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[bookmark: _Toc121698158] Masterson: How Temperature Affects the reactivity of the Core
The temperature of the core can affect the reactivity in many different ways. We previously mentioned that nuclear reactors have a number of different feedback mechanisms built into them to prevent rapid increases in the power level from feeding on themselves. 
One of the most important of these mechanisms is a phenomenon called temperature feedback. Changes in the temperature of the core can occur at different rates in the fuel and in the moderator, and certain parts of the core can run hotter or colder than others. Thus, core-wide temperature changes can affect the power level in many different ways. In this section, we would like to discuss how these reactivity changes can be predicted quantitatively. On a macroscopic level, increasing the temperature of the core causes its molecular density to decrease, and this reduces the neutron production rate over a period of time. The extent to which a change in the temperature of a reactor’s materials will produce a corresponding change in its reactivity is called the temperature coefficient of the reactivity. The temperature coefficient of the reactivity is usually given by the symbol , and it is formally defined by:

	
	‎17.1 



Thus if  and ∆T are known, then the change in the reactivity of the core becomes

	 
	‎17.2 



where ΔT is the average temperature change of the core in degrees kelvin or degrees centigrade. In some reactors, the value of  can be either positive or negative. However, in most reactors, the temperature coefficient  is designed to be as negative as possible. When the value of ∆T is positive, and the value of ∆ρ is negative, the effect on the reactivity is known as negative temperature feedback. Notice that ‎17.2 implies that the relationship between ∆ρ and ∆T is a linear one, and while this relationship is not exactly linear in practice, it is usually accurate enough to predict how the core will behave. From ‎17.2, it is also apparent that  has the units of per °C or per °k. Since the reactivity is given by 
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 It also follows:
	Temperature Coefficient of the Reactivity

or


	‎17.4 



where for most practical purposes, we can generally assume that . Temperature changes can then alter the value of the reactivity in two primary ways:
· First, the temperature can change the reactivity by affecting the density of the coolant. As the temperature rises, the coolant expands and becomes less dense, and beyond a certain temperature and pressure, it will begin to boil. This boiling causes steam bubbles (e.g., voids) to develop in the coolant, which tends to harden the neutron energy spectrum since there are simply fewer atoms available to slow the neutrons down. This means that the supply of thermal neutrons will be reduced (due to the decreased moderation), and if we are dealing with a thermal water reactor, this will tend to shut down the fission process if the change in the density of the coolant is great enough. So, in a sense, increasing the power level is a self-regulating process as far as the moderator is concerned. The other interesting thing that occurs in a thermal reactor is that the hardening of the neutron energy spectrum also increases the neutron leakage rate, since neutrons will diffuse more easily through a less-dense medium than they will through a denser one.

· Second, and perhaps more importantly, changes in the core temperature can affect the reactivity through changes in the temperature of the fuel. Although the fuel does not boil like the coolant does, the thermal expansion of the fuel can reduce the reactivity, and there is an additional mechanism called the nuclear Doppler effect that can affect the resonance escape probability and change the reactivity even further.

Hence, we can partition the temperature coefficient of the core into three primary components—one for the thermal expansion of the moderator, ; the second for the thermal expansion of the fuel, ; and the third for the increased neutron leakage rate from the core, . If the coolant does not change phase, this allows us to write the total reactivity change as the sum of these three terms:

	The Total Reactivity Change Due to Temperature-Related Effects

where
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Of course, this equation assumes that the temperatures of the fuel and the moderator change at the same rate. In practice, this is rarely the case. Then separate values of ∆T must be used for the fuel, the moderator, and the core as a whole. The aggregate reactivity change is then
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where , ,and  refer to the moderator, the fuel, and the core, respectively. The values of  are tabulated and fed into Equation ‎17.5 to determine the total change in the reactivity as the temperatures changes from T to T′, where ∆T = T′ – T. Example Problem 17.3 illustrates how this can be done. 
To be completely accurate, every material can have its temperature change in a different way. Normally, the contributions of the cladding and the structure are lumped into the value of  . In most reactors, the two dominant temperature coefficients are the moderator temperature coefficient  and the fuel temperature coefficient . Normally, the leakage temperature coefficient  is smaller and of less importance than the other two coefficients.

Example Problem 17.3: Suppose that a thermal water reactor has a fuel temperature coefficient of –1 cent/°C, a moderator temperature coefficient of −0.5 cents/°C, and a leakage temperature coefficient of −0.1 cents/°C. If the temperature of all three materials is suddenly increased by 100°C, how much does the reactivity ρ fall in this case?

Solution The total change in the reactivity is given by Δρ =  . Since , the reactivity falls by Δρ = − (0.01 + 0.005 + 0.001) × 100 = −160 cents = −1.6 dollars in this case. [Ans.]
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[bookmark: _Toc121698159] Masterson: Moderator Temperature Coefficient
Next, let us discuss the magnitude and the sign of the moderator temperature coefficient. If the coolant does not boil, the sign of the moderator temperature coefficient is primarily determined by the molecular density of the coolant. Since most reactor coolants expand when they are heated, the molecular density of the coolant falls as the temperature increases, and the moderating efficiency decreases as well (Table 17.1). In other words, the moderator coefficient is normally a negative number. A negative coefficient prevents a reactor from running away when the power level is suddenly raised. Hence, reactors with a negative moderator coefficient are more stable than reactors with a positive moderator coefficient. The example 17.3 illustrates how this affects the reactivity.

