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FOREWORD

- • This report contains the results of an effort to alleviate the high

viscosity of RJ-5 (Shelldyne_H ® ) at low temperatures by means of various

hydrocarbon diluents. The in-house research was performed in the Fuels

Branch of the Air Force Aero Propulsion Laboratory, Air Force Systems Com-

mand, Wright-Patterson Air Force Base, Ohio, under Project 3048, Task

304805, and Work Unit 30480547. The effort was conducted by Mr. Herbert

R. Lander, Jr., of AFAPL/SFP and Mr. Alfred E. Strouse of AFAPL/TPF

during the period of 1 February 1973 to 30 June 1975.
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• SECTION I

• I NTRODUCTION

The principle problem associated wi th the use of She l l d yne_H® (RJ_5) as a

m issile fue l is  i t s  high viscos i ty, particularly at 0°F and below*. The vis-

cos i ty of this potential fuel increases more than two orders of magnitude between

0°F and -65°F. The steepness cf the semi-logarithmic plot of v i s c o s i ty as a

function of temperature is shown in Figure 1 , w h e r e  the viscos i ty of Shelldyne—H

• is plotted versus temperature . At -65°F, the viscos i ty of the fuel is increas-

- ing at approximatel y 3000 centi pol se per °F. These data were obtained on the

cone and plate Weissenberg Rheogoniorneter, which will be discussed later in

this report.

Chem i cally, Shelld yne-H~~~can be succ i nctl y described as a mixture of the

• hydrogena ted diners of norbornad i ene (HNBD diners). This material has been

- produced in batch quantities by Shel l  Development Company , formerly of

Emeryvi lle , California , to meet the RJ—5 specification . The chemica l and

-

• 
physica l requ i rements of this tentative specification are outlined in Table I.

The properties which best differentiate this fuel from others is the hi gh

- 
densi ty (specific grav i ty is 1.08) and i ts extremely high viscos i ty, particularl y

at lower temperatures . All other properties are quite similar to those of most

other aircraft and mi ssile hydrocarbon fuels. Of major concern to the des i gner

is relief of some of the low temperature problems associated with using

She lldyne_H ®. These points will be discussed in later sect ions.

* References ( l ,2 ,3, 2Z1,25,30)

1
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FIGURE 1. Viscosity of Shelldyne_H ® (HNBD Dimer) As a Function
of Temperature .
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TABLE I

PROPOSED MILITARY SPECIFICATION FOR RJ-5

Test Method
Requirements Limits ASTM Standard

Distillation Temperature, °F (°c), Mi 470 (243.3) 086
Initial boiling point
10 percent point
20 percent point
50 percent point
90 percent point

End Point , °F (°C), Max 525 (273.9)
Distillation Residue , Vol ume %, Max 1.5
Distillat i on Loss, Vol ume % , Max 1.5
Gravity at 60°F AP I Max (Sp. Gr. M m )  —0.5 (1.08) D287
Existent Gum , Mg/l OO Ml , Max 7.0 0381
Potential Residue , 16 Hrs Aging, Mg/lO O Ml , Max 14.0 D873
Sul phur , Total , Weight Percent , Max 0.05 D1266
Mercaptan Sulphur , Weight Percent , Max 0.001 01219 or 

•

Dl 323
Pour Point , °F, Max 65 D97 H

Heating Va l ue
Net heat of combustion , Btu/1b , mm 17,750 D2382
Net heat of combustion , Btu/ga l , mm 160,000

V i scos ity,  Cen ti stokes , Max
at -65°F 20,000
at —30°F 1 ,400
at 100°F 15

Aromatics , Volume Percent , Max 1.0 D13l9
Olef in s, Vol ume Percent , Max 1. 0 D1319
Flash Po i n t , °F , Mm 150 D93

• Copper St r i p Corrosio n , ASTM , Max No. I Dl30
Therma l Stability

Change in pressure drop in 5 hrs, in  Hg, max 3 D1660
Preheater deposit code, max 2

Particulate Matter
Mg/L i ter , max F.0.B. origin deliveries 1.0 D2276
Mg/Liter , Max F.O.B. destinat i on deliveries 2.0

Fuel System Icing Inhibitor
Vol ume percent , mm 0.10
Vol ume percent , max 0.15

Brom i ne number , max 1.0 01159

3
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SECTION II
STATEMENT OF THE PROBLEM

In the short space of one decade , the status of the hydrocarbon fuel known

as Shelldyne_ H ® has risen from a laboratory curios ity to the baseline fuel for

• the Advanced Strateg ic A i r  launched M iss i l e  (ASAL~i). Volume limited strategic

cruise missiles of this type must use denser fuels (or more energy per given

-• 
volume )if they are to attain greater range. Projected performance require-

ments of these systems put a high prem i um on range , time-to-target and packag-

ing . When applied in comb i nation , these factors tend to favor air-breathing

engines for non-ba l l i s t i c  systems . These requirements , qu ite naturall y,

have st imulated ramjet and turbojet m iss i l e  development programs . In order

to meet these str ingent performance requirements , fuels w i th  high volumetric

heating va lues must be used . The reason , therefore , for the evolution of

Shel ld yne ® , Shelld yne_ H®, and eventual ly the RJ-5 specification (Table I)

is not surprising since it has the highest dens ity of any hydrocarbon

which remains a f lu id  down to -65 ° F. The lower temperature l im i t  of -65°F

is currently required for all air l aunched missiles.

Shelld yne_H ® type fuels are goi ng to play a greater role in the future

plans of both the Air Force and Navy. Efforts are currently underway to

make RJ-5, or modifications thereof , more meaning ful to the eng ine and systems

designers.

Over the last ten years , approx i matel y 10 ,000 gallons of Sheild yne or

Shelldyne_ Ii ® have been produced by Shell Oil Company affiliates , both in this

country and in Europe . The process for producing this material has been 
•

4
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patented
(4_14) 

and articles in the open literature have delved into the chemis-

try of the process 5-2l)~ Shelldyne_F!® is a registered name of a hydrocarbon

produced by hydrogenating the dimers of norbornad i ene (HHBD) . Until approx i-

mately five years ago, the fuel was not hyd rogenated (Shelld yne~~ and

because of reactive double bonds was subject to instability during storage.

The Shell Deve l opment Company has produced approximately 6700 gallon s of

Shel l d yne_H ® for AFAPL. sponsored eng ine and fuel system dev’~iopment

programs (22~
23). In September 1973, Shell Oil Company licensed Ashland

Oil Company exclusive ri ghts to produce Shelldyne_H ® .

As pointed out initiall y, the great potential of Sheildyne_ I-i® as a

missile fuel is blighted by its high viscos i ty, particularly at sub-zero

temperatures. This problem Is one which can be alleviated either by system

design or by fuel modification . Fuel system desi gn incorporating either

expulsion techniques or tank heating have been proposed as possible solutions

to the flow prob l ems at low temperatures (24~
25). More conventiona l fuel

systems would probably rel y more on the modified Shelld yne_H®. The potential

of dilut i ng Shelldyne_H ® with li ghter hydrocarbons is Investigated in this

effort and reported in this report. The effect of the various diluents on not

only the viscos i ty but the dens i ty and heat of cocnbu3tion of Shelld yne-H Is

considered and eva l uated .

- 
- Another problem in using Shelldyne_H ® at low temperatures , which became

evident in the past year , Is the tendency of some batches of fuel to freeze

at temperatures above -65°F. This phenomenon is related to the conformation

of the diners which make up Shelldyne_H ® and the fact that some batches of

5
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material have higher freezing points than others. For the most part , the

higher freezing points have not been detected In conventiona l laboratory

• tests because the materIal can be supercooled . The supercooling Is a

paradox ica l phenomena which might be related to many things inc luding the

• rate of cooling . In the case of a fast cooling rate, the viscos it y of

Shelldyne-H~~~is thought to Increase so rapidly that the indIvidua l molecules

are unable to rearrange themselves into the appropriate crystalline

• order before solidification . Crystallization might then occur after some

time at this low temperature or might even occur upon being heated as the

molecules become more mobile but are still below the actua l freezi ng/melting

point of the material. The possibility of any freezi ng occurring at tempera-

tures above -65° must be understood and alleviated If Shelldyne_H ® is to

be used in air launched systems. Supercooling to below the actua l

melting point of Shelldyne-H~~~cannot be relied upon since the presence of

such miscellaneous potential nuc l eation sites as dust , water crystals , shar p

meta l l ic surfa ces , etc., cannot be completely eliminated from fuel systems.

