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FOREWORD 

This report summarizes several sets of data on the heating 
and cooling of rocket motors in ovens. The data were analyzed 
accordingto available theory.and similarities in performance were 
studied to obtain simple generalized correlations. As the data used 
were not originally obtained for this type of analysis, the need 
for more pertinent data is apparent. It is believed, however, that 
the generalized correlations presented here will aid in predicting 
the time-temperature behavior of loaded rocket motors to a degree 
of accuracy sufficient for most purposes. 

The original work of accumulating the data began early in 
1949 under Bureau of Ordnance Task Assignment \OTS-2-Ue3e- 
520-1. Further work was done under Task Assignments NOTS- 
20-Re2d-429.2 and NOTS-19.Re3e-516.2. The analysis presented 
here was begun in July and finished in September 1950. 

This report was reviewed for technical accuracy by   W   P 
Keid, R. H. Olds, and M. L. Jackson. 

E. L. ELLIS 

Head, Rocket Ordnance 
Rochets and Explosives Department 

Released by: 

L. T. E. THOMPSON 
Technical Director 
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ABSTRACT 

Heating and cooling data for the 2.0-in., 2.75-in., 5.0-in. 
(HPAG), and 5.25-in. (Weapon A) motors with internal-burning 
grains have been analyzed. The relation of Y. the fractional 
approach of initial to final temperature, to d, the time of heating 
or cooling, is given by the general equation Y*c- W"9. Values 
of the constants a and c have been evaluated and found to com- 
pare reasonably well with those derived from the Gurney-Lurie 
type of charts for infinite, homogeneous, solid cylinders. 

\ 

t 

IV RESTRICTED 

L 



RESTRICTED NAVORD REPORT 1311 

CONTENTS 

Foreword  "" 

Abstract   IV 

Introduction     * 

Theoretical Background     1 

Experimental Data  3 
Experimental Procedure  3 
Method of Plotting Data  4 
Method of Calculatior  7 

Comparison of Actual Results With Theoretical Curves  12 

Applications  *5 
Illustrative Problems  15 
Prediction for Other Conditions  16 
Importance of Film Coefficietkt  18 
Limitations of the Equations  18 

Summary  ^ 

Recommendations  1^ 

Appendixes: 
A. Evaluation of Heat-Transfer Coefficient 21 
B. Temperature History (Y Versus &) During Heating and Cooling 

(Fig. 10-24)  25 
C. Intercept Versus Position Data (Fig. 25-27) 41 

Nomenclature  45 

Referencee  ^ 

Figures: 
1. Diagram of Thermocouple Locations     0 
2. Time-Temperature Curve, Cooling of 2.75-in. Rocket Motor (142 to 

-30oF)  7 

3. Temperature History of 2.75-in. Rocket Motor During Heating and 
Cooling;  Thermocouple Position: Metal Shell  8 

4. Temperature History of 2.75-in. Rocket Motor During Heating and 
Cooling; Thermocouple Position: Under Inhibitor 9 

5. Temperature History of 2.75-in. Rocket Motor During Heating and 
Cooling; Thermocouple Position- Inside Web 10 

6. Comparison of Actual With Theoretical Slope 13 
7. Comparison of Actual With Theoretical Intercepts for 2.75-in. Rocket 

Motor  14 

8. Chart for Determining Intercepts With Respect to Position Ratios 17 
9. Intercept vs. Position Ratio for R Hypothetical Rocket (Problem 2)  18 

i 

RESTRICTED 



]. 

NAVORD REPORT 1311 RESTRICTED 

Tables: 
1. Constant in Eq. 11 for 2.75-in. Rocket Motor  11 
2. Values of a and h as Functions of m  \\ 
3. Values of c as a Function of n  11 
4. Summary of Data for Heat Transfer  22 

: 

i 

VI RESTRICTED 



RESTRICTED NAVORD REPORT 1311 

INTRODUCTION 

As the burning characteristics of a propellent grain are dependent on its tem- 
perature, some means of predicting the temperature at any particular time is of 
primary importance. In the computation of rocket trajectories and ultimately in the 
setting of the sight, the temperature of the propellant is a critical factor. In the 
field of internal ballistics, temperature has a direct bearing on the reaction pres- 
sure and burning rate. Information concerning the unsteady-state heat transfer to 
a rocket is required by aircraft designers in the designing of rocket launchers 
with temperature control. 

In previous studies at the Naval Ordnance Test Station,1•2•3 the time- 
temperature relationships during heating and cooling of the 2.75-in. and Weapon A 
motors were presented by means of simple temperature-time curves or, in one 
case, in terms of the difference between the temperature at a certain point on the 
grain and that of the oven in which the grain was placed. No attempt was made 
to generalize the data so that they might be applied to predict the femperature- 
time relations of other rounds. It is the purpose of this report to analyze the 
experimental data and reduce them to simple equations so as to afford some basis 
of prediction for other rocket motors. 

