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FOREWORD 

This is the first quarterly technical report submitted in partial fulfillment 
of Contract AF 04(6ll)-ll607, Heat Transfer Study of Prepackaged Propellants. The 
report period is 1 July through 30 September I966. The Air Force Project Engineer • 
is lst/Lt. William H. Summers, RPCL. 

The Heat Transfer Study of Prepackaged Propellants is being conducted by the t 
Engineering Division of Liquid Rocket Operations, Aerojet-General Corporation, 
Sacramento, California. 

Classified information has been extracted from the asterisked documents listed 
under References in Appendix A. 

Contributors to this report, in addition to those noted on the title page, 
include the following Aerojet personnel: 

N. B. Davidson 

A. Fink 

Y. W. Louie 

R. J. Wondra 

Publication of this report does not constitute Air Force approval of the 
report's findings or conclusions. It is published only for the exchange and h 
stimulation of ideas. 

Air Force Rocket Propulsion Laboratory 
Edwards Air Force Base, California 
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UNCIASSIFIED ABSTRACT 

This report summarizes the work performed during the 
first three months of an experimental program In w.dch the 
forced-convection and burnout heat flux characteristics of 
MHF-5 and MMH are to be investigated. The results of 20 
tests conducted with MHF-5 at pressures from 500 to 3000 
psia, velocities from 19-5 to I89 ft/sec, bulk temperatures 
from 70 to 278°F, and at heat fluxes up to 49.6 Btu/in sec 
are presented and discussed( correL 'v ^ for the burnout 
heat flux of MHF-5 at subcritical am. supercritical pressures 
are presented. The physical properties that were extrapo¬ 
lated from available data and estimated are presented in an 
appendix, along with discussions on the extrapolation and 
estimation techniques that were used. The results oí 
chemical analyses performed on MHF-5 samples taken from the 
heat transfer test system before and after testing are also 
presented. 
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I. INTRODUCTION 

The objective of this program is to experimentally determine the forced- 

convection heat transfer and burnout heat flux characteristics of MHF-5 and uono- 

methyl hydrazine (MMH) at subcritical and supercritical pressures. The work is to 

be accomplished in three phases. Phase I consists of a literature survey for the 

available MHF-5 and MMH physical properties, analytical determination of the physical 

properties of MHF-5 and MMH not available from the literature, and the equipment 

buildup work necessary to prepare Aerojet's high pressure heat transfer loop for 

MHF-5 testing. Phase II consists of testing with MHF-5, and Phase III consists of 

testing with MMH. 
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II. SUMMARY 

Preparation of the heat transfer loop for testing and the literature survey 

for MHF-5 and MMH physical properties have been completed. The available MHF-5 

properties data have been extrapolated to a pressure of 1*00 atmospheres and 685°F 

and a complete compilation of the available and estimated MHF-5 physical properties 

is given as an appendix to this report. A similar compilation of MMH physical 

properties will be completed during the next reporting period. 

Approximately 100 gallons of MHF-5 have been mixed and chemical analyses of 

the propellant have been obtained using a gas chromatograph and a nitron precipita¬ 

tion test. 

Twenty MHF-5 heat transfer tests have been conducted at pressures of from 

500 to 3000 psia, velocities of from 19-5 to l89 ft/sec, and bulk temperatures of 

from 70 to 278°F. Heat fluxes up to 1*9.6 Btu/in. sec have been achieved. In these 

tests, the forced convection and burnout heat flux characteristics of MHF-5 were 

evaluated in Inconel 718 and 3l*7 stainless steel test sections. Extended duration 

behavior has also been investigated. 

Page 2 
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HI. LITERATURE SURVEY AND PHYSICAL PROPERTIES 

To properly determine and evaluate the forced-convection heat transfer 

characteristics of MHF-5 and MMH, certain physical and transport properties of these 

fuels must be known over a wide range of temperatures and pressures. The most signifi¬ 

cant properties from a heat transfer standpoint include density, viscosity, heat 

capacity, thermal conductivity, and vapor pressure. In general, these properties are 

neither available in the literature nor readily measurable over the required range of 

temperatures (-65°F to the critical temperature) and pressures (saturation to approxi¬ 

mately 5000 psia); therefore, estimation techniques must be employed to either extend 

experimental data or totally generate properties information in the absence of experi¬ 

mental data. The most desirable estimation techniques vary considerably from one 

fluid to another and often vary with the property. The accuracy of such estimations 

is always open to question, but fortunately only a modest level of accuracy (perhaps 

+10 to 20Ï is necessary to properly conduct a test program and to evaluate and 

correlate the test data. Certainly, the best set of property data that can be 

developed within the scope of the program is desired. In this program the approach 

to developing a "best set” of properties data involves: (l) a careful literature 

search to retrieve all available data and thereby minimize reliance upon estimation 

techniques, and (2) the use of the most proven estimation techniques (generally those 

based on the theory of corresponding states). 

A. LITERATURE SURVEY 

A search of the literature for information relative to the physical and 

transport properties of MHF-5 and MMH has been completed. This survey utilized both 

computer and hand search techniques. Computer searches covered the holdings of NASA, 

Defense Documentation Center (DDC), and Aerojet-General libraries. Hand searches 

were made on the Aerojet libraries holdings, CPIA Abstracts, and Chemical Abstracts. 

In addition, one contents of Aerojet's propellant files and of the standard liquid 

propellant manuals and handbooks (CPIA and Battelle Memorial Institute) were reviewed. 

Page 3 
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III, A, Literature Survey (cont.) 

On the basis of literature searches, originals of documents that appeared 

pertinent were secured and screened for content and further references. Those docu- 

ments which contained pertinent properties data were then abstracted in-depth in the 

areas of interest. The abstracts, thus, concisely provided the available literature 

data and the starting points from which extrapolation and estimation techniques were 

employed to extend the data. 

B. PHYSICAL PROPERTIES 

1. MHF-5 

As expected, the literature data on MHF-5 were relatively scanty 

on most of the properties of interest and entirely missing in the cases of critical 

properties and thermal conductivity. Data were found on the density of MHF-5 from 

-65.2 to 19^0F, on viscosity from -67 to l60°F, on heat capacity from 40 to 155°F, • 

and on vapor pressure from 32 to 203°F. No properties data were found covering 

temperature greater than 203°F or pressures greater than one atmosphere. I 

Since properties data are required from approximately -65°F to 

the critical temperature and from saturation pressure to approximately 5000 psia, 

extensive estimation and extrapolation was necessary to generate the required data. 

These estimations and extrapolations have been completed and a complete set of MHF-5 

physical properties is given in an appendix to this report. The experimental data 

retrieved and the methods employed in generating or extending the data are also 

fully documented in the appendix. Because reduced state correlations were extensively 

utilized to extend the data on density, viscosity, and heat capacity, and to generate 

thermal conductivity data; significant effort was devoted to estimating a set of 

critical properties. The methods used to estimate the critical properties are also 

documented in the appendix. ' 

No experimental work was done to define properties except for the 

measurement of surface tension and index of refraction. These measurements were made 

because of their usefulness in estimating critical volume and because they are easily 

obtained. 

Page 4 
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III, B, Physical Properties (cont.) 

Significant properties values (or references to appropriate 

discussions, tables, and figures in the appendix) are summarized below: 

Property 

Critical Pressure 

Critical Temperature 

Critical Density 

Density 

Viscosity 

Heat Capacity 

Thermal Conductivity 

Vapor Pressure 

Value 

ll*70 lb/in.2 

lll*5°R 

0.316 g/cm3 

_Citation in Appendix 
Section Table Figure 

I 

II 

III 

IV 

V 

VI 

VII 

I,B and VIII 

1 

2 

1* 

3 and 1* 

5 and 7 

9 

11 

1 and 12 

2. MMH 

The properties of liquid MMH are much better known than those for 

MHF-5. The critical properties are known, the density is known over a wide range of 

temperatures ^-60 to 5l8°F) and at pressures to 92.9 atm, the viscosity is known 

from -60 to 176°F, heat capacity from -62 to 77°F, thermal conductivity from 0 to 

305°F, and vapor pressure from'w35°F to the critical temperature. With this relatively 

large amount of data available, the extension of the data to the critical temperature 

and to pressures of approximately 500C psia will present far less a problem than in 

the case of MHF-5. The estimations and extrapolations of density, viscosity, heat 

capacity and thermal conductivity remain to be completed. 

