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I. ESTIMATED PSEUDOCRITICAL TOESSURE 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: 

:* mix ^c,A + ^c,B + ^c,C 

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

P_ A, P. and P are the critical pressures'.of components A, B, c,a c,n c,o 
and C. ' xv 

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

hydrazine (NgH^), and I9 wt^ hydrazine nitrate (KN). This corresponds to the 

following composition in terms of mole fractions: 

Component 

MMH 

n2h4 

HN 

Mole Fraction 

O.5U1U0 

O.36795 

O.O9065 

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

2131 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 Vowlei' method 

(Ref 6) 655 to 73^ 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.) 

(u) Using an average value from Vowles: method of 695 psia as the critical 

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

Pc = (^54150)(1195)+(.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 pr.eudocr itical pressure of MHF-5. 

B. EXTRAPOLATION OF VAPOR PRESSURE BATA 

(u) The rseudocritical pressure of MHF-5 has also been estimated by extra¬ 

polation of experiment a l.ly determined vapor pressure data to the estimated 

p '.eaderritical temperature. 

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

teen 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 

iFigure Is permits extrapolation of the MHF-5 curve to the critical pressure of 

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

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

; 1100 to 118C°R). This later extrapolation yields a value in the range of 1150 to 

1750 psia as the preudeeritical pressure of MHF-5. 

Page 2 
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I, B, Extrapolation of Vapor Pressure Data (cont.) 

(u) Assuming the pseudocritical pressure estimated in the preceding 

paragraph (1494 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 Predictin 

Mk 
<_P£L2_Í 
MMH 

-32.0 -11.5 

-21.3 -10.8 

- 2.8 - 1.9 

-43.1 -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: 

where Tc is taken as 638.89¾ (1150°R) 

and y is 16.578 evaluated from Vowles' atomic contribution increments 
t. 
A 

Pc = (38.54)1,25 = 96.03 atm = 1411 psia 

Assuming the errors involved in predicting NgH^ and MMH critical pressures are 
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I-, Cr Other Methode, (cont.) 

equivalent In the prediction of thn j <. i ¡f tl pressure of MHF-5 hy Vowles: 

rethod, the value above should b idjusted upward by approximately 2-3^- This 

adjustment yields an estimated ps* critical pressure of 1443 psla. 

TJ. HECOMMENT'EI VAidt 

(u) from Section I* n the t euic-.rit ical pressure of MHF-5 is estimated to 

be .l4C(l ps;^, frort I B to be in the range of 1150 to 1750 psia, and from paragraph 

1., C to be l4b^. psia. The average of the first and last values is judged to the 

most ’Reasonable value and is recorran nded, 

F ., avg = I't/O psia - lOo atm 

UNCLASSIFIED 
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II. ESTIMATED PSEUDOCRITICAL TEMPERATURE OF MHF-3 

A. KAY'S METHOD 

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

method (Ref 1) from the composition of MHF-5 and the critical temperatures of the 

substances composing MHF-5 by the following formula: 

where y., y^, and y-, are the mole fractions of components A, B, and C. 
AB O 

T ., T and T „ are the critical temperatures of components A, B, and C. 
c,A CjB* c,C 

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

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 
D 

T = critical temperature, °K 
0 

© = a constant 

The constant, Ö, 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, l4o°C (Ref ll) in view of the 

fact that HN does not exhibit a normal boiling point. Taking l4o°C as equivalent to 

Page 5 
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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 end 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- 

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

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

= 1100°R 

B. VOWLES' AND LYLERSEN'S METHODS 

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

by 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, 9, 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 60°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 from these methods. 
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II, Estimated Paeudocritical Temperature of MHF-5 (cent.) 

C. METHOD OF SMITH et al 

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

equation for the estimation of critical temperature, T^: 

To - T, 
T =  -=—i- + T^ + 6 

c (Pi/P2) 10/3 _i 

where Tc = critical temperature, °K 

Tl, T2 = temperatures, °K, at which liquid densitiesP 1, and P2 are measured 

Based on a recommendation by Rutledge (Ref 1^), it appears that if possible, the 

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

temperature, 0.5 (T2 + 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°F) 

by Tannenbaum (Ref 8). 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 T2 as 39^-7 and 6o4.7°R, respectively Pj^ and P2 are 

found to be I.076 and 0.979 g/ml» respectively, from Figure 3 which was constructed 

from the density data presented in References 8, 9» anà 15* Evaluating Eq. (l): 

T 
c 

(604.7-394.7)/1.8 _ + 604/7 

(1.076/0.979) 10^3 -1 

+ 6 

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

P. RECOMMENDED VALUE 

(u) The scatter in the estimated values of the p?.e .docritical 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°F is reasonable and a 

value of 1145°R is most consistent with the estimated pseudocritical pressure 

(1470 psia) and extrapolated vapor pressure data (Figure l\ 

f ace 8 
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III. ESTIMATED PSEUDOCRITICAL VOLUME AND DENSITY OF MHF-5 

(u) Although no known method for the estimation of pseudocrltlcal 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: 

vc = KP*)1** cm3/g-mole (2) 

07T~ 
(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 

Tc = critical temperature, °K 

Pck = the parachor, a measure of the molecular volume of a liquid 

at a standard surface tension and defined as: 

^ch =ü_2_ 
Pi - Pg 

where M = molecular weight 

O = surface tension, dynes/cm 
P1 = density of liquid, g/cm3 

P = density of gas, g/cnr 
w 

(3) 

(This Page 
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III, A Herzog's Method (cont.) 

