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i
This report contains the results of an effort to alleviate the high

viscosity of RJ=5 (Shelldyne-l!@) 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-

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

if 304805, and Work Unit 30480547. The effort was conducted by Mr. Herbert
R. Lander, Jr., of AFAPL/SFF and Mr. Alfred E. Strouse of AFAPL/TFF

4
;é during the period of 1 February 1973 to 30 June 1975.
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SECTION I
INTRODUCT I ON

The principle problem associated with the use of ShelldyneﬂiQD(RJ-S) as a
missile fuel is its high viscosity, particularly at 0°F and below*. The vis-
cosity of this potential fuel increases more than two orders of magnitude between
0°F and -65°F. The steepness of the semi-logarithmic plot of viscosity as a
function of temperature is shown in Figure 1, where the viscosity of Shelldyne-qu
is plotted versus temperature. At -65°F, the viscosity of the fuel is increas-
ing at approximately 3000 centipoise per °F. These data were obtained on the
cone and plate Weissenberg Rheogoniometer, which will be discussed later in

this report.

Chemically, She]ldyne41¢Dcan be succinctly described as a mixture of the
hydrogenated dimers of norbornadiene (HNBD dimers). This material has been
produced in batch quantities by Shell Development Company, formerly of
Emeryville, California, to meet the RJ-5 specification. The chemical and
physical requirements of this tentative specification are outlined in Table 1.
The properties which best differentiate this fuel from others is the high
density (specific gravity is 1.08) and its extremely high viscosity, particularly
at lower temperatures. All other properties are quite similar to those of most
other aircraft and missile hydrocarbon fuels. Of major concern to the designer
is relief of some of the low temperature problems associated with using

Shelldyne-HQQ These points will be discussed in later sections.

* References (1,2,3,24,25,30)
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FIGURE 1. Viscosity of ShelldyneﬂiGD(HNBD Dimer) As a Function
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TABLE |
PROPOSED MILITARY SPECIFICATION FOR RJ-5
Test Method
Requirements Limits ASTM Standard
Distillation Temperature, °F (°C), Min. 470 (243.3) D86
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, Volume %, Max 1.5
Distillation Loss, Volume %, Max 1.5
Gravity at 60°F APl Max (Sp. Gr. Min) -0.5 (1.08) D287
Existent Gum, Mg/100 M1, Max 7.0 D381
E/ Potential Residue, 16 Hrs Aging, Mg/100 M1, Max 14.0 D873 i3
| Sulphur, Total, Weight Percent, Max 0.05 D1266 {1
. Mercaptan Sulphur, Weight Percent, Max 0.001 D1219 or ¥
D1323 :
Pour Point, °F, Max -65 D97 i
Heating Value i 4
Net heat of combustion, Btu/lb, min 17,750 D2382 %ﬁ
Net heat of combustion, Btu/gal, min 160,000 i3
: Viscosity, Centistokes, Max i
¢ at -65°F 20,000 i
A at -30°F 1,400 13
] at 100°F 15 ! 4
E Aromatics, Volume Percent, Max 1.0 D1319 ;
4 Olefins, Volume Percent, Max 1.0 D1319 1
: Flash Point, °F, Min 150 D93 i
- Copper Strip Corrosion, ASTM, Max No. 1 D130
3 Thermal Stability
3 Change in pressure drop in 5 hrs, in Hg, max 3 D1660
. Preheater deposit code, max 2
- Particulate Matter
E: Mg/Liter, max F.0.B. origin deliveries 1.0 D2276
X Mg/Liter, Max F.0.B. destination deliveries 2.0
, Fuel System lcing Inhibitor .
y Volume percent, min 0.10 |
3 Volume percent, max
Bromine number, max 1.0 D1159
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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-HC)has risen from a laboratory curiosity to the baseline fuel for
the Advanced Strategic Air Launched Missile (ASALM). 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 premium on range, time-to-target and packag-
ing. When applied in combination, these factors tend to favor air-breathing
engines for non-ballistic systems. These requirements, quite naturally,
have stimulated ramjet and turbojet missile development programs. In order
to meet these stringent performance requirements, fuels with high volumetric
heating values must be used. The reason, therefore, for the evolution of
Shelldyne(:), Shelldyne—Hc:{ and eventually the RJ-5 specification (Table 1)
is not surprising since it has the highest density of any hydrocarbon
which remains a fluid down to -65°F. The lower temperature limit of -65°F

is currently required for all air launched missiles.

ShelldyneﬂﬁQDtype fuels are going 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 meaningful to the engine and systems

designers.

have been produced by Shell 0il Company affiliates, both in this

Over the last ten years, approximately 10,000 gallons of Shelldyne

®

or
Shel ldyne~H

country and in Europe. The process for producing this material has been
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(4-14)

patented and articles in the open literature have delved into the chemis-
try of the process(‘s-zl). Shelldyne-HGDis a registered name of a hydrocarbon
produced by hydrogenating the dimers of norbornadiene (HNBD). Until approxi-
mately five years ago, the fuel was not hydrogenated (Shelldyne<g5 and

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

The Shell Development Company has produced approximately 6700 gallons of
Shelldyne-HGDfor AFAPL sponsored engine and fuel system development
programs(22’23), In September 1973, Shell 0il Company licensed Ashland

0il Company exclusive rights to produce Shelldyne-HCD.

As pointed out initially, the great potential of Shelldyne-H<:)as a
missile fuel is blighted by its high viscosity, particularly at sub-zero
temperatures. This problem is one which can be alleviated either by system
design or by fuel modification. Fuel system design incorporating either
expulsion techniques or tank heating have been proposed as possible solutions
to the flow problems at low temperatures(2h’25). More conventional fuel
systems would probably rely more on the modified Shelldyne-H(El The potential
of diluting Shel!dyne-H()vﬁth lighter hydrocarbons is investigated in this
effort and reported in this report. The effect of the various diluents on not

only the viscosity but the density and heat of combustion of Shelldyne-H is

considered and evaluated.

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 dimers which make up Shelldyne-H®and the fact that some batches of
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material have higher freezing points than others. For the most part, the
53' higher freezing points have not been detected in conventional laboratory
| tests because the material can be supercooled. The supercooling is a

paradoxical phenomena which might be related to many things including the

rate of cooling. In the case of a fast cooling rate, the viscosity of

Shelldyne4iqus thought to increase so rapidly that the individual 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 actual freezing/melting
point of the material. The possibility of any freezing 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 actual

melting point of ShelldyneﬂiGDcannot be relied upon since the presence of
such miscellaneous potential nucleation sites as dust, water crystals, sharp
metallic surfaces, etc., cannot be completely eliminated from fuel systems.
Therefore, the true melting point of Shelldyne-H ®must be lowered to a
temperature below the minimum system requirement which is normally -65°F for

Air Force air launched systems.

