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FOREWORD

The papers presented in this volume are the outgrowth of the first national
conference on the subject of nuclear propulsion for rockets, ramjets, and space

vehicles. The RNuclear Propulsion Conference itself was held at Monterey,

California, at the U. S. Naval Postgraduate School, and was Jointly sponsored by
the American Rocket Society, the Institute of Aerospace Sciences, and the
American Nuclear Society; the three largest and most vigorous technical societies

t
concerned with nuclear propulsion.

This volume follows the typical organization of the Conference, though the
order of subjects is different here than at Monterey. Included here are many of
the good papers submitted, but which were not presented at the Conference because
of time limitations. Those presented are grouped first in each section,

There is no Index to the volume.

At the beginning of planning, late in 1960, the ofganizing committee felt
that a serious lack of exchange of Information was already confusing work in
nuclear propulsion and would soon significantly hamper such work. Yet, because
of the nature of thé work itself, it was obvious that any technical forum supplied
by the socleties would fail in its goal of exchange of useful information unless
the meeting aimed for discussion of work in classified areas. Thus, of necessity
and by design, the meeting was organized on an entirely classified basis. It
could not have been held at all without the support of the Space Nuclear Propulsiqn
Office of the USAEC/NASA, headed by Mr. Harry B. Finger. His office undertook
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the security clearance responsibility for the meeting, and enthusiastically
supported the meeting in every other way possible. This Proceedings has been
published under the auspices of the SNPO, and was compiled by Mr. William Hanna

of that office.

We hope that the Conference served its major purpose; to acquaint the
legitimately interested technical commmnity with the real state-of-the-art in
existing nuclear propulsion programs. It was noted that most of the papers came
from the USAEC National Laboratories, while most of the attendees came from the
nuclesr and aerospace industries of the country. This is rightly so and emphasizes
the premise which initially suggested the meeting: That nuclear propulsion is
passing through a vigorous transition state from National Laboratory scale to
industrial sized development. Surely, unless such a transition continues, and it
is well along in the NERVA and RIFT programs, nuclear propulsion will not be able‘

to f£i1ll its proper role in the era of space flight before us.

Altogether, about 215 papers were submitted. The majority of these were
classified and required security documentation as well as the careful record-keeping
employed to keep track of all papers. Pertinent papers were sent to each Session
Chairman, who aléne had the responsibility for assembling his session. We owe a
debt of gratitude to these gentlemen. The major accounting and distribution job

of paper handling was done by Mildred Foglesong of the Los Alamos Scientific

iii




Laboratory. Without her constant attention, careful work, and accurate records

the Conference organization could not have functioned. Millie, we thank you.

And last, but of utmost importance were the pre-Conference activities of

Prof. Frank E. Faulkner of the U. 5. Naval Postgraduate School, and the continual
efforts of the ARS Meetings Management Staff, particularly Mr. Rod Hohl, in setting

up housing, registration, and other necessary arrangements.

igiAth', W, q;;“(’l:';l

Robert W. Bussard
Program Chairman
Nuclear Propulsion Conference

For the Organizing Committee:

Robert F. Trapp (ANS)
Douglas Aircraft Company

Clare Stanford  (IAS)
Nuclear Division, Martin-Marietta Co.

Frank E. Rom (ARS)
Lewis Research Center, NASA
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CRITICAL ASSEMBLY EXPERIMENTS IN SUPPORT OF
PROPULSION REACTOR DEVELOPMENT

J R. Morton 111

Lawrence Radiation Laboratory, University of California
Livermore, California

The critical assembly work in support of neutronic calculations for pro-
pulsion reactor development has been a continuing program at Livermore.

This program includes both graphite a})nd beryllium oxide moderated assem-
blies fueled with uranium of 93.2% U content.

The assemblies are constructed of blocks of moderator material 6 inches
square with thicknesses of 1/2 inch and one inch. The fuel material is in the
form of 0.001- and 0.002-inch-thick foils, which fit into void spaces in the
moderator. This simple but flexible type of construction permits study of
quasi-homogeneous assemblies with simple geometries and a variety of fuel
densities. The uncorrected moderator-to-fuel atomic ratios which have been
studied range from 300 to 2340 for the graphite assemblies and from 247 to
7660 for the beryllium oxide assemblies. Except for the BeO-moderated
assemblies with moderator-fuel ratios in excess of about 1000, the neutron
energy spectra are expected to be substantially epithermal. Because of the
great uncertainties in neutron cross sections in the epithermal region, calcu-
lations require much experimental data.

Experiments with these multiplying assemblies may be either critical or
subcritical. Critical experiments are done chiefly to determine neutron flux
distributions under various conditions and to measure resonance absorption
integrals by the danger coefficient method. A great many useful measurements
have been performed with subcritical assemblies: they include measurements
of multiplication of a neutron source and measurement of the prompt decay of a
short burst of neutrons within an assembly by the '"pulsed neutron technique."
The most obvious advantage of the pulsed source method is that it permits
fairly direct measurements of large reactivity changes within an assembly.

BeO-moderated assemblies with a moderator-fuel ratio of 247 have been
studied during the past several years by means of the pulsed neutron technique.
Series of experiments have been performed to evaluate various materials for
their neutronic effects upon the operation of a reactor.

Measurements of absorber materials, which might be considered for
control poisons, permit the following ordering, in terms of decreasing absorp-
tion {(based upon 0.25 g/cm2 surface density): Re, Rh-Ir(80-20%),
Cd>In>Hf>Ag>Au> Ta> W > Nb.

Other experiments permit ordering of various materials according to
their effectiveness as reflectors. From a comparison in terms of surface
density we obtain: BeO > Ni > Hastelloy R-235 > René- 41 > T-304 stainless
steel > carbon steel > copper and brass. A similar comparison in terms of
reflector thickness produces the same general pattern except that beryllium
oxide is less effective than nickel, Hastelloy, and René over a considerable
range of thickness, and copper and brass are no longer equivalent.




CRITICALITY EXPERIMENTS AND CALCULATIONS FOR
HIGH-TEMPERATURE, GRAPHITE-MODERATED

ASSEMBLIES WITH SIMPLE GEOMETRY™""

-y

A. G. Cole and R. G. Finke

Lawrence Radiation Laboratory, University of California
Livermore, California

INTRODUCTION

An important aspect of the design of a Pluto type reactor is the effect of
temperature on reactivity. Current designs are based on the results of multi-
group diffusion code calculations which do not treat the effect of temperature
accurately. The Hot Box! experimental facility has been used to provide an
experimental basis for normalizing existing machine calculations, and for im-
proving nuclear parameters for future calculations.

EXPERIMENTAL RESULTS

Experiments have been carried out with bare, graphite-moderated/en-
riched-uranium assemblies over the carbon-to-uranium-235 atomic ratio
range, 583:1 to 21,690:1, and with critical temperatures ranging between 46
and 1110°F.

The experimental results are presented in Table I. The C/U-235 ratios
are taken from the amount of graphite per lattice unit and the amount of U-235
present in the associated foils; no corrections have been made for foil self-
shielding or flux depression. All dimensions are room-temperature measure-
ments, and the heights include 2.5 in. for the contribution of the base layer,
low-mass table, and floor. The poison of the neutron source container® was
present in the center of the assembly for all criticality determinations. The
effective density of the graphite includes flow passages and control voids. The
graphite has an equivalent boronpoisonlevel of 5ppm. The measured thermal
expansion of Hot Box graphite (grade CS-312) in the vertical and horizontal
directions is shown in Fig. 1. A fuel element3 consists of 1-, 2-, or 4-mil
oralloy (93.2% U-235) foils encased in an envelope of 2-mil stainless steel,
type 347. :

BUCKLING TEMPERATURE COEFFICIENTS

Buckling calculations have been done for each assembly as critical at
room temperature, and as overstacked to be critical at an elevated tempera-
ture (see Table 1I). These calculations were done using the reported room-
temperature measurements and without correcting for the small variation in
effective density. The fractional change in buckling divided by the associated
change in temperature gives the buckling temperature coefficient for each ex-
periment (Fig. 2). This quantity is dependent on the spread between critical
temperatures and to achieve consistency, the calculated coefficients have been
corrected to correspond to a median temperature of 500°F. These calcula-
tions cannot be considered pertinent to homogeneous systems without making
corrections for foil self-shielding.
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MACHINE CALCULATIONS

Calculations have been carried out with the one-dimensional, neutron-
diffusion code, 9-ZOOM4 with 18 energy groups. Standard cross sections®
were used with appropriate group-dependent foil flux disadvantage factors and
with graphite absorption cross sections corresponding to 5 ppm boron equiva-
lent. Those experiments having discrete regions differing in fuel concentra-
tion or foil spacing were not homogenized in the calculations.

The calculations for assemblies critical at elevated temperatures were
carried out with dimensions and densities adjusted for thermal expansion. The
energy spectrum of thermal neutrons was adjusted through transfer coeffi-
cients based on the free gas moderator model. Standard sets of transfer
coefficients correspond to temperatures of 300, 650, and 1000°K. A graphical
interpolation has been made for kg¢; at the critical temperature.

The difference between kggs values calculated for an assembly as crit-
ical at room temperature., and as overstacked for a high-temperature experi-
ment, using room-temperature measurements and densities for both, provides
a measure of the experimental excess reactivity (at room temperature) to be
overcome by elevating the temperature.

Since the effect of elevating the temperature is to decrease reactivity, a
calculated k ¢ for the high-temperature critical assembly lower than that for
the room-temperature critical assembly indicates an over-calculation of the
temperature effect. The difference between such keff values, divided by the
above experimental reactivity effect, provides a measure of the extent of the
over-calculation. Table II presents a summary of these calculations and a
calculation of the contribution due to thermal expansion alone. Since this con-
tribution is a small fraction of the experimental temperature effect, the over-
calculation must be due to nuclear parameters such as the neglect of Doppler
broadening of resonance levels and the inadequacy of the free gas moderator

- model.

REFERENCES

1H. L. Reynolds and C. E. Walter, "HOT BOX, a High-Temperature Crit-
ical Facility," UCRL-5483 (1959).

2R. Finke, E. Goldberg, H. Reynolds, and G. Grammens, ""Summary
Report on a High-Temperature BeO Critical Experiment,' UCRL-6329 (1961).

3C. E. Walter, "A Fuel Element for an Elevated-Temperature Critical
Assembly, '  UCRL-5334 (1958).

4S. P. Stone, et al., "9-ZOOM: A One-Dimensional, Multigroup, Neutron
Diffusion Theory Reactor Code for the IBM 709,'" UCRL-5682 (1959).

5H. L. Reynolds, '"Critical Measurements and Calculations for Enriched-
Uranium, Graphite-Moderated Systems,'" UCRL-5175 (1958).
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Table I. Hot Box graphite critical experiments.
Effe(}:\t‘itve Max temp
U 4 Reported ey Base Critical  Critical reached by
ncorrze3c5te in Hot Box ensi 33’ dimensions height temp assembly Fuel element thickness
c/u Note No. (g/cm } (ft) {in.) (°F) (°F) Note on lattice and spacing
583 50 1.4642 4 X 4 57.5 72 -- Infinite planes 4-mil at 1 inch Foil
59.6 741 763 thicknesses
60.6 1039 985 (top view)
1,184 49 1.4642 4 %X 4 64.8 72 -- Infinite planes 4-mil at 2 inches 44224
1.4658 4x5 47.5% 72 .- Infinite planes  4-mil at 2 inches 44224
44224
50.6 272 272 44224
52.6 975 973
50.4 72 -- Mixed lattice 4-mil at 2 inches Foil spacing
2-mil at 1 inch (top view)
2,380 48 1.4731 4 x5 59.2 72 -- Infinite planes 4-mil at 4 inches 888888
65.6 940 1005 444444
69.6 1630%% 1208 '8888838
. . . 888888
7,164 30 1.4781 6 X6 54.8 66 -- Overlap lattice 2-mil at 4 inches
. . 444444
61.1 85 -- 2-mil at 8 inches 888888
72.2 1110 --
8,956 27,31,35 1.4781 6 X6 62.0 50 -- Overlap lattice 2-mil at 5 inches (where 4 above)
74.1 880 863 2-mil at 10 inches (where 8 above)
9,546 35 1.4770 6 X6 63.3 66 - Infinite planes 2-mil at 8 inches
10,760 32 1.4799 6 X6 71.5 60 -- Overlap lattice 2-mil at 6 inches (where 4 above)
2-mil at 12 inches (where 8 above)
14,440 42 1.4897 8 X8 61.5 79 -- Infinite planes 2-mil at 12 inches Foil spacing
61.0 81 -- Broken planes (side view)
68.8 723 721
72.7 1064 1051 — —
16,850 40 1.4897 8 x8 70.2 72 -- Infinite planes 2-mil at 14 inches -
68.7 51 -- Broken planes T
83.3 961 992 T
21,690 41 1.4919 8 X 10 78.8 46 -- Broken planes 2-mil at 18 inches
88.8 552 598
:':Calculated value. (Not experimentally verified.)
;I‘:"Extrapolated from 1208°F.
“*Extra stainless steel present.
0 . . .- ©
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Table II. Machine calculation results.
Akeff Ak Percent
Room . Overstack Percent thermal eff over-
High temperature . 1 leulat;
235 temp excess over- expansion nuclear calculation
C/U keff TC" F keff reactivity calculation™ only only nuclear
583 1.0406 741 1.0500 0.00936 -13 0.00266 0.00670 -18
- 1039 1.0426 .01375 -14 .00413 .00962 -21
1,184 - 272 1.0299 - - - - -
- 975 1.0267 .01551 +21 .00321 .01230 +26
1.0337 868 1.0284 .01686 +31 .00345 .01341 +39
2,380 1.0272 950 1.0121 .03471 +44 .00408 03063 +50
- (1620) (0.9992) .05143 +55 .00807 .04336 +65
7,164 1.0197 1110 .9897 .06298 +48 .00420 .05878 +51
8,956 1.0102 880 .9825 .07060 +39 .00334 .06726 +41
9,546 1.0031 - - - - - - -
10,760 1.0051 - - - - - - -
14,440 0.9977 723 .9732 .06249 +39 .00263 .05986 +41
- 1060 .9652 .08789 +37 .00388 .08401 +39
16,850 0.9916 961 .9608 .08145 +38 .00340 .07805 +39
21,690 0.9800 552 0.9606 0.0463 +42 0.0015 0.0448 +43
*[k (room temp) — k_c. (high temp)]/Akeff (overstack excess).

eff
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Fig. 1. Linear thermal expansion of Hot Box graphite in horizontal direc-
tion (L to extrusion axis) as measured by LRL autographic dilatometer.
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A DISCUSSION OF THE CORRELATION OF CRITICAL CONDITIONS OF
_HOMOGENEOUS BARE REACTORS '
CONTAINING A RESONANCE ABSORBER*

B. Pinkely, G. B. W. Young, and A. Leonard

The RAND Corporation

ABSTRACT

This paper summarizes the results given in RAND Memorandum
RM 2940-PR which extends the work reported in RAND Memorandum RM-2280,
A Correlation of the Critical Conditions for Homogeneous Bare Reactors,
by showing the effect on reactor criticality of a material having
strong resonance absorption bands. Whereas current methods for calcu-
lating the effect of various materials on the uranium requirement of
the reactor involve the use of electronic computers, the simplified
method presented in these Memorandums enables calculation to be made

rapidly by hand.

This method is intended to facilitate feasibility studies of
systems using nuclear reactors by providing engineers with an insight
into factors affecting criticality.

SUMMARY AND CONCLUSIONS

This study analyzes a method of correlating the criticality con-
ditions of homogeneous reactors composed of a moderator, a fissile
material, and an absorber having high resonance capture bands. The
method was illustrated by application to Safonov'szgg-group Qgghine
analysis of a series of reactors containing H20, U777, and U i
various mole ratios. :

By utilizing a flux-spectrum parameter it was possible to corre-
late piggmeterszggpresenting the neutron contribution rates by fission
from U and U and the neutron capture rates in the several mater-
ial compgpents °f2§§e reaESgr at crlt%callty for a wide range of
HZO-to-U and U~ ~to-U mole ratios.

An expression was obtained for computing the change in flux
spectrum caused by the incorporation of a resonance absorber in the

*This research is sponsored by the United States Air Force under
Project RAND. This is an abridgment of RAND Memorandum RM-2940-PR.
The views, conclusions, and recommendations expressed herein do not
necessarily reflect the official views or policies of the United States
Air Force.
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reactor. This provided a method of computing the term representing
the neutron absorptionsz§§ the equation for the reactor buckling.
Calculations made for U by this simplified method agreed well with
values obtained from the 53-group machine calculations, thus indicat-
ing that the influence on criticality of the introduction of other
resonance absorbers can be computed from the information in this
paper and a tabulation of cross sections.

SYMBOLS

B buckling, cm-1

E neutron energy, ev

N number of ztoms or molecules per unit volume

(¢ ./% )* epithermal-flux ratio at N =0
epi’ T X

(¢

& Y% - i =
fast/ T) fast-flux ratio at N 0

Subscripts

absorption

fission

group i

moderator

thermal-energy parameters (this corresponds to m
group)

radiative capture

scatter

total

Sfﬁgsport

additional reactor material

th

O3 P

e rtrRn R

I, INTRODUCTION

The study of Ref, 1 was limited to homogeneous bare reactors con-
taining only uranium and a moderator. In the present study the addition
of an absorber containing strong resonance capture bands is considered.
The method is illustrated by application to the Qggre1?§§on of the
criticality conditions of a reactor containigg 14) , U , and H O ob-
tained from a 53-group analysis by Saforov. The purpose of tﬁis type
of correlation is to provide insight into the effect of material para-
meters on criticality conditions for engineering feasibility evalua-
tions without recourse to electronic computing machines.

II, ANALYSIS

Following the method of Ref. 1 the summation of the m equations
of an m group analysis of a reactor based on diffusion theory leads
to the following equation:

$

m m
A .
+v22. -Zz,
T fi ai
i=1 i=1

_tg?
3

é

)
|01
.

@T =0 ¢D)

H@L~

T




M e

where the total flux is

m
] \ $
T —Z i (2a)
i=1
and the average transport mean free path is
m
. $,
_ i
M = EJ Mt T (2b)
. T
i=l

Equation (1) may be written in the usual form involving the buck-
ling, B

2

2 ~
0 ¢ =
v o T B 0 (3)
where
9 m m
>\tB -\ @i @i
3 =vzzfiT'2JZaiT (“)
. T ._ T
i=1 i=1

The foregoing equation may be written in terms of the parameters of
the reactor components as follows:

, W m
xtB \’ éi Nm’ﬂ Gami @i
= - - O a— Pcvinioband
3N Z(Ucfui ©auil® mo T L T T
u . T u, amo T
i=1 i=1
m m
 J— o, N ®
X i X i
N 24 0rxi g + (Ux - 1)N ZJ Cyfxi T (5)
u ., T u . _ T
i=1 i=1

where Oa = capture cross section.

The radiative captures in material X will be broken up into two
terms, the first representing captures in the vicinity of thermal
energies where it will be assumed that the capture cross sections vary
as 1/,/E, and the second representing the remainder of the radiative
captures in the epithermal and fast regions and hence including the
resonance capture range,

Thus _
m m m~1
N b’ é. N bt F @. N kY é.
X i X o i X i
—— = — — — [e)
N zJOrxi'E- caxo N 24 E. & + N ZJ rxi 9 (6
u ., T u o, _ i T u o, _ T
i=1 i=l i=1

where Ei is the energy of the ith group.

* 235 N s .
In the case of U it also includes the fission cross section.
Where no fissions occur, Ga = Gr and the two terms are used interchangeably.
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Because the first term on the right-hand side of Eq. (6) includes
some of the captures in the epithermal groups adjacent to the thermal
group, this must be considered in the calculation of the last term of
the equation, and a reminder of this is introduced in the form of a
horizontal bar at the top of the summation sign. Equation (6) serves
as the definition of this last term.

Thus Eq. (5) may be written

2 m
A.B - éi N N~
3N - 24<U0fu1 - Oau1>§- - <§amo N + Gaxo N /F (®)
._ T u
i=1
m-1 m
N e ¢, N ¢
X i X i
°N zorxiT+(”x'1)N_ L i T M
u o, T u o, T
i=1 i=1
where
m
é
= _2
F,(®) 'Z. E. 5; (8)

and the assumption is made that the moderator capture cross section
likewise varies as 1/,/JE. The quantity P is an index of the flux spec-
trum and will be discussed later.

An attempt will be made to show how each of the terms in Eq. (7)
correlates with parameters that describe the composition of the reactor.
When B is determined, then the critical size for reactors of a variety
of shapes can be determined from Eq. (3).

It was pointed out in Refs. 1 and 3 that nearly the same flux
distribution with respect to neutron energy occurs in reactors containing
different moderators when the mole ratios are such that they give the
same mean enefgg degradation (by contacts with the moderator) per col-
lision with U

The following expression for the flux-spectrum parameter P is
derived in Ref. 4.

P = u N u 9)

X
1 + 0.005 N
u

Figure 1 shows the thermal flux 2 /2 plotted against P for a
range of values of N /N and N_/N . Aosingle curve is obtained. For
the purpose of displ%yigg othe¥ pgrtions of the flux distributions, the
following definitions were adopted: of the 53 groups used in Ref. 2
the flux in groups 1 through 4, which covered an energy band from 10
to 10" ev, was called the fast flux because this energy range sub-
stantially covered the birth energies of the neutrons. The remainder
of the flux between the fast-flux band and the thermal band was summed
and called the epithermal flux.

11




The contributions of U235 to Eqs. (5) and (7) for the buckling

parameter are contained in the first term on the right side of these
equations and will be designated F3(P) in conformance with Ref. 1.

m
— &
i
v -0 )3- =
Z:( 0fui aui T FB(P) (10)
(=1
This term represents the neutron co&ggibutions by fission of U235 and

the neutron removal by capture in U . It is shown in Fig. 2 plotted
against P.

The quantity F, computed from the flux spectrums obtained from
the 53-group analysis, (Ref. 2) and from the cross sections of the
moderator are shown in Fig. 3.

Near thermal energies the capture cross section of material X is
assumed to vary as 1/,/E. This portion of the capture in X is repre-
sented in Eq. (7) by

Nx
o —
axo N F4(P)
u
The function in Fig. 3 is used to compute this term.

The epithermal and fast captures in material X which include the
resonance captures are represented in Eq. (7) by the term

m-1
N = 9
X 2, . i
N rxi ¢
u . T
i=1

In deriving an expression for this term from which to obtain correlation
parameters it is necessary to take into account the sharp local depres-
sions in flux that are obtained at energies where large resonance-capture
cross sections occur, Expressionsfor these depressed flux levels can

be obtained in terms of the flux at the same energy for N =0 and a

flux depression factor I. *

N .
1 4 L aui

o--
r = m smi
xi Nuoaui Nxorxi b
l+es— +

. NOC .
m smi m smi

& /80" = g (8, /8 (12)

epi

where g, varies only slowly with Nm/Nu' Thus

m-1 *m-l

i _( epi
Z “xi T T ( 3 > L Yi%rxi8s (13)
i=1 T T ia
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The value of T ., in Eq. (11) depends mainly on the value of NO_ /N O

Thus the summation in Eq. (13) for a given material X and fis¥ilE maPerTal

is a function mainly of Nx/Nmosmi’ and Eq. (l4) can be approximated by

m-1 -

= &, ¢

OB RRE N
i=1

Figure 4 shows a plot o 356 utilizing Eq. 14. The plot in Fig. &4
applies when material X is U . For other materials Eq. (13) may be
used to compute the appropriate F6 curve.,

The term in Eq. (7)

m

N - ¢,
X, i
N (ux - D Zcfxi N
u T

represents the neutron contribution from material X. For a material X
where no fission reactions occur, this term is of course equal to zero.

238 - . . .
For U the above summation contains contributions only from the

fast flux in groups having energies above 10 ev.

The analysis indicated tbgg the term representing the net neutron

contributions by fission of U could be expressed as follows:
m
N c ¢, N ° * N N
X i X fast) (? m, = u
—_— - e} — T — g — G
(% - D ) fxi 3. N ( T )l TN (15)
u . T u T X X
i=1
238

Figure 5 shows a plot for U of F, from Eq. 15 and the data of
Ref. 2. Other materials X which fission' and contribute neutrons will
give rise to different functions for F7. For those materials that do
not contribute neutrons, F7 = 0.

The transport mean free path Kt is defined by Eq. (2c). It is
shown in Fig. 6 plotted against P and Nx/Nu'

The curves in Fig. 7 show the buckling parameter computed from Eq.
(7) for values of Nx/N of 0, 4, 10, 20, 40, and 66. Also shown in
Fig. 7 are points représenting the buckling parameters taken directly
from Ref. 2. The discrepancy between the points and lines represents

the error of the correlation method.
It is of considerable interest to examine whether or not the term

which represents the radiative captures in material X in the epithermal
and fast-flux ranges, canzgg accurately computed from Eq. (13) for the
present case where X is U , because the same procedure would allow
calculation of this term for other materials from the present informa-
tion.

The subject term calculated from Eq. (13) is compared with the

results of the 53-group machine analysis in Table 1. A detailed de-
scription of the method of making the computation is given in Ref. 4.

13




Table 1

COMPARISON OF EQ. (13) AND REF, 2 VALUES FOR

THE RADIATIVE CAPTURE TERM FOR U2>0
(NX/Nu = 40)
m"l @
N i
[0
2; rxi 3;
i=l
Nm/Nu Eq. (13) Ref. 2
50 .68 .73
200 .91 .91
500 1.01 1.00

It is also of some interest to compare the flux values computed by
the relation
*x

2/8 =T g (3 /B

i° T xi ®i epi T) (16)

with the values taken from the 53-group machine calculation of Ref. 2
fggsthe energy groups in which large resonance captures occur in the
U

Table 2

COMPARISON OF @i/éT COMPUTED BY EQ. (16) WITH VALUES
FROM THE 53-GROUP MACHINE CALCULATIONS OF REF. 2

(NXNu = 40)
Nﬁ Nﬁ Nm
- = 50 N = 200 X = 500
u u u
i Eq. (16) Ref, 2 Eq. (16) Ref. 2 Eq. (16) Ref. 2
21 .00141 .001685 .001696 .001803 .001426 .001465
24 .000252 .000280 .000541 .000566 .000690 .000632
29 .000111 .0001218 .000285 .0002945 .000367 .000380
36 .0000105 .00001066 .0000348 .0000349 .0000612 .0000645
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NUCLEAR RADIATION.TRANSFER AND HEAT

DEPOSITION RATES IN LIQUID HYDROGEN

e o 4 e VLD H
M. O. Burrell

Research Projects Division
GCeorge C., Marshall Space Flight Center

One of the most pressing problems in the development of nuclear
powered rockets is the accurate determination of the nuclear radiation heating
in the rocket fuel and of the radiation transmitted to the payload region. ‘Since
liquid hydrogen is a likely fuel for propulsion, the accurate calculation of ra-
diation heat deposition and radiation transfer in liquid hydrogen is mandatory.
At the present stage of development, it is desirable to base calculations on
simple geometries and discrete energies which are adaptable to future config-
urations and energy spectra. The calculations in this paper are intended to
fulfil this need.

The present calculations utilize Monte Carlo techniques and are for plane
slab geometries and right circular cylinders with flat ends. The source (either
neutrons or gamma rays) is always monoenergetic. The source for the cylinder
is point isotropic and on the axis of the cylinder, while the slab source is plane
parallel rays incident at any specified angle. The calculation provides statis-
tical estimates of the transmitted and reflected number current, flux, and
energy as well as the heat deposition rate as a function of depth in the hydrogen.

The neutron histories are terminated when their energy is reduced below
1 ev. The location of these terminations is tabulated and averaged over a
volume element, thus giving the spatial distribution of the slow neutrons. The
average energy of these neutrons is 0.5 ev. This volume distribution of slow
neutrons may be representatwe of the source distribution for the 2.23 Mev
gamma rays produced by the hydrogen capture of a neutron. However, the para-
hydrogen scattering cross section will decrease below 0.1 ev?® and this may
result in considerable migration of the neutrons. Neutrons lose a large fraction
of their energy in a few collisions with protons and scatter only into the forward
hemisphere. The neutron.energy deposition in a cylinder of liquid hydrogen is
a large fracticn of the totai neutron energy incident on the cylinder. This is
expected since the mean free path of a 2-Mev neutron, in liquid hydrogen
(p= .07 gm/cm®) is about 3.2 inches . Since the neutrons scatter only

J'Whittemore, W. L., et al, "Differential Neutron Thermalization,' General

Atornic (Division of General Dynamics), GA-2503, Annual Summary Report,
October 1961.
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into the forward hemisphere, and because the energy is reduced considerably
after a few collisions (on the order of one-half at each scatter), the neutron
energy which escapes the cylinder by reflection or transmission is a very small
fraction of the incident energy. This is substantiated in the calculations pre-
sented in this paper. The foregoing is not true of the gamma rays which have

a mean free path about 20 times that of neutrons in hydrogen.

Compton scatter-

ing is the primary mechanism for energy deposition in the gamma ray energy
range of interest. In hydrogen, photoelectric absorption is of no consequence
until the gamma's energy is below 0.01 Mev and pair production is certainly
negligible under 10 Mev, Because of the low Compton energy absorption cross
-section below 0.1 Mev, the photon must scatter a very large number of times
From the foregoing, it is expected
that an appreciable fraction of the incident gamma ray energy will escape a
For example, the energy deposition
in a 30-foot diameter hydrogen cylinder of 50-foot length was calculated for a
point isotropic source of 2-Mev neutrons and gamma rays on the center line

20 feet from the cylinder. In this case, 97% of the incident neutron energy and
65% of the incident gamma ray energy were transferred to the liquid hydrogenf’

in order to degrade the energy to 0.01 Mev.

hydrogen cylinder of feasible dimensions.

1

Burrell, M. O., '"Nuclear Radiation Transfer and Heat Deposition Rates in
Liquid Hydrogen, " NASA Technical Note D-1115, August 1962.
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Neutron Energy Disposition in a 30-Foot

TABLE |

of 5 Mean Free Poths Length.

Diameter Liquid Hydrogen Cylinder

Eo Separation of Solid Angle Fraction of Fraction of Fraction of Fraction of
(Mev) Source From Fraction of Incident Energy Incident Energy Incident Energy Incident Energy
Cylinder (Feet) Cylinder Adsorbed In Escaping Sides Escaping Far End Reflected at
H2 Cylinder of Cylinder of Cylinder Near End
of Cylinder
1 11,25 0.2 0.970 0.014 0.011 0.007
3 11.25 0.2 0.958 0.026 0.010 0.006
7 11.25 0.2 0.939 0.048 0.009 0.005
1 20 0.1 0.966 0.015 0.016 0.002
3 20 0.1 0.953 0.028 0.015 0.002
7 20 0.1 0.937 0.050 0.011 0.002
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TABLE H

Gamma Ray Disposition in a 30-Foot Diameter Liquid Hydrogen Cylinder
of 5 Mean Free Paths L ength.

Fraction of

Fraction of

Fraction of

Fraction of

Eo Separation of Solid Angle
(Mev) Source From Fraction of Incident Energy Incident Energy Incident Energy Incident Energy
Cylinder (Feet) Cylinder Adsorbed In Escaping Sides Escaping Far End Reflected at
H2 Cylinder of Cylinder of Cylinder Near End
of Cylinder
1 11.25 0.2 0.658 0.283 .008 .047
3 11.25 0.2 0.600 0.382 .002 .010
6 11.25 0.2 0.509 0.477 .001 .003
1 20 0.1 0.668 0.278 .01C .041
3 20 0.1 0.613 0.372 .004 .008
6 20 0.1 0.537 0.450 .002 .002
2.23 0.03 0.499 0.828 0.102 .002 .060
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NEUTRON CONTRIBUTIONS TO LﬂzrpggPELLANT HEATING
G. A. Graves and J. R, Streetman
Los Alamos Scientific Laboratory
University of California
Los Alamos, New Mexico

(1)

To supplement our previously reported work on gamma rays,

" a total of 440,000 neutron histories were followed within LH,y

propellant in order to establish the principal features of this
source of propellant heating. The calculation also gave the
energy distribution of neutrons emerging from various surfaces

of the geometry employed and, by recording the locations at which
each neutron's energy finally dropped below ten kilovolts, pro-
vided important information on the probable distribution of the
2.23 Mev gamma-ray-producing neutron captures.

The geometry (Figure 1) consisted of approximately the first
three feet of liquid hydrogen contained in a flat-bottomed conical
walled tank placed ten feet from an "equivalent point source" of
reactor neutrons,

This source was basically derived from the axial leakage
exhibited in the six highest groups of DSN transport calculations
on a typical reactor system, but each of these groups were further
subdivided for the calculation, so that thirty-eight energy groups
were ultimately used to represent an unshielded reactor leakage
spectrum over the energy interval from 8 Mev to 17 kev. This
spectrum is shown in Figure 2. The total source intensity was
adjusted to provide about the same number of neutrons impinging
per unit area on the tank bottom as one would expect from a
properly oriented, intact reactor centered on the source position
- i.e., the "equivalent source'"_was adjusted to emit ~0.6 neutron
per reactor fission, or ~2 x 1019 neutrons per second per 1000 MW,
with the average energy of these neutrons being ~0.7 Mev,

Two areas of the tank bottom were distinguished, so that the
effects of neutrons entering near the tank axis could be separated
from those entering its outer portion. This is seen both in
Figure 1 and in the more detailed view of the tank geometry
presented in Figure 3, which also shows the energy deposition
zones employed. A total of 140,000 neutrons were sampled from
six different energy regions for each of these two areas; the
results of these twelve problems were normalized to 1000 MW of
reactor power and so combined and printed that they could be
examined individually or in composite. In a similar way, 160,000
additional neutron histories were also run in order to test the
effect of spectral modifications in the high energy region, and
thus determine the influence of the uncertainties which may exist
there.

29




inference unambiguously.

integrated contribution.)

ascribed to this cause in Figure 6.

" axial leakage from a reactor.(

level to which the problem was carried.

30
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sidering the complex nature of the input spectrum.
exhibited is almost exactly a factor of ten per foot,
of-e in ~13 cm, as one can see from the straight line drawn through
the curve. The heating at depth appears to rise above that which
would be predicted by an extrapolation of this line, though the
statistics in this region of low deposition do not yield this

_ Figure 4 shows values obtained for the propellant heating
from neutrons scattered within the on-axis tank sectors. The
relaxation length of this heating is remarkably constant, con-

Elastic scattering was presumed, with isotropy in the center-
of-mass system and a scattering cross section identical to the
total hydrogen atom cross section. Each history was terminated
whenever the neutron's energy dropped below 10 kev.

The attenuation
or a factor-

For computer study, the intensity of captures across a
section perpendicular to the tank axis was related to the on-axis
value through an inverse-square ratio on distance from the reactor
center, and these local captures all gave rise to isotropically
distributed 2.23 Mev gamma rays. The heating contributions from
fourteen such thin-sectioned transverse capture volumes were
found at various detector points and summed to produce the values

Considering all sources, one notes that the present Monte
Carlo study on neutron heating extended to an adequate propellant
depth, since neutrons produce only ~2% of the heating at the 92 cm

A curve of the probable source intensity of "capture gammas"
was produced from the distribution of neutron cutoffs obtained in
the present calculation., These data, representing neutrons
absorbed per cmd per second at various depths along the axis of
the tank are shown in Figure 5. (In the figure, we have allowed
for the absorption of leakage neutrons whose histories were not
run in the Monte Carlo calculation, because their initial energies
were below 17 kev, by making an appropriate increase in the number
of lowest group Monte Carlo cutoffs.) Each cutoff has been pre-
sumed to result in a capture event in the immediate neighborhood
of the cutoff point. On this basis, 80% of the captures occur
in the first four inches of propellant and over 95% occur in the
first foot. (Even if the captures should not occur at the cutoff
point, experience with other calculations has shown us that
further diffusion before capture tends to reduce the maximum
value of the capture heating, while little affecting its volume

Figure 6 shows propellant heating input rates to be expected
at various depths along the axis of a tank such as this from each
radiation cause, and also totals the effects from all the
radiation sources. All the data are normalized for a 1000 MW
unshielded reactor source. The curve labeled '"reactor gammas' is
based on calculations which used a reactor point-source model,
a ten foot separation, and performed computer integrations of
the direct, first-scattered, and buildup heating contributions
from each line of a multi—grouf)gamma spectrum representing the
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The high heating rates found near the front of the tank were
distributed fairly uniformly over the tank face. It was found
that the neutron heating in the center bottom region of the tank
is not dependent on tank diameter for diameters greater than about
five feet (R > 2.5 feet), which shows that the present results are
likely to apply regardless of the detailed shape of the tank's end.

In spite of the fact that reactor neutrons directly carry
only about 20% of the total energy imported to propellant, their
contribution near the front face is several times that from
reactor gammas. (With a specific heat for LHgo of ~2.25 cal/gm-
°C, the maximum power input shown here would produce a temperature
rise rate of ~0.69°R/sec.) Such a high-valued, high-gradient
heating source could be coped with readily under many conditions
of "potential flow," even without a shield 1), but the greater
likelihood of a nearly uncontrolled propellant circulation forces
the inclusion of a shield to preclude the possibility of in-
tolerable temperature rises in the propellant.

Further details on the present calculation will be available
in a forthcoming Los Alamos Scientific Laboratory report,

(1)Cf. "Radiation Heating in the Liquid Hydrogen Propellant of
Nuclear Rockets," G. A. Graves and J. R. Streetman, Trans-
actions of the American Nuclear Society, Vol. 4, No. 1,
June 1961,
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RADIATION-INDUCED MOLECULAR REACTIONS IN LIQUID HYDROGEN

i

H. G. Carter
General Dynamics, Fort Worth, Texas

I. Introduction

Much consideration is being given to the gross deposition

of radiation energy inside the propellant storage systeus

of nuclear-powered space vehicles. It i1s customarily as-
sumed that such radiation energy is instantly translated
into familiar thermal effects. It would seem, however,

that the microscopic processes assoclated with radiation-
heating in liquid hydrogen are worthy of attention. Of
particular interest from the standpoint of propellant-shileld
and pressure-vessel design should be the formation of
energy-storing molecular species through which the produc-
tion of actual thermal energy 1s temporarily postponed.
Consideration of potential energy expelled from a storage
system in the form of such species could lead to lower
overall design weights, owing to less stringent provisions
for shielding, pressure vessel construction, and/or boil-off.

The present objective 1s to determine whether a significant
amount of energy is temporarily stored through the forma-
tion of radiation products in liquid hydrogen and whether
such products survive in the liquid for a long enough per-
lod of time that their mechanical expulsion competes fav-
orably with their return to the Ho ground state through

the liberation of kinetic energy.

That energy storage mechanisms in liquid hydrogen should be
looked into is suggested by the general nature of the pro-
pellant heating problem. In an important class of cases

one has to reckon with radiation-induced heating only while
the nuclear power source is in operation and while the pro-
pellant is being expelled from the storage tank at a high
rate. Furthermore, in foreseeable space vehicles, the frac-
tion of the total volume of propellant which is nearest the
radiation source and which therefore absorbs most of the
radiation is alsoc nearest the storage exit or pump. There-
fore, volume elements of the liquid are exposed to the most
intense radiation only shortly before they are expelled, and
hopefully, the potential energy created may not have time to
dissipate into thermal motion.
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It is expected that full-scale propellant tanks for "one-
way" vehicles will be completely emptied in around ten min-
utes. Using a typlcal tank length of the order of 100 feet
and effective energy-flux relaxatlon length of 3 feet -
which 1s reasonable for mixed neutron and gamma radiation
in liquid hydrogen - it 1is seen that the majorlity of the
molecules affected by radiation are expelled within 20 sec-
onds after being affected. Hence, a 20-second period can
be taken as the minimum time for which energy must remain
stored in radiation products 1f energy storage effects are
to be significant.

II. Radiation Induced Reactions 1n Liquid Hydrogen

Energy deposited in liquid hydrogen by neutral radiation is
initlally transferred to recoll protons or Compton-scattered
electrons in the case of neutrons and gamma rays, respective-
ly. The major secondary processes in which the radiation
products may participate do not appear to involve the mobil-
ity or density of molecules in such a way that reactions due
to energetic protons or electrons in the liquid should be
much different from those observed in the gas (Ref. 1, 2,
3), e.g., due to a-particles (Ref. 1). It is therefore
assumed that the types and proportions of various radiation
products are independent of the molecular density as well

as of the charged particle type and energy.

According to this assumption, when a charged particle passes
through hydrogen, which is normally almost entirely in the
Hp ground state, approximately equal amounts of energy go
into thg production of H-atom pairs (through the ;ormation
of the 2Zy Hp-state) and into the production of Hpo ions. By
meanf of the reactions

Hp + Hp — HY + H H§+e'::>3HorH§+e'=)H;+H

the lonizatlion process leads indirectly to further dissoci-
ation and excitation.

What might be called the principal events with respect to
lonic and dissoclative reactions are summarized 1in Figure 1.
The more obscure reactions are omitted and the assumption of
exactly one 3%, (dissociative) excitation for each Hp ioni-
zation is merefy a convenient approximation. The two major
branches represent reactions which proceed ccncurrently (not
as optlonal branches) after the deposition of 33 ev by ener-
getic charged particles. Figure 1 shows that 5 H atoms are
formed for every 33 ev deposited. Since the potential ener-
gy between pairs of H, molecules is 4.73.ev, the energy
stored in the productIon of H atoms is C%J (5) (4.73), or
36% of the energy deposited. It can be assumed that the
energy of the excited Hpo state 1s of the order of the disso-
clation energy, so that the energy stored in ionic and dis-
soclative reactions alone comes to about 43%. Most of the
remaining 57% of the deposited energy is initially released
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"in the disintegration of the repulsive molecular configurations.

Figure 1 shows the initial H-atom energies.

Considerably more than 43% of the deposited energy will be stored
if collisions between energetic' H atoms and H, molecules are ef-
fective at producing the excited H, state. Tge permissable energy
levels for an Ho molecule excited %o low states of vibration and
rotation in the ground electronic state are described by

1

Ejy = 0.015(2)3(J+1) + 0.533v,

where Ejy is the energy in ev of a molecule in its I rotational
state and its vlh vibration state. The excitation of an Hp mole-
cule by an energetic H atom occurs through the formation and de-
composition of an H2—H (or Hy) complex. A contour map of the
theoretical potential field %Ref. 4) shows that H atoms with ener-
gies of the order of 1 ev should be able to surmount the potential
"ridge" and enter the "Basin" corresponding to an Hz complex in a
large fraction of solid collisions. Furthermore, the lifetimes of
various Hsy states, which have been calculated by the author, show
that energetic complexes hold together long enougnh for the energy
to become well "mixed" among various internal degrees of freedom.
Therefore, in H- collisions which are solid enough to effect
appreciable momentum transfer, there should be a high probability
of Hp excitation to levels of 0.533 ev or more.