(c) Now, considering MHF-5 to be composed of 5b wt% monomethylhydrazine 

(MMH), 26 wt^ hydrazine (NgH ), and I9 wtf0 hydrazine nitrate (MN) and assuming that 

the HN is totally ionized to hydrazinium ion (N2H^+) and nitrate ion (NO”), the 

mean molecular weight is calculated to be: 

M = 41.58 

which coi responds to the following empirical formula: 

MHF-5 = C .4964 H4.7434 ”1.9169 °.2494 

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

at 77CF and found to be: 

O’ = 45.7 dynes/cm 

(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 

f>. om Eq, (3) to be: 

This value is in excellent agreement with the value of 106.7 estimated on the 

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

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

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

evaluation of Eq. (2): 

V 
c 
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III, Estimated Pseudocritieal Volume and Density of MHF-5 (cent.) 

B. MEISSNER’S METHOD 

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

refraction by the following equation: 

V = 0.55(1.5 Pch + 9 -.4.34RJJ)1*155 cm3/g-mole (4) 

where Pch = parachor 

Rp = molar refraction 

(u) ïhe molar refraction is related to the index of refraction, density 

and molecular weight by the following equation: 

*D 

n2 -1 

n2 +2 

M 

P 
(5) 

where n = index of refraction 

M = molecular weight 

p = density 

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

to be 1.461 at 779F. This value and the values of M and P from above permit the 

definition of Rp from Eq. (5): 

R » 1.4612 -1 ¿ 4ii58 = lli30 

^ i:46l2 +2 1.010 

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

V = 0 c 
.55 [(1.5)(106.8) . 9-(^.3^)(11.30)]1,155 - Ito.e cm3/g-mole 
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Ill, Estimated Pseudocritical Volume and Density of MHF-5 (cont.) 

C. VOWLES' AND LYDEFSEN’S METHODS 

(u) 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 cm3/g-mole are obtained. 

D. RECOMMENDED VALUE 

(u) it is, thus, seen that values of 114.5, l4o.6, 123.2, and I31.I 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 = 131.6 cm3/g-mole 

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

p _ M_ _ 41.58 
c Vc - I3O O.316 g/cm3 
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IV. DENSITY OF MHF-5 

A. EXPERIMENTAL DATA 

(c) The density of MHF-5 has been measured by RMD over the temperature 

range -65.2 to 194°F (Ref 8, 9, 15) and in Ref 8 is reported to vary with 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 fomer at 0°F, approximately 0.9$ lower at 100°F, 

and equal values at 23°F. 

(c)*Material assayed MMH, 52.8 wt $; N2H4, 25.5 *rt$; Nj^H^NO«, 17»9 wt$; HgO, 2.6 wt$; 
and impurities 1.2 wt$. Note that this material is slightly low in N^H^NO- 

content. 

Page 13 

CONFIDENTIAL 



CONFIDENTIAL 
AFRPL-TR-67-208, Appendix A 

IV, Density, 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, is estimated to be: 

p^v 
Z = -2-1 
c RT 

(100^131,62 
(82.00)(636. ï) 

= O.252 

From tables (Ref 20) relating Z , reduced temperature (T- = T/T ), and reduced 
c ' n c 

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

mental density values from Ref 9 and I5 and the reduced densities from Ref 20, 
values for a critical density were evaluated from: 

Pc = P/PR 

These calculations resulted in a value for Pc of 0.3184^'°°^ Using 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 I5) were graphicallv 

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 200°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 0.316 a/cm^ 
estimated in Section III, D. S/ 
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V. 

A. EXPERIMENTAL DATA 

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

over the temperature range of -67 to l60°F (Ref 8 and 9) an<^ by Aerojet (Ref 21) at 

-LO 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 

(u) 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. 

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

C02 (Ref 24), S02 (Ref 25), diatomic gases (Ref 26), and inert gases (Ref 27) 

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 180°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, B, Extrapolation of Experimental Data (corit.) 

lower temperatures (it was considered likely that the viscosity of compressed water 

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

such an extension). 

(u) The search for the ï-soessary supplemental water viscosity data was 

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

data on supercooled water (Pef 30 and 31), and references to recent Russian (Ref 32) 

and German (Ref 33 and 3*0 data. Of the data that were immediately available (Ref 28, 

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

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

viscosity of 0.043 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 of Weber’s recent work 

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

°C = 0.471) and 35°C (Tr = O.I476), respectively, and tends to verify the 

behavior exhibited in Figure 6. 

“^u) Figure 6 was thus taken as the best correlation that could be derived 

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

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

viscosity of MHF-5 were calculated from: 

Pa.ge 16 

UNCLASSIFIED 



AFRPL-IE-67-208, Appendix A 

V, B, Extrapolation of Experimental Data (cont.) 

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

calculated from: 

Where |!c was taken as 0.1043 and values of 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 tc T_ = 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. 

(u) 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 Pp = 3*5) in the tempera¬ 

ture region of T_ = 0.5 to 0.9* Thus, Figure 7 can probably be linearly extrapo- 
K 

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

110 to 570°F. 