THEORETICAL BACKGROUND 

Heating and cooling of rocket motors constitutes a case of thermal conduc- 
tion in the unsteady state, in which the temperature at any point in the motor is 
dependent on both the elapsed time after removal of the motor from the oven and 
the location of the particular point in the motor. For an infinitely long, homo- 
geneous, solid cylinder, the differential equation (taken from Kef. 1) expressing 
the variation of temperature ( at any radius r with respect to time 6 is, 

dt (92/     i 

.dr2 f , 
(1) 

where a is the thermal diffusivity. 

' Helus   R.  R.. and H.  R. Wchon.   Measurement of Temperature Gradients in Loaded 

CONFIDENTIAL! '" ^ 2'75''n' ^^ ^ 28, 1949' SpeCial Rep0r, AJ0 41063-3045. 
^Schilberg. L. E.   RoLUne  Temperature-Time Heat.ng and Cooling Investigations of 

JO^CONFVD^NTIAL07"5 MOdel "D (V"'POn AK 5 July lm XTT-2-520-1 (41019-3011) 

SSchllbMg, L.  E., and A. E. Harris.  Heating and Cooling Rate Studies on 2.75-ln 
Rocket Motor NOT* Model 101,2] Aupist 1950. 4052 Re2d 429-2 JOR.   CONFIDENTIAL. 
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For the case of a solid cylinder of radius r0 at a uniform temperature tj placed 
in surroundings of temperature /„, a solution has been presented (Hef. 1) in the 
form of a series for the boundary condition 

(-') U/^, 
/; 

t) (2) 

where h is the heat-transfer coefficient and k is the thermal conductivity. The 
series converges rapidly, and the substitution of real values in the equation 
shows that for sufficiently large values of Ö all of the terms after the first may 
be disregarded. The approximate solution so obtained has the form 

Ihllil) 

HJi(Hi)+jHHl)] 
URi~)lO-R'a0/2-iOiro (3) 

where 

/o{Äi)= Bessel function of the first kind and zero order of (Äj) 
/l(A>l)= liessel function of the first kind and first order of (R]) 

»b = outside radius of cylinder, ft 

(Äi) = the first positive root of A' Ji(K)=  -" JoiH) 
k 

Equation 3 has the general form 

where the several terms have the meaning, by comparison with Eq. 3, 

) = in! 

afl 

lh(Rx) 

kO 

CpPo 

^M 
H? 

2.303 

(4) 

(5) 

(6) 

(7) 

(8) 

(.urney and l.urie (lief. 2) have presented graphs of Kq. 3 in the form of log } 
plotted against A (A = the relative-time ratio). These graphs show families of 
lines for various positions within the cylinder n and surface resistivities m, 
where 

k 
(9) 

"=  - (10) 
'o 

Examples of this kind of plot may aiso he found in Hef. 3. The families of lines 
are observed to be straight parallel lines for a given value of m for values of A 
greater than about 0.3. 
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This method of plotting will be used because it has a particular advantage 
for experimental data in that the straight line results over most of the region of 
interest. The Gurney-I.urie type of chart for an infinite cylinder may serve as a 
convenient comparison between theoretical and experimental data, although a 
rocket motor does not behave strictly as an infinite, homogeneous, solid cylinder. 
The original Gurney-Lurie charts, however, present only limited values of m and 
A. The extended charts, recently worked out by lleisler (Ref.4) provide suffi» 
ciently accurate comparison over the range desired. 

EXPERIMENTAL DATA 

The data available for this analysis were taken mostly from the routine 
temperature-cycling teats made in connection with the temperature conditioning 
of propellanS grains prior to static firing. The extent of this analysis is there- 
fore limited, since the experiments were not designed for the specific purpose 
of observing unsteady-state heat transfer. 

An estimate of the average heat-transfer coefficient h was made from the 
data obtained; details of the calculation are given in Appendix A. At the present 
time, the available heating and cooling data are limited to the 2.0-in., 2.75-in., 
IIPAG, and Weapon A motors.1,2,3 

Physical constants of the 11-9 powder charge, used in the 2.75-in. rocket 
motor,  such as thermal conductivity, specific gravity, and specific heat, are 
as follows: 

cal 
^4.5xl0"4 

" 0.109 

C,   =  0.42 

(8ec)(cm)(0C) 

Btu 

(hr)(ft)(0F) 

Btu 

p = 101.2 

(lbmass)(0F) 

lb mass 

cu ft 

The above constants were taken from the report cited in footnote 1.   Values 
of h and (X, which were calculated for specific conditions, are cited below: 

Btu 
A = 3.6 - 

a-0.00256 

{hr)(sqft)(0F) 

sq ft 

EXPERIMENTAL PROCEDURE 

A brief description of the procedure used in testing one of the motors is 

given at this point tr indicate the accuracy which may be expected from the 

results. (The report cited in footnote 3, page 1, gives this procedure in full.) 

