempera­
ture diiIerence remained constant and independent of 
the gas temperature to the extent indicated by the 
data in column 10 of table 1. 

Effect of temperature on initial heat transfer.-
traiO'ht lines eem to agree v,rith the data plotted in 

figure 9 within the limit of the uncerta.inty involved 
and, moreover, such lines are in agreement "rith a rate 
of heat tran fer directly proportional to the temperature 
difference. The Jact that the line are straight indicates 
that the ga temperature ha little influence on pray 
development ,vithin the range employed (reference 2 ) , 
mea ul'ed in this case by the eiIective area available 
for heat tran fer . Thi area appears to be constant 
for a given density and fuel weiO'ht; other"ri e a com­
pen ating change in the heat-transfer coefficient must 
be a umed. There i no indi ation that the lope of 
the lines of figure 9, and hence the corresponding 
heat-transfer coefficients, "rill a lillIe different value 
at the higher temperatures attained in an engine. 
The extrapolation, however, i too great to be of more 
than qualita tive interest. The mas flow of gil. in­
herent in an engine (reference 4) would lead to greater 
effective transfer area and thus increase the apparent 
rate of pres me deCl'ea e indicated in tIll figure. 

The I'll. tios of the initial lope value giyen in column 
9 of table I and III to the re p C'tiYe products of fuel 
weight and initial fuel-gas temperature difference give 
a fundamental ba is [or comparing the relative efficacy 
of the heat transfer in all case for a given ambient 
gas. It follows from such ratio that the rate of heat 

tran fer varies directly "rith the initial temperaturc 
difference, a stated earlier in connection with figm'e O. 
Increasing the weight of Die el fuel lead to con iderable 
decrease in these value but Mth benzene th tendency 
is not so evident. Thi difference indicate that the 
effcctive heat-tran fer area j more nearly proportional 
to the fuel weight for benzene than for Die el fuel. 
Again, as " rith the initial slope, these ratios are omo­
what greater for b n7.ene, but it i not known whether 
this ituation arises from a greater heat requireme t 
or from better patial di tribution of the pray. The 
latter eem most probable in view of the [fect of 
fuel v1 co ity on the distribution of fuel ,vithin the 
pray (references 2 and 29). 

Fuel vaporization.- The record reproduced in figurc 
6 how that ome evaporation of the fuel occur during 
the A- 8 interyal. If aU the heat transferred erved 
merely to heat the liquid fuel, it is evident that the 
initial rate of heat tran fer hould not decrea e as it 
does in the e record. As more and more fuel i 
injected into the same gas charge, thermal equilibrium 
being reestablished before each injection, sucb a condi.­
tion is approximated a the parti al pI' ure of the vapor 
and the saturation pre ure of the liquid approach one 
another. Certainly the relatively small molecular 
concentrations of vapor that produce the diminu tion i 
initial hen t-transfer rate evident even n.fter a ingle 
injection can only be effective in the observed manner 
by retarding the evaporation of the fuel. The e 
record how that the heat tran fen'ed to the vapor or 
to the fuel in effecting vaporization repre ents an 
appreciable part of the total heat tnm f ned to an 
ordinary pray dming the A- 8 inten'al. Rothrock and_ 
Waldron (reference ) have presented coneIu ive evi­
dence that considerable vaporization doe occm in :1 

high-speed engine bu t the rate, of ourse, i indeter­
minate a in the PI' sent ca e. The peed of the engin 
proved to be influcntial, pre umably for two rea on : 
differences in mechanical mi~inO' of the spray mth th 
air, and certain change in the thermal boundary 
condi tion of the pray. Photographs in reference 30 
of sprays injected into cold and heated air show it 

distinct de rease in the spray penetration Mth the hot 
air. It i quite probable that vaporization of the fuel 
Mtllin the pray envelope contributed to thi decrea e 
in addi tion to the change in fuel temperature and ail' 
vi cosity, which were cited in explanation of thi:' 
phenomenon. 

T H E A-C I TERVAL 

Effectiveness of heat transfer .- Even though tho 
8- C portion of the A- C interval ha no particular 
connection " rith engine operation, it does pre ent somn 
information of interest on the effectiveness of the heat 
transfer. This effectivene i hown mo t readily by 
comparing with the actual pre ure drop the calculated 
pre ure drop that should take place if all the fuel had 
vaporized . Th nearer the :~:perimental value ap·­
proaches the calculated value the greater the efrective-
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ne of the tran fer. Calculated and ob erved pre sure 
change are plotted against the initial nitrogen (or air) 
pre SUTe in figure 10 for everal temperature and a 
ga -fuel ratio of 20. 