(This Paga 
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VI. HEAT CAPACITY OF MHF-5 

A. EXPERIMENTAL DATA 

(c) The heat capacity of MHF-5 has been measured by PMD (Ref 8) over 

the tempirature range of 40 to I5bcE in a standard adibatic calorimeter. A straight- 

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

CpÍBtu/lb-CF) = 0.6518 + I.6I X 10* t(°F) 

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

a maximum of + 1¾. 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 LRef 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 preferable for non-hydrocarbons. Unfortunately, even this method 

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

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 OJ 

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 correla¬ 

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 be 

correlated with its reduced density and be applied to MHF-5 and to then use Dydersen'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¬ 

ized to the normal boiling point value as follows: C /C . The boiling point was 
Pb Pt 

utilized to achieve a semblance to a corresponding state. The fraction form given 

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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VIj Bj Extrapolation cf Experimental Data (cont.) 

compressibility with reduced density (JRef 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 Z ). The reduced temperatures were then 

converted to normal units of temperature employing ll45°R as the critical temperature 

of MHF-5 (see Section IT, 01). 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 (NgH^-UDMH fuel blend) over the 

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

k(Btu/hr-ft-°F) = 0.171 - 6.45 x 10"5T - 1.25 x 10~7T2 

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 - 1.63 x 10-5T - 3-39 x 10~7T2 

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 - mixture (3^*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 10). The composition of 

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

lent NgHj^ - UDMH mixture (55-72 ^H^ 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 ^îHF-5 Thermal Conductivity (cont.) 

diffusivities (k/pCp) of a given solvent and solvent-solute system are the same 

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

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

was estimated to be % greet ,r Ilian that of its solvent portion. 

The estimated lh, rmal e,inductivities of MHF-5 were then extrapolated 

into the high temperature (i’K 0.. t. to l.O) and high pressure (saturation to 

UOO atnO region using the nviuage of the reduced state thermal conductivity correla¬ 

tions for water and ethylene iVom Theisc (Kef 22) and Owens (Ref 4Í4 ), respectively, 

and assuming a critical thern.nl 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.o) and high pressure (PR * 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*. 

Recent unpublished measurements by Rocketdyne under Contract AF 04(611)- 
11407 at low pressure and 0 to 200°F temperature compare with the 
saturated liquid line in Figure 11 within 2%. 
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VIII. VAPOR PRESSURE OF MHF-5 

A. EXPERIMENTAL DATA 

(c) The vapor pressure of MHF-5 has been measured by RMD 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: 

log10P(mmHg) = 8.2875 - 1996^ 

The experimentally determined values are presented in Table 4. 

B. EXTRAPOLATION OF EXPERIMENTAL DATA 

(u) The procedure utilized to extrapolate the experimental data to the 

estimated critical point is described in Section I,B, and the resulting data 

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

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

conventional scale to yield the more readable vapor pressure plot given in 

Figure 12. 
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TABLE 1 

(c) VISCOSITY OF MHF-5 (u) 

Viscosity 

Centlstokes 

111.4 

90.O 

19.4 

6.7 

2.3 

1.9 

1.6 

1.3 

1.1 

1.0 

0.9 

Centlpoise 

120.0 

108 

96.8 

9.2* 

20.6 

7.0 

2.3 

1.9 

1.6 

1.3 

1.1 

1.0 

0.9 

Ref 

9 

8 

9 

21 

9 

9 

9 

8,9 

9 

9 

9 

9 

9 

*This value appears to be a typographie error and is rejected from 
further consideration. The correct value is 29. 
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TABLE 2 

(c) HEAT CAPACITY OF MHF-5 (Ref. 8; (u) 

Ttmperature 

"’c, p 

41.,9 

78,8 

81,5 

82,ii 

I5I.7 

153-5 

15^ -H 

Heat Capacity, 
Experimental 

O.661 

0,652 

O.67I 

0,666 

0.663 

0,672 

0.679 

0.674 

Btu/lb-°F / X 
Calculated 

0.658, 
J. 

0.658^ 

0.6645 

0.6649 

0.665^^ 

0.6762 

0.676, 
J 

0.6767 

Devia4.ion, 

+0,4 

-1,0 

+1.0 

+0.2 

-0.3 

-0.6 

+0.4 

-0.4 

1/ Calculated from the equation: 

Cp(Bt'u/lb-°F) - 0,6518 r 1.61 X 10“S (CF) 

■'2; (Experimental-Calculatea) (lOO)/Expe/imental 

•> C;cscripted numbers are of questionable significance 
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TABLE 3 

(c) THERMAL CONDUCTIVITY OF AEROZINE 50, MMH, UDMH and (u) 

AeroZINE 50^1^ 

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

50 0.l6?5* ^0 

100 0.l633 UO 

150 0.1505 40 

200 0.1533^ 40 

250 0.l4?1 40 

300 0.140^ 40 

(2) 
Monomethylhydrazine 

0 0.146 40 

50 0.144^ 4o 

100 0. i4io 40 

150 0.1359 40 

200 0.1292 40 

25O 0.120^ 40 

300 O.llOg 40 

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

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

0.6 0.104 4l 

51.05 0.0958 4l 

100.7 0.0862 4l 

150.68 0.0822 4l 

200.88 0.0740 4l 

251.O 0.0665 4l 

Hydrazine 

77 O.29 42 

(1) Calculated from: k = O.I7I - 6.45 x 10"^ T 

(2) Calculated from: k = 0.146 - I.63 x 10“^ T 

(3) Average values for replicate samples 

- I.25 x 10_7T2 

- 3.39 x 10_7T2 
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TABLE 4 

(c) VAPOR PRESSURE OF MHF-5 (u) 