[bookmark: _Toc121698160] Masterson: Effect of Boric Acid on the Moderator Temperature Coefficient
In modern PWRs, the moderator coefficient is a function of the amount of boric acid that is dissolved in the coolant. In a fresh core, the moderator coefficient  can sometimes become positive when the boric acid concentration exceeds 1500 PPM (parts per million), or about 1.5 grams per liter. For this reason, burnable poisons are added to the fuel assemblies to keep the total temperature coefficient (fuel plus moderator) negative initially. Then, as the boric acid concentration decreases, the moderator coefficient becomes negative as well. Even at a modest boric acid concentration of 1700 PPM, the moderator coefficient can still have a positive value of +12.5 pcm[footnoteRef:1]/°C, or 1.925 cents/°C[footnoteRef:2]. This means that an increase in the moderator temperature of just 8°C will increase the reactivity by about 15.4 cents, which would double the power level in about 40 seconds. The effect of burnable poisons on the “Solbor[footnoteRef:3]” concentration is shown in Figure 18.12. [1:  percent mille (pcm): The reactivity unit is one-thousandth of a percent %ΔK/K (equal to  of ). The unit of pcm is used at many LWRs because reactivity insertion values are generally quite small, and units of pcm allow reactivity to be written in whole numbers.]  [2: Mathematically, reactivity is a dimensionless number, but various units can express it. The most common units for research reactors are units normalized to the delayed neutron fraction  (e.g.,, cents and dollars) because they exactly express a departure from prompt criticality conditions.
10 pcm = 1.43 cents for βeff = 0.007; 10 pcm = 2.00 cents for βeff = 0.005) 
]  [3:  Solubor® is manufactured to combine the highest concentration of boron with the maximum possible dispersion and solubility in water.] 
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[bookmark: _Toc121698161] Masterson: Temperature Feedback with Nucleate or Bulk Boiling
In PWRs, gas reactors, and liquid metal fast breeder reactors, the reactivity is temperature dependent as long as the coolant does not boil. However, when the coolant boils (as it does in a BWR), the previous expression for the moderator temperature coefficient
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can no longer be used to estimate the change in the core power level because voids (or bubbles) are created in the coolant while the temperature of the coolant remains the same. However, the void fraction does change as the coolant absorbs additional thermal energy, and this is how the reactivity change must be determined. 
Previously, we learned that the coolant in a BWR reaches its saturation temperature (286°C) about one-third of the way up the core, and beyond this point, the coolant temperature stays the same no matter how much energy is added to the coolant. (The additional energy simply creates more voids.) This process continues until all of the coolant has been converted into steam. Practically speaking, the void fraction α in a BWR never rises above 80% (even at the core exit), and the quality x of the coolant rarely exceeds 17% at this elevation. The temperature and void fraction profiles are shown in Figure 17.10. This means that an entirely different approach must be used to estimate the reactivity changes induced by the presence of these voids. In practice, this can be done by defining another reactivity coefficient called the void coefficient of the reactivity.

In the sections that follow, we would like to explain how the void coefficient of the reactivity works. The void coefficient is more important than the moderator temperature coefficient when it comes to determining the behavior of a BWR. In fact, during normal operation, the void coefficient completely dominates the moderator temperature coefficient in a BWR. Conversely, in a PWR, where most the coolant does not boil, the void content rarely exceeds one-half of one percent. Thus, the void coefficient is normally of no importance to the time-dependent behavior of a PWR. The only exception to this rule is a severe reactor accident.
[bookmark: _Toc121698162] Masterson: Understanding the Void Coefficient of the reactivity
We can estimate the effect that vapor bubbles (or voids) have on the average density of the coolant if we know the void fraction α of the liquid–vapor mixture. The void fraction α at a particular location in the core is defined as:
	Definition of the Void Fraction (α)
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 In Equation 17.8 the phases are assumed to move at the same speed. The density of the resulting liquid–vapor mixture is then
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Here  is the density of the liquid,  is the density of the vapor, and α is the local void fraction (which can be a function of axial elevation). Numerically, we can express the relationship between the reactivity change Δρ and the change in the void fraction Δα as:

	Definition of the Void Coefficient of the Reactivity
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Equation 17.10 then defines the void coefficient of the reactivity . In other words, when the coolant boils, changing the void fraction affects the value of the reactivity ρ even though the average temperature of the coolant remains the same. The exact relationship between the reactivity change and the change in the void fraction is
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and this relationship appears frequently in the analysis of BWR cores. Now, let us examine some representative values for the size of the void coefficient of the reactivity. In a modern BWR, the void coefficient has a value of about −0.0015 per % void. In other words, if the void fraction in the core is 40% (a common core average), the reactivity reduction due to the presence of the voids alone is 40% × −0.0015/% = −0.0600. This is about 9 dollars and 25 cents of negative reactivity for a U-235-fueled core! Notice that  is a dimensionless number, and unlike the temperature coefficients , , and   that we discussed previously, it does not have the units of inverse temperature. 
Moreover, except near the critical point of water (where the values of  and  are nearly identical), it is a large negative number since increasing α will always decrease the value of . We can show why this is true by noting that  is always much larger than  (i.e.,  ≪  ). So, in a typical BWR core, where the operating pressure is 1050 PSI (~7.24 MPa), we find that
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We then find that  . In other words,  decreases as α increases, and in general, the reactivity ρ follows a similar trend.

[bookmark: _Toc121698163]Masterson.17.14: The Void Coefficient and load Following
Since the density of the coolant is so sensitive to the value of α in BWRs, the heat-generation rate depends on how large the void fraction can be. This means that the power level in the core can be increased by increasing the core flow rate (since fewer voids will be formed), and the power level in the core can be decreased by decreasing the core flow rate (because this adds more heat to the coolant and causes the number of voids to increase). A commercial BWR uses this principle to couple the core flow rate to the power output of the plant. If the steam turbines sense that more electrical power is needed, they send a signal to the recirculation pumps to increase the mass flow rate through the core. This reduces the number of voids and increases the power output. Conversely, if less electricity is required, the steam turbines send a signal to the recirculation pumps to reduce the core flow rate. This causes the load on the turbines to fall, and less electricity will be produced. Hence, the power output of the core can be “throttled” to match the electrical demand from the power grid, and this is how the term load following originated. Due to the negative void coefficient, a BWR is an exceptional load-following device (see Figure 17.11).
PWRs are also good at load following but, in this case, the load following is due to the negative moderator coefficient (and not the negative void coefficient). Both effects are illustrated in Figure 17.12. Because it takes a while for the heat to escape from the fuel rods, the moderator temperature coefficient and the void coefficient do not respond as quickly to changes in the power level as the fuel temperature coefficient does. So, during fast transients in PWRs and BWRs, the time-dependent behavior of the core is determined primarily by changes to the temperature of the fuel. In other words,

The fuel temperature coefficient is normally the first line of defense against a reactor suddenly overheating and running away.