\ 
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IV. EQUIPMENT BUILDUP 

Preparation of Aerojet's high pressure heat transfer loop for testing with 

MHP-5 was completed during this report period. The following tasks were accomplished: 

1. The loop was cleaned. The loop cleaning procedure was initiated by 

flushing methanol throufih the system with gaseous nitrogen pressurization. The 

methanol was then dumped and the system blown dry with gaseous nitrogen. The flushing 

with methanol and drying with gaseous nitrogen were then repeated. Methanol and nitro- 

gen were discharged through all of the loop outlets in this second operation. 

Examination of the loop fittings then revealed significant "gumming'' 

of the fittings in the dump tank system which was apparently caused by a reaction 

between AeroZINE 50 ( a test program on this propellant was conducted before this 

program started) and the sealant which had been applied to the threads of these 

fittings. The dump tank system was then completely disassembled, cleaned, and 

reassembled using a thread sealant which is compatible with hydrazine fuels. 

The entire loop was then flushed with methanol, blown dry with gaseous 

nitrogen, evacuated with a vacuum pump for a period of ten hours, and placed under 

a 10 psi nitrogen blanket. Special passivation of the loop for MHF-5 service was 

not performed as the long exposure to AeroZINE 50 (about 2-1/2 months) provided 

sufficient passivation. 

2. Pressure transducers, bulk temperature thermocouples, and flowmeters 

were checked out and installed. 

3. The instrumentation recording system was checked out from the sensing 

element to the recording device. 

k. Electrical insulators in the region of the test section «ere cleaned, 

checked for integrity, and reinstalled. 
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IV, Equipment Buildup (cont.) 

5. Water injection systems for the drain and vent lines were installed and 

pressure checked to 350 psi. These systems provide thorough flushing of the drain 

and vent lines and prevent the formation of shock-sensitive hydrazine nitrate 

crystals. 

6. A prf.cooler that will be used to obtain low MHF-5 bulk temperatures was 

fabricated. The cooler consists of an 80 ft coil, through which the MHF-5 will flow, 

installed in a liquid nitrogen container. During a low bulk temperature test this 

coil will be immersed in liquid nitorgen. The coil was fabricated from stainless 

steel tubing having an 0D of 1/2 in. and a Wall thickness of 0.035 in. Electrodes 

were attached to the precooler coil so that it can be preheated prior to initiating 

MHF-5 flow. Preheating of the coil is necessary to prevent freezing of the MHF-5 

during the starting transient. 

1 

% 
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V. PROPELLANT MIXING AND CHEMICAL ANALYSIS 

(c) Five 20-gallon batches of MHF-5 were mixed prior to the start of testing. 

Each batch of propellant was prepared by mixing 92.9 lb of MMH, 5^-7 lb of and 

27.01 lb of NH^NO^. Ammonia was removed from the propellant by pumping off the vapor 

generated when the propellant was heated to a temperature of 85 to 100°F. Density 

measurements of these five batches ranged from I.OO8 to 1.011 gm/cc at a temperature 

of 77°F, which compares well with the value of 1.010 given in Figure h of the appendix. 

(u) No further propellant mixing is contemplated. Propellant loss resulting 

from physical burnout of the test section has reduced the volume oi MHF-5 in the heat 

transfer system to about 80 gallons; however, this is considered a sufficient quantity 

to conduct the remaining MHF-5 test program. 

(u) Some difficulties were encountered in obtaining chemical analyses of 

the MHF-5. The results obtained with a gas chromatograph (the only available device 

for analyzing MHF-5) tended to be inconsistent due to retention of hydrazine nitrate 

in the components of the chromatograph system. Several chromatograph column materials 

were tried with varying degrees of success. The best results were obtained with 5Í 

Carbowax 6OO (polyethylene glycol) on Teflon. This is the material used to obtain 

AeroZINE 50 chemical analyses. 

(u) The results listed below were obtained for MHF-5 samples taken from the 

heat transfer loop and for an MHF-5 laboratory sample. The concentrations of all 

constituents except the hydrazine nitrate were determined from gas chromatograph 

readings. The nitrate concentration was determined gravimetrically in a nitron pre¬ 

cipitation test. These results are considered adequate for this heat transfer program, 

but not entirely satisfactory as a precise analysis because the estimated accuracy for 

the MMH and N^ constituents is +1 to 2 wtí. Further investigation into improved 

MHF-5 chemical analysis techniques is recommended; however, this effort is considered 

beyond the scope of this program. Future analyses will be carried out using the 

AeroZINE 50 column material along with the nitron precipitation test. 

Page 8 
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and Chemical Analysis (cont.) 

MMH N2HI+ N2H5NO3 

V, Propellant Mixing 

Sample 

1. Lab Standard 

2. From Run Tank Prior 
to Testing 

3. Before Test -110 

1*. From Run Tank Prior 
to Testing 

5. Before Test -llU 
(Extended Duration Test) 

6. After Test -llU 

7. From Run Tank Prior 
to Testing 

Nominal Values 

Hil ftL. Wtl.. 

51*.0 23.9 19.8 

53.5 2U.3 19.8 

55.7 25.6 17.7 

56.3 21*.6 17.7 

51*.2 26.2 18.I* 

53.8 26.5 18.1* 

53.5 26.9 18.3 

53.0 27.3 I8.I* 

52.7 27.5 18.35 

55.0 26.O 19.0 

H2O NH3 
vti wt< Date 

0.2 2.1 8-31-66 

0.5 1.9 

0.8 0.2 8-31-66 

1.2 0.2 

0.9 0.3 9-16-66 

1.0 0.3 9-16-66 

1.0 0.3 9-23-66 

1.0 0.3 9-23-66 

1.0 0.3 9-23-66 

(u) These results indicate: (l) the composition of the propellant that was 

prepared is sufficiently close to the nominal composition of MHF-5, and (2) there 

was no significant decomposition of the MHF-5 during the course of testing. 

Page 9 
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VI. MHF-5 TESTIHO 

A. ACCOMPLISHMENTS 

Twenty MHF-5 Heat transfer tests have been conducted. The range of 

conditions encountered in these tests are as follows: 

Pressure: 

Velocity: 

Bulk Temperature: 

Heat Flux: 

500 to 3000 psia 

19.5 to 109 ft/sec 

70 to 278°F 
2 

up to U9.6 Btu/in. sec 

Eighteen of these tests were burnout tests in which the burnout or 

ultimate heat flux and the forced-convection heat transfer characteristics of MHF-5 

were evaluated. In two tests, extended duration heat transfer with MHF-5 at heat 

fluxes up to 80Ï of the burnout heat flux were investigated. 

During this reporting period, testing at nominal subcntical pressure 

levels of 5OO and 1000 psia has been emphasized and l6 tests (l1* burnout tests and 

2 extended duration tests) were conducted at these pressures. Four burnout tests 

were conducted at a supercritical pressure level of 3000 psia. 

Test sections were uniformly heated Inconel 718 and 3**7 stainless steel 

tubes with 3/16 in. and 1/U in. 0D and 0.012 to 0.02U in. wall thickness. The test 

sections are shown in post-test condition in Figures 1, 2, and 3. 

Preliminary analysis of the data obtained in these tests has been 

accomplished using the liquid densities and specific heats given in Ref 1, and the 

results obtained are presented in the following sections of this report. Final 

analysis and correlation of these data will be accomplished during the next quarterly 

report period using the physical properties given in the appendix. 

Page 10 
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VI, MKF-5 Testing (cont.) 

B. RESULTS OF SUBCRITICAL PRESSURE TESTS 

1. Burnout Test Results 

Fourteen burnout tests have been conducted with MHF-5 at subcritical 

pressures; the results are summarized in Table 1. In 12 of these tests, the heat 

flux was increased incrementally until physical failure, or burnout, of the test 

section occurred. Physical burnout did not occur during Tests HT-8-101 and -120. 

Test -101 was terminated before burnout due to a power supply problem; however, 

forced convection data were obtained at three heat flux levels prior to shutdown. 

Test -120 was terminated at a heat flux of ^9.6 Btu/in. sec when the fluid level 

in the run tank became precariously low. Steady-state heat transfer was achieved 

at five lower heat flux levels. It is believed that burnout was imminent at the 49.6 Bti^ 

in. sec heat flux because the test section was observed (via closed-circuit tele¬ 

vision) to suddenly "glow" Just as the test section power was shut off. In previous 

tests with MHF-5, this "glowing" has been observed to immediately precede physical 

burnout of the test section. Posttest photographs of the test sections are shown 

in Figures 1, 2, and 3. 

