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ABSTRACT 

A thermal and nuclear NRX-A5 Design Review was held at WANL on April 10, 

1964. Analyses and planning performed to date on the NRX-A5 and subsequent reactors 

were presented. Systems analyses were performed on various "cooled peripheryH.and 

"hot periphery" seal configurations. A number of inner reflector designs were examined, 

as well as means for cooling the lateral support springs. 

Core component redesign incl,uded methods for controlling inter-element ~ressure 

distribution by undercutting or chamfering of fuel elements. Changes in tie rod diameters, 

use of as-extruded fuel elements, and performance analysis of the various systems were 

also described. 

Nuclear analysis was confined to parametric studies on excess reactivity and 

control drum span for inner reflector material combinations of graphite, aluminum, 

and/or beryl l ium. Changes required to more precisely define the NRX-A5 were discussed 

together with the effects associated with the twice power reactor capability envisioned 

for subsequent reactors. 



SECTION 1 

INTRODUCTION 

The first NRX-A5 Design Review Meeting was held at WANL on April 9th and 

loth, 1964. * The purpose of the meeting was to review the work already accompl ished 

and to formulate plans for the final design of the NRX-AS. This report documents the 

thermal and nuclear portions of that meeting. 

The scope of the NRX-AS redesign was limited to changes in the core-periphery 

inner-reflector area to eliminate uncertainties associated with the NRX-A2 design. A 

second major objective was to evaluate the KlWl B-4D wrapper seal concept. A basic 

ground rule was that a l l  redesigned components be interchangeable with the NRX-A1, 

NRX-A2, NRX-A3 and NRX-A4 reactors. Additionally, NRX-A5 was to be power rated 

at 1100 MW with the same flow capability as the NRX-A2. 

Based on these ground rules, studies were initiated to improve the reactor thermal and. 

mechanical dksign. N o  nuclear changes were anticipated except as a result of mechanical 

design changes. Areas of improvement considered were reduction of possible core in-leakage 

from the support system, inner reflector lift-off, and inner reflector cylinder buckling. 

The possibility of inner reflector l i ft-off from the nozzle flange can be reduced by 

the inclusion of heavier pre-load hold down'springs. The inner reflector cylinder buckling 

can be reduced by increasing the graphite thickness or by c'hanging to a stronger metal design. 

In  this connection, the nuclear effects of various inner reflector combiriations of graphite, 

aluminum, and beryllium on reactivity and control drum span have been evaluated. 

Two opposite approaches were taken in an attempt to solve the core in-leakage problem. 

The first was the "cooled peripheryu approach which uses a metal seal or mechanical barrier, 

such as the wrapper on KlWl B-4D, to separate the core inter-element flow from the seal 

leakagc flow. The use of metcrl seals to prevent core in-leakage requires convective cooling; 

thus the name "cooled periphery". 

* A list of attendees at the April 10th meeting i s  given in Appendix A. 



The second or "hot periphery" approach eliminates a l l  cooling in the periphery- 

lateral support region, elevating the f i l ler strips and seal rings to near core temperature. 

With this method, no special attempt i s  made to eliminate the in-leakage. It is  assumed 

that any in-leakage w i l l  approach fuel element temperature and no thermal stresses w i l l  

be induced; thus the term "hot periphery". 

Design improvement studies were also made in the NRX-A5 core components. 

These include such items as the use of as extruded fuel elements, t ie rod diameters, core 

internal pressure distributions, and possible effects on core performance of various proposed 

reuctor designs. 



SECTION 2 

THERMAL ANALYSIS 

2-1 COOLED PERIPHERY CONCEPT 

The cooled periphery concept for eliminating core in-leakage consists of the 

providing of a positive flow barrier .between the core and the lateral support system. 

One type of flow barrier i s  provided by a wrapper of thin metallic foi l  for the core 

and fi l ler strips. This wrapper method was pioneered by LASL for the KlWl 8-4D 

program. Another type of flow barrier i s  provided by a metal reed which seals the 

interface of adjacent f i l ler strips. In both cases these are mechanical type seals 

for which cooling must be furnished. 

A. ' ' Wrapper Seal 

The first studies were based on the KlWl B-4D design, modified to meet 

NRX-A5 requirements. Six different wrapper configurations were considered, each 

varying in core diameter, inner reflector thickness, or number of springs. From a 

system point of view, these six configurations reduce to only two, a distributed seal 

and a nozzle end seal. A distributed seal refers to an axially distributed pressure 

profile on the periphery of the core. The nozzle end seal refers to an axially constant 

pressure profile. The variations in the configurations have l i t t le  effect on temperature 

distribution and system analysis. 

A plan view of a typical section of the core periphery and inner reflector i s  

shown in figure 2-1. This section closely resembles the KlWl B-4D design in that i t  

has small inner f i l ler strips, internally cooled large outer f i l ler strips (432 Invar-lined 

tubes, 0. 117 inch inside diameter), and a 5 mil metallic foi l  wrapper in 48 segments 

slrrrol~nding the f i l ler strip outer periphery. 
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The temperature distribution was calculated. using THT-B (Transient Heat Transfer - 
Version B), a finite difference digital computer code. The model was a one-dimensional 

radial conduction solution in con junction with a one-dimensional axial compressible flow 

solution. Azimuthal symmetry was assumed, with the rings of coolant holes, as in the f i l ler 

strips, being modeled as.a flow annulus. The average inner fille; strip thickness was taken 

as 0.10 inch; the average outer fi l ler strip thickness as 0.50 inch. Stagnant hydrogen was 

assumed to exist in the seal cavity between the seal ring and the inner reflector. Heat 

transfer across this gap was by molecular conduction. The gap thickness was adjusted axial ly 

to account for radial core expansion. The only differences in the model for nozzle end and 

distributed seal configurations were the flow rates and fluid boundary conditions of bulk 

temperature and film coefficient. The magnitude and distribution of radiation heating in 

the components were assumed to be the same as for the NRX-A2 reactor operating at 100 

percent power. 

The axial distribution of average material temperatures i s  shown in figures 2-2 and 

2-3, for the nozzle end seal and the distributed seal respectively. The fluid temperature 

profile in each of the four streams (fi l ler strip and seal leakage coolant in parallel with core 

flow, and the graphite cylinder and reflector annulus coolant counter-current with core flow) 

i s  shown in figure 2-4 for the nozzle end seal and in figure 2-5 for the distributed seal. The 

radial temperature. profile through a seal or load ring at midplane (Station 26) i s  given for the 

nozzle end seal in figure 2-6 and for the distributed seal in figure 2-7. The shape of these 

curves i s  typical of a l l  the other axial positions. 

The axial pressure distribution for inter-element, f i  l ler strip and seal leakage flows 

i s  shown in figure 2-8. This curve provides the maximum and minimum hydraulic bundling 

pressures ( r ad ia l~P )  that the core might experience. The two curves labeled inter-elemenla 

are the maximum and minimum pressures anticipated. Both nozzle end and distributed seal 

pressurc distributions are given. The core pressure drop of 129 psi was assumed to be the same 

as the NRX-A2. The axial pressure distribution in the reflector annulus and in the graphite 

cylinder coolant holes i s  shown in figure 2-9 for a reflector pressure drop of 44 psi. 



CORE STATION - INCHES 597860A 

Figure 2-2 Average Material Temperatures, Cooled Periphery Concept 
with Wrapper Nozzle End Seal 



CORE STATION - INCHES 59786 1 A 

Figure 2-3 Average Material Temperatures, Cooled Periphery Concept 
with Wrapper Distributed Seal 



Figure 2-4 Fluid Temperatures, Cooled Periphery Concept with Wrapper 
Nozzle End Seal 



Figure 2-5 Fluid Temperatures, Cooled Periphery Concept with Wrapper 
Distributed Seal 

* * <. Q{@& 

d -- 
-9- .- *?* 



FILLER LEAKAGE 
cOOLANR FLOW 

INNER FILLER-#- . 
FILLER--/ J f I.R. COOLAFIT 

'1 
STAGNANT H2 

WRAPPER 

Figure 2-6 Radial Temperature Profile, Core Station 26, Cooled Periphery 
Concept with Wrapper Nozzle End Seal 

s - 
- 10- 



16 17 18 19 20 2 1 

RADIAL DISTANCE FROM CORE CENTER LINE - INCHES 

FILLER - - LEAKAGE 

INNER FILLER 

I. R. COOLANT 

FILLER TO' STAGNANT H2 
WRAPPER 
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Figure 2-8 Axial Pressure Profiles, G o l e d  Periphery Concept 'with 
Wrapper Nozzle End Seal and Distributed Seal Systems 
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The two cooled periphery seal designs are c,ompared in Table 2- 1. Performance 

data indicates a decrease relative to the NRX-A2 in specific impulse .for the nozzle end 
/. 

seal of  2.1 percent and for the distributed seal of 1.3 percent. These values were cal- 

culated by holding the core and tie rod mixed exit temperatures constant and the total 

system flow constant. Nozzle chamber temperature dropped 171°R and 106'~ for the 

nozzle end and distribvted seals respectively. 