In the sections that follow, we would like to discuss the fuel temperature coefficient and explain why it is so important to the safety of a nuclear power plant. The value of the fuel temperature coefficient depends almost entirely on the isotopic composition of the fuel. Thus, a poorly designed reactor (like the one at Chernobyl) had a positive fuel temperature coefficient, while a well-designed reactor (like a modern PWR) will have a negative fuel temperature coefficient.

[image: ][image: ]



[bookmark: _Toc121698164] Masterson: Understanding the Fuel Temperature Coefficient
In general, fuel temperature feedback has a greater initial impact on the system-wide reactivity than either the moderator temperature coefficient or the void coefficient. This is particularly true when the reactor power level increases or decreases over very short periods of time. Consequently, the fuel temperature coefficient is sometimes called the prompt temperature coefficient because a sharp increase in the reactor power level will cause the fuel temperature to change instantaneously. In practice, the fuel temperature coefficient can be designed to be either positive or negative; however, almost all reactors are designed with a negative temperature coefficient to make them easier to control. The fuel temperature coefficient then measures the rate of change of the reactivity per degree change in the temperature of the fuel. From the six-factor formula
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We know that the primary factor that is affected by a change in the fuel temperature is the resonance escape probability p. The fast-fission factor ε has almost no dependence on the fuel temperature in a thermal water reactor. The eta of the fuel η is also temperature dependent, and we will discuss its specific temperature dependence in another section.

We can therefore equate the fuel temperature coefficient  to the behavior of , or more specifically  where we can now hypothesize that the resonance escape probability p, which we have previously assumed to be a constant, is now temperature dependent; that is, . Since any change in the temperature is first felt in the fuel, this factor determines the initial response of a reactor to a sudden change in the power level. We would now like to discuss how the resonance escape probability is affected by the fuel pin temperature.

[bookmark: _Toc121698165] Masterson: Doppler Broadening and Its Effect on the resonance Escape Probability
Thermal water reactors use enriched uranium fuel that contains U-235 and U-238. Increasing the temperature of the fuel causes the atoms in the fuel to vibrate more vigorously because their kinetic energies are higher. The increase in their kinetic energy  is proportional to the absolute temperature T, which implies that
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where B is an arbitrary constant that depends on the type of fuel. If the atoms in the fuel happen to be loosely bound and are not considered to be part of an actual lattice, then the constant of proportionality B becomes Boltzmann’s constant k, divided by 2. This means that the average velocity that the atoms vibrate in the lattice is proportional to the square root of their absolute temperature T. On the other hand, fission neutrons begin to slow down by colliding with the atoms in the fuel rods, and they eventually reach an energy just above the thermal energy range (~0.025 eV) where many neutron absorption resonances exist. In particular, fuels like Thorium-232, Uranium-238, and Plutonium-240 have very large absorption resonances starting at about 10 KeV. The absorption resonances for Thorium-232 and Uranium-238 are shown in Figure 17.13.

For these materials the average spacing between these resonances is about 20 eV, and their average width is about 0.01 eV. One such resonance (out of potentially hundreds or even thousands of resonances) is shown in Figure 17.14. As the fission neutrons slow down and enter the range of energies where these resonances occur, a stationary target nucleus will have a much higher probability of absorbing a neutron if its energy E is very close to the energy of one of these resonance peaks. (Normally, this energy is represented by the symbol .) However, if the nuclei are vibrating about their equilibrium positions in the lattice, their absorption resonances will appear to the approaching neutrons to broaden out due to the random thermal motion of the fuel atoms. This effect is sometimes called the Doppler broadening of the absorption resonances, and the overall effect is called the nuclear Doppler effect. As the temperature of the fuel rises, the relative energy difference between the nuclei and a neutron of energy E can assume a much greater distribution of energies due to the fact that each nucleus may be moving toward the neutron at one moment and away from the neutron at another. The result of this random thermal motion is that a beam of monoenergetic neutrons will have a continuous spread of kinetic energies rather than just a single kinetic energy E.

When viewed by the oncoming neutrons, the net effect of this molecular agitation is that the absorption resonances of the fuel atoms appear to become broader as the temperature is increased. Thus, the resonance escape probability p always decreases as the fuel temperature is raised because the Doppler broadening will cause more epithermal neutrons to be absorbed. We can immediately conclude that the reactivity of the fuel must be temperature dependent because the effective multiplication factor must be temperature dependent as well:
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Various theoretical models have been developed to quantify this process at a molecular level. The most famous of these is the Breit–Wigner model, which was developed by scientists working on the Manhattan Project during the Second World War. In essence, the Breit–Wigner model attempts to describe a theoretically symmetric absorption resonance of half width Γ centered about a single resonance energy . The absorption cross section σa (E) around the resonance peak is represented by:

	The Breit–Wigner Formula

	‎17.16 



where  is a previously computed value that depends on the wavelength of the neutron at the resonance peak. The Breit–Wigner method can be applied to neutron-scattering resonances by replacing  with . Thus, even if the initial neutron energy E does not correspond to the peak energy at , the random thermal motion of the target nucleus causes some of the incoming neutrons to have a relative energy that is very close to . If the nucleus is moving away from the neutron, the velocity of the neutron must be greater than  to hit the resonance peak. Conversely, if the nucleus is moving toward the neutron, the neutron needs less energy than  to be absorbed. raising the value of T causes the fuel atoms to vibrate more vigorously about their equilibrium positions, and this causes more neutrons to become trapped in the absorption resonances. Moreover, it can be shown after a lengthy derivation that the contribution of the resonance escape probability to the fuel temperature coefficient for a simple substance is given by
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where  is the resonance escape probability at an initial temperature of 300°k, and the value of C is given by
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where A and B are the dimensionless numbers shown in Table 17.2, r is the radius of the fuel pin (in cm), and ρ is the density of the fuel in grams per cubic centimeter (gm/cm3). In other words, the contribution of the Nuclear Doppler Effect to the fuel pin temperature coefficient is given by