The data obtained to date indicate that in stainless steel test 

sections the heat transfer characteristics of MHF-5 at subcritical pressures are 

similar to those observed for many other fluids at subcritical pressures. Two 

distinct heat transfer mechanisms are apparent, ao demonstrated in Figures 4 through 

7, which show test section heat flux as a function of inside tube wall temperature 

(calculated from outer wall temperature and electrical power measurements) for 

velocities of 20, 50, 100, and 150 ft/sec. 

At wall temperatures below the saturation temperature, a normal 

forced-convection heat transfer mechanism is evident as the heat flux is proportional 

to the wall-to-bulk fluid temperature difference and the slope of the heat flux - wall 

temperature curve increases with increasing velocity. Nucleate boiling is generally 

evidenced at wall temperatures higher than the saturation temperature by a sharp 
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VI, P, Resalts of Subcritlcal Pressure Tests (cont.) 

.n-rr-ase in the slope of the heat flux - wall temperature curve. The wall tempera¬ 

ture oat3 obtained at 1000 psia pressure and 150 ft/sec velocity (Figure 7, Tests -103 

and -.06' indicate nucleate boiling behavior at wall temperatures somewhat below the 

saturation temperature. These data should be considered preliminary and are currently 

be.rg reviewed. 

Burnout occurs when the test section wall temperature increases 

suddenly a? a fixed heat flux. This excursion in wall temperature is attributed to 

'b; c currence of a transition from nucleate boiling to film boiling at the tube wall. 

High frequency whistling has been heard in each of the subcritical pressure tests 

-ondurted at 20 to 50 ft/sec velocity. This whistling generally begins at 50 to 75# 

oí thc burnout heat flux and continues until burnout. No relation between the occur- 

rerre cl whistling and the magnitude of the burnout heat flux is apparent. 

Somewhat different, heat transfer characteristics have been observed 

with subcritical MHF-5 in Inconel 7l8 test sections. The data obtained in two tests 

w.th Inconel 718 test sections, Tests HT-8-IOU and -105, at nominal conditions of 

’“rO ft sec velocity, 1000 psia pressure, and 150°F bulk temperature, are shown in 

Mgure 8. These data indicate a rather gradual increase in heat transfer coefficient 

as burnout is approached instead of the sharp transition from forced convection heat 

tranker to nucleate boiling heat transfer indicated by the stainless steel test 

s«>ct*or. data. Furthermore, as shown in Table 1, the burnout heat fluxes observed in 

th«: e .nconel 7l8 tests are about 30# lower than the values observed in two tests 

vi fr 3U7 stainless steel test sections at the same nominal test conditions (Tests 

Hr-8- 03 and -I06). This apparent difference in heat transfer characteristics sug- 

gfsu a basic incompatibility between Inconel 718 and MHF-5 at subcritical pressures. 

5,.1.1- in ncompatibility has previously been indicated by the results reported in 

Ref 

Correlations for the burnout heat flux of MHF-5 at subcritical pres¬ 

sure? are shown in Figures 9 and 10. In figure 9, the burnout heat flux is shown as 

a function of the velocity - subcooling product. As discussed in Ref 2, this 
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VI, B, Results 0' Suberitical Pressure Tests (cont.) 

velocity — subcool’ng product hss been found to correlate the burnout heat flux of 

many fluids. The MHr’-J data also correlate with this parameter; however, a pro¬ 

nounced effect of pressure is also evident. This pressure effect is not generally 

observed with other fluids. 

The burnout heat fluxes observed with MHP-5 at 1000 psia nominal 

pressure show fairly good agreement with the correlation developed for (Ref 2): 

« 5.0 + 0.000 W5 VATBub 

where : 

2 
* burnout heat flux, Btu/in. sec 

Bo 

V » velocity, ft/sec 

4Ttub • aubcoollng • - Tg, °F 

T . ® saturation temperature, °F 
3ft w 

T * bulk temperature, °F 
B 

The 500 psia burnout heat fluxes are higher than the 1000 psia values. For a 

given value of VATsub this difference is about UOÍ. 

The effect of pressure is not as significant in the correlation 

presented in Figure 10, which shows burnout heat flux as a function of velocity. 

This velocity correlation does not show the pronounced effect of pressure evidenced 

in the VAT , correlation; however, the correlation of data at a given pressure is 
sub 

not as precise. 
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VI, B, Results of Subcritical Pressure Tests (cont.) 

The ï' r t'l-c 'ivec * . n data will be correlated in terras oí the 

dimensionless Nusselt, Reynolds, and Prandtl numbers during the next reporting period, 

using the MHF-i? physical properties tabulated in the appendix. 

2. Extended Duration Test Results 

The operating conditions of the two extended duration tests. Tests 

HT-8-113 and -11^, are summarized in Figures 11 and 12. In each of these, normal 

steady-state operation was maintained for a total duration of eight minutes and no 

unusual occurrences were observed. Some degradation of the tube wall thermocouple 

integrity with time was observed, particu1arly in Test -Ilk, as evidenced by a slowly 

decreasing wall temperature. 

Test -113 was conducted at nominal conditions of 50 ft/sec velocity, 

500 psia pressure, and 150&F bulk temperature, and at heat fluxes of 8.5 and 9.5 

Btu/in.^ sec. These heat flux levels correspond to about 50 and 60% of the burnout 

heat flux indicated by the 500 psia VAT^b corrélation shown in Figure 9. Whistling 

was heard at both heat flux levels during this test. 

The nominal conditions oí Test -11^+ were: 150 ft/sec velocity, 

1000 psia pressure, and 1502F bulk temperature. Heat flux levels of 25.5 and 29.5 

Btu/in 2 sec, which correspond to 70 and 80# of the burnout heat flux, were employed. 

C. SUPERCRITICAL PRESSURE TEST RESULTS 

Testing with MHF-5 at the 3000 psia level consisted of four burnout tests 

at 15CcF bulk temperature and at velocities of 20, 50, and 100 ft/sec. Physical 

burnout of the test section occurred in each of these tests and the test results are 

summarized in Table 2. 

* 
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VI, C, Supercritical Pressure Test Results (cont.) 

The wall temperature and heat flux data obtained in three of the 

3000 psia tests (50 and 100 ft/sec velocity) are shown in Figure 13. These daU 

indicate that MHF-5 exhibits a normal forced-convection heat transfer mechanism 

until the temperature of the wall adjacent to the fluid approaches the MHF-5 

critical temperature (estimated as 685°F). At this point, an apparent degradation 

in heat transfer coefficient occurs. This degradation is more apparent in the 

100 ft/sec tests (Tests HT-8-107 and -IO8) than in the 50 ft/sec test (Test -109). 

in all three tests, burnout occurred when the wall temperature achieved or exceeded 

the critical temperature. At supercritical pressures, the occurrence of burnout at 

nvll temperatures near the critical temperature is not unexpected since at this 

ter^- • 4'uids generally become gas-like in nature rather than liquid-like, and 

a * . *n heat transfer coefficient would be expected. This type of burnout has 

pr* ay been observed with C1F3 at a supercritical pressure. 

A significant characteristic of the burnouts observed at 300 psia is that 

increasingly large negative test section energy balances are indicated as the burn¬ 

out heat flux is approached. A negative energy balance indicates that the MHF-5 

bulk temperature rise is higher than the electrical power measurements would 

indicate. Energy balances within ♦ 10* have been consistently observed in the sub- 

critical pressure testing, but excess energies from -17* to -57* occur at burnout 

in the 3000 psia tests. This implies that some exothermic decomposition of the 

MHF-5 is occurring as the burnout heat flux is approached; this exothermic decom¬ 

position may contribute to the degradation of heat transfer coefficient which 

causes burnout. As noted previously in this report, no significant amounts of MHF-5 

decomposition have been measured during the course of testing. The amount of MHF-5 

decomposition required to yield the observed excess energies has been estimated as 

about 0.5 wt*. This relatively small amount of decomposition is difficult to detect 

since it occurs only near the burnout point and thus will not affect the bulk of 

the MHF-5 propellant. 

Page 15 
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VI, C, Supercritical Pressure Test Results (cont.) 