Exclusive of a small magnetic effect, the para- to ortho-hydrogen
conversion (J=09J=1) reaction can only occur through the forma-
tion and decomposition of an Hy complex, which, because of an en-
ergy barrier in the Ho-H field (activation energy), requires an
H-atom energy of at least 0.30 ev. Little of the deposited energy
can be stored in ground state conversion, since the energy im-
parted to the residual molecule through momentum transfer is much
larger than the energy stored (0.015 ev). Thus, although ortho-
hydrogen has an extremely long lifetime in the liquid, any signif-
icant energy storage depends on the lifetimes of the more robust
forms of excited H, and upon the lifetimes of unrecombined H atoms.

Whether the energy going into product formation remains stored in
non-thermal form for the 20 seconds or so required for the expul-
sion of the irradiated portion of the liquid depends upon the rate
of recombination of H-atoms pairs and the rate of de-excitation of
H, molecules. Available data on these reactions (see below) show
that most recombination and de-excitations occur after the radia-

"tion products slow down and go into thermal equilibrium with the

liguid.

ITI. Recombination of H atoms

The number_of 3-body collisions per cm3 per sec is given by
Z = Ry (H)3 for H atoms as third bodies and Z = R (H)E(H%) for
Hp molecules as third bodies. Values (H) and (H ? are the concen-
trations of atoms and molecules, respectively. o sets of theo-
retical results and two sets of experimental results are available
in connection with the recombination coefficients. The theoreti-
cal results are mutually inconsistent, as are the experimental re-
sults. The four sets of results labeled E-1, E-2, T-1, and T-2
are described as follows:

(E-1) In 1934 Amdur (Ref. 5) measured Ry and Ry using

a discharge tube to obtain H atoms. Atoms and molecules
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were allowed to pass from the discharge tube into a
drift tube, where the energy deposited at a calori-
meter-catalyst was measurgd ag a fungtion of distance.
AmduI got Ry = 2.05 x 101 mole™ < sec and

Ry <76 Ba-

(E-2) 1In 1934 Steiner (Ref. 6) measured Ry and Ry
using an arrangement similar to that of Amﬁur, except
that the H-atom concentration was measured as a
function of position by a gpecgroscopic method.
Steinerlgot RM = 1.3 x 1016 cmf mole=2 sec~! and

{
(T-1) 1In 1935 Eyring et al (Ref. 7) calculated Ry
using the transition state method. This is a quasi-
classical approach in which system points correspond-
ing to triples of particles are assumed to move, with
equipartioned energy, upon the appropriate potential
surface 1in configugation space._ Eyring et al got
RA = 3.1 x 10 mole~2 sec~1

(T-2) 1In 1951 Bauer (Ref. 8) calculated Ry by an
approximﬁte gantum mechanical methgd ger gof
Ry = 10~ sec = 3.6 x 105 mole™< sec

The data upon which the results E-1 were based were probably mis-
interpreted. It is 1likely that the energy deposition at the
calorimeter-catalyst was mainly due to the de-excitation of ex-
cited Ho molecules produced along with the H atoms in the dis-
charge tube. The results T-1 depend strongly upon features of the
H: potential energy surface in regions where the methods used to
ogtain the surface are of doubtful validity; moreover, it appears
that some of the surface-dependent parameters were chosen to gilve
an Ry within an order of magnitude of the experimental results.
The results Eo only set an upper bound on Ry (the ambiguity aris-
ing from the effect of wall recombinations). Therefore, T-2 and
E-2 are consistent and involve no obvious scurces of error.

Recombination with an H, molecule as the third body is thought to
involve an activation energy comparable to that for the formation
of an Hn complex (0.30 ev). Therefore, at liquid hydrogen temp-
erature; this type of recombination should be 1lnoperative. On the
other hand, theoretlcal considerations show that Ry for liquid-
hydrogen temperature should not differ from Ry for room temperature
by more than an order of magnitude.

IV. Recombination Durling Propellant Expulsion

R, can be used to estimate the maximum radiation level for which
most of the H atoms are expelled (unrecombined) from a propulsion
system of 1interest. The fraction of H atoms which recombines per
second at a point whers the concentration is gH an be written
(4)3/(H) = Ry (H) For Ry = 1.3 x 10733 cm® sec™ 1, 1t is
seen hat F 1s a ver small fractionags l ng as (H) does not ex-
ceed 1015 H atoms/cm For Ry = sec™ ", the correspond-
ing number is (H) = 1020 g atoms/cm3 Rough estimates of the ra-
diation levels corresponding to these concentrations at the point
where the liquid hydrggen is expe%%ed and for reasonable flow
rates give 1017 ev/cm“-sec and 10 ev/cm -sec, respectively. This
would mean, for example, that_most H atoms_would be expelled for
fast-neutron fluxes up to 10 neutrons/cm“-sec or up to
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1016 neutrons/cme-sec, depending on whether the experimental upper
bound on Ry or Bauer's value is correct.

V. Superlastic De-excitation of Ho Molecules

If the recombination coefficients for H atoms should approach the
experimental upper limit given above, the process of de-

excitation by energy release to another body ('"super-elastic
scattering”) could have more influence on the energy storing capa-
bilities of liquid hydrogen than recombination, since, in general,
H atoms recombine in an excited state. A quantum mechanical treat-
ment of the Hpo-Hp inelastic cross section has been given by Salkoff
and Bauer (Ref. 9). The super-elastic cross section and the vibra-
tional relaxation time (mean lifetime), T , of excited molecules in
equilibrium can be related to the inelastic cross section through
the principle of detailed balance, according to which the rates

of an elementary process and its inverse are equal for equilibrium
conditions.

For hydrogen gas at an unspecified low density and for the first
excited vibrational level of Hr, Bauer and Salkoff evaluatedt 1in
the range 1000°K to 8000°K. From the values obtailned, the density
used appears to have been about 101 molecules/cm3. Their results
are well represented by t = 6.41 x 10-11 exp (115.2T‘1/3) (sec).

Ad justing to the molecular density of 1liguid hydrogen and making
the admittedly Brobdingnagian extrapolation to 209K, one obtains

7 v 100 minutes for the lifetime of the excited state. Thus, there
are some grounds for belleving the lifetimes of H, states in the
liquid are extremely long.

Even if the extrapolation to 209K is valid, the value of T ob-
tained above depends upon the assumption of isolated bilnary col-
lisions in the liquid. According to a theory of relaxation in
liquids by 2Zqanzig (Ref. 10), this assumption is valid provided
the frequency of vibration is much larger than the frequency of
collisions experienced by a molecule in the liquid. Owing to the
relative stiffness of the Hp molecule and to the low temperature
involved, this criterion is found to be satisfied for liquid hy-
drogen.

VI. Emission and Absorption of Infrared Rays

If the transmission of electromagnetic energy to the walls of the
system 1s more rapid than the expulsion of the irradiated portion
of the liquid, then the energy initially stored in excitation will
go into wall-heating, through lattice excitations, regardless of
the inefficiency of the Hp super-elastic process. The rate at
which such energy migrates through the liquid is determined by the
lifetime against emission, A(b,a), and the mean free path with re-
spect to absorption, £ (a,b), where the first and second arguments
denote the initial and final states, respectively. A(b,a) and
ﬁga,b;'can be related to the "Einstein coefficient for absorption R
B(a,b The latter quantity can be obtained from analysis of the
absorption spectrum produced by a thin sample of the liquid.

A Canadian group (Ref. 11) has measured the infrared absorption
spectrum of liquid hydrogen. The data have been used to calculate
B(a,b), A(b,a), and £ (a,b) for various transitions in normal hy-
drogen. The results are given in Table I.
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Table I. Emission and Absorption in Liquid Hydrogen

Line State a State b B(a,b) A(b,ai £{a,b)

v J . v!' J! (cme/erg-sec) (sec™) (cm)
S(0) 0 0 1 2 10.21(2 0.929(-1 0.0l
S?l; 0 1 1 3 4.24%2 0.9515-1 0.54
Q(1 0 1 11 9.40(2 3.37(-1 0.51

The product fA(b,a) can be regarded as the effective velocity of
infrared-ray propagation in the direction of emission. Since it
is of the order of 0.1 cm/sec, the migration of infrared-ray ener-
gy to the walls of a realistic system is gradual.

VII. Conclusions

The conclusions of the present study are summarized as follows:

(1) At least U3% of the energy deposited by radiation in liquid
hydrogen is stored temporarily, mainly through the dissociation of
H-, molecules. A large fraction of the remaining energy may be
s%ored through inelastic collisions between energetic H atoms and
molecules in the llquid.

(2) For the flow-rates presently envisioned, most of the H atoms
produced by radiation will be expelled for incildent energy fluxes

up to at least 1017 ev/cmg-sec. Quantum mechanical results are con-
sistent with predominant H-atom expulslon at levels up to

1022 ev/cm-sec.

(3) Excited Ho molecules, which are apt to be formed in signifi-
cant concentrations by recombination and by H-atom inelastic
scattering, may remain excited in the liquid for much longer than
the 20 seconds or so required for the expulsion of the irradiated
portion of the liquid. Extrapolation of the theoretical relaxa-
tion time, while questionable, indicates that the lifetime of the
first vibrational level in the 1liquid is of the order of 100 min-
utes.

(4) The lifetime of excited H, states against emission in the
liquid is of the order of seconds; however, the mean-free-path
against absorption by re-excitation of the original type of H

state 1is so small that the effective rate of infrared-ray dif%u—
sion is muech less than 1 cm/sec. Hence, in the event that the
partitioning of energy by super-elastic scatfering goes slowly,
then the walls of the liquid hydrogen tank will not be heated sig-
nificantly by infrared radiation. The storage of energy in the
form of excited Hp states can be verified experimentally by the ob-
servations of infrared rays trapped in the liquid.

It is further concluded that, insofar as radiation heating of the
propellant has a significant influence on the design of a nuclear-
powered vehicle, further 1investigations into the rates of radiation-
induced molecular reactions are warranted and that any experimen-
tal data obtained on the radiation heating of liquid hydrogen

should be interpreted in the light of possible delays in the equi-
partition of energy stored in radiation products.
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(The kinetic energies of the H atoms formed are given in ev.)

Figure 1. Principal lonic and Dissociative Events
Resulting from the Irradiation of Hydrogen
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CLOSED LOOP DYNAMICS..OF-NUCLEAR ROCKET ENGINES |
WITH BLEED TURBINE DRIVE
by
Harold P. Smith, Jr.
Department of Nuclear Engineering
University of California
Berkeley, California

ABSTRACT

A previous work on open loop dynamics of nuclear rocket
engines (1) is expanded to include integral temperature er-
ror feedback control of reactivity and proportional pressure
error feedback control of propellant flow with first order
lags placed between the desired controller positions and the
actual positions. The resulting series of ordinary, non-
linear, differential equations are approximated by a linear
model in order to analyze the low-frequency dynamics. It is
shown that the low and high frequencies may be decoupled and
that the proposed method of control is stable for small
variations away from any point of steady-state operation.
Algebraic equations, in terms of design parameters, are de-
rived for control settings which yield optimum response
characteristics. It is further shown that the asymptotic
response is improved by reduction of the mechanical inertia
of the turbopump but is independent of the thermal inertia
of the core.

The analysis is corroborated by analog simulation of
the non-~linear model for the case of low-power--high-power
transition, using only feedback control for flow and react-
ivity variation.

INTRODUCTION

In a previous paper (1), an analysis was presented show-
ing that conventional nuclear rocket engines can be designed
to be inherently stable and do not need external control in
order to maintain a steady operational power level. It is
equally important that the engine follow a prescribed opti-
mum flight program and adjust its performance in the event
of fluctuations during operation. Feedback control of
engine parameters is suitable for this provided the control-
led system has rapid response, small overshoot, and closed
loop stability.
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In order to investigate the dynamics of the controlled ‘;D
/engine, the previous mathematical model of the open loop
(non-controlled) engine is expanded to include the dynamics
of external feedback and controller motion. A linear ap-
proximation of this model is subjected to analysis in order
to estimate stability limits and response characteristics.
The non-linear model is simulated by analog computer tech-
niques, and results are given for controlled transition from
low to full power,

L

Throughout the study, the attempt is made to obtain
general results that will have application to a variety of
engine designs but will not exceed the bounds of reasonable
engineering accuracy.

MATHEMATICAL MODEL OF THE ENGINE DYNAMICS

Review of Open Loop Equations

The open loop equations describing the system are the
same as thosederived in the earlier paper. They are repeat-
ed below but preceded by a list of the major assumptions
made in their derivation.

1. The distributions of neutron density, temperature,
and pressure within the core are adequately described by
space independent variables.

2. The standard neutron and precursor equations are
applicable. '

3. Propellant flow in the main rocket nozzle and tur-
bine nozzles is choked.

4. Power density in the core is proportional to neutron
density. ’

5. Radiative and conductive heat transfer from the
core can be neglected in comparison with convective core
heat transfer to the propellant.

6. The high~frequency effects associated with propel-
lant compressibility and inertia are effectively damped by
the thermal inertia of the core and mechanical inertia of
the turbomachinery. (Felix and Bohl (2).)

7. Propellant core entrance stagnation temperature is
negligible when compared to the core exit temperature.

8. The rate of change of reactivity with temperature
at constant propellant density is negative, (aﬁ/aT)P < 0y
the rate of change of reactivity with propellant denégty at
constant core temperature is positive, ab

3757?7 T > 0.

The use of standard statements of reactor dynamics,
fluid flow, and heat transfer in conjunction with these as-
sumptions is sufficient to derive the following set of
equations. The notation is standard.

-«

dn’ _ o0 oo Ei !
Thd S 5'n n' + o B Ci (1)
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T . —%=n'-C| (2)  —
ci dt
art _ _pifm
Ty Gf = 0 PWNT (3)
dp'’ (P')2
T g = P'V! ST - (4)
p JT!
H
58' =85! - a NT' +a, 2o (5)
X C h T
Control Equations t
— v Ima
6l, = Gy |, WTL - NT)dt (6)

No proportional feedback is attempted since the large control
rod inertial precludes efficient rod response to a proportional
error signal. With this simplification, a first order lag be-~
tween the desired rod position and the actual position should be
sufficient for adequate response simulation.

d6;

—_— i - 1
Tr dt 6rs 6r (7

Since the mechanical inertia of the control valve is small,

both integral and proportional feedback of the core exit pressure
error is utilized. The attempt is made to rely on proportional
control for attaining the desired system pressure; the integral
control is used only to eliminate the steady-state error that

arises with sole use of proportional control,

t
V! =G, Io (P!~ P')dt + G4(P. - P')  (8)

A first order lag is introduced between the desired valve
position and the actual position.

L av!

v dt

ANALYSIS OF SYSTEM STABILITY AND RESPONSE

= vl -y (9)

The values of the controllers, G,, G2’ GB’ are to be such that
not only is the system stable, but an optimum response is obtained
to a desired engine operation program. In order to investigate the
external feedback effect of the controllers upon the system, a
linear model of the dynamic equations, accurate for small perturba-
tions about any point of steady-state operation, is made. The ac-
curacy of the model will be tested by analog simulation of the
complete set of non-linear equations. With this approximation the
stability and impulse response of the linear set of equations is
investigated as a function of the controllers.

The following assumptions are made to simplify the analysis:

1. The prompt neutron lifetime is set equal to zero. This
approximation is correct for frequencies less than those associated
with the inverse lifetime (3) and for reactivities less than prompt
critical. Since we have already excluded the high-frequency effects
of propellant inertia and compressibility, this assumption does not
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further restrict the analysis.

2., The dynamic effects of the delayed neutron precursor
groups are adequately expressed by one group of delayed neutrons
with parameters, T, and B, chosen such that the approximation is
accurate for low frequency.

3. 1Integral feedback control of pressure is eliminated from
the analysis since it has been incorporated only to remove the
steady-state error of proportional feedback and not as a primary
means of control.

4, The time delays associated with the rod and valve response
are neglected. As long as the control rods are not driven by a
proportional error signal, this approximation should be valid, al-
though not conservative.

The Laplace transformation of the characteristic equation is

(s) = P.(s) + 2L b (s) + 23 {Z(s)+——G1 z(s1 = 0 (10)
mis) = Fpts o1 z T  “p 27T z [ =
T p T
1 v 3
where /a + 5 oL a Q - A —Q
P (s) = s4+ s3 VJZ___E + %— + s2 2 = P + = 3 + = 3 + S{TTT g
P . T p T'p P S \ch
P(s) = (s +2) (s +2)
C P
2 o'
Z (s) =s° + 5 (a, +2) +5 —L
P Trp T 2 T, T
1
Z (8) = s + —
z T,
_ 986! B!
%1 = 3T % = Sp"

The characteristic equation can be further simplified by in-
corporating the following considerations: -

1. The high frequency roots of (10) are well removed from the
low frequency region of the s plane. These roots can be neglected.

2. o, is set equal to a_. This places the closed loop system
at the point of marginal openploop stability and is hence a con-
servative assumption. Calculations show that this approximation
is close to the real situation.

3. The thermal time constant, 71,,, cancels from the character-
istic equation in all terms but one, and in that term it is in~
significant in comparison to other terms provided the analysis is
restricted to high thrust engines.

The root loci of Equation (10) which depend upon the
values of G, and G,, determine the stability and response of the
linear approximation to the rocket engine dynamics. The root loci
are presented in Figure 1. The shape of the system root locus as
a function of G, is not radically changed as G, takes on a variety
of values. Therefore, certain general conclusions can be drawn.

1. Stability. The system remains stable for all positive
values of G, and G,, even when the system parameters are allowed
wide variation from our calculated values. The introduction of
the proposed control system leads to no low-frequency instability
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within the range of practical design or interest.

2. Decoupling of high and low frequencies. The rogt locus
remains in the low frequency region of the s plane (Is\t—-) for
all values of G, and G, of practical interest. The high'P frequen-
cy root loci do not moVe into this region for the same range of
controllers,

3. Operation away from open loop marginal stability (aT >a ).
The starting point of each root locus for a given value of G, is p
displaced slightly to the left if a,, > a_. This only enhancés and
cannot jeopardize the stability and respgnse of the system.

4., Asymptotic response proportional to 1/T . No combination
of G, and G, can remove the system root at s = —Cl/T . Consequent-
ly, %he asymptotic response of the system cannot: be faster than
times associated with delayed neutron precursors. However, the
analysis utilized the zero neutron lifetime approximation which is
applicable only when the total reactivity is less than prompt criti-

cal. It is not surprising, therefore, that the response of the
system is restricted to delayed neutron time constants.
5. Asymptotic response proportional to 1/1 Since it is

possible for the nuclear rocket engines to safelg respond to react-
ivity inputs greater than prompt critical (1), the above analysis
was repeated in which it was assumed that all neutrons are emitted
promptly. The root loci are the same within the region,|s a¢2/T
with the exception that there are no poles or zeroes at or near
s = - l/T , as expected. Under these conditions, the dominant root
is of the order of l/T and the asymptotic response of the system
is associated with the"mechanical inertia of the turbopump system.
6. Optimum point of control. Although the values of G1 and
G3 have little effect on the position of the system root near s =
~ 1/T , they do have a significant effect on the other two system
root Ioci. The optimum position of these roots occurs where the
loci again meet the real axis at the point labeled - S, in Figure 1.
This occurs when the following equation is satisfied:

G3 = 22 + £ (11)
where 9 G, T
2 _1p
ZOLT
The value of the double root at s = - So is
1 2 .
So = 7 (87 + 8) (12)
p

The speed of response of the terms in the time domain associated
with the roots at s = -~ s_ increases as the value of s_ increases.
Therefore, optimum contro? results whenever G, or G., of both take
on their maximum practical value, subject to Satisfiction of Eq.(11).
7. Optimum control as a function of power level. Most parame-
ters of the system are functions of the power level. Therefore,
the values of G, or G,, or both must be changed in order to oper-
ate at optimum contro} for various operational power levels.
8. Response as a function of power level. If G, and G, are
adjusted, such that (12) is satisfied, the root at - 5 _is mgved
to a more negative value as the power is increased, thus improving
the response. Unfortunately, 1/1 is independent of power level,
so that one would expect that at full power where only small changes
of reactivity will be required that the asymptotic response will
be geared to the delayed neutron response. Nevertheless, the
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response of the closed loop nuclear rocket engine should improve
with power level just as the open loop response improves at high
power (1).

ANALOG SIMULATION OF LOW-POWER--HIGH-POWER
CONTROLLED TRANSITION

The non-linear dynamic equations (1 through 9), using two
groups of delayed neutrons, were simulated on an analog computer,
In order to provide an exacting test of the linear analysis, as
well as to investigate a possible method of bringing the rocket to
full power, the engine was assumed to be operating at a relatively
low power (T = 1000°R, P = 275 psi), and then brought to full power
(T = 5000°R, P = 1500 psi) by requiring a step change in desired
temperature and pressure, adjusting the controller gains to accept-
able values, and allowing the engine to proceed to full power under
its own feedback control system.

A rapid transition is desired since efficient use of the en-
gine demands that the propellant not be carried to high altitudes
before being utilized. Since the full power operating point will
be only slightly less than that which the materials can withstand,
the transition, although rapid, can have only very small overshoot.

In theory, it should be possible to bring the engine to full
power almost as rapidly as desired and with small overshoot, if
one has unlimited amounts of control available. In the nuclear
rocket, this would mean very large and extremely mobile control
rods, as well as oversized and responsive flow machinery.

Although there are many reasons for not building huge control
mechanisms, a workable rocket engine demands primarily that the
structural weight be as low as possible. Consequently, total con-
trol rod worth will probably be less than 15% 6k/k and control rod
speeds less than 0.6%/sec.

An oversized control valve and turbine can increase the speed
of transition to full power, and thereby increase the over-all
efficiency of the engine, but the heavier turbine will reduce the
burn-out velocity. Consequently, the amount of oversize must be
computed by considering specific missions and trajectories. Two
transitions are simulated: Case I, using a turbine capable of 1.33
times the full power flow, and Case II, using 3.00 times the full
power flow. '

The restrictions on maximum control rod velocity and maximum
valve position determine the maximum values of G, and G,. If one
.assumes that it is undesirable to change the valie of cOntroller
gain after the transition to full power has begun and that the gains
should remain unchanged at full power, then G, and G, should satis-
fy Eq. (12) at full power with either G, or G, set a% its maximum
value. Using this criterion and our ca}culated values of the vari-
ous design parameters, the optimum control point is obtained by
setting -1
G1 = 0.6 sec

G3 = 0.07
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Figure 2 presents the time variation of temperature, pressure,
control rod position, and valve setting simulated for low-power--
high~-power transition, with

Gl = 0.5 sec_l .

G2 = 0.002 sec

G3 = 0.07
The controller gains were varied over a considerable range in order
to investigate the optimum response. It is easily seen that the

predictions of optimum control settings made from the linear model
are in good agreement with those settings that yielded the optimum
simulated response, using the complete set of non-linear equations.

Figure 2 also presents the time history of the same variables
for transition using an oversized valve and turbine. As can be
seen from the figure, the turbine operated at peak capacity for
only a few seconds, but the transition time was reduced from 15
to 10 seconds. It is unlikely that this increase in response speed
justifies the increased structural weight of the oversized flow
machinery in attaining efficient rocket performance.

Transition was also simulated for various values of the param-
eters, B, 4, Qns Gps Tpo Tp, T .. Only variation of the pressure
time constant, "1_, had any“sigrnificant effect. The transition time
was directly proBortional to 17_, as predicted by the analysis,
demonstrating the importance tB the engine dynamics of keeping the
turbopump inertia to a minimum.

Since reactivity inputs were allowed to exceed one dollar, it
is not surprising that variation of the yield fraction and the pre-
cursor delay constants had little effect.

It has been mentioned that the low-frequency neutron kinetics
are adequately represented by the zero lifetime approximation;
therefore, variation of § is expected to have little effect on the
system, as was the case.

Variation of the temperature time constant, =1,,, caused no
visible effect on the transition, which is in agreément with the
predictions of the analysis.

Variation of the reactivity coefficients changed the values of
the controller gains needed to maintain optimum control, but when
" these changes were incorporated, the transition appeared to be
essentially the same.
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NOMENCLATURE

delayed neutron precursor concentration
scaled integral temperature error gain

scaled integral pressure error gain

W N

scaled proportional pressure error gain

prompt neutron lifetime

~
9]
~

system characteristic equation
neutron density

number of precursor groups

core entrance stagnation pressure

desired core entrance stagnation pressure

0]

’Pp polynomials of s, defined in text
Laplace conjugate of time

me’U’U’UZUS&OQOO

absolute value of root of m(s) = 0, associated with optimum
response
core exit stagnation temperature

@)

desired core exit stagnation temperature

< 3 M3
n

dimensionless ratio of turbine inlet pressure to core inlet
pressure. V is a function only of the control value setting.

VS desired pressure ratio

Z ,7Z polynomials of s, defined in text

2z’ p

dimensionless reactivity-core temperature coefficient

R
¢

dimensionless reactivity-propellant density coefficient

dimensionless reactivity-pressure coefficient

R R
L B =

dimensionless reactivity-temperature coefficient

QR

effective precursor group yield
effective precursor yield
reactivity

control rod reactivity

=

desired control rod reactivity

2
0]

effective delayed neutron time constant

delayed neutron group time constant

(=0

prompt neutron time constant
pressure time constant
control rod time constant

thermal time constant

< 3 R ™I B3 00

control value time constant

T ad a4 4 a4 a4 q4°' a4 o o0 o0 W™

dimensionless temperature controller

Superscript

quantity scaled by its steady-state value; reactivity is
scaled by B.
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ENVIRONMENTAL STUDIES RELATED TO NUCLEAR ROCKET FLIGHT
by —
Arnold B, Joseph¥*

and
Isaac Van der Hoven¥¥

A brief presentation of the kinds of atmospheric, oceanographic, and
geohydrologic studies undervay in 1962 pertinent to developing an
understanding of the possible pathways that may be taken be accidental
releases of radioactivity. Reference is made to existing standards and
criteria and procedures for assessing possible impact of such radicactivity.

The nuclear rocket safety problems are manifold and the assoclated environment-
al safety studies are equally manifold and intricate. Many of the studles are
truly on the frontiers of the environmental sciences. Or to put it another way,
on the basis of the environmental studies associated with nuclear rocket flight,
the environmental sciences will have a better understanding of the mechanisms
of nature. This paper is directed to discussing the development of this under<
standing and to indicate the kinds and purpose of the environmental studies
underway or planned. This paper will not attempt to vouch-safe the environment-
al safety of nuclear flight for the data are too sparse. For thos? &n?egested,
preliminary analyses of possible effects have been made by others. 1

An understanding of man's environment is the essential link between nuclear
rocket propulsion technology and its effect upon man. In an over-simplified
version the environment referred to 1s comprised of the atmosphere,the hydro-
sphere, and the lithosphere. The particular environment of concern is the
region around the launch facilities and the enviromment in or over which the re-
actor will operate. The environmental studles are concerned with an understand-
ing of the mechanisms of transferring the nuclear hazard through the environment
to man so as to enable one to evaluate what is the consequence of the hazard

to man.

With respect to the levels of radiation which pose a hazard to man, guldes and
standards are in existence and are published as recommendations from such graps
as the Federal Radlation Council, National Committee on Radlation Protection,
International Commission of Radiological Protection,and the National Academy of
Sciences. Obviously, in the nuclear rocket program, we will gear our engineer-

*Sanitary Engineer, Division of Reactor Development, USAEC,
Washington 25, D. C.

##¥Meteorologist, Environmental Meteorological Research Project,
U. S. Weather Bureau, Washington 25, D. C.
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ing and operational eff%rts to stay within these guides and limits. However,
proper interpretation 8f these limits is necessary. This is because the recog-
nized guides are written in terms of lifetime exposures to steady concentratims
The accident situation at the pad or in flight is nelther lifetime nor steady.
Consequently, to make a realistic appraisal of the consequences of any accident
involving more than readily acceptable lifetime tolerances it 1s necessary to
have & good idea of just how much above these lifetime Maximum Permissible Con-
centrations man may be exposed and for how much time. In a nutshell, we need to
be in a position to predict the time-space distribution of radioactivity that
may be released to the environment in a nuclear rocket accident.

Atmosphere

As a starting point in understanding the mechanisms of the transport of fission
products in the atmosphere it is desirable to know the initial shape and compo-
sition of the energy release sphere or plume formed by the excursion. This will
largely be a function of the physical characteristics of the excursion,but the
shape and initial height of rise of the cloud will also be a function of atmos-
pheric conditions such as wind speed, ambient temperature,and the rate of change
of temperature in the vertical. Specifically, to predict the behavior and fate
of released radioactive materials it is necessary to know the magnitude

of the energy release, the fraction of gaseous fission activity released, the
particulate meterials and their size distributions that would become airborne,
and the time history of the chemistry of these released materials, In the event
of an excursion.in air there are two primary-direct means and several secondary-
indirect means by. which man can be exposed. The primary-direct exposures are
by external bete-gamma radiation from immersion in or passing by of the cloud
and by internal radiation through direct inhalation of the cloud. The indirect
means are by fallout contamination of habitable areas and of water and food
supplies.

A general equation describing atmospheric diffusion from a continuously
emitting gaseous source is given by:

CQ 2
X = T 0 & exp —é‘(%z—i—%;)] (Y]

which results from the assumption of a Gaussian distribution and the require-
ment of mass continuity. In the equation X is the ground concentration, Q the
source emission rate, Uy and Oz the standard deviation of the crosswind and
vertical effluent distribution respectively, h the effective stack height, u the
mean wind speed in the x-direction and x, y, z the usual cartesian coordinates.
The equation is related to the well-known Sutton diffusion equation by the
relationships:

2 _ | p* 2
G =z Cyx [2]
2 1 * a3
7 =g Cax ;7
vhere Cy, Cz, and n are the empirically determined diffusion parameters.

To improve our estimation of the possible effects of an accidental excursion
release to man it is necessary to improve our knowledge of the applicability
of expressions such as equation 13;7, which essentially means a knowledge of
the critical parameters. The source term, Q, as it appears in equation [3.47
is a continuously emitting point source. Modifications can be made to the
equation to include instantaneous sources, and in fact, any source configura-
tion in space and time which can be mathematically described. For example,
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Figure 1 shows the infinite integrated exposure from an instantaneous unit
gource for various source configurations, such as point and line sources, If
the source is composed of small particulates, modifications to the equation
can be made using a de?oiition velocity to compute the ground deposition as
shown by Van der Hoven 3), The point to be made is that the source configura-
tion, which in large part is a function of the physical conditions causing the

excursion, needs to be defined if a model such as equation /17 is to be applied. &

A series of diffusion field experiments at Cape Canaveral called Project Ocean
Breeze has been conducted by the Air Force Cambridge Research Laboratories in
an attempt to better define the important atmospheric diffusion parameters. A
known, ground-based, continuously emitting source was used as a gaseous tracer
vwhose air concentration was measured out to three miles downwind by volumetric
samplers. From these experiments the parameters in a prediction equation
similar to equation [i were evaluated., A telemetered meteorological data
acquisition network has been established to serve as input data to the pre-
diction equation which is programmed on a computer as part of the system. The
tentative conclusion of the experiment was that within a factor of 2, the
diffusive quality of the atmosphere at Cepe Canaversl was similar to the
empirical relationship determined in an extensive Great Plains diffusion exper-
iment. Further experiments are being conducted to see if there is a seascnal
effect. The applicability of these types of data needs to be evaluated for
elevated sources and for travel distances on the order of tens of miles.

A further problem in atmospheric dispersion, especially for distances greater

than a few miles, is the downwind trajectory of the plume center line as opposed

to the diffusion about this centerline., There is a need to tabulate various
typical low level (ebout 500' from surface) trajector%ﬁ and relate them to
surface meteorological measurements. Angell and Pack have demonstrated by
the snalysis of some low level constant volume balloon flights tracked by radar
from Wallops Islend that obtaining trajectories near the surface for tens of
miles are feasible on an operational basis,

On a larger scale, information is needed on the fate of radiocactive mater%g}s
discharged during nuclear powered flight and re-~entry from orbit. Machts

has made a study on the transfer of tracer material from the stratosphere to the

ground and discusses such items as tropospheric and stratospheric residence times

and the effect of the zone of injection on relative air concentrations and

deposition rates at the ground. This type of information will influence whether

it is advisgble to use an explosive destruct system to disintegrate the reactor
at high altitudes, whether to depend on re-entry burnup, or whether to actually
attempt to bring the reactor back to the surface intact. (see Figures 2, 3)

Hydrosphere

The hydrologlcal studies are similar to the atmospheric in that we are evalu-
ating the mechanisms, in & quantitative fashion, that may carry the potential
hazard of the nuclear rocket to men. The mechanisms of transfer are unlike the
atmospheric connections, however, because man does not live in the water envi-
ronment, Hence, except in possible cases of immersion, the {iransmission of the
potential hazard is indirect - through the mechanisms of the resources in the
hydrosphere,

The possibilities of introduction, accidentally or operational, o{lghigsadio-
active source into the hydrosphere have been described elsevhere, The
hydrosphere here includes any surface water body which may receive the rocket
and includes the ocean as well as inshore tributaries,
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The future meanderings of, the material in the water 1is in part predetermined
by the physical and chemical form of the material when it is introduced. e.g.,
Pieces or fragments larger than 10 microns with density greater than water
generally sink to the bottom and if soluble they can be expected to remain
there. Gaseous materials on the other hand can be expected to diffuse out and
may or may not go into solution and be quickly sorbed whereas argon while scme-
what soluble is essentially non-reactive., An excursion in water likely results
in a spectrum of radioactive molecules different from an excursion in air
because of the differing chemical reactants in the water. Source term studies
nov being undertaken are concerned with not only identifying the fission prod-
ucts but alsoc the neutron induced radionuclides and the chemical forms of these
at the physical conditions &t introduction. The studies are also concerned
vwith chemical property changes which take place after coming in contact with the
vater. Initial theoretical studies and some preliminary lab experiments
indicate that fissieg)products from an operated core sample are only slightly
leachable in water, Definition of the activation products and studies of
their physical and chemical forms in sea waters are now being undertaken.

Other factors such as the possible enhancement of leaching by direct biological
interactions are also to be investigated.

Figure 4 illustrates schematically a kind of equilibrium in the dynamic chemical,
physical, and biological processes taking place in the sea. When a foreign
chemical load is introducted, this equilibrium will be disturbed as the intro-
duced materials take their place in the system.

The newly introduced chemicals may go into solution or suspension and be
physically borne by the water and move along with it., They mey go to the
bottom to become in effect a part of the bottom or go into solution (dissolve)
at & slow rate. If in suspension or solution they may be sorbed out of the
water by suspended mineral matter and settle out slowly. The dissolved
chemicals mey be taken up by plants or plankton and become part of the food
chain - perhaps eventually to reach man., Some elements can be reconcentrated
by certain organisms by thousandfold factors which makes this factor draw
particular attention and study.

The material that goes into solution appears to hold the most concern because

it is most likely to enter the food chain first. It is fortunate in a way that
once in solution it is then subject to the relatively rapid natural forces which
act to spread it out - to dilute and disperse it. This is fortunate because
the introductions are not continucus the movements tend to discourage
reconcentration actions as well,

How the material will be dispersed depends largely on where in the system it is
introduced. Generally, if it goes into solution in the shallow or mixed layer
it will be mixed and dispersed more rapidly than if it goes in the cold, slow
moving deep waters of 1,000 fathoms or greater., However, the mixed layer is the
layer of greatest biological activity including the harvesting of sea foods.

There are several theories to explain the physical dispersion and diffusion of
soluble m?$?rials intrfggced into the ocean. Schonfeld 6), Pritchard, and
Carpenter and Okubo review the merits and demerits of equations by Joseph
and Sender, Ozmidov and Obukhov as well as their own. Basically, these are
similar to the Fickian distribution equation:

S

S(r,t)::h__ﬂ_k_te
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That is the concentration of a substance in solution, as a function of time and
spece 1s proportional to the amount of the substance introduced M, time t,
distance or space travelled r and some measure of diffusion k. Clearly, there
is not full agreement among the experts on a single mathematical model to
quantatatively predict cases of oceanic diffusion.

The variences are concerned primarily with a measure of diffusion, k.
Depending 7§ the equation, the diffusion parameter has the dimensions L/T,
12/T or 12/3/T. Theoretical estimates of time, space distributions vary from
measured concentrations by factors of 4 to 10 or more., In confirming their
formulae or those of others investigators are now meking direct measurements
of diffusion of contaminants using the rhodamine dye tracer technique was
perfected by the Chesap?g%e Bay Institute. This technique is described by’
Pritchard and Carpenter. The experts are in agreement, however, in noting
that diffusion undoubtedly does vary from place to place and time to time
depending on boundary conditions, depth, vertical stabllity (temperature and
salinity distributions), tidal currents and wind driven currents, and that the
best obtainable measure of diffusion and dispersion is the direct obsexrvation;
which is what ve are doing.

A series of dye releases in the coastal waters off Cape Canaveral were made in
Marchand again in August 1962 (see Figure 5).

In the spring series, 200 pounds of rhodamine B were released in each of three
areas, in shallow water north and south of the shoel and in the deeper water off
shore, The distribution of the dye was measured with five self-balancing
fluorcmeters. The results may be considered in terms of the rate of decrease

of the peak concentration. The average rate of peak concentration decrease was
found to be proportional to the minus third power of time. The first experiment
conformed most closely to this rate while the second experiment showed a more
rapid decrese and the third a less rapid decrease. It was tentatively post-
ulated that the nearness to shore caused these differences. In particular the
second experiment was quite close to the shore and shoal, so that extensive
shear of the tracer patch occurred and the distribution was strongly elliptical.
The results of the spring experiments can be summarized in terms of an avefgge
rate of decresse of peak concentration as indicated by the following table,

Ratio of peak concentration to smount introduced vs time

¢/m (Pounds/m3 per pound

(Hours) : released)
1 5.2 x 107
10 5.42 x 1077
2l 3.93 x 10-9
48 4.93 x 10-20

100 5,42 x 10°

Studies of transport in the waters off Cape Canaveral - those with a higher
statistical probebility of introduction due to a maelfunction during the early
launch period - are also being made, Measurements are being made of the
range of current velocities that may be expected, their vertical profile, the
direction of motion, and correlated with surface wind observations.

Transponding buoys, designed to respond to a particular radio signal, each
supporting a cargoperachute 28' in diameter at certain depths below the surface
were employed to determine the speed of the non-tidal drift. The parachutes
obtain a good "grip" on the water, and in every instance of recovery were open
to the extent that they had to be cut loose rather than recovered. The tech-
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nique employed was to set buoy and parachute adrift and attempt to locate it at
least once each day. In scme instances these experiments coincided with the
dye experiments and greatly asided in locating the area in which to sample the
dye concentration. Results of these experiments are plotted in Figure 6.

Depth of parachute appeared to have no particular significance, i.e., the whole
vater column to the depth to which parachutes were used, normally not deeper
than 2/3 the depth, appeared to move uniformly. The buoys, and apparently the
water, followed the wind at about 1/20 the wind speed with the exception of the
offshore stations, i.e., east of 80°l5' where influen0f185 the Gulf Stream was
felt and the drift was northerly in spite of the wind.

The stretch of water fram the shoreline out to the Blake Escarpment approxi-
mately 220 miles off shore and down to the bottom are being studied. Physical
motion studies are also being considered for the presently conceived RIFT
(Reactor-in-flight test) impact area and a third group of studies may be under-
taken for the downrange areas depending on the operational plans for the
vehicle.

An essessment of the possible effects on man through the food web mechanism is
underway, The first step here is to make an accurate census - to determine all
the species existent from the elemental forms like phytoplankton to the more
complex forms like edible fishes, This will be followed and supplemented by
uptake studies vwhere necessary on the important organisms in the food chain,
When completed we hope to be able to predetermine where in the chain radio-
active materials may be found and the concentrations expected.

Concentration Cuides for Sea Water

The National Academy of Sciences has established concentratio? §3ides or maxi-
mum permissible concentrations of radioisotopes in sea water, 1 These differ
from maximum permissible concentrations in fresh water on two counts - one,
they consider that the activity may be returned to man directly via marine
plants and animals and two, that sea water, unlike fresh water is a solution
of almost all the elements. The first factor is important because marine biota
can reconcentrate introduced radioelements; the second factor because isotopic
dilution can reduce possible effects of activity. In considering a particular
isotope one must consider whether the hazard is to the gastro intestinal tract
as food passed through the body or to a particular organ which accumulates the
isotope. For the group of isotopes that affect the GI-tract, the concentration
of isotope per unit volume of marine food is controlling and for the critical
organ group the specific activity (the ratio of the radiocactive to the non-
radioactive element in the marine enviromnment) is limiting. Mathematically,
the permissible specific activity in sea water (for critical orgens) is

I = I Ine (1 + K) where
nb B
Irb = maximum permissible concentration of the isotope in the critical organ.

Inb = concentration of the element in the organ

Ine = concentration of the element in sea water

K = decay factor = 0.69
Y T1/2 (half life)

; 0.69
B = biological factor = 2227
Lologt °F = T 1/2 (biological half life)
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and the permissible specific activity in sea water based on GI tract
congideration is

I =10 (MPC)W  yhere
GI P

(MPC)w = the maximum permissible drinking water concentrations
F = the concentration factor in marine organisms,

Table I shows the relative differences in the various permissible
corcentrations,

TABLE I

Comparison of Permissible Sea Water Conc?ntsations
With MPC Values for Drinking Water\ll

L/

»

Permissible Sea Water Concent ions

MPC for Specific Activity GI Tract
Isotope Drinking Water 0f Critical Organ Congideration
uc/ml uc,/ml uc/m
p32 2 x 1077 4.5 x 1077 --
532 6 x 107 1.1 x 1073 -
ca? 9 x 1076 1.2 x 10°% -
crt 2 x 1073 - 2 x 1077
Fe”? 8 x 107" 1.4 x 1076 -
Fe?? ' 6 x 1072 - 6 x 1079
co®® 5 x 1077 - 5 x 1070
20%° 1 x 107% 7 x 1077 -
sr7° 1 x 1077 3.3 % 1076 -
Nb9? 1x 1074 -- 5 x 1070
rul06 1x 107 - 1x 10"
1131 2 x 1076 1.6 x 1076 - s
cs137 2 x 1077 1.3 x 1077 -
celtH 1x 107 -- 1 x 1078

»

Using permissible sea water concentrations of isotopes such as developed by

the NAS-NRC for guides and having determined the menner in which the activities

are expected to behave when introduced in the water enviromment, we will then @
be in position to evaluate the possible effects on man. This evaluation will

generally follow the course illustrated schematically in Figure 7.
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Lithosphere

The lithosphere problems appear to be of secondary nature at this time in
considering the time-space distributions of activity and the possible rates of
return to man because the activities are postulated to be either solid or air-
borne and their means of entry to ground waters involve a dissolution step.

Nevertheless, a study is being undertaken to describe the near surface ground
vater system in order to determine the extent to which water supplies may be
affected by an accident over land. This will take into account geologic,
mineralogic, and chemical data as these bear on underground transport of
activity. These studies will also provide a basis for decontamination or

other applied safety measures in the event of an accident. The possible effects
of local deposition are being examined as well, especially with regard to the
contamination of vegetation which enters into a food chain,

Summary

At this stage of development, although there appears to be an overbearing
potential of radiocactivity inherent in the nuclear rocket flight system, pre-
liminary examination of the source term and an understanding of the effects
exerted by the various enviromments on its distribution, indicate that under
appropriate control, nuclear propulsion systems can be radiologically tolerated.
Accurate quantitative information on the possible release mechanisms, the

actual materials themselves - their chemistry and physics and the possible move-
ment of these materials through the enviromments must be collected and evaluated
in order to develop rational safety controls.