	The Contribution of the Doppler Effect to the Fuel Temperature Coefficient
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where T is the fuel temperature in °k and  is the resonance escape probability that we measure at room temperature (300°k). Because  and the coefficient C are always positive, the contribution of the resonance escape probability to the prompt temperature coefficient is always negative. Obviously, as T increases, the size of  decreases. Since the velocity v is proportional to the square root of the temperature, it also follows that
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In addition to the resonance escape probability, the neutron reproduction factor η used in the six-factor formula also has a slight temperature dependence. We would now like to explore the form of this dependence for different nuclear fuels.
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[bookmark: _Toc121698166] Masterson: Other Factors That Affect the Fuel Temperature Coefficient
The temperature dependence of the neutron reproduction factor η stems from the fact that the thermal cross sections for fission and radiative capture  and  do not have the same dependence on the speed of a thermal neutron. For a single fissile isotope, η is defined as
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where ν is the average number of neutrons released per fission. The energy dependence of η at thermal energies is determined primarily by the ratio of  to . In 1962, Charles Westcott used the values he measured for  and  to derive explicit expressions for  for several nuclear fuels. Assuming the neutron energy spectrum was Maxwellian, he found that the values of the temperature coefficients for U-233, U-235, and Pu-239 were given by
	
Fuel Temperature Coefficients for Important Nuclear Fuels
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 at room temperature. In addition, he showed that natural uranium had a value for  close to zero below 300°C (573°k) although its value increases to about  above room temperature. When more than one type of fuel is used, a weighted average of the fuel temperatures must also be used. In other words, the fuel temperature coefficient  consists of a resonance escape coefficient  and a neutron reproductive coefficient  whose values are given by Equations 17.27 and 17.29, respectively:
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Now let us discuss the size of the temperature coefficient in more detail. Fuel temperature coefficients for thermal water reactors range between  per °K and  per °K for U-235-fueled cores. For example, the fuel temperature coefficient for a modern 9×9 BWR fuel assembly is about  per °k in absolute units, or  per °k/β in dollars and cents. An instantaneous 100°k degree rise in the fuel temperature then reduces the reactivity by 100 × −0.000017/0.0065 = −0.0017/0.0065 = −26 cents. Of course, this value would be different when a reactor was fueled with U-233 or Pu-239 instead of U-235.
Example Problem 17.4: If the value of α F at a temperature of T is known to be  per °k, what is the value of  at a temperature of 4T?

Solution: 
Since , it follows that , so 



Thus if  then 
So if we increase the fuel temperature by a factor of 4, α F becomes 50% smaller. Note, however, that the value of α F is still a negative number in this case. [Ans.]



















[bookmark: _Toc121698167] Masterson: Time Dependence of the Core Temperature Coefficients (Reading)
Because the temperature coefficients for the fuel and the moderator do not change at the same rate, their instantaneous effect on the reactivity is not the same. In other words, the fuel temperature coefficient affects the reactivity more quickly than the moderator temperature coefficient does. For example, changing the temperature of the fuel causes a system-wide change in the reactivity to occur almost immediately. This is because it takes only a couple of milliseconds for the fuel temperature to rise enough to throw additional neutrons into the U-238 absorption resonances. The time frame for this can be as little as 10 –4 seconds, and consequently, the fuel temperature coefficient is also called the “prompt” temperature coefficient.

   Now let us say a few words about the moderator. Normally it takes a couple of seconds for the heat produced in the fuel to reach the moderator. This heat is transferred by the process of thermal conduction. This means that the moderator will have only a very small effect on the reactivity initially, but this time lag will only persist until vapor bubbles begin to form. As soon as the coolant starts to boil, the density becomes
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Where
	: is the density of the liquid
	: is the density of the vapor 
α is the void fraction of the mixture
Thus, this density change needs to be taken into account in the calculation of the time-dependent reactivity reduction. Finally, the neutron energy spectrum hardens when more voids appear. This causes the neutron leakage rate l to increase, and the neutron mean free path increases as well. The time frames associated with each of these changes to the global reactivity are shown in Table 17.3. Table 17.3 also gives the magnitude of the changes as well.
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[bookmark: _Toc121698168] Masterson: Regulatory requirements Governing Sudden reactivity Changes (Reading)
raising the power level does not necessarily guarantee that all regions of the core will experience the same temperature change at the same time. For example, the fuel temperature may increase faster than the coolant temperature, and in some fuel assemblies, the temperature of the coolant may be lower than in others. For this reason, the U.S. NRC will not allow a commercial nuclear power plant to be licensed in the United States unless the temperature coefficient of the reactivity is negative across its entire operating range. (Military reactors normally have different regulatory requirements.)

Normally, the value of α T is measured by increasing the power level, and at each elevated power, measuring the increase in the temperature of the coolant ΔT and the overall reactivity change Δρ. (The value of Δρ can be then inferred from the reactor period T.) The results of this data collection process are shown for a research reactor in Table 17.4. After the data has been collected, it can then be plotted using a graph similar to that shown in Figure 17.15.
[image: ]

[image: ]

[image: ]

[image: ]

[bookmark: _Toc121698169]Reading: Ch09.Energy Transport
[bookmark: _Toc121698170]Introduction
· In Chapters 5 through 7, where the time and spatial distributions of neutrons in reactors are examined, the reader learned that with a specified set of cross sections the criticality equations allow reactors to operate at any power, without affecting the multiplication; the power level simply provides the normalization for the flux solution. The independence of power level from multiplication, however, only holds when the neutron flux is small. At higher power levels the temperatures of the fuel and coolant increase. Thermal expansion and other phenomena, such as Doppler broadening, then bring about changes in the cross sections, and concomitant changes in the value of k. In Chapter 8 we examined the temperature effects associated with power level changes. In this chapter we complete the loop by examining the reactivity feedback resulting from those changes in temperature.
· 
· We begin by defining reactivity coefficients and then look at those caused specifically by fuel and by moderator temperature changes. We proceed by examining the reactivity effects that take place under various operating conditions, such as heat up from room temperature to operating conditions, changes in power level, transients, and so on. After examining reactivity control and the concepts of excess reactivity, temperature, and power defects, we conclude with a discussion of reactor transients.

