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Heat Transfer HEAT TRANSFER TERMINOLOGY

HEAT TRANSFER TERMINOLOGY

- To understand and communicate in the thermal science field, certain terms and
expressions must be learned in heat transfer.

EO 1.1 DESCRIBE the difference between heat and temperature.
EO 1.2 DESCRIBE the difference between heat and work.

EO 1.3 DESCRIBE the Second Law of Thermodynamics and
how it relates to heat transfer.

EO 14 DESCRIBE the three modes of heat transfer.

EO 1.5 DEFINE the following terms as they relate to heat
transfer:

Heat flux

Thermal conductivity

Log mean temperature difference

Convective heat transfer coefficient

Overall heat transfer coefficient

Bulk temperature

mp a0 TR

Heat and Temperature

In describing heat transfer problems, students often make the mistake of interchangeably using
the terms heat and temperature. Actually, there is a distinct difference between the two.
Temperature is a measure of the amount of energy possessed by the molecules of a substance.
It is a relative measure of how hot or cold a substance is and can be used to predict the direction
of heat transfer. The symbol for temperature is T. The common scales for measuring
temperature are the Fahrenheil, Rankine, Celsius, and Kelvin temperature scales.

Heat is energy in transit. The transfer of energy as heat occurs at the molecular level as a result
of a temperature difference. Heat is capable of being transmitied through solids and fluids by ‘
conduction, through fluids by convection, and through empty space by radiation. The symbol
for heat is Q. Common units for measuring heat are the British Thermal Unit (Btu) in the
English system of units and the calorie in the SI system (International System of Units).
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HEAT TRANSFER TERMINOLOGY . Hear Transfer

Heat and Work

Distinction should also be made between the energy terms heat and work. Both represent energy
in transition. Work is the transfer of energy resulting from a force acting through a distance.
Heat is energy transferred as the result of a temperature difference. Neither heat nor work are
thermodynamic properties of a system. Heat can be iransferred into or out of a system and work
can be done on or by a system, but a system cannot contain or store either heat or work. Heat
into a system and work out of a system are considered positive quantities.

When a temperature difference exists across a boundary, the Second Law of Thermodynamics
indicates the natural flow of energy is from the hotter body to the colder body. The Second Law
of Thermodynamics denies the possibility of ever completely converting into work all the heat
supplied to a system operating in a cycle. The Second Law of Thermodynamics, described by
Max Planck in 1903, states that:

It is impossible to construct an engine that will work in a complete cycle and
produce no other effect except the raising of a weight and the cooling of a
TESErVOIr.

The second law says that if you draw heat from a reservoir to raise a weight, lowering the weight
will not generate enough heat to return the reservoir to its original temperature, and eventually
the cycle will stop. If two blocks of metal at different temperatures are thermally insulated from
their surroundings and are brought into contact with each other the heat will flow from the hotter
to the colder. Eventually the two blocks will reach the same temperature, and heat transfer will
cease. Energy has not been lost, but instead some energy has been transferred from one block
to another. “

Modes of Transferring Heat

Heat is always transferred when a temperature difference exists between two bodies. There are
three basic modes of heat transfer:

Conduction involves the transfer of heat by the interactions of atoms or molecules of a
material through which the heat is being transferred.

Convection involves the transfer of heat by the mixing and motion of macroscopic
portions of a fluid.

Radiation, or radiant heat transfer, involves the transfer of heat by electromagnetic
radiation that arises due to the temperature of a body.

The three modes of heat transfer will be discussed in greater detail in the subsequent chapters
of this module. ‘
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fHeat Transfer . HEAT TRANSFER TERMINOLOGY

Heat Flux

The rate at which heal is transferred is represented by the symbol Q. Common units for heat
transfer rate is Bwwhr. Sometimes it is important to determine the heat transfer rate per unit area,

or heat flux, which has the symbol Q”. Units for heat flux are Bu/hr-ft*. The heat flux can be
determined by dividing the heat transfer rate by the area through -which the heat is being
transferred.

Q" - KQ (2-1)
where:

Q" = heat flux (Btuwhr-ft})

Q = heat transfer rate (Btu/hr)

A =area (ft) -

Thermal Conductivity

The heat transfer characteristics of a solid material are measured by a property called the thermal
conductivity (X) measured in Btw/hr-ft-°F. 1t is a measure of a substance’s ability to transfer heat
through a solid by conduction. The thermal conductivity of most liquids and solids varies with:
temperature. For vapors, it depends upon pressure.

Log Mean Temperature Difference
In heat exchanger applications, the inlet and outlet temperatures are commonly specified based
on the fluid in the tubes. The temperature change that takes place across the heat exchanger from
the entrance to the exit is not linear. A precise temperature change between two fluids across
the heat exchanger is best represented by the log mean temperature difference (LMTD or AT, ),
defined in Equation 2-2. :

(AT, - AT)) :
AT = ey (2-2)
In(AT,/AT)
where:
AT, = the larger temperature difference between the two fluid streams at either
the entrance or the exil to the heat exchanger
AT, = the smaller temperature difference between the two fluid streams al either

the entrance or the exit to the heat exchanger
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Convective Heat Transfer Coefficient

The convective heat transfer coefficient (h), defines, in part, the heat transfer due to convection.
The convective heat transfer coefficient is sometimes referred to as a film coefficient and
represents the thermal resistance of a relatively stagnant layer of fluid between a heat transfer
surface and the fluid medium. Common units used to measure the convective heat transfer
coefficient are Btwhr - ft* - °F,

Overall Heat Transfer Coefficient

In the case of combined heat transfer, it is common practice to relate the total rate of heat

transfer (Q), the overall cross-sectional area for heat transfer (A,), and the overall temperature
difference (AT,) using the overall heat transfer coefficient (U)). The overall heat transfer
coefficient combines the heat transfer coefficient of the two heat exchanger fluids and the thermal
conductivity of the heat exchanger tubes. U, is specific to the heat exchanger and the fluids that
are used in the heat exchanger.

Q = UAAT, (2-3)
where:

Q = the rate heat of transfer (Bw/hr)

U, = the overall heat transfer coefficient (Btu/hr - ¢ - °F)

A, = the overall cross-sectional area for heat transfer (ft?)

AT, = the overall temperature difference (°F)

Bulk Temperature

The fluid temperature (T,), referred to as the bulk temperature, varies according to the details of
the situation. For flow adjacent to a hot or cold surface, T, is the temperature of the fluid that
is "far" from the surface, for instance, the center of the flow channel. For boiling or
condensation, T, is equal to the saturation temperature.
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Summary

The important information in this chapter is summarized below.

Heat Transfer Terminology Summary
. Heat is energy transferred as a result of a temperature difference.

. Temperature is a measure of the amount of molecular energy contained
in a substance.

. Work is a transfer of energy resulting from a force acting through a
distance.
. The Second Law of Thermodynamics implies that heat will not transfer

from a colder to a hotter body without some external source of energy.

. Conduction involves the transfer of heat by the interactions of atoms or
molecules of a material through which the heat is being transferred.

. Convection involves the transfer of heat by the mixing and motion of
macroscopic portions of a fluid.

. Radiation, or radiant heat transfer, involves the transfer of heat by
electromagnetic radiation that arises due to the temperature of a body.

. ~ Heat flux is the rate of heat transfer per unit area.

. Thermal conductivity is a measure of a substance’s ability to transfer heat
through itself.

. Log mean temperature difference is the AT that most accurately represenis the
AT for a heat exchanger.

. The local heat transfer coefficient represents a measure of the ability to transfer
heat through a stagnant film layer.

. The overall heat wransfer coefficient is the measure of the ability of a heat
exchanger to transfer heat from one fluid to another.

. The bulk temperature is the temperature of the fluid that best represents the
majority of the fluid which is not physically connected to the heat transter site.
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CONDUCTION HEAT TRANSFER

Conduction heat transfer is the transfer of thermal energy by interactions between
adjacent atoms and molecules of a solid.

EO 1.6 Given Fourier’s Law of Conduction, CALCULATE the
conduction heat flux in a rectangular coordinate system.

EO 1.7 Given the formula and the necessary values,
CALCULATE the equivalent thermal resistance.

