CHAPTER IV
THE POWER REACTOR CORE
IV.1 INTRODUCTION

( Two dominant criteria in determining in the design of a power reactor core:

1. Criticality must be maintained over the range of required power levels and over the life of the core as fuel is depleted.

2. The thermal energy produced from fission must be transferred out of the core without overheating any of its constituents.

( This chapter first examines the core layouts of the more common classes of power reactors, relating heat transport and neutronic behavior. It then presents in more detail the impact of the reactor lattice structures on the neutronic behavior and in particular on the determination of the multiplication.

IV.2 CORE COMPOSITION
( Most power reactors are cylindrical in shape with coolant flowing through channels extending the axial length of the core. 

( These channels are one constituents of a periodic lattice consisting of cylindrical fuel elements, coolant channels, and in some thermal reactors a separate moderator region. 
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FIGURE 4.1 Reactor lattice cross sections [not on the same scale).
(a) Water-cooled reactor, (b) fast reactor, (¢) CANDU heavy water reactor,
(d) high temperature gas-cooled graphite reactor.




( Figure 4.1 illustrates the fuel-coolant-moderator lattice structure for four classes of power reactors: (a) water-cooled reactor, (b) fast reactor, (c) CANDU heavy water reactor, (d) high temperature gas-cooled graphite reactor. 

( In all cases, heat from fission is produced within the fuel and conducted to the coolant channel surface. It then is convected into the coolant and transported axially along the coolant channel and out of the core.
( Thermal constrains on the heat flux crossing a fuel element’s surface and on the temperature along its centerline limit both its diameter and the power per unit length –called the linear heat rate or q(- that it can produced. 

( Since allowable linear heat rates typically fall within the range between few and tens of kW/m, a large power reactor designed to produce 1000 MW(t) or more of heat must contain many thousands of cylindrical fuel elements –often referred to as fuel pins. 

( Refueling a reactor containing 1000’s of fuel elements by replacing them one by one would represent an inordinately time-consuming and hence uneconomical task. Thus fuel elements are grouped together to form fuel assemblies. The mechanical design of fuel assemblies allows them to be moved as a whole in and out of the reactor during refueling procedures.
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FIGURE 4.2 Reactor fuel assemblies. (a) Pressurized water reactor
(courtesy of Westinghouse Electric Company), (b) CANDU heavy water
reactor (courtesy of Atomic Energy of Canada, Ltd.), (c) high temperature
gas-cooled reactor (courtesy of General Atomics Company).




( Figure 4.2 illustrates reactor fuel assemblies for the (a) PWR (b) CANDU (c) HTGR. The assemblies cross sectional areas can be square (PWR), hexagonal (HTGR), or circular (CANDU). 
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FIGURE 4.3 Reactor cores consisting of square and hexagonal fuel
assemblies (courtesy of W. S. Yang, Argonne National Laboratory). (a) Square
fuel assemblies, (b) hexagonal fuel assemblies.




( Figure 4.3 depicts lateral cross sections of power reactor cores made up of square and hexagonal fuel assemblies, respectively. As the shading in Figure 4.3 indicates, the fuel assemblies in a reactor core are not all identical. They may differ in enrichment in order to flatten power across the core, or they may have been placed in the core during different refueling operations. The placement of control poisons may also cause assemblies to differ.

( The reactor core must also contain channels to allow the insertion of control rods. These rods consist of strong neutron absorbers –often referred to as neutron poisons- such as B, Cd or Hf.  There insertion controls the reactor multiplication during power operations and they shut down the chain reaction when fully inserted.

 ( Some classes of power reactors contain space for the control rods as channels reserved for them within designated fuel assemblies. PWR’s and HTGR’s belong to these classes. In other systems, the control rods are inserted between the fuel assemblies. For example in BWR’s control rods with cruciform cross sections are placed at the intersections of square assemblies. 
( The fuel elements’ linear heat rate, q( and the volume ratio of coolant and /or moderator to fuel designated as Vx/Vf, determine 
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, the average power density, that is, the average power produced per unit volume, achievable for reactor class.

( Since a reactor’s power is given by
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, for a given power the core volume V is inversely proportional to the average power density. 