[bookmark: _Toc121698171]Core Power Distribution
· The treatment of reactor kinetics in Chapter 5 indicates that the power produced by a reactor is determined by the time-dependent multiplication , or correspondingly the reactivity,

	
	‎0.1 


· In some situations it is possible to determine a priori the reactivity versus time. Such is often the case, for example, when control rods of known properties are moved in a prescribed manner in a reactor operating at very low neutron flux levels. 
· As soon as a reactor produces enough power to raise the temperatures in the core above their ambient levels, however, the material densities as well as some of the microscopic cross sections become affected. 

· Because the core multiplication depends on these densities, a reactivity feedback loop is established in which k, and thus , is dependent on temperatures and densities that in turn are determined by the reactor power history.
· Energy and thus temperature is dependent on histoy of power:
· 
· The understanding of the nature of mechanisms leading to reactivity feedback is essential to the analysis of power reactor behavior.In relating the incremental reactivity changes to reactor multiplication, the following approximation is nearly universal:

	

The argument is not convincing! 
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Because k rarely differs from one by more than a few percent, little error is introduced into . Moreover, the logarithmic form of Eq. (9.2) facilitates the analysis of reactivity effects: Because k frequently is approximated with the four-factor formula, writing:  allows the factors to be transformed from multiplicative to additive form. In addition, since we make widespread use of Eq. (3.2) for expressing the multiplication as a product of infinite medium and leakage effects,
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734 Burnup, Depletion, and Temperature Feedback



17.13 � Understanding the Void Coefficient of the Reactivity



We can estimate the effect that vapor bubbles (or voids) have on the average density of the coolant if we know the void 
fraction α of the liquid–vapor mixture. The reader may recall that the void fraction α at a particular location in the core* 
is defined as



Definition of the Void Fraction (α)



	
Void fraction



Volume of the vapor
Volume of the liquid Volu



=
+ mme of the vapor( ) 	



(17.16)



In Equation 17.16 the phases are assumed to move at the same speed. The density of the resulting liquid–vapor mixture 
is then



	 r a r arMIX V= -( ) +1 1 	 (17.17)



Here ρl is the density of the liquid, ρv is the density of the vapor, and α is the local void fraction (which can be a function 
of axial elevation). Numerically, we can express the relationship between the reactivity change Δρ and the change in the 
void fraction Δα as



*	See Nuclear Engineering Fundamentals: A Practical Perspective, by R.E. Masterson, CRC Press (2017).
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FIGURE 17.10  An illustration of how the temperature of the coolant and the void fraction changes in a BWR coolant channel.
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FIGURE 17.12  An illustration of how coolant temperature feedback works in a PWR or a BWR.
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FIGURE 17.11  An illustration of the boiling and nonboiling heights in a BWR coolant channel. Before the water starts to boil (in the 
lower 25% of the core), the moderator coefficient of the reactivity αM can be used to find the reactivity change, and in the upper 75% 



of the core, the void coefficient of the reactivity αV must be used to find the reactivity change.
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FIGURE 17.12  An illustration of how coolant temperature feedback works in a PWR or a BWR.
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FIGURE 17.11  An illustration of the boiling and nonboiling heights in a BWR coolant channel. Before the water starts to boil (in the 
lower 25% of the core), the moderator coefficient of the reactivity αM can be used to find the reactivity change, and in the upper 75% 



of the core, the void coefficient of the reactivity αV must be used to find the reactivity change.
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738 Burnup, Depletion, and Temperature Feedback



another. The result of this random thermal motion is that a beam of monoenergetic neutrons will have a continuous spread 
of kinetic energies rather than just a single kinetic energy E.



When viewed by the oncoming neutrons, the net effect of this molecular agitation is that the absorption resonances 
of the fuel atoms appear to become broader as the temperature is increased. Thus the resonance escape probability p 
always decreases as the fuel temperature is raised because the Doppler broadening will cause more epithermal neutrons 
to be absorbed. We can immediately conclude that the reactivity of the fuel must be temperature dependent because the 
effective multiplication factor must be temperature dependent as well:



	 K T K T Teffective ( ) = = ( ) × ( )¥P P P P f pFNL TNL FNL TNLe h 	 (17.23)
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FIGURE 17.13  The absorption resonances for U-238 (in red) and Thorium-232 (in green) that dominate the value of resonance 
escape probability P just above the thermal energy range. (Courtesy of Kaere.)
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FIGURE 17.14  Effect of fuel temperature on the width and height of the absorption resonances.
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73917.16  Doppler Broadening and Its Effect on the Resonance Escape Probability



Various theoretical models have been developed to quantify this process at a molecular level. The most famous of these 
is the Breit–Wigner model, which was developed by scientists working on the Manhattan Project during the Second 
World War. In essence, the Breit–Wigner model attempts to describe a theoretically symmetric absorption resonance of 
half width Γ centered about a single resonance energy Eo. The absorption cross section σa(E) around the resonance peak 
is represented by



