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By A. E. Spakowski, Harrison Allen, Jr., and Robert M. Caves 

The following chemical and physical properties w e r e  determined f r o m  
a sample of HI-Cal-2: 

Elemental chemical analysis,  percent 
Boron.. . . . . . . . . . . . . . . . . . . . . . . . . .  53.60 
Carbon . . . . . . . . . . . . . . . . . . . . . . . . . .  32.33 
Hydrogen . . . . . . . . . . . . . . . . . . . . . . . . .  13.51 
dioxide and water and sol id  boric oxide at 25O C, 

N e t  heat of combustion of l iquid f u e l  t o  gaseous cazbon 

Btu/lb . . . . . . . . . . . . . . . . . . . . . . . . .  -23,159 
Density g/ml 6 at 20 C . . . . . . . . . . . . . . . . . . . . . . . . .  0.841 

a t  25O C . . . . . . . . . . . . . . . . . . . . . . . . .  0.838 
Freezing point No t rue  freezing point found 
S e x  ignition tmpera tue ,  OC . . . . . . . . . . . . . . . . .  1.25 
Vapor pressure curve . . . . . . .  log Pm = - 7825 + 6.240 

. . . . . . . . . . . . . . . .  236 

Flash point, OC . . . . . . . . . . . . . . . . . . . . . . . .  17 

Extrapolated boiling point, OC 
Decomposition, OC . . . . . . . . . . . . . . . . . . . . . .  ,160 

2.303KT,bs 

As part of the Navy Project Z i p  to  consider y i o u s  boron-containing 
materials as possible high-energy fuels, the chemical and physical prop- 
e r t i e s  of Hi-Cal-2 prepared by the Callery Chemical*Company w e r e  evaluated 
at the  W A  Lewis laboratory. Elemental chemical analysis, heat of com- 
bustion, vapor pressure and decomposition, freezing point, density, se l f  
ignit ion temperature, f lash point, and blow-out velocity were determined 
fo r  the f i e l .  Although the precision of measurement of these properties 
was not equal t o  that obtained for hydrocarbons, t h i s  special  reYease 
research memorandum w a s  prepared t o  make the data available as soon 

- 
rl 

as possible. ENG~NEEIUNG DEFT. LIBRARY 
- -  CHANCE VOUGET AIRCRAi-T 

NOV2 81955 
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PROCEDURE AND RESULTS 

Chemical ana lys i s .  - The material, Hi -Ca l -2 ,  was handled ei ther  i n  
a helium inerted dry box or under an atmosphere of helium t o  insure 
against any oxidation prior t o  analysis. The dark, straw-colored l iquid 
was f i l t e r ed  as it was transferred from the original shipping container 
t o  smaller steel cylinders. The f i l t e r ,  when cleaned, was found t o  con- 
t a i n  nylon-type fibers,  iron f i l ings,  a yellow gelatinous mass, and other 
unidentified foreign matter. 

The elemental chemical analysis followed the procedures se t  for th  by 
Project Zip Standard Test Specifications Committee (ref. 1). 
and hydrogen were determined by the microcombustion t r a i n  t o  be 32.33 
and 13.51 percent, respectively. Total boron, using the n i t r i c  acid ox- 
idation method, was found t o  be 53.60 percent. 
with the standard deviations, a re  l i s t e d  i n  table I. 

Total carbon 

These values, together 

Heat of combustion. - A Parr Adiabatic oxygen bomb calorimeter w a s  
used t o  determine the heat of combustion. The procedure t o  obtain the  
r a w  heat of combustion follows the general method recommended by the Parr 
Instrument Company with modifications as described i n  reference 2 .  In 
addition, another modification has been made t o  a id  the combustion of 
boron and carbon. The l i d  of the adiabatic bomb was f i t t e d  with a f ine  
platinum tube so that  a burst of oxygen was directed onto the burning 
fue l  at  the  moment the glass ampule burst. In some cases, t h i s  has in- 
creased the  combustion efficiency of boron as much as 10 percent and 
carbon 5 percent. The bomb i s  calibrated with the oxygen l ine  i n  place 
and a correction i s  made for  the heat added t o  the bomb by the compression 
of the additional oxygen. "he resul ts  from two determinations of 
Hi -Ca l -2 ,  including the analyses of the combustion products and the cor- 
rections applied t o  the raw heating values, a r e  l i s t ed  i n  table  II. The 
average net heat of combustion of H i - C a l - 2  was -23,159 Btu per pound 
based on 25' C reference temperature. 