KtblKIUtU 
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The motor used was the motor for the 2.75-in. folding-fin, air-to-air rocket. 
It consisted of an aluminum tube containing a 6-point star, internal-burning pro- 
pellant grain of H-9 powder inhibited with 6 laps of cellulose acetate. Neither 
the head nor the fin assembly was attached to the motor. Instead, thin cardboard 
disks covered with layers of aluminum foil were attached to the tube ends to 
minimize heat transfer through the internal perforation. Thermocouples, made of 
30-gage iron and constantan wire, were inserted in the motor or propellant grain 
parallel to the cylindrical axis and 2 in. from one end of the motor. 

The thermocouple which measured the oven air temperature (Tc. 1 in all 
motors except the Weapon A, where it was designated Tc. 5) was attached to 
the motor, the junction being held 2 in. away from the tube and shielded from 
radiation with aluminum foil. Figure 1 shows the location of the thermocouples. 

A calibrated Brown Electronik recording potentiometer was used to record 
the temperature at intervals of 6 sec between successive readings of the several 
thermocouple locations. The same conditioning ovens usually used in preparation 
for static firing were used in this work. The air moving normal to the rocket 
axis varied in speed between 200 and 300 fpm. 

The rocket motor under test was brought to desired initial temperature by 
allowing it to stand in an oven overnight or until every point in the motor had 
reached approximately the predetermined initial temperature (t,). It was then 
quickly transferred to a second oven maintained at the temperature t0, and thermo- 
couple readings were recorded until every point in the motor had approached to 
within 20F of the ambient temperature (t0). 

METHOD OF PLOTTING DATA 

The most simple and direc» method of presenting the data is to plot tempera- 
ture versus time on regular coordinate paper, as shown in Fig. 2. This method 
does not, however, yield much information on heating and cooling characteristics, 
nor does it provide a general correlation. 

As discussed previously, the behavior of rockets of different sizes and 
materials may be correlated by plotting the dimensionless ratio log y as ordinate 
against A as abscissa, using semilogarithmic paper. The resulting curve is a 
straight line over most of the range, whose general equation may be presented 
by Eq. 4, 

} - dr.-"* 

where c and b, both dimensionless, are intercept and slope, respectively, of the 
straight line. 

Since the rockets covered in this analysis are made of similar materials, it 
is sufficient to plot log Y against 6 on semilogarithmic paper, yielding straight 
lines whose general equation is now 

}' = 10 -aß (11) 

with   c having the same value as  in Fq. 4, and a as the slope,  but having the 
dimension   of br     or min    ,  depending on  the  units used  in  plotting the data. 
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i: 

TIME, 9, MIN 

FIG. 2. Time-Temperature Curve, Cooling of 2.75-in. Motor (142 to -30oF). 

Figures 3-5 show graphically the results for the 2-75-in. motor at different 
thermocouple locations as plotted by this method. Similar graphs for the other 
motors appear in Appendix B. All of the graphs represent the data after they 
have been smoothed out. 

METHOD OF CALCULATION 

The original temperature readings (contained in the reports cited in footnotes 
1-3) were taken from the recorder charts at convenient time intervals. The 
arithmetical mean temperatures of corresponding points located 90 or 18Ü deg 
apart were used in the event that readings of each pair of thermocouples differed. 
The equilibrium temperature, measured by Tc. 1 (see Fig. 1 for location of this 
thermocouple)4 in the first oven used was taken as the initial temperature t,; the 

4In the case of the Weapon A, this thermocouple is Tc. 5. 
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(0 -a (• M] 
HEATING U -Jt ta  70 

'x    W t. 142 
/•  141 (•    0 COOLING L  UJH   x 

o.ootiß 

-0.00139 

60 10 100 120 140 

TIME, 9, MIN 

FIG. 3. Temperature   History  ol   2.75-in.   Motor   ftiring  Heating  and   Cooling; 
Thermocouple Position: Metal Shell, 

instantaneous temperature, measured by Tc. 1 in the second oven, was considered 

to be the temperatures of the surroundings, t0. Knowing these temperatures, the 

ratio y = U0 - t)/{t0 - ti) was calculated for every temperature t. The values of 

Y were then plotted against the corresponding values of Ö. 
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M M 

TIME, 6, MIN 

FIG.4. Temperature   History   of   2.75-in.   Motor   Uuring   Heating  and Cooling; 
Thermocouple Position: Under Inhibitor. 

