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1.0 SUMMARY

This report considers the feasibility of a small scale, but still

full-operating gas core reactor demonstration test. The report compares

the operating conditions, test results and costs with those of the

"Mini-Cavity" demonstration concept.

The small scale, full-reactor concept using hydrogen coolant involves

a strong dependence of maximum available discharge temperature on cavity

size. A U-ft diameter cavity, for instance, appears limited to a discharge

temperature of about UOOO°R. The cause of this limitation is the strong

negative reactivity effect of upscattering from the hydrogen. Larger cavities

will permit higher operating temperatures.

Costs of the small scale full-operating gas core reactor demonstration

compare favorably with those of the "Mini-Cavity" concept, being only a

nominal 25$ higher than for the "Mini-Cavity." The effective demonstration

of the feasibility of the gas core concept will eventually require a full-gas-

core reactor test. It would therefore appear to be appropriate to perform

such, an experiment in a low cost small scale device and thereby bypass the

Mini-Cavity demonstration, unless the latter could be conducted inexpensively

in an existing reactor facility.



2 . 0 INTRODUCTION

The gas core nuclear rocket has long been considered the ultimate in

[12]
specific impulse capability for space propulsion. ' Figure 2.1

is a schematic of the concept. Recent considerations of the capabilities

. for this system consider engines with specific impulses as high as

seconds, with 6000 MW power and 10 Ib/sec hydrogen propellant flow

rates. Mass flow rate loss ratios of the nuclear fuel (235U or 233U)

to that of the propellant are hoped to be in the range of 1% or less.

. Discharge temperatures through the nozzle of as high as 30,000°R are

r^l
considered feasible1 even though present-day chemical rocket discharges

are only as high as 7500°R.

.The gas core nuclear rocket concept will need to be tested at temperature

in a test program on an earth-based "prototype" demonstration. Three

possibilities exist for the demonstration test:

1. A loop-type (Mini -Cavity ) test within a conventional test reactor

•" driver core to test some but not all of the parameters of the full

scale reactor. :

2. .A small scale full reactor test. A small cavity, nominally U .ft in dia-

meter, is envisioned which will allow a gaseous uranium core but at a

reduced temperature from the full scale reactor. This test should allow

testing of most parameters^ and extrapolation of the remainder to the full

scale reactor.

3. A full scale, 10 to 12 ft diameter cavity test, with all the characteristics

of the rocket engine. This device would operate at a much higher total

power than either of the other two devices.

This report discusses the second concept, with comparison being made to

the first concept. The full scale 10 to 12 foot cavity diameter test
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(concept No. 3) is not herein explicitly considered as a feasible alternative

for the next step in gas core development. Its power level is /beyond the

range of a program which has yet to demonstrate completely that the gas core

reactor concept is workable at low power. .

With the new high performance and high coolant temperature characteristics

projected for the. gas core nuclear rocket, protection of the cavity walls and

nozzle walls becomes a major consideration. The deliberate seeding of the

hydrogen has been found to produce a radiation attenuation coefficient suf-

ficiently large to leave tolerable radiant heat fluxes at the cavity wall.

This seems to be feasible even when the radiating uranium is at 100,000°R

in a 10 ft cavity. With just a small weight fraction of seed (less than
Q

1$), resulting heat fluxes at the walls can be reduced to about 100 watts/cm

6 2
(.10 Btu/hr ft ). Assuming little turbulent convective mixing, the gas core

temperature can be adjusted throughout a rnage of high temperatures merely

by adjusting the amount of seed and/or the flow rate of the propellant gas.

Though, such considerations may appear highly idealized, in principle this

operating mode leads to a new. concept for testing of the gas core concept in

a more controllable nuclear environment.

In this new concept, the Mini-Cavity, a driver core would provide adequate

thermal flux environment for the operation of a smaller than full scale test loop.

This driver, concept now appears feasible because the high fluxes hitherto felt to

be necessary, bas.ed upon radiation of the hot gas core (lOO,000°R) to a relatively

cold (10,000°R) non-seeded hydrogen propellant environment which required driver
- -i g 2 ' '

core thermal fluxes greater than 10 n/cm sec, are not necessary•. To reach

this flux level would require a total reactor power level for the driver in the

neighborhood of 1000 MW. The new concept of supplying a highly effective temp-

erature startified insulating blanket through seending around the gas core allows



for operation of a small (approximately 2 ft diameter) driver core loop system
111

with fluxes in the range of 1 to 5 x 10 , well within the capabilities of

present test reactors. This new seeding approach makes feasible the concept

of a Mini-Cavity test for an earth demonstration of the gas. core concept.

Temperature capabilities with the seeding are more than adequate to achieve

fuel vaporization. This general concept is discussed in Reference [5], though

that reference is concerned principally with the space propulsion applications

of a Mini-Cavity.

The Mini-Cavity approach, for a demonstration test appears to be an econ-

omically feasible method of demonstrating the operation of the gas core con-

cept. Though component work Cexperiments and calculational studies) on flow,

criticality, and heat transfer aspects have to date shown no lack of feasi-

bility of the gas core concept, still these component tests have essentially

been independent. They have not been put together, except for flow and

thermodynamics in the rf heating work, and this can be argued is signi-

ficantly different in some respects from the nuclear heating driving force

which .the real reactor will experience. Certainly the nuclear coupling has

been demonstrated to be quite strong, both because of the hydrogen scatter-

[7]
ing and because of the gas-core-to-cavity-radius ratio effects . The former

effect is even stronger than hitherto assumed, as is shown in this report.

The Mini-Cavity concept would allow for the gas loop to contribute a signifi-

cant (measureable) amount of multiplication factor of the total reactor system,

say of the order of 5$Ak, while producing the order of 10$ of the total system

power. Still the driver reactor would have adequate control to operate by

itself and to compensate for instabilities and possible reactivity excursions

generated within the loop.

Despite the apparent advantages of the Mini-Cavity test concept, there

are uncertainties about its outcome that still dictate the need to consider

5



a full gas core reactor demonstration test. Foremost among the questions

pertaining to the adequacy of the Mini-Cavity concept are the following:

1. What is the extent of convective turbulent mixing in the prppellant

gas buffer layer and how will this alter the heat transfer character-

istics from the hot gas core? A significant increase in the heat

transfer coefficient would require a higher driver core flux to attain

the needed power densities in the core region. Also, the maintenance

of a thicker protective boundary layer would be needed to prevent burn-

out of the walls. .

2.. A loop test with its nuclear driving force provided by an outside

system may fall short, in a programmatic sense, of demonstrating the

complete feasibility of the gas core concept.

For these reasons, a small scale, full-reactor test at minimum size but with

adequate temperatures for demonstrating the gaseous core concept is considered

in this report. The goal is to balance, the desired demonstration program

requirements with the cost of the test. For instance, it is concluded that if

a cavity size of about h ft diameter can be achieved, then the gas flow require-

ments and the loop clean-up system requirements will not be significantly

greater in complexity or cost than those for the loop of the Mini-Cavity.

However, for the full-reactor test to achieve its demonstration goal, the

discharge temperatures must be at least in the range of NERVA discharge temp-

eratures (̂ ,000°R and higher) and the gas core temperatures must be great

enough to vaporize uranium metal. A 11,000°R edge '"core" temperature is

assumed to be the minimum requirement.



