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8. [bookmark: _Toc122375333]Energy Transport

[bookmark: _Toc122375334]Introduction
· The preceding three chapters concentrated on the time and space distributions of neutrons in a reactor core, leading to Eq. (7.30):


· It shows that in a critical reactor the flux level is proportional to the reactor power

· At very low power any level can be chosen, and the equation still holds. 
· However, for higher powers, at the levels typically found in power reactors, two important limitations come into play:
· First, the energy must be transported out of the core without overheating the fuel, coolant, or other constituents; these thermal limits determine the maximum power at which a reactor can operate. 
· Second, as temperatures rise, the densities of the core materials change at different rates, and other temperature-related phenomena occur. These affect the multiplication, causing temperature-related reactivity feedback effects to ensue.
· This chapter examines the energy transport from reactor cores, defining power density and related quantities that determine temperature distributions. These quantities allow the thermal limits imposed on reactor operation to be examined in the later part of the chapter. 
· Chapter 9 combines the temperature distributions with the neutron physics of reactor lattices to examine reactivity feedback effects.


[bookmark: _Toc122375335]Core Power Distribution
· The interaction of neutron physics with heat transport requirements may be understood in broad terms as follows. Let P signify the reactor power and V the core volume. Then
	,        
	‎8.1 



· It defines the core-averaged power density. The ratio of maximum to average power density is the power peaking factor: 
	,       

	‎8.2 


· Eliminating  between these definitions offers some insight into the interdisciplinary nature of reactor core design:
	,    
	‎8.3 



· Reactors are normally designed to produce a specified amount of power, while with other variables held constant:
· The cost of construction rises dramatically with the core volume. 
· Thus, maximizing the ratio  is a central optimization problem of core design.
· The achievable maximum power density is dependent primarily on materials properties and the temperatures and pressures that can be tolerated by fuel, coolant, and other core constituents. 
·  quality of specific volume at max
· Minimizing the peaking factor falls much more into the domain of reactor physics, for nonuniform distributions of fuel enrichment, the positioning of control rods and other neutron poisons, as well as other neutronic considerations largely determine the value of . 
· the lower peaking factor the better utilization of sub volume elements.
·  are all sub-volumes well utilized?

· The core volume that is ultimately selected also has reactor physics repercussions, most importantly on the core-averaged fuel enrichment and the non-leakage probability. Table 8.1 displays representative properties for the major classes of power reactors.

[bookmark: _Toc122375336]Finite Cylindrical Core
· The distribution of power density is central to the interaction of reactor physics with thermal-hydraulic phenomena. The power density in watts/cm3, kW/liter or MW/m3 at any point  in the reactor is given by

	,       

	‎8.4 



· where  is the number of W-s/fission and  is the number of fissions/cm3/s. The fission cross section and the flux are spatial averages over lattice cells of fuel, coolant, and other core constituents, with the averages determined by the methods discussed in Chapter 4. We consider specifically a cylindrical reactor of height H and radius R and take the origin at , the center of the reactor. We further assume that the power distribution, and therefore  in Eq. (8.4), are separable functions of r and z. With this restriction we may represent the power density distribution as

	

	‎8.5 
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· The volume integral is given by:
	


	‎8.6 


 
It defines the core-averaged power density, inserting  into this expression determines normalization conditions on and . For cylindrical geometry we write the volume integration as:

	
	‎8.7 


 
and obtain

	
	‎8.8 



Equations (8.5) and (8.6) are thus satisfied by the normalization conditions

	
	‎8.9 
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· The power peaking factor is then the product of radial and axial components, , where the radial and axial peaking factors are:

	
	‎8.11 
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 Common practice is also to include a local peaking factor  to account for fuel element manufacturing tolerances, local control and instrumentation perturbations, and other localized effects on the power density, in which case
	