The constants, dimenaionless intercept c and slope a for Eq. 11, are deter- 
mined from the straight-line portions of Fig. 3-5 and are shown in Table 1. 
Vp.lues of a and b for all of the motors are summarized in Table 2, and values 
for c are summarized in Table 3. 
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TABLE 1. CONSTANTS IN EO. 11 FOR 2.75-IN. ROCKET MOTOR 

Thermocouple Heating Cooling 

Number Location r, in. c a, min"1 c a, min" 

2 outside 
metal 

1.38 0.48*- - 0.0083 0.53 0.0083 

5& 10 under 
inhibitor 

1.23 0.83 0.0083 0.83 0.0083 

6&9 inside 
web 

0.60 1.15 0.0083 1.15 0.0083 

♦Average value for -28 to 140°F and 69 to 140°F. Data for -29 to 
70°F gave c - 0.32. 

TABLE 2 . VALUES OF a AND 6 AS FUNCTIONS OFm 

Rocket 
motor h m a, min"1 6 1/6 

2.0-in. 
2.75-in. 
HPAG 
Weapon A 

4.08 
3.60 
2.83 
2.77 

0.320 
0.264 
0.185 
0.180 

0.017 
0.0083 
0.0037 
0.0041 

2.77 
2.67 
3.77 
4.61 

0.361 
0.393 
0.265 
0.217 

TABLE 3. VALUES OF C AS A FUNCTION OF n 

'o, ft m 

In metal Under inhibitor Inside web 

Rocket 
motor 

c 
n 

c 
1 

n 
c 

Heat Cool Heat Cool Heat Cool 
n 

2.0.in. 
2.75-in. 
HPAG 
Weapon A 

0.0835 
0.115 
Ö.208 
0.219 

0.320 
0.264 
0.185 
0.180 

0.34 
0.48 
0.52 
0.31 

0.54 
0.53 
0.62 
0.45 

1.0 
1.0 
1,0 
1.0 

0.84 
0.83 
0.80 
0.50 

1.13 
0.83 
0.81 
0.61 

0.894 
0.891 
0.921 
0.867 

1.06 
1.15 
1.20 
1.20 

1.39 
1.15 
1.13 
1.27 

0.40 
0.43 
0.52 
0.64 
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COMPARISON OF ACTUAL RESULTS WITH 

THEORETICAL CURVES 

Since both the theoretical and the experimental results can be represented 
by straight lines over most of the range, only the slopes and the intercepts of 
these straight-line portions need to be compared. As discussed previously under 
"Methods of Plotting Data," Eq.4 and 11 are identical except for the dimensions 
of the slopes. It can be shown that for a having the dimensions of min'1. 

60/b2o 

a 
(12) 

Table 2 contains values of b as converted from a. 

The theoretical equation predicts that for a given surface resistivity m, the 
slope b is independent of the position ratio n. The experimental results of 
Fig. 3—5 and of Table 1 confirm this behavior. 

From the Heisler chart, an empirical equation relating the slopes b and 
surface resistivities m may be obtained graphically as 

A*       1.1m + 0.4 

The reciprocal of the slope is plotted versus m in Fig. 6 so that a straight 
line may be obtained. The experimental values of the slope are also shown on 
this figure. 

Equation 7 indicates that the intercept for any particular value of m is 
dependent only on the radial distance from the center of the cylinder, or more 
explicitly, c is a function of the position ratio n. Figure 7 compares the experi- 
mental intercepts c for the 2.75-in. motor with the c of the corresponding theo- 
retical solid cylinder by plotting these as a function of n. Similar curves, for the 
2.0-in., HPAG, and Weapon A motors, are found in Appendix C. 

Examination of Fig. 6 reveals that for a given m the reciprocal of the 
slope (1/6) in the theoretical relation is greater than the actual value by an 
approximately constant value, as 

1       1 
— - — ~ 0.38 (14) 
bT    bA 

where 

bf = the theoretical slope for a given m 

bj = the actual slope for the same m 

Since 1/6 is the measure of time required for the temperature to change a given 
fraction of the initial temperature differential, Eq. 14 indicates that it takes 
a longer time to heat or cool a solid cylinder of propellant to a given tempera- 
ture than it does a rocket motor. The reason for the discrepancy appears to 
be attributable to the original assumption that the average thermal conductivity, 
density, and specific heat of the loaded motor are equal to those of the H-9 
powder. 
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FIG.6. Compwison of Actual With Theoretical Slope. 