Vapor Pressure 

Temperature, °F Hg E®i®; 

32 13* 0.25 

62 29.4 0.568 

77 39* °«75 

77 39*9 0,771 

95 63. 1.2 

95 63.8 I.23 

113 IO3.5 2.001 

122 129. 2.49 

I3I 154.8 2.993 

lUO 201.0 3.887 

l40 202. 3.9I 

149 239.7 ^-635 

158 300. 5-80 

176 435. S-M 

185 524. 10.1 

I9I4. 621. 12.0 

203 722.* 13.96 

^Corrected for residual pressure due to decomposition. 
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Vapor Pressure of MMH and MHF-5 (u) 

Figure 1 
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I. CRITICAL PROPEBTL'IES OF MMH 

(U) The critical properties of MMH have been experimentally determined 

by Aerojet-General (Reference 1) to be as follows: 

Tc, Critical temperature ■ 312°C (591*°P or 1053°R) 

Pc» Critical pressure ■ 81.3 atm (1193 psia) 

pc. Critical density ■ 0.29 g/ml (18 lb/ft3)* 

From the above values the critical compressibility (Z ) is calculated to be: 
c 

where: Vc = specific volume, cc/gm mole 

R * universal gas constant cc atm/gm mole °K 

* A critical density of 0.2944 g/ml and a critical compressibility of 0.265 
may be more correct, based on the fact that these values provide the best 
correlation between experimental densities and densities estimated from 
Lydersen's generalized correlation (see Section II,B). 
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A. EXPERIMENTAL DATA 

(U) The density, p, of liquid MMH has been measured by Aerojet- 

General (References 1 and 2) and by Horvitz of Metalectro (Reference 3). The 

data available cover a temperature range of -60 to 5l8°F and pressures from 

1 to 92.9 atm. These data are presented in Tables 1 and 2. 

B. EXTRAPOLATION OF EXPERIMENTAL DATA 

(U) The method of Lydersen, Greenhorn, and Hougen (Reference U) 

has been used to extrapolate the available density data to the critical tempera¬ 

ture and pressures to 5000 psia. This method is based on a correlation betveen 

reduced density, temperature, pressure and critical compressibility. The 37 

experimental density values (see Tables 1 and 2) were found to agree veil with 

Lydersen1s generalized correlation vhen the critical temperature, pressure, 

density and compressibility given in Section I were utilized. It vas found, 

however, that the best correlation occurs vhen the critical density and com¬ 

pressibility are assumed to be 0.29¼ g/ml and 0.265, respectively, rather than 

0.29 g/ml and 0.26^ as presented in Section I. Thus, having established a 

"best-set" of critical values, Lydersen's correlation was utilized directly to 

extend the available density values to the critical temperature. Extrapolation 

to 650°F vas subsequently accomplished suing Lydersen's generalized compressi¬ 

bility factors (Reference k) adjusted in a manner such that a discontinuity 

did not occur at the critical point. The resulting estimated specific gravity 

of MMH from -60 to 650°F and saturation pressure to 5000 psia is presented in 

Figure 1. 
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A. KXFKRINKKTAL DATA 

(U) nie viscosity, y, of liquid MMH et sablent pressure has been 

aeasured by Aerojet-General (Reference l) and by Horvitz of Metelectro (Refer¬ 

ence 3) over the tenperature range of approximately -60 to lié0?. These data 

are presented in Table 3. 

B. EXTRAPOLATION OF EXPERIMENTAL DATA 

(u) The method of Stiel and niodos (Reference 5) has been utilized 

to extend the available experimental viscosity data to 650°F temperature and 

5000 psia pressure. This method involves correlations between residual viscos¬ 

ity (y - ¢) and reduced density (p^) and has been reduced to the following 

equations for polar substances: 

(y - y) ç * (0.60T)(10~5)(9.0U5 p ♦ 0.63)1,T39 (i) 
r 

wheye: 0.10 £ p ¿.0.90 
r 

log [-log (y - y) Ç] ■ 0.61*39-0.1005 Pr - A (2) 

where: 0.9 p <2.6 
r 

and A ■ 0 for p_ values s. 2.2 

A ■ (1».75)(10”^) (pr^-10.65)^ for p^ values >2.2 

(y - y)C- 0.00900 and 0.0250 at pr - 2.8 and 3.0, respectively 
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III, B, Extrapolation of Experimental Data (cont.) 

In the aboTB equations, Ç - T 2^3 where T and P are the critical c c c c 
temperature (°K) and pressure (atm), respectively and M is the molecular 
weight, V is the low-pressure viscosity (centlpoise), and the quantity ü ( is 
given by the following equation for polar, hydrogen-bonding substances at 
reduced temperatures below 2.5: 

û C « (1.90T -0.29)(10“U)Z "2/3 r c 

where Tr is the reduced temperature and is the critical compressibility. 