An intuitive feeling for the possible fate and effects of released activities

is shown in Figure 8. Preliminary infommation on the time-space distributions
of activity following releases indicates that the atmospheric route to man is
the most direct. On the fortuitous side the very mechanisms wkich make it most
direct also act to dilute and disperse it most readily. Meteorological investi-
gations are aimed at quantitatively defining the time-space distribution of
radioactivity, depending on the source term,

Preliminary studies of hypothesized radioactive introductions into the hydro-~
logic environment indicate that the potential exposure problems are probably
not as severe as in the atmospheric enviromment. A local area would be
contaminated and like the atmosphere the physical forces on the water would
tend to disperse the contaminant. But because the radioactive elements can be
transposed to a biological or geochemical phase, there is a tendency to restrict
freedom of movement. As a consequence, hydrologic problems are more enduring
than the atmospheric problems.

The terrestrial problems appear to be the least significant at present. They
would be mostly local and essentially die out at the rate decay of the activity.
However, an important consideration of the radiocactive deposition on vegetation
vhich may be reconcentrated in the food chain.

All the environments require further study in order to be convincingly
quantitative about fate and effects.
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REVIEW OF PLUTO REACTOR TEST FACILITY DEVELOPMENT

Jromeae s

William C. Miller
Lawrence Radiation Laboratory, University of California
Livermore, California

This summary of the Pluto Test facility development was prepared for
those who are presently involved in facility engineering work, and for those
who in the future will be using and designing Pluto-type facilities. The sub-
ject material covers:

History and description of the facility
Design requirements

Proposed system designs

Typical blowdown operation

HISTORY AND DESCRIPTION

The history of the Pluto test site had its beginning when the Laboratory
was planning for the testing of Tory I, a Rover-type reactor. The site was
selected, construction budgets were prepared, and operational schemes were
devised. During the final design stage the Laboratory's assignment was
changed from developing a Rover-type reactor to developing a Pluto-type
reactor. The designs and operating schemes were changed accordingly, and
construction was started in 1958. Since that time there have been four phases
of construction which have added utilities and structures but principally more
air capacity.

The site covers 4 square miles in an area known as Jackass Flats. It
is located 28 miles northwest of Mercury, in the Nevada Test Site.

For operating reasons the site was divided into three functional areas:
control, test, and disassembly (see Fig. 1} The control area is the
center for the administrative, operational, and all other nonhazardous func-
tions. It consists of a complex of buildings which support the testing activities,
the prominent one being the control building, which is the terminus for all
facility and test item data transmission and control functions.

The test area bunker serves as ground zero for the testing operations.
It houses the equipment required to furnish controlled heated air to the test
reactor.

The disassembly area includes structures and equipment necessary to
assemble, disassemble, and adjust Pluto-type reactors.

DESIGN REQUIREMENTS

Tory II-A and Tory II-C in the design requirement list below are two
reactors which were to be tested in series. The facility was designed to test
the Tory II-A first, then it was modified to suit the Tory II-C requirements.

1. Budget — Construction shall be completed without exceeding the

authorized budget:
Tory II-A {Phase 1) $1.2 million ' A
(Phase 2) 7.5 million} $8.7 million
Phase 3) 1.3 million 11
} 9.3 million

( } $18.0 million
(Phase 4) 8.0 million

Tory II-C
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#*2. Safety — Design facility to provide minimum hazard to public, opera-
ting personnel, and the test reactor. The design rule shall be to use
equipment and techniques with proven reliability.

*#3. Air Supply — Provide air storage at 3000 to 4000 psi:

Tory II-A, 120,000 pounds;
Tory II-C, 1,200,000 pounds.

*4, Air Heater — Provide heat source capable of delivering:
Tory II-A, 900 pps @ 1050°F for 90 seconds plus ramps;
Tory II-C, 2000 pps @ 1050°F for 300 seconds plus ramps.

5. Air Control — Design air control system which will have manual,
manual servo, and fully automatic capability. Provide 60-second
ramps on flow profile. Control to £5% on preprogrammed profile;
control to #2% on actual flow.

6. Cooling Water — Provide nozzle and reflector cooling for the Tory
II-A reactor only.

*7. Reactor Transport — Provide method of transporting, connecting,
and disconnecting a reactor by remote control methods.

8. Disassembly — Provide building and equipment capable of assembling
and disassembling the Tory II-A and Tory II-C reactors.

*#9, FElectric Power — Provide electric power system in which undesirable
transients are not transmitted to the reactor control and data system.

10. Operations — Consider the long prenuclear periods of activity as well
as the brief nuclear testing periods when designing to the above nine
requirements.

Some of the items in the generalized requirement list above have been
reviewed and presented in other papers (see references). This paper will
discuss only those items marked with an asterisk. The following describes
the systermn designs that were proposed as satisfying the requirements.

PROPOSED SYSTEM DESIGNS
Safety (Radiation)

Before the mechanical systems could be designed a plan for personnel
safety had to be devised. The three-functional-area system was selected.
The distance between control and test areas (8200 feet) was calculated on
radiation levels anticipated during normal high power testing which would re-
duce the radiation level to 10 mr /hr at the control building. The distance
between control and disassembly (3600 feet) was calculated on the basis of y
attenuation in air if a reactor were parked outside the disassembly building
for an indefinite period.

Because personnel must enter the test bunker when a reactor is in its
test position, it was decided to create a '"no man's land'' on the surface,
around the test zero point. The radius was calculated to be 1000 feet, but
subsequent experimentation reduced this radius to 500 feet. An earth-shielded
access tunnel runs from the perimeter of the circle to the bunker. A rule
was established that nothing was to be designed that would require frequent
maintenance unless it was outside the '""no man's land'" circle or placed in the
bunker.

Air Supply

Three systems were evaluated: manifolded pipe, large pressure vessels.
and underground. ,

Large pressure vessels and underground were eliminated by the re-
quirement for proven reliability. The manifolded pipe was selected because
of its long history of pressure and shock reliability in the oilwell industry.
The air storage system for Tory II-A consists of 18,000 feet of 9~inch, N-80
oilwell casing which holds 120,000 pounds at 3600 psi. The storage system
for the Tory II-C consists of the above, plus 112,000 feet of 10-inch, P-110
casing. The total storage is now 1,200,000 pounds at 3600 psi.
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Air

and thermal shock.

Heater

Two systems were proposed which could provide heated air: ''vitiated"
and heat sink.
appeared attractive in cost, but it presented potential hazards of explosion

The ''vitiated' system, which burns propane in the air stream,

The heat sink system was selected, and for Tory II-A it

consisted of 200,000 pounds of 7/8-inch-diameter rods fixed in a cross-rod

matrix.

It was heated by a furnace in an indirect closed-loop circuit. The

Tory II-C system is of the pebble-bed type, and has four vessels containing
2 million pounds of l-inch-diameter stainless steel balls. It is heated by an
oil-fired furnace in a direct open-loop circuit.

Reactor Transport

tems,

After a brief study comparing monorail, cable car, and railroad sys-

the railroad was selected. Subsequently, the battery locomotive, die-

sel-electric, and electric trolley were evaluated. The battery locomotive

was chosen.

The decision was based on reliability, cost, smoothness of op-

eration, and the fact that no maintenance would be required in the test area.
The locomotive selected weighs 17 tons, has radio and manual controls, and
has a 1000-ampere-hour battery which can drive the locomotive 8 miles before
recharging.

FElectric Power

ment.

The systems proposed here were designed around methods which would
prevent power line transients from affecting the reactor control and instru-
mentation system. The Tory II-A system had a 69-kV high line for general
utility plus three 125-kVA generators for running reactor-associated equip-

Control power was taken from a 50-kVA MG set.

Because of synchronization problems between the MG set and the gen-
erators, the system was redesigned for Tory II-C. This system has three
basic circuits:
utility power from the three generators for items that must operate during
reactor testing, and instrument power from two generators supplying a dc
system for reactor control and data systems.

commercial power for items not critical to line fluctuations,

TYPICAL BLOWDOWN

The facility operations that are required to perform a typical nuclear
blowdown test are best described in chronological order. X is the time at
which test air passes through the reactor.

~ 100 hours: Compressors started, will run until X - 2 hours.

~ B0 hours: Check out facility instrumentation; i. e., calibrate all
pressure and temperature sensors.

-~ 55 hours: Check out all facility equipment that must operate during
test run.

~ 40 hours: Start hot air furnace, will run until X - 2 hours.

- 24 hours: Prerun meeting, discuss schedule and test run plan.

- 2 hours: Manually check position of all valves.

- 1 hour: Unlock master block valve, clear bunker area of all per-

45 minutes:
10 minutes:
8 minutes:
30 seconds:
0 second:
90 seconds:

sonnel. :
Assemble operating crew.

Start low pressure blowers.

Establish inlet temperature on blower air.
Valve out blower air.

Start test air through reactor.

Start nozzle cooling air flow.

+
+ 120 seconds: Start automatic air flow program.

+ 540 seconds: Automatic flow program complete, switch to manual.
+ 560 seconds: Reduce inlet temperature.

+ 1000 seconds: Stop nozzle cooling flow.
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X + 1500 seconds: Switch from test air to blower air.
X + 2500 seconds: Secure all systems.
X 4+ 2 hours: Conduct facility radiation survey.

After 24 hours the reactor can be moved from the test bunker to the
disassembly building. Now the facility can be made ready for the next sched-
uled test.
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CONVECTIVE HEAT TRANSFER AND WALL FRICTION

e
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AT HIGH TEMPER_AT URE
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by P.M. Magee, D.M. Mthgot M E. Davenport , and G. Leppert

Department of Mechanical Engineering, Stanford University

Local heat transfer coefficients and friction factors for turbulent

flow of air, nitrogen and helium have been obtained in 1/8-inch diameter

smooth tubes.

Unheated starting lengths of 1.5 to 3 inches were

followed by heated lengths of approximately 20 inches. Within the

accuracy of the measurements, the same correlations can be used for

all three gases.

Entering Reynolds numbers in various runs range from 13,500

to more than 200,000, the highest flow rates being accompanied by
\

choking at the tube exit. Calculated Mach numbers in the region of the

test section where friction factors and heat transfer coefficients were

measured vary from 0.02 to more than 0.4. Maximum tube wall

temperatures range from 160 to 18900F, wall-to-bulk temperature

ratios to 2.45, and heat fluxes to 259,000 Btu/(hr)(sq ft), while the

gas pressure ranges from a few atmospheres to about twenty.

The primary measurements made in this program include tube

wall temperature and static pressure at various stations along the

heated length; gas inlet and outlet temperatures and pressures; and

electrical power input to the tube. Consequently, the local heat

transfer and friction coefficients depend on calculated local bulk

<

temperatures obtained from energy balances. However, each test

section was calibrated for radial and axial heat loss, with the result

that over-all energy balances show agreement to a few per cent between

*

calculated and measured gas exit temperature.

E3

Present address: Department of Mechanical Engineering,

Texas Technological College, Lubbock, Texas.
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Figure 1 shows the experimental heat transfer data for air

correlated by the relation

T \-0.5 -0.7 (1)
0.8._ 0.4 w . X
NNu = 0.021 NRe NPr ,—I,;> [1+(5) }

in which all properties are evaluated at bulk temperature. The plot

includes temperature data at values of x/D from 2.6 to 100. It should
be noted that as the heat flux is increased the points in the entrance

region (x/D<30) are at first overcorrected, then later undercorrected,

.by the combination of the temperature ratio and axial distance parameters.

The equation is most effective when the heat flux parameter, q+, equals
0.002. i

Many experimental investigators [4, 5,6, 7] have used a so-called
film temperatlns'e, midway between the wall and the bulk temperature,
to correlate average heat transfer data at high temperature ratios, and
Deissler, as the result of a variable properties analysis [3] , suggested
that a 0.4 reference temperature, Tr = Tb + 0.4 (TW - Tb'), be used for
correlating local heat transfer data. While the present authors prefer

the formulation of equation 1, the data obtained in the present investigation

can be correlated, as in Figure 2, by

Newe = 00, O0 ST

where fluid properties are evaluated at film temperature, Tf = Tb+0. 5(Tw-Tb).

The modified film Reynolds number is defined, following Humble et al.

(6] by

PVe GD Pt

"Re,f,m - e Tk

Py
With equation 2, as with the previous equation, the data in the entrance
region are not as well correlated as those downstream.

For comparison with earlier investigations the average heat

transfer parameters have also been calculated following the definitions
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of Humble et al. [6:] . Although film properties are usually used for
such correlations, the relationship shown in Figure 3 is in agreement
with the trends reported in reference 6. The average heat transfer
data for air are correlated by
NNu,a.v = 0.021 NRe, NPr av <:::> (3)
for long tubes (L/D > 60) at Reynolds numbers exceeding 25,000,
As shown in Figure 4, local friction factors in the downstream

region follow the Karman-Nikuradse relation,

|
VE = 2log, (N ~3) -0.8 (4)
when based on fluid properties evaluated at the bulk temperature.
Increasing the heat flux appears to cause a slight reduction in the
friction factor. In the thermal entry region, local friction factors
are higher, and this trend becomes more pronounced at lower values of

the Reynolds number and higher values of the heat flux parameter, q+.

The film temperature concept did not provide a useful correlation

of the local friction factor data. Although no comparable data on local

friction factors have been published, average values for high temperature

gas flow have been reportedl:l, 6, 7] . The present results, when
averaged over the heated length, are in good agreement with these

references.

Acknowledgements

This research was performed at Stanford University under AEC

contracts AT(04-3)~247 and AT(04-3)-326 Project No. 5.

References

1. Barnes, J.F., and J.D. Jackson, Journ. Mech.Eng. Sci., _?3_,
No. 4, 303 (1961).

2. Deissler, R.G., NACA TN 3016, Oct. 1953.

76

@

+




3. Deissler, R.G., and C.S. Eian, NACA TN 2629, February 1952.

4., Durham, F.P., R.C. Neal and H.J. Newman, Reactor Heat Transfer
Conference, New York, November 1, 1956.

5. Fowler, J.M., and C.F. Warner, ARS Journal, 30, No. 3, 266
(March 1960).

6. Humble, L.V., W.H. Lowdermilk and L.G. Desmon, NACA Report
1020, 1951.

7. Taylor, M.F., and T.A. Kirchgessner, NASA TN D-133, Oct. 1959.

Nomenclature
£ Fanning friction factor, ’rw/ lz-p VZ
Hi Inlet stagnation enthalpy
NNu Nusselt number, hD/k
NG Prandtl number, pcp/k
NRe Reynolds number, GD/u
+
1

q Heat flux parameter [2], qW/GHi
X .
D Distance parameter
Subscripts:

f evaluated at film temperature

i evaluated at inlet temperature

w evaluated at wall temperature

The lack of a subscript on a non-dimensional parameter
indicates that properties are evaluated at bulk temperature.
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ON THE HYDRODYNAMICS OF A COAXTAL FLOW GASEQUS REACTOR
By Robert G. Ragsdale and Herbert Weinstein

TLewls Research Center
National Aeronautics and Space Administration
Cleveland, Ohio

Introduction

The concept of a coaxial flow gaseous reactor is presented in reference 1,
and will be but briefly described here. The containment criterion, common to all
gaseous reactor schemes, 1s met by introducing a slow moving stream of fission-
able gas. into a surrounding, fast moving stream of hydrogen propellant. The
hydrodynamic analysis of such a system must include both mass and momentum in-
terchange between the two streams, and is additionally complicated by heat trans-
fer and criticality considerations. The approach here has been to first restrict
attention to an isothermal, laminar coaxial flow system.z This basic analysis
has been extended in this paper to include turbulence by introducing an eddy
diffusivity into the laminar equations. '

Experimental measurements have been made on an air-bromine coaxial flow
system. Measured values of the variation of inner stream {(bromine) density with
axial position are compared with the analysis for both laminar and turbulent
flow of the outer (ailr) stream. The purpose of this study is to verify the fun-
damental diffusion and momentum transfer analysis. Though the additional com-
plexities associated with flow instability and nuclear heat generation are as
yet unexplored, the results presented here provide necessary information about
the basic mixing process 1n a coaxial flow gaseous reactor.

Analysis

The assumptions and restrictions made in deriving the equation set for the
model shown in figure 1 are: (1) the entire flow field is at steady state and
constant temperature and pressure, (2) axial symmetry exists, (3) the fluids mix
ideally, and (4) the usual boundary layer assumptions apply.

The equation set consists of the continuity equation with the steady state
and axial symmetry assumptions; the momentum equation, which is the axial com-
ponent Navier-Stokes equation including the body force term, with the boundary
layer, steady state, axial symmetry, constant pressure and constant temperature
assumptions; and the diffusion equation3 with the axial symmetry and steady state
assumptions. These three equations are taken through a transformation to an
axial length-stream function coordinate set.
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The resulting equations are:

.aa=a+1.a[—e- aﬁ] __gc 1

momentum: 5 EeLo 7 greu(sc + 1) v + Z(C + 1) (1)
o cx . (Bc+ 1% d3[=m-0c

diffusion: -a_z_ m ¢ & Drfu S\F (2)

where

U= Local axial velocity 5 F = Initial inner stream Froude number

Initial inner stream velocity

Axial distance Local mixture viscosity

T
il

Zz =

Initial inner stream radius; Inner stream viscosity
B = ﬁgi' 31' Z§ ;322; zzizzz -1; C = Inner stream mole fraction
F = Radial distance D= Local binary diff. coeff.
Initial inner stream radius Inner stream self-diff. coeff.
Scy o = Initial inner stream Rey o = Initial inner stream
) 3

Schmidt number Reynolds number

'% = stream function

Because of the cylindrical geometry, the radizl distance does not drop out
of the equations as it would in a two-dimensional system as Pai® showed, so a
form of the continuity equation must be carried along in the numerical integra-
tion to relate T and V. The form used is obtained by assuming again
Oy /OF >> Oy/dZ and dropping the term containing the smaller derivative:

r v

—_ = 1 .
continuity: r'dr! = —ee————  d! 3
0

0

These equations are integrated numerically from the initial face at the nozzle
entrance downstream to a face beyond the end of the potential core.

The laminar analysis is extended to include turbulent flow by introducing

eddy diffusivity factors into the molecular viscosity and diffusivity terms
in the above equations. This is done in the usual manner:

Miurb = Migm (1 + pe/“le.m)
Diurb = Diam 1+ €/Dlam)
for both fluids. In addition, the value of (Pe/u) in the inner stream is
allowed to vary axially from a low initial value up to the constant value of the
(DeAJ) in the outer stream according to the form:
(DE/_u)l = (pe/l-l)l)o + al(z)az-
Experiment

The air-bromine coaxial flow test set-up is shown schematically in figure 2.
Metered air is introduced through & tube bundle, and flows downward in a five

83




inch by five inch Lucite channel. A metered bromine stream is injected into the
air stream two feet downstream from the tube bundle through a one-half inch
diameter monel tube. The test section was operated at five psia, the vapor
pressure of bromine at room temperature. A photograph of the test apparatus is
shown in figure 3.

Radial average bromine concentrations were measured at one-inch intervals
downstream from the point of injection by a light absorption technigque. One-
eighth inch diameter collimated light beams were passed through the bromine
stream, and intercepted by photomultiplier detectors. Concentration was calcu-
lated from the measured light attenuation from Beer's law.

The calculated concentrations at the various axial stations were normalized
to the value at the injection point, and are thus independent of the absolute
value of absorption coefficient. This concentration ratio, C*, is plotted as a
function of the distance from the injection point, 7, normalized to the initial
bromine stream radius. Two flow conditions are reported here; one 1s for laminar
flow of both streams, and the other for turbulent.

Discussion of Results

Figure 4(a) shows a comparison of the experimental data with the analysis
for laminar flow. The Reynolds number of the airstream is 2075, and the initial
air-to-bromine velocity ratio is 4.3. The initial bromine Reynolds number,
based on the diameter of the injection tube, 1s 200. The agreement is satis-
factory in view of the relatively complex flow mechanism under ccnsideration.
Two factors are worthy of note here. First, though the Reynolds numbers of both
the air and bromine streams are within the laminar regime, the discontinuity
resulting from the finite thickness of the injection tube tended to introduce a
certain amount of turbulence. Second, the analytical line is a true radial
average, while the experimental conditions only approximate this, since the
light beams were of finite diameter. Both of these considerations would tend to
cause the data to fall somewhat below the predicted line. The results of both
the laminar and turbulent analyses include gravitational effects, expressed in
equation (1) in terms of a Froude number.

For laminar flow, the conditions of the experiment are used as input to the
analysis, and the predicted variation of concentration with axial position is
obtained. For turbulent flow, the situation is not so well defined. In addition
to the measurable parameters, one more quantity is required but unavailable.

That is the value of a turbulence level factor, (ee/u). In the outer stream,
this factor is considered constant. In the bromine stream, the turbulence factor
is allowed to vary from some initial value (zerc, i1f the bromine stream is
initially laminar) up to the (De/ﬁ) in the airstream.

It is possible, however, to estimate this parameter from the Reynolds num-
ber, based on existing pipe flow data. This was done, and for the turbulent
case considered here, the (DEAJ) of the airstream was estimated to be from 21 to
37. For this run, the air Reynolds number was 19,900, and the initial bromine
Reynolds number was 1900. The initial air-to-bromine velocity ratio was 4.4.

Figure 4(b) shows the experimental data for these conditions. The predicted
line for laminar flow is shown for comparison. The analytical line for turbu-
lent flow was obtained by taking a turbulence factor of 30 for both the air and
bromine streams. Since this value is within the range expected from pipe flow
information, the procedure seems Justified; though, admittedly, this probably
masks certain experimental inaccuracies. A more realistic apprecach would be to
consider some initially low turbulence level factor in the bromine stream, and
allow it to increase axially to the airstream value. The point of view here is
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that, for the purposes of this paper, it is sufficient to show that the assump-
tion of equal turbulence levels in the two streams yields satisfactory results.

Additional data, over a range of flow conditions, will be required to de-
termine a relationship between turbulence level and Reynolds number for a coaxial
flow system. The three flow regimes of interest are: (1) laminar flow of both
streams, (2) turbulent flow of both streams, and (3) laminar flow of the inner
stream and turbulent flow of the outer stream. The general agreement of the
experimental data and the analysis for both turbulent flow (with an assumed
value of pEAJ) and laminar flow cases presented here indicates that the impor-
tant physical mechanisms for mass and momentum transfer are adequately described
by the analytical expressions.
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RADIANT HEAT TRANSFER TO_ABSORBING,
GASES WITH FLOW AND CONDUCTION

By T. H. Einstein

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio

INTRODUCTION

During the past five years there has been a significant increase of in-
terest in the problem of radiant heat transfer to sbsorbing gases. Recent
activity in this-area has been motivated by the advent of heat transfer prob-
lems arising in space vehicle reentry, MHD energy conversion, and energy trans-
port in a gaseous nuclear reactor.

Hottel was one of the earliest workers in this field, having investigated
radiant heat transfer from furnace gases as early as 1927. Although other
workers have recently become active in the field by obtaining analytical solu-
tions for heat transfer and temperature distributions (1), (2), (3), Hottel's
analysis (4) of the heat transfer problem remains probebly the most realistic
since it is applicable to real {nongray) gases and may be applied to geometries
of almost arbitrary shape.

There has been very little done so far in obtaining generalized results
for radiation to a flowing gas or for combined radiation and conduction.
Adrianov, (3), investigated radiation heat transfer to a flowing gas, but some
of the assumptions in his analysis render his results valid only for the case
of weak absorbtion in the gas. Viskanta, (2), has presented a rather complete
analytical treatment of combined radiation and conduction between two infinite
parallel plates separated by an absorbing ges, but only a few specific results
were presented.

It is the purpose of this investigation to expand on the work done by both
 Adrianov and Viskanta which is cited above. The method used in the present
analysis is a modification of Hottel's zoning technique (4). Results are ob-
tained for a gray gas in a rectangular chanmnel formed by two black, parallel
flat plates of finite length, and are presented in generalized form for the
case of radiation to flowing gases and also for combined radiation and
conduction. )

ANALYSIS

A two-dimensional eanalysis of radiation heat transfer is made for a gray
gas enclosed in a rectangular channel formed by two black parallel flat plates
of Tinite length and infinite width. A sketch of this configuration is shown
in figure 1. A rigorous treatment of this problem requires the solution of
the following two dimension integro-differential equation which represents the
heat balance on an infinitesimal volume, dV, at any point in the channel.
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4p= OT(F) dCT(T)
+ 4kaoT + G Sy NS . |
Fo) + Gop 55 .
> —> A > —>
I‘=I‘o I‘=I‘o

=k /[/ oTé(?)f(?-?o)dv+k //UT:(?)g(?-?O)da (1)

An explanation of the various terms in equation (1) is given below
k absorbtion coefficient of the gas

+ rkoT4(?6) energy emitted per unit volume at T = To

ch g% rate of enthalpy increase of the flowing gas at T = ;5
r=r,
2 >
A é—gizl net conduction heat transfer per unit volume

3y?

radiation absorbed from emission of flat plate surfaces,

/ / / radiation absorbed from emission due to surrounding gas volume and
respectively

If the conduction and convection terms are removed in equation (1), its solu-
tion is greatly simplified since the equation will then be linear in the emis-

sive power oT#. If in addition the length of the channel also becomes infinite,

the integrals can be partially evaluated in closed form in terms of exponential-
integral functions, as was done by Usiskin (1).

In the absence of these simplifying restrictions, the only feasible way to
solve this problem appears to be application of a method similar to Hottells
where the two-dimensional integral-differential equation (1) is approximated by
a system of algebraic equations. This is done by first dividing the region be-
tween the plates up into a 10X10 array of rectangular zones, 100 zones in all.
The gas temperature variation within each of these zones may be approximated
by a two-dimensional linear function. Heat balance equations in the form of
equations in the form of equation (1) are now written for infinitesimal volume
elements located at the center of each of 100 zones. The integral on the right
of equation (1) is approximated by a finite summastion over all the zones and
surfaces. The derivatives are replaced by numerical approximations obtained
from fitting a paraboloid through the temperatures of the zone in question and
those of its adjacent neighbors in both directions. Bach of the 100 zones is
labeled.by a dual subscript (i,j), 1 is the position along the length of the
channel and |j represents the posltion in the transverse direction. The re-
sulting system of nonlinear algebraic equations, which is given below, are then
solved for the 100 values of Tij’ the gas temperatures at the center of the

zones, for a given set of boundary conditions (plate and end temperatures).
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The conditions of the two ends of the channel are represented by assuming that
the ends are porous black plugs having the same temperature as the effective
gas temperature at the ends. The equations to be solved are thus:

(T, g0 * Bagen - 20y)

+ 4}{5‘1‘4 + Ge (Ti+ljj - Ti"l)j)

o 2 & - ry?
10
= X E 0Ty nf(F(m,n) - F(1,5))av
m,n=1
10
+ k E oTs(m,n)g(F(m,n) - F(i,j))a  i=1,10; j=1,10 (2)
m,n=1

The principal difference between the present approach and that of Hottel's is
that here the heat balance is taken on an infinitesimal volume of the center of
the zone, rather than on the entire zone. This approach results in a large re-
duction in the effort required to compute the "exchange factors" f£(7) and g(T).
Since the system of 100 equations (2) is generally nonlinear due to the presence
of convection and conduction terms, it was solved using the Newton-Raphson
iterative method for nonlinear algebraic equations. This method rapidly con-
verges and the correct solution is obtained after only a few iterations.

RESULTS AND DISCUSSION

The system of equations described by equation (2) was solved on an IBM 7090
computer for a gray gas of constant absorptivity enclosed in a black walled rec-
tangular channel of aspect ratio, L/D, of ten and for a range of optical thick-
ness Ty, (0.1 <7,<6), 1 =kD, where k is the gas absorptivity and D is

the plate spacing. Cases were run for either combined convection and radiation
or combined conduction and radiation, for a wide range of gas flow rates and
thermal conductivities. The walls of the channel were considered to be at con-
stant temperatures. To establish a reference several cases were run for radia-
tion only, without flow or conduction.

Figure 2 illustrates the heat transfer between the two plates for the case
of a stagnant nonconducting gas. Since in this case equation (1) is linear in
the emissive power, GT4, the heat transfer results may be normalized by dividing
by the difference in the emissive powers of the two plates. The results given
in figure 2 compare favorably with those obtained by Usiskin, (l), for infinite
parallel flat plates. The agreement is not perfect because of end effects due
to the finite length of the channel.

In order to discuss the effect of conduction on radiation in a stagnant gas
it is desirable to present the results in some type of nondimensional parametric
form to obtain complete generality. Equation (1) may be:nondimensionalized by
dividing through by koTi where T, 1is the temperature of the hotter plate.

It can also be shown that the integrals on the right, for a given'temperature
field, are a function only of To, and the channel aspect ratio L/D. On the

basis of the above observations it can be shown that the solution of equation (1)
is a unigue function of the boundary conditions (ratio of cold plate and end
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temperatures to T*), and of the following set of dimensionless parameters

(Zzg, Tos % . For the sake of brevity the parameter 512 will be designated
[o} T* [9) T;

Ner. Figure 3 shows the effect of combined conduction and radiation on the

transverse temperature profile for the cases of both weak gas radiation

(1o = 0.2), and a relatively opaque gas (7o = 3.0). In both cases, the tempera-
ture gradient and therefore the heat conduction at the cold wall were substan-
tially higher than those for pure conduction (linear temperature profile). At
the hot wall the temperature gradient may be either greater or less than that
for pure conduction, depending upon the value of Nggr and the opacity of the
gas.

Another effect of combined radiation and conduction is that the total heat
transferred is greater than the sum of the heat transfer for radiation and con-
duction, taken separately. This effect is shown in figure 4 where the ratio of
combined heat transfer to the sum of both components taken separately is plotted
versus T, for various values of Npr. This augmentation is due to interaction

between radiation and conduction resulting from the nonlinear nature of the com-
bined process. There is no augmentation for the case 7To = O gince the gas
is then not involved in the radiation transfer process, and the energy transport
by conduction and that by radiation are independent. For large values of <,

the radiation transport becomes similar to a diffusion process (Rosseland ap~
proximation) and again the interaction with conduction diminishes.

For the discussion of the effect of gas flow on radiation without conduc-
tion it 1s again desirable to present the results in the form of dimensionless
parameters. In the discussion to follow both plates are at the same, constant
temperature T* and the gas enters the channel from one end through the black
porous plug at a temperature T;. The gas flow 1s in the direction of length

L, as shown in figure 1. The results to be given are for slug flow, G 1s con-
stant. In a manner similar to that described earlier, the solution to egua-
tion (1) is a function of the dimensionless inlet temperature (Ti/T*) and the

Ge Ge
following set of dimensionlegs parameters i L . The parameter ~L is
UTS’ ©> D oT3
¥ *

known as the Boltzmann number Np, and was also used by Adrianov (3) in pre-

T - T
senting his results. In figure 5, the parameter A = @3—:ﬂf% represents the
AL

ratio of the actual heat transferred to the gas to the maximum theoretically
possible. The striking feature of figure 4 is that for a given value of Ngg

the heat transfer to the gas goes through a maximum with increasing T,. The
reason for this behavior 1s that as T, increases the layers of gas next to the
wall effectively absorb most of the radiation from the wall and thereby shield
the bulk of the gas stream from any direct radiation. Because of this the bulk

of the gas absorbs less radlation with increasing 75, resulting in reduced
overall heat transfer.

The effect of this self shielding can also be seen by comparing the trans-
verse temperature profiles at the channel exit for a weak and a strongly ab-
sorbing gas as shown in figure 6. At 7, = 1.0 there is very little self

shielding and the temperature profile across the channel is fairly flat. For a
higher degree of gas opacity at the same value of A, 75 = 4.0, the temperature

profile shows the variation expected, the temperatures next to the wall being
higher but the temperatures in the remainder of the stream being reduced due to
the heavy self shielding.
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The preceding remarks have indicated some of the effects of conduction and
gas flow on radiant heat transfer to absorbing gases. The interaction between
conduction and radiation results in an increase in net heat transfer in compari-
son to the sum of the conduction and radiation heat transfer taken separately.
For the case of radiation to a flowing gas from a constant temperature surface,
the net heat transferred to the gas goes through a maximum as the gas absorb-
tivity is increased.
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EXPERTMENTAL SPECTRAL.TRANSMISSIVITY OF
CARBON PARTICLE CLOUDS -

e e

e

By Chester D. Lanzo

Lewls Research Center
National Aeronautics and Space Administration
Cleveland, Ohio

INTRODUCTION

Radiation heat transfer 1s an important consideration at the temperature
levels associated with current and advanced nuclear rocket concepts. The pri-
mary mode of heat transfer to the hydrogen propellant 1n a coaxial flow gaseous
nuclear rocket is radlation; and since hydrogen is transparent at temperatures
below 6000° K, the necesslty of seeding with an absorbing material is evident.
There are many complex problems attendant to the use of high temperature, seeded
hydrogen gas as a propellant, and information necessary to select a proper seed
material is unavailable.

To provide a means of initially estimating the required seeding densitles
in a gaseous reactor, a study of the transmissivity of carbon particle clouds at
room temperature was undertaken at Lewls Research Center. .The investigation was
conducted in two phases. First, spectral transmissivity measurements were made
with a spectrophotometer, Then, total transmissivity was determined with a
xenon arc source and a total radiation detector. Good agreement was obtained
with the two methods, and therefore only the spectral results are presented
here.

EXPERIMENT

In all of the tests the seeding powders were dispersed in distilled water
to minimize problems caused by particle settling. The absorption contribution
of the water was eliminated by comparing each sample transmissivity with that of
a reference cell containing only water. TFour carbon powders (diameters of 0.08,
0.15, 0.45, and 1.40 microns) were studied to iInvestigate the effect of particle
size on transmissivity. Particle sizes were all determined with a Filscher Sub-
Seive Sizer.

Spectral transmissivities of the various particles were measured with a
Beckman model DK-1 recording spectrophotometer which provided the following
features: a quartz monochromater, with a hydrogen or tungsten lamp, and a
photomultiplier or lead sulfide detector. Transmissivities were measured over a
range of wavelengths from 0.2 to 1.0 microns.

Figure 1 illustrates the system under consideration. Radlant energy of
intensity I, and wavelength A traverses a particle cloud for a distance 1,
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and 1s attenuated to the emerging intensity I. The particle system is defined
by N, the number of particles per unit volume of dispersion; the particle den-
sity p; and R, the particle radius. The purpose of the measurements is to
provide information from which the transmissivity of a seeded medium can be
easlly estimated.

All of the data are presented in the form of the measured guentity, trans-
missivity I/Io. If no radiation is removed from the incomlng beam by scatter-
ing, then these values are readily transformed into absorptivities. Light
scattering by small particles is a complicated process, and is the subject of a
nunber of textbooks. Though a detalled study of scattering 1s beyond the scope
of this study, two items are worthy of note. One point 1s that the light beam
was of small diameter (1/8 in.) compared to that of the sample cell (2 cm, see
fig. 1); and the optics of the spectrophotometer used are such that any scat-
tered light emerging from the end face of the cell is intercepted by the de-
tector, and thus does not contribute to any apparent absorption. Secondly,
some brief measurements made on a typical dispersion indicate that the attenua-
tion of the incoming beam due to scattering was less than 1 percent. So, it is
assumed that scattering is not an important factor for the range of conditions
considered here, and that the measured attenuations represent true gbsorption.

DISCUSSION OF RESULTS

The transmissivity of carbon particle dispersions was measured over a range
of wavelengths with a spectrophotometer. The results are shown in figure 2 for
a particle diameter of 0.15 micron. The transmissivity of the particles is seen
to be essentially independent of wavelength from 0.2 to 1.0 microns. Two sets
of measurements are shown, for particle densities of 0.12x10-% and 0.2x10-%
grams per cc. Any dependence of transmissivity on wavelength is within the de-
viation of the data, and the results show that for the conditions of interest
here the transmissivity of carbon particles can be considered independent of
wavelength.

A procedure of successive dilutions was used to determine the effect of
particle concentration on transmissivity. The results for four particle diam-
eters of 0.08, 0.15, 0.45, and 1.40 microns are shown in figure 3. Monochro-
matic light, wavelength of 0.36 micron, was used, and the path length was 10 cm
in all cases. The variation of transmissivity with particle concentration
follows the exponentlal dependency stated by Beer's law:

1/1, = e-Epl

where E 1is the specific extinction coefficient. The fact that Beer's law is
operative suggests that E is a true absorption coefficient, and that a large
percentage of scattering is not present.2 -

£2S

Although it 1s advantageous that transmissivity has a simple exponential
dependency with concentration, it is not generally useful unless the specific
extinction coefficient E 1is known as a function of particle size. To obtain
a correlation for all particle sizes, the data were plotted in terms of an ex-
tinction coefficient per particle /N, obtained from:

I/I, = e-€l

and




.where p, N, R, and 1 are as previously defined, and p 1s the material den-
sity, taken to be 1.6 gm/cc for carbon. A value of € was obtained from the-
slopes of the lines shown in figure 3 for each particle size.

Figure 4 shows e/N as a function of particle radius R. As particle size
decreases, 1t can be shown3 that e/N should become proportional to R.6 A
dashed line with thils slope 1s shown In figure 4, and 1s in good agreement with
the line through the data.

For large particles, it is also possible to anticipate the relation of e/N
with particle radius. Here, the absorption mechanism should be physically
similar to a "shutter," or blockling effect, and e/N becomes proportional to
R.2 A line with this slope 1s shown in figure 4 to be in good agreement with
the data for large radii. It is of interest to note that ¢/N can be viewed as
an absorption cross sectional area, and thus the ratio of e/N to the physical
cross sectional area of a particle has slgnificance. Thils ratio is 0,052 for
the smallest particle tested, and progressively increases to a value of 0.91 for
the largest. The fact that this ratio approaches unity for large particles is
the equivalent to the expected proportionality of e/N to RZ shown in
figure 4.

The applicability of the results shown 1in flgure 4 to a gaseous reactor
seeding problem can be exemplified as follows. A typical problem would be to
estimate the seeding density required to attenuate a given radiant energy to 5
percent of 1ts 1nitial intensity in a path length of 100 centimeters. Assuming
that 1 micron particles are avallable, figure 4 gives e/N = 7.8x10%. From the
attenuation requirement, I/IO = 0,05, and € = 0,0299 for a path length of
100 cm. Thus the required particle concentration is 3,84x106 particles per ce.
For a materisl density of 1.6 gm/cc, the required seeding density is 3.2x10"6
grams per cc.

CONCLUDING REMARKS

It is reasonable to assume that carbon dispersion data obtalned at room
temperature will not duplicate transmissivitlies which will occur at elevated
temperatures in a gaseous medium such as hydrogen. The purpose here 1s to es-
tablish that reasoneble attenuation of radiation 1s possible for seeding den-
sities which are sufficilently small to be of interest for gaseous reactor appli-
cations.

Further, although the measurements presented are related to the seeding
problem in a gaseous reactor, carbon partlcles are not necessarily best for this
purpose. Tantalum carbide, for example, has been consldered elsewhere,4 and
other materials may ultimately prove to be more useful than the ones investi-
gated to date. In addlition to transmissivity, other factors will require con~-
sideration; the cholce of a seeding agent may be dictated by the minimm parti-
cal size attalnable with various materials, or by chemical stability iIn the
presence of hydrogen at elevated temperatures.
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Introduction

In the last few years there have been an increasing number of ideas
and schemes on the retention of gaseous nuclear fuel in a cavity reac-
tor. Some methods proposed make use of hydrodynamic forces, such as
the vortex type discussed by Kerrebrock and Meghreblianl, and the co-
axial flow type described by Weinstein and Ragsdalez. Other methods
require magnetic forces to contain the fuel in the cavity, such as
proposed by Spencer3 and Nelson%?. There have been other proposals with
variations on these methods. With the exception of the vortex type,
one common requirement imposed on the fuel is that it be centrally
located, away from the cavity walls. In an arrangement such as this,
it 1s expected that the critical mass requirements will be higher than
that of a uniformly filled cavity.

In a previous analysis on spherical geometries5, this increase in
critical mass was indicated as being less than 25 percent for fuel-to-
cavity radius ratios down to 0.5, for cavity radii ranging-from 70 to
175 em. In a cylindrical cavity reactor the fuel would be centrally
located only with respect to the radius. As shown in figure 1, the
fuel region runs the entire length of the cavity. It is anticipated
that this would allow a further decrease in the fuel-to-cavity radius
ratio without an increase in the critical mass.

Conditions of Analysis

The moderator-reflector region, as shown in figure 1, completely
surrounds the cavity. The thickness of this region is maintained at
100 cm for all calculations. Graphite and DpO were considered as

moderator materials; and U235 and Pu239 as nuclear fuels. The radius
of the cavity was varied in a few cases, but for the majority of the

computations was held constant at 150 cm, along with a reactor cavity
L/D (length-to-diameter) ratio of 1.0.
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. The cavity radius was chosen on examination of the combined continuity
equations for the propellant (hydrogen) and the fuel (uranium or plutonium),
expressed as a velocity ratio in a coaxial flow reactor?:

qu (WHZ/WF)(MF/MHZ)(THZ/TF)
T LY

-1
TR/ THy

To minimize mixing losses it is assumed that the average velocity ratio
must be on the order of 100 or less. With the mass flow, molecular weight,
and temperature ratios relatively invariant, the radius ratio rF/rH2 becones

the dominant factor. Small radius ratios ease the hydrodynamic restrictions on
the velocity ratio required, but lead to high operating pressures because of
the increase in critical densities. Combining these factors, a value of 150 cm
was assumed for a reasonable cavity radius, and 0.17 for a fuel-to-cavity radius
ratio. Inasmuch as these are only guesses as to reasonable values, they should
not be taken as final or recommended values; they are, however, suitable for
discussion here.

To determine the effect of changing radius ratio on criticality, the fuel
region radius was varied and critical densities were obtained. The region of
the cavity outside of the fuel region contained hydrogen with a density of

O.8><lO21 atoms/cc. Although diffusion of neutrons in the hydrogen was considered,
removal and absorption cross-sections were taken as zero. All of the results
presented here were based on calculations of criticality obtained with PDQ0O2, a
two-dimensional reactor code written® for the IBM 704. Neutron macroscopic

cross sections for the materials were basically obtained by flux weighting cross
sections from BNL 325'. For the high temperature "thermal" cross sections, the
effect of Doppler broadening was taken into account. This was done primarily
because of low energy level resonances in plutonium and uranium. For a given
geometry the fuel density was varied until a criticality factor of 1.00 was
obtained.