It is noted in the section on "Experimental Procedure" and in Fig. 1 that 
the thermocouples are inserted 2 in. or less from one end of the grain. There- 
fore, the actual experiment did not correspond to the conditions for an infinite 
cylinder. Some heat transferred longitudinally from the end may have affected 

the temperature distribution at this point. 

Depending on the use to which the heat-transfer data will be put, the com- 
parison -I the rocket motors with an infinite, homogeneous, solid cylinder may 
or may not be seriously in error. 1^ only the time to reach a uniform temperature 
is required, the use of the charts for solid cylinders will be on the safe side 
because the time calculated is longer than necessary (see Eq. 14). If the actual 
temperature distribution in the rocket motor at the time of firing io desired, 

appreciable error may result. 
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APPLICATIONS 

ILLUSTRATIVE PROBLEMS 

Consideration of several illustrative problems will aid the reader in applying 
the graphs and equations. 

Problem 1. A 2.75-in. rocket is removed suddenly from a conditioning oven 
after having been brought to an equilibrium temperature of -32CF and is trans- 
ported to the range for firing. The outside temperature is 98 °F, and the time 
required between the removal of the rocket and the closing of the firing switch 
is 1 hr 20 min. Assuming the heat-transfer rates to be about those of the ovens 
studied, what is the temperature of a point 3/4 in. from the outside surface at 
the time of firing? 

Solution. A point 3/4 in. from the outside surface would be inside the web, 
hence Fig. 5 could be used for this case as a good approximation. 

ta-t        98 - t       98 - f 
y- 

130 to-tt    98 - (-32) 

0 * 80 min 

From  Fig. 5 the point on the K-axis corresponding to 80 min is 0.25.  Hence 

98-t 
Y = 0.25' 

130 

t = 65.30F 

The temperature may also be obtained by applying Eq. 11 as follows: From 
Tables 1 and 3 under 2.75-in. rocket motor may be found 

o = 0.0083 

c = 1.15 

Substituting these constants in Eo. 11 

y = U5xlO-0'0083x80 

1.15   _ 1.15 

" 4.61 

98-/ 

130 

2Q0.664 

-0.25 

= 0.25 

i = 65.50F 

Problem 2. A new 6.5-in. rocket is to be tested on the range. It is desired 
to know the temperature-time relationship inside the rocket for fire control, but 
time does not permit an extensive experimental evaluation of the constants for 
the rocket. A simple experiment, in which only one thermocouple is tacked onto 
the motor wall, is performed, and an equation is obtained for the temperature 
history of the metal 

y = 1.7ixl0-0-00126e (15) 
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The grain, made of H-9 powder, has an outside diameter of 6.13 in. The 
problem is to find the constant c for the point under the inhibitor and for a point 
Z.V in. from the axis of the grain. 

Solution, Applicable physical constants of H-9 powder are 

*-0.109      BlU 

^-0.4 

(hr)(ft)(0F) 

Btu 

(lb)(0F) 

lb 
p = 101.2 —- 

cu ft 

6.5 

12x2 
0.27 ft 

Since a = 0.00126 min"1, from Eq.15, and since r0 = 0.27 ft, then,  using 
the H-9 constants, B 

b = 60pCpr VA 

- 60 x 101.2 x 0.4 x (0.27)2(0.00126/0.109) 
-2.07 

or 

l/b - 0.482 

From Fig.6, using the Gurney-Lurie line, the value of m corresponding to 
this value of l/b is 0.0685. 

T° fi°d ^ v«l"" of c at various positions («), Fig. 8 was constructed by 
Ming Eq.7 and the values of Ä, from Ref. 1. From this figure at m = 0.0685, the 
following n and c values are obtained: 

n 

1.0 
0.8 
0.6 
0.4 
0.2 

c 

0.117 
0.528 
0.935 
1.275 
1.507 

F.gure 9 is p otted fron, the values above, and the c-value at any radial 

6 IsW : T    V^ ^u ^ dCtenmned' At ^ ^ und" ^ 'n'hibit: 
Lt,        0U^ 0f the grain)? " = 0-943' and c = 0-232-   I" the sam 
manner c for the po.nt 2.0 in. fron, the axis („ = 0.615) is found to be 0 905. 
The value of« for a points is 0.00126. as determined experimentally in Eq. 15. 
The above values suffice to establish the temperature-time relationship. 