( Neutronic considerations play an equally important role. The fuel enrichment and the ratio of moderator to fuel volume determine the value of k(. 
( Table 4.1 compares typical parameters for some major classes of power reactors. To gain a better understanding we will examine each broad class of reactors separately in terms of the neutronic properties of their fuel, moderator and/or coolant.
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Source: Data courtesy of W. S. Yang, Argonne National Laboratory.




Light Water Reactors
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FIGURE 4.4 Light water cooled reactors (courtesy U.S. Nuclear Regulatory
Commission). (a) Pressurized water reactor, (b) boiling water reactor.




( PWR’s and BWR’s utilize ordinary water both as coolant and moderator. They both utilize square lattice cells. The fuel consists of UO2 pellets clad in Zr tubes for structural support and to prevent the fission product leakage into the coolant. 

( Moderator to fuel volume ratios are roughly 2:1, which is near optimal for maximizing k( in water moderated systems. The optimal volume ratio derives from the water’s neutron slowing down properties. Water has the largest slowing down power of any moderator as a result of the small mass and high scattering cross section of H. However, water also has the largest thermal absorption cross section of any of the listed moderators. This results in water having the smallest slowing down ratio. Thus although water is excellent for slowing down neutrons, if larger ratios of water to fuel volume are employed, the increased thermal absorption in the moderator results in decrease in k(. 
( Water’s combination of having the largest slowing down power but the smallest slowing down ratio leads to LWR designs with substantially smaller moderator to fuel volume ratios than found in heavy water or graphite-moderated reactors. 

( These smaller ratios lead to PWR’s and BWR’s having the most compact lattices of any of the thermal reactors. The smaller moderator to fuel volume ratio leads to higher power densities and smaller reactor volumes than for HWR’s or HTGR’s of the same power. 

( However, water’s large thermal absorption cross sections preclude the possibility of achieving the criticality with natural U fuel. They employ slightly enriched fuel in the range between 2%-5%.

( In PWR’s the core is contained in a vessel pressurized to 152atm to prevent coolant boiling at the operating temperature of 316oC. 

(As Figure 4.4a indicates water exiting the core circulates through heat exchangers called steam generators, before being pumped back to the core inlet in PWR’s. The secondary side of the steam generator operates at a lower pressure such that feed water entering it boils, thus supplying steam to the turbine.

( Coolant temperatures are similar for BWR’s. However, they operate at less elevated pressures of 69atm, allowing boiling to take place in the coolant channels. As Figure 4.4b indicates in BWR’s, the feed water enters directly into the reactor vessel, and the steam generated within the reactor passes directly to the turbine, eliminating the need for steam generators. 

( Water-moderated reactors operate in batch mode fuel cycles: The reactor is shut down at regular intervals, ranging from 1 to 2 years. During shut down, typically lasting a number of weeks, 20 to 30% of the assemblies containing fuel from which the fissile material is most depleted are removed and replaced by fresh assemblies. In batch mode operation the fuel must be sufficiently enriched to compensate for the U burn up that takes place over the length of time that the assembly remains in the reactor.

( During core life neutron poisons control the reactor multiplication. In PWR’s soluble B in the coolant serves this purpose. In most thermal reactors burnable poisons placed in the fuel or elsewhere also serve to compensate for the fuel burn up. 
( Control rods must be present to rapidly shut down the chain reaction, but they may also be used to compensate for fuel depletion. 

( As figure 4.4 indicates PWR control rods are inserted from the top whereas those of BWR’s inserted from the bottom. 

Heavy Water Reactors
( In contrast to water, heavy water has a smaller slowing down power but a very large slowing down ratio due to its miniscule absorption cross section. Thus in contrast to LWR’s, HWR’s requiring large volume ratios of moderator to fuel to provide adequate neutron slowing down. Again in contrast to LWR’s, HWR’s can tolerate very large moderator volumes due to the extremely small absorption cross section of D. 