EO 1.8 Given Fourier’s Law of Conduction, CALCULATE the
conduction heat flux in a cylindrical coordinate system.

Conduction

Conduction involves the transfer of heat by the interaction between adjacent molecules of a
material. Heat transfer by conduction is dependent upon the driving "force" of temperature
difference and the resistance o heat transfer. The resistance to heat transfer is dependent upon
the nature and dimensions of the heat ransfer medium. All heat transfer problems involve the
temperature difference, the geometry, and the physical properties of the object being studied.

In conduction heat transfer problems, the object being studied is usually a solid. Convection

problems involve a fluid medium. Radiation heat transfer problems involve either solid or fluid

surfaces, separated by a gas, vapor, or vacuum. There are several ways to correlate the geometry,

physical properties, and temperature difference of an object with the rate of heat transfer through

the object. In conduction heat transfer, the most common means of correlation is through

Fourier’s Law of Conduction. The law, in its equation form, is used most often in its rectangular
—or cylindrical form (pipes and cylinders), both of which are presented below.

Rectangular Q-kA [_A‘I] (24
Ax

Cylindrical Q=kA (%T] ‘ (2-5)
. , r
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where:

Q = rate of heat transfer (Btwhr)

A cross-sectional area of heat transfer (ft?)
Ax = thickness of slab (ft)

Ar thickness of cylindrical wall (ft)

AT temperature difference (°F)

k = thermal conductivity of slab (Btuw/ft-hr-°F)

The use of Equations 2-4 and 2-5 in determining the amount of heat transferred by conduction
_ is demonstrated in the following examples.

Conduction-Rectangular Coordinates

Example:

1000 Btu/hr is conducted through a section of insulating material shown in Figure 1 that
measures | ft* in cross-sectional area. The thickness is 1 in. and the thermal conductivity
is 0.12 Bw/hr-ft-°F. Compute the temperature difference across the matenal.

Insulating
Material
@ = 1000 "W
A =1 7
=012 P e
A%
1 inch

Figure 1 Conduction Through a Slab
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Hear Transfer

Solution:

Using Equation 2-4:

Q=kA(A_TJ

AX

Solving for AT:

°[)

AT =
1000 BUf 1 q
_ hr 12
012 B\ oy
hr—f(—°F
AT = 694°F

Example:

A concrete floor with a conductivity of 0.8 Btu/hr-ft-°F measures 30 ft by 40 ft with a
thickness of 4 inches. The floor has a surface temperature of 70°F and the temperature
beneath it is 60°F. What is the heat flux and the heat transfer rate through the floor?

Solution:

Using Equations 2-1 and 2-4:

- N Q AT
= < k|-
Q A (Ax]
_(pg Bt 10°F
| hr-ft-°F | 0333 fi
_ 24 Btu
hr-ft?

COHT-O2 : Pagc §
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Heat Transfer CONDUCTION HEAT TRANSFER

Using Equation 2-3:

k A (A_W = Q”A'

AX

Q

24 B ) (1200 f0)
hr—ft2

28,800 B ]

hr

Equivalent Resistance Method

It is possible to compare heat transfer to current flow in electrical circuits. The heat transfer rate
may be considered as a current flow and the combination of thermal conductivity, thickness of
material, and area as a resistance to this flow. The temperature difference is the potential or
driving function for the heat flow, resulting in the Fourier equation being writien in a form
similar to Ohm’s Law of Electrical Circuit Theory. 1f the thermal resistance term Ax/k is written
as a resistance term where the resistance is the reciprocal of the thermal conductivity divided by
the thickness of the material, the result is the conduction equation being analogous to electrical
systems or networks. The electrical analogy may be used to solve complex problems involving
both series: and parallel thermal resistances. The student is referred to Figure 2, showing the
equivalent resistance circuit. A typical conduction problem in its analogous electrical form 1s
given in the following example, where the "electrical” Fourier equation may be writlen as
follows. '

- i AT - ' |
= e 2-6
Q = (2-6)

th

-where:

"

Heat Flux (Q/A) (Btwhr-ft)

o
I}

AT = Temperature Difference (°F)

R, = Thermal Resistance (Ax/k) (hr-f’-°F/Biu)
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"
2
A Temperature
\ /proﬂle
—.....q
™ R R R
q \< q A B c
—] ——
AlB|C T T2 Ts Ty
AxA AxB Axc
N kp A kg A - kcA
1 2 3 4
(a) (b)

Figure 2 Equivalent Resistance

Electrical Analogy

Example:

A composite protective wall is formed of a 1.in. copper plate, a 1/8 in. layer of asbestos,
and a 2 in. layer. of fiberglass. The thermal conductivities of the materials in units of
Btw/hr-ft-°F are as follows: ko, = 240, k, = 0.048, and ky, = 0.022. The overall
temperature difference across the wall is S00°F. Calculate the thermal resistance of each
layer of the wall and the heat transfer rate per unit area (heat flux) through the composite

- structure.
Solution:
Ax AX Ax
RCu = = Rusb = = Rﬁb = id
k(;u k:lsb . kﬁb
1in [LI 0125 in | L 2 in LM
_ 12 in _ 12 in _ 12 in
249 Bl 0.048 __ DM 0.022 Bl
hr-ft-°F hr —ft-°F . hr-ft-°F
- 0.000347 ProfC-F - 02170 Prof-CF - 75758 MU
Btu B Btu

HT-02 . Page 10 ' Rev. 0



Hear Transfer CONDUCTION HEAT TRANSFER

Q_  (T-T)
A (RCLl ¥ Rusb + Rnb)
_ S00°F
(0.000347 + 0.2170 + 7.5758) E{f_u_F_
- 642 DU
hr-ft?

Conduction-Cvlindrical Coordinates

Heat transfer across a rectangular solid is the most direct application of Fourier’s law. Heat
transfer across a pipe or heat exchanger tube wall is more complicated to evaluate. Across a
cylindrical wall, the heat transfer surface area is continually increasing or decreasing. Figure 3
is a cross-sectional view of a pipe constructed of a homogeneous material.

Figure 3 Cross-sectional Surface Area of a Cylindrical Pipe

Rev. 0 . ) Page 11 HT-02



CONDUCTION HEAT TRANSFER Hear Transfer

The surface area (A) for transferring heat through the pipe (neglecting the pipe ends) is directly
proportional to the radius (r) of the pipe and the length (L) of the pipe.

A = 2nrl
As the radius increases from the inner wall to the outer wall, the heat transfer area increases.

The development of an equation evaluating heat transfer through an object with cylindrical
geometry begins with Fourier’s law Equation 2-3.

- AT
WES

From the discussion above, it is seen that no simple expression for area is accurate. Neither the
area of the inner surface nor the area of the outer surface alone can be used in the equation. For
a problem involving cylindrical geometry, it is necessary to define a log mean cross-sectional
area (A,).

A A
- outer inner (2_7)

m

In outer

inner

Substituting the expression 2xrl. for area in Equation 2-7 allows the log mean area to be
calculated from the inner and outer radius without first calculating the imner and outer area.

A _ = n I-cmler L - 2 T rirmer
im ~
In 2m Tomer L
2 L

routcr - rinncv
2 L =2 T

1 l«l:lll ter

T

inner

This expression for log mean area can be inserted into Equation 2-5. allowing us to calculate the
heat transfer rate for cylindrical geometries.
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: 2 k L(AT)
=-_ -7 2-8
R In(r /1) (2-8)

r
]

length of pipe (ft)

_‘
]

inside pipe radius (ft)

_,
Il

outside pipe radius (ft)

Example:
A stainless steel pipe with a length of 35 ft has an inner diameter of 0.92 ft and an outer
diameter of 1.08 ft. The temperature of the mner surface of the pipe is 122°F and the
temperature of the outer surface is 118°F. The thermal conductivity of the stainless steel
is 108 Btwhr-ft-°F.
Calculate the heat transfer rate through the pipe.

Calculate the heat flux at the outer surface of the pipe.