Therefor e, the true melting point of Shelldyne-H~~~must be lowered to a

temperature below the minimum system requirement which Is normally —65°F for

A ir Force air launched systems.

Shelldy ne-H~~~is composed of at least three major dimers which make up more

than 98% of the material. The mixture of these hydrocarbons produces a eutectic

which has a melting point considerably lower than the pure dimers . By using a

prepara ti ve gas chroma togra ph ic  techn ique, chemists at AFAPL were able to

separa te the three major di mers tha t make up Shell d yne-H~~ In order to

6
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justify future research into the chemical modification , it was of interest to

see whether any comb ina ti on of two or more of these di mers wou ld not freeze

above -65°F. Numbered according to their gas chromatographic elution time ,

the dimers of Shelldyne-H~~~were found to freeze at approximately 92°F, 41°F

and 46°F, respectivel y. Normally, Shelldyne_H ® w ill contain between 10-20%

of d iner -1 , 1 6—22% of dime r -2 and 55—75% of dimer —3. Since the last

two dimers had the lower freez i ng points , a preliminary program was initiated

to determ i ne whether mixtures of only these two diners could form eutectics

wh ich would meet the -65°F (and lower) meltIng/freezing point restriction .

The series of mixtures of only diner -2 and -3 were made and tested

(Monsanto Research Corporation contract AF33615-72-C-lO7l). Us i ng weight

percent concentrations from 0 to 100% in approximately 10% increments , these

mixtures were stored for up to eight days in a controlled low temperature bath

at —65°F. The results of this test are summarized in Table II. After eight

days at -65°F, only mixtures containing 29.9, 40.3, 49.5 weight percent of - •

diner -2 were still liquids. Since not all batches of Shelldyne_H ® wh ich

contain the three major diners freeze above -65°F, research efforts are

currently underway to ascertain which concentrations of the three dimers are

required . When this is determ i ned , production reaction conditions could be

adjusted to produce the des i red concentration of the diners wh i ch have true

melting points below —65°F. The Shelldyne_H ® used i n th i s progra m was

composed of the three major diners and had a melting point below -65°F.

The pr inc i pa l objective of this research program was to study the effect

of various hydrocarbon fluids on reduc i ng the low temperature viscos i ty of
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Shel l d yne—H~~ 
It was also of interest to determine the effect of the diluent

on the density and energy of the ShelJdyne-H~~ prev ious~~~
2) effo rts had

ind i cated that considerable reductions could be obtained in viscosity with

only small losses i n density and energy. Shell Development Company, under

AF contract, studied the effects of different hydrocarbons (methylcyclo-

hexane , decal in , dimethanodecalin , n-heptane and JP-7 fuel) in reducing the

viscos ity of Shelldyne_H ® fuel at temperatures from -65°F to 73°F. Concen-

trations as small as 1 weight % diluent resulted in substantial reduction of

the viscosity of Sheildyne-H~~~without any significant changes in other

properties of the fuel. Of the diluents tested in the Shell program,

methylcyclohexane had the greatest effect in reducing the viscos i ty of

Shel l d yne-H~~

I
8
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IA!LLLL
EFFECT OF 8 DAY SOAK AT -65°F ON HNBD DIMER -2 AND -3 MIXTURES H

I
SAMPLE NUMBER (

~ MER -2~ WT% Dl MER -~~jtr% RESULTANT PHASE*

1 0 100 S

2 9.9 90.1 S •

3 20.9 79.1 S

4 29.9 70.1 1

5 40.3 59.7 1

6 49.5 50.5 L

7 60.0 40.0 S

8 70.1 29.9 S

9 81.9 18.1 S

10 89.8 10.2 S

11 100 0 S

* 
-S SOL I D

L —  PHASE

__ _____ 
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SECTION III
EQUIPMENT

The experimenta l portion of this program was carried out on the Model R17

Welssenberq Rheogonlometer which was modified to measure l iquid viscosities

at temperatures down to —100°F or below. This device is a refinement of a

des ign by Weissenber g and i s man ufac tu red by Sangamo Con trols , Ltd., Bognor

Regis , Eng land , and is distributed in this country by the Technidyne Corpora—

-
• tion , Lou i sv i l l e, Kentucky.

The rheogoniometer was developed as a research instrument to measure

• stress vs. rate of shear dependence at every point in the fluid under test

In both the tangential and norma l planes. For this program , only the

ord i nary tangential data were obtained since the liquids were simple

• Newtonian fluids. Figure 2 is a photograph of the rheogoniometer and assoc-

iated equ i pment. The main components are from l eft to right , the drive unit

(includ i ng motor , gearbox and drive shaft), the ma i n  body , Instrument controls ,

and record ing equipment. The measuring section of the rheogoniometer Is very

• prec i sely eng Ineered and is shown within the main body In Figure 3. Not shown

• in these f igures are the mod i f ica t ions needed to get test cond it ions down to

-65°F. This was accomplished by using cold nitrogen to cool the platens

wh i ch were enclosed in the temperature con trol chamber which  is shown in an

opened position in Figure 3. The nitrogen actually served a dua l purpose of

cooling the platens and provid i ng a d ry,  Inert atmosphere around them. The

• gas passed into the test chamber through special gas inlets. This gas was

cooled by heat exchange in a 25 foot coil of 5/16 inch 00 copper tubing

submerged in a dewar of liquid nitrogen . Temperature control within the

10
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chamber was achieved by adjusting the flow rate of cold nitrogen . The

temperature of the test platens was detected by a copper-constantan thermo-

couple embedded in the outer surface of the top platen . The temperature

was indicated on a Digital Voltmeter , Series X-3, manufactured by Non Linea r

Sys tems , I nc., Del Mar , Cal ifornia.

The basis of the rheogoniometer Is the single cone and plate viscometer

which is pictured in the center of Fi gure 3. This device has evol ved into a

very useful instrument for both industrial and research organizations. It

has the versatility and sensitivity to measure the viscos i ty of fluids from

108 poise down to the thinnest of materials. It has been reported
(26) that

the viscos i ty of air has been measured with 100 times more sensitivity because

of the electronic equipment and associated ultra violet recorder. Thus,

viscosities as low as I x lo 6 to 1 X lO~~ poise can be measured; therefore, 
I

H the instrument has a range of approximately 1014. The range of shear rates

available in this instrument is from 1O~~ to l0~ sec~~, although it is , of

course , not possible to use high shear rates with thicker materials or to

obtain measurable readings with low shear rates and thin materials.

• The measuring section of the rheogoniometer Is very precisely eng i neered

• (Figure 3). The operation of the instrument is relatively simp le with a

two-way drive box translating the continuou s rotationa l drive from the gear

box from the horizonta l axis to a vertica l axis through a gear reduction

connected to a worm and wheel. Through this worm and wheel , the vertica l

shaft drives the lower cone. The viscous drag is transmitted through the

sample to the upper platen which is attached to the rotor of an air-bearing

L_ • • • •~~~~~~~~~~ • • •~~~~~~•~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~• • • • • • • • •~~~ • • • • • • • • • • • • • • • • • •~
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• torsion head. This allows a small , but virtual ly f r ict ionless circular move-

ment of the upper platen against a calibrated torsion bar , and this movement

is detected by a linear displacement inductive transducer capable of measur-

ing down to 0.1 mIcron of platen movement.