Shelldyne-Hqus 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

preparative gas chromatographic technique, chemists at AFAPL were able to

separate the three major dimers that make up Shelldyne-Hcg In order to
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justify future research into the chemical modification, it was of interest to
see whether any combination of two or more of these dimers would not freeze
above -65°F. Numbered according to their gas chromatographic elution time,
the dimers of Shelldyneﬂiqbumre found to freeze at approximately 92°F, 41°F
and 46°F, respectively. Normally, Shelldyne-HCDVHII contain between 10-20%
of dimer -1, 16-22% of dimer -2 and 55-75% of dimer -3. Since the last

two dimers had the lower freezing points, a preliminary program was initiated
to determine whether mixtures of only these two dimers could form eutectics

which would meet the -65°F (and lower) melting/freezing point restriction.

The series of mixtures of only dimer -2 and -3 were made and tested
(Monsanto Research Corporation contract AF33615-72-C-1071). Using weight
percent concentrations from O 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 Il. After eight
days at -65°F, only mixtures containing 29.9, 40.3, 49.5 weight percent of
dimer -2 were still liquids. Since not all batches of Shelldyne-H®which
contain the three major dimers freeze above -65°F, research efforts are
currently underway to ascertain which concentrations of the three dimers are
required. When this is determined, production reaction conditions could be
adjusted to produce the desired concentration of the dimers which have true
melting points below -65°F. The Shelldyne-HGDused in this program was

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

The principal objective of this research program was to study the effect

of various hydrocarbon fluids on reducing the low temperature viscosity of

il
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'if Shelldyne-H<Ez It was also of interest to determine the effect of the diluent
' on the density and energy of the Shelldyneﬂiqg Previous(l’z) efforts had
indicated that considerable reductions could be obtained in viscosity with
only small losses in density and energy. Shell Development Company, under

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

| hexane, decalin, dimethanodecalin, n-heptane and JP-7 fuel) in reducing the
viscosity 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 ShelldyneﬂiGDwithout 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 viscosity of

Shelldyne-H ®
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TABLE 11

A

EFFECT OF 8 DAY_SOAK AT_-65°F ON HNBD DIMER -2 AND -3 MIXTURES

SAMPLE NUMBER  DIMER -2, WT %  DIMER -3, \WT % RESULTANT PHASE"

100
90.1
79.1
70.1
59.7
50.5
ho.o
29.9
18.1

2
3
4
5
6
7
8
9

—
o

10.2

0
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SECTION III 1

EQUIPMENT "

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

Weissenberg Rheogoniometer which was modified to measure liquid viscosities

at temperatures down to -100°F or below. This device is a refinement of a
design by Weissenberg and is manufactured by Sangamo Controls, Ltd., Bognor
Regis, England, and is distributed in this country by the Technidyne Corpora- ]

tion, Louisville, 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 normal planes. For this program, only the
ordinary tangential data were obtained since the liquids were simple
Newtonian fluids. Fiqure 2 is a photograph of the rheogoniometer and assoc-
iated equipment. The main components are from left to right, the drive unit
(including motor, gearbox and drive shaft), the main body, instrument controls,
and recording equipment. The measuring section of the rheogoniometer is very
precisely engineered and is shown within the main body in Figure 3. Not shown
in these figures are the modifications needed to get test conditions down to
-65°F. This was accomplished by using cold nitrogen to cool the platens
which were enclosed in the temperature control chamber which is shown in an
opened position in Figure 3. The nitrogen actually served a dual purpose of
cooling the platens and providing a dry, 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 0D copper tubing

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

couple embedded in the outer surface of the top platen. The temperature
was indicated on a Digital Voltmeter, Series X-3, manufactured by Non Linear

Systems, Inc., Del Mar, California.

The basis of the rheogoniometer is the singie cone and plate viscometer
which is pictured in the center of Figure 3. This device has evolved into a
very useful instrument for both industrial and research organizations. It
has the versatility and sensitivity to measure the viscosity of fluids from
108 poise down to the thinnest of materials. |t has been reported(zs) that
the viscosity of air has been measured with 100 times more sensitivity because
of the electronic equipment and associated ultra violet recorder. Thus,

6 to1 x 1075

viscosities as low as | X 10 poise can be measured; therefore,
the instrument has a range of approximately lolh. The range of shear rates
available in this instrument is from 10-3 to IO“ sec-l, although it is, of
course, not possible to use high shear rates with thicker materials or to

obtain measurable readings with lcw shear rates and thin materials.

The measuring section of the rheogoniometer is very precisely engineered
(Figure 3). The operation of the instrument is relatively simple with a
two-way drive box translating the continuous rotational drive from the gear
box from the horizontal axis to a vertical axis through a gear reduction
connected to a worm and wheel. Through this worm and wheel, the vertical
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

13
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torsion head. This allows a small, but virtually frictionless 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 fluid to be tested is sheared between the rotating cone and the fixed
flat platen. The basic shear-rate shear-stress relation of the fluid is
obtained from the measurement of the rotational speed and the torque required
to drive the platen. Since the angle between the cone and plate is small,
the shear stress will be very nearly uniform throughout the fluid.

(27)

Frederickson reported that the percentage difference in shear stress
between cone and plate for cone angle less than 4° was less than 0.5%; for
the AFAPL 2° cone angle, the difference in shear stress was only 0.12%.
Therefore, the assumption that shear stress and, hence, shear rate and
apparent viscosity are uniform throughout the fluid, is an excellent one.

For the Newtonian fluids studied in this proaram, the apparent viscosity 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 Weissenberg Rheogoniometer, which had been
procured originally for metal slurried fuel evaluation, was set up and

adjusted according to the instruction manuai(zs).

Procedures for calibrating the electronics, calibrating the displacement

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

were followed as outlined in the manual.
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The testing performed on this program was carried out on one set of

platens, using only one torsion bar. Pertinent data on these test specimens

are outlined in Table I111.

T

Calibration tests were performed on Brookfield Engineering Lahoratory,
lnc. Viscosity Standard Fluids. The purpose of these tests was to determine

the accuracy of the instrument on fluids of known viscosity. The results of

GSia bt capy 2o

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

viscosity range of interest and all tests were performed at room temperature.