Solution:

2 kL (T, - T)

In{r /r)
628 (108 _BY 135 1y (122°F - 118°F)
- hr-ft-°F
0.54 ft
In
0.46 1t
- 502 x 18 B

hr
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//_Q
-3
) Q
c2mr L
592 x 10° BW

hr
2 (3.14) (0.54 ft) (35 f1)

Btu
hr-ft*

= 4985

Example:
A 10 ft length of pipe with an inner radius of 1 in and an outer radius of 1.25 in has an

outer surface temperature of 250°F. The heat transfer rate is 30,000 Btuwhr. Find the
interior surface temperature. Assume k = 25 Btu/hr-ft-°F.

Solution:

2@k L(T, - T,)
Im(r /1)

Solving for T,:

2 In(r,/r,
_ QG /r) o

"o 2m kL .

(30’000 Btu) (In 1.25» in)
_ hr l in + 250°F
2 314y (25 B k10
- hr-ft-°F

254°F

The evaluation of heat transfer through a cylindrical wall can be extended to include a composite
body composed of several concentric, cylindrical layers, as shown in Figure 4.

HT-02 Page 14 Rev. 0



Hear Transfer CONDUCTION HEAT TRANSFER

Q
T R A T2 ~B 13 e T4
< SVAVe VAN AV AVe =
In (rp /ry) in (3 /o) In (s /r3)
%k L ZrigL 5 rlee L
Q 2.TT|_(T’| ATZ:_)

In (ry /1) /ka + In (5 /o) /kB + I (r4 /s ) /kC

Figure 4 Composite Cylindrical Layers
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Example:

A thick-walled nuclear coolant pipe (k, = 12.5 Btuw/hr-ft-°F) with 10 in. inside diameter
(ID) and 12 in. outside diameter (OD) is covered with a 3 in. layer of asbestos insulation
(k, = 0.14 Buw/hr-ft-°F) as shown in Figure . If the inside wall temperature of the pipe
is maintained at 550°F, calculate the heat loss per foot of length. The outside temperature

i1s 100°F.
T = 100°F
r, = 2 1n ' k, = 12.5
r, = 6 in kG:OHL
ro = 6+ 3 = 9 In

Figure S Pipe Insulation Problem
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Solution:
0 2n (T - T))
L T, T,
In|-= In|=2
T T
<IA
kS l(1.1.
_ 21 (550°F - 100°F)
6 in 9 in
In _ In _
5 in . 6 in
125 Bw g4 Bu
| hrft-°F hr-ft-°F
_ 971 Bt
hr—ft
Summary

The important information in this chapter is summarized below.

Conduction Heat Transfer Summary

. Conduction heat transfer is the transfer of thermal energy by interactions between
adjacent molecules of a material.

. Fourier’s Law of Conduction can be used to solve for rectangular and cylindrical
coordinate problems. .

. Heat flux (Q”) is the heat transfer rate (Q) divided by the area (A).

. Heat conductance problems can be solved using equivalent resistance formulas
analogous to electrical circuit problems.

Rev. 0 Page 17 . HT-02



CONVECTION HEAT TRANSFER Heat Transfer

CONVECTION HEAT TRANSFER

Heat transfer by the motion and mixing of the molecules of a liquid or gas is
called convection. ' '

EO 19 Given the formula for heat transfer and the operating
' conditions of the system, CALCULATE the rate of heat

transfer by convection.

Convection

Convection involves the transfer of heat by the motion and mixing of "macroscopic” portions of
a fluid (that is, the flow of a fluid past a solid boundary). The term natural convection is used
if this motion and mixing is caused by density variations resulting from temperature differences
within the fluid. The term forced convection is used if this motion and mixing 1s caused by an
outside force, such as a pump. The transfer of heat from a hot water radiator to a room is an
example of heat transfer by natural convection. The transfer of heat from the surface of a heat
exchanger to the bulk of a fluid being pumped through the heat exchanger is an example of
~ forced convection.

Heat transfer by convection is more difficult to analyze than heat transfer by conduction because
no single property of the heat transfer medium, such as thermal conductivity, can be defined to
describe the mechanism. Heat transfer by convection varies from situation to situation (upon the
fluid flow conditions), and it is frequently coupled with the mode of fluid flow. In practice,
analysis of heat transfer by convection is treated empirically (by direct observation).

Convection heat transfer is treated empirically because of the factors that affect the stagnant film
thickness: '

e . -Fluid velocity
. Fluid viscosity
. Heat flux
. Surface Toughness
. Type of flow (single-phase/two-phase)

Convection involves the transfer of heat between a surface at a given temperature (T,) and fluid
at a bulk temperature (T,). The exact definition of the bulk temperature (T,) varies depending
on the details of the situation. For flow adjacent to a hot or cold surface, T, is the temperature
of the fluid "far” from the surface. For boiling or condensation, T, is the saturation temperature
of the fluid. For flow in a pipe, T, is the average temperature measured at a particular cross-
section of the pipe.
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The basic relationship for heat transfer by convection has the same form as that for heat transfer
by conduction:

Q =h A AT (2-9)
where:

Q = rate of heat transfer (Btu/hr)

h = convective heat transfer coefficient (Btwhr-ft-°F)

A = surface area for heat transfer (ft%)

AT = temperature difference (°TF)

The convective heat transfer coefficient (h) is dependent upon the physical properties of the fluid
and the physical situation. Typically, the convective heat transfer coefficient for laminar flow
is relatively low compared to the convective heat transfer coefficient for turbulent flow. This is
due to turbulent flow having a thinner stagnant fluid film layer on the heat transfer surface.
Values of h have been measured and tabulated for the commonly encountered fluids and flow
situations occurring during heat transfer by convection.

Example:

A 22 foot uninsulated steam line crosses a room. The outer diameter of the steam line
is 18 . and the outer surface temperature is 280°F. The convective heat transfer
coefficient for the air is 18 Buwhr-ft*-°F. Calculate the heat transfer rate from the pipe
into the room if the room temperature is 72°F.

Solution:

Q

h A AT

h@2mnrL) AT

[13 ﬂmJ (2 (3.14) (075 1) (22 f1)) (280°F — 72°F)
hr—fU_°F '

3.88 x 10° BW
hr

Many applications involving convective heat transfer take place within pipes, tubes, or some
similar cylindrical device. In such circumstances, the surface area of heat transfer normally given

in the convection equation (Q = h A AT) varies as heat passes through the cylinder. In addition,
the temperature difference existing between the inside and the outside of the pipe, as well as the
temperature differences along the pipe. necessitates the use of some average temperature value
in order to analyze the problem. This average temperature difference is called the log mean
temperature difference (LMTD), described earlier.
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It is the temperature difference at one end of the heat exchanger minus the temperature difference
at the other end of the heat exchanger, divided by the natural logarithm of the ratio of these two
temperature differences. The above definition for LMTD involves two important assumptions:
(1) the fluid specific heats do not vary significantly with temperature, and (2) the convection heat
ransfer coefficients are relatively constant throughout the heat exchanger.

Overall Heat Transfer Coefficient

Many of the heat transfer processes encountered in nuclear facilities involve a combination of
both conduction and convection. For example, heat transfer in a steam generator involves
convection from the bulk of the reactor coolant Lo the steam generator inner tube surface,
conduction through the tube wall, and convection from the outer tube surface to the secondary
side fluid. ‘

In cases of combined heat transfer for a heat exchanger, there are two values for h. There is the
convective heat transfer coefficient (h) for the fluid film inside the tubes and a convective heat
transfer coefficient for the fluid film outside the tubes. The thermal conductivity (k) and
thickness (Ax) of the tube wall must also be accounted for. An additional term (U,), called the
overall heat transfer coefficient, must be used instead. It is common practice to relate the total

rate of heat transfer (Q) to the cross-sectional area for heat transfer (A,) and the overall heat
transfer coefficient (U,). The relationship of the overall heat transfer coefficient to the individual
conduction and convection terms is shown in Figure 6.

Fluid A
—
Fluid B
[

'I' -—
1 | T T T T
a1 ™"z A 1 2 B
—; \i AN AN o AMA—O
” g 1 Ax _
Iy A KA ho A
—A—
O o TA—TB
1/hy A+ Ax/KA + 1 /hoA
G = UoAATg eral
U - 1
°T A/ + Bx/k + 1/hg

Figure 6 Overall Heat Transfer Ceelficient
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Recalling Equation 2-3:
Q = UAAT,
where U, is defined in Figure 6.