Discussion of Results

In general,cavity reactors are considered thermal in the sense that most
of the absorptions of neutrons by the fuel occur at thermal energies. In a
cavity reactor the neutrons are born in the fuel at high energies and quickly
diffuse into the reflector-moderator region. Here they are thermalized and find
their way back into the fuel region to be absorbed and start a new generation
of neutrons. As the fuel region is decreased in diameter, the probability that
returning neutrons will intersect it again is reduced. Therefore, to maintain
criticality the ones which do pass through the fuel must have a higher probability
of being absorbed. This means that as the fuel radius is decreased, the fuel
density must increase. As the fuel density increases, the thermal flux drops
off more rapidly through the fuel region. An example of this is shown in fig-
ure 2. For three different fuel radii, the flux decreases more rapidly as the
fuel radius is decreased, and the fuel density is increased to maintain crit-
icality.

Since the fuel volume is decreasing, an increase in fuel density does not
necessarily mean that the critical mass has increased. Several configurations
were computed to determine the effect on critical mass as the fuel radius is
decreased. This is indicated in figure 3. The lower curve is for a cavity
radius of 40 cm, and L/D of 2, and illustrates that, based on diffusion theory,
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the fuel region can be reduced in radius by factors of 5 and 6 with no appreciable
increase in critical mass.

The remaining curves are for a cavity radius of 150 cm. The dashed line
extensions are extrapolations to end points (cavity completely filled with fuel).
The end points for the D,0 cases were determined from a buckling analogyS. Al

of the curves for U235 indicate that the fuel radius can be reduced by factors
of 5 or 6, that is, fuel-to-cavity radius ratios of 0.2 to 0.187, without in-
creasing the critical mass by more than 25 percent. The curve for Pu239 fuel
indicates a sharp increase in critical mass at a radius ratio of about 0.25, or
a factor of 4 in decreased radius. Although this is less of a reduction in fuel
radius than afforded by the UZSS, the critical mass is much less (10 kg compared
with 30 kg at 0.4 radius ratio) under the same conditions.

As was previously indicated, a fuel radius of 25 cm appears to be in the
region of interest. Maintaining this fuel radius and a cavity radius of 150 cm,
several calculations were performed to determine changes in critical mass due
to variations in temperature and materials. The results are shown in table T.
Case (1), as shown in the table, had U235 as the fuel, and D,0 as the moderator

(100 ecm thick). Since D50 was used, the neutrons were assumed to be at room

temperature (70° F). The critical mass for this case is seen to be 6.3 kg. 1In
the next case, as shown in the diagram with table I, a void region through the
Do0 with the same diameter as the fuel region was added to one end to obtain

some indication of the effect of an exhaust nozzle; the increase in critical
mass was small (5 percent).

In the third case, the D,0 was replaced sith graphite. The increase in

critical mass from 6.3 to 65 kg is due primarily to the increased absorption in
the graphite moderator, as is shown in table II. Therefore, an increase in the
thermal temperature to near an operating temperature (approximately 53000 F)
should decrease the critical mass. This is shown by the results for case 4.
Case 5 was run to determine the effect of replacing U235 with Pu239. The indi-
cated result is that the critical mass decreases from 38 to 27 ksg.

Table IT gives a neutron balance for each case. Since this is a balance
of neutrons, and a fixed fraction of neutrons must be absorbed in the fuel, any
increase of absorptions in nonfuel regions must be accompanied by a decrease in
leakage. One noticeable fact is that even though less fuel is required using
Pu239, more neutrons must be absorbed in the fuel. This is due to the larger
portion of the neutrons absorbed in the Pu239 that do not produce fission
neutrons. The decrease in critical mass for Pu239 results from the fact that
although the probability of a fission per absorption is less than for U235, the
probability of an absorption is sufficiently greater to override this effect.

Concluding Remarks

From the two-dimensional calculations performed on cylindrical cavity
reactors, it appears that the fuel region can be reduced in radius inside a
cavity more than appeared possible from spherical results. The calculations
indicate that if graphite is to be required for high temperature use, an increase
in critical mass will result, though not as much as would be indicated by the
use of room temperature cross sections.

The calculations also show that critical mass can be reduced by using
Pu239 rather than U235. A single calculation of the effect of a nozzle opening
through the reflector-moderator showed only a slight increase in critical mass.
Inasmuch as D0 1is a better moderator, it would seem worthwhile to consider a

possible combination of D50 and graphite into a two-region moderator-reflector
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with high temperature capability and reduced neutron absorptions. Finally, in
view of some of the steep flux gradients in a cavity reactor, it is estimated
that transport theory would predict, in certain cases, larger critical masses
than diffusion theory; this has been indicated by a few preliminary one-
dimensional calculations.
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TABLE I. - FUEL INVESTMENTS FOR 2-D (R,Z)

DIFFUSION ANALYSIS - CAVITY REACTORS

Case | Refl. Fuel Temp. Nozzle | Critical mass,
kg
1 |Dy0 | U-235 | 70°F No 6.3
2 D0 U-235 700 F Yes 6.6
3 C U-235 70° F No 65.0
4 C U-235 | 5300° F No 38.0
5 C Pu-239 | 5300° F No 27.0

Refl. thick = 100 cm
Cavity L/D = 1.0
Cavity radius = 150 cm
Fuel radius = 25 cm

U235—\\ U235'\\

Ho—

(1) D,O(70°F) (2) D,0(70°F)

U235—\

(4) C(5300°F)

(3) C(70°F)

pu239—\

(5) C(5300°F)
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TABLE II. - NEUTRON BALANCES FOR 2-D (R,Z)

DIFFUSION ANALYSIS - CAVITY REACTORS

Case Refl. Fuel Absorptions Leakage | Total
Fuel | Nonfuel

1 D,0 U-235 484 67 449 1000
(70° F)

2% DZO U-235 484 63 453 1000
(70° F)

3 C U-235 488 318 194 1000
(709 F)

4 C U-235 482 144 374 1000
(5300° F)

B C Pu-239 | 553 124 323 1000
(5300° F)

*With exhaust nozzle.

Refl. thick = 100 cm
Cavity L/D = 1.0
Cavity radius = 150 cm

Fuel radius = 25 cm

REFLECTOR—MODERATOR
D,0 OR GRAPHITE—

\

CAVITY REGION - H,— 7

v

“—FUEL REGION -
U-235 OR PU—-239

Fig. 1. - 2 dimensional cavity reactor model.
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NASA RESEARCH ON THE COAXTAL FIOW GASEOUS NUCLEAR ROCKET
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By Robert G. Ragsdale and Frank E. Rom

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio

The Concept

An increasing amount of attention in recent years has been directed to a
nuclear rocket engine which would employ both the propellant and fuel in a
gaseous state.r22s5,4 Though the problems imposed by fuel containment are
severe, the performance potential associated with specific impulses up to
3000 seconds and thrust-to-reactor-weight ratios on the order of one is suf-
ficient to warrant the current effort. This paper will describe the gaseous
reactor concept and the assoclated research program underway at Lewils Research
Center.

The coaxial flow gaseous reactor is illustrated in figure 1. The essence
of this scheme is that the nuclear fuel gas is injected into the reactor
cavity at a much lower velocity (on the order of 1/100) than that of the sur-
rounding hydrogen propellant. The hydrogen is heated to temperatures beyond
materials limits by thermal radiation from the fissloning fuel. The contain-
ment criterion is satisfied if the initial velocity deficit provides a fuel
residence time that is sufficiently (100 times) larger than that of the pro-
pellant. As in any gaseous reactor device, the primary problems are hydro-
dynamics, heat transfer, and nucleonics.

Problem Areas

Diffusion of the nuclear fuel into the faster moving hydrogen stream re-
duces the average fuel density in the reactor cavity. Acceleration of the
inner stream by momentum transfer also reduces the fuel concentration. The
fuel density can be increased by raising the operating pressure in the reactor,
but there is obviously a 1limit on this. It is the purpose of the hydrodynamic
analysis to describe the mass and momentum transfer process, and to predict
to what extent the inner stream will be "swept out" of the reactor. Room
temperature studies of an air-bromine coaxial flow set-up yield useful informa-
tion to check the analysis, and provide a means of empirically extending it to
include the turbulent flow regime.

Elementary considerations show that the primary mode of energy transfer
from the fuel region is thermal radiation.® This radiation must be attenuated
by the propellant gas, and not reach the reactor cavity walls. Since hydrogen
at the maximum permissible wall temperature, say 5000° R, is transparent, the
necessity of seeding the inlet propellant is apparent.3 A solid particle seed
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material, such as graphite dust, might be adequate up to its melting tempera-
ture of 6800° R. Hydrogen itself will begin to attenuate the radiation at
temperatures above 12,000° R. The intermediate temperature region probably
represents the most difficult, and relatively unexplored, heat transfer prob-
lem. An initial step in this direction has been to determine the transmissivity
of clouds of small particles as a function of wavelength, particle density,
diameter, and material at room temperature. A second approach has been to
analytically study the temperature profiles which will exist in an absorbing,
re-emitting, conducting propellant as it flows through a coaxial reactor.

Nuclear calculations are necessary to determine the effect of geometry
and materials on reactor criticality. The primary geometric characteristic
of interest is that the fuel region is considerably withdrawn into the reactor
cavity. Other nucleonic information required is the effect on critical mass
of: (1) moderator thickness, temperature, and materials; (2) an exhaust nozzle
opening; (3) a fuel region temperature that is higher than that of the moderator
region; (4) the fuel material; and (5) the presence of hydrogen gas between the
fuel and moderator regions. ©Such effects have been investigated with a two-
dimensional, four-group diffusion program.

Performance Capability

Initial results of the above studies are combined here to provide a con-
sistent "reference case" for the coaxial flow nuclear rocket concept. It must
be emphasized that this example calculation in no way represents either the
best, or the most probable performance. It is simply one that is consistent
with the best information we have to date on hydrodynamic containment, heat
transfer, and nucleonics. The following table summarizes the important dimen-
sions and other powerplant characteristics using Pu-239 as the fuel:

Dimensions:
Cavity length . . . . . . . .« + v ¢ v v v v v e v v i e e e .. 10T
Cavity diameter . . . . . « « « ¢ v v v v v v 4 e v e e e e e . . . 10Tt
Fuel core diameter . . . . . . . . . . L 0 i 0 i e e e e e e e .. .21t
Moderator-reflector thickness . . . . . . ¢ . . « « ¢« v v« . . . 3.3 £t
Over-all reactor length . . . . . . . . . ¢« ¢« « v v « v « « « « . 1B.6 Tt
Over-all reactor diameter . . . . . v v ¢« « 4 o « o & 0 0 o . . 16.6 £t
Flow Conditions:
Fuel core velocity (average) . . . . . . . . . .. .. .. ..0.2 ft/sec
Fuel core Reynolds number . . . . . . . . . . « . + + .« « « « . . . 1800
Hydrogen velocity (average) . e e e e e e e . . . 1T ft/sec
Propellant-to-fuel velocity ratlo (1n1t1al) O 12
Propellant-to~-fuel mass flow ratio . . PO Y 4
Cavity pressure (fuel 100 percent singly 1onlzed) e + « « o« « . 2200 psia
Weight-percent carbon particles in propellant . . . . . . . . . 1 percent
Temperatures:
Fuel region (average) . . + . . v & 4 4 4 i v v i v e o . ... 20, 000° R
Hydrogen region (average) . . « « v v v v v v v v v e e e e e lO 000° R
Inner moderator (graphite) . . . . . . « v « v v « v v v v« . .5 OOOO R
Outer moderator (Ds0) . . . . . . . . . . . v . v v v ... ... T0°R
Performance:
Specific impulse .+ .« + « + v 4 v v 4 e e 4 e e e e e 4 4 o« « . . 2500 sec
Thrust . . . . e e e e e e e e e e e e e e e e e ... 98,000 1b
Weight (moderator) e e e e e e e e e e e e e e i e e e ... . 154,000 1b
Thrust-to~-weight ratio . . . . . . . . ¢ « + ¢ v ¢ ¢ v v v ¢« v« « . . 0,84
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Because the specific impulse is higher, but the powerplant thrust-to-weight
ratio 1s less, it is not immediately apparent if the coaxial flow system yields
improved performance over that of an advanced solid~core nuclear rocket with a
specific impulse of 1000 seconds and a thrust-to-welght ratio of 30. Figure 2,
obtained from information given in reference 5, allows such a comparison for a
typical interplanetary mission. The curves in figure 2 show the required
specific impulse as a function of thrust-to-weight ratio to accomplish the mis-
sion with an equal or lighter weight vehicle. The gross weight of the coaxial
flow reference vehicle given here is seen to be approximately 65 percent of
that required by a solid core nuclear rocket.

An alternate, and perhaps more striking, advantage of a high impulse gas-
core system is shown in figure 3.5 Here the total trip time is shown as a
functlion of specific impulse for an initial vehicle of 1.7x10° pounds in an
Earth orbit. The required trip time of a coaxlal flow gaseous rocket is 160 to
200 days, a conslderable gain over the 460 day requirement of a solid-core
nuclear system. A secondary, but important, advantage of shorter trip time
capability is the resulting increased flexibllity in choice of depart and return
times.

In view of the complex interdependency of nuclear, hydrodynamic, and heat
transfer characteristics, the calculation presented here is at best an estimate.
It does, however, 1llustrate the extremely attractive performance potential of
a coaxial flow nuclear rocket. Much work has been done to date on the various
aspects of this concept. Much more remains to be done.
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Choking Two-Phase Flow of Hydrogen: Some Idealized Solutions

e —— St *

R. V. Smith
Cryogenic Engineering Laboratory
National Bureau of Standards
Boulder, Colorado

Two-phase, single-component flow is more complex than
single phase flow because of the additional degrees of freedom of
mass, momenturn and energy transport between the phases; these
lead to many possible flow patterns. Methods for determining these
patterns do not yet exist, and therefore the accurate prediction of the
behavior of two-phase flow systems cannot be made. The work pre-
sented in this report considers extreme-model flow cases, intended

to bracket the actual choking flow values which will occur.

To determine the choking condition this paper analyzes three
models of saturated, two-phase fluid flow: (see Figure 1). (IAl)
The two-phases are sufficiently mixed to be considered homogeneous,
and adequate time is available so that thermal equilibrium exists in
the fluid throughout the process. This is called the horﬁogeneous,
thermal equilibrium model. (IA2) The two phases are homogeneous
and are at the same pressure and temperature but there has been
insufficient time for any mass transfer between the phases. This is
called the homogeneous, metastable model. (IB) The two phases
flow- separately and unmixed, but uniform temperature is assumed
at each point. Maximum flow is assumed to occur when the vapor
reaches sonic velocity. This is called the separated-phase, vapor-
choking model. Figure 1 also shows models for the isentropic and

Fanno flow processes considered in this paper, and the analytical

. expressions from which all the equations used in preparing Figures

3 through 6 were developed. No general solution charts such as
Figure 6 for Case 1IA are shown for Cases IIB and IIC, however, a
complete set of solutions for all flow cases will be presented in a
subsequent National Bureau of Standards Publication. Some flow
situations where upstream, rather than choking point, data are
given may be handled by Figures 3, 4 and 5 as shown in Example 1.
For Fanno flow, if pS is known, or can be determined, Figure 6

provides for a rapid determination of choking flow data.
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In Figure 2 the results of the analyses are compared with
test results of various investigators in order to show the general
regions of utility of the various models. From Figure 2, for higher
qualities, the vapor choking model is seen to generally predict the
experimental results from adiabatic. constant-flow area sys-
tems. [10, 11, 13, 17]* The homogeneous, thermal equilibrium and
the homogeneous, metastable models tend to bracket the experimental
results of low quality, adiabatic systems using short tubes, nozzles,

6 1 1 1
[6, 7, 8, 9, 12, 15, 16] Three points from a

[14]

small clearances.
system in which heat was added are also shown. The results
from the ideal models may also be useful in correlafing the results
of systems where the flow patterns deviate appreciably from the

patterns assumed.

For a general design guide, the homogeneous models will
most closely fit situations where the system promotes mixing (valves,
elbows, small clearances) and where the quality (vapor fraction) is
low. Conversely, the separated model may predict the behavior
where the flow is relatively undisturbed (constant area flow, venturi

or nozzle flow) and where the quality is high.

The homogeneous, metastable model is designed to describe
the cases where the time necessary for vaporization is limited. For
example, this would be the case where the quality is low and the
interface area available for required vaporization to produce thermal
equilibrium is small.

Example 1:

It is desired to determine the choking flow rate for
liquid and vapor hydrogen flowing through a short

nozzle. The fluid enters the nozzle with a quality

of 0. 01 and a pressure of 1. 84 atmospheres. Dis-
charge pressure of the I—I2 is one atmosphere.

at,

* Numbers in brackets indicate references at the end of the paper.
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| Q Solution:

Since the quality at choking will be low, the homogeneous
model solutions will be used. Gc values will be determined for three

cases:

13

(1) Thermal equilibrium in the flow, thermal equilibrium
at choking, Case IIBla, Figure 1.

* (2) Thermal equilibrium in the flow, metastable choking.
This case is a mixture of Case IIBla and IIBlb shown
in Figure 1. The case presumes the pressure drop
may be slow enough in the flow to the choking point
to maintain equilibrium, but at the high choking
point velocity, metastable conditions will prevail.

(3) Metastable flow, metastable choking, Case IIBlb,

Figure 1.

Case (1)

The first step is to determine a P value for this system.
This is done by making an imaginary extension of the flow section
upstream to the point where the fluid is a saturated liquid. Assuming
P, = 2 atm., from Figure 5, (isentropic ﬂow)—il-)—si = 0. 08 for
nozzle entrance conditions. Solving this expression for P shows

that the initial assumption of pS = 2 atm. is correct.

Again, from Figure 5, for p_= 2 atm. and p = 1 atm.,

x = 0.058. Then, from Figure 3,

gra.ms
=11
CemoytH) T ' T2
. cm - sec
Case (2)
Figure 2 for P_= 1 atm and X, = 0. 058 shows
»
G =1.4G
c(MET)(TH) c(HO)(TH)

117




then
- 15 _grams
ch{othgT) > 2
cm - sec
Case (3)
Metastable flow indicates no quality change in flow, so from
. ., - 0. 01 _ grams
Figure 3, for pc atm and Xc 0.01, Gc(HO)(TH) 135
Brainf®®
: 2 = 2. =
and from Figure 2, G_ o) MmET) 2 Gemoyrmy T 27O
cm - sec

Results of previous investigations would indicate the actual
GC value will be between the values obtained for Case (2) and Case
(3) above. Case (1) should represent an extreme lower limit for a
value of G .
C
Example 2:

Hydrogen is flowing adiabatically through a tube such
that saturated liquid conditions are reached when
p, = 2 atm.

a) If the tube length is 125 cm. the two phase
friction factor is estimated at 0. 01 and the tube
diameter is 2. 5 cm. What is the maximum dis-
charge pressure at which choking will occur?

b) What is the maximum discharge rate?

Solution:
thp _0.01 x 125
D - 2.5

0.5

a)

From Figure 6
= 0. 745
p./p, =0

P, = 1.48 atm.
b} Then

G = 168 grams
C

2
cm - sec

It should be recognized that these values are obtained from homo-
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geneous, thermal equilibrium models for a low quality at discharge
(x = 0. 025 from Figure 4). Assuming metastability at choking with

_ . _ grams .
x = 0. 025 Figure 2 shows Gc(HO)(MET)— 350 — This would

cm - sec
generally represent the upper limit for GC.
Example 3:
Hydrogen with a quality of 0. 8 is discharging through

an orifice-like opening. The pressure of the hydrogen

at discharge is one atmosphere. What is the maximum

mass flow rate?
Solution:

For high quality, the results from the separated-phase vapor-
choking model will be determined. For a short flow section we will

assume metastable flow. Therefore the quality at discharge will be

0. 8 also.

From Figure 3

_ grams
Gc(HO)(TH) = 47
cm - sec
Then from Figure 2
=1.13-
Gc(VC) 3 CYc(I—IO)(TH)
_ 532 grams

: 2
cm - sec

Since this flow case would probably involve a vena contracta,
the actual flow area in the GC value should be determined by multiply-
ing the exit for minimum flow area by an appropriate coefficient of

discharge.
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Notation

a = acoustic velocity

A = total flow-cross-section area h

D = pipe diameter

f = friction factor

G = mass flow flux, m/A

h = enthalpy

£ = any length in direction of flow

L = total or specific length in direction of flow

m = mass rate of flow

o) = pressure

s = entropy

u = velocity

v = specific volume

X = ratio of vapor weight to mixture weight

1

P = density (;)

V) = viscosity

Subscripts

1 = inlet flow condition

c = critical (mass-limiting) conditions

f = liquid

g = vapor

fg = difference between vapor value & liquid value
i. e, vfg = vg - Ve

(HO){TH)=  value obtained by use of a homogeneous, thermal equilibrium
model

(HO)}MET)= value obtained by use of a homogeneous, metastable model

o = stagnation value

s = saturated liquid point in the flow system or isentropic
process

tp T two-phase

(VvC) = value obtained by use of a separated phase, vapor

choking model
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ANALYTICAL
EXPRESSIONS

CHOKING:

()

FLOW:
ASSUMPTIONS

One dimensional
Steady state

MOMENTUM

, Horizontal

udu + vdp + fl2¢1.e=0 (3)
2D

CONTINUITY

oo Au

m = & (4)
ENERGY

2
hg =h +

%— = constant (5)

FLUID PROPERTIES

, Adiabatic,

MODELS
1-CHOKING :
A-HOMOGENEOUS i
I- Thermal equilibrium —— el
2- Metastable 5
_8

B-SEPARATED PHASE
VAPOR CHOKING

=

- VAPOR CORE

H ;LIOUID

ANNULUS

I'FLOW :

A-FANNO
I-Homogensous
Thermal equilibrium

B-ISENTROPIC .
I Homogeneous A
a- Thermal equilibrium ~ > "o ] s "
b-Metastable

F",(exumple I)

V=Vt XV C: SEPARATED PHASE s
) —3>  VAPOR CORE
T| f g h=hgrxheg}(6) VAPOR CHOKING ~
s= xs LiQuip
S+ X34g ANNULUS Ps
S
Figure 1. Analytical expression and model summary
7
Ho No 0
6y 3 !
|s<b7 \
5% )
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' 5
] .
1 GC(MET) 1.2atm atm, 2 atm|
' Ge (o)
3
il
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\ \\\ \\\\\\\\
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B % 01 (H0) 2 , \\\\\\
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I =R
6 " q, %4
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X

A summary of experimental

, two-phase, choking studies

with curves from the idealized solutions of this paper

Numbers indicate references in the bibliography

reduced pressure.

PR

123




300 ! - }
x:.‘gfgil—\ ‘ [ — H2
—\’/’ i l \\
200 [l \ \ g9 NIl —r— RN
I 5 o O W N )
T T s =N
\ \ AL 1\ \
\ 1 A\ ] \
06 Y YA N W O O
\ = —————
—
.6
\ \ 2 » = )
h W e W A N
o, \os =T N =\
joules \ ] | \ \ +— Patiya
gram YT\ 0.4l A—T\ N 1\
\ —] \ \ P / )\|0
L AT 1\ T\ N\ X/ |
—100 \ \ Q ’V‘( /’\ / =|_
EEANE \ a4 S
N—T\ N Tlo2e X1\ / /
AN L \NAT AN S
v N\ DA NAT LA
- 200 N N 0/‘5/\ I\
N e RS e N
\(/’\\ )( .00\ /’\2
\\(/)' >/
N >_\/ |
.6
~300 04|
10 20 40 60 80 100 200 400 600 800
G grams
C(HOXTH)" cm? sec
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TRANSIENT TEMPERATURE HISTORY WITH UNIFORM
i T e e e e . - M

ENERGY GENERATION FOR PLATE, CYLINDER, AND SPHERE
N - P e R A U et < N7

WITH EXTENSIVE TABLES OF RESULTS

e SO Gttt

Je De Seaderl and H. W’olf2

INTRODUCTION

In the utilization of nuclear energy for power or propulsion, adequate
provision must be made for maintaining structural components within specified
temperature limits., A determination of the spatial temperature history of
such components is, therefore, required for different boundary conditions.,

In many cases the energy generation rate may be considered sufficiently
uniform to permit a solution on that basis, Heisler (l)3 has prepared charts
for estimating temperature histories in plates, cylinders, and spheres for
different values of surface conductance (surface temperature changing with
time) with special emphasis on Fourier numbers less than 0,2, Reference (1)
also gives charts of tempefature variation with position for the case where
the surface temperature is maintained at the initial, uniform temperature of
the solid for Fourier numbers less than 0,2 with uniform internal energy

generztion, The analytical solutions for the plate, cylinder, and sﬁhere

1. Principal Scientist, Research Center, Rocketdyne Div, NAA, Canoga Park,
California.

‘2, Associate Professor of Mechanical Engineering, University of Arkansas,
Fayetteville, Arkansas

3. Numbers in parentheses indicate references at end of paper.
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have ;;en derived in detail from the partial differential eguation for con-
duction in solids by Carslaw and Jaeger (2) for this case.

It is the purpose of this paper to present the results of an applica-
tion of Laplace transform techniques to the solution of the transient conduc-
tion pfoblem for the plate, cylinder and sphere ﬁith uniform internal energy
geneééﬁion, but for the more general case where the surface temperature is
maintaiﬁed constant at a value different from the initial uniform temperature
of the solid, Previously, a solution for this case has been available (5)
only for the plate, The technique of applying the Laplace transforms to the
solution of differentizl equations is well knovwmn; the method of superposition
of solutions has also been utilized in cases similar to the one described
herein,

The advantage of using the Laplace transform technique, as presented
here, is that its linearity property readily leads to a solution in terms of
already available analytical solutions, Thus, existing (2) graphical solu-
tions can be utilized to make calculations, For greater accuracy, however,
the solutions have been calculated to six decimal places and are presented

in extensive tables,

ANALYSIS

The geometries treated are the sphere, cylinder, and plate; the
analysis will be outlined for the sphere (of diameter 2a) and only the
results presented for the cylinder and plate.

The differential equation for transient conduction in a sphere (tem-
perature a function of radius only and constant isotropic properties) is

given by

d3/ 36 = @dX/dP + (2&/r) dt/d + G (1)

°

It is convenient to rewrite equation 1 in terms of the following dimensionless

and temperature parameters: Let
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G a2/

r/a A

Un

& o/a? T

=
|

The resulting equation is
31/ 3 = ¥°T/ 3§ + (2/§)d/ 3§ + A

The boundary conditions for the case under consideration are given as Case

(2)

(3)

III

in Table I, wherein uniform internal energy generation, uniform initial tem-

perature, and constant surface temperature at @ = O0* (which is different
from the initial, uniform temperature) are specified., Also included in
Table I are boundary conditions for two other cases for which analytical
solutions are already available. The solution for Case III is obtained in

terms of the known solutions to Cases I and II.

Table I

Boundary Conditions for Equation 3

Case I Case ITI (Case III

1) Energy generation 0 A A
2) T(§,07) for 0£§< 1 0 0 0
3) T(1 ) for g»o0* Ty 0 Ty
L) T(0,8) for all ¢ Finite Finite Finite

To obtain a solution for Case III, the Laplace transform of equation 3

is taken with respect to @, the boundary conditions are translated from

T( S ,¢) to t( L3 ,8), and the linearity property of the transform is applied,

Accordingly, the Laplace transform (3) with respect to @ is denoted by the

lower case letter of the function under consideration

t(§,s) = L{T(S ,¢)} ;
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the transform with respect to @ of the first derivative, T/ dg, is

given by

L{T(§.8} = st(§,9) - 1(5,0); (5)

and the transforms with respect to @ of the first and second derivatives,

3T/ 3§ and 321/ .13 2 are

L{T.f (f:ﬁ)} = tf (5:3)
(6)
L{tee (5.0} - tg (§,9)
where the subscripts on T and t denote differentiation with respect to
that variable,
From boundary condition 2) in Table I and the application of equa=-
tions 5 and 6 to equation 3, one obtains
t'j-s_ (5’5) + (2/f)tj (f:s) = St(j:s) = —A/S (7)

as the differential equation in terms of the transform t(§,s) corresponding
to equation 3., The remaining transformed boundary conditions applicable to

equation 7 are listed in Table II,

Table II

Boundary Conditions for Equation 7

Case I Case II Cage II1

1) Energy generation 0 A A
2) t(1,s) for s >0 T,/s 0 T,/s
3) t(0,s) for all s Finite Finite Finite

Solution for Case I, With A = 0, equation 7 becomes homogenious and of

the second order, The solution is given by Kamke (4) as follows:
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t(s,s) = Cy(cosh § /;)/f + Cy(sinh § v/;)/j (8)

Application of boundary conditions 2) and 3) in Table II gives C; = O and
C, such that

Ty sinh §Vs

9
Ss sinh Vs ©)

tI(S’S) =

Solution for Case II, Consideration of the uniform energy generation phenomena

requires a particular solution to be added to the homogenious solution of
equation 8, The solution given by Kamke (4) for the homogenious part of equa-
tion 7 was based upon the substitution u = t§; equation 7 takes the follow-
ing form upon making this substitution,

3%/ 3§ 2 - su = - A§/s. (10)

The expression u = Ag/s2 can be geen to satisfy equation 10 as the par-

ticular solution, so that the complete solution is given by

=1
]

C; cosh §Vs + C, sinh §vs + Ag/s? (11)
or

t(f,s) Cy(cosh § /5)/5 + Cz(sinhj \/.5)/_§ + A/sz. (12)

"

Boundary condition 3) requires Cy =0 for t(0,s) to be finite and boundary

condition 2) yields Coe Thus

trr(€,s) = A A sinh §Vs (13)

82 ' jsz sinh Vs

Solution for Case III, The solution for this case is given by equation 12,

As before, boundary condition 3) requires Cl = O, The surface temperature
boundary condition 2), t(l,s) = Tl/s, permits evaluation of €, yielding

the following expression for the transform function:
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trrr(§,8) = A Ty sinh§/s A sinh§/s
IIIV O - + -
s? §s sinh Vs 532 sinh Vs

(14)

From an inspection of equations 9, 13 and 14 it may be seen that the transfom
for Case III is the sum of the transforms for Cases I and II. Accordingly,
because of the linearity property of the transform, the solution is given in

terms of the inverse transforms by
Trrr (5.8 = Ti(§,8) + Tr1(§,9) (15)

where the functions T; and TII are given in (2).

The above development has been given specifically for the sphere; it
can be shown that parallel developments for the plate and cylinder lead to
the same result as expressed by equation 15 for the solution to Case III,

A summary of the transform equations is presented in Table III,

4 more convenient way of expressing TIII(§’¢) is as follows:

Trrr(§.8) = T, ¥+ (aM) X (16)

where the subscripts a and b refer to Cases I and II respectively; and
M = 2,4,6 for the plate, cylinder, and sphere respectively, The functions

Y, and Yy, are repeated here from (2) for convenience:

Plate
-(2n_+ 1)*7%
2. (1) e ) cos (20 + )TE
1- (h/ﬂ')Z
n=20

Y = 2 (17)

a

(2n + 1)

_(2n + 1)°7%g

Z.o (-]_)ne 4 cos M

2 (18)

(2n + 1)3
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Table IIT
Summary of Transform Equations

Geome’ch

Basic Equation

Transformed
Differential Equation

T¢ = TSS + A

Plate t -st = - A/s
T il

Tg = ‘I'fs +1_*§/5+A

Cylinder tﬂ_. + t5/§ -st = - 4A/s

Ty = 1:55 + 2’1:S /§ + A Sphere 135 + 21-,5 /5 -st = - A/s
Solutions to Transformed Differential Equations

Case I, A =0 Case II, A = A Case III, A = A

t1(§,s) t11(§ s) t1r1(§,8)

(Ty/s) By @ - B) 4/ (Ty/s - 4/3%) B, + 4/5>

L f L
Plate where Bp = e¥? s + e-ﬁs
1+ e2J§ 1+ e"z‘/E

(1,/s) B, (1 -3, A/s? (Ty/s - 4/8%) B, + A/s?
Cylinder where B, = I (€ V3)/I (V3)

(r,/s) B (1-38) 4/s° (T)/s - 4/5%) B_ + 4/s?
Sphere where Bg = (sinh § \/3)/5 sinh V3
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Cylinder

ol 2
I KSRV RRES) 9)

n=1

&
I

oo 2
-B. 9
1-52-82 N ERCTRY-ENYCN] ICY

n=1

where ﬂn are the roots of Jo(ﬂ) = 0,

Sphere
= 2
n
A Z (" T sntarrs ]| o1)
ns=1
= 242
Y, = 1- 52 + 12 E (1" e 44 ¢[sin(n7r5)] (22)
7(35 c— 3

AVATLABLE SOLUTIONS
Only small charts are presented in (2) giving Y, and Y, for
limited values of ¢ as functions of § from which approximate estimates
for Case III can be made, Accordingly, extensive tables of Y, and Yy
have been computed from the equations 17 through 22 for j from 0 +to

1,0 in increments of 0,05 over the following ranges:

Plate: 0.1 £ ¢ £ 2,6 (25 values)
Cylinder: 0.1 & ¥ &£ 0.9 (25 values)
Sphere: 0.l £ ¥ € 0.6 (25 values)

The tables presented in Appendixes A, B, and C give values of Y, and Yy
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to six decimal places, the values of the series sums, and the number of terms
required for convergence., Compilations of the IBM 7090 Fortran programs

employed for the computations are also included.
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NOMENCLATURE

Temperature generation function, G a2/, R.
Sphere or cylinder radius, ft.

Integration constants,

Base for natural logarithms,

Temperature generation rate, R/hr,

Modified Bessel function of first kind, zero order corresponding
to J (iz).

Bessel function of first kind, zero order.

Thickness of plate, ft.

Laplace transform.

Constant, 2, 4, 6 for plate, cylinder, and sphere respectively.
Series index.

Radial distance, ft,

Laplace parameter corresponding to ?.

Tenperature, R, and Laplace transform of T.

Uniform initial temperature of solid, R.

Surface temperature, R,

Temperature excess t - t,, R.

Temperature excess t, ~ t,, R,

The variable t§.

Distance from centerline of plate, ft,

Temperature function, T/T;, for Case I,

Temperature function, MT/A, for Case II,

Thermal diffusivity of solid, ft2/hr,

Time, hr,

Position ratio, r/a for sphere and cylinder, x/L for plate,

Fourier number, & 8/L%2 or &6/a?.
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APPENDIX A

TEMPERATURE HISTORY FOR THE PLATE

The results presented in the tables apply to the following geometry:

A MN—
L—L —pe— L o»
Z = § = %L
t
The position ratio
——3p
X

J
7

Z=0

The follewing special terms were employed in the computer program:

M = (<1)"/(2n + 1) = (Cos (n#))/(2n + 1)
2 = (-1)%(2n + 1)° = m/(2n + 1)2

CTM = Cos((2n + 1)7Z/2)

ETM = Exp((2n + 1)°70%0/4)

XN = n, the series index

The individual series terms in Equation (17) and (18) were designated as
follows:

SERA = (4/7°) TML(CTM)/ETM

SERB = (32/7r>)CTM(TM2)/ETH

The series sums were designated as ASER and BSER, and N gives the number of
termms required to converge to the tolerance TOL (a value of TOL = 0,0000001

was employed throughout). The values Y, and Y5 were calculated as

YA =1 - ASER

YB = 1 - 2% - BSER

]

The data cards require DZ and TOL on the first card, then each value of
PHI (the Fourier number @) is entered on a separate card, as many as desired,

The coriputations were made on the IBM 7090 with the Fortran System.
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[aEaNsNalalsRalalaRaRaRa N aRa RaRa e R NaNaNaNa el

10
15
16
20
22
40
45

TRSCND P-00% 5-12-61
PROGRAMMER-H. WOLFr
SYNGPSIS - CALC. OF TEMP. HISTORY IN A FLAT PLATE FOR lERO AND

FINITE SURFACE TEMP. WITH ZERG INITIAL TEMP,

THROUGHOUT

PURPOSE - GENERATE TABLES OF VALUES

SYMBOLS

I - PGSITION RATIO
TAL ~ TOLERANCE ON CONVERG.
PHI -~ FOURIER NUMBER

DZ - UPDATING FACTOR ON Z

N - NO OF TERMS REQD

SEE NOTES FOR SPECIALIZED NOMENCLATURE OF PARTS OF

SERTES TERMS

.-—0 e-a—a-e
MAIN CALCULATIOGNS

READ INPUT TAPE S.10, DZ, TOL
FORMATI(FI2.1, F12.7)

READ INPUT TAPE 5,16, PHI
FORMAT(6F12.6)

21 = 0.

LF(PHI - 10.1 40, 4u, 250
WRITE GUTPUT TAPE 6, 45, PHI
FORMAT(TH1///765X,

20HTRANSTENT CONDUCTIGN// 36X,

37H1tMPERATURE

1RATIO TERMS FOR THE PLATE/// 45X, 4HFOURIER NO. = Fu.2 /// 21X,
67TH 2 YA Y8 ASER BSER

2
3

30
3y
S0
55
60
45

75
80
85
9u
100
105
110
115
120
130
135
140
tus
160
148
170
175
180
185
190
195
200
202
203
204
205
206
207
208
209

210
212
<14

216
220
225
230
250
255

N//ZIH
ASER = 0.000000
BSER = 0.000000
XN = 0.0
Pl = 3.141592653589793238u6
Pl2 = PIsPl
AN =2 2,#XN + 1.
P13 = Pl2eP]
TM1 = COSF(XNeP])/AN
TMD> =2 TM1/(ANeAN)
X = AN®AN@Pl2ePHI/&.
IFL X - 86.) 90, 90, 105
Etm = EXPF{X}
GO TQ 135
X8 = x/1000.
0 = EXPF(XB)
D1 = Deel0.
D2 = Dles0,
ETM = D2ee1Q,
CTM = COSF(ANePIe2/2.)
SERA = 4,eTHIeCTM/(ETNeP])
SERB = 32.8TM2eCTM/(ETHePI3)
ASER! = ASER + SERA
Al = ABSF(ASER1)
A = ABSF(ASER)
8 = ABSF(Al - A}
ASER = ASER e SERA
BSER = BSER ¢+ SERB
IF(TOL - B) 195, 195, 202
XN = XN o 1,
6o 1g 50
IF(XN - 1.) 203, 205. 205
XN = XN *1.
GO 108 SO
XN = XN + 1,
CTME = ABSF(CTM}
{F(CTM -~ .000UQOI1) 50, 50, 208
IF(7 - .99) 210, 2%0, 209
YA = 1,0000001
¥yB = .0000001
ASER =.0000001
BSER =.0000001%
XN = 0.
GO T@ 2'a
YA = 1. = ASER
¥YB = . - 22 - BSER
N = XFIXF{XN}
YA = ABSF(YA}
Y8 = ABSF(YB)

WRITE OGUTPUT TAPE &, 220, 2,YA,YB,ASER,BSER, Z, N

FORMAT(F25.2, 2F12,6,F13.6, FI12.06, FB.2,
1 =1+ 01

IF(2 - 1.03Y) 25, 2S5. 15

CALL ®XI#

STaP

END(1,0,0,0,0,0,0,0,0,0,0,0,0,0,01
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16}

4

00000010
00000020
0u000030
00000040
0ooovusS0
00000060
0uuwoo7uL
00c00080
00000090
00000100
0uouU110
00000112
00000114
00000116
00000120
00000130
0vu000140
00000150
000001690
00000170
00000180
00000190
00000200
00000210
00000220
00000225
00000230
00000240
00000250
00000280
000002v0
00000300
00000310
00000315
00000316
00000317
00000318
00000320
00000330
00000350
00000350
00000360
00000370
00000380
00000390
00u00400
00000410
00000420
00000430
00000440
00000450
00000460
Q000070
0000480
00000690
00000520
00000530
00000540
00000550
00000560
00000570
000UUSBU
00000590
00000592
00000594
00000596
00000598
00000600
00000604
00000606
00000608
00000610
00000612
00000614
000006106
0000061 1
00000618
00000620
00020622
00000624
00000626
00000628
n0000632
00000640
00000650
00000660
00000710
00000720




FFN

10
5
20
25
55
75
100
120
145
175
195
204
208
214
230

EXP(3
(FIL)
(TSH)

ETM
D1

B

AN
PI2
SERB
XB
YB

IFN

]

6
10
14
18
22
26
30
34
38
42
ué
50
59
65

DEC
349

nec

7
11
1

CEC
3.8
3uy
340
336
332
328
324
320

LeC
00000
00014
00032
00046
00056
00077
00125
004y
00200
00221
00237
00252
00266
00317
00361

ecT
00535

ecT
00007
00004
00001

ocT
00534
00530
00524
00520
00514
00510
00504
00500

EFN

16
5
22
30
60
80
105
130
160
180
200
205
209
216
250

EXP
(FPT)

874
CTM
ASER
Al
P13
™1
XN

z

IFN
2
7

1
15
19
23
27
3
35
39
43
47
51
62
66

STORAGE NOT USED BY PROGRAM

DEC
32561

Lac
00000
00017
00034
cnnso
00061
00105
00128
00152
00210
00225
og2u2
00253
00273
06334
00366

acrt
77461

255

IFN

3

8
12
16
20
24
28
32
36
uo
by
48
57
63
67

LOCATIONS GF NAMES IN TRANSFER

DEC
6
0

DEC
347
343
339
335
331
327
323
319

ocr
00006
00000

acry
00533
00527
00523
00517
00513
00507
00503
oou77

EXIT
{(RTN)

cTMml
ASER1

A-138

DEC

8
2

STORAGE LGCATIONS FOR VARIABLES NOT APPEARING IN DIMENSION,
DEC -

346
342
338
33y
330
326
322

Lo6C
00go00
00024
00040
00052
00065
00ty
Q0131
00160
00213
00230
00243
00256
003006
00337
00371

VECTOR

acy
00010
00002

eCT
00532
00526
0ns522
00516
00512
00506
00502

EFN
220
15
40
50
70
90
115
140
170
190
203
207
212
225

cas

(STH)

D2
BSER
A
PHI
SERA
TOL
YA

EXTERNAL FORMULA NUMBERS WITH CORRESPONDING INTERNAL FORMULA NUMBERS AND OCTAL LOCATIGNS

ITFN
y
9

13
17
21
25
29
33
37
L1
45
L9
58
b4

DEC
5
3

EQUI VALENCE CGR COMMON

DEC
345
341
337
333
329
325
321

@
00000

00027
00043
00054
00070
00120
00136
060170
00216
00233
00247
00261
00311
00356

¥
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ocr
00005
00003

SENTENCES

ocrT
00531
00525
060521
00515
00511
00505
00501

L
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0.