3.0 NUCLEAR DESIGN

The gas core reactor nuclear design CFigure 3.1). presents some unusual

reactor physics problems, of the type not encountered in conventional

reactor design. Some of these'are discussed in Refs. I?J , I8J and 19] which

deal with the correlation of room temperature critical experiments using

multi-energy-group numerical calculational techniques. The principal

difficulties found with the calculation of cold (jiear room temperature)

gas core reactors were as follows:

1. The uranium core had a high ratio of absorption to scattering, making

diffusion theory not applicable without the use of specially modified

diffusion coefficients. Use of transport theory or transport corrected

diffusion theory is essential if eigenvalue accuracies within 5$ AK ..,:

are to be achieved.

2. The scattering effects of the hydrogen propellant material (.simulated)

were much, more important than the hydrogen absorption effects. The

correct scattering kernel for the particular molecule must be used

in order to obtain the correct "diffusion barrier" effect.

3. Because of the sensitivity of the results to the hydrogen scattering

law, a multi-thermal group structure is required. This becomes even

more important for high temperature operation where the hydrogen

propellant has much higher energy than the thermal neutrons emanating

from the reflector-moderator of DpO. Multi-thermal groups, with

upscattering*, create difficulties in achieving convergence of the

*In the multi-energy-group numerical calculations, solutions were made from
the top energy group working down. When upscattering is present, the lower
energy group fluxes from the previous iteration are the best that is available
for calculation of the upscattering source terms. This results in a slow
convergence on energy group fluxes as well as on spatial and angular fluxes.
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numerical solutions. This problem is enhanced by the long mean free

paths in the system and the high importance of neutrons deep in the

reflector.

k. The low density core with poor scattering creates ray problem effects

in two-dimensional S calculations where the S detail is smalln n

(such as k). This, plus the long running times for two-dimensional

transport problems, make such calculations too costly. One-dimensional

approximations are needed to the true geometry, if computer costs are

to be kept reasonable. (Ray effects do not occur in one-dimensional

spherical, calculations.)

The above problems can only be expected to be compounded by the transition to

high temperature calculations discussed in the following sections.

3.1 Cross Section Detail

Table 3.1 lists the 19-neutron energy group structure used in the scoping

study transport calculations. This structure had been adopted for the

T 81
initial calculations of the cold critical experiments and its use for

this study was for convenience. If calculations at very high temperatures

0>10,000°K) are to be made, a modified structure with finer energy groups

in the 0.3 eV range will be necessary. Hydrogen group constants used in

the calculations were generated for 293°K, 1000°K, 2500°K,5,OQO°K, and 23,000°K.

The set of curves shown in Figures 3.2 and 3.3 illustrate the energy

and temperature dependence of the total molecular hydrogen cross section

and the angular scattering distribution for the several temperatures used

in the calculational model. Of special significance is the drastic up-

scattering effect .on thermal energy neutrons by hydrogen at elevated



Table 3.1

Neutron Energy Group Structure Used in Transport Calculations

Group

1 (Starts at 10
2 MeV)
3 '
4
5
6
7
8
9 . ' •.. . .
10
11
12
13
14
15
16
17
18
19

Lower U

1.0
1.5
2.0
3.0
4.0
5.0
6.0
8.0
10.0
12.0
14.0
15.25
17.00
17.73
18.24
18.64
19.81
21.42
(23.42)

AU

"i.b
0.5
0.5
1.0
1.0
1.0
1.0
2.0
2.0
2.0
2.0
1.25
1.75
0.7275
0.5108
0.4055
1.163
1.609
(2.0)

Lower E

3.7 MeV
2.2 V
1.4
0.5
0.18
67.0 KeV
25.0
3.4

425.0 eV
61.0
8.312
2.38
0.414
0.2
0.12
0.08
0.025
0.005
0

10
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temperatures. This effect has a most pronounced.influence on the cal-

culational results which will be discussed further in Section 3.3-.

Although only cross section data for hydrogen molecules were used

in the "calculations, Table"3.2 is included to show the relative abundance

of molecular1 hydrogen, free hydrogen atoms, and ionized hydrogen atoms at

pressures of 100 and 300 atmospheres and for the temperatures used in the

calculational models. These data were extracted from Ref. [lOj . At 100

atmospheres pressure and 2500°K, 0.12$ of the hydrogen mass'is dissociated

to atomic hydrogen and at 300 atmospheres the disassociated hydrogen has

dropped to 0.07$. These values increase to 30.5% and lQ.2%, respectively

at 5000°K. As noted in the table, ionization of the hydrogen at these

temperatures and pressures is minimal. ' • '

The molecular hydrogen model used for creating thermal neutron

scattering kernels- allows for harmonic vibration with- a quantum leve'l

spacing of 0.5̂ 5 eV (spring type arrangement) and the translational and

rotational modes are treated classically for these dumbbell molecules.

This model should be realistic and appears to give about the same total

cross section vs. energy as a free atom model. . Thus, at 5000°K, the

amount of molecular dissociation will have a negligible effect upon the

scattering properties. Kernels for each H temperature mentioned above

were incorporated into the library of the code INCITE which calculates

the thermal cross sections.

The cross section data was averaged into the group structure shown
[12]

in Table 3-1 by use of the codes INCITE and PHROG . These two codes are
Fill

modifications of the commonly available industrial user codes GATHER and
[lit]

GAM used for obtaining thermal and fast-intermediate cross sections,

respectively. The transition of the scatter transfer matrices

between the two codes is done for the Po matrices

13



Table 3.2

Dimensionless Concentration of Hydrogen at Pressures and Temperatures of
Interest (niNo/VLo)(D (From Ref. 10)

293°K

1000°K 6

2500°K 2

5000°K 2

23,000°K(2)

(1) n± =

N =
0

V

100 Atmospheres
H ' • ' • • • H 2

_ -J A
10 u 9.323E-01

.181E-09 2.732E+01

.733E-02 1.090E+01

.552E+00 2.911E+00

4.045E-01 4.291E-05

moles of species i in

Avagadro's number

. Qtrct'om TTnliiTno ^•n mai-o-r

^(2)

~ •

1.782E-17

6.299E-07

4.140E-01

the system

,, n.N
.-> /4 ^ 3-. ft. =

300 Atmospheres
13 • ' ' TTi

H H
2
 H+

1.1E-08 8.195E+01

4.737E-02 3.273E+01 1.364E-17

5.040E+00 1.135E+01 5.251E-07

1.796E+00 8.282E-04 9.614E-01

atoms or molecules of species iv
—j"—"• -——— —« ~— ~—- N-^.^., -. meter*3

25 3 '
L^ = 2.68699 x 10 particles/meter (Loschmidt number)

(2) Electron concentration is nominally the same as the H+ concentration

(3) Note, the 23,000°K values are shown merely for completeness. The calculations
in this report were limited to a relatively low temperature demonstration test,
and 5000°K temperatures for hydrogen were the highest employed.

lU-



by direct use of the classical scattering laws. The P transfer matrices

for transfers from the PHROG groups above the INCITE cutoff level of 2.38 eV

were not developed, but complete P transfer matrices for all of the INCITE

groups (levels 13 to 19) were employed. The transport calculation was per-

formed in Si detail using spherical geometry models and complete rational

P_ and P scattering matrices, except as noted above.