An example of this concept applied 1o cylindrical geometry is illustrated by Figure 7, which
shows a typical combined heat transfer situation.

A, T

WMMW Tube

Az

Figure 7 Combined Heat Transfer

Using the figure representing flow in a pipe, heat transfer by convection occurs between’
temperatures T, and T,; heat transfer by conduction occurs between temperatures T, and T;; and
heat transfer occurs by convection between temperatures T; and T,. Thus. there are three
processes involved. Each has an associated heat transfer coefficient, cross-sectional area for heat
transfer, and temperature difference. The basic relationships for these three processes can be
expressed using Equations 2-5 and 2-9. -

Q=nh A (T, - T,)
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: k
Q= x5 A (T, - T

Q = h, A, (T, - T))
AT, can be expressed as the sum of the AT of the three individual processes.
AT, = (T, - T)) + (T, - T,) + (T, - T))

If the basic relationship for each process is solved for its associated temperature difference and
substituted into the expression for AT, above, the following relationship results.

AT - |t . A, |
h A,  K¥A_, A

1 |

~ This relationship can be modified by selecting a reference cross-sectional area A,

Qf A Ar A A
AT:_ 0 + 0+ [}
° A |h A, KA, h A,

1 1 Im 2 2

Solving for Q results in an equation in the form Q = U A AT, .

Q-= A, AT,
Al Ar A Al
+ +
hl AI k Alm hZ Al
where: J
u, = ! 2-10)
Al Ar A, Al

+

+
h A  kA_  h A

l 1 im 2

Equation 2-10 for the overall heat transfer coefficient in cylindrical geometry is relatively
difficult to work with. The equation can be simplified without losing much accuracy if the tube
that is being analyzed is thin-walled, that is the tube wall thickness is small compared to the tube
diameter. For a thin-walled tube, the inner surface area (A,), outer surface area (A,). and log
mean surface area (A,,), are all very close to being equal. Assuming that A, A,, and A arc
equal to cach other and also equal o A, allows us to cancel out all the area terms in the
denominator of Equation 2-11.
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This results in a much simpler expression that is similar to the one developed for a flat plate heat
exchanger in Figure 6.

| A
U = 2-11
° I Ar | ( )
P R A——,
h kT

The convection heat transfer process is strongly dependent upon the properties of the fluid being
considered. Correspondingly, the convective heat transfer coefficient (h), the overall coefficient
(U,), and the other fluid properties may vary substantially for the fluid if it experiences a large
temperature change during its path through the convective heat transfer device. This is especially
true if the fluid’s properties are strongly temperature dependent. Under such circumstances, the
temperalure at which the properties are "looked-up” must be some type of average value, rather
than using either the inlet or outlet temperature value.

For internal flow, the bulk or average value of temperature is obtained analytically through the
use of conservation of energy. For external flow, an average film temperature is normally
calculated, which is an average of the free stream temperature and the solid surface temperature.
In any case, an average value of temperature is used to obtain the fluid properties to be used in
the heat transfer problem. The following example shows the use of such principles by solving
a convective heat transfer problem in which the bulk temperature is calculated.

Convection Heat Transfer

Example:

A flat wall is exposed to the environment. The wall is covered with a layer of insulation
1 in. thick whose thermal conductivity is 0.8 Btwhr-ft-°F. The temperature of the wall
on the inside of the insulation is 600°F. The wall loses heat to the environment by
canvection on the surface of the insulation. The average value of the convection heat
transfer coefficient_on the insulation surface is 950 Btuw/hr-f-°F.  Compute. the bulk
temperature of the environment (T,) if the outer surface of the insulation does not exceed
105°F.
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Hear Transfer

Solution:
a.  Find heat flux (Q”) through the insulation.
: AT
=k A2
Q _ g Bu (600°F - 105°F
A hr-f-°F| I
m
12 in
- 4757 B
hr-ft?
b. Find the bulk temperature of the environment.
Q = h A (Tins B Tb)
Q
(T. -T)=_<
ins b h A
Q//
T, - - <
b ins h
4752 B“"
T, = 105°F - hr —ft
950 _ Bl
hr-ft2-°F
T = 100°F
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-

Summary

The important information in this chapter is summarized below.

Convection Heat Transfer Summary

. Convection heat transfer is the transfer of thermal energy by the mixing and
motion of a fluid or gas.

. Whether convection is natural or forced is determined by how the medium
is placed into motion.

. When both convection and conduction heat transfer occurs, the overall heat
transfer coefficient must be used to solve problems.

. The heat transfer equation for convection heat transfer is Q = hAAT.
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RADIANT HEAT TRANSFER

Radiant heat transfer is thermal energy wransferred by means of electromagnetic
waves or particles.

EO 1.10 DESCRIBE how the following terms relate to radiant
heat transfer:
a. Black body radiation
b. Emissivity
c. Radiation configuration factor

Thermal Radiation

Radiant heat transfer involves the transfer of heal by electromagnetic radiation that arises due to
the temperature of a body. Most energy of this type is in the infra-red region of the
electromagnetic spectrum although some of it is in the visible region. The term thermal radiation
is frequently used to distinguish this form of electromagnetic radiation from other forms. such
as radio waves, x-rays, or gamma rays. The transfer of heat from a fireplace across a room in
the line of sight is an example of radiant heat transfer.

Radiant heat transfer does not need a medium, such as air or metal, to take place. Any material
that has a temperature above absolute zero gives off some radiant energy. When a cloud covers
the sun, both its heat and light diminish. This is one of the most familiar examples of heat
transfer by thermal radiation.

Black Body Radiation

A body that emits the maximum amount of heat for its absolute temperature is called a black
body. Radiant heat transfer rate from a black body to its surroundings can be expressed by the
—following equation. h

Q = oAT? (2-12)
where:

Q = heat transfer rate (Btuhr)

o = Stefan-Bolizman constant (0.174 Btu/hr-fr'-°R*)

A = surface area {ft)

T = temperature (°R)
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Two black bodies that radiate toward each other have a net heat flux between them. The net
flow rate of heat between them is given by an adaptation of Equation 2-12.

Q = oA(T, - T3)

where:
A = surface area of the first body (ft?)
T, = temperature of the first body (°R)
T, = temperature of the second body (°R)

All bodies above absolute zero temperature radiate some heat. The sun and earth both radiate
heat toward each other. This seems to violate the Second Law of Thermodynamics, which states
that heat cannot flow from a cold body to a hot body. The paradox 1s resolved by the fact that
each body must be in direct line of sight of the other to receive radiation from it. Therefore,
whenever the cool body is radiating heat to the hot body, the hot body must also be radiating
heat to the cool body. Since the hot body radiates more heat (due to its higher temperature) than
the cold body, the net flow of heat is from hot to cold, and the second law is still satisfied.

Emissivity
Real objects do not radiate as much heat as a perfect black body. They radiate less heat than a

black body and are called gray bodies. To take into account the fact that real objects are gray
bodies, Equation 2-12 is modified to be of the following form.

Q = ecAT!
where:
€ = emissivity of the gray body (dimensionless) -
Emissivity is simply a factor by which we multiply the black body heat transfer to take into

account that the black body is the ideal case. Emissivity is a dimensionless number and has a
maximum value of 1.0.

Radiation Configuration Factor

Radiative heat transfer rate berween two gray bodies can be calculated by the equation stated
below.

Q= f cA(T - T)
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where:

f, = is the shape factor, which depends on the spatial arrangement of the two objects
(dimensionless) ‘

f, = is the emissivity factor, which depends on the emissivities of both objects
(dimensionless)

The two separate terms f, and f, can be combined and given the symbol f. The heat flow
between two gray bodies can now be determined by the following equation:

Q = foA(T, - T3) (2-13)
The symbol () is a dimensionless factor sometimes called the radiation configuration factor,
which takes into account the emissivity of both bodies and their relative geometry. The radiation
configuration factor is usually found in a text book for the given situation. Once the
configuration factor is obtained, the overall net heat flux can be determined. Radiant heat flux
should oniy be included in a problem when it is greater than 20% of the problem.
Example:

Calculate the radiant heat between the floor (15 ft x 13 ft) of a furmnace and the roof, if

the two are located 10 ft apart. The floor and roof temperatures are 2000°F and 600°F,

respectively. Assume that the floor and the roof have black surfaces.
Solution:

A, = A,= (15 fr) (15 ft) = 225 ft*

T, = 2000°F + 460 = 2460°R

T, = 600°F + 460 = LOG0°R

Tables from a reference book, or supplied by the instructor, give:

fl_t_r = fl-l = 031
Q. = GAf(T14 - T;)
= (().174_1211_) (225 ft?) (0.31) [(2460°R)Y* - (1060°R)*]
hr-ft°-°R*

= 429 x 10" Bu/hr
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Summary : : .