Tbe di agreemen t between the calculated and ob-
erved pres ure drops is very trilling and is much too 

great to be a ociated with heat transferred from the 
bomb wall to the o-a pha e during the A- C interval, 
as evidenced by the low rate of pressure ri e after 
point C. A probable explanation is that a good fraction 
of the fuel truck tbe wall, deriving mo t of it heat 
therefrom. Thi a sumption i supported by earlier 
obser vation tbat a definite pattern of the pray co uld 
be seen on the bomb wall after cert9in e:.\1)10 ion te t 
(reference 23 ) and particularly by tho pbotograph in 
figure At lower ga densitie or with the ingle­
orifice nozzle, the p netration bould be greater (refer­
ence 1) and the time required to traver e the bomb 
omewhat borter. In any case the pray truck tb e 

bomb walllono- before minimum pre ure was attained. 
In view of the di crepancy between the calculated 

and ob erved pressure cbange it i rath r urpri ing 
that the experimental pre ure drops are directly pro­
portional to the initial pre UTe. There i no particular 
rea on for believing that the vapor left the wall in 
tempcratUTe equilibrium with i t ; i. e., that thi vapor 
could abstract little or no heat from the ga pha e, 
unle perhaps the ma motion of the ga wa too slow 
to efl"ec t tbe r emoval of the vapor from the immediate 
neighborbood of the wall in the interval examined. 

The ratio of observed to calculated pres UTe drop is 
indicative of the fraction of the total heat contributed 
by the ga pha e. It follow from figure 10 tbat above 
250 0 C. tbe fraction of the total heat ontributed by the 
wall became relatively constant at all tempera tures 
for a o-iven den ity and a ga -fuel ratio of 20, indicating 
that a con tant fraction of the fu el cbarge struck the 
wall at temperatUTe above 250 0 

., the ga density 
being almo t noniniluential. 

The tota l pressUTO drop ub equent to inj ection 
increa es wi th initial temperature, fuel quantity, and 
to ome extent with initial den ity, although in the 
hio-her range tbis latter change is not very evident. 
There is al 0 a ligb t decrea e in this drop (table I , 
ection 7) with a moderate increase in fuel temperature, 
howing that in till ca e Ie total heat is transferred 

to the por tion of the iuel charge that normally ab orbs 
heat from tbe ga pbase. , ;Vith carbon dio:.\ide a the 
ambien t o-a , the drop i less than tha t for nitrogen, 
but a con ideration of the relative initial pre ure 
hows that the corre ponding temperatUTe drop are of 

the ame mao-nitude. Tbi similarity might be ex-
pected becau e the pray development i about the 
arne for a given den i ty i1"re pe tive of the natUTe of 

the ga (reference 2 ) and, on a weight ba i , the specific 
heat of carbon dioxi Ie i not !lreatly different from that 
of nitrogen in thi temperatUTe rano-e. For a given 
fu 1 weight benzene give a greater drop than doe the 

Die el fuel, presumably owing to the greater heat 
required for vaporization. Till pre umption a ume 
that the ame fraction of the fu el (benzene or Diesel fuel) 
fails to trilce the wall lmder identical circumstances. 
The benzene tests al 0 indicat that the UTface tem­
perature of the drop i well below the ambient-ga 
temperatUTe; although the ga temperatUTes employed 
weI' near to or above the critical temperatUTe of 
benzene, the fact that the A- C interval was about the 
ame for benzene a for Diesel fuel indicll te a lropl t 

temperature mu ch below the critical point. 
Time to attain minimum pressure. - mall variation 

of the A- C interval ar evident but, b cause of pos ible 
error , the e variation may not be real. In any ca e 
the variation cannot be a sociated with any primary 
variable. The interval i gTeate t fOT carbon dioxide, 
intermediate for air, and least for nitroaen; it increa os 
with the fuel quantity fOT the lower but not for the 

o 
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FI GURE IO.-Comparisoo of calculated aod observed pressure drops at va rious 
tern perat u res. 