Temperature leve Is and differences are similar for both systems. Radial tempera- 
0 

ture differences in the pyro are slightly greater, 50 R, with the nozzle end seal. The 

maximum difference i s  3390'~ at  Core Station 45. Maximum seal ringsand wrapper 

temperatures are nearly 200 '~  hotter with the distributed seal from the effect of ,the 

hotter leakage flows. From a pressure bundling standpoint, the nozzle end seal provides 

an additional 29 psi radial 4' based on average axial pressures. From a re1 iabi l i ty stand- 

point, the single nozzle end seal i s  inferior to a multiple.seal system. 

- The wrapper seal works we1 l but does not entirelky el im'inate the core in-leakage. 

Fluid entering the dome end plenum can flow axially behind the wrapper in the area 

between adjacent f i l ler strips. The total flow may be in the order of .0.02 I b/sec. A 
0 

portion of  this fluid at the temperature of the f i l ler strips (less than 1000 R) can flow 

radlal l y lnra the core depending on the inter-element radial pressure difference. 

B. Metal Reed Seal 

Because of this limitation, another method fo.r sealing the periphery was analyzed. 

This method, called the metal reed seal, i s  illustrated in figures 2-10and 2-11. Figure 

2- 10 compares the wrapper concept (KIWI B-4D periphery) with the metal reed seal con- 

cept. The f i  l ler strips of the latter are t ie rod supported end hung from .the core support 

plute. The f l l  ler strip junction is sealed by a pressure seated metallic foil. This i s  shown 

more clearly in figure 2- 11. An axial flow path i s  provided on the reflector side of the 

reed which pressure communicates with the lateral support seal leakage. Tie rods are cooled 

externally by flow in an annulus between the tie rods and the f i l ler strips. Axial flow 

behind the reed i s  impeded by a small graphite cylinder inserted from the core side at  the 



TABLE 2-1 

COOLED PERIPHERY CONCEPT WITH WRAPPER 

PARAMETER NOZZLE END SEAL DISTRIBUTED SEAL 

Specific impulse relative to 
NRX-A2 

Nozzle chamber temperature 
0 

R (A2 = 4087) 3916 

Total f low into nozzle 
chamber, I b/sec 

Mixed temperature of f i l  ler 
strip and leakage coolant, OR 6 12 

Reflector annulus flow', I b/sec 12.5 

Graphite cylinder flow, I b/sec 

Fil ler strip flow, Ib/sec 

Seal leakage flow, I b/sec 

Maximum axial average 
pyro temperature, OR 

Maximum radial AT in 

PY'O, OR 

Maximum average seal r ing 
temperature, OR 

Maximum wragper 
temperature, R 

Axial  average radial AP 
between seal and inter-elemen t 
flow, psi 

Maximum 
Minimum 
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Figure 2-11 Metal  Reed Seal Flow Impedance at  Core Periphery 



junction of f i l ler  strips. The required number of these cylinders has not as yet been 

determined. 

The metal reed concept was analyzed to determine feasibility from a temperature 

level point of view. A two-dimensional (r, 8) model of an average f i l ler  strip was con- 

structed for use with the THT-B code. Core Stations 26 and 45 were studied and typical 

results are shown in figures 2-12 and 2-13 respectively. A ful l  systems analysis on this 

concept has not been performed to date; that is, no calculations of flow balancing in the 

t ie rod, metal reed, and seal leakage channels have been made. Fnr this reason, para- 

metric studies were made covering a range of  f luid temperatures; the results given -are for 

the estimated fluid temperature indicated on the figures, 

Thermal analysis of  the metal reed design shows that temperature levels are 

comparable with the wrapper design. The radial temperature difference in the f i l ler 
0 

strip i s  approximately twice that of the wrapper design, or 400 R. From a performance 

standpoint, although exact values have not been calculated, i t  i s  be1 ieved that the 

metal reed system wi l l  result in less o f  a specific impulse loss. While feasibility has 

been demonstrated additional analysis i s  required to establish a l l  system parameters, 

In summary, i t  i s  concluded that: 

1) The wrupper concept ut i l iz ing either the nozzle'end or distributed seal system, 

i s  feasible from the thermal and hydraulic po,int of  view. 

2) The distributed seal is  considered more re1 iable .than the single nozzle end seal. 

3) The wrapper seal w i l l  do an efficient but not wholly complete job o'f, eliminating . 

cold in-leakage to the core from the lateral support system. 

4) Other peripheral core designs, such as the metal reed .seal, show that radial 

in-flow leakage may be effectively reduced in other ways. 

2-2 HOT PERIPHERY CONCEPT 

The'hot periphery"concept i s  another method. for preventing cold gas in-flow in to 

the reactor core; an in-flow which would cause adverse temperature gradients to develop 

.in the fuel elements: Ideally, a hot periphery design would accomplish this by eliminating 
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Figure 2-13 Cooled Periphery Concept with Tie Rod Supported Fillers and 
In-Flow Seal, Core Station 45 
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a l l  coolant flow from the core periphery. However, a more realistic approach i s  a design 

which maintains the core periphery coolant flow at  a minimum, with the coolant temperature 

nearly equal to the core temperature at  a l l  axial positions. In this way, radial in-flow of 

coolant w i l l  not jeopardize the mechanical integrity of the fuel elements. 

A feasibility study of the hot periphery design was performed which considered: 

. I) the temperature levels and distribution in the periphery region, 

2) the graphite corrosion process and its effects, and 

3) the axial pressure distribution available for bundling the core, 

A. Periphery Region Temperatures 

. The temperature distributions in the core periphery region were determined for three 

core periphery-inner reflector configurations. Each configuration was analyzed using three- 

dimensional nodal models and either the THT-B Code or the TOSS Code. Coolant flow i n  the 

periphery region was assumed to be negl ible. Surface contact between components was 

assumed . . to be intimate and the void regions in  the lateral support system to be f i l led with 

stagnant hydrogen. Heat transfer through these voids was considered to be by means of 

molecular conduction and surface-to-surface radiation. Coolant flow rates and bulk tempera- 

tures in the inner reflector cooling channels, reflector annulus, and fuel element cooling channels 

were assumed to be the same as for the NRX-A2 at ful l  power operation. Convective f i lm 

coefficients were taken from NRX-A2 solutions and modified by the channel dimensions of the. 

designs analyzed. The volumetric heat generating rates assumed were also taken from the 

NRX-A2 operating a t  ful l  power. 

The first core periphery-inner reflector configuration analyzed was identical with the 

NRX-A2 design except for the lateral support seal rings which were not grooved on their 

inner circumference, The temperature distribution in this configuration i s  shown in figure 

2-14 for Core Station 26 where the heating rates are a t  a maximum. The two curves on this 

figure are the radial temperature profiles at  two slightly different core stations, one stui.ion 

being at  the center of the seal ring and the other centered between seal rings. The radial 

and axial temperature gradients are readily observable from the figure. Temperature 
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gradients in the azimuthal direction were found to be neglible. I t  should be noted that the 

temperature levels in the pyrolytic tiles, f i l ler strips, and seal rings are strong functions 

of the width of the stagnant hydrogen regions because a major portion of the radial temperature 

drop appears across these regions. 

The second core periphery-inner reflector configuration analyzed i s  shown in. figure 

2-15. This arrangement consisted of pyrolytic graphite tiles and graphite f i l ler  strips identical 

to those used in NRX-A2, but employed an aluminum inner reflector having a repeating "Z" 

shaped cross section and seal rings having a triangular cross section. Rings of graphite felt  

were located between the inner reflector and seal rings to provide lateral support for the core. 

The temperature distribution for the design at Core Station 26 i s  shown by the iidtherms plotted 

on figure 2-15. As in the preceding configuration, the azimuthal temperature grad,ients were 

negligible compared to the axial and radial gradients. The major portion of the radial tempera- 

ture drop appeared in the stagnant hydrogen and graphite felt. Therefore, the temperature 

levels in the core periphery region were strongly dependent on the radial thickness of these ' 

materials. The temperature distribution in the seal rings and inner reflector are discussed 

in Section 2-3. 

The third core periphery-inner reflector configuration i s  shown in  figure 2-16. The 

temperature distribution shown i s  at Core Station 26. In this design, in which an aluminum 

inner reflector i s  utilized, lateral support of the core i s  provided by metallic springs and 

graphite plungers. Radial in-flow of coolant along the plungers i s  prevented by containing 

the springs in sealed pockets. These pockets were assumed to be f i l led with stagnant hydrogen 

and the springs were not included in  the conduction model of  the system. The temperature 

distribution does not differ significantly from that in the previous configuration. 

The temperature distributions were also determined at Core Station 48 where the 

core temperature i s  at its maximum value. However, because the heating rates and reflector 

coolant teniperaturcs were significantly less at this point than they were at Core Station 26, 

the temperature levels and gradients in the core periphery and inner reflector were found to 

be significantly reduced compared to those at Core Station 26. 
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B. G r a ~ h i t e  Corrosion Process 

The graphite corrosion which takes place in  a hydrogen atmosphere i s  another 

important factor in the hot periphery concept. Figure 2- 17 shows the effect of  temperature 

on the equil ibrium constants for the carbon-hydrogen reactions which produce methane and 

acetylene. Noting that the abscissa of this figure i s  the reciprocal of temperature, i t  can 

be reasoned that the reaction products w i l l  be predominately methane at  low temperatures 

and acetylene a t  high temperatures. I t  i s  of interest that for a pressure of 50 atmospheres 

the equilibrium constants of these two competing reactions become equal at a temperature 

of  4 0 5 0 ~ ~  (1000fl = 0 . W  ( U ~ - l ) ) .  