The Breit–Wigner Formula
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(17.24)



where σo is a previously computed value that depends on the wavelength of the neutron at the resonance peak. The 
Breit–Wigner method can be applied to neutron-scattering resonances by replacing σa(E) with σs(E). Thus even if 
the initial neutron energy E does not correspond to the peak energy at Eo, the random thermal motion of the tar-
get nucleus causes some of the incoming neutrons to have a relative energy that is very close to Eo. If the nucleus 
is moving away from the neutron, the velocity of the neutron must be greater than Eo to hit the resonance peak. 
Conversely, if the nucleus is moving toward the neutron, the neutron needs less energy than Eo to be absorbed. 
Raising the value of T causes the fuel atoms to vibrate more vigorously about their equilibrium positions, and this 
causes more neutrons to become trapped in the absorption resonances. Moreover, it can be shown after a lengthy 
derivation that the contribution of the resonance escape probability to the fuel temperature coefficient for a simple 
substance is given by
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where po is the resonance escape probability at an initial temperature of 300°K, and the value of C is given by
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(17.26)



where A and B are the dimensionless numbers shown in Table 17.2, r is the radius of the fuel pin (in cm), and ρ is the 
density of the fuel in grams per cubic centimeter (gm/cm3). In other words, the contribution of the Nuclear Doppler Effect 
to the fuel pin temperature coefficient is given by



The Contribution of the Doppler Effect to the Fuel Temperature Coefficient
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TABLE 17.2
Empirical Constants Used in the Calculation 
of the Fuel Temperature Coefficient αF



Fuel Type A B



UO2 3050 47



ThO2 4850 120



U (metallic) 2400 64



Th (metallic) 4250 134



Source:	L amarsh, J.R., Introduction to Nuclear 
Reactor Theory, second printing, Addison-
Wesley Publishing Company, Inc., 1972.
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74117.18  Time Dependence of the Core Temperature Coefficients



Most of the terms in this expression cancel, and after some additional algebra, we are left with
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So if we increase the fuel temperature by a factor of 4, αF becomes 50% smaller. Note, however, that the value of αF is 
still a negative number in this case. [Ans.]



17.18 � Time Dependence of the Core Temperature Coefficients



Because the temperature coefficients for the fuel and the moderator do not change at the same rate, their instantaneous 
effect on the reactivity is not the same. In other words, the fuel temperature coefficient affects the reactivity more quickly 
than the moderator temperature coefficient does. For example, changing the temperature of the fuel causes a system-wide 
change in the reactivity to occur almost immediately. This is because it takes only a couple of milliseconds for the fuel 
temperature to rise enough to throw additional neutrons into the U-238 absorption resonances. The time frame for this 
can be as little as 10–4 seconds, and consequently, the fuel temperature coefficient is also called the “prompt” tempera-
ture coefficient.



Now let us say a few words about the moderator. Normally it takes a couple of seconds for the heat produced in the 
fuel to reach the moderator. This heat is transferred by the process of thermal conduction. This means that the moderator 
will have only a very small effect on the reactivity initially, but this time lag will only persist until vapor bubbles begin to 
form. As soon as the coolant starts to boil, the density becomes



	 r a r arcoolant V= -( ) +1 1 	 (17.32)



where 
ρl is the density of the liquid
ρv is the density of the vapor
α is the void fraction of the mixture



Thus this density change needs to be taken into account in the calculation of the time-dependent reactivity reduction. 
Finally, the neutron energy spectrum hardens when more voids appear. This causes the neutron leakage rate L to 
increase, and the neutron mean free path increases as well. The time frames associated with each of these changes to 
the global reactivity are shown in Table 17.3. Table 17.3 also gives the magnitude of the changes as well.



TABLE 17.3
Time Frames Associated with Temperature-Dependent Reactivity Changes



Coefficient Time Frame Typical Value
Total Effect (∆T = 10°K) 



(Negative Dollars)
Total Effect (∆T = 100°K) 



(Negative Dollars)



αF 10−3 s −3.0 × 10−5 per °K ~$ 0.05 ~$ 0.50



αM
a 1–5 s −0.5 × 10−5 per °K <$ 0.01 ~$ 0.08



αV
b 1–5 s −0.0015 per % void ~ 25 cents per void %d ~25 cents per void %d



αL
a 10−2 s −0.1 × 10−5 per °K <$ 0.01 <$ 0.01



αL
b TTCPc + 10−2 s −0.3 × 10−5 per °K <$ 0.01 ~$ 0.01



a	 Before phase change.
b	 After phase change.
c	 TTCP = time to change phase.
d	 For a Uranium-235-fueled thermal reactor with a β of 0.0065.
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742 Burnup, Depletion, and Temperature Feedback



17.19 �R egulatory Requirements Governing Sudden Reactivity Changes



Raising the power level does not necessarily guarantee that all regions of the core will experience the same tempera-
ture change at the same time. For example, the fuel temperature may increase faster than the coolant temperature, 
and in some fuel assemblies, the temperature of the coolant may be lower than in others. For this reason, the U.S. 
NRC will not allow a commercial nuclear power plant to be licensed in the United States unless the temperature 
coefficient of the reactivity is negative across its entire operating range. (Military reactors normally have different 
regulatory requirements.)



Normally, the value of αT is measured by increasing the power level, and at each elevated power, measuring the 
increase in the temperature of the coolant ΔT and the overall reactivity change Δρ. (The value of Δρ can be then inferred 
from the reactor period T.) The results of this data collection process are shown for a research reactor in Table 17.4. After 
the data has been collected, it can then be plotted using a graph similar to that shown in Figure 17.15.



TABLE 17.4
Measurements of the Temperature Coefficient of Reactivity for a Hypothetical Research Reactor



Reactor Power (kW) Average Core Temperature (°C) Core ∆T (°C) Core ∆ρ (cents) αT = ∆ρ/∆T (cents/°C)



0.1 25.8 0.0 ~0.0 0



5.0 28.9 3.1 −6.8 −2.19



15.0 35.1 6.2 −9.7 −1.56



25.0 44.3 9.2 −10.7 −1.15



50.0 58.9 14.6 −15.8 −1.08



75.0 82.2 15.9 −19.3 −1.15



100.0 98.4 16.2 −19.1 −1.18



150.0 119.7 19.3 −28.8 −1.24



200.0 147.5 25.8 −33.4 −1.29



250.0 161.3 13.8 −19.3 −1.40



300.0 179.9 19.6 −28.6 −1.53
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FIGURE 17.15  The overall temperature coefficient of the reactivity and the change in the reactivity versus fuel temperature for a typical 
thermal water reactor, similar to many research reactors that are in operation today. 
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FIGURE 17.15  The overall temperature coefficient of the reactivity and the change in the reactivity versus fuel temperature for a typical 
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74317.20  Compliance with the Compendium of Federal Regulations and 10 CFR50



Example Problem 17.5



Suppose that a thermal water reactor is fueled with U-235. Assuming the neutron energy spectrum is Maxwellian, how 
much do you expect the reactivity to decrease when the average temperature of the fuel is raised from 1000°C to 1200°C? 
What is the expected reactivity change in this reactor in dollars and cents?