3.2 Criticality Calculations

For the calculations, a general spherical model which consisted of

a fueled core with radius 2/3 that of the cavity radius (figure 3.1) was

employed. The reactor was divided into 11 regions with 3 regions in the

fueled volume of the cavity, 2 regions in the hydrogen coolant annulus,

a one-region cavity wall, a one^region coolant inlet annulus, a two-region

heat shield, and a two-region D?0 reflector. The mesh point spacing varied

from region to region, but was the same for all the transport calculational

cases. Table 3-3 summarizes the model dimensions used for the base

case and Table 3A summarizes the case variations which consisted of

dimensional changes and temperature and material atom density changes in

regions in the cavity. Two additional preliminary transport cases which

are not.shown in the tables were calculated. These cases dimensionally

were the same as case 1 but with fewer regions and an increased number of

mesh points. The model was modified to assist the transport code to con-

verge more efficiently and to reduce computer time without loss of accuracy.

One of these early cases is of interest because atom densities used for the

hot gases in the core and coolant regions were for 8000°K and 2500°K, respectively,

but the hydrogen density in the 50$ volume fraction cavity wall and in the inlet

15



Table 3.3

Model for Calculation of Base Reactor - Case No. 1

Number
Region Outer Mesh

Region Width (cm) Radius (cm) Points, Region Materials

• Vapor fuel* with 3% volume fraction H.
1 20.0 10 2

Both at 200 atmospheres and 2500°K

2 8.0 5 : Same as Region 1

3 5.333 33.3 10 Same as Region 1

4 8.667 5 H2 at 200 atmospheres and 2500°K

5 8.0 50.0 5 H2 at 200 atmospheres and 1000°K

6 2.0 52.0 3 BeO Cavity Wall 50% V.F. and H~ at 200
atmospheres and 293°K - 50% V.F.

7 2.0 54.0 3 H2 inlet annulus at 200 atmospheres and 293°K

8 4.0 11 BeO - 50% V.F. heat shield
D20 - 50% V.F., both at 293°K

9 12.0 70.0 8 Same as region 8

10 50.0 40 D20 reflector at 293°K

11 40.0 160.0 20 Same'as Region 10

* Fuel was the nominal metallic Oralloy composition of 93.2% U-235, 5.4% U-238,
0.4% U-234 and 1.0% U-236.

16



TABLE 3.̂

Calculational Case Descriptions and Calculated Eigenvalues

CS, transport code — 19-energy groups,
full upscattering in seven "thermal" groups) . •.

Case Description \ .

1 50-cm radius cavity with a fuel ball 33.33-cm radius. • Fuel is 93.2%
U-235 enriched with 1% U-236, O.H$ U-23U, 5.h2% U-238. All 3 fuel
regions at 2500°K and 200 atmosphere pressure with a 3% by volume
H2 content at the same pressure and temperature. Hydrogen coolant
inner region Hg at 2500°K and 200 atmospheres. Outer coolant region
at 1000°K and 200 atmospheres.

Cavity wall region 50$ by volume BeO and 50$ by volume H at 293°K
and 200 atmospheres.

Hp inlet annulus region at 293°K and 200 atmospheres.

Heat sheild regions, 50$ by volume BeO and 50$ by volume DpO
.at 293°K.

DO reflector regions at 293°K.

K = 0.970

Same as Case 1 except core region temperatures raised to 5000°K
and fuel and H? densities in the core reduced to 1/2 the values
for Case 1.

K = 0.909

Same as Case 2 except that fuel and H volume fractions in the
core regions are changed to 70$ and 30$, respectively.

K = 0.860

Same as Case 3 except the region widths in the hydrogen coolant
regions k and 5 changed to 5 cm and 11.667 cm, respectively.

K = 0.869

Same as Case h except cavity radius changed to 70 cm and region width
for regions 1, 2, 3, ^, and 5 ratibed up from a 50-cm cavity to
70-cm cavity. 200 atmospheres.

K = 0.923

Same as Case 5 except pressure, raised to kOO atmospheres and fuel
and hydrogen densities changed accordingly.

K =0.77^

Same as Case 5> except 100 atmospheres.

K = 1.0031

Same as Case 5 except fuel ball to cavity radius ratio changed to 0.8.

K = 1.1U2

17



annulus were such as to correspond, to lower temperature conditions (500°K and

373°K) with the system at 200 atm pressure. At the time these calculations

were made, only .the 5»000°K hydrogen cross section data had been generated.

.Thus, high temperature cross sections were then used with low temperature and

these data were used in all regions containing hydrogen densities. This case

dramatically illustrates the up—scatter effect of hot hydrogen, for it gives an

eigenvalue of 0.78.. The follow-on case used all room temperature hydrogen cross

section data with all atom densities held constant, which resulted in a 31$Ak

change in eigenvalue from 0.78 for the hot case to 1.09 for the cold case. It

is. :obvi.ous that .the extreme penalty of 5»000°K hydrogen makes it impossible to

achieve criticality at these temperatures in a 50 cm radius cavity at a radius

ratio of fuel to cavity of 0.67. Cases 5, 6, and 7, Table 3.U, indicate that,

contrary to the intuitive feeling "that increasing pressure will.increase K „_,

the total cavity pressure coefficient appears to be negative, at least in the .

range studied. Thus, increasing the cavity pressure will not compensate for

raising the hydrogen temperature. Increasing the radius ratio .to 0.85-0.90,

as predicted in case 8, Table 3-^> could compensate for some of this reactivity

deficiency. However, ratios of this magnitude are hydrodynamically difficult to

achieve.

Diffusion theory was tried for preliminary scoping of cavity size. It was

from these calculations that a preliminary cavity radius of 50 cm was deduced.

The diffusion code used employed a .fixed 19-energy group structure; however,

only one thermal group was available in the code, with no thermal upscatter.

Resonance self-shielding factors were included in the calculation for the fuel

region. The model dimensions and atom densities were identical to the hot trans-

port case mentioned above. The calculated eigenvalue using this.code had agreed

well with the room temperature critical experiments. However, with but a single
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thermal group adjusted for total cross sections equal to the hot hydrogen,

this code was woefully inadequate to calculate the hot hydrogen cases. The

code could not account for the significant alterations that occured in the

thermal neutron spectrum between the "cold" D_0 reflector-moderator and the

hot hydrogen coolant. For instance, the hot case, calculated with the single

thermal group, gave a multiplication factor of 1.006 compared to 0.78 for the

multi-thermal group transport case. Essentially, this entire error was the

result of inadequate treatment of hot hydrogen upscatter, not because of the

differences between transport and diffusion theory. (Though the latter effect

is not negligible, it is only the order of 5$Ak and hence small compared with

the hot hydrogen Upscatter effect.)

After reviewing the results given in Tables 3.3 and 3-^> NASA Lewis

Research Center calculated the thermodynamic distribution of uranium and hydro-

gen atoms using their radiant heat transfer code. Using cavity dimensions of

k ft diameter and low discharge and core-edge temperatures as assumed in the

above nuclear calculations, NASA found that uranium temperatures in the core

center were extremely high with resulting atom densities that were quite low.