	‎8.13 


· In the quest to flatten the power distribution and reduce the peaking factor, two or more radial zones containing fuels of different enrichments frequently serve to decrease the radial peaking factor. The radial power profile might then look as shown in Fig. 8.1, where the discontinuities on the power distribution are due to the discontinuities in the fission cross section. 
· In the axial direction, distortion of the power occurs if partially inserted control rod banks enter from one end of the core as shown in Fig. 7.11, where a control rod bank enters from the top results in a power tilt, causing the flux to be depressed toward the upper end of the core and peaked in the lower half. The result is an increase in . As comparison of Figs. 7.11a and 7.11b indicates, the magnitudes of such distortions tend to grow with the reactors’ dimensions, measured in migration lengths.
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[bookmark: _Toc122375337]Uniform Cylindrical Core Example
· For a uniform core, the fission cross section in Eq. (8.4) is a constant. Thus, the power density is proportional to the flux. Equation (7.30) indicates that for a uniform core the spatial flux dependence is . Thus, we take  and  to have the forms:
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where  and  are normalization coefficients which we determine by inserting these expressions into Eqs. (8.9) and (8.10):
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 We have already evaluated integrals identical to these in Eqs. (7.26) and (7.27), yielding
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· Because both the Bessel function and cosine have maximum values of one, the radial and axial peaking factors are:
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[bookmark: _Toc122375338]Heat Transport
· The same lattice structure that profoundly affects the reactor multiplication, as detailed in Chapter 4, largely determines the transport of heat out of the reactor. 
· In what follows we present a simple fuel coolant model that is applicable to:
· Fast reactors with coolant
· Thermal reactors in which the liquid coolant also serves as the moderator.
·  In thermal reactors using solid moderators, most frequently graphite, a three-region model would be required, considering the temperatures in the moderator as well as the coolant. We consider o state heat transfer in this section before making a brief examination of thermal transients in Section 8.4. 
[bookmark: _Toc122375339]Heat Source Characterization
· [image: ]Consider the cylindrical reactor discussed above, with a height H and a radius R. Taking the origin of the coordinate system at the reactor’s center, we designate the properties at a distance z along the axis of a lattice cell whose centerline is located a radial distance r from the core centerline by the arguments . For simplicity, we assume that the reactor’s power distribution is separable in the r and z directions allowing us to describe it with Eq. (8.5): 

· Let  be the thermal power produced per unit length of a fuel element located in a lattice cell at ;  is referred to as the linear heat rate; it has units of W/cm or kW/m. A related quantity is the surface heat flux , measured in  or  . It measures the rate of heat flow across the fuel element surface and into the coolant, for a lattice cell located at . For a cylindrical fuel element with radius a, surface heat flux and linear heat rate are related by
	,   (

	‎8.23 


· Let  be the cross-sectional area of a lattice cell containing one fuel element. The thermal power produced per unit volume of core at that point (i.e., the power density) is then
· 
	
 
	‎8.24 


· [image: ]Combining this expression with Eq. (8.5) allows the linear heat rate to be expressed in terms of the radial and axial power components of the power density: 

	


	‎8.25 


 or correspondingly in terms of the reactor power,

	

	‎8.26 


 
· since . If the reactor consists of N identical lattice cells, each with a cross-sectional area of , then we may express reactor’s volume approximately as

	

	‎8.27 


 and combine this expression with Eq. (8.26) to yield
	

	‎8.28 



Note that  is just the total length of the N fuel elements contained in the reactor core.
[bookmark: _Toc122375340]Steady State Temperatures[footnoteRef:1] [1:   
       Ohm’s law: electrical resistance is the effort (voltage) needed to allow one unit of flow (current). 
Fourier’s law: thermal resistance is the effort (temperature gradient) needed to allow one unit of flow (power). 
Units: , ] 

· In what follows we develop some approximate expressions for estimating the fuel and coolant temperature distributions in terms of the reactor power. The temperature drop from fuel to coolant is proportional to the linear heat rate:
	


	‎8.29 


· where  is the fuel element temperature averaged over the fuel element’s cross section, , and  is the coolant temperature averaged over the cross-sectional area of the coolant channel associated with the lattice cell (). We designate the proportionality constant, , as the fuel element thermal resistance.