Solution  According to our previous discussion, the temperature coefficient for U-235 is αT(η) = −3.0 × 10−5 per °K. 
Therefore, raising the fuel temperature by 200°C lowers the reactivity by 200 × −3.0 × 10−5 = −0.006 = −600 pcm. In 
dollars and cents, this is a reactivity change of Δρ = −0.006/β = −0.006/0.0065 ≈ −92 cents. [Ans.]



17.20 � Compliance with the Compendium of Federal Regulations and 10 CFR50



Reactors rely on a negative temperature coefficient to keep them safe when their power levels unexpectedly rise. In the 
United States, the Nuclear Regulatory Commission will not license a commercial power reactor unless the value of αF is 
negative over its entire operating range. The requirement is set forth in a document called the Compendium of Federal 
Regulations, which the reader is encouraged to read. Appendix A of 10 CFR50 states 



The prompt inherent feedback characteristics of the fuel must compensate for a rapid increase in the reactivity in the power 
operating range.



In other words, the NRC requires the prompt temperature coefficient to be negative over the entire operating range before an 
operating license can be issued. The physical basis for this decision is illustrated in Figure 17.16. In Canada and other coun-
tries that use natural uranium-fueled reactors, this operating requirement is sometimes relaxed to account for the fact that the 
power levels are much lower than they are in conventional PWRs and BWRs. However, even under these circumstances, the 
reactor vendor must show that the average fuel temperature coefficient is negative, even though there may be some regions 
of the core where it may be zero or slightly positive.



Thus the temperature coefficients we have discussed are needed to keep modern nuclear reactors safe. So while we 
have written the total temperature coefficient αT as



	 a a a aT M F L= + + 	 (17.33)



to reduce the notational complexity, in practice it is usually written as



	 a a a aT M F LT T T T( ) = ( ) + ( ) + ( )	 (17.34)



This means that the operational data required to license a commercial nuclear power plant needs to be recorded in a table, 
such as the one shown in Table 17.4. Normally this data is then fit to a curve using a curve-fitting technique such as the 
least squares method, which we will subsequently discuss.
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FIGURE 17.16  The effect of fuel temperature feedback on the power level in a nuclear reactor.
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73117.9  How Temperature Affects the Reactivity of the Core



cores that use an out–in loading scheme, a checkerboard loading scheme, and a low-leakage loading scheme at the begin-
ning of each refueling cycle. The cores shown all have a total of 15 fuel assemblies along the x- or y-axis when measured 
along the centerline, and the pressure vessel is also identical in each case. Note in particular how well the low-leakage 
core is able to flatten the radial power profile, while also keeping the neutron flux as low as possible near the peripheral 
assemblies. This is one of the reasons why the popularity of low-leakage cores has continued to increase over time.



17.9 � How Temperature Affects the Reactivity of the Core



The temperature of the core can affect the reactivity in many different ways. We previously mentioned that nuclear 
reactors have a number of different feedback mechanisms built into them to prevent rapid increases in the power 
level from feeding on themselves. One of the most important of these mechanisms is a phenomenon called tempera-
ture feedback. Changes in the temperature of the core can occur at different rates in the fuel and in the moderator, 
and certain parts of the core can run hotter or colder than others. Thus, core-wide temperature changes can affect 
the power level in many different ways. In this section, we would like to discuss how these reactivity changes can be 
predicted quantitatively. On a macroscopic level, increasing the temperature of the core causes its molecular density 
to decrease, and this reduces the neutron production rate over a period of time. The extent to which a change in the 
temperature of a reactor’s materials will produce a corresponding change in its reactivity is called the temperature 
coefficient of the reactivity. The temperature coefficient of the reactivity is usually given by the symbol αT, and it is 
formally defined by
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Thus if αT and ∆T are known, then the change in the reactivity of the core becomes



	 D Dr a= T T	 (17.9)



where ΔT is the average temperature change of the core in degrees Kelvin or degrees centigrade. In some reactors, the value 
of αT can be either positive or negative. However, in most reactors, the temperature coefficient αT is designed to be as nega-
tive as possible. When the value of ∆T is positive, and the value of ∆ρ is negative, the effect on the reactivity is known as 
negative temperature feedback. Notice that Equation 17.9 implies that the relationship between ∆ρ and ∆T is a linear one, 
and while this relationship is not exactly linear in practice, it is usually accurate enough to predict how the core will behave. 
From Equation 17.9, it is also apparent that αT has the units of per °C or per °K. Since the reactivity is given by
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it also follows that



Temperature Coefficient of the Reactivity
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(17.11)



where for most practical purposes, we can generally assume that k = Keffective. Temperature changes can then alter the value 
of the reactivity in two primary ways:



☉☉ First, the temperature can change the reactivity by affecting the density of the coolant. As the temperature rises, 
the coolant expands and becomes less dense, and beyond a certain temperature and pressure, it will begin to boil. 
This boiling causes steam bubbles (e.g., voids) to develop in the coolant, which tends to harden the neutron energy 
spectrum since there are simply fewer atoms available to slow the neutrons down. This means that the supply of 
thermal neutrons will be reduced (due to the increased moderation), and if we are dealing with a thermal water 
reactor, this will tend to shut down the fission process if the change in the density of the coolant is great enough. 
So in a sense, increasing the power level is a self-regulating process as far as the moderator is concerned. The other 
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73317.12  Temperature Feedback with Nucleate or Bulk Boiling