higher weights ; and there appeal t be a light in­
crease with gas den ity. \.S the total pre sure drop 
increa e with an increase in the fuel weight and to 
orne extent with an increa e in ga density, it is con­

ceivable that the latter trend ari e from an "over­
hooting" of the true clecrea e in pre ure because of 

the increa ed amplitude of the wave evident after 
point C. The record for benzene, however , fail to 
how uch trend. 
In view· of the wide variation of the fraction of thc 

fuel that strikes the bomb wall with varying fuel 
weights and given ga den ity, the minimum point 
cannot be logically a ociate 1 with the moment of com­
plete evaporation of the fuel on the wall. This con­
tention i further ub tantiatecl by the failure of 
benzene to give a horte:r interval; it greater volatility 
houlel enable it to evaporate more rapidly from the 

bomb surface. It has previously been shown that non­
uniformity of the gas-vapor mixture exi st for at lea t 
0.06 econel after inj ection (reference 23 ). An attempt 
wa made to mix the charo-e with a 4-blade fan driven 
at 7,000 r . p . m. but, a the A- C interval corre ponded 
to only two revolutions of the [an, it i not surprising 
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that the inteITal was unaltered . Since the rates of 
heat transfer [10m t he wall and to the fuel are equal at 
C, i~ wOli ld eem that the interval should depend upon 
tho nonuniformity of the mixture, which in tur n hould 
be dependent upon the inj ected fuel weight and t he gas 
densi ty. Actually, the intel'\Tal is pI actically independ­
ent of both \Taria blcs . 

CO CL SIO S 

1. The inject ion of liquicl fuel into a heated and com­
pre sed gas Ita furnished data on the initial rate of 
heat exchange bet\\-een the ambient ga and t he fuel. 
The actual rates of vaporization II-ere indeterminate, 
but it i hown that vapori zation began immediately 
a fter inj ect-ion tarted. The same s ituation mu t al 0 

he t ruc for engines. 
2. For giTell cx perimental condition , the initia l rate 

of heat transfer was es ent ially constant during the 
time required for t he pray to traverse the bomh. 
This initial rate wa found to be proportional to the 
in itial temperaturc cliO'erence between the fuel and the gas. 
The total heat transferred in engines mu t be greater 
owing to the gleater ini tial temperature diIl'erence. 

3. The initial heat-tran fer period was approximately 
con tant (O.0020 ±O.0005 second) for the 13-orifice, 2-
imp inging-jet, and ingle-orifice nozzles te ted and 
II I 0 for benzene and Diesel fuel, which have quite 
cli O'eren t \-olatilities and \r[scosit ie . 

4. At the temperature im-e tigatecl the transfer of 
heat by radiation was negligible a compared with tha t 
transferred by conduction. This situation must a1 0 

exi t in an engine until t he tart of flame combu tion. 
5. The efficacy \,-jth which heat transfer took place 

dccrea ed considerably wi th increasing fuel quantity 
at all den ities and temperature investigated. 

6. Uncler all conditions a good fract ion of the total 
heat absorbed a fter the spray had tra\-er eel t he bomb 
must 11a \ -C occuI'l'ecl at the bomb wa ll. 

LAN GLEY ::\IElIIORIAL AEROXAU 'fI CA L LA BORATORY, 

N Al'IONAL ADVI SORY COiV[lIIITTEE FOR AERONA UTI C " 

L ANGLEY FIELD, Y A., August 25, 1936, 
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TABLE I 

PRESSURE CHANGE ASSOCIATED WITH HEAT TRANSFER TO DIESEL FUEL 

I 
----I 

I 2 3 'I 5 a 7 8 9 10 

---

Initial gas pressnre Gas den s ity Initial slope ger 

Record Gas- Fuel Pressure I nterval Interval Ini tia l slope gram per 0 • 

number ALmos- I Pounds per 
fuel weight drop A to B A to C (atmospbores difference 

pheres. square inch Grams per I Pounds per ratio (gram) (atmosphere) (second) (second) per econd) ( atmospheres ) 

absolute (gage) lit.er cubic foot. second gram °e. 