\lith the exception of the ''11900.0 centipoise'' standard, the data obtained
on the AFAPL rheogoniometer was generally within 5% of the Brookfield reported

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

i centipoise, 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 viscosity, it is vital for the sake of accuracy that the point of the cone
just touch the center of the flat plate. This, of course, would disturb the
torque reading; therefore, the point of the cone is truncated to prevent
interference. This gives negligible error since the torque produced at the
center of the plate is immeasurable; however, it is vitally 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
determined 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 outlined in the instruction manual(26). Since most of our testing would be




AFAPL-TR-76-17

TJABLE 111

| tem

- - —— . —— i —

Description

Cone Platen

—— -— ——— e . e —

Number 1140, diameter 5 cm, actual cone
angle 2° 0' 22" - Apex of cone - 91 microns

Flat Platen

— —

Number 865, diameter 5 cm

Torsion Bar

Number 6/26

Constant, KT = 1,851 X 10

dyne-cm

microns

TABLE IV

RHEOGONIOMETER RESULTS ON BROOKFIELD VISCOSITY STANDARDS

Test Temperature: 78°F
Cone Platen Nr : 1141
Flat Platen Nr : 865

Torsion Bar Nr : 6/26

- — e ————— A —— - — —— ———— " — - — — ———— —— —— ————

Brookfield Standard
Fluid Viscosity AFAPL Test Viscosity
Centipoise @ 77°F Centipoise @ 78°F % Error

—— ——————— —— - —— T— ——— —

5.1 0
9.05 +0.5
49.85 +1.7
99-70 +3'9
482.78 +2.7
1012.79
4880.28
12954.25
31200.0 32535.16

——— ———— —— - —— —— ——— —
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carried out at various temperatures from ambient to -65°F, it was necessary
to determine the effect of thermal expansion on ''gap setting' and, in turn,

d(26) that

the effect of ''gap setting'' error on test results. It was reporte
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 only approximate
depending mainly on the rate and pattern of cooling of the instrument, particu-
larly, air bearing rotor and lower extension piece immediately above and

below the temperature control chamber. Since our program was primarily

concerned with low temperature viscosity, care had to be exercised 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 torsion 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 setting'' was then determined using the special gap setting knob which
is unique to the Model R17 Rheogoniometer. It was found that the '‘gap
setting'' 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 setting'
could appreciably alter the accuracy of viscosity measurements on the cone and

plate rheogoniometer. With the platens and torsion bar used in this program,

17
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it is safe to assume that if the gap setting is within + 20% of the designated

value, an accuracy of 5% is possible.

TABLE V
EFFECT OF GAP SETTING ERROR ON ACCURACY

Test Platens: 5 ecm (2° cone angle)
Torsion Bar: 2/26
Test Fluid: 470 centipoise silicone fluid

Test Temperature: 78°F

Gap Setting, Viscosity, % Error in %2 Error in
Microns Centipoise Gap Setting Measured Viscosity
91 482.78 0 0
5. 503.77 -17.58 +4.35
50 ; 535.26 -45.05 +10.87
91 482.78 0 0
il6 459.17 27.47 -4.89
14 419.80 54.35 -15.00

For viscosity measurements in this program, care was exercised in setting
and adjusting the gap for each test temperature. This was done by obtaining
data on the effect of temperature on ''gap setting''; these data were then used
to develop a plot of ''gap setting' adjustment versus temperature. This plot
and the operative procedure used at various temperatures are outlined in

Appendix B.

18
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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 equal to 100 centipoise.

The poise has the dimensions of dyne seconds per square centimeter, or of
grams per centimeter/second. |In order to circumvent any confusion concerning
vicosity units, the centipoise is used exclusively in this report. As a
point of reference, the kinematic viscosity is the ratio of the absolute
viscosity 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 equal to 100 centistokes. The kinematic viscosity in
centistokes of any material at a given temperature is equal to the absolute
viscosity in centipoise 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 viscosity data, the densities and heating values of
each of the blends werz calculated. The goal of the program was to evaluate
the effects of dilution on the viscosity and density of Shelldyne-H()fuel

in order to formulate more suitable fuels from the fuel system design aspect.
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SECTION IV
PROGRAM

With proper dimer ratio, pure Shelldyne-H ®will remain a homogeneous
fluid down to temperatures below -65°F. The batch of Shelldyne-H ®usecl in
this program was Shell Development Company's Batch Nr LR-11410-103 which did
not freeze above -65°F. Figure 1 is a plot of the viscosity of this fluid
as a function of temperature. Figure 4 is a chromatogram 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 chemical and physical analyses of this batch,

as reported by Shell Development, are outlined in Table VI.

The objective of this program was to investigate the effect of various
hydrocarbons on reducing the high viscosity of ShelldyneﬂiGQ Since
ShelldynediC)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 VII, together
with the supplier and the grade. These materials were blended in concentra-
tions of approximately 5, 10, 25, 35 and 50 weight percent in Shelldyne-HGD
and the viscosities of the resulting blends were measured at selected tempera-
tures between -65°F and 70°F. As mentioned previously, all testing was
conducted using the 5 cm platens with 2° 0' 22" cone angle; the smallest
torsion bar (Nr 6/26) available was also used in all the testing reported

herein.

20
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TABLE VI

& SHELLDYNE-KBANALYS 1S

(Lot LR-11410-103)

Density at 68°F, gms/cc
Viscosity at 68°F, centipoise
Refractive Index at 68°F
Flash Point, °F (Penski-Martin Closed Cup)
Pour Point, °F (ASTM D-97)
Heat of Combustion (net), Btu/lb
% Carbon (Wt)
% Hydrogen (Wt)
Water, ppm
Thermal Stability (ASTM D-1660, 500°F)
ASTM Distillation
Initial Boiling Point
5% Distilled, °F
95% Distilled, °F
End Point, °F

Recovery, %

22

1.079
20.6
1.5413
2ko
-60°F
17,908
90.07
9.87
14

0 Rating

500
511
518
525
»
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TABLE V11

PROGRA! TEST_FLUIDS

FLUID GRADE SUPPLIER

Methylcyclohexane High Purity Shell Development Co.

Decahydronapththalene High Purity Shell Development Co.
(decalin)

Tetrahydronaphthalene Purified Fisher Scientific Co.
(tetrallng

Toluene Reagent J. T. Baker Chemical
Cis-decalin Chemical Samples Co.
Trans-decalin Chemical Samples Co.
Isobutylbenzene Chemical Samples Co.
Tetrahydro- High Purity Ashland 0il Company
methylcyclopentadiene dimer

(TH-MCPD)

Tetrahydro-norbornadiene High Purity Shell Development Co.
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SECTION V
PROGRAM RESULTS

There is no reliable method for estimating the viscosity of liquid mix-
tures(3'); therefore, all concentrations of interest had to be measured experi-
mentally on the rheogoniometer. The viscosity data sheets obtained on the
mixtures are included in Appendix D. These data were reduced into conventional
viscometric terms and these have been tabulated in Appendix E. Appendix A

outlines the mathematical procedure necessary to reduce the rheogonometric

measurements into viscosities.