Figure 2-18 shows the measured dynamic effect of the combination of these two 

reactions as a function of temperature. This figure i s  applicable when the hydrogen velocity 

i s  i n  excess of 0.5 ft/sec. Upon noting. that the abscissa of this plot is  also the reciprocal 

of temperature, i t  may be observed that the corrosion rate increases rapidly with temperature 
0 

for temperatures in excess of  2291 R. Figures 2-17 and 2-18 were taken from WANL-TME- 

432. 

The effect of graphite corrosion on the design of the core periphery may now be 

examined. Experimental results indicate that the flow rate which occurs at the interface 

of two f lat pieces of  graphite i s  the same as the flow rate which would occur i f  the graphite 

plates were separated by a 0.001 inch gap. Then, considering this to be the case in  the 

region of contact between the lateral support-seal rings, i t  can be shown that the leakage 

flow through the lateral support region w i l l  be approximately 0.0004 Ib/sec and the average 

velocity of  the flow at the seal ring-filler strip interface w i l l  be approximately 13 ft/sec. 

This represents the minimum leakage rate which w i l l  occur assuming that there are no observable 

gaps between adjacent f i l ler  strips and that the contour of  the outer periphery of the f i l ler 

strips i s  identical to that of the inner diameter of the seal rings. Assuming that the hydrogen 

remains stagnant in the voids between and behind the seal rings, figures 2-14, 2-15, and 2-16 

0 
show that the temperature at the seal ring-filler strip interface is  approximately 3000 R. Then, 

referring to figure 2-18, the expected corrosion rate in this area i s  found to be approximately 

18 mils/hi. In contrast, the maximum temperature in  the lateral support-seal ring region for 
. . 

corresponding to a corrosion rate of approximately 1.8 mils/hr. 
.'* 



Figure 2- 17 Effect of Temperature and Pressure .on the Equilibrium 
Constants for the Formation of  Methane and Acetylene 
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I t  may be argued that for an operating time of one hour the configuration and the flow 

impeding characteristics of the seal system can change significantly due to corrosion. Because 

of temperature variations, flow gaps w i l l  begin to grow between adjacent f i l ler  strips, and at 

points between the seal rings and the,fi l ler strips. The corrosion cannot be expected to occur 

evenly around the periphery. I t  appears possible that these gaps could eventually produce 

leakage flow rates similar to those for NRX-A2. 

C. Pressure Distribution for Core Bundling 

During ini t ial  reactor operation the pressure distribution i s  determined by the gaps 

between adjacent f i l ler strips, and between the f i l ler strips and the seal rings. These gaps, 

resulting from core expansion and manufacturing tolerances, change with continued operation 

and the onset of corrosion. As the corrosion process affects these gaps, the pressure distribution 

becomes unpredictable. Therefore, to assure that positive bundling of the core wi l l  be achieved 

during the operating l i fe of the reactor, i t  w i l l  be necessary to provide a means of bundling which 

i s  independent of the pressure distribution in the seal region. In contrast the pressure distribution 

in  the N R X - ~ 2  lateral support region is  much more predictable because the seal grooves were made 

large as compared with the component tolerance gaps, and the material temperatures in  the 

periphery components are low enough to l imit the corrosion rate to 1.8 mils/hour. 

In summary, i t  is  concluded that: 

1) The "hot periphery1' design concept i s  feasible based on thermal' considerations, 

but additional design effort i s  required to assure its practicality. 

2) The "hot periphery" design concept would eliminate thermal stresses in the peripheral 

fuel elements due to radial inflow by assuring that high temperature hydrogen exists in the seal regio 

3) Corrosion of graphite in the seal region at  high materials and fluid temperatures 

may occur at rates such that control of the peripheral pressure distribution cannot be assured. 

4) Manufacturing tolerance for the core and associated lateral support-seal system 

components become impor,tant in determining the operating characteristics of the "hot periphery". 

5). The "plugged core" test faci l i ty could be used in conjunction with additional design 

analyses to investigate the practicality of "hot periphery" designs. 



.2-3 REFLECTOR COMPONENT DESIGN 
. . .  

A. Lateral, Support Spring Design , 

The principal source of cold in-flow from the lateral ;upport region is spring 

plunger or pin leakage. Elimination of this leakage, in conjunction with the hot periphery 

design, would reduce cold in-flow to the core. The various corrective methods considered 

are described in the following paragraphs. 

1. Conduction and Radiation . . . . . .  Cooled Springs 
, - -- - 

The NRX-A2 cantilever type springs were analyzed to find their operating tempera- 

rure I imi ts without external convective cooling. One-d imensional heat balance equations 

were derived for the case of conduction to or from the inner reflector through a region of 

stagnant hydrogen to a spring having infinite conductivity and internal generation. The 

heat was then conducted through another layer of stagnant hydrogen to the aluminum barrel, 

which acts as a heat sink. The spring thickness was then calculated for a given inner reflector 

surface temperature, reflector annulus coolant temperature, and spring internal heat generation 

Figure 2-19 shows the results for an lnconel spring at Core Station 26, the region of highest 
3 

radiation heating, 12420 BTU/hr in. Maximum thickness for a spring operating at 1 6 0 0 ~ ~  i s  
0 

approximate~y 20 mils for an inner reflector temperature of 500 R and an aluminum barrel 
0 

temperature of 250 R. 

The same calculations were performed every 5 inches along the core length to obtain 

the maximum permissible spring thickness as a function of core station. This curve i s  shown 
0 

in figure 2-20 for an lnconel spring having a maximum temperature of either 1400 or 1600 R. 

Other candidate spring materials having a high thermal conductivity were also investi- 

gated. A two-dimensional (r, 0) model, as shown in figure 2-21, with conduction and 

radiation was made of the spring area for use with the THT-B code. Boundary conditions 

of fluid temperatures, film coefficients, and surface fluxes were extracted from NRX-A2 

design information. Two materials, one a high temperature molybdenum al loy (TZM), and 

the other a low temperature copper-beryl l ium alloy, were selected for analysis. For purposes 
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Figure 2-19 Spring Temperature Study with no Convective Cooling - Spring Located 
on OD of Inner Reflector - Sink Temperature 250°~ ,  Core Station 26 . 
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Figure 2-20 Maximum Thickness of lnconel Spring as a Function of  Core Station 



Figure 2-21 Cross Section of Spring at Core Station 26 



of  comparison, thermal conductivities at ambient conditions were 63 and 105 BTU/hr f t  OR 

respectively. A two dimensional solution for lnconel was also performed as a check on 

the one dimensional model. The ambient temperature conductivity of lnconel i s  8.5 

BTU/hr ftOR. 

The maximum and minimum spring temperatures at Core Station 26 for the three materials 

are shown in figure 2-22 as a function of spring thickness. Maximum temperatures for a 

60 mil spring are 1905, 1830, and 1360°R for lnconel, TZM and copper-beryllium respectively. 
0 

Minimum temperatures were approximately 390 R. Since TZM becomes brittle at cryogenic 

temperatures, the minimum temperature i s  also of interest. 

O f  interest i s  the difference in maximum temperature for the one and two-dimensional 

solutions for an Inconel spring. A t  a thickness of 20 mils, the one-dimensional solution i s  

approximately 250°R hotter. This difference i s  greater for thicker springs. 

A twisted end spring, located in the cavity on the inner reflector seal eliminates 

the need for a plunger, see figure 2-23. This case was analyzed one-dimensional ly  for 

several inner reflector surface temperatures. The results in figure 2-24 show the concept 

to be marginally acceptable for a cooled periphery but unacceptable for use with a hot 

periphery. 

A third spring design, the non-linear lay down spring, shown in figure 2-25, was 

analyzed in  con junction with an aluminum inner reflector and a hot periphery. /4 two 

dimensional (r, 8) model shown in figure 2-26 was analyzed at  Core Station 26. Isotherms 

are plotted in  the figure. Zero seal leakage and intimate contact between the seal segment 
0 

and f i l ler strip were assumed. Maximum temperatures reached 5700 R and the radial difference 
0 

across the seal and f i l  ler strip combined was approximately 1000 R. Maximum aluminum tempera- 
0 

tures were slightly in excess of 800 R. 





Figure 2-23 Twisted End Spring (Without Plunger) 



Figure 2-24 Uncooled Twisted End Spring Temperature, Core Station 26 



Figure 2-25 Non, Linear Laydown Spring 
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Figure 2-26 Hot Periphery Concept with Laydown Stainless Steel Springs 
. and Aluminum Inner Reflector, Core Station 26 



Only  one spring thickness was studied, 0.042-inch. At operating conditions, 

the maximum distance between the spring and the aluminum barrel was 0.048 inch and 

was in contact with the barrel for 1. 15 inches of its 2.50 inch length. With this 
0 

configuration, the stainless steel spring reached a maximum temperature of 1000 R. 