-----
L AIll AT 150° C _ (302° F _); FUEL 'l'EMPERATURE. 49° C.; 13-0RlIi'ICJO; 1 OZZLJO; 

17 5. a7 an . \. 73 0.29" 20 O . 142 O. 10 0.0013 0.023 -38 
34 15 . 1 9 .12 .0015 .023 -40 

35. 19 -_._._- ------------ 10 .284 . 15 .00 15 .023 -53 
36.20 ------ -- -- 5 .568 .26 .0020 .023 -65 

37 11. 31 152 9.46 . 592 40 142 . 12 . 0017 .023 -29 
3R --._-------. --------- -------- --- 30 . 189 .16 .0020 .023 -40 
39 ------------ ------------ -- ----- --- ------------ 20 .284 .20 .0020 .023 -50 
40 -- ------------ ------------ 15 .378 . 20 .0020 .023 -60 

23.41 -- -------- ------------ 10 .56 .36 .0020 .023 -65 
44 17. 01 235 14 . 19 60 .142 . 12 .0015 . 023 -33 
45 ------- .--- --------- ------------ 45 .189 .16 _0020 .025 -30 
46 ------------ ------ --- ---.-------- --- -------- 30 .284 .22 .0020 .025 -40 
26 .----------- -- ____ Po_Po ------------ ------------ 20 . 426 .30 .0020 . 025 -55 
27 --- --------- ------------ ------------ ------------ 15 .5 _39 .0020 .02i -.>5 
50 22.68 319 18. 93 I. I 4 40 .284 .23 . 0020 . 030 -40 
49 ------------ ---- --- -----'------- ------------ 20 .568 .38 .0020 . 027 -50 

-2.7 
-2.1 
- I.R 
-1. 1 
- 2.0 
-2.1 
-1. i 
- 1.6 
-1.1 
-2.3 
-1.6 
- 1.4 
-1.3 
- 1.0 
-1.4 
-.9 

2. AIR AT 200° C. (392° F.) ; FUEL 'rEMPERAT RE.49° C.; 13-0R IFICE NOZZLE 

73 6.34 i9 4.73 0.296 20 O. 142 O. 15 0.0015 0. 023 -4i -2. 2 
fiG --------- --- -- ---- ---- ------ -- ---- - --------_. 15 . 189 .18 .0015 .023 -2.4 
i5 ------------ ---------- ------------ ------------ 10 .284 .25 .0020 . 023 -75 -1. 7 
76 ------------ ----- --- ------------ ------------ 5 .568 .46 .0015 .023 - 100 -1.2 
77 12.68 li2 9.46 .592 40 142 . 18 .0020 .027 -35 -1.6 
78 ------------ ----------- ----------- ------------ 20 . 284 .32 . 0020 .027 -iO - 1. 6 

81 . i9 ------------ -------- --- ------------ ------------ 15 .37 .41 .0025 .027 - 72 -1.3 
80 ------ -- ----------- ------.----- 10 .568 .61 .0025 .027 -88 -1.0 
82 19. 02 265 14. 19 .888 60 .142 I .0020 .029 -25 - 1. 2 
83 ------ -- -- ----- ---- ------------ ------------ 30 .284 .34 .0025 .029 -48 - 1. 1 
84 ------ --- -.---------- ------------ ------------ 20 . 426 .48 .0025 .029 -flO -.93 
85 --- ---- -----3.58---- ------------ ------.----- 15 .568 .61 .0025 .030 -72 -.84 
6 25.36 18. 93 I. 184 0 . 142 .16 .0020 .029 -20 -.93 

89 ------------ ------------ ------------ ------------ 40 . 284 .3 1 . 0020 .030 -50 - 1.2 

--- -------- ------------ ------------ ------.----- 20 .568 .57 . 0020 .030 -65 -.76 

3. NITROGEN AT 200° C. (392° F.); .F UEL ,],EMPERA'l'URE. 49° C.; 13-0RIFICE NOZZLE 

202 6.56 82 4. n 0.296 20 O. 142 O. 14 O. 0015 0.023 
222 ------------ ------------ ------------ ----------- 15 189 Ii .0020 02:1 
223 ------------ ------------ ------------ ----------- - 10 :284 .26 .0018 .023 
205 ------------ ------------ ------------ ------------ 5 568 .48 .0025 _023 
225 13. 12 li 9. '16 .592 40 142 20 .0015 .023 
207 ------------ ---- -------- ------------ --------- --- 20 .284 .33 .0020 .023 
227 ------------ --- --------- ---- -------- ------------ 15 37 . 45 .0020 .023 
209 ------------ ------------ --- ------- -- ------------ 10 568 . 65 . 0020 .023 
211 19.68 275 14. 19 .888 60 14 2 21 .0020 024 
230 --------- --- ------------ ------------ ------------ 30 284 .37 .0022 .024 
213 ------------ ------------ ------------ ----- ------- 20 .426 .51 .0025 .023 
214 ------------ ------------ ------------ ------------ 15 568 6i .0025 .025 
215 26. 24 3il I .93 1. 184 0 142 18 .0020 .023 
234 ------------ ------------ ------------ ------------ 40 284 .37 .0020 .024 
235 ------------ ------------ ------------ ------------ 27 .426 51 .0025 .023 
236 ------------ ------------ ---------- -- ------------ 20 568 63 . 0025 .026 