The important information in this chapter 1s summarized below.

Radiant Heat Transfer Summary

. Black body radiation is the maximum amount of heat that can be
transferred from an ideal object.

. Emissivity is a measure of the departure of a body from the ideal black
body. :
. Radiation configuration factor takes into account the emittance and

relative geometry of two objects.
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HEAT EXCHANGERS

Heat exchangers are devices that are used to transfer thermal energy
from one fluid to another without mixing the two fluids.

EO 1.11 DESCRIBE the difference in the temperature profiles
for counter-flow and parallel flow heat exchangers.

EO 1.12 DESCRIBE the differences between regenerative and
non-regenerative heat exchangers.

EO 1.13 Given the temperature changes across a heat exchanger,
CALCULATE the log mean temperature difference for
the heat exchanger.

EO 1.14 Given the formulas for calculating the conduction and
convection heat transfer coefficients, CALCULATE the
overill heat transfer coefficient of a system.

Heat Exchangers

The transfer of thermal energy between fluids is one of the most important and frequently used
processes in engineering. The transfer of heat is usually accomplished by means of a device
known as a heat exchanger. Common applications of heat exchangers in the nuclear field include
boilers, fan coolers, cooling water heat exchangers, and condensers. '

The basic design of a heat exchanger normally has two fluids of different temperatures separated

by some conducting medium. The most common design has one fluid flowing through metal

tubes and the other fluid flowing around the tubes. On either side of the tube, heat is transferred
by convection. Heat is transferred through the tube wall by conduction.

Heat exchangers may be divided into several categories or classifications. In the most commonly
used type of heat exchanger, two fluids of different temperature flow in spaces separated by a
tube wall. They transfer heat by convection and by conduction through the wall. This type is
referred to as an "ordinary heat exchanger,” as compared to the other two types classified as
"regenerators” and "cooling towers."

An ordinary heat exchanger is single-phase or two-phase. In a single-phase heat exchanger, both
of the fluids {cooled and heated) remain in their initial gaseous or liquid states. In two-phase
exchangers, either of the fluids may change its phase during the heat exchange process. The
steam generator and main condenser of nuclear facilities are of the two-phase. ordinary heal
exchanger classification.
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Single-phase heat exchangers are usually of the tube-and-shell type; that is, the exchanger
consists of a set of tubes in a container called a shell (Figure 8). At the ends of the heat
exchanger, the tube-side fluid is separated from the shell-side fluid by a tube sheet. The design
of two-phase exchangers is essentially the same as that of single-phase exchangers.

Tube Sheet
we =e Tube Sheet
. e — Tubes .
Tube Side : \ 7
nlet A Outlet
& w'l‘\ Waterbox
Inlet /§
Waterbox /
Quter Shell ; Tugeti&tde
Shell Side JLte
Cutlet

Figure 8 Typical Tube and Shell Heat Exchanger

"Parallel and Counter-Flow Designs

Although ordinary heat exchangers may be extremely different in design and construction and
may be of the single- or two-phase type, their modes of operation and effectiveness are largely
- determined by the direction of the fluid flow within the exchanger.

The most common arrangements for flow paths within a heat exchanger are counter-flow and
parallel flow. A counter-flow heat exchanger is one in which the direction of the flow of one
of the working fluids is opposite to the direction to the flow of the other fluid. In a parallel flow
exchanger, both fluids in the heat exchanger flow in the same direction.

Figure 9 represents the directions of fluid flow in the parallel and counter-flow exchangers. Under -
comparable conditions, more heat is transferred in a counter-flow arrangement than in a paratlel
flow heat exchanger.
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| Parallel Flow

.._._—’

/

Heat Exchanger Tubes .

| Caounterflow

-

A — —
/

Heat Exchanger Tubes

Figure 9 Fluid Flow Direction

The temperature profiles of the two heat exchangers indicate two major disadvantages in the
parallel-flow design. First, the large temperature difference at the ends (Figure 10) causes large
thermal stresses. The opposing expansion and contraction of the construction materials due to
diverse fluid temperatures can lead to eventual material failure. Second, the temperature of the
cold fluid exiting the heat exchanger never exceeds the lowest temperature of the hot fluid. This
relationship is a distinct disadvantage if the design purpose is to raise the temperature of the cold
flnd.
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Figure 10 Heat Exchanger Temperature Profiles

The design of a parallel flow heat exchanger is advantageous when two fluids are required to be
brought to nearly the same temperature.

The counter-flow heat exchanger has three significant advantages over the parallel flow design.
First, the more uniform temperature difference between the two fluids minimizes the thermal
stresses throughout the exchanger. Second, the outlet temperature of the cold fluid can approach
the highest temperature of the hot fluid (the inlet temperature). Third, the more uniform
temperature difference produces a more uniform rate of heat transfer throughout the heat
exchanger.

Whether parallel or counter-flow, heat transfer within the heat exchanger involves both
conduction and convection. One fluid (hot) convectively transfers heat to the tube wall where
conduction takes place across the tube to the opposite wall. The heat is then convectively
transferred to the second fluid. Because this process takes place over the entire length of the
exchanger, the temperature of the fluids as they flow through the exchanger is not generally
constant, but varies over the entire length, as indicated in Figure 10. The rate of heat transfer
varies along the length of the exchanger tubes because its value depends upon the temperature
difference between the hot and the cold fluid at the point being viewed.
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Non-Regenerative Heat Exchanger

Applications of heat exchangers may be classified as either regenerative or non-regenerative. The
non-regenerative application is the most frequent and involves two separate fluids. One fluid
cools or heats the other with no interconnection between the two fluids. Heat that is removed
from the hotter fluid is usually rejected to the environment or some other heat sink (Figure 11).

O

River
Water

T in AANANA T out

) To Heat Sink
T in > T out

Figure 11 Non-Regenerative Heat Exchanger

“Regenerative Heat Exchanger

A regenerative heat exchanger typically uses the fluid from a different area of the same system
for both the hot and cold fluids. An example of both regenerative and non-regenerative heat
exchangers working in conjunction is commonly found in the purification system of a reactor
facility. The primary coolant to be purified is drawn out of the primary system, passed through
a regenerative heat exchanger, non-regenerative heat exchanger, demineralizer, back through the
regenerative heat exchanger, and returned to the primary system (Figure 12).

[n the regenerative heat exchanger, the water returning to the primary system is pre-heated by
the water entering the purification system. This accomplishes Iwo objectives. The first is to
minimize the thermal stress in the primary system piping due to the cold tempetature of the
purihied coolant being returned to the primary system.
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The second is to reduce the temperature of the water entering the purification system prior (o
reaching the non-regenerative heat exchanger, allowing use of a smaller heat exchanger to
achieve Lhe desired temperature for purification. The primary advantage of a regenerative heat
exchanger application is conservation of system energy (that is, less loss of system energy due
to the cooling of the fluid).

A N -
Ty T24
Avavavaven
Rx Regenerative Non—regenerolive
Heat Heot

y Exchanger Exchanger

Ta

HX

T >

Figure 12 Regenerative Heal Exchanger

Cooling Towers

The typical function of a cooling tower is to cool the water of a steam power plant by air that
is brought into direct contact with the water. The water is mixed with vapor that diffuses from
- . the condensate into the air. The formation of the vapor requires a considerable removal of
internal energy from the water; the internal energy becomes "latent heat” of the vapor. Heat and
mass exchange are coupled in this process, which is a steady-state process like the heat exchange
in the ordinary heat exchanger.