The burnout heat flux data obtained to date correlate quite well with 

velocity as demonstrated in Figure 10. The relative effects of pressure and bulk 

temperature are unknown at this time, and will be investigated during the next 

reporting period. The effect of test section material on burnout heat flux at 

3000 psia pressure does not appear as significant as in the subcritical tests. This 

is indicated by the results of Tests HT-8-107 and -IO8 (shown in Figure 13 and 

Table 2), which were conducted with Inconel 718 and 3^*7 stainless steel test sections 

at the same nominal test conditions. The burnout heat flux observed with the 

stainless steel test section is about 10% higher than the value obtained with 

Inconel 7l8, whereas differences on the order of 30% were observed at subcritical 

pressures. Further testing to evaluate the material effect at 3000 psia pressure is 

planned. 
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VII. FUTURE TESTING 

The remaining testa for the MHF-5 test program are shown in Table 3. The 

majority of these will be conducted at supercritical pressure levels of 2000, 3000, 

and 1*000 psia. In the remaining subcritical pressure tests, the effect of high bulk 

temperatures, very low bulk temperatures, and pressures near the critical pressure 

on the burnout heat flux will be evaluated. It is currently anticipated that a total 

of 35 MHF-5 heat transfer tests will be conducted. 

The MHF-5 testing will be followed by the MMH testing. 

Page 17 
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TABLE 3 

REMAINING MHF-5 TESTS 

Test No. Objective 

21 High Bulk Temperature 
(Repeat of Test HT-8-II9) 

22 Low Bulk Temperature 
23 
2k 

25 Material Effects at High 
Pressure (Repeat of Test 
HT-8-IO9 conditions) 

*26 Critical Pressure Effect 

27 Velocity Effects 
28 

29 Duration Effects 
30 

*31 Pressure Effects 
*32 

33 High Bulk Temperature 

3^ Pressure Effects 
35 

(l)o 
P, psia V, ft/sec V °F 

5OO 50 300 

500 50 -5 
1000 10 
3000 100 0 

3000 50 150 

l400 50 200 

3000 150 150 
3000 200 150 

3000 50 150 
3000 I50 I50 

2000 50 150 
4ooo 50 150 

3000 50 30O 

2000 150 .150 
4ooo 150 150 

(l) Bulk Temperature at test section outlet 

* Velocity reduced from 100 ft/sec to 50 ft/sec so that the 
effect of pressure can be evaluated with the minimum number 
of tests from 5OO to 4000 psia at constant velocity and 
essentially constant bulk temperature conditions 
(by comparing the results to the burnout data obtained 
in tests -102, -111, and -IO9) 
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MHF-5 TEST SECTIONS

FLOY/

TEST NO.—HT-8-(Oa 
VELOCITY- SO Fl/SEC

MATERIAL ■ 
PRESSURE-

•347 STAINLESS 
500 PSIG

FLOW

TEST NO.—HT-6-I03 
VELOCITY-ISO ft/sec

MATERIAL- 
PRESSURE•

■347 STAINLESS 
1000 PSIG

FLOW

TEST NO.—HT-8-I04 
VELOCITY—ISO FT/SEC

MATERIAL- 
PRESSURE•

•INCONEL 718 
1000 PSIG

FLOW

TEST NO.—HT-8-105 
VELOCITY-ISO FT/SEC

MATERIAL-
PRESSURE-

-INCONEL 718 
-1000 PSIG

TEST NO.—HT-8-\OG 
VELOCITY-ISO Ft/seC

FLOW

MATERIAL- 
PRESSURE•

■347 stainless 
-1000 PSIG

MHF-5 Test Section after Tests HT-8-102 through -I06
Figure 1
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MHF-5 TEST SECTIONS

FLOW

TEST NO.-HT-8-107 
VELOCITY-100 FI/SEC

MATER1.A.L-
PRESSURE-

- INCONEL 716 
-3000 PSIG

FLOW

TEST N0.-HT-6-1O6 
VELOCITY-lOO FT/SEC

MATERIAL-
PRESSURE-

347 STAINLESS 
-3000 PSIG

FLOW

TEST NO.—HT-8-109 
VELOCITY-50 FT/SEC

MATERIAL—
PRESSURE-

INCONEL Tia 
-3000 P51G

FLOW

TESJ NO.-HT-a-llO 
VELOCITY-20 FT/SEC

S £

MATERIAL—
PRESSURE-

■347 STAINLESS 
-500 PSIG

FLOW

TEST NO.-HT-8-IU 
VELOCITY-50 FT/SEC

MATERIAL-
PRESSURE-

347 STAINLESS
-1000 PS\C^

MEF-5 Test Section after Tests HT-8-107 through -111

Figure 2
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MHF-5 test sections

FLOW ------►
TEST NO.-HT-8-II2. MATERIAL 347 STAINLESS
VELOCITY-100 FT/SEC PRESSURE----- lOOO PSIG

TEST NO,-HT-8-ll3 AND HT-8-114 
THESE WERE DURATION TESTS WHERE NO BURNOUT 

OCCURRED

FLOW

TEST NO.-HT-8-II5 
VELOCITY—ISO FT/SEC

MATERIAL- 
PRESSURE-

■347 STAINLESS 
—550 PSIA

FLOW

TEST NO.-HT-8-1 IS 
VELOCITY-100 ft/sec

MATERIAL-
PRESSURE

-347 STAINLESS 
— 500 PSIG

FLOW ------►
TEST NO.-HT-8-II7 MATERIAL-
VELOCITY-lOO FT/sEC PRESSURE-

SAT STAINLESS 
— iOOO PSIG

MHF-5 Test Section after Tests HT-8-U2 throng 117 

Figure 3
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Teat HT-8-110 Data 

MHF-5 Heat Transfer at 20 ft/sec Velocity and 500 psia Pressure 

Figure 4 
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MHF-5 Heat Transfer at 50 ft/sec Velocity 

Figure 5 
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30 

25 

O SU. 1 

A SU. 2 
□ SU. 3 

OAD Teat HT-8-112 (P-1000 pela) 

• A ■ Test HT-8-II6 (P* 500 p«U) 

T^f Inaide Tube Uall Teaperature, •f 

MHT-5 Heat Transfer at 100 ft/sec Velocity 

Figure 6 
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Bumout 

I—w -115 

0 

A 

□ 

SU. 1 

SU. 2 

SU. 3 

S AV • 

0 A □ 9m« HU8-I63 (P-1000 pela) 

• O Hast HT-8-106 (P-1000 pela) # 
O A Test HT-8-II5 (P- 300 pela) 

•Burnout 
TaeU -103 aad 
-106 

f A** 

m &hoo 
200 400 600 

Tit INSIDE TUBE WALL TEMPERATURE, °F 

MHF-5 Heat Transfer at I50 ft/sec Velocity 

Figure 7 
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MHF-5 Heat, Transfer at 150 ft/sec Velocity and 1000 psia Pressure 
in Inconel 71Ô Test Sections 

Figure 8 
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MHF-5 Heat Transfer at 3000 psia Pressure 

Figure 13 

i 
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APPENDIX A 

PHYSICAL PROPERTIES OF MHF-5 
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I. ESTIMATED PSEUDOCRITICAL HŒSSURE OF MHF-5 

A. KAY'S METHOD 

(u) The pseudocritical pressure of MHF-5 can be estimated by Kay's 

method (Ref l) from the composition of MHF-5 and the critical pressures of Its 

components by the following formula: 

Pc> mix = yA Pc,A + yB Pc,B + yC Pc,C 

where y., yB, y^ are the mole fraction of the components A, B, and C 
ABC 

p . P , and P _ are the critical pressures of components A, B, 
CjA* c,B c,C 

and C. 

(c) MHF-5 is composed of 55 wt$ monomethylhydrazine (MMH), 26^ wt 

hydrazine (N^), and 19 wt$ hydrazine nitrate (HN). This corresponds to the 

following composition in terms of mole fractions: 

Component 

MMH 

n2h4 

HN 

Mole Fraction 

0.5^0 

O.36795 

O.O9065 

The critical pressure of MMH is- 1195 psia (Ref 2) and of NgH^ is 

213I psia (Ref 3). No experimental value is available for HN but one can be esti¬ 

mated by various methods. 

(u) From Riedel's method (Ref 4) the critical pressure of HN is esti¬ 

mated to be 894 psia, from Dydersen's method (Ref 5) 1134 psia, from VowleS* method 

(Ref 6) 655 to 734 psia, and from Herzog's method (Ref 7) 682 to 749 psia. Based on 

the data in Section I,C, Vowles' methods appears most applicable. 