-50 
-52 
-83 

-53 
-so 

-100 
- 110 
-40 
-73 
-88 

-30 
-60 
-72 
-0 

-2.:3 
- \. 
- 1. 9 
- 1. 0 
-2.5 
-1.9 
- I. 
- 1. 3 
- 1. 9 
- 1. 7 
- 1.4 
-1.0 
-1.4 
-1.4 
- 1.1 
-.93 

4. N l']'lWGEN AT 250° C. (4 2° F.) ; FUEL ,],EMPERAT RE. 49° C.; 13-0RI Ii' ICE TOZZLE 

177 7.25 92 4. 73 O. 296 20 O. 142 O. 22 0. 0015 O. 023 -65 -2.3 
17 -- ----- ----- ----------- - ------------ ----------- - 15 189 26 .001 .023 -83 -2.2 
191 -- -- -------- ----- ------- -- --------- - ---- -------- 10 .284 .37 .0020 .023 -U5 
J92 ------------ ------------ -------- -- -- ------------ 5 .568 .69 .0020 .023 -150 

-2.0 
-1.3 

193. 1 1 14. 50 199 9.46 .592 40 142 27 _0018 .024 -55 
182. 194 - - ---------- ------------ ------------ ------------ 20 .284 : 48 _0025 . 023 -96 

-1.9 
- 1. 7 

183. 19.5 ------------ ------------ ------------ ------------ 15 .37 .65 . 0025 .024 -124 
1 4 ------- -- ------------ ------------ ------------ JO 5 --- ----- ------ 0025 ------------ -140 

- 1. 6 
-1.2 

J96 21. 75 305 14. 19 60 . 142 .30 .00 15 .025 -53 -1.9 
197. I 6 ------------ ------------ -- ---------- ------------ 30 284 52 .0020 .024 -100 
198. 1 7 ------------ - -~ ------- -- ------------ --~ ~ -------- 20 .426 .75 . 0025 .025 -100 

J ---- ----~ --- -- -- ----- ------------ ---------- -- 15 568 -------------- .0025 --- --------- -120 

-1.8 
-1.2 
-1.1 

5. N['I'ROGEN AT 250° C. (4 2° Ii' .) ; FUEL TEtVIPEIlA'l'URE, 82° C.; 13-0RIFfCE NOZZLE 

255 7. 25 92 4. i3 0.296 20 O. 142 0. 20 0. 0020 0.023 -60 
239 ------------ -- -- -------- ------ ------ -------- ---- 15 .189 . 23 .0020 .023 -70 
257 -- ---------- ------------ ------------ ------------ 10 . 284 . 36 .0020 .023 -105 

241,2- ------------ ----- jgg---- ------------ ------------ 5 . 568 .65 . 0020 .023 -140 
242 14.50 9.46 .592 40 . 142 .27 .0017 .023 -65 

260,243 ------------ ------------ ------------ ---------- -- 20 .284 .47 .0022 .023 -100 
261.244 ------------ ------------ --- ------ --- ---------- -- 15 .37 .60 . 0025 .024 -1 12 
262, 245 - - ---------- ------------ ------- --- -- ------------ 10 .5 .83 .0025 .025 -124 

246 21. 75 305 14.19 flO .142 . 27 .0020 .025 -50 

_?".5n -2.2 
-2.2 
-1.5 
-2.7 
-2.1 
-1. 
-1.3 
-2.1 

247. 264 ------ ------ ------------ ------------ ---- ---- -- -- 30 . 284 .50 .0022 .025 -91 
265 ------------ --- --- -- ---- ----- -- ----- ---------- -- 20 .426 .66 .0025 .025 -104 

-1.9 
-1.5 

266 ------------ ------------ ------------ ------------ J5 _5 6 .0025 . 025 -104 -1.1 
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TABLE I- Continued 
OClATED WITH HEAT TRAN. FER TO DIESEL F EL 