( Pressurized heavy water reactors (PHWR’s) of the CANDU type are by far the most common D2O moderated power system today. A CANDU core consists of a large cylindrical tank, called a calandria, placed on its side; an array of horizontal pressure tubes passes through the calandria. Each pressure tube houses several fuel element segments, often called bundles, each containing 30-40 fuel pins as pictured in Figure 4.1c and 4.2b. The fuel pins are similar to those in LWR’s. They consist of UO2 pellets clad in Zr. Heavy water, which serves as coolant, is pumped through the tubes, circulated through steam generators similar to those found in PWR’s and returned to core inlet.
( The substantial spacing between pressure tubes within the D2O-filled calandria provides the reactor’s large moderator to fuel volume ratio. The calandria is insulated from the pressure tubes, allowing it to operate near atmospheric pressure and room temperature. Thus only the tubes containing the fuel assemblies need be maintained at high enough pressure to keep the smaller volume of D2O coolant from boiling at operating temperatures. 

( The small thermal absorption cross section of D2O allows PHWR’s to be fueled with natural U. However, without enrichment the fuel can not sustain the levels of burnup required to operate the reactor for a year or more between refueling. Instead, CANDU reactors undergo continuous refueling while they are operating: A pair of online refueling machines isolate one pressure tube at a time and insert a fresh bundle into one end of the core while removing a depleted one from the other. This mode of operation requires less control poison to maintain the reactor in a critical state than would be required with batch refueling. The control rods, which pass through the calandria, outside of the pressure tubes, serve primarily for the reactor shutdown. 
Graphite Moderated Reactors
( Table 3.1 indicates that the heavier 
atomic mass of C cases graphite’s slowing down power to be smaller than that of either light or heavy water. Its thermal absorption cross section, however, is small enough to give it a slowing down ratio intermediate between light and heavy water. The net effect is that graphite reactor lattices design to maximize k( have very large moderator to fuel volume ratios. 
( A number of early power reactor designs were CO2-cooled, graphite moderated systems that utilize natural U fuel. Graphite smaller values of the slowing down power and ratio make the task more difficult than with D2O moderator.  Consequently as partially enriched fuel became available it replaced natural U in subsequent designs. More recently, He coolant combined with partially enriched fuel has lead to design of graphite moderated power reactors capable of operating at very high temperatures.

( Table 4.1 displaced parameters for a high temperature gas-cooled reactor (HTGR). The core contains only graphite and ceramic materials, allowing the He coolant to achieve higher coolant temperatures than if metal cladding or structures were present. The lattice structure is similar to that shown in Figure 4.1d; the heat generated in the fuel passes through the graphite moderator before being carried away by the gas coolant. The fuel consists of compacts of UC particles compacted in graphite, further increasing the moderator to fuel ratio. 
( The fuel enrichment is quite high (15%). Each fuel assembly, as pictured in Figure 4.2c, consists of a prismatic block of graphite containing two arrays of holes, for fuel and coolant, respectively. The control rods occupied other axial holes in the prismatic graphite block. 

( The He coolant circulates through the steam generator or gas turbine and back into the core. Refueling of HTGR’s is done in batch mode similar to that of LWR’s. The large volume of graphite moderator requires HTGR to be the reactor with the lowest power density and largest volume of any of the reactors listed in Table 4.1.

RBMK Reactors
( Thus far we have examined thermal reactors either in which the coolant and moderator are the same (i.e. PWR, BWR, and PHWR) or in which the coolant is a gas (i.e. HTGR). Other power reactors have been based on using liquid coolants that differ from the moderator. For example, designs similar to CANDU systems may employ pressurized or boiling light water coolant in conjunction with heavy water moderator. 

( The RBMK is a water cooled, graphite moderated reactor. The requirement for large volumes of moderator translates into low power densities and volumes as large as 1000m3. The RBMK has some similarities to CANDU reactor designs in that the core consists of pressure tubes which contain fuel assemblies composed of bundles of cylindrical fuel elements of UO2 in Zr cladding. The pressure tubes carry the water coolant through the graphite moderator, which forms the bulk of the core volume.

( Like the CANDU reactors, the RBMK refuels online using machines to isolate one pressure tube at a time. The differences between RBMK and CANDU designs, however, are great. The RBMK design’s pressure tubes transfers the core vertically and carry light water coolant which boils as it passes through the tubes. The tubes as well as control rods occupy holes in the large block of graphite moderator. The fuel is enriched approximately 2%.
Fast Reactors
( Fast reactor cores contain as little low atomic mass material as possible in order to prevent neutron slowing down by elastic scattering. Fast reactors require enrichments of 10% or more. Hexagonal lattice cells similar to that pictured in Figure 4.1b are used because smaller volume ratios of coolant to fuel can be utilized than in square lattices. As Table 4.1 indicates, these tightly packed lattices are instrumental in causing fast reactor to achieve high power densities, and hence smaller volumes, than are found in thermal reactors.