A AT A e e AR WP YA i P 0

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

by temperature. For aid in determining the viscosity reduction produced by

each diluent, the viscosity of ''pure" Shelldyne-H<:)is also plotted on each

figure. The diluents significantly reduced the viscosity of Shelldyne-H<:Z
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 viscosity of Shelldyne-H(:)by a factor of about ; (from 31,457

centipoise to 4,489.9 centipoise).

Although the viscosity of Shelldyne-Hc:)is reduced by the diluents over
the entire range of test temperatures, the most significant effects are at
the lower temperatures. The viscosity of Shelldyne-HCDincreases an order of
magnitude between the temperatures of -4O°F and -65°F; all the blends
tested had less significant rises for this temperature range. It should be
apparent to the missile designer that any arbitrarily selected temperature

limit could seriously affect his choice of fuel.
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5}{ FIGURE 5. The Effect of Temperature on the Viscosity of Various
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k| g
ff i
s QO 5% Toluene
.T? O 10% Toluene
3 A 25% Toluene
; * V' 35% Toluene
j o < 50% Toluene
.}
]
103 e Pure Shelldyne-H
; v
i 3
E E
3 ¥
X (&)
3 :
b £ 10
3 w
' o
A o :
g L ‘
: = |
I8
i
|
13
b
10! 13
)
100 | | | ! 3% | 7
-70 -50 -30 =T0 T 50 50 t

Temperature, °F
25




i
E -
i 3
i
|
1
i AFAPL-TR-76-17 !
By p
K FIGURE 6. The Effect of Temperature on the Viscosity of Various 3
b Shelldyne-H/JP-4 Blends.
A
Eh
i :
H O 5% P-4
A\ 10% JP-b
V 25% Jp-4 i
. O 35% Jpr-4 ;
t 10" f
Q & 50% JP-4
3
:
< g
s ® Pure Shelldyne-H ;
10 3
- ;
E% K B
-
S \4
(&)
- \
z
g - > ~
» 102
= 1 Yl A
9, u \4
A
g . -
- A j
] V. 3
&, \ ﬂ
o' - A ] v, .
o [ Y
i ‘
10° | | | | | |
-70 -50 -30 ~10 10 30 50 0

' Temperature, °F
26




AFAPL-TR-76-17

FIGURE 7. The Effect of Temperature on the Viscosity of Various
Shelldyne-H/Methylcyclohexane Blends.
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FIGURE 8. The Effect of Temperature on the Viscosity of Various
4 Shelldyne-H/Tetralin Blends.
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The Effect of Temperature on the Viscosity of Various

FIGURE 9.
Shelldyne-H/trans-Decalin Blends
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FIGURE 10. The Effect of Temperature on the Viscosity of Various
Shelldyne-H/TH-MCPD Dimer Blends.
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FIGURE 11. The Effect of Temperature on the Viscosity of Various
Shelldyne-H/lso-butylbenzene (1BB) Blends.
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a

The diluents with the lowest viscosity in the pure state (i.e., MCH, toluene,
and JP-4) had the most significant effect on the viscosity of Shelldyne-fic)
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 lower volumetric energy. Therefore, any attempt to completely evaluate
the effect of the diluents on Shelldyne-H(:)as a fuel candidate, must include
the effect of dilution on density and energy as well as viscosity. The next

section will discuss these comparisons.

Only the trans-decalin isomer was tested over the range of concentrations
in Shelldyne-H(:)(Figure 9) rather than the cis-isomer, because the trans-
isomer seemed to have the greater effect on viscosity reduction (Appendix E,

Figure E-10).

32
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SECTION VI
DISCUSSION

In order to evaluate the effect of the diluents on the potential of

Shelldyne-H 4 as a missile fuel, the analysis must include more than low

temperature viscosity measurements. The attractiveness of Shelldyne-H R

as a fuel is its density which results in a high volumetric heating value.
Therefore, the heating value or net heat of combustion for each blend was

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

TG0 L TT 7V T N Gy W LI 07 Wy Esep

through 18. The heat of combustion data were determined as outlined in
Appendix F. The viscosity data in Figures 12 through 18 are those determined

in this program.

The thinner hydrocarbons, such as methylcyclohexane and JP-4 are very
effective diluents but they have low densities and low volumetric heating
values which reduce these values when mixed with Shelldyne-H R. On the
other hand, the heavier materials, such as TH-MCPD dimer, decalin and
tetralin, do not have as great an effect on reducing the heating value of
Shel ldyne-H R, but larger quantities of these hydrcarbons are required to

lower the viscosity of Shelldyne-H R.

In order to evaluate the effect of the various diluents, the -65°F data
for each blend from Figures 12 through 18 are combined in Figure 19. The most
effective blends tested, with regard to lowering viscosity at 65°F while re-

taining the highest volumetric energy, were those where toluene was the diluent.

Figure 20 is a plot similar to Figure 19, but only for -40°F viscosity

data on the test blends. The relationship between the various test blends
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FIGURE 12. Viscosity at Various Temperatures vs. Volumetric Heat

4 of Combustion for Shelldyne-H/Toluene 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. Viscosity at Various Temperatures vs. Volumetric Heat

4 of Combustion for Shelldyne-H/MCH Blends
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FIGURE 15. Viscosity at Various Temperatures vs. Volumetric Heat of
Combustion for Shelldyne-H/Tetralin
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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. Viscosity at Various Temperatures vs. Volumetric Heat of
Combustion for Shelldyne-H/Th-MCPD Dimer Blends
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FIGURE 18.

Combustion for Shelldyne-H/ |sobutylbenzene Blends.

Viscosity at Various Temperatures vs. Volumetric Heat of
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FIGURE 19. Viscosity at -65°F for Various Diluent/ShelIdyne-HCD
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FIGURE 20. Viscosity at -40°F for Various Diluent/ShelIdyne-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
volumetric energy criteria, toluene blends are best,with the TH-MCPD dimer
being the poorest of the diluents tested; the remainder of the diluents

fall in between these extremes with regard to these criteria.