2. Other Spring Pin Leakage Corrective Measures 

Various cooled spring concepts were considered ranging from the be1 lows sealed 

plunger to a leaf spring with an internally cooled box section. The most promising design 

i s  the tubular coi l  spring shown in figure 2-27. Flow i s  taken from the reflector ann~~l~ lz ,  

fed through several coils in series, and dumped into the inner reflector cooling holes. 

The pressure differential available is  from 5 to 10 psi from figure 2-9. Approximately 

0.002 Ib/sec would cool four 18-inch coils in series. 

Another scheme, thatof scavenging pin leakage, as shown in figure 2-28, has been 

mentioned as a possible solution. Holes would be drilled axially in the inner reflector pro- 

viding a low resistance flow path, and thus a low pressure sink, to the nozzle chamber. 

Both seal leakage and pin leakage would be vented to the core exit pressure. Studies 

performed a year ago are shown on figures 2-29 and ?-30 for comparison of three flow 

schemes, no pin leakage, with pin leakage, and with pin leakage scavenging the last 

five seals. 

The axial pressure distribution with scavenging, figure 2-29, i s  intermediate to 

the other two schemes. Wall temperatures of the f i l ler strips and seals, figure 2-30, are 

several hundred degrees higher over the last 12 inches of the core with pin leakage 
0 0 

scavenging. Seal leakage exit temperature is  1700 R with scavenging and 1150 R without 

scavenging. 

The conclusions drawn from the spring study are: 

1) lnconel or stainless steel springs of the NRX-A2 type and thickness (0.064 inch) 

not convective1 cooled would not operate within the mechanically imposed maximum 

temperature limitation near the midplane of the core. 
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Figure 2-28 Plunger Leakage Scavenge 
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2) Thinner springs, of the NRX-A2 type have permissible temperatures but large 

uncertainties in radiation heating (+' 6, make their use unadvisable. 
-0.6 

0 
3) A high temperature alloy capable of withstanding a 2000 R hydrogen atmosphere 

and low temperature could be used witho.ut convective cool ing. Neither TZM or copper- 

beryllium meet both these criteria. 

4) Internally cooled tubular coil springs are thermally feasible and w i l l  eliminate 

pin leakage. 

5) The scavenging of pin leakage can be used as an alternate method of eliminating 

cold in-flow to the core without substantial l y sacrificing thermal performance. 

6) Convection cooled springs are recommended for the NRX-AS. 

B. Inner Reflector Design 

Five inner reflector designs which would provide increased strength were subjected 

to thermal analysis. Three reflectors were aluminum and two were composite structures of 

aluminum and graphite. The studies included the effects of both a hot periphery design 

and the NRX-A2 periphery design. 

1. Aluminum Reflectors 

Two similar aluminum reflectors and their temperature distributions at Core Station 

26 are shown in figures 2-15 and 2-16. The temperature distributions shown here are those 

which occur in con junction with a hot periphery design and were determined using the 

analytical models and procedures described in Section 2-2. I t  should be noted that these 

temperatu.re distributions were evaluated using heating rates equivalent to those occurring 

in NRX-A2 at  ful l  power. 

Both these designs uti l ized 144 internal cooling holes 0.25 inch in diameter equally 

spaced around the circumference and following the "Z" shaped contour of the inner reflector. 

This configuration was necessary to l imit the aluminum temperatures along the inside surface 

of  the reflector to values that would not adversely affect the strength of the reflector. The 

temperatures at the interface between the seal ring and reflector and those at the inside surface 

of  the reflector behind the seal rings were found to be greatly dependent on the thickness of' 



the wall  between the coolant channel and the inner surface of the reflector. The results 

shown in figures 2-15 and 2-16 were obtained using a wall thickness of  0. 10 inch in the 

area where the seals seat and a thickness of 0.08 inch behind the seal rings. The effect 

of  free convection heat transfer in the seal region on the aluminum surface temperature 

behind the seals was also examined. I t  was found that this surface temperature would not 
20 

exceed 8 0 0 ~ ~  for a convective heat transfer coefficient of 100 BTU/hr f t  R i f  the hydrogen 

temperature in the seal region did not exceed 4 3 0 0 ~ ~ .  

In figures 2-15 and 2-16, i t  may be seen that the seal rings exhibit a temperature 

difference of approximately 2000'~ along their diagonals. These high temperature differences 

are a result of  the insulating properties of the graphite felt and stagnant hydrogen behind 

the seals forcing the core heat to pass diagonally through the seal ring and into the aluminum 

barrel. 

Figures 2-31 and 2-32 show the temperature distribution in the same reflector that 

i s  shown in  figure 2- 16, but with a periphery design similar to NRX-A2. This distribution 

was obtained assuming that the coolant flowing through the seal region has the same properties 

as those for NRX-A2. However, the power density was double that at  Core Station 26 in 

NRX-A2 under ful l  power conditions. The hydrogen behind the seal rings was assumed to 

be stagnant, but Forced convection heat transfer wns nsrunlcd to exist ons tho inncr surface 

of the reflector between seals. Figure 2-31 shows the temperature distribution at  a cross 

section through one of the 144 cooling holes in the reflector and figure 2-32 shows the distribu- 

tion at  a cross section midway between cooling holes. A comparison of these two figures shows 

that the temperature gradients in the azimuthal direction are negl igi ble. Upon comparing 

figure 2-31 with figure 2-16, i t  may be noted that the temperature differences in the seal 

rings are much less when the periphery design i s  o f  the NRX-A2 type. 

The unrealistic temperatures shown for the pyrolytic graphite are a result of the high 

power density used in the analysis. Some redesign wi l l  be required i f  higher power densities 

than those of  the NRX-A2 are to be used. 
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The other aluminum inner reflector design i s  basically an aluminum 

version of the NRX-A2 inner retlector. As would be expected from the preceding 

discussion, the temperatures in the thick aluminum sections between the seal rings 

were found to be excessive. 

2. Composite Reflectors 

The composite reflector structure shown in figure 2-33 was designed to eliminate 

the above-mentioned excessive temperature problem by replacing the thick aluminum 

sections between seals with graphite rings. These rings are held in position by smaller 

aluminum support rings and provide seating surfaces for the graphite seal segments. 

Internal cooling of the structure i s  provided by coolant channels which pass axial ly 

through the aluminum. 

Analysis of this design in con junction with NRX-A2 periphery conditions showed " 

that the temperature distributions in the graphite parts would not differ significantly from 

those of the NRX-A2. The maximum aluminum temperatures were found to occur at the 

inside surface of the aluminum barrel and were primarily dependent on the positioning of  

the cooling holes. I t  was found that 144 cooling holes of  0.25 inch diameter spaced evenly 
0 

around the circumference would maintain the maximum aluminum temperature below 800 R 

i f  the wall thickness between the inner surface of the aluminum barrel and the coolant d. 

channel surface did not exceed 0.08 inch. 

A second composite reflector structure which was considered i s  shown in figure 2-34. 

This reflector design uses a convoluted flow path to provide cooling for the aluminum sections 

between the seal rings. When used with NRX-A2 periphery conditions, i t  was found that 
0 

the maximum aluminum temperature in this design would not exceed 800 R i f  the thickness 

of the aluminum between the cooling channels and the inner periphery of the structure i s  the 

same as in the NRX-A2. However, preliminary fluid flow analyses for this irregular flow 

path have indicated that i t  may not be possible to provide a coolant flow rate as large as that 

used in the temperature analysis. Lower flow rates in this channel would result in higher 

bulk and material temperatures. 



Figure 2-33 Composite Reflector Structure with Axial Coolant Passages 
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Figure 2-34 Composite Reflector Structure with Convolute Coolant Passages 



An additional investigation made in con junction with the inner reflector studies 

considered the elimination of  the flow annulus between the inner and outer reflectors. 

This would strengthen the inner reflector by allowing the outside diameter to. be increased 

and.by mechanically reinforcing i t  wi th the outer reflector. The analysis wasmade by. 

using the NRX-A2 configuration, but the coolant which flows through the reflector annulus 

in  the NRX-A2 was routed through the inner reflector cooling holes. This arrangement 

would involve enlarging the 144 cooling holes in the inner reflector to a diameter of  0.35 

inch i f  the pressure drop and flow distribution through the reflector i s  to remain unchanged.. 

In addition, i t  was assumed that there would be no in-flow of coolant from the 1atera.l suppo.rt 

spring chambers to the lateral support seal region. 

Assuming the interface of  the two reflectors to be an adiabatic surface, the analysis 

showed that when compared with NRX-A2 (a) the temperature level in the core periphery 
0 

w i l l  increase a negligible amount at  Core Station 0, approximately 500 R at Core Station 26, 

and approximately 7 0 0 ~ ~  at the nozzle end; (b) the radial temperature difference in the 

inner reflector w i l l  be significantly reduced because of an increase in the temperature at  the 
0 

outer diameter of  the reflector of  approximotel 200 R; (c) the radial difference. in the outer 

reflector w i l l  increase slightly because of  an increase in  the temperature at  the inner diameter 
0 

o f  the sectors of approximately 50 R; and (d) the nozzle end and dome end suppart ring 

temperatures w i  l l not change significantly. 