(U) The preceeding equations were solved for u, viscosity, at 
reduced densities (Pr) compatible with the desired range of temperatures and 
pressures or to the limit of applicability. Values fer T and P were taken c c 
from Section I, M was taken as U6.075, Z as O.265, and values of p from 

C y 

Lydersen (Reference U). These reduced density values were previously shown to 
be compatible with experimental density data when Z is taken as O.265 and the c 
critical density as 0.29^ g/ml (see Section II.B). 

(U) Viscosity values could not be calculated at temperatures below 
5T°P (pr of saturated liquid * 3.0) but this lover temperature limit does over¬ 
lap the range of temperatures for which experimental data are available. A 

check of the two sets of data in the overlapping temperature region shows the 
calculated values to be approximately lUjt and higher than the experimental 
values at 5T and l66°P, respectively. In view of the fact that agreement 
improves rapidly at elevated temperatures the calculated values are judged to 
be acceptable above 200°F. At temperatures below 200°P the experimental data 
are considered to be correct for the saturated liquid. Values for the 

compressed liquid between approximately 60 and 200°F have been derived by apply¬ 
ing pressure corrections (defined from the calculated viscosities at various 
pressures and reduced densities of 2.8 and 3.0) to the experimental values. 
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III, B, Extrapolation of Experimental Data (cont.) 

Values for the compressed liquid at temperatures below the lover limit of the 

calculations (57°P) were defined by simple graphical extrapolation of values 

at high temperatures. The resulting viscosity data are presented in Figure 2. 

Page 5 

CONFIIENTML 
(This Page is Unclassified) 



AD M3 -y// 

AUTHORITY: 
J*£*âL.J/r rAcé 



CflNFIQFNTIAI 
AIBPIr-ia-67~2Cfit Appendix B 

III« B« Extrapolation of Experimental Data (cont.) 

Values for the compressed liquid at temperatures belov the lover limit of the 

calculations (57°P) were defined by simple graphical extrapolation of values 

at high temperatures. The resulting viscosity data are presented in Figure 2. 
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IV. HEAT CAPACITY OF MMH 

A. LITERATURE DATA 

(C) The heat capacity, Cp, of liquid MMH at low pressures has been 

measured from the freezing point to T7°F by Aston et al (Reference 6) and from 

70 to 2550F by Rocketdyne (Reference 7). Rocketdyne reports that their data 

can be represented by the following equation: 

Cp (cal/g-°K) = -0.7U58 + O.OII32T-O.2963 X lO“1*'!'2 

+0.2648 X 10“7T3 

where T is temperature in degrees Kelvin. The data from both these sources 

is presented in Table 4. 

(U) The heat capacity of MMH ideal vapor has been calculated by 

Aston et al (Reference 6) at various temperature in the range of 77 to 2240°F. 

These values are given in Table 5. 

B. EXTRAPOLATION OF LITERATURE DATA 

(U) The heat capacity data on MMH has been extrapolated to higher 

temperatuves (up to 700°F) and pressures (up to 5000 psia) by utilizing e 

variety of methods to cover the various regions of interest. 

1. Saturated Liquid 

(U) The heat capacity of saturated liquid MMH has been esti¬ 

mated over the reduced temperature interval of 0.7 to O.95 (278 to 54l°F) 

utilizing £ >*el’s modification of Watson's method (Reference 8) and the ideal 

gas heat capacity dcta of Aston et al (Reference 6) presented in Table 5. 

Page 6 
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IV, B, Extrapolation of Literature Data (cont.) 

This method equates the saturated liquid heat capacity to the sum of the ideal 

gas heat capacity and a complex correction term which can be evaluated from a 

series of graphs presented in (Reference 9), the critical properties given in 

Section I, and vapor pressure data given in Section VI. The data resulting 

from this estimation technique are given in Table 6. 

(U) Saturated liquid heat capacities have also been estimated 

at temperatures between the normal boiling point (192.5°F) and 5Ul°F by the 

Sakiadis and Coates energy-mode method (Reference 10). This method equates 

the liquid heat capacity at constant volume to the energy contributions of the 

various bonds in the substance. The constant volume heat capacities are then 

converted to constant pressure values employing a reduced state correlation. 

The data resulting from this estimation technique are also given in Table 6. 

(U) A comparison of the estimated heat capacities with the 

experimental data (see Table 6) readily shows that the values obtained with 

Watson's method agree with the experimental data much better than do the values 

estimated by the Sakiadis and Coates method. On the basis of this comparison 

the values obtained by the Watson method are Judged to be more accurate. 

2. Compressed Liquid 

(U) No method could be found for the estimation of the heat 

capacity of compressed liquids. The correlation proposed by Chow and Bright 

(Reference 11), by nature, could be applied to define a pressure effect but no 

tests of the validity of the correlation at elevated pressures aie known. A 

correlation previously used to estimate the heat capacity of liquid MHF-5 at 

reduced pressures up to two ( Appendix A ) was tested for applicability to MMH 

and found to give relatively poor results in predicting saturated liquid MMH 

heat capacity and was, therefore, re0acted. The fact that the MHF-5 correla¬ 

tion failed when applied to MMH indicates that the error involved in estimating 

ths specific heats for MHF-5 in the compressed liquid state may be signifi ant. 
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IV, B, Extrapolation of Literature Data (cont.) 