( Fast reactor fuel may be metal or a ceramic in capsulated in metal cladding. Liquid metals are the most widely used coolants because their atomic weights are larger then other liquids, and they have excellent heat transfer properties and can be employed in low pressure systems. Na cooled fast reactors (SFR’s) are the most common designs. 

( Because Na reacts violently with water, SFR’s require the placement of an intermediate heat exchanger between the reactor core and the steam generator. If a steam generator leak occurs, the Na that passes through the reactor would not make contact with water. 

( Some Russian fast reactors have utilized molten Pb coolant. Gas cooled fast reactors (GCFR’s) offer an alternative to liquid metal cooled systems since the gas’s low density causes it to have no appreciable effect on the neutron spectrum. However, high pressure and large rises in the coolant temperature are then required o achieve adequate heat transport. Like most other systems fast reactor refueling is carried out in batch mode.
IV.3 FAST REACTOR LATTICES
( In the preceding chapter we examined neutron spectra assuming that all the constituents of a reactor core were exposed to the same energy dependent flux. 
(The chapter concluded using energy averaged cross sections to express the multiplication as:


[image: image8.wmf](

)

(

)

(

)

(

)

ò

ò

¥

¥

¥

j

S

j

S

u

=

0

a

0

f

dE

E

E

dE

E

E

k








(4.1)

which serves as the starting point for the more detailed analysis of both fast and thermal reactors. 

( Since the average neutron kinetic energy is high in fast reactors and the cross sections are small at such high energies, the mean free paths are large. 
(Accordingly, in fast reactors neither the fuel diameter nor the coolant thickness between fuel pins substantially exceeds a mean free path. 
(Under such conditions the spatial distribution of the flux will be quite flat across the lateral cross section of the lattice cell. 
(Thus we can approximate that fuel, coolant, and any structural material are all exposed to the same flux distribution, ((E). 
(Thus for any reaction x, we may use Eq.(2.18) to volume weight the cross sections of fuel, coolant and structural materials:
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(4.2)

where V=Vf+Vc+Vst. 
(Substituting this equation into Eq.(4.1):
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 (4.3)

( We may express the multiplication in terms of energy-averaged (also referred to as one-energy-group) cross sections as follows. First integrate the flux over energy:
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(4.4)

Then defining the flux-averaged cross section as in Eq.(3.38), we have:


[image: image12.wmf](

)

(

)

(

)

ò

ò

¥

¥

j

j

S

=

S

0

0

y

x

y

x

dE

E

dE

E

E








(4.5)

where y indicates the material in which the reaction is taking place. Combining the last two equations:
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(4.6)

The cell-averaged reaction rate then becomes


[image: image14.wmf](

)

(

)

f

÷

ø

ö

ç

è

æ

S

+

S

+

S

=

j

S

ò

¥

st

x

st

c

x

c

f

x

f

0

x

V

V

V

V

V

V

dE

E

E




(4.7)

and we may write Eq.(4.3) as:
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(4.8)
( i)The fuel enrichment 
    ii) The ratios of coolant and other materials to fuel nuclei   become the primary determinants of the lattice multiplication, k(. 

( To examine enrichment we write the number density of fuel atoms as sum of the fissile (fi) and fertile (fe) contributions:
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(We define enrichment 
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as in Eq.(3.6) to be the ratio fissile to total fuel nuclei:
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(4.10)

(We next use Eq.(2.5) to specify macroscopic cross sections in terms of their microscopic counterparts.
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(4.11)
where the energy-averaged macroscopic cross sections are:
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(4.12)
(Separating the fuel into fissile and fertile contributions reduces Eq.(4.11) to
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(4.13)

(Thus utilizing Eq.(4.9) through (4.11) in this expression allows us to obtain the microscopic fuel cross section as:
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(4.14)
(The foregoing definitions allow us to express k( in terms of the enrichment and these microscopic cross sections. Thus Eq.(4.8) becomes
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(4.15)

or alternatively 
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(4.16)
( Because the ratio of ((f to (a is larger for fissile than for fertile materials, fast reactor multiplication increases with enrichment. 
( Increasing the ratio of coolant to fuel atoms (i.e., increasing VcNc/VfNf) increases absorption in the coolant and thus decreases k(. The presence of structural material has the same effect. 