1 __ 9___ 10 

Initi al gas pressure Gas density 

R ecord 
number 

394 
3 
396 
399 
404 
401 
402 
403 
405 
406 
408 
407 

270 
271 
272 
273 
274 
275 
276 
27i 
278 
279 
280 
281 

ALm os-
pheres 

absolute 

i.9-1 

15.& 

2:1. $2 

.6:J 

17.26 

25. 9 

7.2b 

14 .50 

21. 75 

Gas- FlIel Pressure 1 "Lerval InL n -al Initial slope I P Oll Dds per 
(u I weighL drop A LO B ALOe (a Lmo pberes 

square inch G rams per I POll nds per ratio (gram) (atmo~ph~re) (second) (second) per second) 
(gage) liter cubic (OOt 

6. NITROGEN AT 300° O. (573° ~'.); FUEL TE;\IPEHAT URE, 49° 0.; 13-0 RIFIOE NOZZLE 

102 4.73 

: ~:~~:::I ---------. --
- ------

219 9.46 . 592 
----------- ._--

--------- ----- ---
---------- --- ------- --

335 14 . 19 

---- ------- --------.--

7. N1'I'HOG I<;N AT 350° (062° 

112 4. i3 0.296 

- - ---_. 
.-._.-- - - - --- -- --

239 9.46 . 592 

.---.-. - - --- ---36(; 14.19 

--- - -.-.- - •.. - --- ----

20 
15 
10 
5 

40 
20 
15 
10 
60 
30 
2"2 
20 

.5 

-

0.142 
.1 9 
.284 
.568 
. 142 
. 284 
.378 
.568 
. 142 
.284 
. ~78 
. 426 
--

0.24 
.27 
.42 
.86 
.29 
.56 
.H 

-----.-------
.32 
.61 
.7 

---.----
F .); F UE L T"i\lPERATUR", 

20 O. 142 0.27 
15 . 1 9 .35 
10 .284 .52 
5 .568 .92 

40 . 142 .38 
30 .1 9 .47 
20 .284 .67 
60 . 142 .40 
45 . 189 .50 
30 .284 .71 

0.0020 0.024 -75 
.0020 .023 -95 
. 0020 .02.3 -130 
.0020 .024 -180 
. 00 Ii .025 - 2 
.0020 .025 -135 
.0025 .025 -140 
.0025 --- -160 
.0015 . 026 -60 
.0020 . 026 -110 
.0025 .026 - 112 
.0025 - 132 

49° C.; 13-0RI F1C" l\'"OZZLE 

0.00 17 0.023 -100 
.0017 .025 -123 
.0020 .02·1 - 156 
.0025 .025 - 190 
.00 18 .025 -94 
.0025 .025 -96 
.0025 .025 -132 
.UO:tU .026 -70 
.0020 .026 -95 
.0025 .025 - 124 

NITIWOEN AT 250° C. (482° F.): I' UE I~ TE;\(PERATURE, 49° 0.; IMPING l NO-J,,' I'S :\,OZZIJ" 

4. i3 0.296 

199 9.46 .592 

305 14. 19 .888 

:!O 
15 
I( 

5 
) 

) 

40 
:!O 
10 
I( 

flO 
30 
20 
15 

O. 142 
. 189 
.284 
.568 
. 142 
_ 284 
. 37 
.5' 
. 142 
.284 
.426 
.568 

0.25 0.0020 0.023 -60 
.2H .0020 .02:3 -80 
.37 .0020 .022 -110 
.62 .0020 .023 -155 
.28 .0025 .02<1 - 4 
.45 .0025 .02.) -80 
.57 .0025 .024 - 100 
.74 .0025 .025 - 116 
.29 .0022 .024 -41 
.44 .0025 .026 -64 
.63 .0025 .027 -92 
.76 .0025 .027 -100 

9. N I TROGEN AT 250° C. (4 2° F .); FUEL 'I'E:MPERATURE, 49° 0.; SINGLE-OUlFlCE "OZZLE 

286 
287 
288 
289 
290 
291 
292 
29:3 
294 
295 
296 
297 

7.25 

21. 75 

ISh 4.62 
15H 
160 
161 
162 9.24 
163 
164 
165 
166 13_ $6 
167 
168 
169 
170 18. 48 
Iii 
172 
Ii3 

92 4. i3 0.296 

30" 1·[,19 .888 

------'-.------:...--.:.:--~- ---'---....:...---'---....:..:...--'--~....:..:...---'--..:..:...-

10. OAR BON D lOXlDE AT 200° O. (392° .F.); FUEL TE _\IPERATURE, 49° 0.; 13-0HTF fCE I 'OZZLE 

5:3 4. i 3 0.296 20 0.142 0.12 0.0015 0.030 -50 
------- 15 . 189 .16 .0020 .030 -55 