(U) For lack of any known acceptable technique for estimat¬ 

ing the heat capacity of compressed liquids, it nas been assumed that the com¬ 

pressed liquid will exhibit the same heat capacity as the saturated liquid at 

the same reduced density On the basis of this assumption, compressed liquid 

heat capacities have been estimated utilizing the saturated liquid data (both 

experimental and that estimated by Watson's method) and the reduced density 

correlation of Lydersen (Reference L). The reduced density correlation was 

previously shown to agre well with experimental density data (see Section 

II.B). 

3. Supercritical Heat Capacities 

(U) The heat capacity of MMH in the supercritical region has 

been estimated from the ideal gas heat capacity data of Aston et al (Reference 

6), the reduced state isothermal pressure correction to heat capacity of vapors 

given by Edminster (Reference 12), and the critical properties given in Section 
I. 

C. RECOMMENDED DATA 

(U) The recommended heat capacity data for MMH in the temperature 

range of -60 to 700°F and saturation pressure to 5000 psia is presented graphi- 

in Figure 3. This figure is a composite of the experimental data given 

in Table U and the estimated values defined by employing the methods and 

techniques described in Section B., preceeding. Some graphical smoothing was 

required to eliminate discontinuities at the critical temperature. 
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V. TOBHHÀL COHDUCTIVITY OF MMU 

A. EXPERIMENTAL DATA 

(C) The thermal conductivity, k, of liquid MMH has been reported 

by Constantine (Reference 7) over the nominal temperature range of 0 to 305°F 

to be represented by the following equation: 

k (Btu/hr-ft-°F) « O.1U6 -I.63 x 1C_5T -3.39 x 10-7^ 

'diere T is temperature in °F. The valid experimental data are presented in 

Table 7 and compared with values defined by the equation above. 

B. EXTRAPOLATION OF EXPERIMENTAL DATA 

(U) The experimental data presented in Table 7 have been extended 

to cover the temperature range of -60 to 700°F and pressures from saturation 

pressure to 5000 psia. 

(U) Based on the recommendation of Reid and Sherwood (Reference 9) 

the method of Robbins and Kingrea (Reference 15), a modification of the Weber 

method (Reference 14), was considered for use. The method was tested for its 

ability to predict available experimental data and to thereby indicate whether 

or not it could be reliably applied to saturated liquid MMH over its claimed 

limits of applicability (T * 0> to 0.9). Direct use of the method showed 
r 

that it could not predict the thermal conductivity of MMH with acceptable 

accuracy except over a narrow temperature range extending from a reduced testera- 

ture of approximately 0.5 to 0.6. Attempts to modify the Robbins and Kingrea 

equation by substituting new values for the H and N factors which are supposedly 

related to structure and density produced cm equation more applicable to MMH 

but still unacceptable for extending the available experimental data. 
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V, B, Extrapolation of Experimental Data (cont.) 

(U) The use of the Stiel and Thodos correlation which relates 

residual thermal conductivity (k-k’) to reduced density (Reference 15 ) was 

considered; however, because of the recommendation of Reid and Sherwood 

(Reference 9) that it not be applied to polar compounds, its use appeared 

unjustifiable. 

(U) For lack of any other acceptable method the use of available 

reduced state thermal conductivity correlations for specific compounds was con¬ 

sidered. Inspection of such correlations for hydrogen (Reference l6), methane 

(Reference 17), ethylene (Reference 18)» carbon dioxide (Reference 19). ammonia 

(Reference 20}, and water (Reference 21) showed that no single correlation was 

acceptable for application to MMH. The basis for Judging acceptability was 

the amount of scatter in the value of critical thermal conductivity 

back-calculated from the experimental MMH data and the reduced thermal conduc¬ 

tivities defined by the reduced state correlations. Ultimately it was found 

that the MMH data do correlate well with a reduced state correlation based on 

a weighted average of the ethylene and water correlations (References and 

21). This situation is very similar to that previously observed in attempting 

to correlate and extend MHF-5 data (Appendix A ). Thus, the MMH data were 

extended to 700CF and 5000 psia utilizing the weighed average (80/20) ethylene- 

water correlation and assuming the critical thermal conductivity of MMH to be 

O.O38 Btu/hr-ft-°F. The resulting data are presented in Figure k. 
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VI. VAPOR PRESSURE OF MMH 

(C) The vapor preaaure of MMH has been measured by Aston et al (Refer¬ 

ence 6) over the approximate temperature range of 35 to T7°F and by Aerojet 

(Reference 1) froai approximately 97 to 59^0F.. Aerojet reporta that these data 

can be represented by the following equation: 

log P (mmHg) = 31.7½ -31U6/T -7.88 log T * 1.5 x 10-12^ 

where T is in °K (275 to 530°K). The data are tabulated in Table 8 and pre¬ 

sented graphically in Figure 5. 
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TABLE 1 

(C) DENSITY Oí LIQUID MMH AT LOW PPS >i. Z (u) 