0.05
0.10
0.15
0.20
0.25
Q.30
0.35
0.40
.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.u40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
¢.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

FRANSIENT CONDUCTICN

TEMPERATURE RATIC TERMS FOR THE PLATE

YA

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000001
0.00000%
0.000022
0.000101
0.000407
0.001L63
0.004616
0.013328
0.033895
0.077100
0.157299
0.288844
0.479500
0.723673
1.000000

YA

0.000001
0.000002
0.000007
0.000021
0.000063
0.000177
0.000465
0.001154
0.002700
0.0059460
0.012419
0.02u4L49
0.045500
0.0801% s
0.133614
0.211300
0.317310
0.u53255
0.617075
0.802587
1.000000

YA

0.000089
0.000123
0.0002u6
0.000523
0.001092
0.002200
0.00u267
0.007964
0.014306
0.02u7u5
0.0u41227
0.066193
0.102470
0.153042
0.22067)
0.307u3u
0.u14216
0.5L0291
0.683091
0.838256
1.000000

FOGURIER NCG. = €.C)

Ye ASER
0.020000 1.000000
0.020000 1.0000C0
0.020000 1.000000
0.020000 1.000000
0.020000 1.000000
0.020000 1.0000C00
0.020000 0.999999
0.020000 0.99999¢%
0.020000 0.999978
0.020000 0.99986¢9
0.019999 0.999593
0.019996 0.998537
0.019985 0.995384
0.019948 0.986672
0.019839 0.966105
0.019552 0.922900
0.018864 0.84270)
0.017348 0.711156
0.013503 0.520500
0.009017 0.276327
0.000000 0.000000

FGURIER NO. = 0.02

Y8 ASER
0.0%0000 0.999%9¢9
0.040000 0.999998
0.040000 0.999993
0.040000 0.999979
0.040000 0.999937
0.039999 0.999823
0.039998 0.999535
0.039998 0.9988u6
0.039984 0.997300
0.039959 0.9950L0
0.039904 0.987581
0.039784 0.975551
0.039539 0.955500
0.039060 0.919882
0.038172 0.866384
0.036607 0.78870¢
0.033973 0.682690
0.029740 0.546745
0.023229 0.382925
0.013623 V. 1974513
0.000000 0.000000

FCURIER NO. = 0.03

Y8 ASER
0.060000 0.999911
0.059999 0.999877
0.059998 0.999754
0.059996 0.999u77
0.059991 0.998908
0.059981 0.997800
0.059959 0.995733
0.059915 0.992036
0.059830 0.985694
0.059672 0.975255
0.059387 0.958773
0.058893 0.933807
0.05806u 0.897530
0.05%46716 0.856958
0.05L8595 0.779329
0.05136u 0.692566
0.046586 0.58578u
0.039730 0.559709
0.030165 0.3169¢C9
0.017180 0.1617u4
0.000000 0.000000

A-139

BSER

0.980000
¢.977500
0.970000
0.957500
0.9u0000
¢.917500
0.890000
0.857500
0.820000
0.777500
0.730001
0.677504
0.620015
0.557552
0.490161
0.u17948
0.341136
0.260132
€.175597
0.088u483
0.060000

BSER

0.960000
0.95750U
0.950000
0.937500
0.920000
0.897501
0.870002
0.837506
0.800016
0.757541
0.710096
0.657716
0.600u62
0.538440
0.u71828
0.400893
0.326027
0.2u7760
0.16677
0.083877
0.000000

8SER

0.940000
0.937501
0.930002
0.917504
0.900009
v.817519
0.8500L1
0.817585
0.780170
0.737828
0.690613
0.638607
0.581936
Q.520784
0.455605
0.386136
0.313414
0.231770
G.159835
0.080321
0.000000

0.

0.05
.10
0.15
0.20
0.2%
0.30
0.35
0.u0
C.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

v.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.5
0.50
0.55
0.60
0.65
0.70
0.75
.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

13
31
16
12
12
15
13
13
i5
13
12
12

13
15
14
13
12
12
13
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0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
O.4>
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.u40
0.u5
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TRANSIENT CONDUCTION

TEMPERATURE RATIG TERMS FOR THE PLATE

YA

0.000814
0.000988
0.001563
0.002702
0.004700
0.008020
0.013333
0.021558
0.033896
0.051830
0.077100
0111612
0.15729¢9
U.215925
0.288844
0.376759
0.479500
0.595883
0.723673
0.859684
1.000000

YA

0.003131
0.003562
0.004931
0.007466
0.011560
0.017783
0.-026896
0.039852
0.057789
0.081995
0.113848
0.154730
0.205904
0.268382
0.342782
0.429193
0.527089
0.635256
0.751830
0.874367
1.000000

YA

0.007785
0.008536
0.010871
0.015039
0.021453
0.030691
0.043483
0.060699
0.083318
0.112380
0.148930
0.193939
0.248217
0.312323
0.386477
C.470487
0.563703
0.665006
0.772830
0.885234
1.000000

FOURIER NO. = 0.0M

Y8

0.079992
0.079990
0.079983
0.079968
0.079939
0.079885
0.079791
0.079629
0.079358
0.078915
0.078209
0.077114
0.075u57
0.073007
0.0694T2
0.064487
0.05T6 1
0.048333
0.036070
0.020185
0.000000

FOURIER NO. = 0.05

YBs

0.099956
0.0999u48
0.099922
0.099871
0.099781
0.099633
0.099395
0.099021
0.098448
0.097579
0.096298
0.094445
0.091814
0.088148
0.083136
0.076405
0.067523
0.056001
0.041300
0.022836
0.000000

FOURIER NO. = 0.06

A L]

0.119851
0.119832
0.119769
0.119650
0.119458
0.119153
0.118695
0.118018
0.117036
Ue. 115634
0.113667
0.110951
0.107263
0.102329
0.095829
0.087393
0.076600
0.062986
0.046044
0.025235
0.000000

ASER

0.999186
0.999012
0.998437
0.997298
0.995300
0.991980
0.986667
0.978u42
0.966104
0.948170
0.922900
0.888348
N.8u2701
0.784075
0.711156
0.6232u1
0.520500
0.408117
0.276327
0.740316
0.000000

ASER

0.996869
0.y96438
0.995069
0.992534
0.988440
0.982217
0.973104
0.960148
0.942211
0.918005
0.886152
0.845270
0.794096
0.731618
0.657218
0.570805
0.472911
0.36u4Tuu
0.248170
0.125633
0.000000

ASER

0.992215
0.9v1464
0.989129
0.984961
0.978547
0.969309
0.956517
0.939301
0.91565682
0.887620
0.851070
0.806061
0.751783
0.687677
0.613523
0.529513
0.436297
0.334994
0.227170
0114760
0.000000

A-140

BSER

0.920008
U.917510
0.910017
0.897532
0-880061
0.857615
0.830209
0.797871
0.760642
0.718585
0.671791
0.620386
0.564543
0.504493
0.440528
0.373013
0.302389
0.229168
0.153930
0.077315
0.000000

BSER

0.900044
0.897552
0.890078
0.877629
0.860219
0.837867
0.810605
Q.77847Y
0.74155%
0.699921
0.653702
0.603055
0.548186
0.489352
0.426864
0.361095
0.292477
0.221499
0.148701
0.074664
0.000000

BSER

0.880149
0.877668
0.870231
0.857850
0.840544
0.818347
0.791305
0.759u82
0.722964
0.681866
0.636333
0.586589
0.532737
V475171
0.41L171
0.350107
0.283400
0.214514
0.143956
0.072265
0.000000

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
045
0.50
0.55
0.60
0.65
0.70
Q.09
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.u0
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
Q.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
V.35
0.uC
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
6.85
0.90
0.95
1.00

0-
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u5
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TRANSIENY CONDUCTICN

TEMPERATURE RATIOG TERMS FOR THE PLATE

YA

0.024839
0.02621y
0.030409
0.037627
0.048200
0.0625T71
0.081272
0.104901
0.134080
0.169420
0.211476
0.260696
0.317374
0.381611
0.453276
0.531983
0.617082
0.707664
0.802589
0.900524
1.000000

YA

0.050695
0.052529
0.058078
0.067L73
0.080929
0.098721
0.121175
0.148639
0.181458
0.2199L4
0.264349
0.31u833
0.371440
0.434073
0.502u79
0.576251
0.65u777
0.737349
0.823082
0.910v88
1.000000

YA

0.135778
0.138072
0.144958
0.15645%
0.172586
0.193382
0.21886%
0.249043
0.283907
0.323412
0.367475
0.415962
0.468684
0.525390
0.585766
0.6L9L3S
0.715957
0.78u4836
0.855529
0.927453

1.000000

FOURIER NO.

Y8

0.159232
0.159170
0.158975
0.158627
0.158089
0.157309
0.156214
0.154T10
0.152680
0.149977
0.1u6424
0.141810
0.135890
0.128380
0.118959
0.107268
0.092915
0.075475
0.05uu04
0.029L98
0.000000

FOURIER NO.

Y8

0.197746
0.197619
0.197227
0.1965L3
0.195521
0.194092
0.192167
0.18963u
0.186356
0.182168
0.176878
0.17026u
0.162073
0.152022
0.139799
0.125061
0.107440
0.0865L3
0.061958
0.033257
0.000000

FOURIER NO.

Y8

0.288573
0.288232
0.287200
0.285u840
0.282897
0.279488
0.27511)
0.269637
0.262917
0.254774
0.2u5013
0.233413
0.21973}%
0.203704
0.1850uL8
0.163862
0.138628
0.110213
0.077874
0.041256
0.000000

ASER

0.975161
0.973786
0.969591
0.962373
0.951800
0.937429
0.918728
0.895099
0.865920
0.830580
0.788524
0.73930u
0.682626
0.618389
0.586724
0.468017
0.382918
0.292336
0.197411
0.099476
0.000000

ASER

0.949305
0.987471
0.941922
0.932527
0.919071
0.901279
0.878825
2.851361
0.818542
0.780056
0.735651
0.685167
0.628560
0.565927
0.497521}
0.823759
0.345223
0.262651
0.176918
0.089012
0.000000

ASER

0.86L222
0.861928
0.855042
0.84354L6
0.827414
0.806618
0.781136
0.750957
0.716093
0.676588
0.632525
0.584038
0.531316
0.474610
0.514234
0.350565
0.28u043
0.21516u4
C.14u471
0.0725u7
0.000000

A-141

= 0.C8

= 0.10

= 0.15

BSER

0.840768
0.838330
0.831025
0.818873
0.801911
0.78019
0.753786
0.722790
0.687320
0.6L7523
0.603576
0.555690
0.504110
0.449120
0.3910u1
0.330232
0.267085
0.202026
0.135506
0.068002
0.000000

BSER

0.802254
0.799881
0.7927713
0.780956
0.768479
0.783408
0.717833
0.687866
0.6536uLY
0.615332
0.573122
0.527236
0.u77927
0.u25478
0.370201
G.312439
0.252560
0.190957
0.128042
0.064243
0.000000

BSER

0.711427
0.709268
0.702800
0.692060
0.677103
0.658012
0.634889
0.607863
0.577083
0.542726
0.504987
0.6464087
0.u420269
0.373796
0.324952
0.274038
0.221372
6.167287
0.112127
0.056245
0.000000

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u5
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.40
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.u40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TRANSIENT CONDUCTION

TEMPERATURE RATIC TERMS FOR THE PLATE

YA

0.227688
0.2299u47
0.2367 4
0.2u47968
0.263673
0.283773
0.308194
0.336843
0.369599
0.u406317
0.uu6824
0.490915
0.538353
0.588872
0.6u2170
0.697916
0.755752
0.815292
0.876131
0.937845
1.000000

YA

0.314554
0.316627
0.322834
0.33314Y4
0.34750u4
0.365839
0.388053
0.414028
0.44362)
0.476670
0.512987
0.552364
0.598570
0.639353
0.686439
0.735539
0.786344
0.838532
0.891767
0.9u5707
1.000000

YA

04393196
0.395053
0.400614
0.409847
0.422698
0.439093
0.458935
0.482109
0.508479
0.537887
0.570157
0.605097
0.642uL95
0.682121
0.72373u
0.767077
0.811881
0.857865
0.90LT4u
0.952221
1.000000

FOURIER NO. = 0.20

Y8

0.370386
0.369816
0.368094
0.365187
0.361038
0.355569
0.3u48679
0.3402u7
0.330128
0.318160
0.304159
0.287922
0.269229
0.2478uk
0.223512
0.195969
0.164935
0.130122
0.091232
0.047961
0.000000

ASER

0.772312
0.770053
0.763286
0.752032
0.736327
0.716227
0.691806
0.663157
0.63040)
0.593683
0.55317¢6
0.509085
O.u616U47
0O.411128
0.357830
0.302084
0.244248
0.184708
0.123869
0.062155
0.0000600

FOURIER NO. = 0425

Y8

0.443212
DaBu2425
0.440052
0.436064
0.430409
0.423015
0.413789
0.402622
0.389383
0.373925
0.356082
0.335672
0.312500
0.286354
0.257010
0.224233
0.187777
0. 147389
0.102809
0.053769
0.000000

FOURIER N&. = 0.30

Y8

0.507752
0.506769
0.503808
0.498843
0.491827
0.u482696
0.u471368
0. 45774k
0.441709
0.423129
0.401859
0.377737
0.350589
0.320227
0.286u454
0.249061
0.207833
0.162544
0.112966
0.05886u4
0.000000

ASER

0.685446
0.683373
0.677166
0.666856
0.652u96
0634161
0.,6119u7
0.585972
0.556379
0.523330
0.u487013
Q. 4LT7636
0.405430
0a36064r
0.313561
0.264461
0.213656
0.161468
0.108233
0.054293
0.000000

ASER

0.606804
0.60u9u(
0.599386
0.590153
0.577302
0.560907
0.541065
0.517891
0.491521
0.u462113
0.429843
0.394903
0.357505
0.317879
0.276266
0.232923
0.188119
0.142135
0.095256
0.047779
0.000000

A-142

BSER

0.42961L
0.62768u4
0.621906
0.612313
0.598962
0.581931
0.561321
0.537253
0.509872
0.479340
O 445841
0.409578
0.370771
0.329656
0.286u488
0.241531
0.195065
0. 147378
0.098768
0.049539
0.000000

BSER

0.554788
0.555075
0.5499u8
0.541436
0-529591
0.514485
0.496211
U.474878
0.450617
0.423575
0.393918
0.361828
0.327500
0.291146
0.252990
0.213267
0.172223
0.130111
0.08719%
0.043731
0.000000

BSER

0.492248
049073
0.486192
0.478657
0.468173
Q.454804
0.438632
0.419756
0.398291
0.37u371
0.3u8141
0.319763
0.289411
0.257273
0.223546
0.188439
0.152168
0.114956
0.077034
0.038637
0.000000

0.

0.0%
.10
0.15
0.20
0.25
0-30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
.75
0.80
0.85
0.90
0.95
1.00

Oe

0.05
0.10
v 15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
Q.15
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.30
0.85
0.90
0.95
1.00

0.
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.50
0.45S
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TRANSIENT CONDUCTION

TEMPERATURE RATIC TERMS FOR THc PLATE

YA

N.4463323
0.u64973
0.469913
o.u78118
0.489525
0.504078
0.5215686
Ue5u2204 1t
0.565019
0.5916178
0.620259
0.651188
0.684274
0.719315
0.756096
0.79L4389
0.833958
0.874557
0.915936
0.957837
1.000000

YA

0.525513
0.5269¢s
0.5313u49
0.538610
0.5u8714
0.561599
0.577185
0.595378
U.616066
0.639121
0.664403
0.691757
0.721013
0.751991
0.784502
0.8183u45
0.85330°
0.889181
0.925738
0.962754
1.000000

YA

0.629223
0.63036S
0.633787
0.639466
0.6u7367
0.5657453
0.669630
0.683854
0.700028
0.71805¢C
0.737812
0.759190
0.782053
0.806260
0.831661
0.858101
0.B85416
0.913L38
0.941994
0.970%07
1.000000

FOURIER NG. = 0.35

Y8

0.56u857
0.563698
0.560213
0.55u377
0.586149
0.535u472
0.522273
0.506%65
0.:879uy
0.566594
0.442285
0.41u873
0.384205
0.350 11y
0.312u26
0.270957
0.225516
0.175904
0.121919
0.063354
0.000000

ASER

0.536677
0.535027
0.530087
0.52188¢
0.510u475
0.u495922
0.u7831k4
0.857759
0.535381
0.508322
0.379711
0.34881i12
0.315726
0.280685
0.24390%
0.205611
0.1660L2
0.125443
0.08u06u
0.05821563
6.000000

FOURIER NG. = 0.40

Y8

0.615352
0.61%038
0.610088
0.603479
0.598177
0.58212¢9
0.567273
0.54952¢9
0.528808
0.505005
0.478006
0.447683
0.4513902
0.37651n
0.335366
0.290295
0.251131
0.187701
0.129825
0.067339
0.000000

FCURIER NCG. = 0.50

YB

0.699455
0.697881
0.693155
0.685259
0.674164
0.4659832
0.6%2212
0.621242
0.596853
0.558963
0.537u81
0.502310
0.563343
0.4820u65
0.37355u
0.322u86
0.267128
0.207339
0.1:298u
G.073919
0.000000

ASER

O.57u487
0.473026
0.4568651
0.561390
0.451286
0.438401
0.u22815
0.508622
0.383934
0.360879
0.335597
0.308243
0.278987
0.248009
0.215498
0.181655
0.146691
0.110819
0.075262
0.037246
0.0000CC

ASER

0.370777
0.369635
0.366213
0.360534
0.352633
0.342557
0.330370
0.3161k6
0.299972
0.281950
0.2462188
0.240810
0.217947
0.193740
0.168339
C.141899
0.114584
0.086562
0.053006
0.029093
0.000000

A-143

B8 SER

0.435143
©.u433802
0.429787
0.823123
G.513851
0.502028
0.3R7727
0.371055
0.352056
0.330506
0.307715
0.282627
0.255795
0.227386
0.197574
0.166543
0.136485S
0.101596
0.068081
0.03k146
0.000000

BSER

0.388647
0.383u462
0.379912
0.375021
0.365823
0.355371
0.3482727
0.327971
0.311192
0.292u495
0.271994
0.2%9817
0.226098
0.200986
0.174634
0.147205
0.118869
0.089799
G.060175
0.030161
0.000000

BSER

0.300545
0.299619
0.2968:5
0.2922k1
0.285836
0.277668
c.267788
0.256258
C.2u31467
0.228537
0.212519
0.195190
0.176657
0.157035
0.136u4k46
0.115015
0.092874
0.070161
0.0L7016
0.023581
0.000000

0.

0.05
0.10
0.15
0.20
0.25
G.30
0.35
Q.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

Q.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
.65
0.70
0.75
0.80
0.85
.90
0.95
1.00
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0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.u0
0.u5
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
V.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

Q.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.u40
0.u4S
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TRANSIENT CONDUCTION

TEMPERATURE RATIO TERMS FOR THE PLATE

YA

0.710291
0.711184
0.713858
0.71829¢6
0.724470
0.732343
0.7u 1867
0.752982
0.765620
0.779703
0.795144
0.811848
0.829712
0.8u8626
0.868474
0.889132
0.910474
0.932368
0.954679
0.977269
1.000000

YA

0.773637
0.774335
0.776424
0.779892
0.78u716
0.790868
0.798309
0.806994
0.816869
0.827872
0.839937
0.852989
0.8669u7
0.881726
0.897233
0.913375
0.930050
0.9u7157
0.964589
0.982240
1.000000

YA

0.823133
0.823678
0.825310
0.828020
0.831789
0.836596
0.8u2410
0.84919¢6
0.856911
0.865509
0.874936
0.885134
0.896040
0.907587
0.919704
0.932316
0945345
0.958711
0.972332
0.986123
1.000000

FOURIER NO.

Y8

0.765170
0.763304
0.758061
0.749159
0.736664
0.720546
0.700765
0.677275
0.650019
0.618934
0.583950
0.544990
0.501970
0.454802
0.403389
0.347635
0.28T434
0.222680
0.15326%
0.079076
0.000000

FOURIER NO. = 0.70

Y8

0.816517
0.814583
0.808776
0.799087
0.785u98
0.767984
0.746516
0.721055
0.691559
0.657979
0.620258
0.578337
0.532152
0.481631
0.426701
0.367284
0.303301
0.234667
0.161297
0.083104
0.000000

FOURIER NO.

Y8

0.856637
0.85u4579
0.848402
0.838098
0.823654
0.805050
0.782263
0.755263
0.724017
0.688486
0.6u48627
0.604393
0.555733
0.502593
0.4L44915
0.382637
0.315698
0.244033
0.167573
0.086252
0.,000000

ASER

0.289709
0.288816
0.286142
0.281704
0.275530
0.267657
0.258133
0.247018
0.234380
0.220297
0.20u856
0.188152
0.170288
0.151374
0.13152¢6
0.110868
0.089526
0.067632
0.045321
0.022731
0.000000

ASER

0.226363
0.225665
0.22357¢4
0.220108
0.215284
0.209132
0.201691
0.193006
0.183131
0.172128
0.160063
0.147011
0.133053
0.118274
0.102767
0.086625
0.069950
0.052843
0.035411
0.017760
0.000000

ASER

0.176867
0.176322
0.174690
0.171980
0.16821)
0.163u04
0.157590
0.150804
7.143089
0. 134491
0.125064
0.114866
0.103960
0.092413
0.080296
0.067684
0.054655
0.041289
0.027668
0.013877
0.000000

A-144

= 0.60

= 0.80

BSER

0.234830
0.234106
0.231939
0.228341
0.223336
0.216954
0.209235
0.200225
0.189981
0.178566
0.166050
0.152510
0.138030
0.122698
0.106611
0.089866
0.072566
0.054820
0.036736
0.018425
0.000000

BSER

0.183483
0.182917
0.181224
0.178413
0.174502

0169516

0.163484
0.156445
O.1u8u41
0.139521
0.129742
0.119163
0.1078u8
0.095869
0.083299
0.070216
C.056699
0.0u42833
0.028703
0.014396
0.000000

BSER

0.143363
0.142921
0.141598
0.1391402
0.1363u46
0.132450
0.127737
0.122237
0.115983
0.109014
0.101373
0.093107
0.084267
0.074907
0.065085
0.054863
0.044302
0.033467
0.022u27
0.0112u8
0.000000

0.

0.05
0.10
0.15
0.20
0.25
.30
0.35
G.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
Ge45
0.50
0455
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
¢.35
0.40
Uekd
0.50
0.55
0.60
0.65
0.70
0.75
0.80
J.85
0.90
0.95
1.00

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.85
0.50
0.55
0.60
0.05
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TRANSTENT CONDUCTION

TEMPERATURE RATIO TERMS FOR THE PLATE

YA

0.861806
0.862232
0.863507
0.86562u4
0.868570
0.872325
0.876868
0.882170
0.888199
0.894916
0.902282
0.910250
0.918772
0.927794
0.937261
0.947115
0.957296
0.967739
0.978382
0.989157
1.000000

YA

0.892023
0.892356
0.893352
0.895006
0.897308
0.9002452
0.903792
0.90793%
0.912645
0.91789%
0.9236u9
0.929875
0.9346533
0.943582
0.950979
0.95867¢9
0.9466633
0.976793
0.983109
0.991528
1.000000

YA

0.935080
0.935u283
0.934892
0.935902
0.937307
0.939098
0.951265
0.953794
0.956670
0.949874
0.953388
0.957189
0.961253
0.965557
0.970073
0.976774
0.9794630
0.98u6 1
0.989688
0.994828
1.000000

FOURIER NO. - 0.90

Y

0.887984
v.885829
0.879363
0.868579
0.853467
0.834011
0.810193
0.781991
0.749377
0.712322
0.670793
0.624752
0.574159
0.518972
0.459146
0.394633
0.325385
0.251350
0.172577
0.088711
0.000000

ASER

0.138194
0.137768
0.136493
0.13u376
0.131430
0.1276175
0.123132
0.117830
0.111801
0.105084
0.097718
0.089750
0.081228
0.072206
0.062739
0.052885
0.0u2704
0.032261
0.021618
0.010843
0.000000

FOURIER NG. = 1.00

Y8

0.9124877
0.9102:7
0.903555
0.892395
0.876761
0.856639
0.832017
0.802874
0.769192
0.73094¢
0.688112
0.640658
0.588555
0.531769
0.570265
0.505006
0.332954
0.257068
0.176308
v.090633
0.000000

ASER

0.107977
0.107644
0.106648
0.104994
0.102692
0.099758
0.096208
0.092066
0.087355
0.082106
0.076351
0.070125
0.063467
0.054418
0.049021
0.041321
0.0333687
0.025207
0.016891
0.008472
0.000000

FOURIER NO. = 1.20

Ys

0.956567
0.954232
0.937225
0.925544
0.909183
0.888135
0.862391
0.8319va.1
0.796772
0.756870
0.712217
0.0602798
0.408593
0.589582
0.485742
0.4217052
0.343488
0.265020
0.181641
0.093508
0.000000

ASER

0.065920
0.065717
0.065108
0.064098
0.062693
0.060902
0.058735
0.056206
0.053330
0.050126
0.0856612
0.052811
0.038747
0.038443
0.029927
0.025226
0.020370
0.015389
0.010312
0.005172
0.000000

A-145

BSER

0.112016
C.111671
0.110637
0.108921
0.106533
¢.103489
0.099807
0.095509
0.090623
0.085178
0.079207
0.072748
0.065841
0.058528
0.050854

0.042867

0.03u615
0.026150
0.017523
v.008789
0.000000

8 SER

0.087523
0.087253
0.086445
0.085105
0.083239
0.080861
0.077983
0.074626
0.070808
0.066553
0.061888
0.056842
0.051445
0.0u45731
0.039735
0.033494
0.027046
0.020u432
0.013692
0.006867
0.000000

BSER

0.053433
0.053268
0.052775
0.051956
0.050817
0.049365
0.0u57609
0.045559
0.083228
0.040630
0.037783
0.034702
0.031u07
0.027916
0.024258
v.0205848
0.016512
V012474
0.008359
0.008192
0.000000

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u5
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.4S
0.50
0.55
0.60
0.65
0.70
.75
0.80
0.85
0.90
0.95
1.00
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0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u45S
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TRANSIENT CONDUCTION

TEMPERATURE RATIO TERMS FOR THE PLATE

YA

0.95975¢6
0.959880
0.960252
0.960868
0.961726
0.962819
0.9641u2
0.965686
0.96744u2
0.969398
0.971543
0.97386Y4
0.976345
0.978973
0.981730
0.98u599
0.987564
0.990605
0.993704
0.9968u2
1.000000

YA

0.975431
0.975507¢
0.975734
0.976110
0.976634
0.977301
0.978109
0.979052
0.980123
0.981318
0.982627
0.98u0uy
0.985559
0.987163
0.9888u46
0.990598
0.992408
0.99u265
0.996157
0.998072
1.000000

YA

0.985001
0.9850u7
0.985185
0.985415
0.985735
0.986143
0.986636
0.987211
0.987865
0.988595
0.98939u
0.990259
0.991184
0.992163
0.993190
0.994260
0.995365
0.996498
0.997654
0.998823
1.000000

FCURTIER NO. = 1.40

YB ASER
0.967380 0.0402uy
0.964980 0.040120
0.957781 0.039748
0.945781 0.039132
0.928976 0.038274
0.907363 0.03718)
0.880935 0.035858
0.8u9686 0.03431y
0.813609 0.032558
0.772695 0.030602
0.726934 0.028u457
0.676315 0.026136
0.620826 0.023655
0.560u456 0.021027
0.495191 0.018270
0.425017 0.015401
0.349920 0.012u36
0.269885 0.009395
0.184897 0.006296
0.09494 0.003157
0.000000 0.000000

FOURIER NO. = 1.60

Y8 ASER
0.980085 0.024569
U.9TT6LT 0.02u4493
0.970330 -0.024266
0.958136 0.023890
0.941060 0.023366
0.519101 0.022699
0.892256 0.021891
0.860520 0.020948
0.823889 0.019877
0.782357 0.018682
0.735918 0.017373
0.684566 0.015956
0.628294 0.014k41
0.567095 0.012837
0.500959 0.011154
0.u29879 0.009u02
0.3538u46 0.007592
0.272851 0.005735
0.186885 0.003843
0.095938 0.001928
6.000000 0.0006G0

FOURIER NO. = 1.80

Yg

0.987842
0.985380
0.977992
0.965678
0.948u37
0.924268
0.899167
0.867134
0.830164
0.788255
0.741403
0.689604
0.632854
0.571148
0.504480
0.432847
0.3562u3
0.274662
0.188098
0.0965u46
0.000000

ASER

0.014999
0.014953
0.01u815
0.014585
0.014265
0.013857
0.013364
0.012789
0.012135
0.011405
0.010606
0.009741
0.008816
0.007837
0.006809
0.0057u0
0.004635
0.003501
0.0023486
0.001177
0.000000

A-146

BSER

0.032620
0.032520
0.032219
0.031719
0.031024
0.030137
0.029065
0.027814
0.026391
0.024805
0.023066
0.021185
0.019174
0.017044
0.014809
g.012483
0.010080
0.007615
0.005103
0.00255v
0.000000

BSER

1.019915
0.019853
0.019670
ve01v364
0.018940
0.018399
0.01774u
0.016980
0.016111
0.015143
0.014082
0.012934
0.011706
0.010405
0.009041
0.007621
0.006154
0.00u649
0.003115
0.001562
0.000000

BSER

0.012158
0.012120
0.012008
0.011822
0.011563
0.011232
0.010833
0.010366
0.009836
0.009245
0.008597
0.007896
0.007146
0.006352
0.005520
0.004653
0.003757
0.002838
0.001902
0.000954
0.000000

0.

0.05
g.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.u40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.05
.10
0.15
0.20
0.25
0.30
0.35
0.40
0.us
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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22

.

0.

0.05
c.10
0.15
0.20
U.25
0.30
0.35
0.40
G.45
0.50
0.55
9.60
0.65
0.70
0.7
0.80
0.85
0.90
0.95
1.00

TRANSIENT CONDUCTION

TEMPERATURE RATIO TERMS FOR THZ PLATE

YA

0.9908L3
0.990871
0-990956
V.Y910v6
0.991291
0.991540
0.991841
0.992192
0.992592
0.993037
0.993525
0.9vu053
0.99u618
0.995215
0.995843
0.996L096
0.997170
0.997862
0.998568
V.999282
1.000000

FCURIER NO. = 2.00

YB

0.992578
0.990100
0.982669
0.970285
0.952941
0.930643
0.903387
0.871171
0.833995
0.791856
0.74u752
0.692680
0.635637
0.573622
0.506630
G.L3u660
0.357706
0.275767
0.188839
0.096918
0.000000

ASER

0.009157
0.009129
0.0090uL
0.00890k
0.008709
0.u084060
0.008159
0.007808
0.007u08
0.006963
0.006475
G.0059u7
0.005382
0.004785
0.0045157
0.003504
0.002830
0.002) 58
0.001532
0.000718
0.000000

A-147

B8SER

0.007422
0.00r5vy
0.007331
0.0072V7
0.007059
0.006857
0.006613
0.006329
0.006005
0.005644
0.0052u48
0.00u4820
0.00u363
G.003878
0.003370
0.002840
0.002294
0.001733
¢.0011561
0.000582
0.000000

0.

U.05
0.10
U. 15
0.20
0.25
0.30
0.35
0.60
0.5
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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APPENDIX B

TEMPERATURE HISTORY FOR THE CYLINDER

The results presented apply to the infinite cylinder as follows:

= = r/a

/”‘--‘a\ Z = 5

, \

\ F::/,> The position ratio
/

The following special terms were employed in the computer program:

Bl = (3, Bl Bof)

ET2 = ﬁi ET1

T = I (2B)/3,(By)

XN = n, the series index

The individual series terms in Equations (19) and (20) were designated as

follows:
SERA = 2TJ/5T1
SERB = 8TJ/ET2

The series sums were designated by ASER and BSER, and N gives the number of
terms required to converge to the tolerance TOL (a value of Tol = 0,0000001

was employed throughout)., The values Ya and Yb were calculated as

YA =1 - ASER

YB = 1 - Z° - BSER

The data cards require DZ and TOL on the first card, then each value of
PHI (the Fourier number @) is entered on a separate card; as many as desired,

The computations were made on the IBM 7090 with the Fortran system.

B-148
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OO0 CONOAOOOONOO00OAaNONC OO0

TRSCND A~005 5-12-61

PROGRAMMER H. WOLF

SYNOPS[S— CALCULATION OF TRANSIENT CONDUCTION HISTORY FOR THE

CYLINDER AS A FUNCTION OF FOURIER NUMBER AND POSITION
RATIO WITH ZERG AND FINITE SURFACE TEMP. AND WITH 2ERO

INITIAL TEMP. THROUGHGUT.

PURPOSE - GENERATE TABLES OF VALUES
SYMBOLS -
1 - POSITION RATIO PHI
D2 - UPDATING FACTOR OGN Z TaL
N - NO. OF TERMS REQD.. TJ
Bfl) - SLNS OF J0(X)=0. ETY

ASER - SERIES SUM FOR YA ET2

BSER ~ SERIFS SUM FOR YR

Lt 2 s—pg-n-0

FOURIER NUMBER
TGLERANCE ON CONVERG.
BESEL FUNCT TERM

EXP TERM X BI(I)

EXP TERM X B(I)X8{1)

SEE NGTES FOR SPECIALIZED NOMENCLATURE EMPLOYED FOR
DESIGNATIOGN OF PARTS OF THE SERIES TERMS.

MAIN CALCULATIGNS

DIMENSION B({30)
5 READ INPUT TAPE 5,10, DZ, TOL
10 FORMAT(F12.4, F12.7)
35 READ INPUT TaPE 5, 40, (B(J},J=1,2u)
40 FORMAT(6FI12.4)
15 READ INPUT TAPE 5,16, PHI
16 FORMAT(F12.6)
18 IF{PHI - 10.) 20, 20, 235
202 = 0.
22 WRITE OUTPUT TAPE 6,23, PHI

23 FORMAT{1H1///85X, 20HTRANSIENT CONDUCTION// 35X,

1 RATIO TERMS FOR THE CYLINDER/// 45X,
2,67TH 2 YA Y8
3 N//1H )
25 ASER = 0.
30 BSER = 0.
34 IFIL -~ .99) 45,45,36
36 YA = 1.000000
38 vyB8 = 0.0000001
41 ASER = 0.000000)
42 BSER = 0.000000!
1 =0
43 Go TG 200
45 06195 I=1,24
50 X = B(f)eB(I)ePHI
55 IF(X - B6.) 60,60, 75
60 ET1 = EXPF(X} *B{I)
65 ET2 = ET1=B(1)eB(1)
70 GO T0 100
75 XB = x/1000.
76 D = EXPF(XB)
77 DY = Dee10.
80 D2= D1e+#10.
85 ET1 ={D2es10.)e8( 1)
90 ET2 ET1eB(I)eB(I)

100 TJ = BESELF(ZeB(1),0,1) /BESELF(B{I),1,1)

110 SERA =(TJ/ET1)e2,
120 SERB =(TJ/ET2)e8.
145 XN = FLOATF(ID)
160 ASER! = ASER + SERA
165 A1 = ABSF(ASER1)
170 A = ABSF(ASER)
175 BBB = ABSF (Al - A)
180 ASER = ASER + SERA
185 BSER = BSER + SERB
190 IF(TOL - BBB) 195, 195, 196
195 CONTINUE
196 YA = 1. - ASER
197 vB = 1. - ZeZ - BSER
IF(YA) 198,198, 200
198 ASER = 1.000000)
YA = 0.0000001

200 WRITE GUTPUT TAPE 6,202, Z, YA, YB, ASER,
202 FORMAT(F25.2, 2F12.6, F13.6, F12.6, FB.2,

2052 =17 + 02

210 IFtZ - 1.0M) 25,25,15
235 CALL EXIT
STOP

enot1v,90,0,0,0,0,0,0,0,0,0,0,0,0,0)

B-149

t-8-3

00500020
00500030
00500040
00500050
00500060
00500070
00500080
00500090
00500095
00500100
00500105
00500110
00500112
00500114
00500116
00500118
00500120
00500122
00500124
00500126
00500128
00500140
00500150
00500160
00500170
00500180
00500190
00500200
00500210
00500220
00500222
00500230
00500232
00500250
00500260
00500270
00500272
00500278
00500280
00500282

YOHTEMPERATURE0050028k

14HFGURIER NO. = F4.3///21X 00500286
ASER BSER 4

BSER, Z , 1
16}

00500287
00500288
00500290
00500300
00500302
00500304
00500306
00500308
00500310
00500311
00500312
00500350
00500360
00500370
00500380
00500390
00500400
00500410
00500415
00500420
00500425
00500430
00500440
00500450
00500460
00500470
00500480
00500510
00500520
00500530
00500540
00500550
00500560
00500570
00500580
00500582
00500584
00500586
00500587
00500588
00500590
00500600
00500620
00500630
00500670
00500680




EXTERNAL FORMULA NUMBERS WITH CORRESPONDING INTERNAL FORMULA NUMBERS AND GCTAL LOCATIONS

EFN IFN Lac EFN IFN Laoc EFN IFN Lac EFN IFN Lac @
10 2 00000 40 3 00000 16 4 00000 23 5 00000
202 6 00000 5 8 00014 5 9 00017 35 10 00024
35 14 00034 15 15 00040 15 16 00045 18 17 00052
20 18 00056 22 19 00060 22 20 00065 25 21 00072
30 22 00074 34 23 00076 36 24 00104 38 25 00106
41 26 00110 y2 27 00112 43 29 00116 45 30 o00Wt7
50 31 00122 55 32 00127 60 33 00133 65 34 00744 :
70 35 00151 75 36 00153 76 37 00156 7 38 00165 >
80 39 00175 85 40 00205 90 41 00217 100 42 00224
110 43 00252 120 bl 00256 145 45 00262 160 46 00267
165 47 00272 170 48 00275 175 49 00300 180 50 00304
185 51 00307 190 52 00312 195 53 00316 196 54 00322
197 55 00325 198 57 00336 200 59 00344 200 60 00351
205 61 00372 210 62 00375 235 63 00402 J
STORAGE NOT USED BY PROGRAM
DEC ocT DEC ecT
390 00606 32561 77461

LOCATIONS OF NAMES IN TRANSFER VECTGR

DEC  OCT DEC  OCT DEC  ©OCT DEC  oCT
EXP(3 6 00006 EXP 5 00005 EXIT 8 00010 BESEL 7 00007
(FIL) 4 00004 (FPT) 0 00000 (RTN) 2 00002 (STH) 3 00003
(TSH) 1 00001 i

~ STORAGE LOCATIONS FOR VARIABLES APPEARING IN DIMENSIOGN AND EQUIVALENCE SENTENCES

DEC acr DEC ocT DEC acr DEC clong
8 389 00605

STORAGE LOCATIONS FOGR VARIABLES NOT APPEARING IN DIMENSION, EQUIVALENCE CGR COMMON SENTENCES

DEC ocr DEC ocry DEC ocr DEC ocT
1 359 00547 ET2 358 00546 ET1 357 00545 vz 356 0054y
D 355 00543 D2 354 00542 D1 353 00541 BSER 352 00540
8B8 351 00537 ASER 350 00536 ASER1 349 00535 A 348 00534
Al 347 00533 PHI 346 00532 SERA 345 00531 SERB 344 00530
TJd 343 00527 TOoL 342 00526 XB 341 00525 XN 340 00524
X 339 00523 YA 338 00522 YB 337 00521 z 336 00520
w
q
B-150




0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
Q.40
0.45
0.50
0-55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.9S
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
045
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TRANSTENT CONDUCTION

TEMPERATURE RATIO TERMS FGR THE CYLINDER

FOURIER NO. = .010

YA YB ASER BSER
0.000000 0.039975 1.000000 0.960025
0.000000 0.039975 1.000000 0.957525
0.000000 0.039975 1.000000 0.950025
0.000000 0.039975 1.000000 0.937525
0.000000 0.039975 1.000000 0.920025
0.000000 0.039975 1.000000 0.897525
0.000000 0.039976 1.000000 0.870024
0.000000 0.039976 1.000000 0.837524
0.000021 0.039976 0.999979 0.800024
0.000137 0.039976 0.999863 0.757524
0.000565 0.039975 0.999u35 0.710025
0.001967 0.039967 0.998033 0.657533
0.006049 0.039939 0.993951 0.600061)
0.016574 0.039850 0.983426 0.537650
0.040618 0.039596 0.959382 0.470405
0.089238 0.038945 0.910762 0.398555
0.176228 0.0371u38 0.823772 0.322562
0.313821 0.034266 0.686179 0.243234
0.5060u9 0.028173 0.493951 0.161827
0.742968 0.017439 0.257032 0.080061
1.000000 0.000000 0.000000 0.000000

FOURIER NO. = .020

YA Y8 ASER BSER
0.000000 0.079975 1.000000 0.920025
0.000002 0.079975 0.999998 0.917525
0.000014 0.079975 0.999986 0.910025
0.00Q048 0.079975 0.999952 0.897525
0.000136 0.079975 0.999864 0.880025
0.000350 0.079973 0.999650 0.857527
0.000852 0.079968 0.99914L8 0.830032
0.001966 0.079955 0.998034 0.797545
0.00u4307 0.079925 0.995693 0.760075
0.008962 0.079855 0.991038 0.717645
0.017708 0.079704 0.982292 0.670296
0.033213 0.079393 0.966787 0.618107
0.059133 0.07878! 0.9u0867 0.561219
0.099961 0.077636 0.900039 0.499864
0.160521 0.075593 0.839u79 0.43u407
0.2L45059 0.072118 0.754941 0.3465382
0.356054 0.066u068 0.643946 0.293532
0.493024 0.057680 0.506976 0.219820
0.6517u48 0.0L%578 0.3u48252 0.145422
0.824303 0.025823 0.175697 0.071677
1.000000 0.000000 0.000000 0.000000

FOURIER NO. = ,030

YA Y8 ASER BSER
0.000458 0.119970 0.999542 0.880030
0.000542 0.119969 0.999458 0.877531
0.000826 0.119965 0.999174 0.870035
0.001419 0.119955 0.998581 0.8575u5
0.002534 0.119936 0.997466 0.840064
0.004530 0.119897 0.995470 0.817603
0.007977 0.119822 0.992023 0.790178
0.013731 0.119683 0.986269 0.757817
0.023007 0.119431 0.976993 0.720569
0.037433 0.118986 0.962567 0.678514
0.059055 0.118227 0.930945 0.631773
0.090257 0.116967 0.909743 0.580533
0.133585 0.114940 © 0.B66415 0.525060
0.191439 0,¥11778 0.808561 0.465722
0.265676 0.106989 0.73632y 0.403011
0.357172 0.0999u5 0.642828 0.337555
0.465422 0.089879 0.534578 0.270121
0.588283 0.075892 0.411717 0.201608
0.7219u7 0.056973 0.278053 0.133027
0.861214 0.032040 0.138786 0.065460
1.000000 0.000000 0.000000 0.000000
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0.90
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0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
U.B80
0.85
0.90
0.95
1.00

13
13
13
12
13
12
12
11
12
12
12
12
12
12
12
12
12
12
12
12

OOV OV QOO OVIOOVOVOVOVOOOVVLIDOO

COONDET YOO NDDOD~NOD~NODODD




0.
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0.75
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0.90
0.95
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0.50
0,55
0.60
0.65
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0.85
0.90
0.95
1.00
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0.60
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0.70
0.75
0.80
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0.90
0.95
1.00
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YA

0.003715
0.004083
0.005259
0.007u467
0.011097
0.016734
0.025178
0.037u462
0.054850
0.078804
0.110902

-0.152721

0.205662
0.270757
0.348u451
0.438421
0.539u54
0.649u409
0.765295
0.883u486
1.000000