( Equally important, since coolant and structural materials have lower atomic weights than the fuel, neutron collisions with these nuclei degrade the neutron energy.
( Thus the more coolant is present, the more degraded the energy spectrum will be come. 
(The degraded spectrum effects Eq.(4.16) primarily through the energy averaged values of the fuel cross sections. 
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FIGURE 3.1 #(E) for fissile isotopes (courtesy of W. S. Yang, Argonne
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(For as Figure 3.1 indicates, as the energy of the neutrons decreases, so does the ratio of ((f to (a, thus decreasing the multiplication factor k(.
IV.4 THERMAL REACTOR LATTICES
( Eq.(4.1) serves as a starting point for the treatment of thermal as well as fast reactor lattices. 
(However, in the thermal energy range which is of prime importance in thermal reactors cross sections are generally larger and mean free path is smaller. 
(In addition the dimensions of the coolant and moderator regions are larger than their counterparts in fast reactors. 
(The net result of these two factors is that the diameters of fuel pins and the lateral dimension of moderator and/or coolant may measure several mean free paths or more. 
(In such circumstances the magnitudes of the flux in fuel and moderator regions may differ significantly; the flux becoming depressed in the fuel region over the thermal energy range.

( For clarity we consider a simple two volume model, where Vf and Vm are the fuel and moderator volumes, and hence V=Vf+Vm. In doing this we have assumed that the moderator is also the coolant and occupies the same volume Vm. 
( Our simplified model account for the difference in fluxes in fuel and moderator by dividing the cell reaction rates into fuel and moderator contributions:
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(4.17)

where x denotes the reaction type and (f(E), (m(E) and ((E) are the spatial averages over Vf, Vm and V respectively.
( Substituting Eq.(4.17) into Eq.(4.1) yields:
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(4.18)

( Further analysis is facilitated by dividing the energy spectrum into the thermal (T), intermediate (I) and fast (F) ranges introduced in Chapter III. 
(Reaction rates then become:
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(4.19)

( Fission takes place primarily in the thermal energy range, with a smaller amount added from fast fission in the fertile material. Thus we delete the intermediate range from fission reactions and write:
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(4.20)

( Since moderator materials have significant absorption cross sections only for thermal neutrons we make further simplification
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(4.21)

( Finally, fuel absorbs both intermediate neutrons –through resonance capture- and thermal neutrons, whereas fast neutron absorption is minimal. Thus
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(4.22)

( These simplifications reduce Eq.(4.18) to the more explicit form:
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The Four Factor Formula

(To make the physical processes more explicit, a simplified model- the four factor formula for k(- was developed early in the history of reactor physics. 

(Based on physical arguments and related to measurements that could be performed at the time, the four factor formula remains a valuable tool in understanding the neutron cycle in thermal reactors. 
(We will present the four factors first qualitatively then quantitatively. Finally, we’ll employ the four factor formula to examine enrichment, moderator to fuel volume ratio, and other design parameters in determining the multiplication of a PWR lattice.

[image: image33.png]F n—o>1)—>| > &n
epfrn 1 _]
1 {
1|4 e(1-pne| « (2)
T {
T
Tlepfn < « ()« —epn—ep(1-£f)n

Fuel Moderator

FIGURE 4.5 Four factor formula for a thermal reactor neutron cycle.