The f l u i d  to be tested is sheared between the rota ti ng cone and the f i xed

flat platen . The basic shear-rate shear—stress relation of the fluid is H

obtained from the measurement of the rotationa l speed and the torque requ i red

to drive the platen . Since the angle between the cone and plate Is small ,

the shear stress will be very nearly un i form throughout the fluid.

Freder ickson (27) reported that the percentage difference In shear stress H

between cone and plate for cone angle less than 4° was less than 0.5%; for

the AFAPL 2° cone ang l e, the difference In shear stress was only 0.l2~ .

Therefore , the assumpti on tha t shear stress and , hence, shear ra te and

apparent viscosity are un i form throughout the fluid , is an excellent one.

For the Newtonian fluids studied in this proceram , the apparent viscos i ty Is

the same as the absolute Viscosity.

The flow equations for the cone and plate viscometer have been developed

(26,28) and the results of these developments are described in Appendix A.

In the research program , the Welssen berg Rheogoniome ter , which had been

procured ori ginally for metal sl ur r l ed f uel eval uat ion , was set up and

1 adjusted according to the instruction nanua i (26).

Procedures for ca l i b ra t in g the el ectronics , calIbratin g the displacement

transducers , chang ing the torsion bars and changing and aligning the plates

were followed as outlined in the manual.

I
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The testing performed on this program was carried Qut on one set of

pla tens , using only one tors ion bar. Pertinent data on these test spec imens

are outlIned in Table III.

Calibration tests were performed on Brookfleid Engineering Laboratory,

Inc . Viscos i ty Standard Fluids. The purpose of these tests was to determine

the accuracy of the instrument on fluids of known viscos i ty. The results of

these initial tests are outlined in Table IV . The standard fluids cover the

v i scosi ty range of Interest and al l tests were performed at room temperature.

~1ith the exception of the ‘91900.0 centi polse” standar d , the data obta i ned

on the AFAPL rheogonlometer was generally within 5% of the Brookfield reported

values . Since most of the data obtained In this program would be below 5000

centi polse, the test set-up seemed adequate from an accuracy standpoint.

Another area of concern in running the cone and plate rheogoniometer is the

effect of “gap setting” on test results. Based on the theory of plate and

cone viscosi ty,  it Is vi tal for the sake of accuracy that the point of the cone

Jus t touch the center of the flat plate. This , of course , would disturb the

torque read ing ; therefore, the point of the cone is truncated to prevent

In terference. This gives neg l i g i ble error s i nce the torque produced at the

center of the plate is immeasurable; however , ft is v i ta l l y  important to adjust

the gap as accurately as possible so that the Imaginary tip of the cone would

just touch the center of the plate . The amount of truncation in microns Is

determ i ned by the manufacturer and is etched in the back of each cone; this

measurement Is used In setting the gap. The procedure used In “gap setting” 
•

is out l ined in the instruc tion man uai (26). Since most of our testing would be

15
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TABLE I I I

CHARACTERISTICS OF TEST PLATENS AND TORSION BAR

• Cone Platen Number 1140 , diameter 5 cm , actua l cone
angle 2° 0’ 22” - Apex of cone - 91 microns

Flat Platen Number 865, diameter 5 cm

Torsion Bar Number 6/26 
1• Constant, K.1. — 1.851 X 10 ~yne-crnmicrons

RHEOGON I OMETER RESULTS ON BROOKFIELD VISCOSflY STANDA~DS

Test Temperature: 78°F
• Cone Platen Mr 1 )41

Flat Platen Mr : 865
L Torsion Bar Nr : 6/26

Brookfield Standard
Fluid Viscos i ty AFAPL Test Viscos i ty

Centipoise ~ 77°F Centipofse ~ 78°F % Error

5~ 5.1 0
9.0 9.05 +0.5
49.0 49.85 +1.7
96.0 99.70 +3.9
470.0 482.78 +2.7
1010.0 1012.79 +0.3
4750.0 4880.28 +2.7
11900.0 12954.25 +8.9
31200.0 32535.16 ÷4.3

16
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carried out at various temperatures from ambi ent to -65°F, it was necessary

to determi ne the effect of thermal expansion on “gap setting” and , in turn ,

the effect of “gap setting” error on test results. I t was reported (26) that

the gap between the truncated cone and flat plate would close at about 0.69

microns per °F when the plates were heated . This figure is onl y approximate

depending m a i n l y on the rate and pattern of cooling of the instrument , particu-

lar l y,  air bearing rotor and lower extension piece Imediately above and

below the temperature control chamber. Since our program was primaril y

concerned with low temperature viscos i ty, care had to be exerc i sed so that

the gap was accurately set at each test temperature.

• A series of tests was performed on the rheogoniometer using the test

platens and torsi on bar where the gap was set at 91 microns at 75°F and

the test chamber temperature was, stepwise , reduced to -65°F. The change

in “gap s e t t i ng” was then determined using the special gap sett i ng knob which

is unique to the Model Rl7 Rheogoniometer. It was found that the “gap

sett ing ” increased by 0.82 microns per °F as the temperature was lowered from

75° F to -65°F; this agrees closely with the 0.69 microns per °F reported by

the manufacturer.

In order to ascertain the effect of any “gap setting ” error on test

accuracy , a series of tests was performed on the 470 centipoise “Brookfield

Standard” silicone fluid. These tests were performed at 78°F and outlined in

Table V. These data substantiate the fact that errors in “gap sett ing”

could appreciably alter the accuracy of viscos i ty measurements on the cone and

p la te rheogonlcxneter. With the platens and torsion bar used In this program ,

17
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it is safe to assume that if the gap sett i ng s wIthIn ± 20% of the des ignated

val ue, an accuracy of 5% is possible.

TABLE V
EFFECT OF GAP SETTING ERROR ON ACCURACY

Test Platens: 5 cm (2° cone ang le)
Torsion Bar: 2/26
Test Fluid: 470 cent l poise silicone fluid

• Test Temperature: 78°F

Gap Sett i n g , Viscos i ty, % Error In % Error in

— 

Microns Centlpoise Gap Setting Measured Viscos i ty

91 482.78 0 0

75 . 503.77 -17.58 +4.35
50 

• 
535.26 -45.05 +10.87

91 482.78 0 0
116 459.17 27.47 -4.89

141 419.80 54.95 -15.00

For viscos i ty measurements in this program , care was exerc i sed i n sett in g

and adjusting the gap for each test temperature. This was done by obtaining

data on the effect of temperature on “gap sett ing”; these data were then used
H to develop a plot of “gap setting” adjustment versus temperature. This plot

and the operative procedure used at variou s temperatures are outlined in

Appendix B.

I
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Considerable confusion exists concerning the units used to express

viscosity . In this program , the metric system was used . In this system , the

unit of absolute viscosity is the poise which is equa l to 100 centipoise.

The poi se has the dimensions of dyne seconds per square centimeter , or of

grams per centimeter/second. in order to circumvent any confusion concerning

vicos i ty un i ts, the centipoise is used exclus i ve l y in this report. As a

point of reference, the kinematic viscos i ty Is the ratio of the absolute

viscos i ty to the mass density . In the metric system , the unit of kinematic

viscosity is stoke. The stoke has dimensions of square centimeters per

second and is equa l to 100 centistokes. The kinematic viscos i ty in

centistokes of any material at a given temperature is equa l to the absolute

viscos i ty in centlpoise of the material at the given temperature divided by

• the mass density (grams per cubic cm) of the material; again , at the given

• temperature .

In addition to the viscos i ty data , the densities and heating va l ues of

each of the blends were calculated . The goal of the program was to eva l uate

the effects of dilution on the viscosity and density of Shelldyne_H ® f uel

in order to formulate more su i table fuels from the fuel system design aspect.

• 19
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SECTION IV
PROGRAM

Wi th proper dimer ratio , pure Shelldyne—H~~~w il l remain a homogeneous

fluid down to temperatures below —65°F. The batch of Shei1dyne-H~~~used in

this program was Shell Development Company ’s Batch Nr LR-114l0—l03 which did

not freeze above —65°F. Figure 1 is a p lot of the viscos i ty of this fluid

as a function of temperature . Figure L4 is a chroniatogram of this batch of

material; the composition of the fluid is discussed in Reference 29, where it

was reported that there were 10.3%, 16.8% and 72.0% of the three major dimers

and 0.9% of a fourth component that eluded from the column between the second

and third major components. The chem i ca l and phys i ca l anal yses of this batch ,

as reported by Shell Development , are outlined in Table V I .