In  summary i t  can be said that, for the configurationsanalyzed: 

1) The material temperatures in an aluminum inner reflector can. be maintained at  

a satisfactory level i f  the material between the coolant channels and the inner surface of 

the aluminum does not exceed 0.08 to.O.10 inch in. thickness. 

2) Although this applies to both hot periphery designs and designs having a periphery 

similar to that of  the NRX-A2, the temperature.gradients in the seal segments become excessive 

when the hot periphery design i s  used in  con junction with an.aluminum inner reflector. 

3) If the flow i s  eliminated from the reflector annulus and rerouted through the inner 

reflector cooling holes in  the NRX-A2 design, the temperature distribution throughout the 

system is  not adversely affected. 



2-4 CORE COMPONENT DESIGN 

For the NRX-A5 program four areas of core component redesign and improvement 

were investigated. These areas were (a) controlling inter-element pressure, (b) effect of 

peripheral cooling on core performance, (c) effect of increasing the tie rod diameter, and 

(d) the use of un-machined fuel elements. 

A. Control l ing In ter-Element Pressure 

Two methods for controlling inter-element pressure distribution were considered; these 

were undercutting and chamfering, see figure 2-35. 

The.first method, that of undercutting the element, provides radial paths be'tween 

elements so that the pressure difference between the seal system and the core i s  always smal I. 

This technique would only be used with a hot periphery seal design. In this case the temperature 

of the gas in the seal system i s  very nearly the same as the fuel element temperature, and gas 

flowing radially into the core would not cause appreciable temperature gradients in the fuel 

elements. 

In the hot periphery design flow in the lateral support system i s  held to a minimum and 

seal clearances are made as small as possible. The axial pressure profile. i s  then determined by 

tolerance bui Idup and corrosion rate. A ~oss i  bi l i ty exists that the core inter-element pressure 

could be greater than the seal system pressure in this case. 

However, i f  the elements are undercut, any pressure rise in the core w i l l  be radially 

vented to the seal system and the inter-element and the seal pressures w i l l  remain nearly equal. 

Figure 2-36 shows some inter-element pressures for the case of elements with a 0.002 

by 2.0' inch undercut every four inches. The figure i s  for NRX-A2 ful l  power conditions 

(689 psia core inlet, 560 psia core outlet). 

The pressure distributions for three axial inter-element gaps are given in figure 2-36. 

One distribution i s  for an axial gap which tapers from 0.2 mils at the core inlet to 2.5 mils 

at  the core exit. A second distribution is  for a gap tapered from 0.2 niils at the core inlet 

to 1.5 mils at the core exit. These two gaps represent the limits of the estimated probable 

gap sizes. This range i s  based on calculations of the tolerance buildups and measurements 



of gaps in a bundle of 9-inch long elements. The band around the core at the inlet end 

causes the gaps to be small at the inlet end and have an increasing width toward the core 

exit. The third pressure distribution i s  for a gap which i s  large at the core inlet (1.5 mils) 

and small at the core exit (0.5 mils). This gap is  possible, but not probable, and produces 

the highest inter-element pressures. 

The second method for controlling inter-element pressure distribution i s  by chamfering 

elements at the comers along the lower 10 or 20 inches. In the assembled core these chamfers 

would form low resistance paths to the core exit, and thereby tend to keep the inter-element 

pressure lower than the seal pressure. 

The inter-element pressure distributions for three types of inter-elemen t gap with 

chamfered elements are shown in figures 2-37, 2-38 and 2-39. Figure 2-37 illustrates the 

case where the bundling force i s  greatest due to the gaps being tapered from 0.2 mils at the 

core inlet to 2.5 at the core exit. The distribution for three lengths of chamfer, varying 

from zero to 20 inches, i s  shown together with a possible range of seal pressures. Chamfering 

the elements has only a small effect on the inter-element pressure. 

Figure 2-38 shows the inter-element pressure for the case of predicted average gap. 

Thegapvar iesfrom0.5mi lsat thecore in let to1 .5mi lsat thecoreexi t .  lncreasedlengths 

of chamfer decrease the core inter-element pressure and incrense the bundling force, 

Figure 2-39 shows the pressure distribution for the possible, but not probable case, 

in which the gap tapers down from 1.5 mils at the core inlet to 0.5 mils at the core exit. 

With no chamfer the inter-elemen t pressure exceeds the highest expected seal pressure from 

Core Station 35 to the core exit. Increasing the length of chamfer reduces the axial length 

over which the core pressure exceeds the seal pressure, but does not eliminate i t  completely. 

I t  can be seen that undercutting and chamfering of elements are effective methods for 

controlling inter-element pressure distribution. However, there i s  no conclusiv~ evidence 

that positive measures need to be taken to control inter-elemen t pressures. Additional l y, 

there are various undesirable side effects resulting from undercutting and chamfering, namely, 

I) strength of fuel elements is  decreased as a result of reducing the cross section, 

2) sharp comers cause stress concen tm tions, 



UNDERCUT ELEMENT CHAMFERED ELEMENT 

597885A 

'Figure 2-35 Undercut and Chamfered Fuel Elements 
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Figure 2-36 lnter-clement Pressure for Undercut Element, Full Power, 
N o  Seal Leakage 
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Figure 2-37 Inter-Element Pressure for Chamfered Element, Full Power 
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Figure 2-38 Inter-Element Pressure for Chamfered Element, Full power 
N o  Radial Flow (0.5 Mil Inlet Gap, 1.5 Mil Exit Gap) 
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Figure 2-39 Inter-Element Pressure for Chamfered Element, Ful l Power 
N o  Radial Flow (1.5 Mi.1 Inlet  Gap, 0.5 Mil Exi t  Gap) 



3) as-extruded structure i s  destroyed, and 

4) inter-element flow and therefore corrosion i s  increased. 

B. Effect of  Peripheral Cooling on Core Performance 

The change in specific impulse as a function of  core periphery coolant and leakage 

exi t  temperature and flow rate i s  given in figure 2-40. In this study the total flow was 

assumed to be 71.3 Ib/sec. O f  this, a varying amount either cooled the core periphery 

or leaked through the seal system and a constant 0.035 I b/sec flowed through the gaps. 

The remainder fl'ows through the core fuel element and t ie rod channels. The exit tempera- 

tures of  the gases from the fuel elements, t ie rods, and interstitial gaps were assumed 'to 

remain constant for a l l  variations in peripheral flow. The assumed exit temperatures were, 
0 

respectively, 4300, 545, and 4300 R. For varying peripheral flows the mixed mean 

enthalpy of the fuel element and t ie rod channel flows was held constant. Over the narrow 

range considered, the loss in  specific impulse i s  linear with both peripheral flow rate and 

peripheral flow exit temperature. 

I t  can be concluded that: 

1) Changes in  specific impulse are small over the range of core.peripheral flow 

rates which were considered. 

2) For maximum core performance the core peripheral tlow rates should be as 

small as possible and the exit temperature as high as possible. This necessitates a balance 

between the requirements of maximum core performance and the necessity, i n  some designs, 

of  cooling the core periphery, 
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C. E-ffect of  a.n Increase in Tie Rod Diameter 

I t  has been suggested that increasing the diameter of the t ie rod might reduce 

stress levels and increase core re1 iabil ity. To evaluate this possibility, t ie rod tempera- 

ture as a function of t ie rod diameter has been calculated. The results of this calculation 

are presented in  figure 2-41 as tie-rod centerline and surface temperature versus tie rod 

diameter. The temperatures are calculated for two axial positions, the first position at the 

point of maximum internal heat generation near the core midplane and the second at  the 

channel exit  where the maximum coolant temperat~~re nccurs. 

Two assumptions are made in this analysis, the first being that the coolant exit  

bulk temperature is 8 8 2 O ~  for a l l  t ie rod diameters and the second that the pressure. drop 

across the inlet and exit  orifices i s  constant for a l l  tie rod diameters. A l l  temperature drops 

are ratioed to the temperature drops of a nominal 0.110-inch diameter rod at the point of 

maximuin radial power factor. 

The t ie  rod temperature calculation does not include provisions for deviations 

from the nominal conditions. A qua1 itative analysis of these variations may be made by 

classifying them into two groups. The first group includes the following: 

I) width of the hydrogen gap between the pyrographite insulating sleeve and the 

stainless steel liner, 

2) heat generation between unfueled elements with reactivity shims and without 

reactivity shims, 

3) pyrographite thermal conductivity, and 

4) temperature of the fuel surrounding the unfueled elements. 

The parameters in this group affect only the quantity of heat added to the coolant 

from the t ie rods. Since the fraction of  the total heat added to the coolant through the 

outer wall decreases wi th increasing t ie rod diameter, changes in this first group of parameters 

w i l l  have less effect on the coolant temperature as the diameter of the tie rod i s  increased 

and more surface area is available for heat transfer. 
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Figure 2-41 Tie Rod Channel Temperatures versus Tie Rod Diameter at Point 
o f  Maximum Radial Power Factor, Gnstant Inlet and Exit Pressure Drop 



The second group includes: 

1) Variation i n  internal heat generation rates. 