Density. - The density was determined in an open-arm bicapillary 
pycnometer with ground-glass connections that were used t o  effect  a seal  
t o  the atmosphere. 
as the iner t  gas a f t e r  which the density measurements were made i n  the  
customary manner at  two temperatures, 20' and 25' C.  
0.841 and 0.838 gram per mil l i le ter ,  a t  20' and 25' C, respectively. 
There is  some uncertainty i n  these values because gas bubbles formed i n  
the f luid during the measurements. 

The pycnometer was f i l l e d  i n  a dry-box using helium 

The densit ies were 

Freezing point. - The freezing point was determined i n  an apparatus 
featuring a closed sample system, electromagnetic s t i r r e r ,  and a platinum 
resistance thermometer (ref.  3 ) .  
However, upon cooling the sample t o  -66.4O C, the s t i r r e r  was stopped by 
the increased viscosity of the sample. Further cooling with l iquid 
nitrogen produced only a b r i t t l e  glass-like material. 
measurement was taken at  t h i s  point. 

No t rue  freezing point w a s  obtained. 

No temperature 

-4 
d 
(3, 
M 
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Self ignit ion temperature. - The self ignit ion temperature was 
determined in the Setchkin apparatus. 
temperature ya6 decreased. 
tions. 
rechecked with a series of clean flasks. 
&+diad 
seconds were experienced. 

Ignition attempts w e r e  made as the  
The glass f lask was not cleaned between igni- 

when the lowest point giving lgnition wa6 reached, the value ua6 

u 

The self ignition temperature 
1250 c .  &lay t*s q! tG p. zs3.x-mm cf sFgrexb%tely 3 tc2 4 

cp 

Flash point. - The f lash  point was determined i n  a modified Pensky- 
Martens type closed-cup apparatus. 
3 cubic centimeters and is half f i l led with l iquid sample. The t e n . -  
tu re  r i s e  of the  cup was held t o  less  than lo C per minute. Inasmuch as 
boron burns with a green colored flame, the  f lash  could be e a s i l y  seen. 
The f l a sh  point obtained fo r  Hi-Cal-2 was 17' C. 

The sample cup has a volume of only 

Vapor pressure and decomposition. - The thernral-stabil3.ty appar8tus 
for Hi-Cal-2 consisted of a 200-milliliter cylimlrical glass bulb attached 

.!d t o  a mercury manometer with approximately 18 inches of glssb capillary 
tubing. This tubing was wound with a nichroii  heating c o i l  t b  prevent 
condensation. 
bulb and a thermocouple attached directly t o  the bulb measured the  
temperatures. 

0 

A steel ttibe furnace f i t t e d  closely around. the glass sample 
"d 
3 
4 
.v 

A sample of the HI-Cal-2 was placed i n  the  bulb i n  a helium inerted 
dry box. 
at -196' C. 
r a t e  of approximately 30° C per hour. 
ments w e r e  recorded at  15-minute intervals. 

The bulb was attached t o  the capillary tubing and then degassed 
The bulb was next placed in the furnace and heated at  the 

Pressure and temperature me~sure- 

The results are  shown in figure 1, where the  pressure in millimeters 
is plotted against the temperature i n  OC. 
measured i n  the first part of t h e  heating curve. A t  higher temperatures 
decomposition occurs and the pressure of the gaseous decomposition prod- 
ucts is added t o  the pressure of the Hi-Cal-2. The dashed line in figure 
1 is the  expected extension of the wpor pressure curve. Pinally, there  
is a decrease i n  the rate of pressure increase as the  supply of l iquid 
material is depleted. 