	

	‎8.30 


 where 
	

	‎8.31 


 
defines the reactor core thermal resistance. We may volume-average the fuel and coolant temperatures over the core by applying the integration, defined by Eq. (8.7), to Eq. (8.30):
	

	‎8.32 


· We proceed by modeling the average and outlet coolant temperatures,  and , under the stipulation that , the inlet temperature, is uniform over the cross-sectional area of the core. The coolant heat balance for a lattice cell located a distance r from the reactor centerline states that the heat added to the coolant is equal to that produced in the fuel element:

	

	‎8.33 


Where  is the channel mass flow rate in kg/s and  is the coolant specific heat at constant pressure, in J/kg/K. Inserting Eq. (8.28) expresses the equation’s right-hand side in terms of the reactor power. Solving for  yields
	
	‎8.34 



Next, we define: 
	
	‎8.35 


as the core mass flow rate through the N identical channels. Then, using Eq. (8.10) to eliminate , we have:
	
	‎8.36 


· The average core outlet temperature results from integrating this relationship over the cross-sectional area of the core, that is, by taking , and applying the normalization of Eq. (8.9):

	
	‎8.37 





· The coolant temperature averaged over the core volume depends on details of the axial power distribution. However, if the power distribution does not depart significantly from the axially symmetric condition:
	
	‎8.38 


 
a reasonable approximation for the average coolant temperature is 
	
	‎8.39 


 
Using this approximation, we may employ Eq. (8.37) to obtain the average coolant temperature in terms of the known inlet temperature and the reactor power: 
	
	‎8.40 


 Likewise, inserting this expression into Eq. (8.32) yields an average fuel temperature of

	
	‎8.41 


 
· (1) the average coolant temperature and (2) the average fuel temperatures are required for modeling the reactivity feedback effects discussed in the following chapter. Thermal limits, however, are more closely related to maximum fuel and coolant temperatures as well as to the maximum values of the linear heat rate and surface heat flux. The maximum coolant temperature occurs at the core outlet, and may be obtained directly from Eq. (8.36):
	
	‎8.42 


where  is the radial peaking factor defined by Eq. (8.11). The maximum temperature drop from fuel to coolant is determined from Eq. (8.30) by employing the definitions of  and :

	
	‎8.43 


 
Determining , however, requires that we know the coolant temperature at the point where it occurs. Taking the maximum outlet temperature from Eq. (8.42) would yield too large a value. A closer estimate results from taking the average coolant temperature from the channel with the maximum power output, that is, . 
Combining Eqs. (8.41) and (8.43) with this approximation then yields a maximum fuel temperature of
	
	‎8.44 


· For liquid-cooled reactors, particularly those utilizing oxide[footnoteRef:2] or carbide fuels, the temperature drop from fuel to coolant is much larger than the temperature increase in the coolant. Thus, from Eqs. (8.32) and (8.40), [2:  Oxides are low in thermal conductivity. We use them because they are fire resistant (already oxidized, burned!) ] 
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· Because , approximations made in determining the coolant temperature for use in Eq. (8.43) have relatively little impact on maximum fuel temperature. 
· Much more important is the following: The core thermal resistance  is derived for  averaged over the cross-sectional area of the fuel rod. The temperature at the rod’s hottest point, which is along its centerline, determines the limitation on the linear heat rate. As indicated in Appendix D, the centerline temperature may be obtained by replacing  in Eq. (8.44) with , the thermal resistance from the centerline to the coolant, which for a cylindrical fuel element is approximately

	
	‎8.46 


 
[bookmark: _Toc122375341]Pressurized Water Reactor Example
The interplay between neutronics and thermal hydraulics may be demonstrated though the following simplified design analysis of a reactor that is cooled and moderated by pressurized water. The initial design study assumes a uniform cylindrical core with a height to diameter ratio of one, and no significant reflector savings. Assume the following specifications:
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a) Fuel radius


b) Lattice pitch
 cm


c) Core dimensions and volume:







d) Core averaged power density:

[image: ]
e) Number of fuel elements:


f) [image: ]











Finally, once the foregoing parameters are settled upon, the fuel enrichment and control poison requirements must be specified to obtain an acceptable value of k, the neutron multiplication.