Page 1 
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I, A, Kay:s Method (cont.) 

Using an average value from Vowles* method of 695 psia as the critical 

pressure of HN, the pseudocritical pressure of MHF-5 is evaluated by Kay's method: 

Pc = (.5^150)(II95)+(.36795)(2131)+(.09065)(695) = 1494 psia 

Note that a significant error in the critical pressure of HN has a relatively small 

effect on the estimated pseudocritical pressure of MHF-5. 

B. EXTRAPOLATION OF VAPOR PRESSURE DATA 

The pseudocritical pressure of MHF-5 has also been estimated by extra¬ 

polation of experimentally determined vapor pressure data to the estimated 

pneudocritical temperature. 

Vapor pressures of MHF-5 over the temperature range 32 to 203°F have 

been reported by Reaction Motors Division of Thiokol Chemical Corporation in 

References 8 and 9* These data and those for monomethylhydrazine (MMH) from 

References 2 and 10 have been plotted on log p versus reciprocal absolute tem¬ 

perature coordinates to yield the smooth curves shown in Figure 1. The vapor 

pressure curve of MHF-5 has been extrapolated by first developing a Duhring-type 

plot (Figure 2, a plot of the temperatures at which MHF-5 exerts a given pressure 

versus the temperature at which some reference material exerts the same vapor 

pressures) utilizing monomethylhydrazine as the reference material. The Duhring 

plot (Figure 2) and the experimentally defined vapor pressure curve of MMH 

(Figure 1) permits extrapolation of the MHF-5 curve to the critical pressure of 

MMH. Finally, the MHF-5 vapor pressure curve is graphically extrapolated from the 

critical pressure of MMH to the estimated pseudocritical temperature of MHF-5 

(1100 to ll8C°R). This later extrapolation yields a value in the range of 1150 to 

1750 psia as the pseudocritical pressure of MHF-5. 
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I, B, Extrapolation of Vapor Pressure Data (cont.) 

Assuming the pseudocritical pressure estimated in the preceding 

paragraph (l49U psia) is correct, the vapor pressure curve (Figure l) would indicate 

the pseudocritical temperature should be approximately 1150°R. 

C. OTHER METHODS 

The use of the methods of Reidel (Ref 4), Lyderson (Ref 5) Vowles 

(Ref 6) and Herzog (Ref 7) have also been briefly examined for applicability to the 

estimation of the pseudocritical pressure of MHF-5 directly. This has been done by 

using the methods to estimate the critical pressures of MMH and (primary com¬ 

ponents of MHF-5) and comparing the estimated values with the experimental values. 

The results are shown below: 

Method 

Riedel 

Lydersen 

Vowles 

Herzog 

Error in Predicting Pg, j, 
NpHi+ MMH 

-32.0 

-2I.3 

- 2.8 
-43.1 

-11-5 

-10.8 

- 1.9 

-26.3 

From the above it is readily evident that Vowles' method is most applicable to 

hydrazine-type structures. Applying Vowles' method to MHF-5 by the following 

equation: 

Tç 1.25 

r 

where T is taken as 638.89¾ (1150°R) 
0 

and Y 16.578 evaluated from Vowles' atomic contribution increments 

P, = (38.54)1,2^ = 96.03 atm = l4ll psia 

Assuring the errors involved in predicting ILH^ and MMH critical pressures are 
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I, C, Other Methods (cont.) 

equivalent in the prediction of the pseudocritical pressure of MHF-5 by Vowles' 

method, the value above should be adjusted upward by approximately 2.3$. This 

adjustment yields an estimated pseudocritical pressure of 1443 psia. 

D. RECOMMENDED VALUE 

From Section I, A the pseudocritical pressure of MHF-5 is estimated to 

be 1494 psia, from I, B to be in the range of 1150 to 1750 pf>ia, and fron paragraph 

I, C to be 1443 psia. The average of the first and last values is judged to the 

most reasonable value and is recommended. 

Pc, avg = 1470 psia = 100 atm 
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II. ESTIMATED PSEUDOCRITICAL TEMPERATURE OF MHF-5 

A. KAY'S METHOD 

(u) The pseudocritical temperature of MHF-5 can be estimated by Kay's 

method (Ref l) from the composition of MHF-5 and the critical temperatures of the 

substances composing MHF-5 by the following formula: 

Tc> 
mix 

yATc,A + yBTc,B + yCTc,C 

where yA, yB, and 

Tc^* Tc,B 

yp are the mole fractions of components A, B, and C. 
V 

, and T r are the critical temperatures of components A, B, and C. 
c ,C 

(c) The critical temperature of MMH is given as 1053*3°R in Ref 2 and 

NgH^ is given as 1175.7°R by Ref 3. The critical temperature of HN is not known and 

must be estimated before Kay's methods can be applied to MHF-5. 

(u) Although the critical temperature of HN probably has no real physical 

meaning because of its relatively poor thermal stability, values can be estimated on 

the basis of the following correlation: 

where T^ = normal boiling point, °K 
b 

T = critical temperature, °K 
c 

W = a constant 

The constant, Ô, can be calculated by summing atomic and structural contributions 

given by Vowles (Ref 6) or from a simple equation and atomic and structural contri¬ 

butions given by Dydersen (Ref 5). The boiling point of HN can, perhaps, be 

reasonably assumed to be its sublimation temperature, l40oC (Ref ll) in view of the 

fact that HN does not exhibit a normal boiling point. Taking l40°C as equivalent to 
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II, A, Kay's Method (cont.) 

the normal boiling point and evaluating values for 6 by the methods of Vowles and 

Lydersen, critical temperatures of IO63 and 1084°R, respectively, are estimated 

for HN. The average of these two values appears to be the most desirable single 

value to utilize. 

(u) Substituting the mole fractions and critical temperatures of MHF-5's 

components into Kay's equation, the pseudocritical temperature of MHF-5 is: 

Tc = (.54140)(1053.3) + (.36795)(1175.7) + (.09065)(1073.5) 

= 11000R 

3. VOWLES' AND LYDERSEN'S METHODS 

(c) The pseudocritical temperature of MHF-5 can be estimated directly 

b;; the methods of Vowles and Lydersen in a manner similar to that used to estimate 

the critical temperature of HN as given above. Using the boiling point of MHF-5 

from Tannenbaum (Ref 8), 207°F, and evaluating the constant, Ö, by the methods of 

Vowles (Ref 6) and Lydersen (Ref 5), the pseudocritical temperature of MHF-5 is 

estimated to be 104l and 1048°R by the respective methods. 

(u) It is known that each of these methods yield estimated values for 

hydrazine which are approximately 6o°R low (Ref 12). Since MHF-5 is a hydrazine- 

based fuel, it would appear that an adjustment in the estimated values of MHF-5 

would be reasonable. Thus, a value of approximately 1107°R is the most logical 

value to evolve fiom these methods. 
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II, Estimated Pseudocritical Temperature of MHF-5 (cont.) 

C. METHOD OF SMITH et al 

(u) Smith, Greenbaum, and Rutledge (Ref 13) have proposed the following 

equation for the estimation of critical temperature, Tc: 

To - T, 
m = --±—- + T„ + 6 

c (\/>2)10/3 -1 2 

where T = critical temperature, °K c 
T2 = temperatures, °K, at which liquid densities?^, and Pg are measured 

Based on a recommendation by Rutledge (Ref 14), it appears that if possible, the 

temperature interval should be at least 20°C and that the arithmetic average 

temperature, 0.5 (Tg + T^, should be about 75^ of the value of the normal boiling 

point expressed in degrees absolute. 

(c) The normal boiling point of MHF-5 is reported to be 207°F (666.7°R) 

by Tannenbaum (Ref B). Thus, the most desirable temperature interval to be con¬ 

sidered in evaluating Eq. (l) with respect to MHF-5 is an interval near 500°R 

(75^ of 666.7°R). Density data on MHF-5 are available from 395 to 660°R from 

References 8, 9, and 15 and therefore, permit the evaluation of Eq. (l) as 

recommended. 