PREDICTION FOR OTHER CONDITIONS 

It is possible to give a value for the constant c for various other conditions 
than those m Problem 2. such as various air velocities, heating times, grain 
compositions,  and rocket sizes.   In Problem 2, the constant c for the desired 

16 REvrpirrcr. 
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'•> M M IJ 

FIG.9. Intercept  vs. Position   Ratio for a Hypothetical  Rocket  (IVoblem 2). 
Uotaide diameter <k5-in.; m - 0.0694. 

points was obtained from Fig. 6 and 9; this infers that if m (or k/hr0) is known, 
the time-temperature relation at any point may be detemined. At the present 
time, insufficient experimental data are available for complete evaluation of c a» 
a function of n; however, the theoretical relation derived from Eq. 7, or Gurney- 
Lurie or Heisler charts, will give a rough approximation. 

iMPORTANCt OF FILM COEFFICIENT 

The m used in Table 2 was based on the surface heat-transfer coefficient 
(or film coefficient) h derived in Appendix A. Examination of the data in Table 4 
(Appendix A) shows that the experimental h varies from 1.03 to 6.44 Btu/ 
(hrKsq ft)(0F), whereas the other two properties, h and r0, required to determine 
m were quite accurately determined. 

In Appendix A, Eq. 18 and the discussion clearly show that h determined 
under one set of oven conditions is by no means a constant for all uses of that 
oven. The air velocity, the orientation of the rocket in the oven, and alterations 
in the air duct affect the magnitude of h. It is, therefore, imperative that h be 
determined separately for each type of use. 

LIMITATIONS OF THE EQUATIONS 

Equations 4 and II, when used with the appropriate constants from Tables 1 
and 2, may be applied to motors of similar size, composition, and grain configura- 
tion. For rocket motors which depart too far in these respects from the models 
mentioned, a new set of constants will have to be evaluated from experimental 
data. It must also be borne in mind that in the derivation of these equations 
certain simplifying assumptions were made. The conditions assumed necessarily 
impose certain limitations on the application of the constants to Eq.4 and 11. 
For example, the equations cannot be used when the rocket is exposed to several 

18 
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different  temperatures in a short time; nor do they apply to short periods of 

heating and cooling. 

Although no rigid calculation was made as to probable error, a 30 percent 
error in temperature or time is possible. 

I 

SUMMARY 

The heating and cooling data of the 2.(Wn., 2.75'in., HPAG, and Weapon A 
roclcet motors have been analyzed and are shown to correlate well with the 

equation 

10 •00 

Constants of the equation have been evaluated for all of the motors. They are of 
the same order of magnitude as those derived from the Gurncy-Lurie type of 
charts. The accurate prediction of temperature-time behavior in rocket motors, 
however, requires definite knowledge of the surface film coefficient. 

RECOMMENDATIONS 

The importance of the surface film coefficient A and the factors that influence 
its value have been discussed, and it has been mentioned in Appendix A that the 
inconsistency of the values of A as calculated from the data may be due to a lack 
of uniformity in oven conditions. These observations suggest the necessity for 

future work to include the following. 

1. Separate determination of the film coefficient under controlled and known 

oven conditions for several available ovens. 

2. Design and construction of a test cell for the accurate determination of 
the heat-transfer coefficient of rocket motors. This could be used to determine 
values from which the heating and cooling characteristics of rockets can be 

detenu toed. 

3. Construction of one or mere special test ovens in which conditions may 
be precisely controlled. These could produce specific heat-transfer conditions 
so that studies of the ballistic behavior of rockets in the unsteady state can be 

accomplished. 

It is further recommended that theoretical studies be made on heat transfer 
to concentric hollow cylinders so as to afford closer prediction of the temperature 
distributions in the propellent grain than those predicted from a theoretical solid 

cylinder. 
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Appendix A 

EVALUATION OF HEAT-TRANSFER COEFFICIENT 

»Weh A. ccfflci«. m. .iL       '°"'mm<1 •' ' rf>""! »' "" ™ W by 

Values of 0 f« the 2.7^;«   ^L . ' 

keat content-ar/p^jJ^MrJrfr 
V ! ' (17) 

between two temperature,   each ^K!      "'^ WaB a fair,y 8i,la,, di«""ce 
obtained were inZTZZ \fZ   * D ^ ^^^ ^ **1™ 
study the variation of this coefficie Tfue     t ^ T W0U,d ^ r^ired «<> 
practical uae.5 the e.ter^i «U  ' ! r ^f" ^ r0Und to ^ F« 
preferable. Since ^   p" 3 1 ol^"."1; ^ * ^'^ from the ^ « 
the desired Ar for the external T^      /     0r

f
d,e meta, tube' ^^ -i" ^ve .„j-   J    i     . external heat-transfer coefficient   Tokl- ^ •        . 

individual values of q'/Yb. or a'/At   U.    .,°eniCle
i
nt-   lab!e 4 summarizes the 

»4/*/-0.24(4. ^/rf1'-6 

«licb .ppli.. /„(O0^/p),„,m ,i00() lo j^ 

fluid, Md .he .=mp.ralur    S 1 /ll I"   V';    '       P''y'ie■' P'<>l>",i" »' "■• 
oven c„dili„n. M

P
d .WW™ "' rTT" r'ed "/" Simil" 

5, 
g ^ K' ^o' */• ana f are the same for 

'T^rt:
h;^;i;rr^ tiz^tlt T coTred to ^ - -• 

'" footnote 1 i8 not appreciable. y U9,ng the ' value8 ^ the report cited 

(18) 
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TABLE 4. SUMMARY OF DATA FOR HEAT TRANSFER 

Temperature Time interval Midpoint of time 
range. selected, interval, 9. 