(Most of the fission neutrons are born as a result of the absorption of thermal neutrons in the fuel, and they emerge as fast neutrons. Assume that n such fast neutrons originate in the fuel as indicated in Fig. 4.5.
(Some fraction of these neutrons will cause fast fission in the fertile material, resulting in a total number of (n ((>1) fast neutrons produced from fission, where ( is the fast fission factor.
( Then (n fission neutrons migrate into the moderator region as step 1 of the diagram indicates. They then undergo slowing down, indicated as step 2, as a result of collisions with the light atomic weight moderator nuclei. However only some fraction p survive to thermal energies, with the remaining neutrons lost to the resonance capture in the fuel; p (<1) is referred to as the resonance escape probability. Of the (n neutrons which undergo slowing down, (pn arrive at thermal energies, while ((1-p)n are lost to capture in the resonance. 
( After arrival at thermal energy some of the neutrons are absorbed by the moderator and are thereby lost. However, in step 3 a larger fraction f (<1), which is referred to as the thermal utilization enters the fuel and is absorbed. Thus the fuel absorbs (pfn while the moderator absorbs (p(1-f)n neutrons. 

( For each thermal neutron absorbed in the fuel, (T (>1) fission neutrons result. Thus as step 4 symbolizes (pf(Tn fission neutrons appear from thermal fission with MeV energies, generated from the n such fission neutrons of the previous generation. Thus:
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[image: image35.png]TABLE 4.2
Representative Four Factor and ko, Values for Thermal Reactors

PHWR HTGR
PWR Pressurized- BWR Boiling- CANDU-D,O C-Moderated
H,0O Reactor H>0O Reactor Reactor Reactor
5 1.27 1.28 1.08 1.20
p 0.63 0.63 0.84 0.62
i 0.94 0.94 0.97 0.98
Nr 1.89 1.89 1.31 2.02
k? 1.41 1.40 1.12 1.47

“Fresh fuel without neutron poisons.
Cource: Data courtesv of W. S Yane. Aresonne National Laboratory.




( Table 4.2 displays representative values of the four factors contributing to k( for the major classes of thermal reactors. The values of k(, which are substantially greater than one, are calculated for fresh fuel in the absence of all control poisons. 

( In an operating reactor, fuel depletion reduces (T, control rods or other control poisons reduce f. When taken together with PNL, the nonleakage probability, must yield k=k(PNL=1.

( To better understand the importance of the neutron moderators we examine each of the four factors more quantitatively in terms of the neutron flux and cross sections in the thermal (T), intermediate (I) and fast (F) energy ranges. 

Fast Fission Factor
( The fast fission factor is the ratio of the total fission neutrons produced to the thermal fission neutrons. Since the neutrons produced by fission of intermediate energy neutrons can be neglected, we have:
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or equivalently,
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Where the ratio of integrals on the right varies significantly with the moderator and fuel enrichment employed, ranging between 0.02 and 0.30.

Resonance Escape Probability
( All of the fast neutrons scattered downward in energy are absorbed either in the intermediate energy range by resonance capture in the fuel or as thermal neutrons in the fuel or in the moderator. 
(Because neutrons captured by the fuel resonances are lost from the slowing down process, the fraction that survives to thermal energies is the resonance escape probability:
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Adding and subtracting 
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 to the numerator, we may rewrite the escape probability as:
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(The total absorption, which is in the denominator, must equal the total number of neutrons slowing down, or Vq, where q is the slowing down density averaged over the cell. 
(Next divide the cell-averaged slowing down density into contributions qf and qm from fuel and moderator regions:
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(Because the fuel nuclei have much larger atomic weights than those of moderator, slowing down in the fuel can be neglected to first approximation. We then have:
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(Replacing the denominator in Eq. (4.28) by Vmqm then yields
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where we have also replaced 
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 since the dominant resonance capture takes place in the fertile material. 
( In the intermediate energy range moderators may be approximated as purely scattering materials. In these circumstances Eq.(3.26) 
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relates the flux and moderator slowing down density. Solving this equation for qm:
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(Inserting this expression into Eq.(4.31) then yields


[image: image48.wmf](

)

(

)

(

)

ò

¢

¢

j

¢

S

j

S

x

-

=

I

f

fe

a

m

m

s

m

m

f

E

d

E

E

E

E

V

V

1

p




(4.33)

( Since the moderator is purely scattering E(m(E) is constant, thus it may be moved inside the integral. If we also write 
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, we obtain the customary form of the resonance escape probability:
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(4.34)
where the resonance integral is defined by
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( Most resonances are sufficiently widely spaced that a 1/E flux distribution is reestablished between them, but with a slowing down density decreased in proportion to the fraction of neutrons absorbed. This being the case we may apply two preceding equations to the i’th resonance:
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and
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(
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 represents the Breit-Wigner formula (or its Doppler broadened generalization) for the absorption cross section and is nonzero only in the immediate vicinity of the i’th resonance.