Figures 3.1* to 3.6 graphically represent the specified temperature, fuel,-pro-

pellant, and propellant seeding distributions. This data essentially formed

the base for developing atom densities for the second iteration of nuclear cal-

culations. Tables 3.5 and 3.6 list the parameters initially used in the match-

ing computer solutions. It will be noted that the specified radiiis ratio is

still 0.67> however, the fuel densities are considerably less than used in the

preceeding calculations. Of note, also, is the fact that no mixing of hydrogen

with the fuel in the core has been assumed by NASA.

Table 3.7 shows the variations on the basic cases investigated, and the

238resultant criticality factors. The effect of U as the seeding material was
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shown to be slightly negative, but not of sufficient magnitude to alter the

results if omitted, so in subsequent runs no seeding material was included.

Due to the expense involved in using the transport code SCAMP, a multi-

thermal group diffusion theory code, MONA, which employed the same energy

format and cross—section library as SCAMP, was used in most of the variations

tested. Agreement between the two codes was within

Using the atom densities and distributions specified by NASA, K was

found to.be only 0.1*9 and 0.58 for the 500 and 200 atmosphere cases, respectively.

These values are far from criticality. The bulk of the variations examined in

this series of calculations used the 500 atmosphere- case as a starting point,

since the greater amount of fuel seemed to give the greater potential in ever

becoming critical. This was assumed to be true despite the negative pressure

coefficient from the base calclations.

The effect of fuel-propellant mixing in the core , which from the non-

nuclear flow testing was known to occur, was investigated by mixing hydrogen

with the uranium in various densities in the three fuel regions. It was

assumed, reasonably, that the greatest amount of mixing would occur in the

outermost fuel region, with lesser amounts of mixing in the inner , two. There

also exist temperature differences in these regions, and for the purposes of

the mixing cases, hydrogen at 23,000°K was used in the inner two, and at 5»000°K

in the outermost fuel region. In the mixing, it was assumed that at the

specified temperatures in the fuel, the uranium would be doubly ionized. Thus,

to keep the pressure constant, for every three atoms of hydrogen mixed into a

core region, one atom of uranium, a nucleus and its two electrons, were removed.

While the choice of doubly ionized was somewhat arbitrary, it was thought to be

20



conservative, "based on extrapolations to published values for uranium plasmas.

The cross sections for 23,000°K hydrogen were calculated for hydrogen atoms,

since at that temperature, the molecules are nearly all dissociated. The

results of this series of calculations are shown in graphical form in Figure 3-7-

The deleterious effect of hot hydrogen was further checked by including

a thin region of 23,000°K hydrogen in the propellant region next to the fuel,

replacing the 5»000°K hydrogen atom for atom. This dropped K __ by 10$Ak.

Since this, design effort was to correspond as closely as reasonable to the expected

mixing conditions, the effect of mixing 5,000°K hydrogen in the core instead of

23,000QK in the inner two regions was not checked in this series.

Although radius ratios larger than 0.67 become more difficult to maintain

fluid-flynamically (at least in small cavities), the calculations have shown

that in order to have an economically attractive sized demonstration test (i.e.,

about k ft diameter) of the gas core reactor concept, it apparently will be

necessary to attempt to operate at higher radius ratios. . Opacity studies of

seeded hydrogen as coolant have shown that minimal thickness of about 3 inches

can be tolerated for low temperature (approximately 8,300°K) plasma operation.

allowing larger radius ratios, up to approximately 0.9» to be feasible. The

[19]non-nuclear flow testing . has also shown that it may be possible to obtain

such a larger value of radius ratio through proper selection of cavity parameters.

Further study is also needed in the area of fuel density distributions.

The NASA specifications show a marked fuel density peaking at the outer edge

of the fueled regions, due ostensibly to condensation of the gaseous fuel

through interaction with the coolar propellant. The calculations have shown
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sensitivity to the total fuel mass in the cavity, necessitating an exact

knowledge of the actual fuel density distribution configurations.

To ascertain the effect on criticality of increasing the cavity radius

at constant radius ratio, some variational calculations were performed on the

basic cavity configuration, increasing each of the regions within the cavity

proportionately, holding the reflector thickness constant. The graph in

Figure 3.8 shows the results of this series. The radius ratio was chosen to

be 0.90 in each of these cases. The flattening of the curve indicates that improvement

oh containment and radius ratio must be the dominant goal of further non-nuclear

flowing gas cavity testing, if the ultimate goals of reasonably sized test

cavity reactors is to be obtained.

In an effort to qualitatively ascertain the sign of the change

associated with varying the temperature of the hydrogen in the reflector, the

last two cases listed were calculated. In case #36, the core was unchanged

from the preceding 10' diameter case, and the 293°K hydrogen in the reflector

was replaced with 5000°K hydrogen. This increased k f from 0.890 to 1.230.

In case #37, the 1000 K hydrogen in the cavity, as well as the 293 K hydrogen

in the reflector was replaced with 5000 K hydrogen, the atom densities in each

region being arbitrarily held constant. This changed k f, from 0.890 to 1.172.

These last two cases indicate that additional effort must be made in properly

designing and specifying the reactor parameters chosen for the test configuration, in

order to have meaningful correspondence between calculations and reality.

Additional graphical results are displayed in Figures 3.9 to 3.11.

The dependent variable displayed in some of these figures, the effective

.radius R , is defined to be a region fuel density weighted average radius,
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£ p (4ff r^ Ar > ' L°W values of keff
 shown indicate strongly the

need for further investigation of cavity reactor parameters prior to final

design of a test reactor configuration.
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Table 3.5

S, Transport Code-19 Energy Groups, Full Upscattering in 7 Thermal Groups

500 atmospheres - NASA Distribution Specs - Base Case No. 1

Region NMP Material

1 ...' 20 H (23,000°K)
U-234
U-235
U-236
U-238

2 10 H (23, 000° K)
U-234
U-235
U-236
U-238

3 5 H (5,000°K)
U-234
U-235
U-236
U-238

4 10 H (5,000°K)
U-238

5 10 H2 (1000°K)
U-238

6 5 H - (293°K)
BeO

7 5 H2 (293°K)

8 30 DO
BeO

9 40 DO

10 20 D-0

Cone.

0
1.846
4.301
4.615
2.492

0
2.256
5.257
5.640
3.046

0
4.717
1.099
1.179
6.368

2.410
2.564

4.519
1.282

4.06
3.624

2.444

3.624

3.31

3.31

x 10 7

x 10 7
x 10 '
x 10

x 10~7

x 10 7
x 10 '
x 10~6

x 10 ,
x 10~;
x 10~°
x 10

x 10~,
x 10

x 10 _
x 10

-3
x 10 _
x 10

x 10~3

x 10~2

x 10 +

x 10~2 +

0.018 gm/cc

0.022 gm/cc

0.046 gm/cc

0.004 gm/cc
0.001 gm/cc

0.015 gm/cc
0.005 gm/cc

0.0022% H

0.0022%H

Thickness
(width) (cm) Radius (cm)

. 35.00 35.00

9.00 44.00

2.86 46.86

14.14 61.00

9.00 70.00

2.00 72.00

2.00 74.00

16.00 90.00

50.00 140.00

40.00 180.00

the atom densities given above, except for the U-238 seeding in regions 4 arid 5
will be taken as a concentration of 1.0 for the balance of the models, unless
explicitly stated. The atom density of 23,000°K hydrogen corresponding to a
concentration of 1.0 will be taken to be that of the hydrogen in region 4,
2.410 x 10~3 atoms/barn cm. The fuel is Oralloy - 93.2% U-235, 5.4% U-238,
1% U-236, and 0.4% U-234. All subsequent cases unless explicitly stated, used
identical reflectors, that is, regions 6-10 were the same in moat cases. These
regions correspond to those used in previous calculations also.
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Table 3.6

200 Atmospheres - NASA Specifications - Base Case No. 2

Region NMP

20

10

10

10

Material

H (23,000°K)
U-234
U-235
U-236
U-238

H (23,000°K)
U-234
U-235
U-236
U-238

H (5000eK)
U-234
U-235
U-236
U-238

H (5000°K)
U-r238

H7 (1000°K)
U-238

Cone.