(c) Taking ^ and Tg as 394.7 and 6o4.7°R, respectively P1 and pg are 

found to be I.O76 and 0.979 g/ml, respectively, from Figure 3 which was constructed 

from the density data presented in References 8, 9» and I5. Evaluating Eq. (l): 

T c 
(604.7-394.7)/1.8 604.7 

(1.0,6/0 979) 10'3 -I ^ 
6 

T = 657°K = II83°R = 723 °F c 
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II, Estimated Pseudocritleal Temperature of MHF-5 (cont.) 

D. RECOMMENDED VALUE 

The scatter in the estimated values of the pseudocritical temperature 

of MHF-5 as given in the preceding paragraphs is quite large, nearly 13^, and the 

applicability of each of the estimation techniques is questionable. It does 

appear, however, that a value in the range of 1100 ot ll80°R is reasonable and a 

value of ll45°R is most consistent with the estimated pscudocritical pressure 

(1470 psla) and extrapolated vapor pressure data (Figure l). 

Page 8 



CONFIDENTIAL 
Report II607 Q-l, Appendix A 

HI. ESTIMATED PSEUDOCRITICAL VOLUME AND DENSITY OF MHF-$ 

(u) Although no known method for the estimation of pseudocritical volume 

appears to be applicable to complex systems such as MHF-5, the need for a value 

forces one to utilize some of the more well known correlations in spite of their 

apparent inapplicability. 

A. HERZOG'S METHOD 

(u) Herzog (Ref 7) relates critical volume to the parachor and critical 

temperature as shown below: 

V = k(P . )1,2 cmVg-®ole (2) 
c ch 

0.3 

(Tc) 

where k would appear to be 2.92 for substances not containing 

-C = 0, -C = N, -C00H, -OH and one to three additional nonfunctional 

carbons 

T = critical temperature, °K 
c 

P = the parachor, a measure of the molecular volum f a liquid 
ch 

at a standard surface tension and defined as: 

M ¢70,2^ 

Pi " Pg 
(3) 

where M = molecular weight 

0 = surface tension, dynes/cm 
*5 

P = density of liquid, g/cnr 
1 O 

P = density of gas, g/cnr 
g 
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III, A, Herzog's Method (cont.) 

(c) Now, considering MHF-5 to be composed of 55 wt^ monomethylhydrazine 

(MMH), 26 wt^ hydrazine (NgH ), and I9 wt^ hydrazine nitrate (RN) and assuming that 

the HN is totally ionized to hydrazinium ion (N^ ) and nitrate ion (NO^)» the 

mean molecular weight is calculated to be: 

M = 41.58 

which corresponds to the following empirical formula: 

W®’-5 " c.4964 H4.?434 ”1.9169 ü.2494 

(u) The surface tension of MHF-5 has been determined by Cabeal (Ref l6) 

at 77°F and found to be: 

a = 45.7 dynes/cm 

3 
(c) Taking the density of MHF-5 at 77°F from Figure 3 as 1.010 g/cm 

and assuming the density of the vapor to be negligible, the parachor is calculated 

from Eq. (3) to be: 

, _ 41.58 (43.7)0,23 
ch " 1.010 

IO6.8 

This value is in excellent agreement with the value of IO6.7 estimated on the 

basis of the structural and atomic contributions of Quale (Ref 17). 

(u) Taking the estimated pseudocritical temperature of MHF-5 as 636°K 

(ll45°R) and Pch and k from above, the pseudocritical volume, Vc, is defined by 

evaluation of Eq. (2): 

Vc = - = 114.5 cm^/g-mole 
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III, Estimated Pseudocritical Volume and Density of MHF-5 (cont.) 

B. MEISSNER'S METHOD 

Meissner (Ref l8) relates critical .volume to the parachor and molar 

refraction by the following equation: 

= 0.55(1.5 Pch + 9 - MtoD) cm^/g-mole (4) 

where Pch = parachor 

= molar refraction 

The molar refraction is related to the index of refraction, density 

and molecular weight by the following equation: 

„ - . Ü ' (5) 
^ ' n2 .2 P 

where n = index of refraction 

M = molecular weight 

p = density 

The index of refraction of MHF-5 has been determined by Cabeal (Ref l6) 

to be 1.461 at 77°F. This value and the values of M and P from above permit the 

dftfinittsß. of % from E<i* 

1.4612 -1 . 41.58 _ = II.30 
1.4614- +2 1.010 

Substituting the values of R^ and Pch into Eq. (4): 

V = 0.55 [(1.5)(106.8) + 9-(^.34)(11.30)]1,155 = 140.6 «3/g-«>le 
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III, Estimated Pseudocritical Volume and Density of MHF-5 (cont.) 

C. VOWLES' AND LYDERSEN'S METHODS 

Vowles (Ref 6) and lydersen (Ref 5) have both proposed methods of 

estimating critical volume on the basis of summing incremental constants representing 

various atom or atomic configurations. Applying their incremental contributions to 

MHF-5, pseudocritical volumes of 123.2 and I3I.I cm /g-mole are obtained. 

D. RECOMMENDED VALUE 

It is, thus, seen that values of ll4.5> l*+0.6, 123.2, and 131.1 are 

obtained for the pseudocritical volume of MHF-5 by the methods of Herzog, Meissner, 

Vowles, and Lydersen, respectively. The scatter in these values is rather dis¬ 

heartening but not unexpected. Of these values only the one based on Herzog's 

method can be justifiably eliminated. That value is eliminated on the basis that 

Herzog's correlation involves a constant which is not readily defined for MHF-5 

and the critical temperature which is, in turn, an estimated value. The three 

remaining values appear to be nearly equally reliable and, therefore, the average 

of these three values is recommended. The average value is given below: 

Vc = I3I.6 cm^/g-mole 

From the above value the pseudocritical density, Pc, can be defined as 

41.58 
Î3Î76 O.316 g/cm 3 
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IV. DENSITY OF MHF-5 

A. EXPERIMENTAL DATA 

(c) The density of MHF-5 has been measured by t:J the temperature 

range -65.2 to 194°F (Ref 8, 9, 15) and in Ref 8 is reported to vv / <ioh temperature 

according to the following equation: 

d(g/ml) = 1.045-4.61 x 10'4T(oF) 

This equation is claimed to be applicable from -65 to 200°F. The data points 

retrieved from Ref 9 and 15 are plotted in Figure 3 and do clearly indicate that the 

density varies with temperature in nearly a linear manner. 

(c) AFRPL (Ref I9) prepared MHF-5* for test firing and reports the 

density to be defined by an equation equivalent to the one below: 

d(g/ml) = 1.0461-5.0888 x 10"4T(oF) 

No indication is given concerning the range of temperatures for which the equation 

is valid. 

(u) A comparison of the two equations shows the latter to give a 

density 0.1$ higher than the former at 0°F, approximately 0.9$ lower at 100°F, 

and equal values at 23°F. 

(c)*Materiai assayed MMH, 52.8 wt $; N2H4, 25.5 wt$; NgH^O,, 17-9 wt$; HgO, 2.6 wt$; 
and impurities 1.2 wt$. Note that this material is slightly low in N2H5N03 
content. 
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IV, Densi-y of MHF-5 (cont.) 

B. EXTRAPOLATION OF EXPERIMENTAL DATA 

The method of Lydersen, Greenkorn, and Hougen (Ref 20) has been used 

to extrapolate the available density data to the estimated critical temperature 

and pressures to 400 atm. This method is based on a correlation between specific 

volume (or density) and reduced temperature, reduced pressure and critical com¬ 

pressibility. Utilizing the estimated critical temperature, pressure, and volume 

from the preceding sections, the critical compressibility, Z^, is estimated to be 

Z 
c 

100)(1 
sirofr 

,1.6) 
= 0.252 

From tables (Ref 20) relating Zq, reduced temperature (Tr = T/Tc), and reduced 

pressure (P = P/P )> values of reduced density were obtained. Taking the experi¬ 

mental density values from Ref 9 and 15 and the reduced densities from Ref 20, 

values for a critical density were evaluated from: 

= P/PR 

These calculations resulted in a value for P(, of 0.3l84_^6* Usln6 the ValUe 

0.3184 for Pc and taking PR values from tables (Ref 20), the densities at elevated 

temperatures and pressures were calculated from: 

These calculated values and the experimental data (Ref 9 and 15) were graphically 

smoothed in the temperature region of 100 to 200°F so that primary emphasis was 

placed on the experimental data at temperatures below 100°F and on the calculated 

values of temperatures above 2CC°F. The resulting curves of specific gravity 

versus temperature are given in Figure 4. 