YA

0.012890
0.013697
0.016208
0.020688
0.027583
0.037512
0.051266
0.069779
0.094093
0.125297
Ce164ULUY
0.212453
0.269986
0.337337
0.414325
0.500219
0.593709
0.692926
0.795523
0.898824
1.000000

YA

0.029448
0.030719
V. 034617
0.041386
0.051426
0.065272
0.083576
0.107066
0.136500
0.172609
0.216029
0.267223
0.326411
0.393503
0. 468044
0.549188
0.635702
0.725997
0.818197
0.910240
1.000000

FOURIER NO. = .040
YB ASER

0.159902 0.996285
0.159892 0.995917
0.159861 0.99474)
0.159799 0.992533
0.159688 0.988903
0.159501 0.983266
0.159193 0.974822
0.158695 0.962538
0.157908 0.945150
0.156689 0.921196
0. 154844 0.889098
0.15210¢6 0.8u7279
0.148133 0.794338
0. 142489 0.729243
0. 134640 0.651549
0.123953 0.561579
0.109697 0.460546
0.091061 0.350591
0.067169 0.234705
0.037115% 0.116514
0.000000 0.000000

FOURIER NO. = .050

Y8

0.199593
0.199560
0.199u56
0.199261
0.198941
0.198443
0.197689
0.196572
0. 194945
0.192615
0.189334
0.18u788
0.178592
0.170288
0.159337
0.145128
0.126983
0. 104171
0.075921
0.041452
0.000000

ASER

0.987110
0.986303
0.983792
0.979312
0.972u17
0.962488
0.9u8734
0.930221
0.905907
0.874703
0.835556
0.787547
0.730014
0.662663
0.585675
0.499781
0.406291
0.307074
0.20u477
0.101176
0.000000

FOURIER NC. = .060

Y8

0.23877
0.238697
0.238u6kh
0.238043
0.237383
0.236u07
0.235009
N.2330u47

'0.230339

0.226656
0.221715
0.215177
0.206640
0.195641
0.181656
0.164105
0.142363
0.115765
0.083627
0.045261
0.000000

ASER

0.970552
0.969281
0.965383
0.958614
0.948574
0.93u4728
0.916424
0.892934
0.863500
0.827391
0.783971
0.732777
0.673589
0.606497
0.531956
0.450812
0.364298
0.274003
0.181803
0.089760
0.000u00
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BSER

0.840098
0.837608
0.830139
0.817701
0.800312
0.777999
0.750807
0.718805
0.682092
0.6L08Y1
0.595156
0.545394
0.491867
0.435011
0.375360
0.313547
0.250303
0.186439
0.122831
0.060385
0.000000

BSER

0.800407
0.797940
0.7905u44
0.778239
0.761059
0.739057
0.712311
0.680928
0.645055
0.604885
0.560666
0.512712
O.u61408
0.407212
0.350663
0.292372
0.233017
0.173330
0.114079
0.056048
0.000000

BSER

0.761229
0.758803
0.751536
0.739457
0.722617
0.701093
0.674991
0.644453
0.609661
0.57084M4
0.528285
0.482323
0.433360
0.381859
0.328344
0.273395
0.217638
0.161735
0.106373
0.052239
0.000000
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TRANSIENT CONDUCTION

TEMPERATURE RATIO TERMS FOR THE CYLINDER

FOGURIER NG. = .0T70

I YA Y8 ASER B8SER z
0. 0.053019 0.277143 0.946981 0.722857 0.
0.05 0.05u692 0.277010 0.945308 0.720490 0.05
0.10 0.059776 0.27659%6 0.940224 0.713404 0.10
0.15 0.068u66 0.275865 0.93153y 0.70163S 0.15
0.20 0.081072 0.278750 0.918928 0.685250 0.20
0.25 0.098003 0.273155 0.901997 0.664345 0.25
0.30 0.119735 0.270952 0.880265 0.6390u8 0.30
0.35 0.146779 0.267975 0.853221 0.609525 0.35
0.40 0.179632 0.264016 0.820368 0.575984 0.0
0.45 0.218735 0.258823 0.781265 0.538677 0.uS
0.50 0.264u17 0.252095 0.735583 0.497905 0.50
0.55 0.316845 0.263u79 0.683155 0.654021 0.55
0.60 0.375974 0.23257) 0.62u026 0.407429 0.60
0.65 0.441510 0.218916 0.558490 0.358584 0.65
0.70 0.512888 0.202012 0.u87112 0.307988 0.70
0.75 0.589259 0.181311 0.410741 0.256189 0.75
0.80 0.669509 0.156236 0.33049 0.203764 0.80
0.85 0.752286 0.125181 0.2u771% 0.151320 0.85
0.90 0.836058 0.090529 0.163942 0.099471 0.90
0.95 0.919184 0.048666 0.080816 0.0u8834 0.95
1.00 1.000000 0.000000 0.000000 0.000000 1.00

FOGURIER NO. = .080

4 YA Y8 ASER BSER Z
0. 0.082272 0.314u54 0.917728 0.685546 0.
0.05 0.0842L9 0.318207 0.915751 0.683253 0.05
0.10 0.090227 0.313611 0.909773 0.676389 0.10
0.15 0.100343 0.312502 0.899657 0.664998 0.15
0.20 0.114816 0.310843 0.88518% 0.649157 0.20
0.25 0.13392u 0.30352u 0.866076 0.628976 0.25
0.30 0.157981 0.305u02 0.842019 0.60u598 0.30
0.35 0.187305 0.301294 0.812695 0.576206 0.35
0.40 0.222184 0.295976 0.777816 0.5uu02 Q.40
0.45 0.262837 0.289184 0.737163 0.508316 0.45
0.50 0.309378 0.280608 0.690622 0.u469392 0.50
0.55 0.361775 0.269892 0.638225 0.427608 0.55
0.60 0.419826 0.256638 0.53017u 0.383362 0.60
0.65 0.u483134% 0.2450%05 0.516866 0.337095 0.65
0.70 0.55109% 0.220713 0.4%8906 0.289287 0.70
0.75 0.622898 0.197050 0.377102 0.240450 0.75
0.80 0.6975u8 0.168878 0.302452 0.191122 0.80
0.85 0.773886 0. 135644 0.226114 0.141856 0.85
0.90 0.850635 0.096786 0.149365 0.093214 0.90
0.95 0.926454 0.051768 0.073546 0.045752 0.95
1.00 1.000000 0.000000 0.000000 0.000000 1.00

FCUREIER NO. = .090

4 YA Y8 ASER BSER z
0. 0.115629 0.350507 0.884371 0.649u93 0.
0.05 0.117813 0.350216 0.882187 0.6u7284 0.05
0.10 0.124395 0.349329 0.875605 0.640671 0.10
0.15 0.135u63 0.347794 0.864537 0.629706 0.15
0.20 0.151151 0.345530 0.8488L9 0.514470 0.20
0.25 0.171628 0.342417 0.828372 0.595083 0.25
0.30 0.197071 0.338302 0.802929 0.571698 0.30
0.35 0.227647 0.332993 0.772353 0.5484507 0.35
0.40 0.263482 0.326258 0.736518 0.513742 0.40
0.45 0.30u632 0.317827 0.695368 0.479673 0.45
0.50 0.351060 0.307388 0.6u8940 0.Lu2612 0.50
0.55 0.402607 0.295591 0.597393 0.402909 0.55
0.60 0.458974 0.2790u8 0.551026 0.360952 0.60
0.65 0.519713 0.260333 0.480287 0.317167 0.65
0.70 0.584216 0.237992 0.u1578u4 0.272008 0.70
0.75 0.651727 0.211543 0.3u8273 0.225957 0.75
0.80 0.721354 0.180u88 0.278646 0.179512 0.80
0.85 0.792092 0.144315 0.207908 0.133185 0.85
0.90 0.862859 0.102509 0.13714) 0.087491 0.90
0.95 0.932532 0.054565 0.067u68 0.042935 0.95
1.00 1.000000 0.000000 ¢G.000000 0.000000 1.00
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0.05
0.10
0.15
0.20
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0.45
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0.75
0.80
0.85
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TEMPERATURE RATIC TERMS FOR THE CYLINDER

YA

0.151632
0.153940
0.160880
0. 172499
0.188864
0.210056
0.2361u48
0.267191
0.303190
0.34u087
0.389740
0. 439907
0494234
0.5522u48
0.613358
0.676861
0.741953
0.807755
0.873331
0.937725
1.000000

YA

0.227057
0.229431
0.236550
0.248406
0.264981
0.286238
0.312117
0.342525
0.377320
0.416310
0.459237
0.505777
0.555529
0.608020
0.662707
0.718982
0.776183
0.833609
0.890536
0.94623u
1.000000

YA

0.302007
0.304300
0.311164
0.322565
0.338439
0.358694
0.383203
0.411805
O.L4u29u
0.480419
0.519883
0.562336
0.607378
0.654564
0.703401
0.753361
0.803885
0.854394
0.904301
0.953023
1.000000

TRANSTENT CONDUCTION

FOURIER NG. = .100

Y8

0.385168
0.38u788
0.383629
0.3816u40
0.378732
0.374785
0.369637
0.363093

© 0.354919

0.344845
0.332563
0.317730
0.299972
0.278881
0.254028
0.224961
0.191213
0.152310
0.107780
0.057157
0.000000

ASER

0.548368
0.846060
0.839120
0.827501
0.811136
0.7899u4
0.763852
0.732809
0.696810
0.655913
0.610260
0.560093
0.505766
0.uu7752
0.386642
0.323139
0.258047
0.1922u45
0.126669
0.062275
0.000000

FOURIER NO. = .120

Y8

0.450035
0.449u66
0. 447740
0.444806
0.440573
0.434917
0.427680
0.418667
0.407651
0.394372
0.378539
0.359832
0.337908
0.312398
0.282917
0.249065
0.210434
0.166615
0.117198
0.061785
0.000000

ASER

0.772943
0.770569
0.763450
0.751594
0.735019
0.713762
0.687883
0.657475
0.622680
0.583690
0.540763
0.494223
0.uLuyT
0.391980
0.337293
0.281018
0.223817
0.166391
0109464
0.053766
0.000000

FOURIER NO. = 140

Y8

0.508855
0.508098
0.,505812
0.5019u44
0.496409
0.489088
0.479830
0.468451
0. 454739
0.438u52
0.419320
0.397053
0.371338
0.3u1843
0.308225
0.270129
0.227196
0.179067
0.125386
0.065806
0.000000

ASER

0.697993
0.695700
0.688836
0.677435
0.661561
0.641306
0.616797
0.588195
0.555706
0.519581
0.480117
0.437664
0.392622
0.3u5436
0.296599
0.246639
0.196115
0.145606
0.095699
0.046977
0.000000
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BSER

0.614832
0.612712
0.606371
0.595860
0.581268
0.562715
0.540363
0.51u407
0.485081
0.452655
0417437
0.379770
0.340028
0.298619
0.255972
0.212539
0.168787
0.125190
0.082220
0.040343
0.000000

BSER

0.549965
0.5u8034
0.542260
0.53269u
0.519u27
0.502583
0.482320
0.458833
0.4323u49
0.403128
0.371461
0.337668
0.302092
0.265102
0.227083
0.188435
0.149566
0.110886
0.072802
0.035715
0.000000

BSER

0.491145
0.489402
0.484188
0.475556
0.463591
O.L4u8u12
0.430170
0.409049
0.385261
0.3590u8
0.330680
0.300u4u47
0.268662
0.235657
0.201775
04167371
0.132804
0.098433
0.068614
0.031695
0.000000
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0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
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0.45
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TRANSITENT CONDUCTION

TEMPERATURE RATIQ TERMS FOR THE CYLINDER

g

FOURIER NO. = .160
4 YA Y8 ASER BSER z
0. 0.373072 0.561819 0.626928 0.438181 0.
0.05 0.375211 0.560885 0.624789 0.836615 0.05
0.10 0.381614 0.558067 0.618386 0.531933 0.10
0.1i5 0.392230 0.553317 0.607770 0.425163 0.15
0.20 0.506979 0.586555 0.593021 0.6413u45 0.20
0.25 0.425744 0.537671 0.574256 0.399829 0.25
0.30 0.4u8374 0.525526 0.551626 0.383u74 0.30
0.35 0.474680 0.512949 0.525320 0.36L4551 0.35
0.40 0.50uu34 0.89567h6 0.495566 0.343254 0.40
0.45 0.537373 0.477695 0.562627 0.319805 0.u5
0.50 0.573191 0.855553 0.u26809 0.29uu47 0.50
0.55 0.611546 0.430054 0.388454 0.267446 0.55
0.60 0.652060 0.400918 0.347940 0.239082 0.60
0.65 0.69u321 0.3678u8 0.305679 0.209652 0.65
0.70 0.737888 0.330537 0.262112 0.179463 0.70
0.75 0.782298 0.288671 0.217702 0.1u8829 0.75
0.80 0.827069 0.2u1933 0.172931 0.118068 0.80
0.85 0.871711 0.190003 0.128289 0.087497 0.85
0.90 0.915733 0.132571 0.084267 0.057429 0.90
0.95 0.9586uL9 0.069332 0.041351 0.028168 0.95
1.00 1.000000 0.000000 0.000000 0.000000 1.00
FOURIER NO. = . 180
z YA YB ASER BSER z
0. 0.438730 0.609308 0.561270 0.390692 0.
0.05 0.430689 0.608210 0.559311 0.389290 0.05
0.10 0.4u6549 0.604901 0.553u451 0.385099 0.10
0.15 0.456257 0.599338 0.563743 0.378162 0.15
0.20 0.469727 0.591647 0.530273 0.368553 0.20
0.25 0.486837 0.581128 06.513163 0.356372 0.25
0.30 0.507430 0.568253 0.492570 0.3u1747 0.30
0.35 0.531313 0.552669 0.468687 0.32u831 0.35
0.40 0.558262 0.534198 0.541738 0.305802 0.40
0.45 0.588015 0.512640 0.511985 0.284860 0.45
0.50 0.620282 0.487775 0.379718 0.262225 0.50
0.55 0.65u4741 0.459366 0.345259 0.238134 0.55
¢.60 0.691041 0.427160 0.308959 0.212840 0.60
0.65 0.728810 0.390892 0.271190 0.186608 0.65
0.7v 0.767653 0.350288 0.2323u7 0.159712 0.70
0.75 0.807160 0.305069 0.192840 0.132431) 0.75
0.80 0.846914 0.25495% 0.153086 0.1050u46 0.80
0.85 0.886490 0.19366) 0.113510 0.077839 0.85
0.90 0.925u468 0.138913 0.074532 0.051087 0.90
0.95 0.96343% 0.072u44 0.036566 0.025056 0.95
1.00 1.000000 0.000000 0.000000 0.000000 1.00
FOURITER NCG. = .200
z YA Y8 ASER BSER z
0. 0.498501 0.651780 0.501499 0.348220 0.
0.05 0.500275 0.650532 0.499725 0.3u46968 0.05
0.10 0.505580 0.646777 0.596420 0.3u3223 0.10
0.15 0.514365 0.680874 0.485635 0.337026 0.15
0.20 0.5265L5 0.631557 0.873455 0.328443 0.20
0.25 0.542001 0.619936 0.u57999 0.317564 0.25
0.30 0.560580 0.605u95 0.839419 0.304505 0.30
0.35 0.58210" 0.588095 0.417899 0.289405 0.35
0.40 0.606347 0.567577 0.393653 0.272423 0.40
0.45 0.633075 0.543762 0.366925 0.253738 0.45
0.50 0.662014 V.516450 0.337986 0.233550 0.50
0.55 0.4692868 0.48543) 0.307132 0.212069 0.55
0.60 0.72531y 0.450u77 0.27u681 0.189523 0.60
G.65 0.759029 0.411352 0.250971 0.166168 C.65
0.70 0.793648 0.367813 0.206352 0.142187 0.70
0.75 0.828812 0.313611 0.171188 0.117889 0.75
0.80 0.864155 0.266u496 0.135845 0.093505 0.80
0.85 0.899305 0.208217 0.100695 0.069283 0.85
0.90 0.933897 0. 144531 0.066103 0.045469 0.90
0.95 0.967574 0.075200 0.032L26 0.022300 0.95
1.00 1.000000 0.000000 0.000000 0.000000 1.00
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0.
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
G.u5
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.0
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TEMPERATURE RATIO@ TERMS FOR THE CYLINDER

YA

0.565051
0.566604

0.571249

0.578937
0.589590
0.603100
0.619326
0.638103
0.659236
0.682506
0.707672
0.73L472
0.762626
0.791840
0.821811
0.852224
0.882765
0.913119
0.942975
0.972030
1.000000

YA

0.623153
0.62u4506
0.628550
0.635244
0.644516
0.656269
0.670380
0.686701
0.705059
0.725262
0.747098
0.770336
0. 794734
0.820036
0.845977
0.872288
0.898698
0.924936
0.950735
0.975838
1.000000

YA

0.673672
0.6748u7
0.678359
0.684170
0.692218
0.702418
0.714662
0.728819
0. 744739
0.762254
0.781177
0.801309
0.822438
0.844342
0.86679%4
0.889560
0.912405
0.935097
0.957406
0.979110
1.000000

TRANSIENT CONDUCTION

FOURTER NO. = .225

Y8

0.698528
0.697115
0.692862
0.685736
0.675679
0.662611
0.646u31
0.627019
C.604235
0.577923
0.547910
0.514012
0.476032
0.u33767
0.387004
0.335529
0.279125
0.217578
0.150675
0.078214
0.000000

ASER

0.434949
0.433396
0.428751
0.421063
0.410410
0.396900
0.380674
0.361897
0.3u0764
0.317494
0.292328
0.265528
0.237374
0.208160
0.178189
0.147776
0.11723u4
0.086881
0.057025
0.027970
0.000000

FOGURIER NO. = .250

Y8

0.739051
0.737u92
0.732806
0.724962
0.713910
0.699580
0.681886
0.660721
0.635966
0.607u83
0.575123
0.538727
0.498125
0.453138
0.403584
0.349278
0.290031
0,225660
0.155980
0.080815
0.000000

ASER

0.376847
0.375494
0.371450
0.364756
0.355484
0.3u3731
0.329620
0.313299
0.29u4941
0.274738
0.252902
0.229664
0.205266
0.179964
0.154023
0.127712
0.101302
0.075064
0.049265
0.024162
0.000000

FOURIER NO. = .275

YB

0.774150
0.772466
0.767402
0.75893%
0.747017
0.731591
0.712581
0.689895
0.663u28
0.633062
0.598668
0.560107
0.517232
0.469889
0.u17920
0.361164
0.299459
0.232645
0.160565
0.083064
0.000000

ASER

0.326328
0.325153
0.3216%1
0.315830
0.307782
0.297582
0.285338
0.271181
0.255261
0.237746
0.218823
0.198691
0.177562
0.155658
0.13520%
0.110440
0.087595
0.064903
0.042594
0.020890
0.000000
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BSER

0.301472
0.300385
0.297138
0.291764
0.284321
0.27u889
0.263569
0.250u81
0.235765
0.219577
0.202090
0.183u488
0.163968
0.143733
0.122996
0.101971
0.080875
0.059923
0.039325
0.019286
0.000000

BSER

0.260949
0.260008
0.257194
0.252538
0.246090
0.237920
0.228114
0.216779
0.204034
0.190017
0.174877
0.158773
0.141875
0.124362
0.106416
0.088222
0.069969
0.051840
0.03u020
0.016685
0.000000

BSER

0.225850
0.225034
04222598
0.218566
0.212983
0.205909
0.197419
0.187605
0.176572
0.164438
0.151332
0.137393
0.122768
0.107611
0.092080
0.076336
0.060541
0.044855
0.029435
0.014436
0.000000

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u5
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.60

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.460
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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TRANSITENT CONDUCTION

TEMPERATURE RATIO TERMS FOR THE CYLINDER

FOURIER NO. = .300

4 YA Y8 ASER BSER z
0. 0.717502 0.804540 0.282498 0.195460 0.
0.05 0.718521 0.802745 0.281479 0.194755 0.05
0.10 0.721565 0.797354 0.278435 0.1926L6 0.10
0.15 0.726603 0.7883u4 0.273397 0.189156 0.15
0.20 0.733579 0.775677 0.266421 0.184323 0.20
0.25 0.74242¢C 0.759301 0.257580 0.178199 0.25
0.30 0.753031 0.739150 0.246969 0.170850 0.30
0.35 0.765298 0.715145 0.235702 0.162355 0.35
0.40 0.779090 0.687195 0.220910 0.152805 0.40
0.45 0.794261 0.655198 0.205739 0.142302 0.45
0.50 0.810649 0.61904) 0.189351 0.130959 0.50
0.55 0.828081 0.578605 0.171919 0.118895 - 0.55
0.60 0.846373 0.533762 0.153627 0.106238 0.60
0.65 0.865334 0.484380 0.1344066 0.093120 0.65
¢.70 '0.88476u 0.430320 0.115236 0.079680 0.70
0.75 0.908L 64 0.371145 0.095536 0.066055 0.75
0.80 0.924229 0.307613 0.075771 0.052387 0.80
0.85 0.9u3860 0.238687 0.056140 0.038813 0.85
0.90 0.963158 0.164529 0.036842 0.025471 0.90
0.95 0.981931 0.085008 0.018069 0.012492 0.95
1.00 1.000000 0.000000 0.000000 0.0000600 1.00

FOURIER NO. = .350

P4 YA Y8 ASER BSER z
0. 0.788378 0.853612 0.211622 0.1u46388 0.
0.05 0.789112 0.851641 0.210858 0.145859 0.05
0.10 0.791425 0.8u5721 0.208575 0.144279 g.10
0.15 0.795203 0.835835 0.204797 0.181665 0.15
0.20 0.800435 0.821956 0.199565 0.1380uu 0.20
0.25 0.807064 0.804043 0.192936 0.133457 0.25
0.30 0.815020 0.7820u8 0.184980 0.127952 0.30
0.35 0.82u216 0.755911 0.175784 0.121589 0.35
0.40 0.83u4555 0.725564 0.165445 0.116436 0.40
0.45 0.8u5925 0.690931 0.158075 0.106569 0.45
0.50 0.858206 0.651927 0.141794 0.098073 0.50
0.55 0.871267 0.608462 0.128733 0.089038 0.55
0.60 0.884970 0.560ub2 0.115030 0.079558 0.60
0.65 0.899172 0.507766 0.100828 0.069735 0.65
0.70 0.913725 0.550331 0.086275 0.059669 0.70
0.75 0.928476 0.388034 0.071524 0.0u9466 0.75
0.80 0.9u3276 0.320770 0.056724 0.039230 0.80
0.85 0.957973 0.2u8%35 0.052027 0.029065 0.85
0.90 0.972420 0.170927 0.027580 0.019073 0.90
0.95 0.986474 0.088146 0.01352¢6 0.009354 0.95
V.00 1.000000 0.000000 0.000000 0.000000 1.00

FGURIER NO. = ,400

4 YA Y8 ASER B8SER 14
0. 0.841503 0.890369 0.158497 0.109631} 0.
0.05 0.842076 0.888265 0.15792L 0.109235 0.05
0.10 0.8u43786 0.881948 0.156214 0.108052 0.10
0.15 0.866617 0.871406 0.153383 0.106094 0.15
0.20 0.850536 0.856618 0.149u464 0.103382 0.20
0.25 0.855503 0.837553 0.148497 0.0999L7 0.25
0.30 0.861463 0.814176 0.138537 0.095824 0.30
0.35 0.868352 0.786u4L2 0.1316u8 0.091058 0.35
0.40 0.876097 0.754299 0.123903 0.085701 0.u0
0.45 0.88u4614 0.717691 0.115386 0.079809 G.u5
0.50 0.893813 0.676554 0.106187 0.073446 0.50
0.55 0.903596 0.630820 0.096404 0.066680 G.55
0.60 0.913859 0.580u20 0.086141 0.059580 0.60
0.65 0.924496 0.525277 0.075504 0.052223 0.65
0.70 0.935394 0.465315 0.064606 0.04u4685 0.70
0.75 0.946441 0.400L456 0.053559 0.0370uu 0.75
0.80 0.957524 0.330622 0.042476 0.029378 0.80
0.85 0.968530 0.25573n 0.031870 0.021766 0.85
0.90 0.979348 0.175716 0.020652 0.014284 0.90
0.95 0.989872 0.090495 0.010128 0.007005 0.95
1.00 1.000000 0.000000 0.000000 0¢.000000 1.00
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0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u5
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TEMPERATURE RATIC TERMS FGR THE CYLINDER

YA

0.911105
0.911426
0.912385
0.913973
0.916172
0.918958
0.922301
0.926165
0.930509
0.935286
0.9u04u6
0.945933
0.951689
0.957655
0.963767
0.969963
0.976178
0.982351%
0.988418
0.994320
1.000000

YA

0.950143
0.950323
0.950861
0.951752
0.952985
0.95u4548
0.956L23
0.958590
0.961026
0.963705
0.966599
0.969676
0.972905
0.976251
0.979679
0.983154
0.986640
0.990102
0.993504
0.99681Y
1.000000

YA

0.984318
0.984374
0.984543
0.98u4824
0.985211
0.985703
0.986293
0.986974
0.987741
0.988584
0.989u94
0.990462
C.991477
0.992530
0.993608
0.994701)
0.995798
0.996886
0.997957
0.998998
1.000000

TRANSIENT CONDUCTION

FOURIER NO. = .500

YB ASER
0.938513 0.088895
0.936235 0.088574
0.929399 0.087615
0.917997 0.086027
0.902018 0.083828
0.681445 0.081042
0.856257 0.077699
0.826430 0.073835
0.791935 0.069491
0.752739 0.06LT 14
0.708808 0.05955L
0.660103 0.0540067
0.606585 0.04831
0.548211 0.042345
0.484939 0.036233
0.416724 0.030037
0.343523 0.023822
0.265293 0.017649
0.181989 0.011582
0.093571 0.005680
0.000000 0.000000

FOURIER NO. = .600

Y8

0.965515
0.9631u40
0.956012
0.9u4u128
0.927u81
0.906062
0.879859
0.848858
0.8130u43
0.772396
0.726897
0.676526
0.621259
0.561073
0. 495944
0.425848
0.350759
0.270654
0.185507
0.095297
0.000000

FOURIER NCO. = .800

Y8

0.989153
0.986692
0.979309
0.967003
0.949771
0.927611
0.900519

- 0.868u91

0.831521
0.789604
0.742733
0.690903
0.634105
0.572333
0.505579
0.433835
0.357093
0.275347
0.188587
0.096807
0.000000

ASER

0.049857
0.049677
0.049139
0.0482u8
0.0u47015
0.0u45452
0.043577
0.041410
0.03897u4
0.036295
0.033401
0.030324
0.027095
0.023749
0.020321
0.016846
0.013360
0.009898
0.006u96
0.003186
0.000000

ASER

0.015682
0.015626
0.015u57
0.015176
0.014789
0.014297
0.013707
0.013026
0.012259
0.011416
0.010506
0.009538
0.008523
0.007470
0.006392
0.005299
0.00u4202
0.003114
0.0020u43
0.001002
0.000000
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BSER

0.061487

0.061265
0.060601
0.059503

0.057982
0.056055

0.053743
0.051070

0.048065
0.04u761
0.041192
0.037397
0.033415
0.02928¢9
0.025061
0.020776
0.016477
0.012207
0.008011
0.003929

0.000000

BSER

0.034485
0.034360
0.033988
0.033372
0.032519
0.031438
0.030111
0.028642
0.026957
0.025104
0.023103
0.,020974
0.018741
0.016427
0.014056
0.011652
0.009241
0.0068u6
0.004493
0.002203
0.000000

BSER

0.010847
0.010808
0.010691
0.010497
0.010229
0.009889
0.009481
0.009009

0.008479

0.,007896

0.007267

0.006597

0.005895

0.005167
0.004421

0.003665
0.002907

0.002154
0.001413

0.000693
0.000000

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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TRANSIENT CONDUCTION

TEMPERATURE RATIO TERMS FOR THE CYLINDER

FOURIER NO. = .900

vy

4 YA v8 ASER BSER 4
0. 0.991205 0.993916 0.008795 0.006084 0.
0.05 0.991236 0.991438 0.008764 0.006062 0.05
0.10 0.991331 0.984004 0.008669 0.005996 0.10
0.15 0.991488 0.971613 0.008512 0.005887 0.15
0.20 0.991706 0.95u263 0.008294 0.005737 0.20
0.25 0.991982 0.931954 0.008018 0.005546 0.25
0.30 0.992312 0.904683 0.007688 0.005317 0.30
0.35 0.992695 0.872u47 0.007305 0.005053 0.35
0.40 0.993124 0.835244 0.006876 0.004756 G.u0
0.45 0.993597 0.793071 0.006403 0.004429 0.45
0.50 0.99u108 0,745924 0.005892 0.00u076 0.50
0.55 0.99u650 0.693300 0.005350 0.003700 0.55
0.60 0.995220 0.6366%4 0.00uT80 0.003306 0.60
0.65 0.995810 0.574602 0.004190 0.002898 0.65
0.70 0.996415 0.507520 0.003585 0.002u80 0.70
0.75 0.997028 0.435440 0.002972 0.002056 0.75
0.80 0.997643 0.358370 G.002357 0.001630 0.80
0.85 0.998254 0.276292 0.001746 0.001208 0.85
0.90 0.99885% 0.189207 0.00114% 0.000793 0.90
0.95 0.999438 6.0971 11 0.000562 0.000389 0.95
1.00 1.000000 0.000000 0.000000 0.000000 1.00
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APPENDIX G

TEMPERATURE HISTORY FOR THE SPHERE

The results presented in the table apply to the sphere as illustrated.

Z=1

Z = jg = r/a

The position ratio

The following special terms were employed in the computer program.

T = (-1) /n = (Cos (am))/n
™2 = (-1)%n° = ™ /n?

ETH = Z Exp (n?7r%0)

STM = sin(nyrZ)

AN = n, the series index

The individual series terms in Equations (21) and (22) were designated

SERA = (2/m) TML(STM)/ETM

SERB = (12/70>) TM2(STM)/ETM

The series sums were designated by ASER and BSER, and N gives the number of
terms required to converge to the tolerance TOL (a value of TOL = 0.0000001

was employed). The values for Yé and Yﬁ were calculated as

YA = 1 + ASER

YB = 1 - 2° + BSER

The data cards require DZ and TOL on the first card, then each value of
PHI (the Fourier No. @) is entered on a separate card; as many as desired.

The computations were made on the IBM 7090 with the Fortran system,
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170
172
174
176
178

140

100
102
103
180

182
185

TRSCND $005 5-15-61

PROGRMR - H. WOLF

SYNOPSIS- CALCULATYION OF TEMP HISTORY IN A SPHERE AS A FUNCTICN
OF FOURIER NO AND PCSITION RATIC FOR ZERQ AND FINITE
SURFACE TEMP WITH ZERO INITIAL TEMP THROUGHOUT

PURPGSE - GENERATE TABLES CF VALUES.

SYMBOLS -
Z - POSITION RATIG, R/A DZ ~ UPDATING FACTOR ON Z
TOL - TOLERANCE OGN CONVERG XN - SERIES TERM OR INDEX
STM - SINE TERM ETM - EXPONENTIAL TERM
ASER - SERIES SUM FOR YA BSER - SERIES SUM FCR YB

SEE NOTES FOR SPECIALIZED NOMENCLATURE EMPLOYED FOR
DESIGNATION OF PARTS OF THE SERIES TERMS.

a-n-o s-—s—n-» LEX T

MAIN CALCULATIONS

READ INPUT TAPE 5,10,0Z, TOL
FORMAT(F12.2, F12.7)

READ INPUT TAPE 5,13, PHI
FORMAT(F12.6)

IF(PHI - 10.) 15, 15, 130

Z = 0.000

WRITE QUTPUT TAPE 6,17, PH!

00500020
00500030
00500035
00500040
00500045
00500050
00500055
00500060
0C5CQ065
00500070
00500075
00500080
00560085
00500090
00500100
00500140
00500150
00500160
00500170
00500180
00500190
00500200
00500210
00500220
00500230
00500235
00500237
00500238
00500240
00500245
00500250

FORMAT{IHI///u45X, 20HTRANSIENT CONDUCTION// 36X, 3BHTEMPERATURE00500252
RATIO TERMS FOR THE SPHERE/// 45X, JUHFOURIER NO. = Fu.3/// 21X00500254

26TH 2 YA Ys ASER BSER z
N//1H )

ASER = 0.

8SER = 0.

IF{Z - .99) 25, 25, 23

YA = 1.000000

Y8 = 0.00000001
ASER = 0.00000001

BSER 0.00000001
GO TO 160

XN = 1.

Pl = 3.14159265

Y = XNePl

™I COSF{Y)/XN

TM2 = TMI1/[XN®XN)
P12 = 3.14159265eP1
X = XNsXNeP[2aPH!
IF(Z) u2,42, 140
STM = ¥

IF(X-80.) 4u,4u4,170
ETM = EXPF(X}

Ga 10 60

X8 = X/1000.

D = EXPF(XB)

01 D= 10.

D2 D1es10,

ETM = D2e010.

GO TO 60

[F(Xx-80.) 45, 45, 145
ETM = EXPFIX)sl

GO 16 50

X8 = X/1000.

D = EXPF(XB)

01 = Deel0.

02 = Dlee 0.

ETM =(D2e=10.)%7
Y2 = Ye2

STM = SINF(Y2)

SERA = (2.#TMIeSTM)}/(ETMsPI)
SERB = (12.¢THM2#STH)/(ETMePIeP[2]
ASER1 = ASER + SERA

Al = ABSF(ASER1)

A ABSF (ASER)

8 ABSF (A1-A}

ASER = ASER + SERA

BSER = BSER + SERB

{F{TGL - B) 100,100,103

XN = XN ¢ 1,

GO 10 29

IF(XN — 1.} 100,100,180

STM1 = ABSFISTM)

IF(STM1 -.00000}) 100, 100, 185
YA = 1. + ASER
YB = 1. - Z#7 + BSER

Cc-161

00500256
00500257
00500261
00500262
00500263
00500264
00500265
00500266
00500267
00500268
00500270
00500300
00500310
00500320
00500330
00500340
00500350
00500360
00500370
00500372
00500374
00500376
00500378
00500380
00500382
00500384
00500386
00500388
00500391
00500392
00500393
00500394
00500395
00500396
00500397
00500398
00500399
00500410
00500420
00500430
0050044C
00500492
00500494
00500496
00500498
00500500
00500502
00500504
00500520
00500525
00500527
00500529

00500531
00500532
00500534




158 N = XFIXF{XN) 00500535
160 WRITE QUTPUT TAPE 6, 165, Z,YA ,YB, ASER, BSER, ¢, N 00500538
165 FORMAT(F25.2, 2F12.6, F13.6+ F12.6, F8.2, 16) 00500540
105 7 = 7 +D2Z 00500545
110 IF(Z2 - 1.01) 22, 22, 12 00500550
130 CALL EXIT 00500580

STOP 00500590

END{1,0,0,0,0,0+0+0+0+0,0,0,0,0,0}

C-162

v

e

R — |




&>

&'

EXTERNAL FORMULA NUMBERS WITH CORRESPONDING INTERNAL FORMULA

EFN

10
5
14
22
30
42
172
140
150
50
100
182
160

EXP(3
SIN
{STH)

STORAGE LOCATIONS FOR VARIABLES NOT APPEARING IN DIMENSION,

ETM
D1
ASER]1
PHI
SERB
™2

X

YZ

[FN

1

6
10
14
25
30
35
40
by
48
59
63
68

DEC
380

DEC
7
8
3

DEC
379
375
3in
367
363

359

355
351

Lac
00000
00015
00033
00047
00100
00131
00150
00200
00217
00250
00333
00347
00377

ocrT
00574

gcr
00007
00010
00003

oCcT
00573
00567
00563
00557
00553
00547
00543
00537

EFN

13
5
15
23
35
43
174
45
151
55
102
185
105

EXP
(FIL)
(TSH)

Dz
BSER
A
PI2
STM1
ToL
YA

L

IFN

LoC
00000
0002¢
00037
00060
00106
00133
00155
00204
00224
00253
00336
00354
00416

103
158
LREY

IFN

STGRAGE NOT USED BY PROGRAM

DEC
32561

ocr
77461

LOCATIGNS OF NAMES IN TRANSFER

DEC
[
4
1

DEC
378
374
370
366
362
358
354
350

ocrT
00006
00004
00001

ocY
00572
00566
00562
00556
00552
00546
00542
00536

EXIT
{(FPT)

C-163

DEC
9
0

DEC
377
373
369
365
361
357
353

LGC
00000
00025
00041
00071
oconzv
00137
00163
00213
00232
00260
00337
00365
00621

VECTOR

gCcr
00011
00000

gcr
00571
00565
00561
00555
00551
00545
005u1

EFN
165
12
16
29
41
170
1/8
145
153
65
180
160
130

Cos
(RTN)

D2
ASER
N
SERA
™1
XN

Y

IFN
y
Q?

13
23
29
34
38
L3
L7
51
62
67
71

DEC

v

2

EQUIVALENCE COR COMMON

DEC
376
372
368
364
360
356
352

NUMBERS AND OCTAL LOCATIONS

LocC
00000
00030
000uy
00073
00126
00145
00171
00214
00240
00271
00344
0037y
00426

gcr
00005
00002

SENTENCES

gcr
00570
00564
00560
00554
00550
0054y
00540




0.

0.05
0.1U
0.15
0.20
0.25
0.30
0.35
0. 40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u5
0.50
0.55
0.60
C.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TRANSTENT CONDUCTION

TEMPERATURFE RATIO TERMS FOR THE SPHERE

YA

0.000000
0.000000
0.000000
0.000000
0.000000
0.000001
0.000003
0.000012
0.000055
0.000224
0.000814
0.002660
0.007797
0.020505
0.0u484u21
0.102827
0.196624
0.339817
0.532778
0.761761
1.000000

YA

0.000030
0.000038
0.000068
0.000142
0.000317
0.000707
0.001551
0.003297
0.006750
0.013243
0.02u4839
0.0uu453
0.075834
0.123259
0.190878
0.281733
0.396638
0.533241
0.685639
0.84u829
1.000000

YA

0.001566
0.001740
0.002315
0.003u51
0.005449
0.008797
0.014222
0.022753
0.035765
0.054988
0.082454
0.120350
0.170784
0.235449
0.315245
0.409912
0.517770
0.635637
0.758990
0.882375
1.000000

FOURIER NO. = .010

YB

0.060000
0.060000
0.060000
0.060000
0.060000
0.060000
0.060000
0.060000
0.060000
0.059999
0.059994
0.059978
0.059923
0.059759
0.059372
0.058209
0.055741
0.0507TN
0.041343
0.025318
0.000000

ASER

-1.000000 -0.
-1.000000 -0.
=1.000000 -0.
-1.000000 -0.
-1.000000 -0.
-0.999999 -0.
-0.999997 -0.
-0.999988 -0.
-0.9999u5 -0.
-0.999776 -0.
~0.999186 -0.
-0.997340 ~0.
-0.992203 -0.
—0.979u95 -0.
~0.951579 -0.
-0.897173 -0
-0.80337¢6 -0.
-0.660183 ~0.
-0.467222 =0.
~0.238239 ~0.

0.000000 [N

FOURIER NO. = ,020

Y8

0.120000
0.120000
0.119999
0.119998
0.119996
0.119991
0.119978
0.119947
0.119878
0.119730
0. 119424
0.118823
0.117693
0.115660
0.112167
0.106427
0.097398
0.083788
0.064096
0.036706
0.000000

ASER

-0.999970 -0.
-0.999962 =0.
-0.999932 '
-0.999858 -0.
-0.999683 =0
-0.999293 -0.
-0.998449 -0.
-0.996703 -0.
-0.993250 -0.
-0.986757 -0.
-0.975161 -0.
~0.955547 -0.
-0.924166 -0.
—0.8767k1 -0.
-0.809122 ~0.
-0.718267 -0.
-0.603362 -0.
-0.466759 ~0.
-0.314361 -0.
-0.15517" -0.

0.000000 0.

FOURIER NO. = .030

Y

0.179971
0. 179967
0.179953
0.17992%
0.179869
0.179768
0.179587
0.179269
0.178723
0.177811
0.176324
0.173963
0.170318
0.16u4841T
0.156837
0. 145454
0.129699
0.108458
0.080550
0.0u4778
0.000000

ASER

-0.998434 -0.
-0.998260 ~0.
-0.997685 -0.
-0.996549 -0.
-0.994551 -0.
-0.991203 ~0.
-0.985778 ~0.
-0.977247 -0.
-0.964235 -0.
-0.9u45012 -0.
~0.917546 -0.
-0.879650 -0.
-0.829216 -0.
~0.764551 -0.
~0.68B4755 -0.
-0.590088 ~0.
-0.482230 -0.
-0.364363 -0
-0.241010 -0.
=0.117625 ~0.
0.000000 0.