The objective of this program was to investigate the effect of various

hydrocarbons on reducing the hi 3h viscos i ty of SheIld yne-H~~ Since

Shelldyne_H ® is of interest as a fuel , it was also of interest to determine

the effect of hydrocarbon diluents on the heat of combustion . The hydro-

carbons , used as diluents in this program , are presented in Table VI I , together

with the supp lier and the grade. These materials were blended in concentra-

tions of approximatel y 5, 10 , 25, 35 and 50 weight percent in Shelldyne_H ©

and the viscosIties of the resulting blends were measured at selected tempera-

tures between -65°F and 70°F. As mentioned previousl y, all testing was

conducted using the 5 cm platens with 2° 0’ 22” cone ang le; the smallest

torsion bar (Nr 6/26) available was also used in all the testing reported

herein.

20
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TABLE V I

SHELLDYNE-i~~ NALYS I S

(Lot LR-ll 4lO-103)

Density at 68°F , gins/cc 1.079

Viscos ity at 68 F , centlpoise 20.6

Refractive index at 68°F 1.5413

Flash Point , .F (Penski-Martin Closed Cup) 240

Pour Point , F (ASTM D-97) -60°F

Heat of CombustIon (net), Btu/lb 17,908

• * Carbon (Wt) 90.07

% Hyd rogen (Wt) 9.87

Water , ppm 14

Thermal Stability (ASTM D-1660, 500°F) 0 Rating

ASTM Distillation

Initial Boiling Point 500

• 5% Disti l led , °F 511

95% Distilled , °F 518

End Point , F 525

Recovery , % 99

• 22 
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!..&B_L.E. Y.11 ..

ROG I

F L U I D  GRADE SUPPL I ER

tiethylcyclohexane High Purity Shell Development Co.

Decahydronapththalene High Purity Shell Development Co.
(decal in)

Tetrahydronaphthalene Purified Fisher Scientific Co.
(tetralin)

Toluene Reagent J. T. Baker Chemica l

Cis-deca iin 99~ Chem ical Samples Co.

Trans-deca l in 99~ Chemical Samples Co.

I sobutylbenzene 99% Chem Ical Samples Co.

Tetrahydro- High Purity Ashland O il Company
methylcyclopentad iene dimer
(TH—MCPD)

Tetrah ydro-norbornadiene HIgh Purity Shell Development Co.

23
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• SECTION V

• PROGRAM RESULTS

• There is no reliable method for estimating the viscos i ty of liquid mix-

tures~~~~; therefore, all concentrations of interest had to be measured experT—

menta lly on the rheogoniometer. The viscos i ty data sheets obta i ned on the

mixtures are inc l uded In Appendix D. These data were reduced Into conventiona l

viscometric terms and these have been tabulated in Appendix E. Appendix A

outlines the mathematical procedure necessary to reduce the rheogonometric

• measurements into viscosities .

Figures 5-11 present the viscosities of the various blends as affected

• by temperature. For aid In determining the viscos I ty reduction produced by

each diluent , the viscos i ty of “pure” Shelld yne~H® is also p lotted on each

figure . The diluents significantly reduced the viscos i ty of Shelld yne_H ®,

partIcularly at the lowest temperatures, even at low concentrations. As an

• example , the blend containing 5 weight percent toluene (Figure 5) reduced

the -65°F viscos i ty of Shelldyne_H ® by a factor of about / ~from 31 ,457

cent ipo i se  to 4,489.9 centipoise).

Althoug h the viscos i ty of Shelld yne_H ® is reduced by the diluent s over

the entire range of test temperatures , the most significant effects are at

the lower temperatures. The viscos i ty of Shelldyne_H ® increases an order of

magn i tude between the temperatures of -40°F and -65°F; all the blends

tested had less signi ficant rises for this temperature range. It should be

apparent to the missile designer that any arbitraril y selected temperature

limit could seriously affect his choice of fuel .

24
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FIGURE 5. The Effectpj Temperature on the Viscos i ty of Various
Shelldyne-HY/Toluene Blends
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FIGURE 6. The Effect of Temperature on the Viscosity of Various
Shelld yne-H/JP-4 Blends.
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FIGURE 7. The Effect of Temperature on the Viscos i ty of Various -•

Shelldyne-H/Methylcyclohexane Blends.
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F I G U R E  8. The Effect of Temperature on the Viscos i ty of Various
She l ld yne—H/Tetra l in Blends.
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F I G U R E  9. The Effect of Temperature on the Viscos ity of Various
Shel ld yne-H/trans-Deca l in Blends
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FIGURE 10. The Effect of Temperature on the V iscos i t y  of Various
• Shelldyne-H/TH-MCPD Dimer Blends.
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FIGURE 11 . The Effect of Temperature on the Viscosity of Various
Shel ld yne-H/ I so-butylbenzene (IBB) Blends.
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The diluents with the lowest viscos i ty in the pure state (i .e., MCH , toluene ,

H and JP-4) had the most significant effect on the viscos i ty of Shelld yne-H .

• Since these materials had the lowest density, they would also have the greatest

• effect on lowering the density of the mixture ; this would also result

in l ower vol umetric energy. Therefore, any attempt to completel y eva l uate

the effect of the diluents on Shelld yne_H ® as a fuel candidate , must inc l ude

the effect of dilution on density and energy as well as viscosity. The next

section will discuss these comparisons.

Onl y the trans-decal in i somer was tested over the range of concentrations

® .in Shelld yne-H (Figure 9) rather than the cis- i somer , because the trans—

i somer seemed to have the greater effect on viscosity reduction (Appendix E ,

Figure E-1O).

32
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SECTION VI
D I S C U S S I O N

In order to eva luate the effect of the di luents on the potential of

Shelld yne— H R as a miss i le  fuel , the anal ys is  must include more than low

temperature v iscos i ty  measurements. The attract iveness of Shelld yne-H R

as a fuel is its density ~.iich results in a high volumetric heating va l ue.

Therefore , the heating va l ue or net heat of combustion for each blend was

estimated for each binary mixture and these data were plotted in Figures 12

through 18. The heat of combustion data were determined as outl ined in

Appendix F. The viscos i ty data in Figures 12 through 18 are those determined

in this prog ram .

• The thinner hyd rocarbons , such as methy l cyc l ohexane and JP-4 are very

effective diluents but they have low densities and low vo l umetric heating

values which reduce these values when mixed with She lld yne-H R On the

other hand , the heavier materials , such as TH-MCPD dimer , deca l in and

tetra lin , do not have as great an effect on reducing the heating va l ue of

She lld yne—H R , but larger quantities of these hydrcarbons are required to

l ower the viscos i ty of Shel ld yne-H R

• In order to eva l uate the effect of the various di luents , the -65°F data

for each blend from Figures 12 through $8 are combined in Figure 19. The most

effective blends tested , with regard to l owering viscosity at 65°F while re-

taining the hi ghest volumetric energy , were tho3e where toluene was the diluent.