♦Note the excellent agreement between this value and the value of O.316 g/cm 

estimated in Section III, D. 
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V. VISCOSITY OF MHF-5 

A. EÍPEP.IMENTAL DATA 

The viscosity of MHF-5 has been measured (presumably at 1 atm) by PM) 

over the temperature range of -6? to l60°F (Ref 8 and 9) and by Aerojet (Ref 21) at 

-40 and 77°F. The original RMD data from Ref 9 was presented in units of centistokes 

and has been converted to centipoise units by multiplying by corresponding densities 

taken from Figure 3. The density curve (Figure 3) is, in turn, based upon RMD data 

from Ref 9 and 15. The resulting compilation of viscosity values is presented in 

Table 1. These values are also presented graphically in Figure 5* 

B. EXTRAPOLATION OF EXPERIMENTAL DATA 

The viscosity data presented in Table 1 and Figure 5 have been extrapo¬ 

lated to the estimated critical temperature and to high pressures utilizing a reduced 

state viscosity correlation. 

An inspection of available correlations for water (Reí 22), NH^ (Ref 23), 

CO,. (Ref 24), SC2 (Ref 25), diatomic gases (Ref 26), and inert gases (Reí 2?) 

indicated the correlation for water to be most applicable to MHF-5. Testing of the 

water correlation of Theiss (Ref 22) showed that it could predict very closely the 

experimental viscosity data for MHF-5 if a critical viscosity of approximately 0.104 

centipoise was assumed. The use of this correlation, the assumed critical viscosity 

mentioned above, and the experimental data permitted the generation of a viscosity- 

temperature curve for the saturated liquid up to the critical temperature. The 

correlation was also utilized for defining similar curves at high pressure and 

temperatures from the lower limit of the correlation (approximately l80°F) to the 

critical temperature. Attempts were made to extend these latter curves to lower 

temperatures (-65°F) by employing a variety of curve-fitting and graphical extrapo¬ 

lation procedures. These attempts failed to yield a consistent set of data. 

Because of this failure it was decided to attempt to extend Theiss' correlation to 
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V, Bj Extrapolation of Experimental Data (cont.) 

lower teœperat’or&s (it was considered likely that the viscosity of compressed water 

should be available in the literature down to its freezing point and thereby permit 
! ♦- 

euch an extension). 

The search for the nacessary supplemental water viscosity data was 

somewhat limited in scope but did yield two extensive compilations (Ref 28 and 29), 

data on supercooled water (Ref 30 and 3I), and references to recent Russian (Ref 32) 

ana German (Pef 33 and 3b) data. Of the data that were immediately available (Ref 28, 

29, 31, and 33) those from Ref 29 and 3I were judged to be most useful in extending 

the available water correlation. Using the data from Ref 29 and 31, an^ critical 

viscosity of O.OU3 centipoise for water from Ref 22 the reduced state correlation 

shown in Figure 6 was developed. This correlation agrees with that of Theiss very 

closely for the saturated liquid but deviates substantially at elevated pressures. 

It is interesting to note that the crossing of the curves in Figure 6 at a reduced 

temperature of approximately 0.47 corresponds to a change in the sign of the pres¬ 

sure coefficient of viscosity whereas no such trend is indicated in Theiss' correla¬ 

tion. The validity of the change in the sign of the pressure coefficient of 

viscosity cannot be completely proven but an abstract ol Weber s recent work 

(Pef 34) and Moszynski (Ref 35) specifically mention such a change occurring at 

32°C (l - 0.471Ï and 35°C (T_ = 0.476), respectively, and tends to verify the 

behavior exhibited in Figure 6. 

Figure 6 was thus taken as the best correlation that could be derived 

for generating MHF-5 viscosity data. Using Figure 6 and the graphically smoothed 

experimental viscosity data for MHF-5 from Figure 5, values for the critical 

viscosity of MKF-5 were calculated from: 
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V, B, Extrapolation of Experimental Data (cont.) 

The values obtained were 0.1043^¾ centipoise. The viscosity of MHF-5 was then 

calculated from: 

Where H was taken as 0.1043 and values of HR were taken from Figure 6. These data 

and points from Figure 5 (the experimental data) were then utilized to construct the 

viscosity-temperature-pressure plot given in Figure 7. Rather than allowing the 

curves for the elevated pressures to intersect the saturated liquid curve (as 

predicted by Figure 6) they were simply allowed to converge into the saturated 

liquid curve at a temperature corresponding to TR = 0.47. This was done because 

the peculiar behavior exhibited by Figure 6 at low temperatures and high pressure 

is likely to be correct only for water and because it seems reasonable that the 

viscosity of a liquid such as MHF-5 increases rapidly as its degree of association 

or packing increases and that this degree of association or packing becomes almost 

entirely temperature dependent at some relatively low temperature. 

The viscosity data were extended to pressures equivalent to a reduced 

pressure of only two because of the limitation of immediately available water data. 

However, based on the data from Ref 33 and an abstract of Ref 34 it appears that 

viscosity increases linearly with pressure (to at least PR = 3*5) in the tempera¬ 

ture region of TR = 0.5 to 0.9. Thus, Figure 7 can probably be linearly extrapo¬ 

lated to pressures of at least 350 atm in the temperature range of approximately 

110 to 570°F. 
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VI. HIAT CAPACITY OF MHF-5 

A. EXPERIMEHTAL DATA 

(cT The heat capacity of MHF-5 has been measured by PI-ID (Pef 8) over 

the temperature range of 40 to 155CF in a standard adlbatic calorimeter. A straight- 

Ire fit of the eight data points reported yields the following equation: 

Cp(Btu/lb-cF) = O.65I8 + 1.61 X 10* Vf) 

The experimental data deviate from values calculated from the above equation by 

a maximum of + ifo. The experimental and calculated values are presented in Table 2. 

B. EXTRAPOLATION OF EXPERIMENTAL DATA 

(u) A review of the recommended methods of estimating and correlating 

liquid heat capacities as presented in Reid and Sherwood's very recent and authoritative 

book (Ref 36) shows that no truly good method is available for complex mixtures such 

as MHF-5. Of the available methods, Watson’s method (Ref 37) as modified by Sobel 

(ref 38) appears preferaole for non-hydrocarbons. Unfortunately, even this method 

is limited to pure components, the saturated liquid, temperatures between Tp - 0-7 

and 0,95, and requires the separate estimation of the ideal gas heat capacity. It, 

thus, becomes apparent that some other method has to be devised. 

(u) Chow and Bright (Ref 39) suggested that the variation of heat 

capacity with temperature might be correlated with Watson's expansion factor ù), 

since heat capacities have been successfully correlated with densities of petroleum 

liquids. Tests of the correlation they presented failed to yield acceptable results 

for the polar liquid water when a wide temperature range is considered, and, there¬ 

fore, is judged to be unacceptable for MHF-5 also. 
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VI, B, Extrapolation of Experimental Data (cont.) 

(u) It is noted, however, that both of the methods cited above basically 

involved the correlation of heat capacity with reduced temperature, pressure, 

density, and compressibility. In the case of Chow and Bright’s method, the correia- 

tion is relatively simple but appears unsuitable for polar liquids and wide tempera¬ 

ture range. In the case of Watson's method, the correlation is very complex and 

virtually impossible to apply to MHF-5. On the basis of these methods it is postu¬ 

lated that, perhaps, a normalized heat capacity of some model substance can ne 

correlated with its reduced density and be applied to MHF-5 and to then use Lydersen s 

tables (Ref 20) which correlate reduced density to arrive at a reasonable temperature- 

pressure-heat capacity relationship. 

(u) In accordance with the preceding postulate, heat capacity was normal- 
The boiling point was 

The fraction form given semblance to a corresponding utilized to achieve a semblance to a 
above was chosen (rather than its inverse form) so that the normalized values would 

approach zero rather than infinity as the critical point was approached. Water was 

chosen as the model substance because data are readily available and because of a 

number of similarities to MHF-5; (l) they are both polar, (2) both exhibit hydrogen 

bonding, and (3) they have similar boiling points, densities, and critical tempera¬ 

tures. 