C-164

BSER

240000
937500
930000
917500
900000
877500
850000
817500
780000
737501
690006
637522
580077
51771
450688
379291
304259
226789
148657
072182
000000

BSER

880000
877500
870001
857502
840004
817509
790022
757553
720122
677770
630576
578677
522308
461840
397833
331073
262602
193712
125904
060795
000000

BSER

820029
817533
8100u7
7971576
780131
157732
730413
698231
661277
619689
573676
523537
469682
412659
353163
292046
230301
169042
109450
052723
000000

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.u0
0.u45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

O

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

Q.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0G.90
0.95
1.00
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B

&

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0. 10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
6.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TRANSTENT CONDUCTION

TEMPERATURE RATIQ TERMS FOR THE SPHERE

YA

0.010891
0.011551
0.013621
0.017375
0.023278
0.032000
0.04uu13
0.061584
0.08u4735
0.115177
0.154200
0.202930
0.262165
0.332192
0.412635
0.502345
0.599375
0.701039
0.804082
0.904930
1.000000

YA

0.034001
0.03528k
0.039223
0.0486089
0.056321
0.070515
0.089391
0.113751
0. 1uu42s
0.182191
0.227688
0.281324
0.343171
0.412894
0.u89688
0.572260
0.658861
0.747360
0.835366
0.92038¢
1.000000

YA

0.071u20
0.073244
0.078786
0.088247
0.101947
0.120299
0.143778
0.172870
0.208028
0.2u9606
0.297800
0.352588
0.413682
0.480u492
0.552108
0.627315
0.704628
0.782359
0.858700
0.931825
1.000000

FOURIER

Y8

0.239656
0.239628
0.239539
0.239369
0.239084
0.238627
0.237914
0.236823
0.235184
0.232764
0.229255
0.224260
0.217284
0.207726
0.19u881
0.177947
0.156042
0.128B233
0.093566
0.051110
0.000000

FOURIER

A {:)

0.298384
0.298298
0.298028
0.297539
0.296768
0.295619
0.293960
0.291612
0.288343
0.283857
0.277790
0.269700
0.259069
0.245300
0.221726
0.205619
0.178211
0.146710
0.10:8332
0.056325
0.000000

FOURIER

YB

0.355287
0.355107
0.354551
0.353568
0.352072
0.349939
0.3456999
0.3u3035
0.337777
0.330895
0.322002
0.310645
0.296314
0.278u441
0.256410
0.229571
0.197251
0.158774
V. 113479
0.060743
0.000000

NC. = .040

ASER

-0.989109
~0.988u49
-0.986379
-0.982625
-0.976722
-0.968000
-0.955587
~0.938%16
~0.915265
-0.884823
-0.845800
-0.797070
-0.737835
-0.4667808
-0.587365
-0.497655
-0.400625
-0.298961
-0.195918
-0.095070

0.000000

NG. = .050

ASER

~-0.965999
-0.964716
-0.960777
-0.953911
-0.943679
-0.929u485
-0.910609
-0.886219
-0.855575
-0.817809
-0.772312
-0.718676
-0.656829
-0.587106
-0.510312
~0.427740
-0.341139
-0.252640
-0.164634
~0.079614

0.000000

NO. = .060

ASER

-0.928580
-0.926756
-0.92121%
-0.911753
~0.898053
-0.879701
-0.856222
~-0.827130
-0.791972
-0.750394
-0.702200
-0.667412
-0.586318
-0.519508
-0.547892
-0.372685
-0.295372
-0.217641
~0.141300
~0.068175

0.000000

C-165

BSER

~0.7603u44
-0.757872
-0.750u61
~0.738131
-0.720916
-0.698873
-0.672086
-0.640677
-0.4604816
~0.564736
-0.520745
-0.4732u0
-0.422716
-0.369774
-0.315119
-0.259553
-0.203958
-0.149267
-0.096435
-0.046390

0.000000

BSER

-0.701616
-0.699202
-0.691972
~0.679961
-0.663232
~0.641881
-0.616040
-0.585888
-0.551657
-0.513643
-0.472210
-0.%27800
-0.380931
-0.332200
~0.28227y
-0.231881
-0.181789
-0.132790
-0.085668
-0.041175

0.000000

B8SER

-0.6L44713
-0.642393
~0.6354u9
-0.623932
-0.607928
-0.587561
-0.563001
-0.534465
-0.502223
-0.466605
-0.427998
~0.386855
-0.353686
-0.299059
-0.253590
-0.207929
-0.162749
~0.118727
-0.076521
-0.036757

0.000000

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u45
0.50
0.55
0.60
0.65
0.70
G.75
0.80
0.85
0.90
0.95
.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
Q.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
O.u45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
6.25
0.30
0.35
0.40
0.45
0.50
0.55
0.060
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TRANSIENY CONDUCTION

TEMPERATURE RATIO TERMS FOGR THE SPHERE

YA

0.119910
0.122105
0.128735
0.139919
0.155844
0.176742
0.202856
0.234410
0.271567
0.314383
0.362776
0.416486
0.475051
0.537791
0.603818
0.6720uu
0.741223
0.809999
0.876964
0.940731
1.000000

YA

0.175283
0.177681
0.184894
0.196976
0.214002
0.236059
0.263214
0.295498
0.332873
0.375205
0.422245
0.u73604
0.5287u5
0.586980
0.64T7uT6
0.709279
0.771335
0.832537
0.891762
0.9u7919
1.000000

YA

0.233862
0.236329
0.243730
04256069
0.2733u4
0.295535
0.322590
0.354411
0.390829
0.431598
0.476372
0.524701
0.576027
0.629684
0.68u4912
0.740870
0.796662
0.851366
G.904063
0.95387¢6
1.000000

FOUURIER NG. = ,.070

Y8 ASER
0.409592 -0.880090
0.409290 -0.877895
0.408366 -0.871265
0.406760 -0.860081
0.40L369 -0.844156
0.401051 -0.823258
0.396614 ~0.797 14k
0.390821 -0.765590
0.383382 -0.728433
0.373958 -0.685617
0.362157 -0.637224
0.347537 -0.583514
0.329610 ~0.524949
0.307847 -0.462209
0.281687 -0.396182
0.2505u47 -0.327956
0.213838 ~0.258777
0.170973 -0.190001
0.121388 -0.123036
0.064557 -0.059269
0.000000 0.000000

FOURIER NO. = .080

YB

0.460760
0.460320
0.u458979
0.456670
0.453287
0.4u48673
0.442632
0.43u916
0.425234
0.413249
0.398579
0.380803
0.359u61
0.334068
0.304113
0.269075
0.228433
0.181675
0.128312
0.067890
0.000000

ASER

-0.824717
-0.822319
-0.815106
-0.803024
-0.785998
-0.763941
-0.736786
-0.704502
-0.667127
-0.62u795
-0.577755
-0.526396
-0.471255
-0.413020
-0.352524
-0.290721
-0.228665
-0.167463
-0.108238
-0.052081

0.000000

FOURIER NO. = .090

YB

0.508u94
0.507908
0.506126
0.503082
0.498666
0.492721
0.485049
0.475u05
0.463505
0.449022
0.431595
0.410825
0.386289
0.357539
0.324113
0.285546
0.241373
0.191142
0.134427
0.070831
0.000000

ASER

-0.766138
~0.763671
-0.756270
~0.743931
-0.726656
-0.704465
-0.677410
-0.645589
-0.609171
-0.568402
-0.523628
-0.475299
-0.423973
-0.370316
-0.315088
~0.259130
-0.203338
~0.148634
~0.095937
-0.046124

0.000000

C-166

BSER

-0.590408
-0.588210
~0.581634
-0.570740
~0.555631
-0.536449
~0.513386
-0.u486679
~0.456618
-0.423542
-0.387843
-0.349963
-0.310390
-0.269653
-0.228314
-0.186953
-0.146163
-0.106527
~0.068612
-0.032944

0.000000

BSER

-0.539240
-0.537180
-0.531021
-0.520830
~0.506713
-0.u88827
~0.467368
-0.442584
=0.414766
-0.384251
~0.351421
~0.316697
-0.280539
~0.243432
-0.205887
~0.168425
-0.131567
~0.095825
~0.061688
~-0.029610

0.000000

BSER

~0.491506
-0.489592
-0.483874
-0.474418
-0.461334
0444779
=0.424951
-0.402095
-0.376495
-0.348478
~0.318405
-0.286675
-0.253711
~0.219961
-0.185887
-0.151954
-0.118627
-0.086358
-0.055573
~0.026669

0.000000

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

[

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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0.
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.uS
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.u40
0.u%
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u5
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TRANSTENT CONDUCTION

TEMPERATURE RATIO TERMS FOR THE SPHERE

YA

0.292900
0.295340
0.302650
0.314802
0.331760
0.353376
0.379581
0.410177
0.L444918
0.483494
0.525513
0.570502
0.617911
0.667113
0.717u416
0.768079
0.818331
0.867391
0.914494
0.958917
1.000000

YA

0.405587
0.%07815
0.414479
0.425517
0.4u0823
0.460248
0.483595
0.510616
0.541012
0.574431
0.610470
0.6u4867H
0.6885u4
0.729543
0.771105
0.8126u46
0.853575
0.893312
0.931299
0.967018
1.000000

YA

0.505668
0.50760!
0.513377
0.522928
0.536140
0.552852
0.572859
0.59591s
0.621723
0.659955
0.680240
o.712177
0.745334
0.779263
0.813499
0.847574
0.88102%
0.913400
0.94u277
0.973260
1.000000

FOURIER

Y8

0.5525688
0.551954
0.549730
0.555950
0.540505
0.533242
0.523969
0.512450
0.498412
0.481547
0.561514
0.u379ul
0.410546
0.37861}
0.342022
0.300258
0.252907
0.199567
0.139862
0.073u43
0.000000

FOURIER

Y8

0.630676
0.62966)
0.626594
0.621u416
0.614027
0.60u292
0.592035
0.577050
0.559096
0.537907
0.513189
0.4848629
0.451900
0.415664
0.372578
0.325300
0.272u499
0.213855
0.189068
0.077864
0.000000

FOURIER

YB

0.695859
0.694593
0.690779
0.68436b
0.675264
0.663358
0.658500
0.630510
0.609186
0.584301
0.555608
0.522848
0.685747
0.544026
0.397406
0.345606
0.288358
6.225u04
0.156502
0.0811u32
0.000000

NO. = .100

ASER

-0.707100
-0.70u4660
~0.697350
-0.685198
-0.668260
-0.646624
-0.620419
-0.589823
-0.555082
-0.516506
-0.475487
-0.429498
-0.382089
-0.332887
-0.28258%
-0.231921
~-0.181669
-0.132609
-0.085506
-0.0u1083

0.000000

NG. = 120

ASER

-0.594413
-0.5%2185
-0.585521
-0.5744383
-0.559177
-0.539752
-0.516405
-0.489384
-0.458988
-0.1%25569
-0.389530

-0.351326 _

-0.311458
-0.270457
-0.228895
-0.187354
-0.146425
-0.106688
-0.068701
-0.032982

0.000000

NG. = .40

ASER

-0.494332
-0.492399
-0.486623
-0.477072
-0.463860
-0.547148
-0.42714)
-0.404086
-0.378277
-0.350045
-0.319760
-0.287823
-0.254666
-0.220737
-0.186501
-0.152%26
-0.11897¢
-0.086600
-0.055723
-0.026740

0.000000

C-167

BSER

-0.447312
-0.445546
-0.440270
-0.431550
-0.419495
-0.404258
-0.386031
-0.365050
-0.341588
-0.315953
-0.288u86
-0.259556
~0.229554
-0.198889
-0.167978
-0.137242
-0.107093
-0.077933
-0.050138
-0.024057

0.000000

BSER

~0.369324
-0.367839
-0.363u406
-0.356084
-0.345973
-0.333208
-0.317965
-0.300450
-0.28090%
-0.259593
-0.236811
-0.212871
-0.188100
-0.162836
-0.137u22
-0.112200
-0.087501
-0.063645
-0.080932
-0.019636

0.000000

BSER

-0.304141
-0.302907
-0.299221
-0.293136
-0.284736
-0.274142
-0.261500
-0.246990
-0.230814
-0.213199
-0.194392
-0.,174652
-0.154253
-0.133474
-0.112594
-0.09189u
-0.071642
-0.052096
-0.033498
-0.016068

0.000000

0.

0.05
0.10
0.15
0.20
0.25
.30
0.35
0.0
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.80
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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0.

0.05
0.1u
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.u0
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TRANSIENT CONDUCTION

TEMPERATURE RATIO TERMS FOR THE SPHERE

YA

0.591305
0.592939
0.597821
0.605885
0.617025
0.631093
0. 647902
0.667224
0.688801
0.712339
0.737518
0.763995
0.791407
0.819382
0.8u7538
0.875u498
0.902889
0.929356
0.95u562
0.978202
1. 000000

YA

0.663191
0.66u554
0.668625
0.675347
0.684626
0.696333
0.710305
0. 726347
0.7ul236
0.763723
0.784537
0.806389
0.828979
0.85199¢9
0.875136
0.898081
0.920536
0.9u2211
0.962840
0.982175
1.000000

YA

0.722922
0.724051
0.727422
0.732986
0.740664
0.7503u6
0.761895
0.775146
0.789911
0.805982
0.823133
0.841125
0.859708
0.878630
0.897633
0.916466
0.934884
0.952654
0.969559
0.985399
1.000000

FOURIER NO. = 4160

YR

V. 749897
0.748M817
0.743964
0.736494
0.725933
0.712183
0.6v5119
0.674591
0.650428
0.622443
0.590430
0.554173
0.513u48
0.468024
0.u17671
0.362162
U.301276
0.234803
0.162549
0.08u4334
0.000000

ASER

~0.40869>
-0.407061
-0.402179
~0.394115
~0.382975
~-0.368907
-U.352098
-0.332776
-0.311199
-0.287661
-0.262u82
-0.236005
~0.208593
-0.180618
-0.152462
-0.124502
-0.097111
-0.070644
-0.045438
-0.021798

0.000000

FOURIER NO. = .180

Y8

0.794u97
0.792838
0.7878u49
0.779u93
0.767710
0.752u416
0.733509
0.710864
0.68u4339
0.653779
0.619014
0.579866
0.5361u49
0. 487674
0.434253
0.375700
0.311833
0.242u482
0.16Tu487
0.086703
0.000000

ASER

-0.336809
~0.3354u6
-0.331375
-0.324653
-0.315374
-0.303667
-0.289695
-0.273653
-0.255764
-0.236277
-0.215463
~0.193611
-0.171021
-0.148001
-0.124864
-0.101919
—-0.079464
-0.057789
~0.037160
-0.017825

0.000000

FOURIER NO. = .200

Y8

0.831217
0.829409
0.823975
0.814883
0.802086
0.785512
0.765078
0.740680
0.712202
0.679514
0..642u78
0.6009u6
0.55L4766
0.503783
0.447842
0.386790
0.320u79
0.248769
0.171529
0.0886u1
0.000000

ASER

-0.277078
=0.275949
-0.272578
-0.267014
~0.259336
-0.249654
~0.238105
-0.224854
~0.210089
-0.194018
-0.176867
-0.158875
-0.140292
-0.121370
-0.102367
~-0.083534
-0.065116
-0.0u7346
-0.030441
-0.014601

0.000000

C-168

BSER

-0.250103
-0.249083
-0.246036
-0.241006
-0.234067
-0.225317

"-0.21488)

-0.202909
-0.189572
-0.175057
-0.159570
-0.143327
-0.126552
-0.109u76
-0.092329
-0.075339
~0.058724
-0.042697
-0.027451
-0.013166

0.000000

BSER

-0.205503
-0.20U662
-0.202151
~0.198007
-0.192290
-0.185084
~0.176491
~0.166636
-0.155661
-0.143721
-0.130986
-0.117634
-0.103851
-0.089826
-0.0757u7
-0.061800
~0.0u8167
-0.035018
-0.022513
~0.010798

0.000000

BSER

-0.168783
~0.168091
-0.166025
-0.162617
=0.157914
-0.151988
~0.144922
-0.136820
~-0.127798
-0.117986
~0.107522
-0.096554
-0.085234
-0.073717
-0.062158
-0.050711
-0.039521
-0.028731
-0.018471
-0.008859

0.000000

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.u45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20

- 0625

0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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0.

0.05
0.10
0.15
0.20
0.25
0.50
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

TRANSIENT CONDUCTION

TEMPERATURE RATIO TERMS FOR THE SPHERE

YA

0.772282
0.773214
0.775994
0.780582
0.786912
0.794893
0.804u09
0.815324
0.827u80
0.840707
0.854815
0.8469609
0.88u882
0.900425
0.916029
0.931488
0.956600
0.961177
0.975040
0.988029
1.000000

YA

0.812950
0.813716
0.816004
0.819780
0.82L989
0.831555
0.839383
0.848359
0.858355
0.869228
0.880822
0.892977
0.905522
0.918286
0.931098
0.9u3787
0.956189
0.968150
0.979524
0.990180
1.000000

YA

0.846400
0.847030
0.8u8911
0.852015
0.856296
0.861693
0.868126
0.875502
0.883715
0.892647
0.902171
0.912153
0.922455
0.932935
0.943452
0.953868
0.96u0uL8
0.973864
0.983198
0.991942
1.000000

FOURIER

Y8

0.861510
0.857u79
0.853676
0.843977
0.830342
0.812712
0.791017
0.765174
0.735085
0.700644
0.661738
0.618245
0.5700%0
0.516996
0.458985
0.395882
0.327566
0.253922
0.17u842
0.090230
0.000000

NO. = .220

ASER

-0.227718
-0.226786
-0.224006
=0.219418
-0.213088
-0.205107
~0.195591
-0.184676
-0.172520
-0.159293
-0.185185
-0.13037
-0.115118
-0.099575
-0.083971
-0.068512
-0.053400
-0.038823
-0.024960
-0.011971

0.000000

FOURIER NO. = .240

Y8

0.886217
0.884184
0.878078
0.867879
0.853553
0.835053
0.812321
0.785288
0.753874
0.717992
0.677549
0.632uub
0.582575
0.527838
0.468128
0.4033u1
0.333380
0.2581u48
0.177559
0.091534
0.000000

FCURIER

Y8

0.906591
0.9084574
0.898119
0.887508
0.872615
0.853399
0.82981h
0.801803
0.769300
0.732234
0.690527
0.644098
0.592863
0.536736
0.475630
0.u00ub62
0.338150
0.261616
0.179789
0.092603
0.000000

ASER

-0.187050
~0.186284
-0.183996
-0.180220
-0.175011
-0.168145
-0.160617
-0.151641
-0.1L1645
-0.130772
-0.119178
-0.107023
-0.094%478
~-0.081714
-0.068902
~0.056213
~0.0u3811
-0.031850
-0.020u76
-0.009820

0.000000

NOG. = .260

ASER

~0.153600
-0.152970
-0.151089
-0.147985
-0.163704
-0.138307
-0.131874
-0.125498
-0.116285
-0.107353
-0.097829
-0.087847
-0.077545
-0.067065
-0.056548
-0.046132
-0.035952
-0.026136
~0.016802
~-0.008058

0.000000

C-169

BSER

-0.138590
-0.138021
-0.13632y
-0.133523
-0.129658
~0.124788
~0.118983
-0.112326
-0.10u4915
-0.096856
-0.088262
-0.079255
-0.069960
~0.060504
-0.051015
-0.041618
-0.032438
-0.023578
-0.015158
-0.007270

0.000000

BSER

-0.113783
-0.113316
-0.111922
-0.109621
~0.106L47
-0.102847
-0.097679
-0.092212
-0.086126
-0.079508
~0.072451
-0.065056
-0.057425
-0.049662
-0.041872
-0.034159
-0.026621
-0.019352
~0.012841
-0.005966

0.000000

BSER

-0.093L09
-0.093026
-0.091881
-0.089991
-0.087385
-0.084101
-0.080186
-0.075697
-0.070700
-0.065266
-0.059473
-0.053402
~0.047137
-0.040764

-0.034370

-0.028038
-0.021850
-0.0158864
-0.010211
-0.004897

0.000000

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.50
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00
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0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
3.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1.00

0.

0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
Q.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95
1,00

TRANSIENT CONDUCTIGN

TEMPERATURE RATIO TERMS FOR THE SPHERE

YA

0.873889
0.874407
0.875952
0.878502
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STARTUP STUDIES OF A NUQLEARWSOCKET REACTOR

P S e

Part;}WV
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COMPUTATIONAL PROCEDURES AND EXPERIMENTAL CHECKS

Rodney S. Thurston and Ray Pollock
University of California

Los Alamos Scientific Laboratory
Los Alamos, New Mexico

Introduction i

It was decided in the Fall of 1959 to develop a digital code which could
calculate the entire startup transient of a Rover reactor. The power fluctua-
tions which might be caused by admission of high density hydrogen into the core
made this study imperative. This paper describes, in three parts, the codes
which have been developed to date, experiments which have been and will be run
to provide. checks for the codes, and startup studies which have been performed
by means of the codes.

We needed a code which could calculate wall temperatures and the hydro-
gen state throughout the reactor as a function of time. The several numbers
that are of particular importance are as follows:

1

1. Nozzle cooling inlet pressure.

2. Total hydrogen reactivity.

3. Hydrogen temperature at the core inlet plenum.
4, Temperature gradients in the core.

In writing the code the major obstacle was the lack of techniques and
data needed to describe the two-phase heat transfer and fluid flow regimes.
Some heat transfer data was correleated and a quasi-steady flow model was
chosen in order to get a code started. The first code, STUP, was written to
investigate models for two phase flow calculations and to calculate the be-
havior of the reflector alone as it is cooled by liquid hydrogen. Following
this, HEX was written to incorporate similar heat transfer and flow relatioms
into a complex systems code designed particularly to handle Kiwi-B type re-
actors. Both STUP and HEX, and a modification of STUP called TRIP, will be
discussed in the balance of the paper.

Description of Model Used

All calculations discussed here employ the quasi~steady-state assump-
- tion, or what is sometimes called the "single mass velocity model'. It assumes
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that at any instant the mass-flow rate W(t) = pvA is spatially constant. Both
STUP and HEX use time-dependent equations for the thermal behavior of the tube
walls, and both are single~tube models.

In STUP, a mean temperature is applied at the center section of the
tube. The radial temperature distribution is assumed uniform, and an arbi-
trary longitudinal temperature gradient is imposed., The overall temperature
level is then determined by the cooling rate.

TRIP modifies STUP by applying the same calculations to three thermally
insulated tubes in parallel, representing three sections of the reflector:
reflector segment, control rod, and reflector cylinder. Flow is balanced to
yield agreement on exit pressure,

In HEX, a single flow passage from each section of the reactor is con-
sidered, all joined in series. Energy is introduced into the channel walls at
a pre-programmed rate and with an arbitrary spatial distribution. The wall
temperatures are determined by solving a time-dependent diffusion problem with
a convective boundary condition at the flow-passage wall and an outer bound-
ary condition appropriate to the section of the reactor represented. Axial
heat conduction in the channel walls is neglected in comparison with the con-
duction radially into the coolant, and the calculation is thus one-dimensional.

Heat Transfer and Pressure Drop Correlations

The heat transfer and pressure loss correlations used in both STUP and
HEX are displayed in Fig. 1. Equation (1) is a correlation of data on heat
transfer to two-phase hydrogen by Core, et al.® This correlation has a standard
deviation of 27% and an exceptionally strong dependence on Prandtl number. The
correlation gave reasonable results in the STUP calculations to be described
shortly. The strong Prandtl number dependence caused some difficulty with HEX
in trying to calculate an experimental cool-down run; by setting the Prandtl
number to a constant value of 0.714, good results were obtained.

The correlation of Hendrichs, gg{g;,z has not been tested at this writing
since it may require extensive revision in HEX, It appears promising and will
probably be included in the code at some future date,

Frictional pressure losses for two-phase flow are computed according to
the correlation of Lockhart and Martinelli, equations (3) through (6), and the
friction factor for gaseous flow is computed from Colburn's correction to
Reynold's analogy, equation (7).

Numerical Methods

STUP and HEX both employ finite~-difference methods for the solution of
the differential equations involved. The integration of the ordinary differ-
ential equations for steady compressible flow is accomplished by Euler's
method on a mesh of cells imposed along the channel axis., Higher order methods
proved to be of no significant benefit in this model, which deals only with
subsonic flow. In HEX, wall temperatures are computed for each of a number of
radial cells associated with each axial cell using a Crank-Nicholson form of
differencing with the spatial derivatives evaluated only at the advanced time.
This form of differencing was chosen to avoid difficulties with negative wall
temperatures in beryllium, the cp of which becomes very small at temperatures
below 80°K, The wall calculation is coupled to the flow equations through an
iterative scheme, whereby the flow equations are integrated using the heat
flux from the previous iteration, and the hydrogen temperature so determined
used as a boundary condition to improve the wall temperatures. This iteration
is continued in a given axial cell until the temperatures stabilize,
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Experimental Background

The STUP calculation has been checked against results from the experi-
mental cool-down by liquid hydrogen of an aluminum block, which served as a
model of the reflector (Fig. 2). The experiments are described in detail in
Part 2 of this paper, ''Cryogenic Cool-Down Experiments', by Watts, Lyle, and
Balcomb. Three experimental runs with flow rates of 15,2, 31.2, and 41.0 gpm
were selected for analysis. The calculations were started at time 10 seconds
since the flow rate was uncertain at earlier times. Comparisons between STUP
computations and observed conditions are shown in Figures 3 to 5. Similar cal-
culations were undertaken with HEX, and, after the modification in the two-
phase heat transfer coefficient described earlier, these gave results very simi-
lar to those of STUP.

Studies of the Kiwi-B reflector system by means of the TRIF code showed
that because of the changing rates of cooling in the reflector segment, control
rod and reflector cylinder, their relative impedance varies significantly during
a startup. Comparing a TRIP calculation with a single tube representation of
the reflector, which is used by HEX, indicates good agreement on mean exit
propellant temperatures but disagreement on pressure drop across the reflector.
For example, in a typical startup computation the two codes computed tempera-
tures only 15 R° apart, but differed by 50% in pressure drop.

Conclusion

The work described in this paper has provided a tool which is capable
of describing to some degree the sequence of events occurring in the startup
of a nuclear rocket. The accuracy of this description appears to be satis~-
factory in describing the sequence of events occurring in the startup of a
nuclear rocket. Quasi-steady-state equations do not appear to yield erroneous
results in this system. The use of a single tube model for the reflector,
which has three different subsections, gives good agreement on temperature,
but poor agreement on pressure drop when compared to a three tube model. Modi-
fications to improve this model by using better two-phase correlations are
under consideration,

References

1. Core, Harkee, Misra, Sato: '"Heat Transfer Studies", Aerojet General
Corp., WADC Contract O.AF 33(616)-5289, September, 1959.

2. Hendrichs, Graham, Hsu, and Mederro: ''Correlations of Bydrogen Heat
Transfer in the Boiling and Supercritical Pressure States'", Lewis Research
Center, NASA, Presented at the American Rocket Society Propellants, Combustion
and Liquid Rockets Conference, April, 1961,

175




HEAT TRANSFER

TWO PHASE
hD) _ ( 0oo709)Re,) 82 (pr, ) 13( £ '223(“‘)'2'2- m
(—k—)" ®t t (T)‘T T
where Re, ___%
GAS
-.34
(8D) =(oarr)(Rer®pn () " —m - oo - (2)
PRESSURE DROP
TWO PHASE
dP\ _ 2 (9dP\ _ _ _ _ _ _ _ _ o ___
(%) = ¢ (dx),_ (3)
2
Py - fitvem, o ____
(dx)l_ - —~a)
9 5 |
"' = ﬂ ._.9_ ﬁh— ____________
X (z ) (PL) (f‘o) —{5)
$2 = 13.05(X)>C+ 2517, X201
————————— (6)
¢2 = 5.84(x)"%° , X<
GAS
_ 2npPe
e (7)
FIGURE |

HEAT TRANSFER AND PRESSURE LOSS CORRELATIONS

176




/ ALUMINUM END \\

SECTION
r | T EAsLTUz'ENcUr ION 11
O O
O O
O O
VACUUM O O VACUUM
O O
O O\;COOLANT
O O / HOLES
O O
A / —d
seetion
N S/
FIGURE 2.

CROSS SECTIONOFTHE REFLECTOR MOCKUP
EXPERIMENT TEST SECTION

177




TEMPERATURE OF HYDROGEN AT EXIT PLENUM, °

300 FIGURE 3.

TEMPERATURE OF HYDROGEN

280 AT EXIT PLENUM
260
w 240 \
\ N OBSERVED

220 \ \ ———STUP

®
o
/

F15.2gpm

//
reid
i

//'

Pl
/N
/

100 \\ N\ ‘\\
\\\ \‘73I 2 gpm \\
80 N N
\ \\ N
60 41.0 gpm=+—" ‘>\\'\ \\Q
.0 gpm .
40 \\\\\\ k
N
\ N\ \\-\ \
20 \ N\ -“N_* \\
0]
(0} 10 20 0 0] 50 60

178

-
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USE OF TANK MOUNTED BOOSTER PUMPS
FOR PROVIDING NPSH

FOR TURBO PUMPS OPERATING IN A RADIATION ENVIRONMENT
e e e T T b - B 44

By John DiStefano
Manager Advanced Product Development

Pesco Products Division
Borg-Warner Corporation

SUMMARY
This paper outlines the results of a test program which was planned
to demonstrate the feasibility of using a tank mounted, all-inducer, high
speed liquid hydrogen booster pump to provide NPSH for the turbo pump in
a reactor-powered vehicle. The cavitation problem associated with
pumping liquid hydrogen, when used as a propellant, is further aggravated
by localized heating caused by radiation from the reactor,

This heating occurs from gamma ray and neutron flux absorption in
the bottom two or three feet of the liquid hydrogen tank. Depending upon
the amount of sub-cooling available in the liquid hydrogen when the reactor
is started, it is possible for the neutron slowdown to heat the hydrogen to
the saturation point, or even superheat some localized regions.

Estimates of heating near the bottom of the tank have indicated that
it can be equivalent to a power level of 1.0 watt/cmz, which is equal to a
heat flux of 53 BTU/sq. ft. -min. Figure I indicates how this heating takes
place.

The question that the test program was planned to answer is this:

Can a tank mounted booster pump deliver saturated or violently
boiling liquid hydrogen to the inlet of a downstream pump with sufficient
- NPSH to suppress any incident of cavitation?

INTRODUCTION
A test program to prove the feasibility of using a tank mounted
booster pump to provide maximum NPSH for the turbo pump in a reactor
powered vehicle must demonstrate hydraulic and thermal similarity.
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Hydraulic Similarity

Hydraulic similarity must be established from a non-cavitation and
cavitation performance standpoint. Before any hydraulic similarity
between prototype (reactor installation) and model (test vehicle) can be
established, the prototype flow rate must be determined. For a first
generation reactor powered vehicle, a flow rate of 8,000 gpm (approxi-
mately 80 pps of liquid hydrogen) was assumed. To establish hydraulic
similarity, it is also necessary to determine pump inlet and outlet
pressures. For purposes of this program, tank pressures of 15 to 20 psia
with a pump head rise of five to 10 psi were assumed. It is believed that
these are valid numbers for a first attempt at solving the problem.

Non-Cavitation Similarity

Here the criterion is the parameter, Specific Speed, Ng, is defined
as: where N = Pump rpm
Gpm = Pump flow
H = Pump head in feet.

Ny = NV Gpm

3/4

"

(H)

Inducers operate in the specific speed range of 5,000 to 9,000 rpm.

Assuming an Ng = 7,000 and a head rise of 300 feet (almost 10 psi), one
calculates a prototype operation speed of:
N = 7,000 (300)3/4 = 5450 rpm

\V 8,000

Hydraulic similarity will be obtained in pump developing the same
head, if the ratio of pump speed is inversely proportional to the square

root of the flow, thus:
N / Q; where caps refer to prototype or
q larger pump

For N = 5450

jo]
I

andq = 1000

5450 /8,000 = 15,300 rpm
1,000

The test vehicle used in this program delivered 1,000 gpm with a
head rise of 330 feet (10 psi) at its best efficiency point, while operating
at 14,800 rpm. Test data obtained at 20,000 rpm demonstrated inlet
hydraulic similarity to a 9,000 specific speed number,

jo]
1

Cavitation Similarity

When comparing similar installations (tank or line mounted pumps)
pumping similar fluids, the parameter suction specific speed can be used
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to compare and predict the cavitation performance of centrifugal pumps.
Suction specific speed, SSS, is defined as follows:

SSS = NVGPM

(H 3/4

sv!
Where N = Pump speed, rpm

GPM = Pump delivered flow in gallons
per minute,

Hg, = Net positive suction head, which is the physical head of
liquid above the pump inlet when pumping a boiling liquid.

Pesco tank mounted liquid hydrogen pumps have demonstrated the
capability of consistently achieving suction specific speeds of over 200, 000.
An optimum tank-bottom installation utilizing a good inlet bell, has
achieved SSS numbers of over 400, 000,

To demonstrate the same capability of emptying a tank of boiling
liquid; i. e., the ability to pump to the same Hg, value, the model pump
speed calculates as follows:

n = N /9 = 5,450 /8,000
q 1,000

15,300 rpm

Thermal Similarity

Heat leak conditions and thermal similarity were established by
measuring liquid hydrogen boil-off. The boil-off rate was determined by
noting the change of liquid level in the tank per unit of time. Knowing
latent heat for vaporization of liquid hydrogen, the exposed area of the tank
and the tank pressure, it was possible to determine the heat leak per unit
area. These calculations are somewhat conservative, since most of the
heat leakage takes place at the pump mounting surface, which is in itself
a heat short. Heat leak rates in excess of 80 BTU/min. -ft. 2 were
calculated greater by 50 per cent than the estimated rates expected in a
nuclear reactor powered vehicle.

Pump Description

The inducer test pump, which was driven by a hydraulic motor is
illustrated in Figure 2. An inducer-impeller pump was modified for this
program. The modifications were:

A. The second stage pump impeller was removed and replaced
with a stationary spool piece, which effectively guided the
liquid flow into the volute.

B, The outside diameter of the inducer was reduced to 3. 83 inches
with an inlet angle of 10.7° and a discharge angle of 21.2°.
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C.” A straight inlet adapter was provided over the modified
inducer.

TEST PROGRAM

1. Normal Speed Movie Observation

The boiling activity of liquid hydrogen at the inlet of a tank mounted
booster pump was filmed with a Bolex camera at a speed of 18
frames per second. This was done in two stages; first, with the

tank pressurized to 5 psig, and second, with the tank un-pressurized.
The boiling was filmed while the tank was under constant pressure,
and also while it was being de-pressurized.

2. High Speed Still Photography Observation
The above procedure was repeated and photographed with a Nikon F
camera and an Edgerton microflash unit in order to observe the

actual vapor formaticn around and within the inducer.

APPARATUS

Description of Test Installation No. 1 (See Figure 3)

For the moving picture test setup, the pump and drive assembly
were mounted to the 7,000 gallon dewar sump, and were foam insulated at
the mounting base. Sufficient heat leak (over 80 BTU /min. -ft. 2) was
allowed through this area to simulate the radiation heat leak condition in the

space.

Three banks of lights and reflectors were installed inside the dewar,
one set being submerged in the liquid hydrogen. All lamps were lighted at
a reduced voltage to-protect their filament. The liquid hydrogen flow
patterns were photographed through an eight inch diameter vacuum
insulated view port located on top of the dewar cover. The pictures were
taken with a Bolex movie camera equipped with an electric motor drive.
The camera was set at f2. 8 lense opening and operated at a speed of 18
frames per second.

Description of Test Installation No. 2 (See Figure 4)

For the high speed still photographic test setup, the pump installa-
tion was the same as for test installation No. 1. The light source, however,
was obtained by using an electronic flash unit manufactured by Edgerton,
Germeshausen, and Grier, Inc. The microflash unit, model No. 549 was
housed inside a vacuum insulated container which was attached to a sight
duct, The entire unit was lowered into the liquid hydrogen test dewar. The
unit was so arranged that when a stroboscope was triggered, a mirror
attached to the duct would reflect light onto the inducer inlet area. The
flash duration from this unit was 0.5 microseconds with peak light intensity
of 50 x 10~ beam candle power. A still image of rotating elements was
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photographed by a motor driven, remotely operated Nikon F camera
equipped with a 200 mm {4 telephoto lense which was set at an opening of
approximately f8. Kodak Tri X film was used.

RESULTS AND DISCUSSION

Normal Speed Photography

A seven minute film clip showing the boiling activity of liquid
hydrogen in the vicinity of the pump inlet, under various test conditions,
was shown at the oral presentation of this paper. Of particular interest is
the active, deep foaming condition to which the boiling liquid flared during
the de-pressurization testing.

High Speed Photography

Figures 5 and 6 are typical photographs of the liquid hydrogen surface

during saturation. Photographic technique has not proceeded to a point
where photographs can be taken of liquid and vapor entering the pump inlet
and indirect passages below the surface of the liquid. This program will be
continued during the next year to obtain this photographic data.

Test Data

Figure 7 is a plot of ''static'' boiling test data obtained with the test
vehicle without an inlet bell. Note the fall-oif in flow and pressure, and an
intermediate liquid level, from 20 to 17-1/2 inches. This is followed by a
gradual deterioration in performance with decreasing liquid level. Suction
specific speeds in excess of 350,000, before any appreciable fall-off in
performance, were obtained with the test vehicle. This represents
exceptionally good cavitation performance,

Figure 8 is a plot of '"dynamic' boiling tests run in this program.
"Dynamic' boiling tests differ from "static' boiling as follows:

Static boilirgg is the condition existing when the liqud hydrogen is at
saturation. Dynarr}gic boiling conditions occur when tank pressure is
rapidly decreased fgrom saturation conditions. Depressurization rates
of 1 psi per second{{were used for this program. Note that the test data in
Figure 8, shows that the pump was started after tank de-pressurization
was initiated. Even under these extreme boiling conditions, the test

vehicle delivered single phase liquid with adequate net positive suction head.

CONCLUSIONS

The test program reported on herein, demonstrates that a tank
mounted booster pump can be used to deliver boiling liquid hydrogen to the
turbo pump of a reactor-powered vehicle with adequate NPSH to prevent
cavitatiorn. It further demonstrates that tank-mounted, high speed, all
inducer type booster pumps exhibit extreme improvements in the commonly

185




accepted cavitation parameters. These improvements are attributed to
special design features, thermal properties of liquid hydrogen, and certain
physical pkenomena associated with tank mounted pumps.

The phenomena are:

1. High vapor-handling capability of a properly designed inducer
pump.

2. A tank installation having an inlet bell to the pump will prevent
the formation and coalescence of vapor from choking the inlet
to the pumping mechanism.

The cavitation performance of a pump depends not only upon the net
positive suction head or state of the liquid entering the pump, but also on the
ratio of vapor and liquid in the flowing stream and the distribution of vapor

and liquid therein.
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FIGURE 5

SURFACE OF LIQUID HYDROGEN DURING SATURATION
WITH PUMP SPEED OF 15,000 RPM

FIGURE 6

SURFACE OF LIQUID HYDROGEN DURING SATURATION
WITH PUMP SPEED OF 9,000 RPM
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THE WELDING OF 7000 SERIES ALUMINUM

S ]

FOR NUCLEAR ROCKET APPLICATIONS

A, J. KISH, Senior Metallurgical Engineer
Applied Research and Development

ACF Industries, Incorporated

Albuquerque Division

INTRODUCTION: The 7000 series aluminum alloys are of considerable interest for a

“variety of applications because of the high strength levels attainable in this alloy series.

After heat treatment, they exhibit strength levels approaching 80 KSI uitimate and 70 KSlI
yield and strength/density ratios of 750,000 plus. Where strength-weight ratio is a major
factor, 7000 series aluminum is generally considered equivalent to 250,000 psi steels.

The use of 7000 series aluminum, although very extensive, has been limited in many
opplications because of the questionable welding characteristics normally associated with
this alloy series. Relatively little information is available on the procedures and applica-
tion of welding processes on 7000 series alloys. A research program has been in existence
at the Albuquerque Division since 1957 involving weldability studies in this area. Some of
these results are discussed and it is hoped that further interest will be stimulated in filler
alloy improvement, optimization of welding technique, and application of welded 7000
series aluminum.

GENERAL COMPQOSITION EFFECTS: The nominal composition of these alloys in-
clude the elements zinc, magnesium, and copper, each of which contribute to the heat
treated strength properties but are not especially desirable for optimum welding character-
istics. The effects resulting from presence of these elements can best be described in terms
of the as-cast microstructure of a 7000 series alloy. During cooling from the melt, various
constituents with varying compositions are formed in discrete temperature ranges (Figure
1). The temperatures at which these constituents solidify, vary, depending on the compo-
sition of the still molten area. Naturally, subsequent heating of the solidified material,
whether by high heat treating temperature or welding heat input, will remelt these local-
ized areas. The result is a localized molten area in a solid matrix. Depending on time
and temperature conditions, diffusion in the incipient melted area can occur. When this
structure is cooled, tiny areas of incipient porosity can result with drastic detrimental
effects on elongation and strength of the material. Such an effect can occur either in the
weld metal area or base metal material. The minimum temperature at which this effect
occurs is normally lower in cast material than wrought material since the wrought material
is more homogenous and severe composition gradients have been diffused.

The structure of deposited weld metal is much finer in constituent size and arrange-
ment than the as-cast structure of a casting, since the weld cooling rate is much more rap-
id. Composition difference and constituent content, however, are similar. The formation
of eutectic does not appear detrimental provided that it is diffused into solid solution at
temperatures below that which result in melting of the structure and resultant incipient

porosity. 191
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FIGURE 1. Typical constituents in the as-cast 7075
aluminum and approximate melting range.
500X Dilute Kellers Etch

WELD PROBLEMS - BASE METAL: Two major areas of concern must be evaluated
when 7000 series alloys are subjected to the influence of a welding arc. These areas are:
(1) The effect of welding heat input on the base metal heat affected zones. (2) The
effect of welding heat input on the structure of the weld metal and previously deposited
weld passes.

The weld area is heated to the melting point of aluminum or higher. Areas in the
base metal are thus subjected to varying temperature gradients. Localized areas in the
base metal that contain concentrations of alloying element melt under the influence of this
heat input and form a eutectic structure (Figure 2). Base metal heat affected zones are
thus characterized by formation of eutectic at grain boundaries or in conjunction with con-
stituent previously present.

The weld metal so deposited exhibits a structure that depends on the type of welding
process and the current conditions used in welding. Since the cooling rate of the weld
puddle is normally very rapid, constituent formation is extremely small, and generally uni-
formly dispersed. Welding conditions that produce excessive heat input, high interpass
temperature, or excessive base metal preheat temperature generally result in a stringer
type eutectic or constituent formation at grain boundaries. The influence of subsequent
weld passes or rapid solution treatment on this type structure can result in incipient melting
of these areas and resultant weld cracking (Figure 3). The use of homogenization treat-
ments at temperatures below normal solution temperature is extremely beneficial in avoid-
ing this type cracking characteristic. It is advantageous to avoid the initial stringer or
grain boundary formation through use of modified filler alloy composition or adjustment of
welding process and technique.
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FIGURE 2, Eutectic formation at grain FIGURE 3. (TOP) As-Welded weld
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boundary and constituent area in 7079 area showing stringer eutectic forma-

base metal subjected to welding heat tion. (BOTTOM) Same area after

input. rapid solution treatment and water
quench.

500X Dilute Kellers Etch 250X (reduced 50%) Dilute Kellers Etch

If 7000 series alloys are not used as filler material, then the joint configuration and
filler alloy must be adjusted such that weld dilution produces a weld composition respon-
sive to 7000 series heat treatment cycles.

HEAT TREATMENT CONSIDERATIONS: Heat treatment after welding should consist
of a homogenization cycle fo refine or diffuse the eutectic formation present in the weld
and heat affected zones. After homogenization is complete, normal solution treatment can
be conducted.

Aging cycles should be performed to produce optimum ductility in the weld area. Best
results have been obtained through use of a progressive age cycle or slight over-aging treat-
ment,

WELDING CONSIDERATIONS: This welding research program was initiated with
possible future application in joining of a 7000 series alloy Rover Case Section. Consid-
erations that were established as applicable included: (1) The welding process should be
reproducible and not overly complex, it should be adaptable to joining of 1 to 1-1/2 inch
aluminum with circumferential welding of approximate 50 inch diameter. (2) Full heat
treatment would be performed after welding since optimum across-weld strength was de-
sired. (3) Mechanical properties across the weld joint of 70 KSI ultimate, 60 KSI yield,
and 3% elongation in 2 inches were desired. (4) Welding would be conducted on a
Double-Vee type joint with welding performed from both sides. (5) Fatigue strength and
corrosion resistance of the weld joint were not of major concern. (6) The weld joint must
behave satisfactorily in a cryogenic environment of - 180°F to - 200°F. (7) The weld
area should not be overly notch sensitive.

WELDING PROCESS: Four welding processes were evaluated in this program. Perti-
nent characteristics of each are shown in Figure 4.
TIG-Fusion welding was conducted utilizing the standard tungsten electrode and a
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butt type joint on the material to be welded. Weld metal areas consisted of remelted areas
of the base metal joined since no filler addition was added.