8.922 x 10
2.079 x 10"
2.230 x 10"
1.204 x 10"

.-8

1.230 x 10
2.867 x 10
3.076 x 10
1.661 x 10

-6

2.871 x 10
6.690 x 10"
7.178 x 10"
3.876 x 10"

7.531 x 10
6.409 x 10"

1.807 x 10
5.127 x 10

Thickness
(width)(cm) Radius(cm)

35.00 35.00

9.00 44.00

2.86 46.86

14.14

9.00

61.00

70.00

6-10 same as Case No. 1
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Fig. 3.4 NASA 70 cm cavity reactor fuel density distribution 500 atm
pressure case (Model indicates the distribution assumed for
the computer solutions.)
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Temperature Distribution Specification

Model
Specified Distribution

0 10 20 30 40 50 60 70 80

Cavity radius (cm)

Fig. 3.6 NASA temperature distribution for 70 cm cavity reactor 500 a tin
case
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3.3 Temperature Coefficient

Total temperature coefficient arises from two main sources in the

system, the temperature of neutrons returning from the reflector-moderator,

and the up-scattering from hot hydrogen in the system. The reflector-

moderator coefficient was not calculated but preyious measurements in a

I?] ' •- -•
cavity reactor critical experiment give an indication of the magnitude

and sign for this effect. For a system with, a somewhat larger effective

cavity volume in cylindrical geometry, with the same reflector-moderator

thickness as was used in this series of calculations (Table 3.M the

measured average temperature coefficient from 32°C to 70°C was -0.0115$ AK

per degree centigrade rise in moderator temperature. During the same

[9]
experiment and similar spherical geometry critical experiments, the

cold hydrogen penalty for an effective annulus 30-cm thick, containing

211 x 10 of cold H atoms per cc surrounding the fuel was measured as

approximately -7 to -12$ AK. The penalty is less in systems with greater

structural poison and hence greater fuel loading. This hydrogen atom density

is in the range of the values used in the calculations in this report.

The combination of absorption and high scattering properties of

hydrogen appears to impose this rather severe reactivity penalty. This

penalty is drastically enhanced by elevating the hydrogen propellant

temperature to that proposed for the test conditions. The enhancement

is due to up-scatter in energy of thermalized neutrons returning from the

reflector^noderator. The upscattering increases the energy and reduces

the cross section for absorption interactions with the gaseous-fueled core.

Figure 3.3 graphically illustrates how the total scattering cross section

for the Hp molecule increases with temperature. The scattering effect is

strongest on those neutron energies most effective in the fission process •
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(ie, the lowest energy having the highest fission cross section), and

consequently their loss to the fueled region of the cavity results in a

strong negative hydrogen temperature coefficient, :

Table 3•8 gives the calculated p macroscopic scatter cross.section
. . . • - . . - ' • • - • . • • . o • • - . • ' . . • ; . • • .
transfer matrix, by .group, for the 8 lowest energy neutron groups used in

the calculations. (.The group energy structure is shown in Table 3.1.) .

This table compares the in-group and group—to-group transfer of neutrons in

a hydrogen molecule environment at 2500°K and at': 29.3°K temperatures at

200 atmospheres pressure. This, quite clearly illustrates the importance

of hydrogen upscatter on the system reactivity. Observe from the table

that the hot H? cross section is greatest for up—scatter to group lU

(0.2 to O.UlU eYl from all of the lower energy groups, which is to be

expected since 3/2 KT for a 2200°K effective neutron temperature is

0.28 eV. At this energy, the fission cross section on 235U is only.

73$ of the room temperature cross section.

Finally, Figure 3.12 is a plot of the flux distribution in the 6 lowest

energy neutron groups as a function of the cavity radius for Case ̂  of

Table 3 A. This calculation.was based on a cavity :pressure of 200 atmospheres

with the fuel region containing 30$ by volume H~ and 70$ by volume fuel at

5000°K. The surrounding hydrogen coolant blanket was divided into two zones,

the inner most, 5-cm thick zone at 2500°K and the 11.667-cm thick outer

zone at 1000°K. The curves show a s.teep loss of neutrons to the fuel below

0.08 eV. This loss shows up in an enhancement of neutrons in the.higher

energy groups, with, group ih showing the most marked increase due to up-

scatter. contributions from the lower energy groups.

Table 3.9 lists by energy group the average mean free scattering path

lengths for both, hot and room temperature hydrogen at 200. atmospheres of pressure.

It is apparent that thermal neutrons returning from the reflectbr^moderator
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Fig. 3.12 Plot of some thermal neutron group flux data vs reactor radius through
core and hydrogen containing regions for Case 4.
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Table 3.9

Nominal Total Scattering Cross Sections and
Scattering Mean Free Path for Thermal Neutrons in

Group

19

18

17

16

15

14

13

Group

19

18

17

16

15

14

13

Energy (eV)

0

.005

.025

.08

.12

.20

.414

.005

.025

.08

.12

.20

.414

2.38

Energy (eV)

0

.005

.025

.08

.12

.20

.414

.005

.025

.08

.12

.20

.414

2.38

2500°K H2

barns
HZ molecule

550

210

110

78

70

60

50

293° H2

barns
HZ molecule

180

90

60

52

50

45

42

gas - .000573 ~-& b cm

ES .-

.315

.120

.063

.0447

.0401

.0344

.0287

nf\ / ar\ *~
0 b cm

V* -1> cm
A
.880

.440

.293

.254

.245

.220

.205

A cm
s

3.17

8.31

15.9

22.4

24.9

29.1

34.8

A cm
s

1.136

2.27

3.41

3.93

4.90

4.54

4.87
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to the fuel may encounter an H layer several mean free paths in thickness.

Except for absorption and backscattering, this is not important for cold

hydrogen. However, as discussed above, up^scattering becomes increasingly

important as the hydrogen temperature is raised. The resulting temperature

coefficient of reactivity effect can effectively limit the exhaust temperature

and power level since it is a negative feedback effect. On the advantageous

side, this temperature coefficient is also a very effective system .

stabilizer from a safety standpoint limiting both the system temperature,

and pressure.



3.1+ Summary of Nuclear Results

It is obvious that the penalty of hot hydrogen to achieving criticality

is most severe. The negative reactivity-temperature coefficient is in the

range of -7#Ak per 1,000°K of discharge propellant temperature. Furthermore,

the larger the cavity the higher will be the system multiplication factor for

given conditions of temperature, pressure, and radius ratio. Thus, for larger

cavities, higher operating temperature and discharge temperature will be pos-

sible. The calculations were not done in sufficient number to create a family

of curves of exhaust temperature vs cavity size for various fuel to cavity

radius ratios. However, the work performed indicates that the temperature vs

cavity radius coefficient is approximately as given above.