17.11 � Effect of Boric Acid on the Moderator Temperature Coefficient



In modern PWRs, the moderator coefficient is a function of the amount of boric acid that is dissolved in the coolant. In 
a fresh core, the moderator coefficient αM can sometimes become positive when the boric acid concentration exceeds 
1500 PPM (parts per million), or about 1.5 grams per liter. For this reason, burnable poisons are added to the fuel 
assemblies to keep the total temperature coefficient (fuel plus moderator) negative initially. Then, as the boric acid con-
centration decreases, the moderator coefficient becomes negative as well. Even at a modest boric acid concentration of 
1700 PPM, the moderator coefficient can still have a positive value of +12.5 pcm/°C, or 1.925 cents/°C. This means that an 
increase in the moderator temperature of just 8°C will increase the reactivity by about 15.4 cents, which would double the 
power level in about 40 seconds (see Chapter 20). The effect of burnable poisons on the Solbor concentration is discussed in 
Chapter 20, and the actual variation is shown in Figure 18.12.



17.12 � Temperature Feedback with Nucleate or Bulk Boiling



In PWRs, gas reactors, and liquid metal fast breeder reactors, the reactivity is temperature dependent as long as the 
coolant does not boil. However, when the coolant boils (as it does in a BWR), the previous expression for the moderator 
temperature coefficient
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can no longer be used to estimate the change in the core power level because voids (or bubbles) are created in the coolant 
while the temperature of the coolant remains the same. However, the void fraction does change as the coolant absorbs 
additional thermal energy, and this is how the reactivity change must be determined. In previous chapters, we learned that 
the coolant in a BWR reaches its saturation temperature (286°C) about one-third of the way up the core, and beyond this 
point, the coolant temperature stays the same no matter how much energy is added to the coolant. (The additional energy 
simply creates more voids.) This process continues until all of the coolant has been converted into steam. Practically 
speaking, the void fraction α in a BWR never rises above 80% (even at the core exit), and the quality x of the coolant 
rarely exceeds 17% at this elevation. The temperature and void fraction profiles are shown in Figure 17.10. This means 
that an entirely different approach must be used to estimate the reactivity changes induced by the presence of these voids. 
In practice, this can be done by defining another reactivity coefficient called the void coefficient of the reactivity.



In the sections that follow, we would like to explain how the void coefficient of the reactivity works. The void coefficient 
is more important than the moderator temperature coefficient when it comes to determining the behavior of a BWR. In 
fact, during normal operation, the void coefficient completely dominates the moderator temperature coefficient in a BWR. 
Conversely, in a PWR, where most the coolant does not boil, the void content rarely exceeds one-half of one percent. Thus, 
the void coefficient is normally of no importance to the time-dependent behavior of a PWR. The only exception to this rule 
is a severe reactor accident, which we will discuss in Chapter 21.



TABLE 17.1
Various Ways of Controlling the Reactivity and the Time Frames in Which They Are Effective



Reactivity Changing 
Mechanism Symbol Effect on the Reactivity



Typical Time Frame of 
Operation



Domain of Control 
(Local, Global, Both)



Fuel burnup and depletion ∆ρF Negative Days to months Both



Fission products buildup 
(including xenon)



∆ρP Negative (without xenon) 
Positive or negative with xenon



Hours to months Global



Chemical shim (boric acid) ∆ρB Negative (if increased) 
Positive (if decreased)



Hours to months Global



Burnable poisons ∆ρBP Negative Days to months Local



Control rods ∆ρR Negative (inserted) 
Positive (withdrawn)



Seconds to months Both



Temperature changes to the 
fuel and coolanta



∆ρT Negative for +∆T 
Positive for −∆T



Milliseconds to minutes Both



a	 Thermal reactors only.
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reactivity contained in all of the control rods. However, a burnable poison is generally mixed directly into the fuel, and 
hence it cannot be moved, while a more expensive control rod (by design) can always be moved up and down.



18.12 � Burnable Poisons Inside of Reactor Fuel Assemblies



In a PWR, the control rods can contain about $11 of negative reactivity, while the burnable poisons will typically contain 
$12 to $14 worth. Similarly, in a BWR, the control rods will contain about $25 of negative reactivity, while the burnable 
poisons will contain about $18 worth. This difference in the worth of the control rods is primarily due to the fact that 
PWRs have an additional chemical shim system, while the BWRs do not. Burnable poisons have become very popular in 
recent years because of advances in nuclear materials, and because they can help to reduce the cost of building or operat-
ing a reactor. Since control rods and their drive mechanisms are very expensive to build, the cost of building a reactor can 
be reduced substantially by simply replacing the moveable control rods and their drive mechanisms by stationary fuel 
rods containing burnable poisons. For a nuclear plant that costs 5–10 billion dollars, this can save a utility between 20 and 
30 million dollars in operating costs.



Student Exercise 18.2



Suppose that we take three different types of fuel assemblies––one with an enrichment of 4%, one with an enrichment of 
3%, and one with an enrichment of 2%. If the neutron flux in all of these fuel assemblies is exactly the same



	 1.	 What is the peak-to-average power ratio when they are initially loaded into the core?
	 2.	 What is the peak-to-average power ratio when on average they are 50% burned? Be prepared to give a reason for 



your answer.



Gadolinium and boron are commonly used as burnable poisons today. Boron can be combined with a variety of metals, 
stainless steel, and even with pryex glass to create a fuel rod filled with a burnable poison. Gadolinium can also be mixed 
directly with uranium oxide (UO2) in the form of gadolinia (Gd2O3), which performs a similar function. In addition, both 
materials can be distributed radially or axially in a number of predefined zones to control both the radial and axial burnup. 
This promotes a much more uniform burnup of the fuel in each direction. Other advances in nuclear materials and control 
systems may result in an even more widespread use of burnable poisons in the future. Figure 18.12 shows how adding 
burnable poisons to a PWR core can affect the amount of chemical shim needed to keep the reactor critical over a period 
of about 1 year. Of course, the poison is mixed with the fuel in this case.
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FIGURE 18.12  The effect of burnable poisons on the boric acid concentration in a typical PWR core.