'Ihe pressure of the vapor is 

I n  order t o  determine the temperature of incipient decoIQOsition, 
the log of the pressure i n  millimeters is plotted against 
f igure 2. 
in which the vapor pressure alone i s  being measured. 
decomposition comences and adds t o  the t o t a l  pressure. 
peratures above 270° C the supply of l iquid material is depleted and the  
pressure levels off. 

l[T,OK in 
The straight-l ine portion of the curve represents the  region 

A t  about 160° C 
Finally, a t  tem- 

. The equation for  the straight-line portion of the vapor pressure 
curve between 50' and 160° C i n  figure 2 is  



4 

7825 + 6.240 2.303R" log P = - 

where 

P pressure, millimeters of mercury 

T temperature, K 0 
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The mean molar heat of vaporization over the temperature range covered 
by the straight-l ine portion of the curve i s  7825 calories.  
la t ing to  a pressure of 760 millimeters of mercury the boiling point of 
236O C would be obtained. 

By extrapo- 

Blow-out velocity. - The blow-out velocity of Hi -Ca l -2  was deter- 
mined i n  a 12-inch-diameter combustor. 
procedures are discussed i n  d e t a i l  i n  references 4 and 5. 
apparatus consisted of an a i r  atomizing f u e l  nozzle, mixing chamber, 11- 
inch-diameter combustion chamber, pilot ,  and metering systems for  both 
the air and fuel. The system was run at approximately atmospheric pres- 
sure. For the determination of the blow-out limits, the atomizing air  
flow and the f i e 1  flow were held constant. The main air  flow was first  b 

se t  low t o  igni te  the fuel-air  mixture, then gradually increased u n t i l  
the  flame failed.  
the a i r  flow at a reference area (&inch diameter) with atmospheric 
pressure and temperature assumed. 

This combustor and the operational 8 
Briefly, the 

W 
8 -  

The velocity a t  the blow-out point was computed from 

a 

The resul ts  of the blow-out t e s t s  are shown i n  figure 3 together 
with the resu l t s  of two reference fuels, propylene oxide and JP-4. 
ver t ical  curve f o r  H i - C a l - 2  shows that the blow-out l i m i t  of the fue l  is  
beyond the a i r  capacity of the burner. 

The 

DISCUSSION 

Considerable d i f f icu l ty  was encountered with the  t e s t  sample of 
Hi -Ca l -2  because of foreign matter i n  the fuel .  
f i l t e r s  i n  the transfer l ines  became clogged with the sol id  and gelatinous 
material, and i n  some cases even the by-pass l ines became clogged. 

In  most cases, the 

"he boron content and heat of combustion were suff ic ient ly  high t o  

.contains sufficient boron t o  investigate problems associated with boron 
make the sample suitable as a fue l  f o r  engine development. 

oxide deposits. The boiling point and vapor pressure corresQond roughly 
t o  that of a C13 hydrocarbon and are  thus i n  a range considered fo r  air- 
c raf t  fuels. 
would probably not seriously affect  engine development studies, some con- 
sideration would have t o  be given t o  possible fue l  system problems tha t  
might occur under .low- temperatwe conditions. 

H i - C a l - 2  

9 

Although the marked increase i n  viscosity a t  -65' C (-85' F) - 

-1 
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While the =So C spontaneous ignition temperature is  considerably 
lower than that found for  hydrocarbons (decane and hexadecane have spon- 
taneous ignit ion temperatures of about 230° C), the  nntterial can presum- 
ably be handled i n  air  under normal conditions. 
determine if slow oxidation occurred at room temperature. 
point (17O C )  is  also considerably below that of hydrocarbons of similar 
-i=l;Stility. 
re la t ively low self ignit ion temperature and f lash  point, however, indi- 
cate that Hi-Ca1-2 would have greater react ivi ty  with air than conven- 
t i ona l  fuels. The high react ivi ty  of Hi-Cal-2 is further confirmed by 
the blow-out t e s t s .  
i t y  exceeded 220 fee t  per second, considerably above the maximum blow- 
out velocity of a f u e l  l ike  propylene oxide. Although no quantitative 
re la t ion  ex is t s  between these blow-out t e s t s  and engine performance, 
a high blow-out velocity is  usually associated with good performance i n  
engines. 