2) Variation in inlet and exit loss coefficients. 

The variations in  internal heat generation w i l l  affect the heat added to the coolant 

from both the unfueled element and from the tie rod. This effect w i l l  produce the same 

variation in  coolant temperature for a l l  t ie rod diameters. However, the magnitude of the 

changes in  the temperature differences in the tie rod w i l l  be greater for a large rod than 

for a small rod for the same percentage change in internal heat generation. The effecl on 

coolant temperature due to variations in  inlet loss coefficient w i l l  not change with t ie rod 

diameter. Since i t  i s  assumed that the pressure drop at the inlet and exit i s  the same for a l l  

t ie rod diameters, variations in the coefficients w i l l  cause the same change in  flow for a l l  

rod diameters. Therefore, the changes in  coolant temperature due to a given variation in 

inlet or exi t  loss coefficient wi l  I be the same for a l l  t ie rod diameters. 

I t  can be concluded that: 

1) t ie rod and temperature limitations are not exceeded in  the range studied (0. 110 - 
0.222 inch), 

2) increasing t ie rod diameter decreases axial tensile stress but also decreases 

luleral flexlbllity, and 

3) increasing t ie rod diameter offers no improvement in thermal performance. 

D. Unmachined or As-extruded Elements 

The current process for manufacturing fuel elements involves reaming of the coolant 

holes and machining of the exterior surfaces of the element after extrusion and graphitizing. 

To simplify manufacturing, elimination of  the final machining i s  being considered. When 

final machining i s  eliminated, elements are produced which have wider dimensional tolerances 

than those currently being produced. 

The variations in channel diameter which are present before coating, can cause 

changes in  coolant exit temperature. This temperature perturbation wi l l  exist even though 

each individual channel in the core i s  orificed in an attempt to maintain the coolant exit 



temperature in  a l l  channels nearly the same. I f  the uncoated diameter of the channel .is 

less than the nominal 0.098 inch, the coolant exit  temperature w i l l  be higher than predicted. 

This increase in temperature is  also a function of  the radial power factor and the coated 

diameter of the channel. The increase i n  exit temperature above the nominal as a function 

of  uncoated diameter with radial power factor as a parameter i s  shown in figure 2-42. A l l  

of the curves in the figure are calculated for channels with a coated diameter of 0.095 inch. 

To compare the performance of a core composed of machined elements with the 

performance of a core of unmachined elements, a statistical analysis of fuel element maximum 

temperature was made. This procedure combines the variance in fuel element temperature 

from a l l  manufacturing and operating deviations, including the variation in uncoated diameter 

to find the probable number of channels above 4960 and 5500'~. The results are calculated 

for a f 0,0005 and + 0.001 inch tolerances on the uncoated diameter. In the present process 

the uncoated diameter of the channels are held to a tolerance of + 0.0005 inch. Inspection 

data of unmachined elements indicates that the tolerance on the uncoated diameter i s  

k 0.001 inch. 

The results show that doubling the variation in channel diameter has a negligible 

effect on the statistical distribution of the fuel element maximum temperature. Within the 

accuracy of the calculation there i s  no increase in the number of channels above the specified 

temperature when the channel uncoated diameter variations increases from + 0.0005 inch to f 0.001 

inch. This i s  true because the variation in  temperature from the uncoated diameter of the 

channels i s  much less than the combination of a l l  other effects. 

Typical l y, the temperature variance due to a + 0.001 inch variation in channel 
0 2 

diameter i s  256 R . In comparison, the variance due to the 20 percent uncertainty in 
0 2 

radial power distribution in the core periphery i s  335,000 R . 
In can be concluded that: 

1)  The variation in exit temperature from the uncertainty in uncoated channel 

diameter i s  not detrimental to core integrity. 

2) The use of as-extruded elements eliminated the leaching of the coolant channels. 

The large uranium loss and variations in  fuel element concentration caused by leaching are 

therefore el iminated. 
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Figure 2-42 Hydrogen Exit Temperature Minus Nominal Exit Temperature Versus Uncoated 

Diameter of Channel for Three Radial Power Factors and 0.095 Inch Coated Diameter 



SECTION 3 

NUCLEAR ANALYSIS 

The primary NRX-A5 nuclear design effort has been the investigation of several 

candidate reactor types. The nuclear characteristics of each reactor type was determined, 

and a range of  acceptability established. Major areas of possible redesign which w i l l  

affect the neutronics of the reactor are the core periphery, the f i l ler strip region, and 

the inner reflector. 

Core Periphery Possibilities in  this area include reducing the fueled core 

diameter, and elimination of irregularities in the core periphery. Generally, loss of  

part of the fueled core results in a loss of reactivity and control drum span. Introducing 

more regularity into the core periphery w i l l  result in a reduction in the local variation . . 

i n  power factors at the core edge. 

Fil ler Strip Region This area of redesign includes thickening of the f i l ler strip . .., -. 

region (in con junction with a reduced core diameter), the addition of coolant holes and 

coolant hole liners, and the use of a metallic wrapper (5 to 10 mils) surrounding the f i l ler 

strip region. 

Inner Reflector The major change being considered here consists of replacing the . , I . . ' '  . ,. . . . 
. . .  . . 

graphite cylinder with a composite beryllium-aluminum or graphite-aluminum structure. The ' 

effect of graphite removal, or replacement of  graphite by aluminum, i s  a reduction in both 

reactivity and control drum span. The effect of replacing graphite with beryllium i s  to increase 

both reactivity and drum span; a considerable uncertainty i s  attached to these calculations 

however, because of the lack of confirming experimental data. 

Within these broad areas of possible redesign, seven specific core-reflector combina- 

tions were calculated in detail. They are the following: 

1)  f he KlWl B-4D I-eactot as designed by I-ASL. 

2) A KlWl B-4D, NRX-A2 combination; this reactor consists of a B-4D sized core 

but with the NRX-A2 loading scheme, thickened f i l  ler strips containing lined coolant holes, 

a metallic wrapper around the f i l ler  strip region, and the NRX-A2 inner and outer reflectors. 



3) The NRX-A2 reactor, modified by use of thickened fi l ler .strips with l ined 

coolant channels, and by addition of a metallic wrapper. 

4 & 5) The NRX-A2 reactor but with an aluminum-graphite structure replacing the 

graphite inner reflector cylinder. Cases (4) and (5) have respectively 40 and 75 volume 

percent aluminum in the inner reflector cylinder. 

6 & 7) The NRX-A2 reactor but with an aluminum-beryllium structure replacing the 

gmphite inner reflector cylinder. Cases (6) and (7) have respectively 40 and 75 volume 

percent aluminum in the inner reflkctor cylinder. 

3-1 GENERAL CONSIDERATIONS 

In order to indicate generally the sensitivity and control drum span to changes 

in the above areas of redesign, the following experimental results are presented. Table 

3-1 presents experimental data obtained from both LASL-KIWI and WANL-PAX experiments. 

The experiments l data applies only for very small perturbations. Where major changes are 

anticipated, such as the substitution of aluminum or beryllium for a large part of the graphite 

cylinder, analytical methods are required. The methods in use have boen proven teliuble 

for analyzing KIWI-type reactors including the NRX-A2. 

3-2 NRX-A5 CALCULATIONS 

In order to evaluate the candidate reactor types for acceptability from a nuclear 

standpoint, tentative minimum requirements for room temperature reactivity and control 

drum span were established, 

The fol lowing table summarizes the requirements which establish the excess reactivity 

which must be available in the cold reactor by rotating the control drums out from the cold 

critical position. 

'. . 3 

$ " .  "t" .., 



Excess Reactivity Requirements in Cold Reactor 

maximum cold-to-hot reactivity loss (includes $0.4 uncertainty) 

reactivity loss during operation 

excess reactivity required at  end of test 

total reactivity requirement 

The cold-to-hot reactivity loss i s  based on current NRX-A2 calculations for ful l  

power operation. 

The operating reactivity loss represents an extrapolation from current weight loss 

data to 20 min. operation assuming a l l  of the material lost to be carbon. I t  i s  hoped that 

materials development may reduce this number even for longer operating times since the 

resulting swing in  control drum position causes the power density at  the core edge to increase 

by 5 - 10 percent during operation. In order to avoid overtemperaturing the edge elements, $,.. ..; 
.I ,~ $* 

.L 

the core periphery must accordingly be derated at the start of the test by this amount. ,.. .,. . .,‘.. -. 
CC 

The final item in the table derives from the requirement that the reactor should . . ".,: 

stil l have at least $0.5 reactivi.ty available for maneuvering and the control drums should ..; 
h: :>I 

.;: . . . .  not exceed 130 degrees. Although the latter figure might be relaxed somewhat, i t  i s  .; A,., 

~ .~nsa t i s f~c t~ r y  to operate at large angles since the control worth per degree of rotation i s  
;, :;;;. 

approaching zero. Implicit also i s  the need for a margin since control worih n~eusuiei~~enfs 

must be made at  room temperature and by using only a few drums, which contributes to error. 