As stated previously, Shelldyne-HC)has the most desirable density and
volumetric heating value of any hydrocarbons which will remain a liquid
down to -65°F. However, these characteristics are overshadowed by the high
viscosity of the materials at sub-zero conditions. The reference batch of
Shelldyne-HCD(Lot #11410-103) used in this program had viscosities at -65°F
of 31,457 centipoise and at -4O°F of 3092 centipoise. These values
represent problems to the designer of a missile fuel system and engine. |If
500 to 1000 centipoise fluids are feasible in a system, the test blends offer
attractive options to the designer. Using the test data acquired in this
program and the heats of combustion calculated in Appendix F, these data
tabulated in Tables VIII, IX, X and X| were developed. These tables list
the blends which would have viscosities of 500 or 1000 centipoise at -65°F
and -40°F and also the approximate heat of combustion of each blend. In
order to compare these blends with Shelldyne-H(:>and JP-4, the percentages

of the volumetric heats of combustion of the blends with regard to these fuels

are also indicated.

In Table VIII, all the blends produce 25% more energy than JP-4 and

come within 93% of the energy of pure Shelldyne-HCD; this effect is signifi-
cant since the viscosity at -65°F is reduced by a factor of 31. The 18%

-829 ®
toluene-82% Shelldyne-H - bhlends has approximately 97.2% of the volumetric
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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 with the approximated heats of combustion and their relation
to the reference fuels. Here again, the blends have energies within 8% of
Shelldyne-HCD and at least 23% more than JP-4. Tables X and XI| further exploit
the potential available from the fuel blends if the lower temperature limit
for specifying fuels is raised. |In these tables the viscosity limits of 1000
and 500 centipoise are evaluated at -40°F. Again the toluene blends are
most effective; but the other blends with the exception of the TH-MCPD blends
are within a percent or two of the energy level 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 volatile fuel
might be required; therefore, blends of toluene, MCH, and JP-4 would be
preferred. For shipboard and submarine applications, where 140°F falshpoint
fuels are required, the blends of isobutylbenzene, trans-decalin, tetralin and
TH-methylcyclopentadiene dimer are most attractive. Other characteristic
fuel properties such as stability, compatibility, combustibility and toxicity
p robably do not vary with these blends; therefore, they wuld not influence

which blend a designer might select.
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TABLE VI

The Heat of Combustion (Vol.) of Various Diluent Shelldynedi@DBlends

which have Viscosities of 1000 Centipoise at -65°F.
Vol. % AHe e @ AH¢
Diluent (60°F) Btu/Gal % Shelldyne-H % of JP-4

Toluene 18 154,000 97.2 130.2

MCH 19.5 153,550 96.9 129.8 1]
JP-4 20 153,100 96.6 129.4 4
IBB 24.8 152,100 96.0 128.6 %'
t-Decalin 30.5 152,050 95.9 128.5
Tetralin 35.5 153,000 96.5 129.3 2‘
TH-MCPD Dimer 60.5 148,300 93.6 125.3 2;

TABLE IX |

The Heat of Combustion (Vol.) of Various Diluent Shelldyne-H(:)Blends i3

which have Viscosities of 500 Centipoise at -65°F.

] Diluent Y&’ﬁ Btw/Bal ' g ShelldSnach® § ofip-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
1BB 32.5 149,800 94.5 126.6
I t-Decalin 39.5 149,900 94.6 126.7
Tetralin 47.2 151,000 95.3 127.6
TH-MCPD 73.5 146,000 92.1 123.4
45
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TABLE X

The Heat of Combustion (Vol) of Various Diluent Shelldyne-H(:)BIends

which have Viscosities of 100 Centipoise at -40°F.

Vol. % AHg AH¢ AHg
Diluent (60°F) Btu/Gal % Shelldyne-é:) % of JP-4
Toluene 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-Decalin 12.0 156,500 98.7 132.3
Tetralin 11.0 157,250 99.2 132.9
TH-MCPD Dimer 35.0 152,900 96.5 129.2
TABLE XI

The Heat of Combustion (Vol) of Various Diluent Shelldyne-H(:)Blends
which have Viscosities of 500 Centipoise at -4O°F.

Vol. % AH AH AH

Diluent (60°F) Btu/gal Z Shellgyne-H<> % of Jg-h
Toluene 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
1BB 14.8 155,100 97.9 131.1
t-Decalin 20.0 154,550 97.5 130.6
Tetralin 20.5 155,550 98.1 131.5
TH-MCPD Dimer 38.5 152,300 96.1 128.7
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SECTION VII
CONCLUSIONS

It is evident that a serious option for modifying RJ-5 is through blend-
ing with thinner (and less dense) hydrocarbons. There are many available
materials which can significantly reduce viscosity without causing enormous
energy reductions. These materials have, for the most part, differing
physical and chemical characteristics which might make one more attractive
than others for a particular system. Such characteristics as volatility and
saturation are affected by blending and will ultimately aid in choosing the

desired blend.

The major conclusion that can be drawn from this effort is that consider-
able progress is possible in the high density missile fuel area through the
blending of hydrocarbon components. Present high density fuels (i.e., RJ-4,
RJ-5) can be tailored to yield properties which are more adaptable to system
design and yet have significantly more volumetric energy than conventional
fuels (i.e., JP-4, JP-5, Jet A, Jet A-1, etc.). Blending should be an
acceptable method for ''customizing'' a fuel since conventional fuels are
normally blends of hundreds of different hydrocarbons which, individually,
have properties quite different from the blend, but in mixture produce an

optimized fuel.

A specific conclusion from this effort is that, on a basis of its improved
low temperature viscosity coupled with resulting volumetric heating values,
toluene is the best diluent for Shelldyne-HCQ However, when considering

other characteristics such as volatility, other materials such as methylcyclo-
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hexane, tetralin, isobutylbenzene, decalin and even JP-4, might be more desir-
able. TH-MCPD dimer (RJ-4) is not considered a good blending component with
Shelldyne-H(:)because it does not give much relief in viscosity and its
viscosity-heat of combustion relationship is not as good as the other materials

tested.