Btu/min 
Y* 9'/y(*o-h) 0F mm in oven min 

-30 to 70 0-10 5 3.7 0,45 0,082 
10-20 15 2.41 0,37 0.065 
20-40 30 2.35 0,28 0.084 
40-60 50 1.6 0,195 0,082 
60-80 70 1.0 0,13 0.077 

Average 0.078 

0,047 70 to -30 0-10 5 2.7 0,57 
10-20 15 1.8 0,49 0,037 
20-30 25 1.8 0.42 0.043 
30-50 40 2,0 0.34 0.059 
50-80 65 1.3 0.23 0.057 

A verage 0.049 

70 to 130 0-10 5 1.5 0.64 0.039 
10-22 16 1.17 0.50 0.039 
22-30 26 1.25 0.40 0.052 
30-40 35 1.3 0.33 0,065 
40-60 50 1.15 0.24 0,080 

Average 0,055 

130 to 70 0-10 5 2.5 0.35 0,119 
10-20 15 1.3 0.32 0.068 
20-30 25 1.7 0,29 0.098 
30-40 35 0.3 0.26 0.019 
40-60 50 0.7 0.23 0.051 

Average 0.071 

-30 to 130 0-10 5 3.5 0,53 0.041 
10-20 10 3,51 0,47 0.047 
20-40 30 4.1 0,33 0.078 
40-70 55 2,35 0.20 0,073 

A verage 0.060 
130 to -30 0-10 5 4.5 0.25 0,112 

10-20 15 3,5 0,23 0.095 
20-40 30 2.45 0.19 0.0665 
40-70 55 2,0 0.15 0.0833 

A verage 0.0892 

GRAND 
AV. 

-—.  0.067 

♦Taken from best line through actual data and not from generalized lines. 
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all cases. The variation of h for each rocket is dependent then on the diameter 
alone. This makes possible the estimation of the lvalues for other motors 
by multiplying the A-value for the 2.?5-in. motor by the conversion factor of 
(2.75/12 A,)0'4. 

DISCUSSION 

The method of obtaining h set forth in the report cited in footnote 1, as 
modified here, does not give precise values. The film coefficient was evaluated 
by the graph from which üq. 18 was obtained (limits of greatest possible variation 
in the heating oven were taken as 140 to -300F and 200 to 300 fpm for air 
velocities) with the following results: 

Assumed film temperature, 
t,0F 

Air velocity, 
V,fpm 

f »7m coefficient, k, 
Btu/(hrXsqftX0F) 

140 200 
300 

2.31 
2.96 

80 200 
300 

2.40 
2.96 

30 200 
300 

2.43 
3.07 

-30 200 2.52 
300 3.17 

The probable value of A within ±20 percent should be 2.80 from this calcula- 
tion unless undue turbulence exists in the air stream, in which case h would be 
up to 50 percent greater. 

The values calculated from the data in footnote 1 vary from about 1 to 6.5, 
with an average for one series given as 3.6. The value of 3.6 is probably reason- 
able, but the variation of k encountered in the evaluation is unexpected and is 
probably due to the changing of the ovens; 8 ovens were used, all of which had 
slightly different conditions. 

A great deal of confidence cannot therefore be placed in the comparison of 
the observed with the predicted results. However, when using the data for rockets 
under similar conditions of heating or cooling, the results can probably be used 
with reasonable success. 
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Appendix B 

TEMPERATURE HISTORY tf VERSUS 0) DURING 
HEATING AND COOLING 

(FIG. 10-24) 
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TIME, 6, MIN 

FIG. 10.  2.0-in.   Motor   During   Heating;   Thermocouple   Position:   Metal Shell. 
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60 R0 

TIME, 6, MIN 

FIG. 11.  2.0-in. Motor During Heating;   Thermocouple Position:  Under Inhibitor. 
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TIME, V, MIN 

FIG. 12. 2.0-in. Motor    During   Fleating;   Thermocouple   Position:   Inside   Web. 
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KÄÄ. , 

. 