( If T is the total number of resonances, then 
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(4.38)

( Generally the escape probability for a single resonance is sufficiently close to one so that 1-pi, the absorption probability is much less than one. Since 
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, taking x=1-pi:
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(Using Eq.(4.36) in the last equation:
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(Inserting this result into Eq.(4.38) gives
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where the resonance integral is the sum of contributions from the individual resonances:
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( We have seen that self-shielding in energy reduces the neutron capture in the resonances of the fertile material. 
(In fact, the separation of fuel from moderator increases this desirable effect with space-energy self-shielding which depresses the ratio (f(E)/(m(E) in Eq.(4.37) at energies where the resonance peak appear in the absorption cross section 
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FIGURE 4.6 Effect of Doppler broadening on self-shielding for T > T;.

(a) Resonance absorption cross section, (b) neutron flux in fuel and
moderator.




( Figure 4.6 illustrates spatial self-shielding as well as the effect of temperature on it. 
(A resonance cross section and the Doppler broadening that takes place as the temperature increases from T1 to T2 is illustrated in Fig.4.6a. 
(We see in Figure 4.6b the depression in (f(E), the flux in the fuel, relative to that of (m(E), the flux in the moderator. 
(As indicated, increasing the temperature decreases the self-shielding at the resonance peak, and this in turn increases the absorption as the temperature increases. 
( Only the increase in the resonance escape probability caused by the separation of the fuel from moderator allowed reactors fueled with natural U and graphite moderators to be built. 
(Without the spatial self-shielding provided by the separation of fuel and moderator, values of k((1 are possible with natural U fuel only if heavy water is the moderator. 
(Even with the spatial self-shielding slightly enriched U is required to achieve criticality in a light water moderated system.
( More advanced texts include detailed analysis of space-energy self-shielding. 
(However, experimental investigations have led to empirical equations for the resonance integrals of U-238 fuel rods given in Table 4.3.
[image: image64.png]TABLE 4.3
Resonance Integrals for Fuel Rods

I1=295+258/4/pD for U metal
I =445+ 26.6y/4/pD for UO,

Source: Nordheim, L. W., “The Doppler Coefficient,” The Technology of Nuclear Reactor
Safety, T.J. Thompson and J. G. Beckerley, eds., Vol. 1, MIT Press, Cambridge, MA, 1966.





( The resonance integrals are in barns, the density ( in g/cm3, and D is the rod diameter in cm. These equations are valid for isolated rods with 0.2cm<D<3.5cm. If the rods are located in a tightly packed lattice the self-shielding increases somewhat through what is called a Dancoff correction. 
( In either case, the spatial self-shielding is evident, since as the fuel diameter increases, the resonance integral –and therefore the absorption- decreases. 
Thermal Utilization and (T
( The thermal utilization, f, is the fraction of thermal neutrons absorbed in the fuel. 
(Since all the thermal neutrons must be absorbed in either in the fuel or moderator, we have
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(4.42)

( Finally, the number of fission neutrons produced per thermal neutron absorbed in the fuel is
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( The expressions for f and (T simplify considerably by defining cross sections averaged only over the thermal neutron spectrum. Let 
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and
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be the thermal fluxes, space-averaged, respectively, over the fuel and moderator regions. The thermal cross sections for fuel and moderator then become
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and 
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( With these thermal cross section definitions f and (T simplify to
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and
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where the thermal disadvantage factor, 
[image: image73.wmf]V

,  is defined as the ratio of thermal neutron flux in the moderator to that in the fuel:
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( The disadvantage is that the more neutrons that are captured in the moderator because of the larger flux there, the fewer will be available to create fission in the fuel.
k(   Reconsidered
( The question remains how does the four factor formula relate to the value of k( given by Eq.(4.23):
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( For an answer, insert Eqs.(4.25), (4.27), (4.42) and (4.43) for (, p, f, and (T into k(=(pf(T:
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(Thus, Eq.(4.23) is consistent with the four factor formula.