During the past several years, AFAPL has been cooperating with the Air
Launched Cruise Missile (ALCM) System Program Office (SP0) in developing a

high energy fuel(3’3°)

. This fuel currently is a tertiary blend of
Shelldyne41C2 methylcyclohexane, and TH-MCPD; a final specification (JP-9)
will be issued shortly. This specification is a result of the blending

program at this laboratory.
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el

SECTION VIII
RECOMMENDAT IONS

The results of this program should be very encouraging to engineers
interested in obtaining more range in volume limited systems. Present fuel
specifications such as RJ-4 and RJ-5 have deficiencies which can be altered
appreciably by blending with other hydrocarbons. The system designer should
be aware of the possible fuel options available to him and the fact the Air
Force and Navy have fuel development capabilities which could aid in
modifying and establishing new fuel specifications for new and unique systems.
The cooperative effort, cited previously between ALCM and AFAPL which led
to the JP-9 class of fuels is an example of a fuel tailored for a particular
system through close coordination and cooperation between fuel systems, engine

(3, 30) This type of cooperation is recommended

and fuel development engineers
in any effort whcre conventional fuels do not quite achieve performance goals

and where compromises are not permitted.
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APPENDIX A

CALCULATIONS FOR DETERMINING VISCOSITY ON THE CONE AND

PLATE VISCOMETER

Consider the cone and plate configuration as used on the Weissenberg

Rheogoniometer as diagrammed in Figure A-1.

Where,
a = Angle of cone (degrees)
B = 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:

o = (Angular velocity in radians/sec)/tan a (A-1)

For small cone angles, (A-1) becomes:

l%Q_ (B/a) (sec-l) (A-2)

(A-2) can be rearranged to give the following:

o = ég% (sec-') (A-3)
2n/
where t = B (sec/rev) (A-4)

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

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

——e

4 by:

" A
: T = 2m My OF dr (A-5)
R ! 0

where ¥, - Apparent viscosity

e i R A 1 S T

it i e Giatt

r = Distance from center of platen to any point on the platen, cm

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

the following: ]

T = —% T U O R3 (dyre-cm) (A-6)
a

Moo the apparent viscosity or visdosity coefficient, is expressed in many
different dimensions. For our work, the poise or centipoise is most often
used. One poise is equal to a dyne-second per cmz. Since the work described 3
in this report deals only with Newtonian fluids, the apparent viscosity
(ua) is the viscosity of the material and is constant for all shear rates

and shear stresses. Therefore, we will use:
o= (A-7)
Incorporating (A-7) into (A-6) and rearranging, one will obtain:
] w= (/2 (M 7 (55 8 (poise) (A-8)
Incorporating (A-3) into (A-8) one obtains

u (30 tT)/(720 = R3) (A-9

or u = (atT)/(30 = d3) (A-10)
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where d = 2R

ar rR3 = (V/g8)q3

(A-10) can be further simplifiéd to:

tT
b= 5h7s o3 (A-11)
In the Weissenberg Rheogoniometer, the torque on the upper platen can be
related to the movement of the upper platen and a constant which relates

displacement to torque:
T=4m KT (A-12)

where Am = Movement of torsion head transducer, microns

KT = Calculated torsion bar constant, dyne-cm/micron

The torsion bar used in our program was the lightest available and was cali-
brated to have a constant of 1.85] x IOl dyne-cm of torque per micron of
displacement. Therefore, for our program, the torque on the upper platen

was given as:
T = 18.51 am (dyne-cm) (A-13)

For the test program, only the 5 cm (diameter) platens were used with the
2° 0'22" cone angle. Therefore, by substituting (A-13) in (A-11) and
incorporating the values for the o and d3 one obtains the following

expression for viscosity:

uo=3.1519 x 107> (t Am) (A-14)
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The period, t (time required for the revolution of the bottom platenL is
readily obtained from the gearbox settings which offers 60 easily selected
output speeds in equal ratio steps of T had (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 only the settings
which 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 platen 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 shear stress is directly proportional to the shear rate. The propor-
tionality constant is commonly called the viscosity coefficient or merely

the viscosity:

S=po

where S = shear stress (dyne/cmz) (A15)

For the calculations involved in our research, (A-15) can be rearranged
using (A-14) and (A-3) to obtain
S = 0.5657 am (dyne/cm?) (A16)

Equation (A-16) is only applicable for the 5 cm diameter platen using the 6/26
torsion bar and is independent of a. Other size platens and torsion bars will

require modification of the constant.
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The shear rate can be determined from (A-3) for the 2° 0'22'" cone angle
of our specimen:
o = (179.4517)/t (sec”™)) (A-17)
The constant in this expression will change with different cone angles, a:
In summary, the calculations required in this effort where the 5 cm
diameter platens, 2°0'22'" cone angle and 6/26 (identifying number, KT =
18.51 dyne-cm) torsion bar were used as follows:
Viscosity (from A-14) p = 3.1519 x 10-3 (t am) (poise)
Shear rate (from A-17) o = (179.4517)/t (sec-])

Shear stress (from A-16) S = 0.5657 Am (dy"eS/cmz)
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APPENDIX B

THERMAL EXPANSION OF THE WEISSENBERG RHEOGONIOMETER

From Appendix A it was noted that the cone on the bottom platen was trun-
cated (Figure A-1). It is vital for the sake of accuracy that the point of
the cone should just touch the center of the flat platen. This, however,
would disturb the reading of the torque so the point of the cone is truncated
to prevent this interference. This gives negligible error(ZG); the torque
produced at the center of the platen being immeasurable, 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 accurately as possible. The
imaginary top of the cone should touch the center of the upper platen. The
amount of truncation for the Platen Nr 1141 (2° 0' 22") used in this program

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

back of the cone.

Since this program involved making measurements at temperatures other than
ambient, it was necessary to determine the effect of temperature change on the
test equipment and the gap between the platens. The instruction manual(zs)
reported that the gap between platens would close up by about 0.69 microns for
each °F that the platens are heated. The exact change, of course, would
differ depending on the size of the torsion bar platen 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

microns.
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A unique feature of the R-17 Weissenberg Rheogoniometer 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
platens (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 technique 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 raised to -50°F where the gap
setting had decreased to 198 microns. This gap was reset and the temperature
was raised to -25°F where the gap was checked. This procedure was followed
at each temperature until ambient was reached. The summary of the temperature

effect on gap setting is as follows in Table B-1.

A plot of gap setting adjustment as a function of temperature is shown
in Figure B-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-1

SUMMARY OF THE EFFECT OF TEMPERATURE ON GAP SETTING

Platens: Flat, Nr 865, 5 cm diameter |
Cone, Nr 1141, 5 cm diameter
2° 0' 22" cone angle
Apex of Cone - 91 microns

Torsion Bar: Nr 6/26
KT = 18.51 dyne-cm/micron

el gl c idnar sallalh e n A Ion ks

Temperature, °F Gap Setting, Microns Difference, Microns

75 91 0 3
-75 221 130 -’
-50 198 107

-25 180 89

0 163 72

25 143 52

70 91 0

The following procedure was outlined and followed in making viscosity
measurements below room temperature:
(1) The gap is set at ambient room temperature (between 65“F and 75F).