The simplified modeling assumptions employed in this analysis have not taken into account a number of significant factors. For example, they do not allow space for control rods or structural supports, and these could add 10% or more to the core volume. Likewise, they do not include , the local peaking factor, nor do they allow for substantial reductions in  that typically result from reducing the enrichment of the fuel elements or increasing the number of burnable poison rods to be placed in the highest flux regions of the core. The reduction in peaking factor in real designs substantially increases the average power density and decreases the core volume toward the PWR numbers quoted in Table 8.1. Nevertheless, the model demonstrates the substantial constraints under which the neutronics design of a power reactor core must proceed. Moreover, the foregoing calculations model represents only an attempt to obtain a workable set of core parameters; in reality, design is an iterative process. So, for example, if it turned out that the calculated coolant flow required a mean coolant velocity that is too large or resulted in an excessive pressure drop across the core, it would need to be reduced, and the other core parameters adjusted to accommodate the reduction.





[bookmark: _Toc122375342]Thermal Transients
As Eq. (8.32) indicates, the heat transferred from fuel to coolant under steady state conditions is just 

Conversely if cooling were cut off entirely, all the heat produced would go into heating up the fuel adiabatically:
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where  and  are the total fuel mass and specific heat, respectively. We may obtain an approximate lumped parameter model for thermal transients by combining these two expressions:
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As justification for this equation consider the two bounding cases. At steady state the derivative on the left vanishes and Eq. (8.32) results. If all cooling is lost (say, by setting the convection from fuel to coolant to zero, which is equivalent to ) the last term vanishes and Eq. (8.47) results. A more convenient form of this model results from dividing by :
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The first term on the right is the adiabatic heat-up rate, that is, the rate of fuel temperature rise if a power P is maintained but all cooling is cut off. The last term includes the core thermal time constant,
	
	‎8.50 


 which is a measure of the time required for heat to be transferred from fuel to coolant.

The thermal time constant is useful for the analysis of transients; comparisons of it to other time constants such as the prompt and delayed neutron lifetimes, the rates of control rod insertions, and so on are often useful in judging the degree to which differing phenomena interact. For cores with liquid coolants, the value of  is typically of the order of a few seconds, larger for oxide than for metal fuel. It is substantially larger for high temperature gas-cooled lattices, such as pictured in Fig. 4.1d, where the heat must pass through the graphite moderator before arriving at a coolant channel.
[bookmark: _Toc122375343]Fuel Temperature Transient Examples
Reactor power levels cannot change instantaneously, because of the kinetic effects of delayed neutrons discussed in Chapter 5. However, idealized step changes are useful in focusing attention on the significance of the thermal time constant. We consider two such hypothetical situations. In the first, a reactor operating at steady state power  is shut down instantaneously at . Equation (8.32) stipulates that the initial condition on the fuel temperature is . Assuming the coolant temperature remains constant, Eq. (8.49) then reduces to
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This can be integrated by factors to give:

	
	‎8.52 


 
Thus, the fuel temperature decays exponentially, causing the fuel to lose half of its stored heat in a time .

Next consider the converse situation in which the power suddenly jumps from zero to . The initial condition will now be , and with constant coolant temperature, Eq. (8.49) takes the form:

	
	‎8.53 


 This equation may be solved using the integrating factor, yielding a solution of

	
	‎8.54 


 
At long times the exponential vanishes, causing  to obey the steady state condition given by Equation (8.32, ). At short times, measured as , we may expand the exponential as
 which reduces the result to:

	
	‎8.55 


 which is just the adiabatic heat-up rate. Thus, we see that on time scales short compared to the thermal time constant, the core behaves adiabatically; for transients that are slow compared to the time constant, the core behaves in a quasi-steady state manner.

[bookmark: _Toc122375344]Coolant Temperature Transients
For simplicity, we have assumed that the coolant temperature remains constant in the above equations. This is often a reasonable approximation since if the coolant is a liquid the temperature changes in it are typically much smaller than in the fuel. Comparing the temperature drop between fuel and coolant, given by Eq. (8.32), with the temperature rise of the coolant, given by Eq. (8.37), provides a reference point:
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Typically, for liquid-cooled reactors with oxide or carbide fuel, .


For situations in which the time dependence of the average coolant temperature may become important, a differential equation approximating its behavior may be derived as follows. The power P appearing in Eqs. (8.32, ) and (8.40, ) represent, respectively, the heat flowing from the fuel to the coolant, and that being carried away by the coolant. 