60 80 

TIME, $, MIN 

FIG. 13,  2.0-in. Moior   During   Cooling;   TV-rmocouple   Position:   Metal   Siell. 
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i 

r 

60 »0 

TIME, 6, MIN 

nC.14. 2.0-in. Motor  During Cooling;  Uermocouple Position: Under Inhibitor. 
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0.03, 

0.02 , 

60 90 

TIME, 9, MIN 

nC.lS.S.O-in.Mo.or    During   Cooling;    Thermocouple   Position:   [„side   Web. 

ncjlKJUtU 
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400 

TIME, 9, MiN 

FIG.16. HPAG   Motor   During   Healing;   Thermocouple   Position:   Metal Shell. 
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I 

400 

TIME, 8, MIN 

FIG. 17. HPAG Motor   During Heating;   "ntermocouple  Position:   Under Inhib itor. 
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FlG.lß. HPAG   Motor   During   Healing;   Thermoroupie   P'osiiion:    Inside «eb. 

300 400 

TIME, 8, MIN 
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300 400 

TIME, 9, MIN 

FIG.19. HPAG   Motor   During   Cooling;   Thermocouple   Position:   Metal Shell. 
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I 

0.02 

0.01 _ 

300 400 

TIME, 6, MIN 

nG.20. HP^C  Motor   Dunng  Cool.ng;   Tle^ocouple   Position:   (nder In 
hibitor. 
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0,01. 

300 400 

TIME, 6, MIN 

FIG.21. HPAG   Motor   During   Cooling;   Thermocouple   Position;   Inside Reb. 
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300 400 

TIME, ^ MIN 

FIG. 23. Reapon   A  Motor   During Heating and  Cooling;   TWmocouple Positic 
I nder Inhibitor. 
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300 <00 

TIME, 9, MIN 

FIG. 24. «eapon  A Motor During Healing and  Cooling;  TTiermocouple Position: 

Inside Web. 
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Appendix C 

INTERCEPT VERSUS POSITION DATA 

(FIG. 25-27) 
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FIG. 25.   Comparison   of   Actual   Intercepts   Ri 
Hocket Motor. pis   »ith   Tlieoretical   for  the   2.0-in. 
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FIG. 26. Comparison   of   Actual   Intercepts   With   Tlieoretical    for   ihr HPAC 
Rocket Motor. 
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FIG.27. Comparison of   Actual    Intercepts    «ith   Th 
A Motor. 
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NOMENCLATURE 

-4     Peripheral area of the cylinder, 8q ft 

0    SloPeoflinede^edbyEq.ll,hr^ormin-l 

6    S,0peoninedefi^byEq.4,dimen8ionles8 
Cp    Specific heat, Btu/(|bma89)(0F) 

c     Intercept of lines defined by Ea. 4 and 11   J" ■    . n      «       . " "y Lq.4 and 11, dimensionless 
U0     Outside diameter of the cylinder, ft 

/ Ni'r h7n"coefficient or fi,m coefficie^ **^ WD J     Notation of üessel function: " c, "M   h) 
m Bessel function of fire, kind and zero order of x 

/,(*). Bessel function of first kind and first order of. 
Ther.al conductivity of the solid body, ütu/(hr)(sq ft)( °F per ft) 

7    lhemal COn(,uctivity of air fib, Btu/(hr)(sq ft)(°F per ft) 
L     Dl8tanCe ^ti »vhich heat is conducted, ft 
1     Len«lh of the rocket mote, ft 

m k/h^ 8urface «sistivity, dimensionless 
n r/r0, position ratio, dimensionless 

<? Quantity of heat transfcred. Btu 

? Rate of heat transfer, Btu/hr 

ß     A positive root of/?/,(/?) = ^/o{/e) 

;    0^
d^nCe0fp0intCOn8idered--^^-Heaxi80fthecyli„derft 

ro     Outs.de radius of the cylinder, ft ' 

'     TemperatUre al time «nd position considered.  0F 
'o      Temperature of the surroundings,  0F 

h     Temperature of the soli,! at zero time,  0F 

^     Temperature difference between two points considered 

Mi      Temperature difference between «„rr^    A- 
^dy (t0 ~ id, 0F surroundings and initial temperature of the 

^      Velocity of air passing the rocket, ft/'hr 

I      2 ' d'mensionless ratio 

J"     Ratiooftemperature difference, (/-,)(^M   ,■ .    , ' > o     " U0 - t{)t dimensionless 
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a Therma! diffusivitv k/C n A- 

9 Den8ityofP«>P«IUUl>maea/cuft 
A» ^""ityofair.lbmass/cuft 
' ^«"e viscosity of f|uid (air)(J. 
0 Time, hr or min 
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ma88/(hr){ft) 
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