The upper platen is raised at least 5 cm.

(2) A slight excess of sample to be evaluated is placed on the lower %
ﬁ platen. From the instruction manual(26), the sample size can be determined.
4
3
5 d” a
Sample Size = Sy~ (8-1)

For our platens 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 only 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 Figure B-1 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 interval, Step (6) is repeated. The
results are compared and if the results are within 1 meter indication, continue
on to Step (8). |If the results are not within | meter indication, Step (7) is
repeated until two consecutive readings are within 1 meter indication.

(8) Proceed to the next highest temperature; repeat Steps (5) through
(7).

(9) Continue running until viscosities are determined at the required
shear rates and temperatures.

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

T07F
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APPENDIX C

VISCOSITY DETERMINATION PROCEDURES FOR THE R17
WE ISSENBERG RHEOGON IOMETER

Following is the procedure for obtaining viscosity determination on the
Model R17 Weissenberg Rheogoniometer.

(1) The operator should be familiar with the ''Weissenberg Rheogoniometer
Model R17 Instruction Manual'' which is obtainable from Sangamo Controls, Ltd.
through Technidyne Corporation, Louisville, Kentucky.

(2) The transducer meters and servo system amplifiers 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 ranye is put on ''CAL'" and the ''SET CALIBRATION'' 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 required gearbox speed is selected, using the setting as deter-
mined from Table C-1.

(6) The gap is set as outlined in detail in the manual. Ambient 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 loaded.
The procedures outlined in Appendix 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 determination, 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, time, test specimen, gap setting, temperature, gap setting
adjustment. transmission setting.

(11) The readings 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

consul ted.
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APPENDIX D

WEISSENBERG RHEOGONIOMETER VISCOSITY DATA SHEETS

The viscosity data were generated using 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 chemical composition on a volume percentage basis.

Table D-2 is the data which was taken on the rheogoniometer and converted
into viscosities and shear rates. Each data point in Table D-2 usually
represents the average of two determinations. |In addition, the project
record book and associated page number where these data are recorded is
also noted in this table. As an example '"RB Nr 55422 (21 and 23)'" would
indicate that these data can be found in Record Book 55422 on pages 21 and

23.
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TABLE D-1

COMPOSITION OF FUEL BLENDS EVALUATED ON WEISSENBERG RHEOGONIOMETER

SAMPLE NUMBER

SH
SH A
SH B
SH C
SH D
SH-1
SH-2
SH-3
SH-4
SH-5 & SH-5A
SH-6
SH-7
SH-8 & SH-8A
SH-9
SH-10
SH-11
SH-12
SH-13
SH-14
SH-15
SH-16
SH-17
SH-18
SH-19
SH-20
SH-22A
SH-26A
SH-28A
SH-29A
SH-30A
SH-31A
SH-32A
SH-33A
SH-34
SH-35
SH-36
SH-37
SH-38
SH-39
SH-40
SH-41
SH-42
SH-43

CHEMICAL COMPOSITION, VOL. %

Shelldyne-#B%SH), Batch Nr LR-11410-103
Shelldyne-l-@ unknown Batch number
Shelldyne-E%Batch Nr LR-10318-174, Barrel #2

Shelldyne-HQ Batch Nr LR-10318-174, Barrel #1

Shel ldyne-Hy’ Batch Nr LR-10704-45

94.9% SH, 5.1% toluene 1
87.7% SH, 12.3% toluene

70.9% SH, 29.1% toluene

64.9% SH, 35.1% toluene :
46.3% SH, 53.7% toluene :
93.1% SH, 6.9% JP-4

86.5% SH, 13.5% JP-4

68.1% SH, 31.9% JP-4

56.9% SH, 43.1% JP-4

L1.6% SH, 68.4% JP-4

93.1% SH, 6.9% methylcyclohexane (MCH)

86.5% SH, 13.5% MCH

68.1% SH, 31.9% MCH

56.9% SH, 43.1% MCH

41.6% SH, 58.4% MCH

94.5% SH, 5.5% tetralin

89.1% SH, 10.9% tetralin

73.2% SH, 26.8% tetralin

62.9% SH, 37.1 tetralin

47.7% SH, 52.3% tetralin

45.2% SH, 54.8% cis-decalin

45.2% SH, 54.8% trans-decalin

100% TH-methylcyclopentadiene dimer (TH-MCPD)
94.3% SH, 5.7% TH-MCPD

88.5% SH, 11.5% TH-MCPD

72.2% SH, 27.8% TH-MCPD

61.7% SH, 38.3% TH-MCPD

46.3% SH, 53.7% TH-MCPD

94.1% SH, 5.9% trans-decalin

88.1% SH, 11.9% trans-decalin

71.0% SH, 29.0% trans-decalin

60.3% SH, 39.7% trans-decalin

45.2% SH, 54.8% mixed decalin isomers

93.8% SH, 6.2% isobutylbenzene (IBB)

87.7% SH, 12.3% IBB

70.4% SH, 29.6% BB R
59.7% SH, 40.3% IBB

4y ,2% SH, 55.8% IBB
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APPENDIX E
VISCOSITY OF SHELLDYNE-H ®BLENDS AT VARIOUS TEMPERATURES

The data tabulated in Appendix D have been reduced and are tabulated in
this section. Since all of the test blends were determined to be Newtonian,
there is no variation of viscosity with shear rate; therefore, no reference
is made here to the shear rates used in the various determinations. For all
testing, the shear rates were either 1.074, 10.746 or 107.456 sef.:-l and can
be found in the data presentation in Table D-2. The volume percentages were

calculated at 60°F.
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VISCOSITY OF SHELLDYNE-H

TAB

LE E-8

- LOT #LR-11410-103

Viscosity, Centipoise

Temp., °F Run Nr 1 Run Nr 2 Run Nr 3 Run Nr 4 Average
-65 31,581.8 30,818.6 29,213.1 34,213.6 31,456.8
~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 49.5 49.5 48.7
70 26. 27.4 29.5 28.9 28.2
TABLE E-9
VISCOSITY OF VARIOUS SHELLDYNE-H BATCHES
*Batch Nr Sample Nr Sample Nr Sample Nr Sample Nrf

Temp., °F| LR-11410~103 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
-4o 3,092.4 3,500.3 3,052.9 2,895.0 3,921.4
-25 1,106.7 1,147.5 1,052.7 1,026.4 1,305.4

0 283.7 289.5 277.9 265.8 318.5
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 /DECALiIN BLENDS AT VARIOUS TEMPERATURES

B T o 2
B T e L T e R

Viscosity, Centipoise, of various Decalin Blends

Temperature, °F Sggg;;ANr Sagzlgsur SZEB;EANr
-65 452.7 327.9 189.5
=50 209.5 157.9 94.7
-ko 138.4 106.9 62.5
=25 76.3 60.8 38.3
0 34.2 26.3 19.2
25 17.9 155 11.6
50 10.9 8.8 7.4
70 7.4 6.1 5.5
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A sl

APPENDIX F

CALCULATED DENSITIES AND HEATS OF COMBUSTION FOR THE VARIOUS BLENDS

O AR N

This section contains the calculated densities and heats of combustion

for the various test mixtures. |t has been assumed that these hydrocarbons
form ideal solutions when mixed. The pure component densities and heats of
combustion were extracted from handbooks, whew a@vailable, or were measured

in the petroleum laboratory.