Figure 20 is a p lot s im il- ~r to Figure 19. but onl y for -40°F viscos i ty

data on the test blends. The relationship between the various test blends

33
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FIGURE 12. V iscos i t y  at Various Temperatures vs. Vo lumetric Heat

4 of Combustion for Shelidyne-H /To luene Blends
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FIGURE 13. Viscosity at Various Temperatures vs. Volumetric Heat of
4 Combustion for Shelldyne-H/JP- 4 Blends
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FIGURE 14. V iscos i ty  at V a r i o u s  Temperatures vs. Vo l umetric Heat

4 of Combustion for Shelld yne-H/MCH Blends
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FIGURE 15. V iscos i ty  at Various Temperatures vs. Volumetric Heat of
Combustion for She lldyne-H/Tet ralin
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FIGURE 16. Viscosity at Various Temperatures vs. Volumetric Heat

of Combustion for Shelldyne-H/t-Decalin
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FIGURE 17. V iscos i ty  at Various Temperatures vs. Vo lumetric Heat of

Combustion for Shelld yne-H/Th-MCPD Dime r Blends
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FIGURE 18. V iscos i t y  at Various Temperatures vs. Vo lumetric Hea t of
Combustion for Shelld yne-H/ (~obutylbenzene Blends.
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FIGURE 19. Viscos i ty at -65°F for Various Diluent/She lIdyne~H
®

Blends and Their Effect on Volumetric Heat of Combustion
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FIGURE 20. V iscos i t y  at -40 °F for Various Diluent/She l ld yne-H® Blends
and Their Effect on the Volumetric Heat of Combustion
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is similar to what it was at -65°F. Based on the low temperature, high

vol umetric energy criteria , toluene blends are best,with the TH-MCPD dimer

be i ng the poorest of the diluents tested ; the remainder of the diluents •;

fall in between these extremes with regard to these criteria.

As stated previously, Shell dyne_H ® has the most des i rable density and

vol umetric heating va l ue of any hydrocarbons which will remain a li quid

down to —65°F. However , these characteristics are overshadowed by the high

viscos i ty of the materials at sub-zero conditions. The reference batch of 
H

Shelld yne_H ® (Lot #11410-103) used in this program had viscosities at -65°F

of 31 ,457 centipoise and at -40°F of 3092 centi po i se. These va l ues

represent problems to the designer of a missile fuel system and eng i ne. If

500 to 1 000 centi 1’oise fluids are feasible in a system, the test blends offer

attractive options to the designer. Us i ng the test data acquired in this

program and the heats of combustion calculated in Appendix F , these data

tabulated in Tables V III , IX , X and XI were developed . These tables list

the blends which would have viscosities of 500 or 1000 centipoise at -65°F

and -140°F and also the approx imate heat of combustion of each blend . In

order to compare these blends with Shelld yne_H ® and JP-4, the percentages

of the vol umetric heats of combustion of the blends with regard to these fuels

are also indicated .

I n Ta b l e V I I I , all the blends produce 25% more energy than JP-4 and

come wi thin 93% of the energy of pure Shelldyn e_H ® ; this effect is si gnifi-

cant since the viscosity at -65°F is reduced by a factor of 31. The 18%

toluene-82% Shelldvne_H® hipnrf~ has approximate l y 97.2% of the vo l umetric



r r” ~ ~~~~~~~~~~~~~~~~~ 1 ~~~ ~
_ — •  

~1~~~~

energy of pure Shelldyne-H and 130.2% more energy than the JP-4 reference

• material. Table IX lists the blends that have a viscosity of 500 centipoise

at -65°F, together wi th the app roxi ma ted hea ts of combust ion and the i r re la t ion

to the reference fuels. Here again , the blends have energies within 8% of

Shelldyne -H and at least 23% more than Jp— 1~ Tables X and X I f u r ther exp lo it

the potential available from the fuel blends if the l ower temperature limit

for spec ifying fuels is ra i sed . In these tables the viscosity limits of 1 000

and 500 cent ipoise are eva luated at -40°F. Again the tolu ene ble nds are

most effective ; but the other blends with the exception of the TH-MCPD blends

are within a percent or two of the energy leve l of Shelldyne-H

Other properties should be considered by the designer in making a selection

as to which test blends best suits his application . One such factor is

volatility. For high altitude air launched applications , a vol at i l e  f uel

might be requ i red ; therefore , ble nds of tol uene , MCH , and JP-4 would be

preferred . For shipboard and submarine applications , where 140°F falshpoint

fuels are required , the blends of i sobuty l b enzene , trans-deca lin , tetra lin and

TH-methylcyclopentadiene dimer are most attractive . Other characteristic

fue l properties such as stability, compatibility, combustibility and toxicity

p roba b ly  do not vary w i t h  these bl ends;  therefore , they wuld not influence

wh i c h  b l e nd a des ig ner m i gh t se lec t .

________________
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TABLE V I I I

I
The Heat of Combustion (Vol.) of Various Diluen t Shelld yne_H ® B lends

• which have Viscos i ties of 1 000 Centipo se at -65°F.

Vo l. AHc ê~Hc j~~~ ~
Hc

Diluent (60°F) Btu/Ga l % Shelldyne-H ’~ % of JP-4
Tol uene 18 154,000 97.2 130.2

MCH 19.5 153,550 96.9 129.8

JP-4 20 153, 1 00 96.6 129.4

IBB 24.8 152 ,100 96.0 128.6

t-Decalin 30.5 152 ,050 95.9 128.5

Te t r a l i n  35.5 153,000 96.5 129.3

TH-MCPD Dim er 60.5 148,300 93.6 125.3

TABLE I X

The Heat of Combustion (Vol.) of Various Diluent Shelld yne_H ® Blend s

which have V iscos i t i es  of 500 Centipoise at -65 °F.

Vo l .  % AH c ~
Hc R AH c

Diluen t (60°F) Btu/Ga l % Shel ld yne-H % of JP-4
Toluene 24.3 151 ,900 95.8 128.4

MCH 25.5 151 ,550 95.6 128.1

• JP-4 26.3 150,900 95.2 127.5

IBB 32.5 149,800 94.5 126.6

t-Decalin 39.5 149,900 94.6 126.7

Tetralin 47.2 151 ,000 95.3 127.6

TH-MCPD 73 .5 1 46 ,000 92.1 123.4
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TABL E X

The Heat of Combustion (Vol) of Various Diluent Shelldyne_H ® B lends

which have Viscos i ties of 100 Centipoise at -40°F.

Vol. % EFHc i
~
H
~ 

p.’~
Dil uent (60°F) Btu/Gal % Shelldyne—I~~

’ % of JP—4
Tol uene 6.5 157,800 99.4 133.4

MCH 8.0 157,200 99.2 132.9

JP-4 9.3 156,800 98.9 132.5

IBB 8.8 156,900 99.0 132.6

t— Deca lin 12.0 156,500 98.7 132.3

Tetra lin 11. 0 157,250 99.2 13 2 9

TH-MCPD Dim er 35.0 152 ,900 96.5 129.2

TABLE XI

The Heat of Combustion (Vol) of Various Diluent Shelldyne_H ® B lends
wh i ch have V iscosities of 500 Centipoise at -40°F.

Vol. % ~~~ AHc ~HcDiluent (60°F) Btu/Gal % She1ldyne_H ’~& % of JP—4
Tol uene 10.7 156 ,400 98.7 132.2

MCH 13.0 155,450 98.1 131.4

JP-4 13.8 155,200 97.9 131 .2

I B B  14.8 155,100 97.9 131.1

t-Decalin 20.0 154,550 97.5 130.6

Tetra lin 20.5 155,550 98.1 131.5

TH—MCPD Di mer 38.5 1 52,300 96.1 128.7

46
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SECTION VII
C O N C L U S I O N S

It is ev ident that a serious option for modify ing RJ-5 is through blend-

i ng with thinner (and less dense) hydroca rbons. There are many available

mater i a l s  wh i ch can s igni f i cant ly  reduce viscos i ty wi thou t causi ng enormous

energy reductions. These materials have, for the most part , differing

physica l and chemica l characteri stics which might make one more attractive

than others for a particular system . Such characteristics as volatility and

• saturation are affected by blend i ng and will ultimatel y a i d  in  choosin g the

desi red blend .

The major concl usion that can be drawn from this effort is tha t ronsider-

ab l e  p rogress i s poss ib le  i n the h i gh density missile fuel area through the

• blendin g of hydrocarbon componen ts. Prese nt h i gh dens it y fuels (i.e., RJ— 4 ,

RJ-5) can be tailored to yield proper t ies wh i ch are more ada ptab l e  to system

desi gn and yet have significantly more volumetric energy than conventiona l

fuels (i.e., JP—4 , JP— 5, Je t A , Jet A-I , etc.). Blend ing should be an

accep tab le  me thod for “cus tom i z i n g ” a f uel si nce convent io na l f uels  ar e

normal l y blends of hundreds of differen t hydroca rbons which , individuall y,

have properties quite different from the blend , but in mixture produce an

opt i m i zed f ue l .