--- 10 .284 .22 .00 15 .030 -100 
-- -- 5 .56 ' .44 .0020 .030 - 100 

121 9.46 . :'92 40 · 142 . 1 .0015 .030 -53 
---- 20 . 284 .33 .0020 . O~I -90 

-- -- -- --------- 15 .378 .44 .0020 .03 1 - 100 
--- 10 .56 .65 .0020 .030 - 120 

189 14. 19 60 · 142 .21 .0016 .032 -50 
-- 30 .284 .37 .0020 .031 -90 
---- 20 .426 .52 .0020 .03 1 -100 

--- -.---- 15 .568 .68 .0025 .033 -100 
257 18.93 I. 184 80 · 142 .21 .0015 .033 - 40 

---- --- -- ----- <10 .284 .39 .0020 .033 -75 
------- --- ---- 27 · <126 .54 .0020 .033 -100 
--- -- --- 20 . 568 .69 .0020 .035 - lOO 

Ini tia l slope per 
gram pro O. 

dilTerence 
( atmospheres ) 

second gram ° C. I 

-
-2.1 
-2.0 
-1.8 
-1.3 
-2.3 
- 1.9 
-1.5 
-1.1 
- \. 7 
-1.6 
-lo2 
- .93 

-2.3 
-2.2 
-1.8 
-1. 1 
-2.2 
-I. 7 
-1.5 
-I.ti 
-1.7 
-lo5 

-2.1 
-2. I 
-1.9 
-1.4 
- I. i 
-1. 4 
-1.3 
-\.O 
-1.4 
-1. 1 

-~:k 

-1.2 
-1.2 
-1.2 
-.97 

-1.4 
-1. 1 
-1.2 
-.91 

- 1.6 
- 1.1 
-1.0 

4 

-1.7 
-1.4 
- I. 
-

-1.9 
-1.6 
-1.3 
-1.0 
-1.7 
-1.6 
-1.2 
-

-1.4 
-1.3 

-~:~ 



Record 
number 

315 
316 

317.323 
31 
319 
320 

30 1 
302 
303 
305 
306 
307 

331 
332 
333 
334 
335 
336 

HEAT 'J'RANSFER TO F EL PRAYS INJECTED II TO HEATED GA ES 

T BLE II 

EFFECT OF FUEL VAPOR ON PRES RE CHA JGE FOR DIE EL FUEL 

1 2 3 4 5 6 7 9 

Initi al gas pressure 

Fuel quan- Fuel in Pressure l ui tial slope 
Record AtmOSI)beres I Pounds per tiLy injecLed I njec- bomb berore drop A to C Inter val A to Interval A to (atmospheres 

absol ute square iu ch (gram) tion injecting (atmosphere) B (second ) C (second) per second) 
(apI I'ox.) (gage) (grams) 

1 I'rROGEN AT 250° C. (4 2° F .) ; FUEL 'l'EMPERA1'URE, 49° C.; 13- 0RU' ICE NOZZLE 

380 15. 219 0.56 1 0.000 0.94 0.0025 0.025 - 156 
381 .56 2 .568 .70 .0020 .025 -140 

2 .568 3 1.14 .57 .0025 .025 -104 
3 3 .56 4 I. 70 .57 .0020 .025 - 105 
3 4 .568 5 2. 27 .51 .0020 .025 -105 
3 to to .568 3.9 . 42 . 0025 .025 -SO 
386 .568 11 5. 68 .39 .0020 .025 -90 
3 7 .568 17 9. 09 .37 .0020 .025 -90 
3 .568 23 12.5 .33 .0020 .023 -90 
389 16.57 229 .568 34 1 .7 .31 .0020 .023 - 0 

ITROGEN AT 350° C. (662° F .); FUEL ' I'EMPERAT RE , 49° .; 13- 0RIFICE NOZZLE 

446 17. 26 239 0.2 I 1 0.000 0.63 

I 
0.0025 0.023 - 148 

447 to to 4 5 1. 14 . 46 .0022 .024 -95 
44 .284 10 2.56 . 29 .002,5 .025 -56 
449 1 .6 260 .284 15 3.98 . 22 .0020 .024 -55 

1 

TABLE III 

PRES URE CHA GE ASSOCIATE D WITH HEAT TRA FER TO BENZE E 

2 9 10 

--------1-------- ------ ----1---1----1----1-----1 
Ini tial gas pressure Gas densi ty 