Temperature 

°C 

-52.0 

-51.5 

-50.3 

-^5.0 

-1»2.T 

-37.0 

-30.5 

-30.0 

-21.0 

-11.0 

- 1.2 

0.0 

6.8 

ll».3 

25.0 

67.5 

82.5 

°F 

—6l .6 

-60.7 

-58.5 

-i»9.0 

-H.9 

-3^.6 

-22.9 

-22.0 

- 5.8 

12.2 

29.8 

32.0 

kk.2 

57.7 

77.0 

153.5 

180.5 

_Density_ 

g/ml lb/ft3 

O.9U33 -P.90 

0.9M» ^^.9¾ 

0.9382 

0.9319 

O.936 

O.92U6 

0.925 

0.91o2 

0.916 

c 3.58 

58.19 

58.1*1* 

57.73 

57.76 

57.33 

57.20 

0.907 56.63 

0.898 56.07 

0.8Q56 55.98 

0 <Q0 55.57 

^.883 55.14 

0.371*3 54.59 

0 8 <2 51.95 

0.819 51.14 
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TABLE 2 

(C) DENSITY OF LIQUID MMH AT ELEVATED TEMPERATURES 
AND PRESSURES (REFERENCE l) (u) 

Pressure __ Density, g/ml__ 
atm, abs Temp, °C -*• ¿7.5 Ó2.5 10U.5 150 180 210 2^2,5 270 

4.4 0.832 0.819 0.793  ---- 

11.2 ---0.741---- 

21.4 --- 0,742 0.703 --- 

24.8 ----- 0.658 -- 

41.8 ----- 0.664 O.611- 

55.4 ------O.615- 

69-0 0.837 0.823 0.799 O.75O 0.712 0.668 O.619 - 

82.7 -------£).576 

87.8 -------0.579 

92-9 ....... 0.581 

CONFIDENTIAL 



CONFIDENTIAL 

AFRPL-TR-67-208, Appendix B 

(C) 

TABLE 3 

.ISCOSITY OF LIQUID MMH (u) 

Temperature 
°C °F 

-52 -6I.6 

-50 -58 

-45 -V9 

-37 -3H.6 

-30 -22 

0 

20 

25 

30 

)40 

50 

50 

70 

GO 

32 

68 

77 

77 

86 

IOU 

122 

lUO 

158 

176 

Centipoise 

13.319 

11.673 

7.279 

U.821 

3.1*t,'f 

1.3^7 

O.8U5 

0.781 

0.771 

O.706 

0.601 

0.520 

O.U56 

O.U05 

0.362 

.iscosity_ 
ItfmT/ft-aec x ícfl* 

89.50 

78. UU 

U8.91 

32. UO 

23.30 

9.05 

5.68 

5.25 

5.18 

fc.71» 

U.OU 

3.1*9 

3.06 

2.72 

2.U3 

Ref. 

3 

3 

3 

3 

3 

3 

1 

3 

1 

1 

1 

1 

1 

1 

1 
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TABLE k 

(C) HEAT CAPACITY OF LIQUID MMH (u) 

Taroe rature_ 
°c “ ¿y 

-52.3T -62.27 

-A3.16 -A5.69 

-33.16 -27.69 

-23.16 - 9.69 

-13.16 8.31 

. 3.16 26.31 

6.8* **.31 

l6.8* 62.31 

21.1 70.0 

22.2 

23.* 

2*.6 

25.0 

25.7 

25.7 

26.9 

27.8 

32.6 

39.5 

**.8 

*9.8 

72.0 

7*.l 

76.3 

77.0 

78.3 

78.3 

80.* 

82.0 

90.7 

103.1 

112.6 

121.6 

_Heat Capacity 
cal/aole-°K 

31.27 

31. *0 

31.52 

31.6* 

31."6 

31.88 

32.01 

32.1* 

31.8 

32.0 

32.2 

32.1 

32.25 

32.2 

32.2 

32.3 

Btu/lb-°F 

0.6787 

0.6815 

0.68*1 

0.6867 

0.6893 

0.6919 

0.69*7 

0.6976 

0.689 

0.69* 

0.700 

0.697 

0.6999 

0.699 

0.698 

0.701 

32.* 

32.2 

32.* 

33.0 

32.8 

0.703 

0.698 

0.70* 

0.716 

0.711 
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Temperature 

59.0 

6¼.9 

68.5 

75.¼ 

80.3 

85.¼ 

100.8 

10¼.¼ 

11¼. 9 

123.9 

138.2 

^8.8 

155.3 

167.7 

176.5 

185.7 

213.¼ 

219.9 

238.8 

255.0 

TABLE ¼ (cont.) 

Heat Capacity 
cal/mole-^K Btu/lb-°F 

33.0 

32.9 

33.1 

33.3 

33.3 

33.¼ 

33.7 

33.5 

33.9 

33.8 

0.716 

0.715 

0.719 

O.722 

O.722 

0.72¼ 

0.732 

0.728 

0.736 

0.733 

Ref. 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 
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TABLE 3 

(U) HEAT CAPACITY OF MMH IDEAL VAPOR (REFERENCE 6) 

Temperature 
F 

298.10 77 

UOO 

500 

6oo 

700 

800 

900 

1000 

1200 

1500 

260 

UUo 

620 

800 

980 

1160 

13^0 

1700 

22U0 

Heat 
cal/mole-6!^ 

17.0 

21.0 

2U.3 

27.1 

29.3 

31.3 

33.1 

3b.6 

37.1 

39.8 

Capacity 
Btu/lb-*F 

0.369 

O.U56 

O.527 

0.588 

O.636 

0.679 

O.718 

O.75I 

O.8O5 

O.86L 

CONFIDENTIAL 
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TABLE 6 

ESTIMATED HEAT CAPACITY OF SATURATED LIQUID 
MMH AT ELEVATED TEMPERATURES (u) 