A specif i c conclus ion  f ro m th i s e f fo rt i s tha t , on a bas is  of it s im proved

low temperature viscos i ty coupled with resulting volumetric heating values ,

toluene is the best diluent for Shel1dyne-H~~~ However , when consider i ng

other characteristics such as volatility, other materials such as methy l cyclo—
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hexane , tetra lin , i sobuty l benzene , deca lin and even jP-4, mi ght be more desir-

able. TH-MCPD d ime r (RJ_L 4) is not considered a good blend i ng component with

Shel l dyne_H ® because it does not give much relief in viscos i ty and its

v iscos i ty-hea t of combustion relations hip is not as good as the other materials

tested .

Dur ing the pas t severa l years , AFAPL has been cooperating with the Air

Launched Cruise Missile (ALCM) System Program Office (sPo) in develop i ng a

h ig h energy f uel (3
~
30). This fuel currently is a tertiary blend of

She ll dyne-H~
!
~ methy l cyclohexane , and TH-MCPD; a final specification (JP-9)

• w il l  be issued shortly. This specification is a result of the blend i ng

program at this laboratory.
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SECTION VIII
RECOMMENDATIONS

The results of this program should be very encouraging to eng i neers

Interested In obta i ning more range In vo l ume l imited systems. Present fuel

• 

• specifications such as RJ-4 and RJ-5 have deficiencies which can be altered

appreciably by blendin g with other hydrocarbons. The system des igner should

be aware of the possible fuel options available to him and the fact the Air

Force and Navy have fuel deve l opment capabiliti es which could aid i n

modif ying and establishing new fuel specifications for new and unique systems.

The cooperative effort , ci ted prev ious ly  between ALCM and AFAPL which led

to t he JP-9 class of fuels is an example o~ a fuel tailored for a particular

system through close coord i nation and cooperation between fuel systems, eng i ne

and fue l development eng i neers~
3 ’ 30) , mIs type of coo peration is recoewnended

in any effort wh ..re conventional fuels do not quite achieve performance goals

and where compromises are not permitted .

• 49 
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APPENDIX A

CALCULAT I ONS FOR DETERMINING VISCO SITY ON THE CONE AND

PLATE VISCOMETER

Cons i der the cone and p la te conf ig u r a t i o n as used on the We issenber g

Rheogoniometer as diagramed in Figure A-i.

Where ,

a = Ang le of cone (degrees)

8 Angular rotation of the platen (radians/sec)

d = Diameter of the platens (cm)

The rate of shear at any point on the plate or cone is given by:

a = (Angular ve l ocity in radians/sec)/tan a (A-i)

For small cone angles , (A-i) becomes:

a — !~2. (8/a) (sec 1 ) (A-2)

(A-2) can be rearranged to giv e the follow ing :

° = 

~~ 
(sec

1
) (A—3)

where t 21T/
8 (sec/rev) (A-k)

The val ue of t can be determined from the reciprocal of the set speed on the

lower platen .
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• Next , the torque measured on the top platen of radius R (cm) is given

by:

= 

,

~
/R 2~t M ci or 2 dr (A-5)

where = Apparen t viscos i ty

r = D i s tance f rom cen ter of platen to any point on the p la ten , cm

(A-5) can be integ rated over the entire radius of the platen (R) to give

the f o l l o w i n g :

T = 4 ~ a R3 (dy c-cm) (A-6)

the apparen t viscosi ty or v i s  osi ty coe f f i c i en t , is expressed i n many

differen t dimensions. For our work , the poise or cen tip o i se is most of ten

used . One po ise is equal to a dyne-second per cm 2. Si nce the work described

in this report deals onl y w ith Newtonian f lu ids , the apparent v i scos i t y

is the viscosity of the material and is constant for all shear rates

and shear stresses. Therefore, we w i l l  use :

(A-7)

I ncorporating (A—7) into (A—6) and rearrang i ng , one w i l l  ob ta i n :

= (~“2) (1) / (iT 0 R3) (poi se) (A-8)

I ncorporating (A-3) into (A-8) one obtains

M (3a tT)/(720 i~ R
3) (A-9

or — (atT)/(30 it d3) (A 1O)
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where d = 2 R

or R3 = (118)d3

(A-b ) can be further simp lified to:

citT
1-’ = 

~~~~ d3 (A—l i)

In the Weissenberg Rheogoniometer , the torque on the upper p laten can be

related to the movement of the upper platen and a constant wh ich relates

d i s p lacement to torque:

T = A m KT (A1 2)

where Am = Movement of torsion head transducer , microns

K1. = Calculated torsion bar constant , d yne -cm/micron

The torsion bar used in our program was the l ightest available and was cali-

brated to have a constant of 1.851 x io 1 dyne-cm of torque per micron of

displacement. Therefore , for our program , the torque on the upper p laten

was g i ven as:

T — 18.51 Am (dyne-cm) (A-l3)

For the test program , onl y the 5 cm (diameter) p latens were used with the

2
0 O’22” cone angle. Therefore, by substituting (A-13) in (A-il) and

incorporating the values for the ci and d3 one obtains the following

expression for viscos i ty:

i-i — 3.1519 x 1O~~ (t Am) (A—b k )
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The period , t (time required for the revolution of the bottom p laten), is

readil y obtained from the gearbox settings which offers 60 easil y selected

output speeds in equal ratio steps of iO o
~ (1:1.259 reduction) . The

manufacturer supplies a table of rotation speeds (RPM) and t (sec/rev) for

the 60 possible gear box settings. In our work , we used onl y the settings

wh i ch corresponded to 167.0, 16.7 and 1.67 sec/revolution. Since the

fluids were all Newtonian , their viscosities were independent of shear rate

and p laten speeds were selected to give acceptable readings on the 0 to 200

micron range. It was felt that this range was the optimum from an accuracy

viewpoint.

Other calculations of interest in this effort were those for determining

shear stress and shear rate. It is well known that for Newtonian fluids ,

the shea r stress is directl y proportional to the shear rate. The propor-

tionality constant is comonly called the viscos~ty coefficient or merel y

the viscosity:

S = M o

dyne/ 2where S = shear stress ( cm ) (A15)

For the calculations i nvolved in our research , (A-15) can be rearranged

using (A—14) and (A—3) to obtain

S = 0.5657 Am (dyne/cm2) (A 1 6)

Equation (A-16) is onl y applicable for the 5 cm diameter p laten using the 6/26

torsion bar and is independent of a. Other size p latens and torsion bars will

requ i re modification of the constant.
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The shear rate can be determ i ned from (A-3) for the 2° O’22” cone ang le

of our spec i men :

a = (i79.45i7)/t (sec~~) (A 17)

The cons tan t in  th i s  exp ressio n w i l l  cha nge wi th d i f f e r e n t cone angl es , a:

In  summary , the calculations requ i red in this effort where the 5 cm

d i ame ter p la tens , 2° O’22” cone angle and 6/26 (identifying number , K1 
—

18.51 dyne-cm) torsion bar were used as follows :

V iscosity (from A-14) M = 3.1519 x lO~~ (t L~m) (poise)

Shear rate (from A-17) a = (179.4517)/t (sec~~)

Shear stress (from A-l6) S = 0.~5657 Am (dYfles/ 2)
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APPENDIX B

THERMA L EXPAN S I ON OF THE W EISSENB ERG RHEOGON IOMETER

From Appendix A i t was noted that the cone on the bottom platen was trun-

cated (FIgure A- i) .  It is v i ta l for the sake of accuracy that the point of

the cone should just touch the center of the f lat p la ten. This , ho wever ,

would disturb the reading of the torque so the poin t of the cone is truncated

to prevent this Interference. This gives neg l i g i b l e  error (26); the torque

produced at the center of the platen being imeasurable, but it is vitally

important to adjust the gap between the truncated cone of the bottom platen

and the flat surface of the top platen as accurate l y as possible. The

i mag inary top of the cone should touch the center of the upper platen. The

amount of truncation for the Platen Nr 1141 (20 0 22”) used in this program

was 91 microns ; this was determined by the manufacturer and engraved on the

back of the cone.

S ince this program involved making measurements at temperatures other than

ambient , it wa s necessary to determ ine the effect of temperature change on the

test equipment and the gap between the platens. The instruction manua l(26)

reported that the gap between platens would close up by about 0.69 microns for

each °F that the platens a re heated . The exact change , of course , would

differ depending on the size of the torsion bar pla ten holder and test platens.

Therefore , a program was formulated to determine the amount of adjustment

necessary to keep the gap setting constant at each temperature tested . Since

we used only the Nr 1141 platen , we needed to maintain the gap setting at 91

ml c rons.
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A unique feature of the R-l7 Weissenberg Rheogon iometer is the microm-

eter gap setting knob that is provided . The exact procedure for gap set-

ting is outlined in Reference 26. Since our testing would include measure-

ments to -75°F, we had to determine the adjustment necessary to assure the

correct gap setting . A description of the procedure used follows. The 5 cm

p latens (Nr 1141 and Nr 865) were put onto the instrument. The alignment

procedures were followed and the gap was set at 91 microns at 75°F. Using

the normal cooling techn i que of cold nitrogen gas, the temperature of the

test chamber was lowered 150°F to -75°F , and the test platens were emptied .

By using the gap setting knob micrometer dial , the gap setting at this lower

temperature could be determined . The chamber was cold soaked for one hour

and the gap was found to have expanded to 221 microns. The gap was reset at

221 microns at -75°F and the temperature was ra i sed to -50°F where the gap

setting had decreased to 198 microns. This gap was reset and the temperature

was ra i sed to -25°F where the gap was checked . This procedure was followed

at each temperature until ambient was reached . The sumary of the temperature

effect on gap setting is  as follows in Table B— i.

A p lot of gap setting adjustment as a function of temperature is shown

in Figure 13-1. This plot was used to determine the appropriate adjustment

in gap setting for each test temperature in this program. From our experi-

mentation It was found that the gap closed an average of approximately 0.867

microns per °F which agrees rather closely with the manual ’s estimate of 0.69

microns/°F.
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TABLE B— i

SUMMARY OF THE EFFECT OF TEMPERATURE ON GAP SETT ING

Platens: Flat , Nr 865, 5 cm diameter
Cone, Hr 1 141 , 5 cm diameter

20 0, 22” cone angle
Apex of Cone - 91 microns

Tors io n Bar: N r 6/26
= 18.51 dyne-cm/micron

Temperature, °F Gap Setting , Microns Difference ,~~~~~~,s

75 91 0

-75 221 130

-50 198 107

F -25 180 89

0 163 72

25 143 52

70 91 0

The following procedure was outlined and followed in making viscos i ty

neasurements be low room temperature :

(1) The gap is set at ambient room temperature (between 65~F and 75”F).

The upper platen is raised at least 5 cm.

(2) A slight excess of sample to be evaluated is placed on the lower

platen . From the instruction manua l 
(26) 

the sample size can be determined .

d3Sample Size — 
~

-j
~
f-- (B-l)

For our p latens this size is approximately 1 .15 cubic centimeters. We will

load approximately 2.00 cubic centimeters of test fluid.
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(3) The upper platen is lowered , but onl y until the top surface of

the sample is contacted .

(4) Using the cold nitrogen gas system , the chamber temperature is

lowered to the lowest test temperature. The upper platen is then lowered

until it comes to the correct stop.

(5) After 15 minutes at this test temperature , the gap is adjusted as

indicated by the chart on Fi gure B-l or by calculations , the reduction necessary

from the fact that the gap will open by 0.867 microns per °F.

(6) After an additional 15 minutes , determine the viscosity at the

shear rate of interest. The procedure for determining viscosities is outlined

in Appendix C and should be followed for each determination at each temperature

of interest.

(7) After another 15 minute interva l , Step (6) is repeated . The

results are compared and if the results are within 1 meter indication , cont i nue

on to Step (8). If the results are not within 1 meter indication , Step (7) is

repeated until two Consecutive read i ngs are within 1 meter indication.

(8) Proceed to the next hi ghest temperature; repeat Steps (5) through

(7).

(9) ContInue running until viscosities are determined at the requ i red

shear rates and temperatures.

The test temperatures in this program were -65, -50, -40, -25, 0, 25, 50 and

70° F.
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APP E N D I X  C

VISCOS ITY DETERM I NATI ON PROCEDURES FOR THE Rl7

WE I SSENBERG RHEO GONIO M ETER

• Follow ing is the procedure for obtaining viscosity determination on the

Model Rl7 We ssenberg Rheogoniometer.

(1) The operator should be familiar with the “Weissenberg Rheogoniometer

Model Rl7 Instruction Manual” which is obta i nable from Sangamo Controls , Ltd.

through Technidyne Corporation , Louisville , Kentucky.