AtillOSP eres sq uare inch b I Pounds per 
absolute (gage) 

Grams per I Pounds per 
liter cubic root 

Gas­
ruel 
ratio 

,,~jge~t Pressnre drop Int~~v~ A 
(gram) (atmosphere) (second) 

Interval A 
to C 

(second) 

Inilia l slope 
(atmospheres 

p r se~ond) 

1. ' [TROG EN AT 250° C . (482° F .); FUEL ' I' EMPERATURE, 49° C. ; 13- 0R IF ! E NOZZLE 

7.25 

14.50 

15.88 

8.63 
------------
------------

17.26 
--------- --

--------------

92 4. 73 O. 296 20 0. 142 
15 . 189 
10 4 

199 9.46 .592 40 . 142 
30 .1 9 
20 .284 

0.30 0.0020 
.35 . 0020 
. M . 0025 
.33 .0025 
.40 .0020 
.62 .0025 

0.025 
.024 
. 023 
. 025 
. 025 
.024 

- 5 
- 100 
- 124 
-64 
-95 

- 124 

2. I'J'ROGEN A1' 300° C. (572° F .); FUI<;L 'l'EMPERATURE, 49° Co; 13-0RU' ICE NOZZLE 

102 4.73 0.296 20 0.142 0.36 0. 0020 0.023 - 5 
15 . 189 . 42 . 0020 .025 - 110 
10 " . 64 .0025 . 024 -144 
40 : 142 .39 . 0020 .025 -90 9.46 219 .592 
30 . 189 . 4 . 0025 .024 -92 
20 .284 .76 .0025 . 024 -140 

3. 11' HOGEN AT 350° C. (662° F.); F EL TEMPERA'I'URE, 49° .; 13- 0RIFlCE NOZZLE 

112 4.73 0.296 20 O. 142 0.37 0. 0020 0. 024 - 105 
------------- ------.----- --------.----- 15 I 9 .45 .0025 . 024 - 11 2 

._-_.- - 10 .284 .69 .0025 . 023 - 172 
239 9.46 .592 40 142 .43 .0025 . 024 - 92 

----------- -------- - - -------------- 30 I 9 . 56 . 0025 .023 - 11 2 
---- ----- ----- ---------- - -------------- 20 .284 .1 . 0025 .024 - 172 

lnitial slope 
I er gram per ° C. 

difference 
( atmospheres ) 
\.~econd-gram ° C· 

-3.0 
-2.6 
-2.2 
-2.2 
-2.5 
- 2.2 

-2. 4 
-2.3 
-2.0 
-2.5 
-1.9 
-2.0 

-2. 5 
-2.0 
-2.0 
-2.2 
-2.0 
- 2. 0 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocities 

Force 
(parallel 

Linear to axis) 

I Designation Sym- Sym- Positive Designa- Sym- (compo-
bol symbol Designation bol direction tion bol nent along Angular 

axis) 

Longitudinal ___ X X Rolling _____ L Y-->Z RoIL ____ <I> u p LateraL _______ Y Y Pitching ___ _ M Z-->X Piteh __ __ (J v q NormaL _______ Z Z yawing _____ N X-->Y I yaw _____ if! w r 
I 

Absolute coefficients of moment 
L M 0=- 0 =-

I qbS m qcS 
N 

On= qbS 

Angle of set of control surface (relative to neutral 
position), D. (Indicate surface by proper subscript.) 

(rolling) (pitching) (yawing) 

4. P ROPELLER SYMBOLS 

D, 
p, 
p/D, 
V', 
V., 

T, 

Q, 

Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient OT= ~D4 
pn 

Torque, absolute coefficient OQ = 9
D

s 
pn 

P , 

0., 

TI, 
n, 

<P, 

Power, absolute coefficient Op= pJlJ6 
sip 

Speed-power coefficient = -V ~n2 
Efficiency 
Revolutions per second, r .p .s. 

Effective helix angle = tan -1 (2:n) 

1 hp . = 76.04 kg-m/s = 550 ft-Ib ./sec. 
1 metric horsepower = 1.0132 hp. 

5. NUMERICAL RELATIONS 

11b.=0.4536 kg 
1 kg=2.20461b . 

1 m.p.h . =0.4470 m .p.s. 
1 m.p.s. =2.2369 m.p.h. 

1 mi. =1,609.35 m=5,280 ft. 
1 m=3.2808 ft . 