From the series of calculations performed for this study, the 70-cm radius ,

(U-l/2 ft diameter) cavity size appears to provide satisfactory conditions.

Further study could lead to systems of this size showing promise of attaining

criticality through hydrogen perheating or reflector design modifications.

However, the brief nature of this study precluded further investigation that

would allow exactly specifying the needed cavity size. Several iterations

between the nuclear and radiant heat transfer codes are required.

The thermalhydraulic design in the following section was based on a U ft

diameter cavity^ as were the associated rough cost estimates. It appears that

this size of reactor may be adequate for a useful demonstration test. There

is little doubt, however, that the k ft cavity diameter size is indeed marginal,

and a somewhat larger size would be desirable. However, this study was brief

and cursory, and the nuclear calculation results should be used only as a guide.

Perhaps the most startling result from the study is that the pressure

coefficient of reactivity is negative, at least for the conditions assumed

in the study. This further illustrates that the hydrogen penalty is

indeed severe, so much so that above 100 atmospheres the addition of more

Ui



fuel via an increase in pressure was more than counteracted by the negative

effect of the corresponding increase in hydrogen. Certainly, the .negative
• ' - • ' N . '

pressure coefficient wili not be true at all pressures and temperatures,

and a more complete study appears warranted. .

Finally, the effect of a change in radius ratio of fuel to cavity is

much, stronger than hitherto assumed. Measurements of the effect in a "cold

'•••••"'• • [7! -critical experiment without hydrogen showed approximately a 6% AK

increase in reactivity as the fuel ball radius increased from 0.67 to 0.80 of

the cavity radius. With hot hydrogen as a coolant surrounding the fuel ball,

the identical, change in radius ratio was calculated to be 2.2% AK (.cases .5

and 8 of Table 3.'U). The reasons for the difference are that with hot

hydrogen, growth of the fuel ball not only has a positive geometric effect

on reactivity but also displaces some of the extremely deleterious

hydrogen coolant from the cavity. This net effect would appear to be a

strongly positive contribution to the reactivity temperature coefficient.'

However, the larger fuel radius is probably unstable fluid-dynamically,

and should quickly reduce back to its original size. Furthermore, the

pressure and hydrogen temperature coefficients of reactivity are both

negative. Thus, it would appear that overall the temperature effect on

reactivity is negative.
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U.O THE CLOSED CYCLE TEST SYSTEM • •

A closed cycle test system is needed from environmental and economic

considerations, since the gases passing through the test cavity will,

contain fission fragments. Release of fission fragments to the environment

cannot be tolerated under present political conditions which demand very

careful controls to avoid violating the environment. The necessary contain-

ment and clean-up equipment for a closed coolant loop, however, should cost less

than the cost of the equipment for filtering out the uranium for re-use.

Since the propellant gas will be re-used with a resulting cost savings,

the complete containment system will not be such a major cost factor that

it would dictate that the testing would be economically unfeasible.

H.I Materials Selection

The selection of structural materials for the reactor are indeed

critical. Wuclearly, the system must use as many low cross section materials

as possible, since thermal neutrons will typically traverse the reactor

several times before a fission reaction is 'likely. Selection of moderator-

reflector material is also critical. Though beryllium and heavy water

are both effective moderators for this system, the slight advantage of

heavy water dictates its use as the main moderator. Beryllium or BeO

would make fine heat shields within the DO moderator system.

The cavity wall should have low absorption properties as well as high

temperature capabilities. The use of low melting temperature materials

such as Al or Mg for the demonstration test is inappropriate until the

cooling and temperature protection capability for the wall is demonstrated.

Among materials that would be feasible are beryllium oxide, alumina,

aluminum silicate, and clad zircaloy. Construction techniques for

43



the wall need to.be developed. Tubular construction as well as photo-

etching techniques would be considered. Note that construction of a

spherical " porous wall" with, tangentially directed flow will involve

techniques that are not conventional. The geometric shapes will be

difficult to define,, specify and fabricate. Figure 3.1 shows a typical

design that utilizes low cross section, high temperature materials,

and Table U.I summarizes the types and characteristics.

U.2 Choice of Coolant Gas

Table U.2 contains the coolant gases considered and their thermodynamic

and nuclear properties of concern. Either hydrogen or a gas which approxi-

mates hydrogen's thermodynamic and nuclear properties is needed since

hydrogen is necessary for the actual rocket engine to provide the required

specific impulse. The disadvantage of using hydrogen is that its chemical

reactivity creates an explosion hazard. However, hydrogen systems have been

built and operated successfully..

If another gas were to be considered, its thermodynamic flow character-

istics would have to be similar to those of hydrogen in order to provide a

useful demonstration of the gas core concept at high temperatures. These

thermalhydraulic requirements imply low molecular weight for the specific

impulse and the gas-to-uranium-weight ratio. This consideration makes

helium the only gas reasonable for approximating hydrogen thermalhydraulically

for the gas core demonstration test.

The disadvantage of helium is that its nuclear properties differ

considerably from hydrogen. As has been shown in Section 3, hydrogenfs

scattering properties have a strong effect on the nuclear system operation.

Hydrogen's up-scattering capability is about k times that of helium while
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its cross section for scattering is approximately 25 times higher. Therefore,

a teat facility designed with, helium will differ significantly from a hydrogen

rocket design.

It is apparent that a hydrogen gas.test facility will make the greatest

possible advancement in gas core rocket technology. The use of helium would

indeed compromise the significance of the results. Therefore, hydrogen was

chosen for this preliminary design study, and it is felt that its choice

will extend well beyond this preliminary work.

U.3 The Gas Cycle

The closed hydrogen cycle shown in Figure U.I includes: (.1) a constant

high pressure liquid or gaseous hydrogen supply to the cavity, C2} nozzle

coolant supply, (3) system for cooling the hot exhaust gas, (A) system to

remove the uranium and the seed material from the gas stream, C5l filters

for removing fission products, (_61 exhaust gas storage tank, (j). compressor

and liquifier to repressurize and liquify the coolant Chydrogenl gas, and

(8) water coolant for the heat exchanger. For a U-ft diameter cavity,

a hydrogen mass flow rate of 3 Tb /sec is needed to maintain a volumetric
m

o
flow rate of 1600 ft /min at 200 atm pressure. The total hydrogen mass

flowing through the cavity for a three minute run is about 530 Ib

These conditions are those which model the full scale 10-ft diameter

cavity rocket requirements, within a nominal U-ft diameter cavity

demonstration test.

The constant high pressure supply can be obtained by blowdown from

high pressure storage tanks, or from a compressor. To supply the 530 Ib

3
of hydrogen for blowdown a pressure vessel of 500 ft is required at a

pressure 200 atmospheres greater than the test cavity pressure. To
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pressurize 3 l"b /sec, hydrogen flow rate from 1000 psia to 60QO psia

CUOO atm) requires a compressor of about 5000 hp. A feedback pressure

control system is needed to regulate constant pressure to the cavity

and nozzle.

The large requirements for the hydrogen gas feed system have led

to the consideration of liquifying the gas before re-cycle. Pumping

requirements for the liquid are in the range of 500 hp. Liquid hydrogen

will also be used in the actual rocket application, and hence its use

in the demonstration test will make the test more pertinent to the

actual application. Use of the liquid storage is also likely to result

in lower overall capital costs for the complete hydrogen system. Before

the hydrogen enters the cavity, it will be seeded by an appropriate material

(such as tungsten — Ref. I^Jl to provide the coolant with the needed

attenuation coefficient for radiant energy.