Wooden cooling towers are sometimes employed in nuclear facilities and in factories of various
industries. They generally consists of large chambers loosely filled with trays or similar wooden
elements of construction. The water to be cooled is pumped to the top of the tower where it is
distributed by spray or wooden troughs. It then falls through the tower, splashing down from
deck 1o deck. A part of it evaporates into the air that passes through the tower. The enthalpy
needed for the evaporation is taken from the water and transferred to the air, which 1s heated
while the water cools. The air flow is either horizontal due to wind currents (cross How) or
vertically upward in counter-flow to the falling water. The counter-flow 1s caused by the
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chimney effect of the warm humid air in the tower or by fans at the bottom (forced draft) or at
the top (induced flow) of the tower. Mechanical draft towers are more economical to construct
and smaller in size than natural-convection towers of the same cooling capacity.

Log Mean Temperature Difference Application To Heat Exchangers

In order to solve certain heat exchanger problems, a log mean temperature difference (LMTD
or AT, ) must be evaluated before the heat removal from the heat exchanger is determined. The
following example demonstrates such a calculation.

Example:

A liquid-to-liquid counterflow heat exchanger is used as part of an auxiliary system at
a nuclear facility. The heat exchanger is used to heat a cold fluid from 120°F to 31Q°F.
Assuming that the hot fluid enters at 500°F and leaves at 400°F, calculate the LMTD
for the exchanger.

Solution:
AT3 = 400°F - 120°F = 280)°F
AT, = 500°F - 310°F = 190°F
AT, - AT
AT, = (AT, - A1)

Im AT1
in =
AT,

(280°F - 190°F)
280°F
In
. ( 19()"11]

232°F

The solution to the heat exchanger problem may be simple enough to be represented by a
straight-forward overall balance or may be so detailed as to require integral calculus. A steam
generator, for example, can be analyzed by an overall energy balance from the feedwater inlet
to the steam outlet in which the amount of heat transferred can be expressed simply as

Q= 10 Ah, where 1 is the mass flow rate of the secondary coolant and Ah is the change in
enthalpy of the fluid. The same sleam generator can also be analyzed by an energy balance on
the primary flow stream with the equation Q = <, AT, where m, ¢,. and AT are the mass

flow rate, specific heat capacity, and temperature change of the primary coolant. The heal
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transfer rate of the steam generator can also be determined by comparing the temperatures on
the primary and secondary sides with the heat transfer characteristics of the steam generator

using the equation Q = U, A AT, .

Condensers are also examples of components found in nuclear facilities where the concept of
LMTD is needed to address certain problems. When the steam enters the condenser, it gives up
its latent heat of vaporization to the circulating water and changes phase to a liquid. Because
condensation is taking place, it is appropriate to term this the latent heat of condensation. After
the steam condenses, the saturated liquid will continue to transfer some heat o the circulating
water system as it continues to fall to the bottom (hotwell) of the condenser. This continued
cooling is called subcooling and is necessary to prevent cavitation in the condensate pumps.

The solution to condenser problems is approached in the same manner as those for steam
generators, as shown in the following example.

Overall Heat Transfer Coefficient

When dealing with heat transfer across heal exchanger tubes, an overall heat transfer coefficient,
U_, must be calculated. Earlier in this module we looked at a method for calculating U, for both
rectangular and cylindrical coordinates. Since the thickness of a condenser tube wall is so small
and the cross-sectional area for heat transfer is relatively constant, we can use Equation 2-11 to
calculate U,

U =

0

1
h

+

1
1., 4r
h,  k

)

Example:

Referring to the convection section of this manual, calculate the heat rate per foot of
tube from a condenser under the following conditions. AT, = 232°F. The outer
diameter of the copper condenser tube is .75 in. with a wall thickness of 0.1 in. Assume
the inner convective heat transfer coefficient is 2000 Btuw/hr-ft*-°F, and the thermal
conductivity of copper is 200 Btwhr-ft-°F.  The outer convective heat transfer
coefficient is 1500 Btwhr-ft>-°F.
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Solution:
1
U, =
1 Ar 1
— o —— + ——
h1 k h2

1 Olm 1 fi
+

1

2000 200 12in

Btu
hr-ft*-°F

827.0

Uo Ao ATlm

U, A AT
L

clo o

= U, 21 r AT,

Btu

hr-ft*-°F

Btu
hr-ft

= 37,700

1500

827.6 m) (2m) (0.375 in) [ 1

1 ft

2in

) (232°F)
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Summary

The important information in this chapier is summarized below.

Heat Exchangers Summary

. Heat exchangers remove heat from a high-temperature fluid by
convection and conduction.

. Counter-flow heat exchangers typically remove more heat than
parallel flow heat exchangers.

. Parallel flow heat exchangers have a large temperature difference at
the inlet and a small temperature difference at the outlet.

. Counter-flow heat exchangers have an even (emperature difference
across the heat transfer length.

. Regenerative heat exchangers improve system efficiency by
returning energy to the system. A non-regenerative heat exchanger

rejects heat to the surroundings.

. The heat transfer rate for a heat exchanger can be calculated using
the equation below.

Q = Uo Ao ATlm
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BOILING HEAT TRANSFER

The formation of steam bubbles along a heat transfer surface has a -
significant effect on the overall heat transfer rate.

EO 1.15 DESCRIBE the process that occurs in the following
regions of the hoiling heat transfer curve:

. Nucleate boiling

Partial film boiling

Film boiling

Departure from nucleate boiling (DNB)

Critical heat flux

P ar T

Boiling

In a nuclear facility, convective heat transfer is used to remove heat from a heat transfer surface.
The liquid used for cooling is usually in a compressed state, (that is, a subcooled fluid) at
pressures higher than the normal saturation pressure for the given temperature. Under certain
conditions, some type of boiling (usually nucleate boiling) can take place. It is advisable,
therefore, to study the process of boiling as it applies to the nuclear field when discussing
convection heat transfer.

More than one type of boiling can take place within a nuclear facility, especially if there is a
rapid loss of coolant pressure. A discussion of the boiling processes, specifically local and bulk
boiling, will help the student understand these processes and provide a clearer picture of why
bulk boiling (specifically film boiling) is to be avoided in nuclear facility operations.

Nucleate Boiling

The most common type of local boiling encountered in nuclear facilities is nucleate boiling. In
nucleate boiling, steam bubbles form at the heat transfer surface and then break away and are
carried nto the main stream of the fluid. Such movement enhances heal transfer because the heat
generated at the surface is carried directly into the fluid stream. Once in the main fluid stream,
the bubbies collapse because the bulk temperature of the fluid is nct as high as the heat transfer
surface temperature where the bubbles were created. This heat transfer process is sometimes
desirable because the energy created at the heat transfer surface is quickly and efficiently
"carried” away. '
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Bulk Boiling

As system temperature increases or system pressure drops, the bulk fluid can reach saturation
conditions. Al this point, the bubbles entering the coolant channel will not collapse. The bubbles
will tend to join together and form bigger steam bubbles. This phenomenon is referred to as bulk
boiling. Bulk boiling can provide adequate heat transfer provided that the steam bubbles are
carried away from the heat transfer surface and the surface is continually wetted with liquid
water. When this cannot occur film boiling results. ‘

Film Boiling

When the pressure of a system drops or the flow decreases, the bubbles cannot escape as quickly
from the heat transfer surface. Likewise, if the temperature of the heat transfer surface is
increased, more bubbles are created. As the temperature continues to increase, more bubbles are
formed than can be efficiently carried away. The bubbles grow and group together, covering
small areas of the heat transfer surface with a film of steam. This is known as partial film
boiling. Since steam has a lower convective heat transfer coefficient than water, the steam
patches on the heat transfer surface act to insulate the surface making heat transfer more difficult.
As the area of the heat transfer surface covered with sieam increases, the temperature of the
surface increases dramatically, while the heat flux from the surface decreases. This unstable
situation continues until the affected surface i1s covered by a stable blanket of steam, preventing
contact between the heat transfer surface and the liquid in the center of the flow channel. The
condition after the stable steam blanket has formed is referred to as filin boiling.