Tenroe rature 
~ÔF T 

_____ r 

192.5 0.619 

225 0.65 

278 0.70 

330 0.75 

383 0.80 

^36 0.85 

*»88 0.90 

5*»1 0.95 

Estimated Heat Capacity. Btu/lb-°F 

Watson Method Sakiadis & Coates Method 

0.7*»1 

0.769 

0.792 

O.823 

0.866 

1.048 

0.588 

O.603 

0.634 

0.677 

0.746 

0.859 

1.01 

I.I6 

Expt. Value* 

0.725 

0.730 

0.740 

•Calculated from Roeketdyne's heat capacity equation (Reference 7): 

Cp(cal/g-°K) - -0.7458 ♦ 0.01132T - O.2963 x IO"* T2 

♦ 0.2648 x 10-7 T3 

irtiere T ■ °K 
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TABLE 7 

THERMAL CONDUCTIVITY OF LIQUID MMH (REFERENCE 7) (u) 

Temperature. °F 

0 

0.62» 

50.00 

50.92* 

100.00 

100.5** 

150.00 

150.58* 

200.00 

200.89* 

250.00 

250.98* 

300.00 

305.OH* 

_Thermal Conductivity, Btu/hr-ft-°F 
Avg. Expt. Val vie* Calc. Value** 

0.1H70 

°.1H30 

0.1H35 

0.133g 

0.1298 

0.123g 

0.108g 

O.lHéO 

0.1H60 

0.1HH3 

O.1HH3 

O.lHlO 

O.IH09 

0.1359 

0.1359 

O.1292 

0.1290 

0.1207 

0.1206 

0.1106 

0.1095 

•Arerage of tvo to four data pointa 
**Calculated fro« Rocketdyne’a equation (Reference 7): 

k(Btu/hr-ft-°F) - O.1H6 -1.63 x 10“5T -3.39 x lO”7!2 

allere T la temperature in °F 
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_ Temperature 
®C 

1.99 

11.77 

17.79 

20.56 

25.00 

25.20 

36.28 

39.88 

46.52 

52.57 

58.49 

64.61 

70.15 

77.87 

81.48 

86.91 

150 

180 

210 

240 

312 

°F 

35.58 

53.19 

64.02 

69.01 

77.00 

77.36 

97.30 

103.78 

115.74 

126.63 

137.28 

148.30 

158.27 

172.17 

178.66 

188.44 

302 

356 

410 

464 

593.6 

TABLE 8 

VAPOR PRESSURE OF MMH (u) 

_Vapor Pressure 
mm Hg 

12.11 

22.85 

31.76 

38.72 

49.63 

50.00 

89.6 

105.4 

147.4 

194.7 

248.7 

319.4 

400.0 

535.7 

611.7 

743.7 

4580 

7740 

14200 

24020 

61770 

pala 

0.2342 

0.4419 

0.6142 

0.7488 

0.9598 

O.9670 

1.733 

2.038 

2.851 

3.766 

4.810 

6.177 

7.736 

10.36 

11.83 

14.38 

88.58 

149.7 

274.6 

464.5 

1194.6 

Ref. 

6 

6 

6 

6 

6 

6 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
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Figure 3 
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Figure 5 
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APPENDIX C 

The output from the data reduction computer program for the MHF-5 

and MMH heat transfer tests is given in the following pages. The data are 

listed in numerical order by test number. The equations used in the computer 

program are given in Section V of the main body of this report. 

The output for each test consists of two sections; overall test 

parameters and local test parameters. The nomenclature for each section is 

defined below. 

Overall Test Parameters 

. AF 

D 

L 

DELTA TO 

POINT, DATA POINT 

PB-IN 

PB-OUT 

TB-IN 

TB-OUT 

W 

E2 

12 

QP 

HT BAL 

G 

2 
■ Test section flow area, ft 

* Test section inside diameter, ft 

« Heated length, in. 

s Bulk temperature rise observed with zero 
test section heat flux, °F 

* Refers to a certain heat flux level or, in 
tests HT-8-113, HT-8-114, and HT-8-134 
only, a certain time. 

* Inlet pressure, psla 

■ Outlet pressure, psia 

« Inlet bulk temperature, °F 

■ Outlet bulk temperature, °F 

■ Flow rate, lb/sec 

■ Overall test section voltage drop, volts 

Test section current, amps 

- Electrical power, Btu/sec 

■ Heat Balance, % 
2 

- Hass flux, lb/sec ft 

Page 1 
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Appendix C (cont.) 

Test Section - Local 

STA 

PB 

TB 

TW 

TI 

Q/A 

Q/AP 

H 

DEL TF 

VS 

L/D 

DELTA E 

LE 

Test Parameters 

- Refers to a certain axial position 

= Local pressure, psia 

= Local bulk temperature, °F 

- Outside wall temperature, °F 

“ Inside wall temperature, °F 

« Heat flux calculated from wall temperature gradient, 
Btu/in.2 

= Heat flux calculated from voltage and current 
measurements, Btu/in.2 sec 

- Heat transfer coefficient based on Q/AP, Btu/in.2 sec0 

- TI - TB 

- Local coolant velocity, ft/sec 

■ Length to diameter ratio based on length between 
station location and upstream end of heated length 

= Incremental voltage drop, volts 

- Length over which DELTA E was measured, in. 

Page 2 
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