Under steady state conditions they are equal. However, if P in Eq. (8.32) is greater than its value in Eq. (8.40), the difference must appear as the rate at which internal energy is added to the coolant within the core. If  is the coolant mass within the core and  is its specific heat, then the rate of internal energy increase is
	
	‎8.57 


 
We may rewrite this equation in terms of two additional time constants

	
	‎8.58 


 
	
	‎8.59 


but  because even for liquid coolants the heat capacity of the coolant in the core typically is much less than the fuel. The remaining time constant can be expressed in terms of  , the time required for the coolant to pass from core inlet to outlet. Suppose that  is the flow area of the core, and and  the density and average speed of the coolant; then  and . Thus, we have:
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This time constant also tends to be substantially smaller than the fuel time constant (). Thus, the coolant follows the fuel surface transient quite rapidly such that the energy storage term on the left of Eq. (8.57) can be ignored in most cases.

To the extent that the foregoing assumptions hold, we can model the coolant by setting the left-hand side of Eq. (8.57) to zero. We then have:
	
	‎8.61 


 
Combining this result with Eq. (8.49) then yields

	
	‎8.62 


However, because for most reactors the approximations  and
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Equations (8.62) and (8.64) provide a simple thermal model for use in analyzing reactor transients. In such transients thermal time constants—which are often of the order of a few seconds—frequently interact with the effects of the prompt and delayed neutron life times. Neutronic and thermal effects are strongly coupled through temperature-induced reactivity feedback. We take up these feedback effects in the next chapter.

	#
	Time constant
	Definition
	Uses

	1
	Core thermal time constant
	

	Cooling the fuel:


Warming fuel



	2
	the time required for the coolant to pass from core inlet to outlet
	

	Warming and cooling coolant terms:




	3
	


	
	


[bookmark: _Toc122375345] Problems
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FIGURE 7.11 Normalized axial flux distributions for control rod bank
insertion depths of x/H=0.25, 0.50, and 0.75. (a) H/M =10, (b) H/M =50.
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Because the maximum outlet temperature is limited to 330 °C we deter-
mine the mass flow rate from Eq. (8.42); taking c,=6.4-10°J/kg°C as
the specific heat of water at the operating coolant temperature yields

1 PR, 1 3000-10°-2.32
cp (Tolax—Ti)  6.4-103 (330 —290)
=27.2-10%°kg/s =27.2-10°g/s.

) W=

We determme the mean coolant velocity from W = pAg,, v, where
Agow = N - (p* — ma*), and we take the density of the pressurized
water at 300°C as 0.676 g/cm®. Thus

w B 27.2-10°
pN(p? — ma%)  0.676- 62,702 - (1.5362 — 70.5092)
=415cm/s =4.15m/s.

() v=
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8.1. The leakage probability of a power reactor is 0.08. As a first
approximation to a new reactor an engineer estimates that the
same power density can be achieved if the power is to be
increased by 20%. Assuming the height to diameter ratio of
the cylindrical core remains the same,










image1.emf
TABLE 8.1

3000 MW(t) Power Reactor Approximate Core Properties

PWR BWR
Pressurized-  Boiling- PHWR HTGR
H,0 H,0 CANDU- C-Moderated  SFR Na-Cooled  GCFR He-cooled
Reactor Reactor D,O Reactor  Reactor Fast Reactor Fast Reactor
P” (MW/m?) average 102 56 7.7 6.6 217 115
power density
q' (kW/m) average
1inear heat rate 17.5 207 24.7 37 22.9 ].7
3
V (m®) core volume 29.4 53.7 390 455 13.8 26.1
H/M height and
diameter in migration 43.9 55.0 40.8 68.8 13.5 12.6
lengths
N number of
fuel pins 51,44 35474 15,344 97,303 50,365 54,903
Py nonleakage 0.956 0.972 0.950 0.982 0.676 0.644

probability

Source: Data courtesy of W. S. Yang, Argonne National Laboratory.
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FIGURE 8.1 Radial power distributions for uniform and nonuniform fuel
loadings.