The process of going from nucleate boiling to film boiling is graphically represented in Figure
13. The figure illustrates the effect of boiling on the relationship between the heat flux and the
temperature difference between the heat transfer surface and the fluid passing it.
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Figure 13 Boiling Heat Transfer Curve

Four regions are represented in Figure 13. The first and second regions show that as heat flux
increases, the temperature difference (surface to fluid) does not change very much. Better heat
transfer occurs during nucleate boiling than during natural convection. As the heat flux increases,
the bubbles become numerous enough that partial film boiling (part of the surface being
blanketed with bubbles) occurs. This region is characterized by an increase in temperature
difference and a decrease in heat flux. The increase in temperature difference thus causes total
film boiling, in which steam completely blankets the heat transfer surface.

Departure from Nucleate Boiling and Critical Heat Flux

In practice, if the hedt flux is increased, the transition from nucleate boiling to film boiling occurs
suddenly, and the temperature difference increases rapidly, as shown by the dashed line in the
figure. The point of transition from nucleate boiling to film boiling is called the point of
departure from nucleate boiling, conmimonly written as DNB. The heat flux associated with DNB
is commonly called the critical heat flux (CHF). In many applications, CHF is an important
parameter.
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For example, in a reactor, if the critical heat flux is exceeded and DNB occurs at any location
in the core, the temperature difference required to transfer the heat being produced from the
surface of the fuel rod to the reactor coolant increases greatly. If, as could be the case. the
temperature increase causes the fuel rod to exceed its design limits, a failure will occur.

The amount of heat transfer by convection can only be determined after the local heat transfer
coefficient is determined. Such determination must be based on available experimental data.
After experimental data has been correlated by dimensional analysis, it is a general practice to
write an equation for the curve that has been drawn through the data and to compare
experimental results with those obtained by analytical means. In the application of any empirical
equation for forced convection to practical problems, it is important for the student to bear in
mind that the predicted values of heat transfer coefficient are not exact. The values of heat
transfer coefficients used by students may differ considerably from one student to another,
depending on what source "book” the student has used to obtain the information. In turbulent
and laminar flow, the accuracy of a heat transfer coefficient predicted from any available
equation or graph may be no better than 30%. '

Summary

The important information in this chapter is summarized below.

Boiling Heat Transfer Summary

. Nucleate boiling is the formation of small bubbles at a heat transfer surface. The
bubbles are swept into the coolant and collapse due to the coolant being a
subcooled liquid. Heat transfer is more efficient than for convection.

. Bulk boiling occurs when the bubbles do not collapse due to the coolant being
at saturatton conditions.

. Film boiling occurs when the heat transfer surface is blanketed with steam
bubbles and the heat transfer coefficient rapidly decreases.

. Departure from nucleate boiling (DNB) occurs at the transition from nucleate to
film boiling.
. Critical heat flux (CHF) is the heat flux that causes DNB to occur.
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HEAT GENERATION

Heat generation and power output in a reactor are related. Reactor
power is related to the mass flow rate of the coolant and the
temperature difference across the reactor core.

EO 2.1 DESCRIBE the power generation process in a nuclear
reactor core and the factors that affect the power
generation.

EO 2.2 DESCRIBE the relationship between temperature, flow,
and power during operation of a nuclear reactor.

FQO 2.3 DEFINE the following terms:

Nuclear enthalpy rise hot channel factor.
Average linear power density

Nuclear heat flux hot channel factor
Heat generation rate of a core
Volumetric thermal source strength

PeeTE

EO 24 CALCULATE the average linear power density for an
average reactor core fuel rod.

EO 2.5 DESCRIBE a typical reactor core axial and radial flux
profile.

EOQ 2.6 DESCRIBE a typical reactor core fuel rod axial and
radial temperature profile.

_Heat Generation

The heat generation rate in a nuclear core is directly proportional to the fission rate of the fuel
and the thermal neutron flux present. On a straight thermodynamic basis, this same heat
generation 1s also related to the fluid temperature difference across the core and the mass flow
rate of the fluid passing through the core. Thus, the size of the reactor core is dependent upon
and limited by how much liquid can be passed through the core to remove the generated thermal
energy. Many other factors affect the amount of heat generated within a reactor core. but its
limiting generation rate is based upon how much energy can safely be carried away by the
coolant.
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The fission rate within a nuclear reactor is controlled by several factors. The density of the fuel,
the neutron flux, and the type of fuel all affect the fission rate and, therefore, the heal generation

rate. The following equation is presented here to show how the heal generation rate (Q)is
related to these factors. The terms will be discussed in more detail in the Nuclear Science
modules.

Q =GN o0V, (2-14)
where:

Q = heat generation rate (Btu/sec)

G = energy produced per fission (Btuw/fission)

N = number of fissionable fuel nuclei/unit volume (atoms/cm®)

o, = microscopic fission cross-section of the fuel (cm®)

¢ = neutron flux (nfem?-sec)

V., = volume of the fuel (ﬁm“)

The thermal power produced by a reactor is directly related to the mass flow rate of the reactor
coolant and the temperature difference across the core. The relationship between power, mass
flow rate, and temperature is given in Equation 2-14,

Q =mc, AT (2-15)
where:

Q = heat generation rate (Btu/hr)

m = mass flow rate (Ibm/hr)

¢, = specific heat capacity of reactor coolant system (Btu/lbm-°F)

AT = temperature difference across core (°F)

For most types of reactors (boiling water reactor excluded). the temperature of the coolant is
dependent upon reactor power and coolant flow rate. 1If flow rate is constant, temperature will
vary directly with power. If power is constant, temperature will vary inversely with flow rate.
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Flux Profiles

Once the type and amount of fuel
is determined, the shape of the
neutron flux distribution along the
core is established. Both radial
and axial flux distributions must
be determined. A radial
distribution looks at flux from the
center of the core out to the edges.
An axial distribution looks at flux
from the bottom to the top of the
core. As seen in Equation 2-14,
the fission rate directly affects the
heat generation rate within a
reactor core. In the core regions
of highest flux, the highest heat
generation rate will be present.

Many factors affect the axial and
radial flux distributions, including
the number and type of control

Core top —

Core height

Core bottom

—Core Midplcne

@ Axigl ————»

Figure 14  Axial Flux. Profile

rods, the geometry and size of core, the concentration of fission product poisons, and reflector
properties. The peak power production regions within each distribution normally occurs near the
center of the core, as indicated in Figures 14 and 15, but can vary during transients or as the core

ages.

The above figures represent the
neutron flux profiles without
considering the effects of control
rods.  Once control rods and
.reflectors are taken into account,
the flux profiles become much
flatter although the peak still
occurs near the center. |

The shape of the profiles can be
determined by measuring the ratio
of the peak flux to the average
flux in the distribution.  This
peaking factor is referred to as the
hot channel factor. A hot channel
tactor of 1.0 would imply a flat
tlux profile.

x10"?  Neutrens/cm? —s

Neutron Flux

Core Edge

Cere Edge

Figure 15

Radial Flux Profile
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Thermal Limits

Hot channel factors are calculated values used to take into account various uncertainties in
tolerances used in core manufacturing. For example, consider a coolant channel of the minimum
acceptable width and length, that happens to be adjacent to a fuel plate with the maximum
acceptable fuel loading. In this channel, we would now have less water than in the average
channel, receiving more heat than the normal coolant channel. For any given values of core
power and flow, this hypothetical channel would be closest to a thermal limit. Therefore, all
design considerations are based upon the hot channel factor for each core. The nuclear heat flux
hot channel factor (HFHCF) is the ratio of the maximum heat flux expected at any area to the
average heat flux for the core. The nuclear enthalpy rise hot channel factor is the ratio of the
total kW heat generation along the fuel rod with the highest total kW tc the total kW of the
average fuel rod.

Thus the limitation of the peak flux value in a core is directly related to the hot channel factor.

However, in discussing flux profiles, "average” values of flux in the core are usually referred to
rather than peaks.

Average Linear Power Density

In nuclear reactors, the fuel is usually disiributed in individual components which sometimes
resemble rods, tubes, or plates. It 1s possible to determine the average power produced per unit
length of fuel component by dividing the total thermal output of the core by the total length of
all the fuel components in the core. This quantity is called the average linear power density.
Commeon units for measuring average linear power density are kW/ft.