The control drum worth must be sufficient so'that in the condition of highest reactivity, 

the drums must be able to provide at  least $2.80 shutdown. * Providing that transient conditions 

do not occur in which the propellant reactivity feedback exceeds the operating value the 

reactor has the highest reactivity in the cold, dry condition. Under this assumption the required 

control worth i s  just the $4.1 previously developed, plus $2.8, or a total of  $6.9. 

l'he above requiiemen+s are based on presently available data for the NRX-A2 reactor. 

Although these w i l l  vary slightly for the different reactor systems being evaluated, the 

comparison i s  believed to be valid: 

* This'is the current I tmitul io~,~ govcrning opcrntinns at  WANEF. 

w 
1 - 69 - 



The calculated nuclear characteristics for Nqe seven reactors investigated are 
%. 

summarized i n  Tables 3-2 through 3-8. Included i s  a brief description of the particular 

reactor, the calculated excess reactivity and control drum span, and an indication of the 

radial power shape, given by the centerl ine and edge power factors. The compensating 
'. 

changes in  central loading necessary to increase the calculated excess reactivity at  180 degree 

drum angle to the minimum level of $4.1, and the edge loading necessary to raise the 

edge power factor to the centerl ine value are given. 

The reactivity i s  based in each case on a standard configuration using the NRX-A2 

multihole unfueled element throughout the core. Additional positive reactivity i s  available 

either by introducing graphite shim pencils, or by substituting single hole unfueled modules. 

Negative shimming would be accomplished Ly using tantalum carbide-loaded pencils as in 

NRX-A2, or by inserting tantalum carbide- loaded single hole modules as in the KlWl B-4D 

'and B-4E reactors. 

Table 3-2, which describes'the KlWl B-4D design, .also has a comparison of WANL 

calculations for reactivity, control drum span, and radial ,power shape, versus the measured 

values. As can be seen in Table 3-2, the agreement between e.xperimenta.1 and calculated 

drum span and radial power shape i s  very good. The discrepancy between the calculated and 

experimental excess reactivity i 6  thought iu be due in part to,smearin~ the 4.5 kilqjramt of  

lur~l.ulurn homogeneously in the calculation. Emphasis was placed on the KlWl B-4D calcula- 

tions both because i t  contains design features considered for NRX-A5 and because experimental 

data for this reactor are available to verify calculations. The tables indicate that a l l  of the 

designs. are feasible from a nuclear standpoint. 

The reactivity losses are not prohibitive in any of  the cases studied.' The highest 

central loading required, in  the case of-the 75 percent alurninl~m hnrrel, i c  only 462 ~t~g/ec. 

tiements of  this loading have already been fabricated by Los,Alamos, using the current 

fabrication process, which entails a process loss of uranium of 9 - 10 percent. I f  the. NRX-A5 

elements are not reamed, there ' i s  be1 ieved to be very l i t t le  process loss so that the present 

pel let-graphite proportions should produce uranium densities approaching 450 mg/cc. The 

mechanical properties of the beaded fuel element are be1 ieved to be essentially unimpaired 

o the order of 600 mg/cc. 



The effects on radial' power shape are also moderate. 

The loss of control span i s  of more concern in the studies making extensive use 

of aluminum in the reflector cylinder. In view of the uncertainty in control drum cal- 

culations, which i s  considerable, experimental measurement of the control span in this 

configuration should be made. 

3-3 EFFECT OF COLD-TO-HOT CHANGES ON REACTOR NEUTRONICS 

Calculations to describe the effects of cold-to-hot changes on the candidate 

designs have been made. Figure 3-1 shows the comparison between a WANL calculation 

and experimental results for the relative power in KlWl B-4D at  room temperature, in 

terms of fissions per gram uranium. The good agreement lends assurance that the edge 

fuel. loadings given in Tables 3-2 through 3-8 are reasonable. Figure 3-2 shows the 

calculated versus experimental change in radial power shape for an 8 degree outward rotation 

of the control drums, and again the agreement i s  good. The effect of operating tempera- 

ture on edge power i s  not we1 l defined experimentally (LASL i s  using one-dimensional 

transport theory to estimate this effect in KlWl B-4D). Although this effect has not yet 

been calculated by WANL for the KlWl B-4D, calculations on the NRX-A2 show good 

agreement.. 

Using the LASL predictions for radial fissions per gram uranium at  operuling 

conditions, and 'their experimental local corrections, channel by channel power factors 

were generated for a 60 degree sector of KlWl B-4D. The factors range from 0.74 to 1.23. 

In general, however, the power factors l ie between 0.80 and 1.20. 

In summary i t  i s  concluded that: 

1) None of the designs considered involve reactivity losses which cannot be 

compensated with reasonable fuel loading increases, without exceeding the range of loadings 

already fabriculecl. 

2) The power shape i s  not worsened in these designs. 

3) An undesirable loss in control drum span occurs when aluminum is  used extremely 

in the reflector cylinder. Calculations indicate that the loss can be tolerated in view of print 

requirements. 



Figure 3-1 KIWI B4D KlVA Calculated Versus Experimental Fissions Per Gram 
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Figure 3-2 Change in Rajial Power Shape with 8 Degree Drum Angle Change 



Ma teria! 

Aluminum 
(added) 

Beryl l ium 
(added) 

: . 1 ...... .... . ...... 
I Carbon 

(removed) 

Carbon 
(removed) 

. Carbon 
(removed) 

. . .  

, . N ickel  
(added) 

TABLE 3- 1 

EXPERIFAENTAL REATZTIVITY AND DRUM SPAN COEFFICIENTS 

Reactivity Reactivity Drurr Span Drum Span 
Description , Mass Change Coefficient C hunge Coefficient Reference 

KIWI B-4k ZEPO; 0.25 in 63.6 kg + $0.50 +0.79 /kg $0.00 0.0 /kg N-2-7612 
thick ann~lus adjacent lo  
core; I .  D. 44.7 cm 

KlWl B-4h. ZEPO; thin 
annuli, 
a) Adjacert to core, l.D.= 18 in + 5.2 /kg N-2-7612 
b) Between C and Be Re!' st 

I. D.= 213.2 in + 3.5 /kg N-2-7612 . . . . ...... 
c) Outside Be ~ e f .  I. D. ..... 20.2 in + 0.9 /kg N-2-7612 . ..... . 
dp. 25 in. thick, I .  D. 20.2 in 50.0 kg +$0!15 +0 .3 / kg  N-2-7612 . . .  . . ... 
KIWI B-4A ZEPO; 0.19 ;n thick . . .  . . ... ...... annulus adpcent to core; ...... 
I.D. 44.7cm 31.9 kg - $1.00 ' +3.1 /kg - $0.4 + 1.2 /kg N-2-7612 . . ...... ..... WANL-PAX; f i l  ler strips . . .  . . ...... removed in  front of one 2.092 kg - $ 2022 + 1.06 / k g  WANEF - 182 rn I . .... . 
control drun (25. 10 kg)" ( - $  .27) (+1 .06 / kg  

WANL-PAX; 
f i l ler strip cverage 
I.D.=43.8cm1 O.D.=45.2cm + 3.39 / k g  WANEF - 182 
graphite ref-,ector average 
I.D.=45.2 cm, 0. D.=51,O cm + 2.22 / k g  WANEF ; 182 @ 

fa, 
KIWI B-4D ZEPO; 0.007 in 3 
thick foil amund core; 9 
I.D. 44.7cm 5.87kg - $ 0 . 1 9  - 3 . 2 / k g  N-2-7705 % is. 

- - % 
,L - - 

J 



TABLE 3-1 (Cont) 

Reactivity 
M i  terial Description Mass Change 

Stainless WANL-PAX: 5 " 
Steel 0. D. Stainless steel rods 
(added) in f i l ler strip region 9.14kg - $0.11 

Stainless KlWl B-4D ZEPO; .056 in 
Sieel thick annulus between C and 
(added) Be Ref's. 4:3.5 kg - $0.23 

Stainless KIWI 8-4 ZEPO; 0.62 in 
Steel annulus between C and Be Ref' s. 12.385 kg - $0.28 
(added) I.D. 20.2in,90°~0resector (51.18kg)(-$1.16) 

I 

. . ..... . . * Numbers in paren thesis are extrapolations from actual experiments ..... . . . .. .. . 

Reactivity Drum Span Drum Span 
Coefficient Change Coefficient Reference 

- 1.2 /kg WANEF - 167 

0 to a 360 .core sector. 



TABLE 3-2 

DESCRIPTION AND NUCLEAR CHARACTERISTICS OF KIWI B4-D LASL DESIGN 

Description 

Core 

Lateral Support 

' ~ u t e ;  Reflector 

Excess React,ivi ty 

Fueled core diameter reduced loading: approximately 
400 mg/cc central, 175 to 145 mg/cc edge wi th 100 
centermost elements approximately 460 mg/cc 

Cooled f i l ler strips and wrapper .NRX 
type leaf springs 

B-4A type 

Experimental Calculated 

$3.80 $2.05 

Control Drum Sp,an 
. . 