The exhaust hydrogen from the nozzle is cooled by two means. First,

cool hydrogen* is injected into the exhaust stream to cool the exhaust

hydrogen enough so that high temperature requirements are tolerable; and

secondly, a water cooled heat exchanger will remove sufficient energy to

bring the gas to nominally ambient temperature. A mass flow rate of

cool hydrogen equal to the nozzle exhaust rate injected at the nozzle exit

will cool the exhaust from 5000°E to 2750°R. The exhaust gas from the

2nozzle is ejected at mach one from a throat area of 0.7 in. . After mixing

at 20 atm pressure, an average velocity of about 3200 fps is obtained,

which requires an exhaust chamber of about l|-in. diameter.

*This exhaust stream coolant will consist of half of the total hydrogen
mass flow requirements. However, the coolant diluent need only feed into
a 20 atm system, and the pumping requirements for this flow will be
negligible compared to the required for the cavity coolant.
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The hydrogen next passes through a heat exchanger consisting of a

serpentine pipe of t-in.: nominal diameter designed to trap the uranium

.and seed. The heat exchanger piping will "be adequately berated with

•partitions to prevent criticality. Finally, high efficiency particulate.

filters would be used to .remove anything not trapped in the heat exchanger.

The cooled and cleaned gas is then stored in a low pressure tank of about

23,000 ft total volume at 10 atm. Another feedback pressure control system

is needed to regulate a constant pressure in the hydrogen exhaust system.

This control is primarily .for protection of the discharge collection and

clean-up system. The. critical pressure ratio for choked-flow nozzle

discharge makes discharge pressure control in the range of 1 to 20 atm of

little importance to the performance of the reactor.

k.k The Gas-Uranium Separation System

The gas-uranium separation system must remove the uranium from the

hydrogen exhaust stream and be constructed so that the uranium can be

removed remotely from the system at the end of each run. The idea presented

here is to make use of the large difference in the masses of hydrogen and

uranium molecules and the resultant centripetal forces.

The method is to use a tube-in-shell type heat exchanger in which

the hydrogen and uranium flow is through the tubes and the water coolant

flows through the baffled shell. The tubes are made into one continuous

tube by joining them external to the shell. Each external Joint will be

a 180-degree turn in which centripetal forces are applied to the uranium.

This forces the uranium dust to the outside walls of the Joints where traps

will be placed to catch, the .uranium. After each, run the Joints can Be
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removed to extract the uranium without completely disassembling the

heat exchanger. The radiation levels will necessitate that, this operation

he performed remotely.

The mixing of uranium and hydrogen as. hot gas, and the subsequent

cooling of these gases for separation of the two materials raises the

question of the formation of uranium hydride. .Ref, JlTJ discusses the

formation of metallic uranium hydride CUH_} with, the release of %30.3 Kcal/mole,

and the dissolution of hydrogen gas in the molten uranium. Neither problem

appears to be serious enough to be of major concern in the operation of

the gas core demonstration. Hydriding of the metal can be anticipated to

the extent of 1 atom of hydrogen per 2000 atoms of uranium in the cooled

metal at atmospheric pressure. Higher .concentrations in the ratio of -the

square root of the pressure can be anticipated for the discharge nozzle

down stream conditions, where design pressures as high as 20 atm are
/

specified. Above ̂ 35°C, the uranium hydride metal decomposes and the

problem then turns to one of dissolution in the molten uranium. The.

information in Ref. [17] leads to the conclusion that a relatively rapid

cooling of the uranium-hydrogen gas mixture will result in only a fractional

atom percent of hydrogen atom concentration in the uranium.

U.5 Cavity Wall Thermal Hydraulics

The pressure drop in the hydrogen inlet annulus between, the cavity
i

wall and the heat shield is approximately 10 psia or less due to friction.

The mach number was estimated at 0.01 to 0.1, therefore, the pressure can

be assumed to be the stagnation pressure. The maximum hydrogen flow

velocity calculated is 130 ft/sec at'the inlet. The spherical geometry,

the decreasing mass flow rate and the increasing temperature and friction
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will change the angular velocity of the hydrogen around this annulus.

Consequently, the or if icing of the cavity vail will need to be carefully

.pre-established and specified in cold-flow component.tests.

Heat transfer coefficients for the sides- of the cavity wall .were

calculated using the Dittus-Boelter correlation for turbulent flow of

nonmetallic fluids through ducts and tubes, With an annulus velocity of

UO ft/sec at 600°F, the heat transfer coefficient calculated for the annulus

is 930 Btu/hr ftT1. For a 1 ft/sec at 5000°F flow along the inside cavity

wall and 1 ft/sec at 620°R transpiration cooling flow through, the wall,

f i ft 1
the heat transfer coefficient for the inside wall has been estimated

to be 0.7 Btu/hr ftT1. . '

The maximum cavity wall temperature calculated using the above

heat transfer coefficients is about 1000°F at the inside surface of the

2 5
cavity wall for a thermal radiation heat flux of 100 W/cm C3.17 x 10

2Btu/hr ft ), a cavity gas temperature of 5000°R, and an outer flow-

distribution annulus gas temperature of. 600°R. The calculation neglected

the gamma heating in the cavity wall and the convective transfer from

the 5000°R hydrogen in the cavity. The gamma heating was estimated to

be less than 10^ of the 100 W/cm: and the convective heat transfer

from the 5000°R cavity wall is less than 1% using the above heat transfer

coefficient. Based on these assumptions, the outside and inside wall

temperatures are U8o°F and 1000°F, respectively. The peak wall temperature

will be,on the inside surface unless this temperature exeeds the effective

fluid Cgas) temperature. The radiant heat flux is the most predominant .

factor contributing to high wall temperatures. The 1000°F temperature is

tolerable for high, temperature ceramic type materials or refractory metals,

but would be completely unacceptable for aluminum or magnesium.
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5-0 OPERATING CHARACTERISTICS I

The startup method would utilize a cold hydrogen gas flow into the

cavity. A specially designed injector would be inserted into the cavity

to introduce and disperse the fuel in the cavity, into a shape compatible

for criticality. Once nuclear operation commenced, the power level would

gradually be increased until the desired temperatures were obtained for

vaporization of uranium metal. At such time, the uranium feed system

would be switched to a pellet or dust high velocity injection system

operating from outside the cavity. The startup injector would then be

withdrawn from the cavity.

5-1 Power Levels and Temperatures
o

To achieve the desired UOOO°R minimum discharge temperature at 1600 ft /min

of hydrogen gas at 200 atm of pressure, a cavity power level of 35 to ho MW

is required. Higher temperatures and pressures will result in correspondingly

higher total powers. The 1600 ft /min is the flow rate found to be necessary

in cold flow component tests with a similar sized cavity. Much lower

flows result in conditions that do not adequately expand the inner gas to

the volume needed for criticality.