(2) The transducer meters and servo system amp lifiers should be switched

on 15 minutes or more before testing is to be carried out to allow them to

reach their operating temperature and stablize.

(3) Each transducer meter is calibrated before starting the test series .

The range is put on “CAL” and the “SET CALIBRAT I ON” adjustment altered so

that the transducer meter needle is exactly on the full scale mark.

(4) The appropriate plates and torsion bars are fitted as outlined in

the instruction manual.

(5) The requ i red gearbox speed is selected , using the setting as deter-

mined from Table C-i .

(6) The gap is set as outlined in detail In the manual. Amb i ent room

temperature should be In the range of 65°F-75°F.

(7) The upper platen is raised at least 5 cm and the sample is l oaded .

The procedures outlined i n  A p p e n d i x  B, with reduced test temperatures , should

be followed at this point.

NOTE: During the test the least sensitive range of the transducer meters
should be chosen to start with and the more sensitive ranges
selected , as necessary, to prevent possible damage to the equipment.
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(8) At each determ i nation , the transducer meters and recorders should

be set at the correct range.

(9) The rotation motor should be started and the brake/drive unit should

be switched to “DRIVE” .

(10) The operator should record the following information in his record

book: the date , t ime , test specimt~n , gap sett i n g , temperat u re , gap sett in g

adjustment- transmission setting.

(II) The read ings on the transducer meter should be noted and recorded in

the record book.

(12) The test is completed and the brake/drive unit is switched to “BRAKE” .

(13) If the test is to be repeated , Steps (9) through (12) are repeated .

When changing test temperatures , the procedures in Appendix B should be

consulted .

F
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APPENDIX D

W EI SSE N BERG RHEOGON I OMETER VISCOS I TY DATA SHEETS

The viscos i ty data were generated us i ng the procedures outlined in

Appendices B and C and the calculation presented in Appendix A. Table D-1

lists the sample number of each fluid tested in this program and identifies

its chemica l composition on a volume percentage basis.

Table D-2 Is the data which was taken on the rheogonlometer and converted

into viscosities and shear rates. Each data point in Table D-2 usuall y

represents the average of two determinations. In addition , the project

record book and associated page number where these data are recorded is

a lso noted in this table. As an examp le “RB Nr 55422 (21 and 23)11 wou ld

ind i cate that these data can be found In Record Book 55422 on pages 21 and

23.
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TABLE D-l

CO tIPOS I T I ON OF FUEL BLENDS EVALUATED ON WE I SSENBER G RHE OGON I OMETER

SAMPLE NUMBER CHE M ICAL COMP OSITI ON , VOL. %

SH Shel l d yne-I-I~
’(SH) , Batch Nr LR-11410— l03

SM A Shel l d yne-t4~~unknown Batch number
SH B Shel1d yne-H~~Batch Nr LR-l0318-l74, Barr el #2
SH C Sh e l ld yne-I~~ Batch Nr LR-10318-l74, Barr el ff1
SM 0 Shelldyne-H~’Batch Nr LR-l0704-45
SH-l 94.9% SM , 5.1% toluene
SH-2 87.7% SM , 12.3% toluene
SH-3 70.9% SH, 29.1% toluene
SH—4 64.9% SM , 35.1% tol uene

SH-5 & SH-5A 46•3% SM , 53.7% toluene
SH-6 93.1% SM , 6.9% JP-4
SH-7 86.5% SM , 13.5% JP-4

SM-8 & SH-8A 68.1% SM , 31.9% JP-4
SH-9 56.9% SM , 43.1% JP—4
SM-lO 41.6% SM , 68.4% JP-4
SH-ll 93.1% SH , 6.9% methylcyclohexane (~ICH)
SH-12 86.5% SM , 13.5% MCII
SH-l3 68.1% SH, 31.9% MCH
SM-14 56.9% SH, 43.1% MCH
SH-l5 41.6% SH, 58.4% MCH
SM-16 94.5% SM , 5.5% tetralin
SH-17 89.1% SM , 10.9% tetralin
SH-18 73.2% SM , 26.8% tetra lin
SH-19 62.9% SM , 37.1 tetra lin
SM-20 47.7% SM , 52.3% tetralin
SH-22A 45.2% SH, 54.8% cis-decalln
SH-26A 45.2% SH, 54.8% trans—deca l in
SM-28A 100% TH-methylcyclopentadiene diner (TH-MCPD)
SM-29A 94.3% SM , 5.7% TH-MCPD
SM-30A 88.5% SM , 11.5% TM-MCPD
SH—3lA 72.2% SM , 27.8% TH-MCPD
SH-32A 61.7% SH, 38.3% TH-MCPD
SM-33A 46.3% SH , 53.7% TM-MCPD
SM-34 94.1% SM , 5.9% trans-deca lin
SM-35 88.1% SM , 11.9% trans-decal in
SH-36 71.0% SM , 29.0% trans-decalln
SH-37 60.3% SM , 39.7% trans-deca l In
SM-38 45.2% SM , 54.8% mixed deca l In i somers
SH-39 93.8% SM , 6.2% i sobutylbenzene (IBB)
SH-40 87.7% SH, 12.3% IBB
SM-Id 70.4% SM , 29.6% IBB
SM-42 59-7% SM , 40.3% lBS
SH-43 44.2% SM , 55.8% lBS
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APPENDIX E

VISCOS ITY OF SHELLDYNE-H~~~BLENDS AT VA RIOUS TEMPERATURES

The data tabulated in Appendix D have been reduced and are tabulated in

t h i s  section . Since all of the test blends were determined to be Newtonian , -
•

there is no va r i a t ion  of viscos i ty with shea r rate; therefore , no reference

is made here to the shea r rates used In the various determinations . For a l l

test ing , the shear rates were either 1.07 14 , 10.71+6 or 107.456 sec~~ and can

be found in the data presentation in Table D-2. The volume percentages were

calculated at 60°F.
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-• TABLE E—8

VISCOS ITY OF SHELLDYNE-H - LOT ILR-11410-103

Viscos i t1,_Centipo i se

• Temp., °F Run Nr I 
— 

Run Nr 2 Run Nr 3 Run Nr 4 Average

—65 31 ,581.8 30,818.6 29,2)3.1 34,2)3.6 3) ,1s56.8
- - —50 7,369.1 7,174.3 5,674.3 7,342.8 7,140.1
= —40 3,184.5 3,105.5 3,000.3 3,079.2 3,092.4• -25 1 ,094.8 1 ,094•8 1 , 158.0 1 ,079.0 1 ,106.7
- - 0 283.2 276.3 280.6 294.8 283.7

25 99.0 102.6 105.3 100.0 101.7
50 47.9 47.9 L9 • 5  49.5 48.7
70 26.8 27.4 29.5 28.9 28.2

TABLE E-9

VISCOSITY OF VARIOUS SHELLOYNE-H BATCHES

*Batch Nr Sample Nr Sample Nr Samp le Nr Sample N
Temp., °F LR—1 1 1e10—10 3 SHA 

— 
SHB SHC SHD

—65 31 ,456.8 35,266.4 26,476.0 26,212.9 39,477.3
—50 7,140.1 6,842.7 6,974.3 6,726.9 8,132.3
—40 3,092.4 3,500.3 3,052.9 2,895.0 3,921.4
—25 1 ,106.7 1 ,14 7.5 1 ,052.7 1 ,026.4 ~,3O5.40 283.7 289.5 277.9 265.8 318.5
25 101.7 110.5 96.3 101.6 112.1
50 48.7 50.0 46.2 46.1 52.6
70 28.2 27.6 26.3 26.3 29.0

* Average from Table E-8
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TABLE E—10

-- 
VISCOSITY OF SHELLDYNE-H /DECALIN BLENDS AT VAR I OUS TEMPERATURES

_______________ 
Viscos ity , Centipoise , of various Decalin Ble nds

Sample Nr Sample Nr Sample Nr• Temperature, °F SH—22A SH 38 SH 26A

-65 452.7 327.9 189.5

- 
-50 209.5 157.9 94.7
-140 138.4 106.9 62.5

—25 76.3 60.8 38.3
0 34.2 26.3 19.2

- 
25 17.9 15.5 11.6

1::: 8:8 ;::
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APPENDIX F

CALCULATED D E N S I T I E S  AND HEAT S OF COMBUSTION FOR THE VARIOUS BLENDS

This section contains the calculated densities and heats of combustion

• 
- for the various test mixtures . It has been assumed that these hydrocarbons

form idea l solutions when mixed . The pure component densities and heats of

combustion were extracted from handbooks , whe4S .,vailable , or were measured

in the petroleum laboratory .

Following are the pure component values for specific gravity , dens i ty

and the net heat of combustion.

Specific Density e60°F Net Heat of Comb.
F l u i d  Grav it y Pounds/Gallon Btu/Lb =

Shelldyne_H ® 1 .065 8.859 1 7,890

ToiLlene 0.873 7.262 17,412

JP-4 0.755 6.280 18,840

Methy lcyclohexane 0.776 6.455 18,790

Tetra lin 0.975 8.110 17,390

t-Decalin 0.870 7.236 18,340 - •

TH-MCPO Dimer 0.925 7.694 17,925

lso-Butylbenzene 0.860 7.155 17,834

Figures F-I through F-7 are plots of the densities and heats of combustion

for the various binary mixtures of the hydrocarbons in SheJ1dyne-H~~~ From

- 
• 

Figures F-i through F-7, the densities and heats of combustion for the blends

eva l uated in this program were determined . These data are presented in Table F-i .

- - 
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The data in Table F-i were then used to obtain the plots in Figures F-8

through F-14 where the calculated volumetric net heats of combustion are

plotted vs. the volumetric percentage of diluents for the bina ry mixtures

of interest in this program.
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Net Heat of Combustion , Btu/GalIor, at 60°F
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FIGURE F-8. The Effect of Toluene Dilution on the Vol umetric Heat of
Combustion of Shelld yne-H.
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FIGURE F-9. The Effect of JP—4 Dilution on the Volumetric Heat of
Combustion of Shelldyne—H .
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FIGURE F—b . The Effect of MCH Dilution on the Volumetric Heat of

Combust ion of Shelldyne-H .
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Fi gure F—Il . The Effect of Tetrabi ri Dilution on the Volumetric Heat
• of Combustion of Sheildyn e—H .
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FIGURE F—1 2. The Effect of Trans Decalln on the Volumetric Heat of
Combustion of Shelldyne-H .
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FIGURE F-13 . The Effect of TH-MCPO Dilution on the Vol umetric Heat of
Combustion of Shelldyne-H
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FIGURE F-14. The Effect of I so-Butylbenzene Dilution on the
Vol umetric Heat of Combustion of Shelidyne-H .
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