TIG-Faying Strip welding was conducted under essentially the same conditions uti=
lized for fusion welding. A butt type joint was utilized with a 1/16 wide 5000 series
aluminum faying strip, placed between the butting edges. This faying strip protrudes
approximately 1/16 inch over the thickness of material to be welded. In this manner,
the normal surface depression due to welding, is eliminated. The weld area consists of
diluted base metal and alloy addition from the faying strip material.

MIG welding was conducted on conventional grooved 7000 series base material. In
this process, the weld wire addition serves as the arc source since the arc occurs between
the added filler wire and the base metal groove area. No tungsten electrode is used and
the weld area consists of essentially filler alloy composition with normal welding element
loss. This process is usually faster and results in larger weld passes. Over-all heat input
levels tend to be higher than those characteristic of the TIG processes.

The TIG-Cold Wire Feed process also utilizes conventional type weld grooves in the
material to be joined. The arc is furnished by a tungsten electrode and a filler addition is
introduced in front of the arc area. Welding conditions approach those of the fusion, or
faying strip process and normally result in small weld.passes.

Results in 5/8 inch 7000 series aluminum welded by these processes are included in
Table 1.

The TIG-Fusion welds were characterized by high strength levels since the weld
composition was sufficient for adequate responsive to heat treatment. Elongation, however,
was extremely low and resulted from excessive melting at weld grain boundaries and con-
stituent areas. Occasional difficulties resulted from incipient cracking in the base metal
heat affected zones.

TIG - FUSION WELDING TIG FAYING STRIP WELDING
1G- {TIG-F$)

A - BUTT JOINT A - FILLER ALLOY
8- TUNGSTEN ELECTRODE 8 - TUNGSTEN ELECTRODE
uTs ,
PROCESS | s} | ks| | %E sPec.
A
. TIG -FW 73.4|70.4| 00| 20
MIG 64.1| - | 03| 80
>\§ o NG TIG-FS 74.5 (67.4 ( 4.1 | 114
TIG -CWF
(5000 FILLER) 80.0|72.9 4.2 50
CONSUMABLE ELECTRODE WELDING TIG-COLD WIRE FEED WELDING TIG - CWF
A~ FILLE Wik AND ELECTRODE PP (7000 FILLER) 71.2 163.9 | 3.8 |214
B - TUNGSTEN ELECTRODE

FIGURE 4. Welding Processes used in joining TABLE 1. Strength results of 7075 and 7079
of 7000 series aluminum. aluminum joined by four welding processes.

The MIG welds were also characterized by extremely low elongation values and
somewhat lower across-weld strength. Detrimental effects in the base metal heat affected
zones were much more severe. With heat input levels that did not detrimentally effect
base metal, the weld quality and properties were poor. Additional investigation should be
conducted with MIG drop transfer or short-arc techniques where heat input levels would
be lowered. TIG-Faying strip welds were characterized by good strengths and elongation.
Weld dilution was adequate for good heat treatment response and the heat input effects on
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base metal were negligible. This process, however, is limited to applications for which a
faying strip can be fabricated and to material thicknesses up to one inch. Welding must be
conducted in a maximum of two passes, one from each side of plate.

TIG-CWF welds with 5000 series filler alloys also produced high strength - high
elongation welds, but this process is limited to a base metal thickness and a joint config-
uration that produces adequate weld dilution with the 7000 series base metal. In material
thickness over 3/4 inch with a single U joint, proper base metal dilution is not obtained.
The across-weld strength is then a function of the 5000 series filler alloy strength,

TIG-CWF welds with 7000 series filler also produce desired strength levels with good
elongations. In material thickness over 3/4 inch some element weld loss occurs, however,
weld composition is stifl adequate for proper heat treatment response.

Better welding characteristics and elongation levels were obtained through use of a
modified filler composition containing lower nominal magnesium and stightly higher copper
content that the conventional 7079 filler. This special filler alloy, designated "Alloy 1."
was developed from studies of weld compositions that were optimum in TIG-Faying Strip
welds. Beneficial results in weld metal microstructure and as-welded ductility were sig-
nificant, Results in 7079 alloy up to 1-1/2 inches thick welded with the modified "Alloy
1" fifler have been consistently good.

GENERAL WELDING VARIABLES: The most successful welding process investigated
has been the Tungsten Inert Gas ~ Cold Wire Feed Process with Alloy 1 filler. Some gen-
eral comments regarding the weld variables involved follow: (1) Current levels should be
maintained as low as possible, consistent with good quality. Most successful results have
been obtained with current levels of:

Thickness Amperes Thickness AmEeres
1/4 195-205 5/8 250-270
3/8 210-220 1-1/2 260-280

The first pass in thick sections should deposited at low current levels since burn
through of the land area is not desired. (2) The welding operation should be conducted at
a rate of 6 to 10 inches per minute depending on welding behavior. Slower travel should
not be used; faster travel generally results in entrapped dross, porosity, and poor weld
quality. (3) Voltage should be between 11 to 14 volts and is a function of other weld
variables. (4) Wire feed should be introduced at 30 to 45 inches per minute for 1/16 inch
diameter wire. The rate will vary depending on weld behavior, head travel, type, and
size of weld pass desired. (5) Double U joints with 45° to 60° included angle appear
best in thick sections. Weld material should be balanced on both sides of thickness center
line if possible. In section sizes of 5/8 inch or less, Single~U or Single-Vee joints are
satisfactory. TIG-CWF welding of 7000 series alloys above 1-3/4 inches is not recom-
mended. (6) Each weld pass should be arranged such that fusion with adjacent passes is
obtained and welding over sharp laps or narrow areas is not performed. Continuous weld-
ing in multipass circumferential welds is not recommended. (7) The filler alloy should be
such that adequate heat treatment response is obtained. Most successful results have been
obtained with the Alloy 1 filler, however, investigation of other modified filler alloys
should be conducted. (8) Best results are obtained with 100% helium shield. (9) Tung~-
sten electrodes of 1/16 inch diameter are advisable with either blunt or angled nose de-
pending on weld pass appearance desired. (10) Although manual welds can be performed,
they generally exhibit lower strength levels. Automatic welding is recommended. (1)
Small defects can be readily repaired without detriment to weld strength levels. Chipping
of defective areas can introduce difficulties if the chipped surface is rough. (12) The
most common type weld defects are linear entrapped dross or linear porosity. They are
most often caused by improper weld pass fusion or arrangement. (13) The influence of
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linear weld defects are most pronounced on across-weld ultimate strength and elongation.

Detrimental strength effects-are generally more severe in across-weld tensile tests than in

longitudinal all-weld test specimens. (14) Most welding is conducted with base metal in
the -W or -T4 condition since maximum solution of alloying elements is present. Material
in the -Té condition has been successfully welded.

CHARACTERISTICS OF THE AS-WELDED AND AGED CONDITIONED: In applica-
tions where weldments receive only a subsequent aging treatment, the base metal over-~
aged zone caused by welding and heat input, influences the final strength of the joint.
Weldments that are to receive only an aging treatment must be joined in a maximum of two
passes or the subsequent weld passes will over-age the weld to low strength levels. If
welding heat input is excessive, the over-aged zone in the base metal will exhibit low
strength levels typical of annealed material.

7075-T6 Aluminum in 5/8 inch thickness joined by the TIG-CWF process with 5183
filler and welded with one pass each side exhibited exceptionally good strength results.
Subsequent aging for 4 hours at 200°F, 4 hours at 250°F, and 4 hours at 315°F produced
average across-weld strengths of 63.3 KSI ultimate, 53.6 KSI yield, and 6.0% elongation
in 1.4 inches. Considerable elongation occurred in both the weld and base metal over-
aged zones, with failure occurring randomly either in the weld or base metal. The 5/8
inch 7075-T6 alloy was joined in two passes at 270 amperes current and 10 IPM travel.

CHARACTERISTICS OF THE SOLUTION TREATED AND OVER-AGED CONDITION:
In applications where high across-weld elongation is of greater interest than maximum
strength levels, over-aging after solution treatment can be performed to advantage. Yield
strength levels become more consistent when these over-aging cycles are used. Over-
aging cycles investigated included variation of the final four hour portion of the progres-
sive age cycle (4 hrs 200°F, 4 hrs 250°F, 4 hrs 315°F}. Typical results are summarized in
Figure 5.
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" . uTS YS %E | N-UTS| N.R.
N \ KSI | KSI |2 IN.| KSI
\
h&, N s FHT-A{68.0 (63.1 | 3.0 (64.7 | .95
/ . N FHT-B| 69.5 | 63.6 | 3.8 |65.6 | .94
. T [ 7w FHT-C|69.5 | 61.7 | 4.2 |62.3 | .90
4\1 AGEA | 55.5 | 43.5 | 2.5 [47.0 | .85
I AN ASW. |50.4| 37.0 | 3.0 | 41.7 | .81
. T BM-T [ 75.0| 65.1 | 11.5 | 68.8 | .92
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FIGURE 5. Across Weld mechanical TABLE Il.  Notch-Unnotch properties
properties of welded 7075 aluminum across-weld in welded 7079 aluminum.
as influenced by final four hour pro- Standard NASA .001R Specimens.
gressive age femperature. FHT = Fuli Heat Treat

AGE A= Age Only
AS W = As Welded
BM-T = Base Metal Transverse
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NOTCH CHARACTERISTICS: The notch characteristics of 7000 series weld metal
were evaluated at room temperature with the standard NASA type notch tensile
specimen (Table 11). Notch-Unnotch strengths were evaluated in conditions representing
weldments given three variations in age cycle as well as age only and as-welded condi -
tions. These included variation in the fingl four hour portion of the progressive age cycle
at temperatures of 315°F, 330°F, and 345 F respectively. The weld material is not exces-
sively notch sensitive regardless of heat treated condition.

CRYOGENIC BEHAVIOR: Weldment application in the Rover Program would involve
use of weld material in a cryogenic environment of ~180° to 200°F.

Tensile tests were conducted on unnotched and notched across-weld specimens at
room temperature, -100°F, -300°F, and -423°F. A series of 7075 weldments were
evaluated in terms of . 177 inch diameter round specimens, both unnotched and with .001
notch radius. Results of these across-weld tests are included in Table IlIl. As temperature
decreases, across-weld strength increases, while elongation and notch strength decrease.
This effect is most significant between -200 F and -423°F,

Base metal cryogenic tests were conducted on 7079 unnotched and notched (.010
radius) 1/4 inch flat specimens. The results show increase in strength as the temperature
decreases (Table 1V). The elongation tends to decrease but notch strength remains sub-
stantial. The base metal notch ratio decreases to a low of .84 at -423°F,

Similar across weld specimens in welded 7079 aluminum show a comparable behavior
(TABLE V) with the lowest notch ratio of .79 obtained at -423°F. i

TEMP.| UTS | YS | *%E [N-UTS| N.R. TEMP | UTS | YS | %E |[N-UTS| N.R.
°F | KSI | KSI |2IN. | KsI °F | ksi | ksI [2IN.| KSI
RT |75.1 [65.2 3.3 |91.8 | 122 RT |728 | 63.0|12.0} 76.8 | 1.05
-100 |78.668.4| 2.4 |93.1 | I.i8 -100 [ 80.6 ]| 69.3) 9.5 |82.6 | 1.02
-300 [85.8|80.3 | 0.8 |66.0 | .77 -300 |90.1 | 77.2 | 6.5 |82.4 | .91
-423 [91.9|82.6 | NIL [61.4 | 67 -423 | 94.0 50 (79.1 | .84
TABLE lll. Cryogenic across-weld TABLE IV. Cryogenicbase metal
notch-unnotch properties in welded notch-unnotch properties in 7079
7075 aluminum. Round .177 diameter  aluminum base metal. Flat 1/4
.001 R notch specimens fully heat inch .010 R notch specimens fully
heat treated. heat treated.

PRESSURE VESSEL BEHAVIOR: The behavior of a number of 7000 series welds was
evaluated under the stress conditions involved in testing of a pressure vessel configuration.
Six 4.5 inch ID spherical vessels were fabricated by circumferential welding of two hemi-
spherical shapes. Each sphere was of nominal . 100 wall thickness with a 1/8 inch build-
up in the weld area. Hydrostatic pressure test results are included in VI,

Even with a substantial weld defect present (Sphere No. 6), the pressure vessel
behavior was good. In all spheres, pressurized to burst, (except No. 6), yielding was
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TEMP.[ UTS | YS %E | N-UTS| N.R.
°F KSl | KSI 2 IN.| KSI
RT |67.9|58.3 | 4.0 | 66.5 .98
-100 j|69.7(58.9( 3.5 | 69.5 .99
-300 | 76.3 | 69.1 2.5 | 71.3 .93
-423 | 80.3 3.0 | 64.0 .79

TABLE V. Cryogenic across-weld
notch-unnotch properties of welded
7079 aluminum. Flat 1/4 inch - .010
notch specimens fully heat treated.

FIGURE 6. Typical burst failure of

welded 7075 aluminum sphere.
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CALC.
No. | Psie | TEST |sTRess | WT )
LBS.
KS|
2 | 6500 | BURST | 73.5 75
3 | 7000| BURST | 79.2 74
4 | 6500 | PROOF | 73.5 74 ¢
5 | 6500 | PROOF | 73.5 73
6 | 6000 | BURST | 67.9 77
DEFECT)
TABLE VI. Hydrostatic pressure test

results of welded . 100 inch wall 7075
aluminum spheres - fully heat treated.

FIGURE 7. Typical burst failure of

welded pressure vessel. KIWI B
thickness to diameter 1/2 scale model.
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observed approximately 200-300 PSIG before burst. A typical burst failure is shown in
Figure 6.

Two one-half scale cylindrical pressure vessels were fabricated with identical thick-
ness—diameter ratios in the weld area as the KIWI B case vessels. After full heat treatment
both were pressurized to failure. Vessel No. 1 failed at 2350 PSIG with a maximum weld
strain of 10,000 micro inches per inch and a maximum weld stress of 72,500 psi (measured
at 2200 PSIG). The second vessel failed at 2150 PSIG with maximum weld strain of 5850
micro inches per inch and a maximum weld stress of 67,000 psi (measured at 2000 PSIG).
A typical burst failure (Vessel No. 1) is shown in Figure 7.

TEST RESULTS FROM SIMULATED CIRCUMFERENTIAL JOINT IN THE ROVER
REACTOR VESSEL: In order to verify the results of 7000 series test plates prior to actual

fabrication of a KIW! vessel, a series of full scale cylindrical 7079 test rings were fabri-
cated. These rings were of identical diameter and thickness as that to be used in the
Rover case section (Figure 8). In fact, the ring material was removed from 4-1/2 inch
thick 7079 pressings fabricated for KIWI B reactor vessel applications. Optimum welding
conditions, as determined from previous testing, were used in welding of the test rings.

Across-weld tensile specimens were removed from 45° segments around the circum-
ference of each weldment. Average results are included in Table VII.

Statistical analysis showed that with 95% confidence, 99% of the specimens could
be expected to exhibit strength levels of 73.4 KSI ultimate, 64.5 KSI yield, and 3.0%
elongation or higher.

uTs YS
SEGMENT | st | ks1 | 21N,
¢ 75.2 | 66.3 5.3
2 74.4 | 65.6 4.0
3 75.1 | 65.8 5.5
4 75.2 | 65.5 7.0
] 74.3 | 65.1 5.0
6 74.9 [ 65.9 6.0
7 74.8 | 66.2 3.5
8 75.2 | 65.8 6.0
FIGURE 8. Simulated Rover reactor TABLE VIl. Average mechanical
vassel circumferential joint of welded properties at 45° segments in simulated
7079 aluminum. vessel joint. Average of five .505

diameter specimens.

WELDING THE KIWI B REACTOR VESSEL: The KIWI B reactor vessel is fabricated
by pressing a dome shape from a 4-1/2 inch thick 7079 circular blank. The operation is
conducted at 750°F and is completed in one stage. A cylindrical section of 4-1/2 inch
thickness is then machined from a second pressing and welded to the dome shape.

Welding of 7079 aluminum above 1-1/2 inches thick was not desired in this applica-
tion, so the weld area was machined to a one inch thickness approximately 4 inches each
side of the weld groove. The weld groove configuration was a double-U type with the ID
portion machined to the centerline of thickness. Nine weld passes were first deposited in
the ID groove by the TIG-CWF process. The OD groove was then back machined to sound
weld metal and the remaining weld passes alternated in groups of four to minimize dis-

199




tortion and stress build-up.

The welding aperation employed the TIG-CWF process with Alloy 1 filler. Each
weld pass was separate, that is, involved a weld start and stop. Weld starts were staggered
around the weld circumference and welding was not conducted if interpass temperature

exceeded 200°F. ..
Welding conditions were:
Current 250-280 amperes Tungsten Extension 9/16 inches
Volts 14 volts Shield 100 CHF Helium
Traverse 6.5-7.5IPM Wire 1/16 diameter Alloy 1
Weld Feed 28 - 45 IPM °
Tungsten Diam.  1/16 inches Interpass Temperature 125 - 150°F

The welding operation on the OD groove portion is shown in Figure 9. This unit,
after final processing, was pressurized through 75 cycles to 1000 PSIG. An additional 4
KIWI B 7079 welded case sections have been successfully fabricated.

FIGURE 9. Welding of the KIWI B reactor vessel by the fngsfen
Inert Gas - Cold Wire Feed Process.

CONCLUSIONS: The weldability of 7000 series aluminum alloy has been investi-
gated by the evaluation of 158 weldments in material 1/4 inch to 3 inches in thickness. In
addition, twenty 7000 series pressure vessels and cylindrical weldments have been success-
fully fabricated.

Welding of the 7000 series aluminum alloys is particularly sensitive to equipment
reliability and operator skill. The welding technique and procedure must be developed
and verified utilizing test weldments and scale model configurations.

Based upon the results of the development program described, it may be concluded
that 7075 and 7079 aluminum structures can be successfully welded.
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IMPORTANCE OF ENGIMNE DESIGH

m

TH

ON REMOTE HANDLL\C OF _NUCLEAR ROCKE T ENGINES

e v et o s

by ¥William W. Barton®

This paper details the iypes of equipment thai have been designed to re-
motely handle the MERVA engine at the Nuclear Rocket DeveloomenL Station,
Jackass Flats, Nevada. The author sitresses throughout the report the necessity
for close coordination of nuclear engine-remote handling ecuipment design

‘early in the program and sxamines some of the problems associated with MERVA

engine remote handling that have been considered. Several criteria are pro-
vided as guidelines to be followed on design initiation. Their application
to subsequent phases of the design program and to the types of equipment that
have resulted are illusirated through discussion of eguipment capability.

INTRODUCT ION

Nuclear rocket engine test programs completed to date and planning for
those to be conducted in the future have made it sopareni that the remote
handling equipment used for subsequent disassembly and re-assembly of the ir-
radiated power plant and iits associsted subassemblies must be considered an
integral part of the total engine design and development program. Because of
the limitations imposed on engine handling procedures through the necessity of
conducting all operations in a radioact.ve "hot cell" facility, close coordina-
tion of the design of both the engine and the equipment that will handle it

should be established early and continue through the design completion.

This concern for remote handling tools and eguipment may seem alien to
the task of engine develosment, as such. But careful consideration of the
unique problems investigated in current practice that are associated with en-
gine assembly/disassembly readily illustrate the interrelatedness of design
requirements for both engine and handling equipment that ensures maximum per-
formance capability of the power plant.

SIGNIFICANT DIFFEREMCES BETWEEN DIRECT AND REMOTE OPERATIONS

Direct assembly and disassembly of & conventional rocket engine is not a
simple matter. Since 2 rocket engine does not have a through shaft, its as-
sembly and disassembly is in some ways simpler than that of a large turbojet
engine; but, nevertheless, many special tools and handling fixtures and many
manhours of skilled labor are reguired for its assembly and disassembly.
Accurate positioning and alignmnet of components is reguired, nuts must be

properly torqued down and safety wired, etc.

In the case of a nuclear rocket engine, initial assembly may be performed
directly since there will be no radiation problem ai this time. However, in
the case of a tested nuclear rocket engine (or, for that matter, a new engine
with activated or contaminatied paris) remote assembly and disassembly are re-

] kO

*NERVA Project Manager, AMF Atomics, & Division of American Machine and
Foundry Co., Greenwich, Connecticut
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quired if the radiation level precludes direct access by personnel.

As was the case with direct operations, special tools and handling fix-
tures can be used in remote operations. But now the skilled labor can contact
the engine only by remote means such as master-slave or electro-mechanical
manipulators.

It is true that an experienced operator can perform surprising feats with
a master-slave manipulator. However, the load and reach capabilities of such a
manipulator severely limit its use during gross assembly or disassembly of a
nuclear rocket engine in a large hot ¢éell. It is not until we come to remote
assembly, disassembly or post mortem of an engine subsystem or component that
the use of master-slave manipulators becomes desirable.

Electromechanical manipulators, with their greater power and travel, are
usually required for the gross assembly or disassembly of an engine. These
general-purpose manipulators may be installed in a large hot cell either over-
head or on the walls.

For more specific operation, such as clamping, gripping or providing a
precise motion, single-purpose remotely actuated mechanisms are used. These
are usually mounted on the engine handling fixtures or stands.

In addition to manipulators, the operators of a remote facility normally
have at their disposal remotely operated cranes, small tools and viewing equip-
ment.

It is in its use that the remote handling equipment mentioned above most
significantly differs from its counterpart in direct assembly and disassembly
operations. Some points for consideration are:

Load Capacity

Cranes, handling fixtures and stands and special-purpose mechanisms can be
selected or designed to handle the weight of any anticipated nuclear rocket
engine. General-purpose electromechanical manipulators, however, are sorely
pressed to maneuver the weights involved and to provide the necessary torques
without themselves becoming unwieldy.

llFeelll

Electromechanical manipulators presently wusel and those actively contempla-
ted for use on nuclear rd&et engines do not provide feedback to their operators.
This is a serious drawback when it comes to inserting or withdrawing a fragile
component or to tightening a clamp or tubing connection which later must prove
to be leak tight. Similarly, the act of lowering an engine or a subsystem onto
a stand without benefit of sensitive gulding hands can at times present problems.

Accessibility

If an engine is to be remotely assembled or disassembled, the manipulators
(or the tools they hold) must have access to every disconnect point. Since
manipulators are not always as small as desired and do have a limited number of
motions, accessibility of nuts, electrical disconnects and pipe joints is often
a problem. And it is here, perhaps more than anywhere else, that the early and
continued coordination of the design of the engine and its remote handling
equipment pays off handsomely.
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Viewing

Viewing through a shielding window perhaps five or six feet thick to per-
form a remote disassembly procedure which might be taking place ten or twenty
ft. from the inside surface of the window leaves much to be desired, particular-
ly when you are trying to perform a delicate operation. Closed-circuit televi-
sion helps in many instances for close up viewing and for alternate viewing
angles.

Speed of Operation

It is not surprising in view of the points considered above that remote
assembly and disassembly operations are agonizingly slow when compared with
similar operations that are performed directly. In a test program where re-
liability of a nuclear engine is to be demonstrated by many tests, remote as-
sembly- and disassembly could become a "bottleneck" if not adequately implemen-
ted within the schedule. Even with a more leisurely test schedule, fast tear-
down of a tested engine is very important since early access to the fuel ele-
ments for analysis is desired.

FACTORS GOVERNING SELECTION OF A REMOTE HANDLING SYSTEM

In most instances, there are several approaches to the accomplishment of a
remote handling task. At one extreme, a remote handling system consisting of
very simple equipment will perform the task for the least capital equipment
expenditure but it may require an inordinately long operating time; whereas,
at the other extreme, & special, automated machine will perform the same task
in the least time, but it probably will be very expensive.

If at all possible, it is advisable at the outset of a program involving
remote operations to investigate several intentionally different systems for
accomplishing the desired task. The conceptual design of these remote hand-
ling systems should be carried forward to the point where an evaluation can be
made. Also, detailed time analyses of remote handling procedures should be
made of each system.

One method for evaluating different remote handling systems is to estab-
lish a list of points for consideration. In the case of the remote handling
equipment for the NERVA program, for example, some forty points were consider-
ed. Since all points were not of equal importance, & weighting factor of one
to four was assigned to each point.

A committee of qualified technical personnel of various disciplines was
formed to evaluate objectively the various remote handling systems. Following
a general review of the systems and a discussion of the meaning of the points
considered, each member of the committee rated each of the points for each re-
mote handling system. Weighting factor values were not available to committee
members at the time of rating.

The results of such an evaluation, although not infallible, point out the
anticipated strengths and weaknesses of the various approaches to a remote
handling system. Often an examination of the results stimulates a more exten-
sive investigation of some particular aspect of the system. Also, it is some-
times possible to blend the favorable features of more than one system, thereby
further improving the selected approach.

NERVA REMOTE HANDLING SYSTEM

In the case of the remote handling system for the NERVA program, an evalu-
ation of the requirements has led to the selection of the following equipment:
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1. Engine Installation Vehicle (EIV)

2.  Overhead Positioning Subsystem (OPS)

3. Floor-Mounted Handling Subsystem (FMHS)
4. Wall-Mounted Handling Subsystem (WMHS)

Items 2, 3 and 4 constitute the system used in the main hot bay of the
Engine Maintenance, Assembly and Disassembly (E-MAD) Building for remote as-
sembly and disassembly of the NERVA engine.

Engine Installation Vehicle (EIV)

The EIV (shown in Figure 1) is a special-purpose rail flat car used to
transport a NERVA engine between an Engine Test Stand and a Maintenance, As-
sembly and Disassembly facility. It can also accommodate a non-nuclear engine
experiment or a radiation-effects reactor.

The vehicle weighs approximately 75 tons and measures 52 feet from the
centerline of the carriage to the opposite striker. It travels over a stand-
ard gauge track at a speed of three to five mph, propelled by a Prime Mover
System. Power and control for all motions on the EIV originate on the Prime
Mover System.

‘The rolling stock undercarriage of the vehicle is of steel construction.
As far as possible, it incorporates standard car-building components, such as
trucks, suspension systems, wheels, brake systems, coupler, draft gear and
cushioning unit. Attached to the underframe are fou power-driven jacks, which
serve to level and stabilize the vehicle during engine transfer operations.
An inching drive mechanism on the forward truck provides fine positioning of
the vehicle for the final few feet of travel into the engine test stand.

A carriage mounted on the forward end of the flat car superstructure holds
the engine. Vertical, fore-and-aft, transverse and azimuth motions are in-
corporated in the carriage. The engine is supported by a semi-circular member
at the front of the carriage which fits beneath the upper flange of the engine
pressure vessel. Four remotely operated clamps are used to secure the engine
to the carriage.

In operation, the EIV {(pushed by the Prime Mover System) carries the

engine from its assembly area to the Engine Test Stand area. Here the EIV is
remotely decoupled from the Prime Mover System. Electrical connections between
the two, however, are maintained through a flexible cable. The vehicle inches
itself into position in the Engine Test Stand and the four jacks are lowered
onto hard spots on the ramp. The flat car is then raised sufficiently to eli-
minate the effect of the truck springs and leveled with respect to the Engine
Test Stand in tilt and roll. Fore-and-aft, transverse and azimuth motions of
the carriage are then utilized to position the upper face of the engine direct-
ly beneath the attachment fixture on the stand. Vertical motion of the car-
riage then mates the engine with the stand. Once the engine is securred to the
stand, the EIV is withdrawn from the area.

Following a test of the engine, the EIV is again brought into the stand
and positioned. The engine is gripped, released from the stand, and trans-
ported back to the hot bay of the Maintenance, Assembly and Disassembly facil-
ity.

Overhead Positioning Subsystem (OPS)

Remote assembly and disassembly of the NERVA engine 1s performed in the
main hot bay of the E-MAD Building by the OPS working in conjuction with the
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Floor-Mounted Handling Subsystem and the Wall-Mounted Handling Subsystem.

The OPS consists of a bridge, trolley, telescoping mast, azimuth drive,
auxiliary manipulator, a family of six positioning heads, and a control system.
As shown in Figure 2, the bridge of 675 feet length spans the width of the hot
bay. .The 196 feet travel of the bridge is shown in Figure 3. Elevation of
the bridge runway rails is 51 feet above the floor of the main bay.

Mounted through an opening in the bridge trolley is the telescoping mast.
Concurrent vertical motion of the three movable sections of the mast is ob-
tained from a single drive. Total stroke of the mast is 395 feet. In the
fully extended position, the positioning head at the bottom of the mast reach-
es within six feet of the floor and the auxiliary manipulator (when extended)
easily reaches to the floor. With the mast fully retracted, the OPS can move
into the crane maintenance area and still provide manipulator coverage.

An azimuth drive at the bottom of the mast provides a total of 720° of
rotation to the auxiliary manipulator carriage and positioning head grippers.

The auxiliary manipulator is attached to a carriage located within the
bottom telescoping section of the mast. The manipulator is of electromechanic-
al type with a capability of supporting and positioning a load of 600 pounds
in any attitude or position when fully extended. Vertical travel of the mani-
pulator carriage within the mast permits extension of the manipulator (so that
the upper pivot point of the manipulator can be brought below the positioning
head) and retraction (so that the manipulator can be brought fully within the
mast structure).

Any one of six positioning heads can be remotely attached to the azimuth
drive ring at the bottom of the mast. & separate positioning head is used for
the engine test stand adapter, the upper thrust structure, the lower thrust
structure, the pressure vessel, the top shield and the turbopump assembly of
the NERVA engine.

Control of all OPS operations is accomplished remotely from consoles lo-
cated in the galleries adjacent to the main hot bay. In addition, position of
the bridge, trolley, mast and azimuth drive and vertical load measurement on
the mast are indicated on the consoles. All power and control connections
from the facility to the bridge are via bus bars.

The OPS is used to grasp, transport, elevate and position the NERVA engine
or its major subsystems in the main hot bay of the E-MAD Building. For ex-
ample, when a tested engine is delivered into the building on the EIV, the
mast is -positioned directly over the engine and is then lowered until the up-
per thrust structure of the engine can be grasped. The engine is then re-
leased from the EIV carriage and moved to another area in the hot bay where
disassembly of the engine is initiated.

The auxiliary manipulator on the OPS provides heavy manipulator capability
throughout the main hot bay and crane maintenance area whenever the positioning
head attached to the mast is unloaded. This freedom of movement of the auxili-
ary manipulator is particularly helpful when working in conjunction with one or
two wall-mounted manipulators on .@ complicated handling and viewing operation.

Floor-Mounted Handling Subsystem (FMHS)

Some 36 simple stands and fixtures constitute the FMHS. These stands and
fixtures are used to hold and stors the engine and engine subsystems during
remote assembly and disassembly and to transport engine subsystems to other
cells in the facility.
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A typical arrangement of the FMHS in the main hot bay of the E-MAD Bullding
is shown in Figure 4. Ample flexibility for varied assembly and disassembly
procedures is provided since the stands can be moved anywhere in the bay by the
OPS, the Wall-Mounted Hendling Subsystem, or the facility crane.

Two remotely operated carriages operate on the standard 93uge track runn-
ing through the main hot bay. An engine subsystem, such as the reactor core,
may be transported in a stand temporarily mounted on one of these carriages from
the main hot bay to another disassembly cell in the facility. Power and control
are brought to the carriages through bus bars installed in a trough between the
rails in the floor.

In Figure 5, a carriage is shown in conjunction with the Engine Checkout
Stand. This stand is used to hold the completely assembled engine during its
final checkout. The framework of the stand is designed to support the engine
without unduly restricting access to critical engine components. As in the case
of the EIV, the engine is supported by a semi-circular member on the stand which
fits beneath the upper flange of the engine pressure vessel. Retractable clamps
are used to secure the engine to the stand. Four independent jacks are used to
raise the stand clear of the carriage and, if required, to level the stand.

Two other stands are shown in Figure 6. The upper of these two stands, the
Subsystem stand, is used to hold the non-nuclear engine (i.e., the pressure
vessel head and all engine subsystems above it with the exception of the major
external ducts and wiring harnesses). Remotely operated clamps are used to
secure the pressure vessel head to the stand. If the enaine pressure vessel is
attached to the pressure vessel head, then the High-Position Support Stand is
also employed to elevate the pressure vesgel clear of the floor.

When it is necessary to lift and transport the Subsystem Stand in the main
hot bay, a handling yoke is attached to the stand in order to provide a central-
ly located lifting eye. Remotely operated mechanical locking devices are pro-
vided for locking the yoke onto the stand.

The same handling yoke can be used to 1ift other stands. In Figure 7, it
is shown attached to the Pressure Vessel Stand. This stand uses remotely opera-
ted arms to hold the engine pressure vessel. Rollers on the stand bear against
the upper flange of the pressure vessel, thereby providing freedom of rotation
of the engine about i1ts own axis. Such indexing motion is necessary for certain
remote assembly/disassembly operations.

A final example of the FMHS stands is the Lower Thrust Structure Stand
shown in Figure 8. This stand provides a total of 270° rotation about a hori-
zontal axis in order to provide optimum access to the engine turbopump assembly,
which is located inside the thrust structure.

Wall-Mounted Handling Subsystem (WMHS)

The third member of the remote handling system in the E-MAD Building is the
WMHS. As illustrated in Figure 9, this subsystem has four electromechanical
manipulators mounted on traveling booms. Each traveling boom consists of a
trolley, a carriage, and a boom assembly. The trolley rides the length of the
main hot bay between upper and lower rails. The carriage travels vertically ap-
proximately 25 feet on the column of the trolley. It also pivots through 180°
in a horizontal plane relative to the column. The boom assembly is pivoted
from the carriage. A telescoping section and a universal joint in the boom as-
sembly provides further flexibility of movement to the travelling boocm.

Since the variety of tasks required of the manipulators covers a wide range,
two different capacities of manipulators have been considered. They are desig-
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nated as heavy-duty manipulators and medium-duty manipulators. Without delving
into the detailed motion and load requirements, suffice it to say that the
heavy-duty manipulator must position and support a 600-pound load in any posi-
tion or attitude when extended to iits maximum lengtn, whereas the medium-duty
manipulator need only handle a 250-pound load under similar conditions.

The manipulators are attached to the mounting plates on the booms in a
standard manner such that remote connection and disconnection are possible.
This feature provides interchangeability of manipulaiors to ease the mainte-
nance problem and to further augment the flexibility of the overall remote
handling system. It also permits future upgrading of the WMHS to incorporate
the latest in manipulator hardware and to provide for & wider spectrum of mani-
pulators if the need arises.

The WMHS performs a wide variety of tasks, such as the lifting, supporting
and transporting of tools, fixtures, and components, and the basic manipulating
motions necessary for engine assembly and disassembly over almost the entire
working area of the main hot bay. When any two travelling booms are positioned
directly across the bay from each other, their manipulators are capable of pas-
sing at floor level an item from one manipulator to the other.
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Figure 1. Engine Installation Vehicle

Figure 2.

E-MAD Remote Handling System - End Elevation
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Figure 3. E-MAD Remote Handling System - Side Elevation

Figure 4. E-MAD Remote Handling System - Plan
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Figure 5;

Figure 7.

Figure 8, Lower Thrust

Engine Checkout stand
and Carriage

Pressure
and Handling Yoke

Structure sStand

Vessel sStand

Figure 6. Subsystem Stand and
High-Position Support
stand

Figure 9. Wall-Mounted
Handling Subsystem
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SOME STRUCTURAL ASPECTS OF GaMML HEATING IN NUCLEAR ROCKETS

e e,

John O. Mingle

Department of Nuclear Engineering

'Kansas State University

In the normal structural design of rockets, temperature effects are
generally of major importance especially for components associated with
the combustion chamber and with cryogenic liquids. However, once a strong
gamms radiation field is present, as in a nuclear rocket, all structural
members are subject to temperature effects produced by the gamma heating.
This situation leads to two main areas of concern: {a) the effect of temper-
ature on the physical properties, such as the tensile strength, and (b) the
associated thermal stresses caused by the temperature gradients. Both of
these effects are common problems but the interaction of thickness and
temperature leads to an interesting "diminishing returns" situation.

Temperature Distributions and Thermal Stresses

The temperature distribution within a material due to gamma heating
can be approximately handled by utilization of a modified linear energy
absorption coefficient, at least in one 'dimensional problems. This coefficient,
llgs Tepresents the build-up effect (1) due to multiple Compton scattering of
gamma photons as well as regeneration as the result of pair production. The
attenuation law then is

L=, exe (i %) (1)

where I represents the gamma flux intensity and X the linear distance.
The volumetric rate of energy absorption becomes the product of the cross
section and the flux, i.e.

H = UpT = “Blo exp (- uBX) (2)

since lpalso represents a cross section for energy sbsorption per unit volume.
The total rate of energy absorption within a finite thickness, L, of slab
then becomes

q = J HdV = AIO (1 - exp (HBL)) (3)
where A is the area involved (in Y, Z directions).

In many instances this q/h represents the heat flux out of the slab
since usually one boundary is assumed to be thermally insulated. If & con-
vection coefficient, h, is employed then

= - - 4
q/A = hT I (- exp (- upl) (4)

L=
where now T, is the excess of the surface temperature over the coolant tem-
perature. &n most rocket applications the only cooling mechanism will be the
thermal radistion from the areas physicslly away from the combustion or
associated areas of the rocket. This gives an equivslent radiation coefficient
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to black space as

h = O /eT ()

where Op is the Stefan-Boltzmann constant and &€ the emmissivity of the sur-

face. The surface temperature then becomes

-1
T o= {1, (987 (1 - exp C-upld)} (6)

The temperature distribution within the slab is determined from the
solution to the heat conduction differential equation

2
a‘T H (7)
= + =0

dX

where the thermal conductivity, k, is assumed constant at an average value.
Using Eq. (2) with a source side insulated boundary and a constant outside

surface temperature, i.e.

X=0, =05 X=1, T=T (8)

produces
-1

T =T, + (I/K) {L - X+ " Cexp (L) - exp(qu))}(q)
The average temperature, ?, for the slab then is

-_1 b 2. .¢1 2

T=71 Jo TdX = T, + (I /L0 {5 (L) (10)

+ (1 + L) exp (-ppl) -1}
In the case of small HﬁL(<O.2) this reduces to

- 2
T-T, =1 Wl /3k (11)

This difference between the surface and the average slab temperature is used
to determine the thermal stresses, ¢, associated with this temperature grad-

ient as (2)

- aE 7§ .
o=15 (T-T) (12)

where g is the coefficient of thermal expansion, E 1s the modulus of elas-
ticity, and v is Poisson's ratio. This expression is only approximate but

usually is satisfactory since the thermal stresses are gengrally small com-

pared with the strength of the material. The temperature T is also used
evaluation of physical properties.

The tensile strength of the material evaluated at this average temp-
erature and corrected for the thermal stresses leads to an effective ten-
sile strength, Se £ for the particular thickness of the slab. For use
through the actual load, W, utilizes the product of this effective tensil
strength and the thickness thus producing a curve containing a maximum.
is
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o —t - )
N=1s =L (S -0 (13)

where as L increases, then S ., decreases., This condition shows that the max-
imum load per unit width is obtained with a definite thickness for any constant
surface gamma flux. For a thickness greater than this value, the allowable
load is reduced. This would indicate that from s design viewpoint this thick-
xess, Lmax’ is the maximum feasible. The associated losd is referred to as

m

ax

Example Determinations

The evaluation of this maximwm condition for a particular material in-
volves data on the variation of physical properties with temperature (3) and
in addition the value for the build-up attenuation coefficient. This Up 1is a
function on the energy of the gamms photons as well as the type of material
and the depth within the material. However, for gamma photons of an average
energy of two Mev, such as is usually obtained from a nuclear reactor, this
factor is approximately & constant when converted to a mass basis of pp/
where e is the density of the material. This velue is 0.02 cmz/gm (4) and
represents a cross section for interaction based upon a per unit mass basis.

So that for many purposes

Mp = 0.02 Q (cm—l) (14)

where naturally e is in gm/bc.

Calculations performed for typical materials of 4130 carbon steel and
6063 aluminum alloy give the curves shown in Figures 1 to 4. £4l]l physical
properties except the tensile strength were assumed to vary linearly with
temperature. In addition a value of 0.80 was used for the emmissivity of
steel while 0.25 was employed for aluminum. £bsolute temperatures were used
for the initial computations.

Because of the high thermal conductivity of aluminum, the surface and
average temperatures are essentially the same, thus resulting in practically
no thermal stresses. Hence the decreased strength results from the effect of
temperature upon the tensile strenagth entirely. Figure 1 shows a typicel set
of calculations for an aluminum type alloy. The distinct maximum in the load
curve readily shows the "diminishing returns" of increased thickness. However,
for steel, the thermal stresses are important, and the effective tensile
strength becomes essentially zero at approximately a slab thickness of 4.8
centimeters for a surface gamma flux of 10° Btu/hr, ft2,

" The resultant maximum values for steel and aluminum shown in Figures
2 and 3 can be correlated by & log-log type emoression. These become

8.70 (L )0-936 (aluminum) (15)
max

19.0 (L )0'967 (steel) (16)
max

W
max

]

W
max

1]

Here the units of thickness, L, are centimeters while for the load, W, they
are 1000 1b/inch width. A more useful expression can be obtained if these
quantities are correlated with the gamma flux intensity such as in Figure 4.
The resultant equations then become for aluminum
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L = 1.99 (I /1000) ~1-10? (17)
max Q
W = 16.6 (I /1000) ~1-031 (18)
max Q

while for steel the values are
L = 214 (1 /1000) ~9-%7° (19)
max (o]
W = 2890 (1 /1000) ~O-91 ' (20)
max (o]

The units of I_ here are Btu/hr, £12 while the range of values employed repre-

sents the intensities in the immediate vicinity of a 1000 megawatt nuclear
reactor which is of nominal size for a nuclear rocket. In this respect a
useful conversion factor is

1 Mev/sec, cm2 = 5.08 (10)-10 Btu/hr, ft2 (21)

since the former is the commonly given units of gamma photon fluxes,
For all these equations a least squares analysis was performed when

sufficient data was present to warrant such a treatment, such as is shown in
Figure 4 for aluminum,

CONCLUS IONS

This paper shows the "law of diminishing returns" as it applies to
structural considerations in nuclear rockets in the presence of an intense

gamma field, In many cases this analysis leads to the requirement of auxiliary

cooling, particularly since the best possible situation of black space has
been assumed. Although the actual values for the maximum load as given by
Equations (16), (18), and (20) is highly sensitive to the value of the
emmissivity chosen, the values given by Equation (17) and (19) for the maxi-
mum thickness are believed to be approximately correct regardless of the
emmissivity. In this respect they would represent a practical design limit.

Although considerations are given only for slab geometry, in actual situ-

ations an equivalent thickness can be estimated. An expression for a rod is
D/ ( m-2) where D is the diameter. This represents an average straight-line

constant X-direction distance through the rod obtained with a weighting factor

of the Y-distance., This weighting factor is employed to compensate for the
variable distance of heat conduction.

In general, the gamma heating is present both during and after reactor
operation since the source is the result of fission products as well as
prompt gammas. In this respect the structural degradation will continue
even after reactor shut-down, so that gamma heating might be a particularly
cognizant problem for nuclear rockets having restart capabilities.
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