Because of the strong temperature coefficients of reactivity, large

swings in reactivity control will be needed. However, this control of

the reactor can easily be established by reflector control mechanisms,

with worths in the range of 15 to 20$ AK, The long prompt neutron lifetime

(A-2 milliseconds) makes the reactor relatively safe and controllable

even under prompt critical conditions.
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The reactor will need to Tie operated"^ indirect observation .of

the nuclear conditions:. Exact flow and geometry conditions within.the

cavity will not be observable, and must he deduced indirectly. Consequently,

the most aophisticated reactor kinetics control and analysis systems will

need to be employed. On-rtime noise analysis of a variety of signals will

be essential.

5-2' Radiation Levels

The mode of operation will be similar to that of NERYA and ANP tests.

The control room will be physically .separated from the test area for the

reactor. Following a test, the reactor and.certain auxiliary components

will be transported to a hot shop. Essentially no reactor shielding will

be necessary

The short periods 0? operation — several minutes a test and.perhaps

only 2 or 3 hours total in a year —will result in low activation levels.

If plate but of fission products can be kept to a minimum, the servicing

problems should be relatively easy once the fission products extracted

from the exhaust stream are removed. However, flux levels will be in the
16 2

range of 10 thermal n/cm so that direct manual operation on reactor

components will not be possible even if no residual contamination exists.

5.3' Te&t:Changes, Servicing and Maintenance

The principal servicing operations will consist of operation of the

uranium and hydrogen clean-up and.recharging systems. This, will comprise

the main activity between the brief power tests.. Recharging and

.preparation for a .rerun (.no alterations to the reactor 1 will probably

require a minimum period of one working week.
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5.fr Diagnostics • -

Since the purpose of these tests is to study all aspects of the gas

core reactor concept, the'means- of diagnostics will'probably be varied

and extensive and due consideration of these needs will be given to diagnostics

in the design. The diagnostics must cover, among other things, the

neutronics and critical!ty of the reactor; the hydrodynamics of the core,

propellant and coolant; the behavior of the vessel walls and structural

materials; the thrust generated; the fuel injection; the radiation and

energy transport. This will require an extensive array of probes. For

instance, the size of the core and the flux distribution within the core

might be determined by a fast neutron hodoscope.
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'6.0 COST AMD SCHEDULE ESTIMATES

The following tabular estimate of costs is based on rough, estimates

of construction and operation of the k—ft diameter cavity demons-trat ion

test at a test site where there are existing utilities, roads, and support

facilities. The first column shovs our cost estimates based on our experience

with similar facilities (not an engineered cost estimate) and the second

column shows our estimates of the cost difference between this full-reactor

demonstration test and the Mini-Cavity test. It is this latter column that

should be of more significance, since the cost difference estimates are

likely to be more meaningful and accurate than the absolute cost estimates.

A U-ryear minimum schedule from the start of Title-I design until operation

can begin should be assumed.

For the estimated annual operating cost of $5,000,00.0., an operating

organization of about 80 personnel could be supported. This would allow

the conducting of several (2 or 3) major test configuration changes within

a one-year period. The costs quoted in this section are to be considered

for planning purposes only.
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Table 6.1

Primary Construction Costs of 4 ft. Cavity Demonstration Reactor

k-ft Cavity
Reactor

Component Estimated Cost

Reactor Vessel
(external)

Cavity Wall

Primary Heat
Exchanger (s)

Secondary Coolant
System

Hydrogen Storage System
For Discharge Gas

For liquid hydrogen

Hydrogen Liquif ier

Hydrogen Pumps and
flow control system

Partial Flow Cleanup
System

Hot Waste System

Uranium Reprocessing
System

Exhaust Nozzle and
Discharge System

Absolute Filters

Reactor Structure

$2,000,000

1,000,000

4,000,000

500,000

2,000,000

500,000

1,500,000

3,000,000

1,500,000

2,000,000

500,000

1,500,000

100,000

2,000,000

Estimated
Difference Between
U-f-fe Cavity and
Mini-Cavity Cost Comments

+$1,700,000

+ 300,000

- 1,000,000

0

+ 1,000,000

-1- 200,000

+ 500,000

+ 600,000

-1- 50Q.OOO

0

0

+ 200,000

0

+ 500,000

Based on costs of similar-
sized LWR pressure vessels

Mostly fabrication costs

Includes remotely removable
uranium traps

Short-period operation
capability makes this a
minor design problem

20 atm; capacity =
23,000 ft3

(general "including Be
& BeO)

Uranium Feed System 500,000

Seeding System for 300,000
Hydrogen

Explosion-proofing 1,000,000
protection

Control System 1,000,000

0

0

300,000

0

Both metal dust
injection and startup
(cold) systems

Tungsten seed
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Table 6.1 (Cont'd)

Component

Data System

Handling and trans-
port system to hot
shop

Shielding

Safety Analysis,
Quality Assurance,
and Safety Review

Miscellaneoua

Fuel Element
fabrication

Fuel and D-0

Total Cost

4- ft
Cavity Reactor

Estimated Cost

$ 200,000

(existing)

None

500,000

1,000.000

0

(no cost)

$25,000,000

Estimated-
Difference Between
h-f t Cavity . a'nd Comments
Mini -Cavity Cost

0 ,

0 The NERVA and ANP concept
of railrod transport

• ' between test site and
hot shop is assumed.

50,000 • . ' . • - • -

0

0

- 250,000

0

$4,600,000 more than the Mini-Cavity
(.$20. U million)

Table 6.2

Operating Costs

Item

Installation and Checkout

Fixed Operating Annual Cost

Cost

$300,000

$5,000,000

Difference
Between Mini-Cavity

$ ^ 6

0 Would include
operating and main-
tenance crews and
support services
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7.0 CONCLUSIONS AND RECOMMENDATIONS

A full-reactor demonstration test with a U-ft diameter cavity has

been the subject of preliminary feasibility design calculations. The U-ft

size appears to be too small to achieve the required test temperatures.

However, a small increase in size beyond H-ft plus alterations in fluid-

hydraulic test patterns should result in an adequate configuration. The

cost of such a test is estimated to be approximately 25$ greater than that

of a Mini-Cavity test.

The limiting factor of the full scale test is the temperature that

can be achieved, since hot hydrogen has an extremely deleterious effect

on reactivity. However, the U-ft cavity can probably achieve close to

UOOO°R discharge conditions, enough to adequately demonstrate feasibility

of the gas core concept. In addition, this discharge temperature would

be sufficient to drive a MHD generator, if such a demonstration were

desired. The test by its very nature is an experimental investigation

of a fissioning plasma.

Among the following recommendations, item 1 appears most needed before

a decision on a full-reactor or a Mini-Cavity test is made.

1. The extremely strong hot hydrogen reactivity effect needs to be more

thoroughly studied for all gas core concepts, including the Mini-Cavity,

2. Flow control to adjust the radius fuel-to-cavity ratio will be a

strong effect on reactivity, and needs to receive additional study .

in non-nuclear flow tests.

3. Use of 233U will enhance the multiplication factor and allow operation

at higher temperatures. More attention to a study on its future

availability would seem appropriate.



U. /There is a possibility of providing additional reactivity in the use of

.fuel elements in the reflector. This results in a hybrid "Mini-Cavity"

reactor, and probably deserves further consideration.

5- .'.The .mixing:of hydrogen and helium as, a coolant was not considered in

this'report. This would reduce the hydrogen.reactivity penalty

without sacrificing essential thermalhydraulic.characteristics.

Such a consideration deserves further attention.
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