Pressurized Water Reactor Example
( Two of the primary determinants of the thermal reactor core multiplication are the fuel enrichment and the volume ratio of moderator to fuel. 

( The multiplication increases monotonically with enrichment. 

( The multiplication exhibits a maximum when plotted with respect to the moderator to fuel ratio. 

( Under- and over moderated lattices refer to those in which the moderator to fuel ratios are less than or greater than the optimal value. 

( We will illustrate the effects of enrichment, moderator to fuel ratio, and other design parameters on multiplication using UO2 pressurized water reactor lattices as examples. 

( We begin by expressing the four factors in terms of the enrichment and the moderator to fuel atom ratio. 

( The thermal microscopic absorption cross section of the fuel can be expressed in terms of the microscopic cross sections of the fissile and fertile materials as:
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(4.52)
From Eq.(4.49):
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Since 
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Using the last equation in the previous one:
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Dividing both the numerator and denominator by the first term of the denominator:
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(4.53)

( The resonance escape probability is a function of both the enrichment and the ratio of moderator to fuel nuclei, VmNm/VfNf. From Eq.(4.40):
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( Dividing both the numerator and denominator by VfNf:
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(4.54)
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( If we express the macroscopic cross sections in terms of the atom densities and the microscopic cross sections, Eq.(4.48) for thermal utilization can be expressed in terms of the moderator to fuel atom ratio as:
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(4.55)
( Finally, the fast fission factor, given by Eq.(4.26) can be expressed in terms of the enrichment and the fast to thermal flux ratio of the fuel as:
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(Expressing the macroscopic cross sections in terms of the enrichment and the microscopic cross sections:
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(4.56)

( Two phenomena compete as VmNm/VfNf, the ratio of moderator to fuel atoms, is increased.
(                           
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Eq.(4.54) indicates that the resonance escape probability increases when the ratio of moderator to fuel atoms is increased. 
(This happens as a result of the greater ability of the moderator to slow down neutrons past the capture resonances. 

(                               
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Eq.(4.55) shows that a larger value of VmNm/VfNf results in more thermal neutron capture in the moderator, thus decreasing the thermal utilization.
( As a result of these opposing phenomena, there exists an optimum moderator to fuel ratio, which for a given enrichment fuel element size and soluble absorber concentration yields the maximum value of k(. Figure 4.7 illustrates these affects.
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( The figure illuminates a number of important effects: 

( Increasing the concentration of boron in the moderator reduces the multiplication. 
This effect becomes larger –as one would expect- as the moderator to fuel volume ratio increases. 

( Increasing the fuel radius increases the multiplication, but by a small amount. 
This comes about from the increase in spatial self-shielding of the capture resonances: Increase in self-shielding reduces the resonance integral given in Table 4.3, with subsequent increase in the resonance escape probability given by Eq.(4.40). 

( Finally, enrichment has a marked effect in increasing k(, which is apparent from observing the curve for 2.5% (dashed) and 3.0% (solid) enrichment with the other parameters held constant.

( In liquid -moderated systems the core invariably is designed to be undermoderated- to have less moderator than the optimum –under operating conditions. This is to ensure stability.
Because a liquid expands more rapidly than the solid fuel as the core temperature increases, the ratio of moderator to fuel atoms will decrease with temperature. This will move the operating points on the curves in Figure 4.7 to the left. Thus the value of k( will decrease with increasing temperature in an undermoderated core, creating the negative feedback required for a stable system.
(Conversely, an overmoderated core would create a positive temperature feedback and result in an unstable system, unless a negative feedback mechanism, such as the Dopler broadening overrides the positive effect.

( As we will see later however, to much negative feedback can also create certain problems. 

( Reactor designers must balance the composite effect of moderator density, fuel temperature and other phenomena to ensure system stability under all operating conditions.

( The situation may be more complex in solid moderated reactors, such as those employing graphite because it is the relative values of the expansion coefficients of two solids that then come into play. 

( Moreover, although the atom density of gas coolant may be too small to have a measurable impact, the relative expansion of the coolant channel diameter may become a significant factor.

( If a liquid coolant is used in combination with graphite, such as in the RBMK reactors, then the interactions are more complex yet, for the interacting temperature effects on fuel, coolant and moderator must be considered separately and in combination. 
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