(c) Heat capacity data for water were taken from Ref 29, interpolated 

as necessary, and normalized as defined above. The corresponding reduced densities 

of water were taken from Lydersen (Ref 20). These data, thus, provided the basic 

correlation between normalized heat capacity, reduced density, and reduced pressure 

shown in Figure 8. Using Figure 8 and the heat capacity of MHF-5 at its boiling 

point, the heat capacity of MHF-5 was defined as a function of reduced pressure and 

density. The normal boiling point of MHF-5 Is reported to be 207°F (Ref 8) and the 

heat capacity at that temperature was estimated to be O.685I Btu/lb- F, assuming the 

equation presented in the preceding section is valid to the boiling point. Using 

Lydersen's tables which correlate reduced temperature, pressure, and critical 
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VI, E, Extrapolation of Experimental Data (cont.) 

compressibility with reduced density (Ref 20), the reduced temperatures correspond¬ 

ing to the various heat capacity-reduced density-reduced pressure values were 

defined where the critical compressibility (Zc) of MHF-5 was taken as 0.25 (see 

Section IV, B for the derivation of Zc). The reduced temperatures were then 

converted to normal units of temperature employing 1145“R as the critical temperature 

of MHF-5 (see Section II, D). The resulting values were plotted and are presented 

in Figure 9. At temperatures below approximately 250°F the curves were smoothed 

in to coincide with the available experimental data. 
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VII. THERMAL CONDUCTIVITY OF MHF-5 

A. EXPERIMENTAL DATA 

(c) No experimental thermal conductivity data for MHF-5 were found; 

however, substantial data are available for related fuels. Constantine (Ref 4o) 

reports the thermal conductivity of AeroZINE 50 (N^H^-UDMH fuel blend) over the 

nominal temperature range of 50 to 305°F to be represented by the following equation: 

k(Btu/hr-ft-°F) = 0.171 - 6.45 x 10-5T - 1.25 x 10~V 

where T is in °F. Similarly, Constantine (Ref 4o) reports the thermal conductivity 

of monomethylhydrazine over the nominal temperature range of 0 to 305°F to be 

represented by the following equation: 

k(Btu/lb-ft-°F) = 0.146 - I.63 x 10"5T - 3*39 x lO'V 

The thermal conductivity of UDMH is reported in Ref 4l for the temperature range of 

0 to 251°F and a single value is available for hydrazine at 77°F (Ref 42). These 

data are summarized in Table 3« 

B. ESTIMATION OF MHF-5 THERMAL CONDUCTIVITY 

(u) From the data presented in Table 3 a plot of thermal conductivity 

versus reduced temperature for each substance was constructed. The composition of 

MMH was redefined in terms of an equivalent UDMH - NgH^ mixture (34.78 NgH^ and 

65.22% wt UDMH) and the data cross-plotted to yield a graph of thermal conductivity 

versus composition at various reduced temperatures (Figure IO). The composition of 

the solvent portion of MHF-5 (N^ and MMH) was then defined in terras of an equiva¬ 

lent NgH^ - UDMH mixture (55*72 N^ and 44.28% wt UDMH) and located on Figure 10. 

Thus, the thermal conductivity of the solvent portion of MHF-5 was defined within 

the reduced temperature interval of O.4565 to 0.70. Assuming that the thermal 
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VII, B, Estimation of MHF-5 Thermal Conductivity (cont.) 

diffusivities (k/pC ) of a given solvent and solvent-solute system are tue same 

(analogous to Krumm^l's assumption (Ref U3) whereby he estimated the thermal con¬ 

ductivity of sea water from that of pure water), the thermal conductivity of MHF-5 

was estimated to be % greater than that of its solvent portion. 

The estimated thermal conductivities of MHF-5 were then extrapolated 

into the high temperature (Tr = 0.6 to l.O) and high pressure (saturation to 

UOO atm) region using the average of the reduced state thermal conductivity correla¬ 

tions for water and ethylene from Theiss (Ref 22) and Owens (Ref 44), respectively, 

and assuming a critical thermal conductivity of 0.052 Btu/hr-ft-°F. This value 

provides the best correlation between the previously estimated thermal conductivities 

and the reduced state correlation derived from those of water and ethylene. The low 

temperature (Tr<0.6) and high pressure (PR 1 l.O) region was defined by applying 

pressure corrections (established from the previously mentioned reduced state 

correlations) to the estimated saturated liquid data. The resulting data are 

presented in Figure 11. 
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VIII. VAPOR PRESSURE OF MHF-5 

A. EXPERIMENTAL DATA 

(c) The vapor pressure of MHF-5 has been measured b> RM) over the tempera¬ 

ture range of 32 to 203°F (Ref 8 and 9) and can be described within these limits 

by the following equation: 

The experimentally determined values are presented in Table 4. 

B. EXTRAPOLATION OF EXPERIMENTAL DATA 

(u) The procedure utilized to extrapolate the experimental daca :.o the 

estimated critical point is described in Section I,B, and the resultin^ dfta 

are presented in Figure 1 in the form of a log P versus reciprocal nbsoxute 

temperature plot. The temperature scale in Figure 1 has been converted to a 

conventional scale to yield the more readable vapor pressure plot g:ven in 

Figure 12. 
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Temperature, °F 

-6? 

-Ó5 

-65 

-40 

-31.1 

3.4 

64 

77 

95 

113 

131 

149 

160 

TABLE 1 

VISCOS TTY OF MHF-5 

Viscosity 

Centistokes 

111.4 

90.0 

19.4 

6.7 

2.3 

1.9 

1.6 

1.3 

1.1 

1.0 

0.9 

Centipolse 

120.0 

IO8 

96.8 

9.2* 

20.6 

7.0 

2.3 

1.9 

1.6 

1.3 

1.1 

1.0 

0.9 

»This value appears to be a typographic error and is rejected from 

further consideration. The correct value is 29. 
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TABLE 2 

HEAT CAPACITY OF MKF-5 (Ref. 8) 

Temperature 
_aJ__ 

39.2 

41.9 

78.8 

81.5 

82.4 

151.7 

153.5 

154.4 

Heat Capacity, Btu/lb-°F \ 
Experimental Calculated^ 

O.66I 

O.652 

O.67I 

0.666 

0.663 

0.672 

0.679 

0.674 

0.6581 

0.658^ 

0.664,. 

0.664^ 

0.6651 

0.6762 

0.676- 
5 

0.676? 

Deviation, ^ 

+0.4 

-1.0 

+1.0 

+0.2 

-0.3 

-0.6 

+0.4 

-0.4 

(1) Calculated from the equation: 

Cp(Btu/lb-°F) = O.6518 + I.6I X 10-^T (“F) 

(2) (Experimental-Calculated) (100^Experimental 

(3) Subscripted numbers are of questionable significance 
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TABLE 3 

THERMAL CONDUCTIVITY OF AEROZINE 50, MMH, UDMH and 

AeroZINE 50^1^ 

Temperature, °F Thermal Cond, Btu/lb-ft-°F Ref 

50 0.l675* *+0 

100 0.l633 40 

150 0.158^ 40 

200 O.^ 40 

25O O.lUYj^ 40 

300 0.140^ 40 

(2) 
Monomethylhydrazine 

0 0.146 40 

50 0.144^ 40 

100 °*ll+10 1+0 

150 0.1359 40 

200 0.1292 4o 

250 0.1207 4o 

300 O.UOg 40 

«Subscripted number indicates questionable significance. 
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TABLE 3 (cont.) 

Temperature, °F Thermal Cond, Btu/lb-ft- F 

0.6 0.101+ 41 

51.05 0.0958 4l 

100.7 0.0862 4l 

150.68 O.0822 hi 

200.88 0.0740 hi 

251.O 0.0665 1+1 

Hydrazine 

77 O.29 h2 

(3) Average values for replicate samples 
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Temperature, °F 

32 

62 

77 

77 

95 

95 

113 

122 

131 

l4o 

l4o 

149 

158 

176 

185 

194 

203 

TABLE 4 

VAPOR PRESSURE OF MHF-5 

Vapor Pressure 

mm Hg 

13. 

29.4 

39. 

39.9 

63. 

63.8 

IO3.5 

129. 

154.8 

201.0 

202. 

239.7 

300. 

435. 

524. 

621. 

722.* 

£sia 

O.25 

O.568 

0.75 

0.771 

1.2 

I.23 

2.001 

2.49 

2.993 

3.887 

3.91 

4.63* 

5.8O 

8.41 

10.1 

12.0 

13.96 

»Corrected for residual pressure due to decomposition 
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Vapor Pressure of MMH and MHF-5 (n) 

Figure 1 
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Figure 12 
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