Following are the pure component values for specific gravity, density
:ff and the net heat of combustion.

b Specific Density @60°F Net Heat of Comb.
k| Fluid Gravity Pounds/Gal lon Btu/Lb

4 She11dyne-H ® 1.065 8.859 17,890
. Toluene 0.873 7.262 17,412
JP-4 0.755 6.280 18,840
Methylcyclohexane 0.776 6.455 18,790
Tetralin 0.975 8.110 17,390
t-Decalin 0.870 7.236 18,340
TH-MCPD Dimer 0.5925 7.694 17,925
Iso~Butylbenzene 0.860 7.155 17,834

Figures F-1 through F-7 are plots of the densities and heats of combustion
for the various binary mixtures of the hydrocarbons in Shelldyne-HqQ From

Figures F-1 through F-7, the densities and heats of combustion for the blends

evaluated in this program were determined. These data are presented in Table F-1.
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The data in Table F-1 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 binary mixtures

of interest in this program.
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Net Heat of Combustion, Btu/Pound at 60°F

AFAPL-TR-76~-17

001

Ll
A

A

1°81

'8l

L°81
88l

06

H-2uAp| |ays U} aduexayo|2Ad|AYIsy ‘Iusddad Iybiap

|

0°9

S34nIXIW HIW/H-3uAp||3ys

40 uo13Isnquo) jo Jeay pue Alisuaq “€-4 WNDI4

41,09 32 uo||eg/spunod ‘A3 )suag
112



H-3udp||8ys U} u}jea3a) ‘jusdiayg Iybiapm
oL 09 0S o4 (119
: 4 o | | 1

4,09 38 uoj|eg/spunod ‘A3jsuag

[T
°
(=
O
-~
L]
c
O
1)
o
~
3
-~
@
g
=
-~
[
3
Nl
-
O
©
Y
o}
-
(]
v
x
-
L)
=z

AFAPL-TR~76-17

S3UNIX|W Ul |BJIDL/H-SUAP||9YS 4O UOIISNQUO) 4O IS pue A3jsuag ‘-4 3uN91J




B

4
4
-
3
2
2
i
4l

~
-
1
]
~
1
[+
[l
@
2
Iy
<

Net Heat of Combustion, Btu/Pound at 60°F

(A

St

8Ll

1°8l

b8l

L gl

H-2UAp||3yS Ul ul|e23Q-1 ‘3Iuadiad 1ybiopm

09

01

0l

o_r

e

b%

!

S24N3IX|| U} |E29(Q-]/H-SUAP||3YS JO UOIISNqWO) JO IB3H pue A3 |suaq

*G-4 3¥N914

A

4,09 e uoj|ey/spunod ‘AJisusQ

114



H-SUAP| [9YS Ul J2wiQ QdIW-HL ‘Iuad434 Iybiop

08 0L 09 0§ 04 0¢
| I (g I ] I

4,09 1€ uoj||ey/spunod ‘A3isuag

(T8
©
(=
O
Fe]
©
o
c
3
o
a
~
3
i
@
c
Q
)
n
3
2
g
o
(&)
Y
o
e
]
Q
b= =4
e
(]
=

24NIX|W 43WI0 (dIW-HL/H-PUAP||3YyS JO UO1IShquo) jJO Jed pue A3jsuag *9-4 3¥N9I4




H-2uAp||3ys u! auazuaq|Ainqos| ‘Iuad434d Iybiom

001 06 08 0L 09 0S 0h 0¢ 0z ol 0
3 1 | | ! | I R | | 1L
: S L j—
— §°¢L

.

(-]
, =
: v
] - o
3 . TSI ®
| v A 5
3 3 — -
¥ & 2
i S Ve
4 - :
A 2 o
g I &
£ 3 2
: :
& (&) o
: R = — €8
Y S
3 o i
i x
;! -
; )
b 2
d N L8l |-
! ]
4 O s N.Q
i iy 4
4 o
v =]
E b /////,
1 H
3 =
) <

$24n3X 1 3u9ZU3q|AING-0S| /H-BUAP||3YS 4O UOIISNquO) jO Jeay pue A3jsusq /-3 3WN9IJ




AFAPL-TR-76-17

FIGURE F-8. The Effect of Toluene Dilution on the Volumetric Heat of
# ~  Combustion of Shelldyne-H.

QO Calculated Data from Table F-1
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FIGURE F-9. The Effect of JP-4 Dilution on the Volumetric Heat of
Combustion of Shelldyne-H.

2 O calculated Data from Table F-1
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FIGURE F-10. The Effect of MCH Dilution on the Volumetric Heat of
Combustion of Shelldyne-H.

O calculated Data from Table F-1
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Volumetric Heat of Combustion, Btu/Gal X 1000
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Figure F-11. The Effect of Tetralin Dilution on the Volumetric Heat
il of Combustion of Shelldyne-H.
O calculated Data from Table F-1
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: FIGURE F-12. The Effect of Trans Decalin on the Volumetric Heat of
& Combustion of Shelldyne-H.
1
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FIGURE F-13.

The Effect of TH-MCPD Dilution on the Volumetric Heat of

Combustion of Shelldyne-H

Volume Percent of TH=-MCPD
122

QO Calculated Data from Table F-1
t——-
o
] | | ] | | 1 |
0 10 20 30 Lo 50 60 70 80 90

ke

i




%

i
|
‘

L

SR oo i

T
e v A

o s

T

b a s

Fi
| s d]

Volumetric Heat of Combustion, Btu/Gal X 1000

AFAPL-TR-76-17
FIGURE F-14.

The Effect of Iso-Butylbenzene Dilution on the
Volumetric Heat of Combustion of Shelldyne-H.
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