$7.40 

Radial Power Shape (Fiss/~m. U) 3.04 (93') 2.98 i90° 
edge to center l ine 

Compensating Changes (To Achieve Desired Reactivity and Radial Power Shape) 

Central Loading - 
Edge Loading 

Reactivity Available by 
Employing Single Hole Tie 
Rod Elements 



TABLE 3-3 

DESCRl PTlON AND NUCLEAR CHARACTERISTICS OF 

NRX-A2, KlWl B-4D COMBINATION 

Description 

Core K l  Wl B-4D core geometry, NRX-A2 loadings, 
i.e., 417 mg/cc central, 136 mg/cc edge 

Lateral Support KIWI B-4D f i l ler strips NRX-A2 inner 
reflector 

. . 

Outer Reflector NRX-A2 

Excess Reactivity (13 Hole Tie Rod Elements) $3.86 

Control Drum Span $7.53 

Radial Power Shape 

Center line to average 1. 19 

Edge to average 1.06 

Compensating Changes (To Achieve Uesi red Reacrivliy 
and Radial Power Shape) 

Central Loading 421 mg/cc 

Edge Loading 152 mg/cc 

Reactivity Available by 
. Employing Single Hole Tie 

Rod Elements 

'A' 

".a 

:B 



TABLE 3-4 

DESCRIPTION AND NUCLEAR CHARACTERISTICS OF 

NRX-A2. KIWI B-4D COMBINATION 

' Description 

Core 

Lateral Support Cooled f i l ler strips, wrapper 
NRX-A2 inner reflectoi 

Outer Reflector NRX-A2 

Excess Reactivity (13 Hole Tie Rod Elements) $4.49 
. . 

Control Drum Span 

' Radial Power Shape 
1 

Center I ine to average 

Edge to average '1.05 

Compensating Changes (To Achieve Desired Reactivity 
and Radial Power Shape) 

Central Loading 4.17 mg/cc 

Edge Loading 
\ 

145 mg/cc 

Rod Elements 



TABLE 3-5 

DESCRIPTION AND NUCLEAR CHARACTERISTICS OF 

NRX-A2 WITH ALUMINUM GRAPHITE INNER REFLECTOR - 40 v/o 

Description 

Core NRX-A2 

Lateral Support NRX-A2 f i l ler strips 
40 v/o aluminum in graphite cylinder 

Outer Reflector NRX-A2 

Excess Reactivity (13 Hole Tie Rod Elements) $3.22 

Control Drum Span $7.85 

Radial Power Shape 

Center l ine to average 1.24 

Edge to average 0.96 

Compensating Changes (To Achieve Desired Reactivity 
and Radial Power Shape) 

Central Loading ' 432 mg/m 

Edge Loading 180 mg/cc 

Reactivity Available by 
Employing Single Hole Tie 
Rod Elements 



TABLE 3-6 

DESCRIPTION A N D  NUCLEAR CHARACTERISTICS OF 

NRX-A2 WITH ALUMINUM GRAPHITE INNER REFLECTOR - 75 v/o 

Description 

Core NRX-A2 

Lateral Support NRX-A2 f i l ler strips 
75 v/o aluminum in graphite cylinder 

Outer Reflector NRXuA2 

Excess Reactivity (13 Hole Tie Rod Elements) $1.32 

Control Drum Sdan 

Radial Power Shape 

Center 1 ine to average 

Edge to average 

Compensating Changes (To Achieve Desired Reactivity 
and Radial Power Sha~e) 

Central Loading 462 rng/cc 

Edge Loading 220 mg/cc 

Reactivity Available by 
Employing Single Hole Tie 
Rod Elements 



TABLE 3-7 

DESCRIPTION AND NUCLEAR CHARACTERISTICS OF 

NRX-A2 WITH ALUMINUM B'ERY LLIUM INNER REFLECTOR - 40 v/o 

Description 

Core NRX-A2 

Lateral Support NRX-A2 f i l ler strips 
40 v/o aluminum in beryllium cylinder 

Outer Reflector NRX-A2 

Excess Reactivity (13 Hole Tie Rod Elements) 

Control Drum S ~ a n  

Radial Power Shape 

Center l ine to average 

Edge to average 

Compensating Changes (To Achieve Desired Reactivity 
and Radial Power Shape) 

Central Loading 417 mg/cc 

Edge Loading 160 mg/cc 

Reactivity Available by 
Employing Single Hole Tie 
Rod Elements 



Description 

Gore :NRX -A2 

Lateral Support ,NRX-A2 'filler strips 75 v/o aluminum 
in  bery.1-l.ium cylinder 

,o.u ter :Re'f l.ec.tor .NRX-A2 

.Excess Reactivity (1 3 Mole Tie Rod 'Elements) 

Control Drum Span 

.Radial Power Shap,e 

Center l ine to average 

Compensating Changes (To Achieve Desired Reactivity 
and Radial Power Sha~e) 

. . 

C,ent,ral Loading 449 mg/cc 

Reactivity Ava'ilable by 
Employing S'ingle Hole Tie 
Rod Elements 
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I t  i s  recommended that a confirmation of the control drum worth be made 

experimentally for designs utilizing aluminum-graphite and aluminum-beryllium inner 

reflectors. 





SECTION 4 

DEFINITION OF REDESIGN EFFORT 

A strong emphasis was made in the redesign effort on the increase of the performance 

and mission capability of the NRX-A reactor. The three primary objectives were: 

1) capability of twice NRX-A2 power density, 

2) capabil i tyof 1.7diametrical scaling, and 

3) capability of 60 minutes of ful l  power operation. 

I f  the existing nozzle and reactor geometry remain unchanged, flows and pressure 

levels wi l l  have to be doubled to maintain the same exit temperature in the nozzle chamber. 

Consequently, f luid loading of many structural components w i l l  increase by about a factor 

of two. 

Also, i f  the coolant flow area i s  increased at the expense of fuel to reduce the 

core pressure drop, the uranium loading in the fuel increases rapidly. In addition to the 

obvious changes, as in  the strength of the web between channels, there are significant 

nuclear and materials problems associated with the use of increased channel diameter. 

The thermal effects of doubling the power density can be discussed i n  general 

t~rrns. Temperature gradients in both fuel and structural components are proportional to 

volumetric generation rate, and hence w i l l  double. Thickening structural rner~lLel.s to 

handle the higher hydraulic forces may be limited as a consequence. Maximum temperatures 

may general l increase over the NRX-A2 for many components. Fuel element temperatures 

should increase only slightly because the distance from the point of maximum temperature to 

the coolant surface i s  relatively small. In regions of low thermal conductivity, such as the 

titanium support structure, and in regions relatively distant from coolant surfaces, substantial 

increases in  maximum temperature may be experienced. This i s  illustrated in figures 2-31 

and 2-32 in which Inner I-eflector temperatures were calculated at  twice the current design 
0 

power. The maximum temperature in pyrol ytic graphite (insulating tiles) exceeds 8000 R 

indicating redesign may be required here. 



From a nuclear standpoint, the increased propelslant density may increase control 

requirements since the operating reactivity i s  much increased and the problem of propellant 

reactivity feedback i s  aggravated. A complete analysis of the reactivity during operation 

i s  indicated. The fission power distribution is-also affected by the change in propellant 

distribution in both core and reflector. In a 60 minute operation, loss of fuel by corrosion 

may be a I'imiting factor determining both ini t ial  reactivity and control requiremen'ts. 

For a detailed discussion of  changes to the NRX-A2 reactor design to define the 

NRX-A5 reactor, the reader is  referred to WANL-TME-784, which summarizes the 

Mechanical Design Review held April 9, 1964. 



stronuclear 

SECTION 5 

CONCLUSIONS 

Two types of seal systems, the cooled periphery and. the hot periphery, have been 

studied and shown to be thermally feasible. Either concept could be adapted to the NRX-A2 , 

type of design with perhaps more development necessary for the "hot periphery!', than for 

the "cooled periphery" concept. The experience of LASL with the KIWI B-4D wrapper could 

be used to supplement the "cooled periphery" concept. The NRX-A5 design, as currently 

combined, w i l l  basically have the NRX-A2 type periphery and inner reflector modified to 

reflect design improvements over NRX-A2 reactor. 

In reflector component design, calculations have shown that convection cooling of  

the lateral support springs i s  necessary and the use of an aluminum inner reflector i s  thermally 

possible. 

N o  immediate change in  core component design i s  anticipated as a result of the 

studies made. However, the use of  as-extruded elements i s  recommended. 

From a nuclear standpoint none of  the inner reflector designs of various combinations 

of  graphite, beryllium and/or aluminum can be eliminated from their effects on reactivity 

and control drum span. 





APPENDIX A 

ATTENDEES AT NRX-A5 THERMAL A N D  NUCLEAR DESIGN REVIEW 

MEETING ON APRIL 10, 1964 
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R. W. Hardy 

H. A. Lamonds 

G. E. Moore 

R. Pickering 

C. M. Rice 

J. R. Smith 

E. W. Bosse 

M. R. Fleishman 

R. C. Wilke 

E. J. Ziurys 

I. Helms 