No tests w e r e  made t o  
"he f lash  

Tetraaecme &E 8 flssh, WiEt Qf St>CEt 1m0 c. Fhth the 

A t  an equivalence r a t i o  of 0.3, the blow-out veloc- 

On the  basis of the relat ively few t e s t s  performed, it appears that 
a fue l  having the  properties of Hi-Cal-2 may be suitable for engine 
development if the foreign materials are removed. 
cient information t o  determine whether the  Are1 is sui table  f o r  propul- 
s ion applications. 

"here is not suffi- 

Lewis Flight Propulsion Iaboratory 
Rational Advisory Committee for Aeronautics 

Cleveland, Ohio, October 5, 1955 
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-261.0 
-1683.8 
339.2 
704.4 
-37.0 

-1.3 
-939.5 
-1691 1 

-23,186.1 
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-264.9 
-1689.8 
339.9 
704.4 
-37.0 

-1.4 
-948.8 
-1707.8 

-23,132.3 

TABU I. - CHEMICAL AND PHYSICAL PROPERTIES OF HI-CAL-2 

[Subscripts refer  t o  standard deviations. ] 

Elemental analysis : 
Boron, percent 
Carbon, percent 
Hydrogen, percent 
T o t a l  

H e a t  of combustion, Btu/lb 
Density, g/ml 

Freezing point 
Self igni t ion temperature, OC 
Flash point, OC 

Vapor pres sure 

Boiling point (extrapolated), OC 
Decomposition, OC 

53.60.37 
32.33.19 
13.51.04 
99.44 

-23,15948 (at 25' c) 
0.841 a t  20° C 
0.838 a t  25' C 

No t rue one found 
125  
17 

log Pmm = - 7825 + 6.240 
2.303 mabS 

2 36 
> 160 

TABLE: 11. - HEXI' OF COMBUSTION OF HI-CAL-2 

Sample weight, g 
Raw heat, Btu/lb 
Percent carbon burned 
Percent boron burned 
Corrections, cd/g:  

Unburned carbon 
Unburned boron 
Hydration and solution of boron oxide 
Vaporization of water 
Constant volume t o  constant pressure 
Correction t o  atmospheric pressure 
for oxygen consumed 

T o t a l  corrections, cal/g 

Net heat of combustion, Btu/lb 
Btu/lb 

Average 

. \  . 

R u n  1 

0.4313 
-21,495.0 

90.0 
77.5 

R u n  2 

0.4746 
-21,424.5 

89.9 
77.5 

h 

-# 
dr 
r n  
M 

b 

'I 

a 

* 
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0 
Temperature, OC 

Figure 1. - Pressure develcped by HI-Cal-2 vith increasing temperature. 

1. . , ” . 4 .- .. 
:r‘& 7 . -  ’ 
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Figure 2. - Pressure-temperature relation f o r  HI-Cal-2. 
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EQuivaleoce ratio, CP 

3V.gwe 3. - Blow-out velocitiea of Hi-Cal-2, propylene 
a i d e ,  and Jp-4 in l&ioch-dIameter canbustar. 

Y 



4 

4 

RACA RM E55503 

CKEMICAL AND PHYSICAL PROPERTIES OF HI-CAL-2 

A. E. spa3rowsk.i 
Aeronautical Research Scientist 

Fuels and Canbustion 

Harrison Allen, Jr. 
Aeronautical Research Scientist 

Fuels 

10/4/55 
aap 

fl&>Y-q Robert M. Ca es &,- 
Aeronautical. Research Scientist 

Fuels 

Melvin Gerstein 
Aeronautical Research Scientist 

Fuels and Cmbuatfon 

---I . 
Walter T .  Olson 

Chief, Fuels and Cambustion 
Research Divisiog 

NACA-CI;EVELAND 