Example:

Calculate the average linear power density for an entire core if a 3400 MW reactor is
operating at full power. ‘

Core data is: each fuel rod is 12 ft long

264 rods/fuel assembly
193 fuel assemblies in the core

Solution:

H

total thermal power
total fuel rod length

Average linear power density

It

3.4 x 10° kW
12 (264) (193)

Average linear power density

= 5306 kW/ft

Rev. O Page 47 HT-02



HEAT GENERATION Heat Transfer
5

Maximum Local Linear Power Densitv

The maximum local linear power density when compared to the average linear power density
results in the definition of the nuclear heat flux hot channel factor. The nuclear heat flux hot
channei factor can be looked at as having axial and radial components that are dependent upon
the power densities and, thus, the flux in the radial and axial planes of the core. Once the hot
channel factor is known, the maximum local linear power density anywhere in the core can be
determined, as demonstrated in the following example.

Example:
If the nuclear heat flux hot channel factor is 1.83, calculate the maximum local linear
power density in the core for the previous example (the average linear power density
problem).

Solution:

HFHCF (Av linear power density)

Maximum linear power density

1.83 (5.56) kW/ft

10.18 kW/ft

Normally. nuclear facility operators
are provided with the above core
power and heat generation Telad
distributions, rather than having to [
calculate them. In addition, various Top AT
monitoring  systems are  always - — [\
employed to provide the operator with
a means of monitoring core
performance and the proximity of the
_existing operating conditions to core
operational himitations.

(i

Mid— l Coolant
Core Flow

Axial Position z

Temperature Profiles

Additional areas of interest are the
temperature profiles found within the
core. A typical axial temperature
profite along a coolant channel for a
pressurized water reactor (PWR) 1s Figure 16 Axial Temperature Profile
shown in Figure 16. As would be

expected, the temperature of the

coolant will increase throughout the entire length of the channel.

Bottorn >
Temperature T
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However, the rate of increase will vary along with the linear heat flux of the channel. The power
density and linear heat rate will follow the neutron flux shape. However, the temperature
distributions are skewed by the changing capacity of the coolant to remove the heat energy.
Since the coolant increases in temperature as it flows up the channel, the fuel cladding and, thus,
the fuel temperatures are higher in the upper axial region of the core.

A radial temperature profile across a reactor core (assuming all channel coolant flows are equal)
will basically follow the radial power distribution. The areas with the highest heat generation
rate (power) will produce the most heat and have the highest temperatures. A radial temperature
profile for an individual fuel rod and coolant channel is shown in Figure 17. The basic shape
of the profile will be dependent upon the heat transfer coefficient of the various materials
involved. The temperature differential across each material will have to be sufficient to transfer
the heat produced. Therefore. if we know the heat transfer coefticient for each material and the
heat flux, we can calculate peak fuel temperatures for a given coolant temperature.

Cladding
| R S
| Coolant
Fuel /// Fluid
|
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I
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N
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Figure 17 Radial Temperawre Profile Across a
Fuel Rod and Coolant Channel
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Volumetric Thermal Source Strength

The total heat output of a reactor core is called the heat generation rate. The heat generation
rate divided by the volume of fuel will give the average volumetric thermal source strength. The
volumetric thermal source strength may be used to calculate the heat output of any section of fuel
rod, provided the volume of the section is known.

Volumetric Thermal Source Strength = _2C

fuel

Fuel Changes During Reactor Operation

During the operation of a nuclear reactor, physical changes occur to the fuel that affect its ability
to transfer heat 10 the coolant. The exact changes that occur are dependant on the type and form
of fuel. Some reactors use fuel assemblies that consist of zircalloy tubes containing cylindrical
ceramic pellets of uranium dioxide. During manufacture, a small space or gap is left between
the fuel pellets and the zircalloy tube (clad). This gap is filled with pressurized helium. As the
reactor is operated at power, several physical changes occur in the fuel that affect the gap
between the pellets and clad. One change occurs due to high pressure in the coolant outside the
clad and the relatively high temperature of the clad during reactor operation. The high
temperature and high pressure causes the clad to be pushed in on the pellets by a process referred
10 as creep. Another physical change is caused by the fission process. Each fission event creates
two fission product atoms from a fuel atom. Even though each fission product atom is roughly
half the mass of the fuel atom, the fission products take up more volume than the original fuel
atom. Fission products that are gases can collect together and form small gas bubbles within the
fuel pellet. These factors cause the fuel pellets to swell, expanding them out against the clad.
So the two processes of pellet swell and clad creep both work to reduce the gap between the fuel
and clad.

This change in the gap between the pellet and clad has significant impact on heat transfer from
the fuel and operating fuel temperatures. Initially a significant temperature difference exists
across the gap to cause heat transfer to take place by convection through the helium gas. As the
size of the gap is reduced, a smaller temperature difference can maintain the same heat flux.
When the fuel pellets and clad come in contact, heat transfer by conduction replaces convection
and the temperature difference between the fuel surfuce and clad decreases even more. Dug to
the processes of pellet swell and clad creep, the fuel temperatures of some reactors decrease
slightly over time while the heat flux from the fuel and therefore the power of the reactor remain
constant.

Not all changes that occur to the fuel during reactor operation work to enhance heat wansfer.
If the chemistry of the coolant is not carefully controlled within appropriate limits, chemical
reactions can take place on the surfuce of the clad. resulting in the formation of a layer of
corrosion products or crud between the metal of the clad and the coolant. Typically, this layer
will have a lower thermal conductivity than that of the clad material, so it will act as an
insulating blanket, reducing heat transter. ‘
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If this corrosion layer is allowed to form, a larger temperature difference will be required
between the coolant and fuel to maintain the same heat flux. Therefore, operation at the same
power level will cause higher fuel temperatures after the buildup of corrosion products and crud.

Summary

The important information in this chapter is summarized below:

Heat Generation Summary

The power generation process in a nuclear core is directly proportional to the
fission rate of the fuel and the thermal neutron flux present.

The thermat power produced by a reactor is directly related to the mass flow rate
of the reactor coolant and the temperature difference across the core.

The nuclear enthalpy rise hot channel factor is the ratio of the total kW heat
generation along a fuel rod with the highest total kW, to the total kW of the

average fuel rod.

The average linear power density in the core is the total thermal power divided
by the active length of the fuel rods.

The nuclear heat flux hot channel factor is the ratio of the maximum heat flux
expected al any area to the average heat flux for the core.

The total heat output of a reactor core is called the heat generation rate.

The heat generation rate divided by the volume of fuel will give the average
volumetric thermal source strength.

HEAT GENERATION

Rev. Q

Page 51 HT-02



DECAY HEAT Heat Transfer

DECAY HEAT

Decay heat production is a particular problem associated with nuclear
reactors. Even though the reactor is shut down, heat is produced from
the decay of fission fragments. Limits for each particular reactor are
established to prevent damage to fuel assemblies due to decay heat.

EO 2.7 DEFINE the term decay heat.

EO 28 Given the operating conditions of a reactor core and the
necessary formulas, CALCULATE the core decay heat
generation. !

EO 29 DESCRIBE two categories of methods for removing

decay heat from a reactor core.

Reactor Decay Heat Production

A problem peculiar to power generation by nuclear reactors is that of decay heat. In fossil fuel
facilities, once the combustion process is halted, there is no further heat generation, and only a
relatively small amount of thermal energy is stored in the high temperature of plant components.
[n a nuclear facility, the fission of heavy atoms such as isotopes of uranium and plutonium results
in the formation of highly radioactive fission products. These fission products radioactively
decay at a rate determined by the amount and type of radioactive nuclides present. Some
radioactive atoms will decay while the reactor is operating and the energy released by their decay
will be removed from the core along with the heat produced by the fission process. All
radioactive materials that remain in the reactor at the time it is shut down and the fission process
halted will continue to decay and release energy. This release of energy by the decay of fission
“products is called decay heat. '

The amount of radioactive materials present in the reactor at the time of shutdown is dependent
on the power levels at which the reactor operated and the amount of time spent at those power
levels. The amount of decay heat is very significant. Typically, the amount of decay heat that
will be present in the reactor immediately following shutdown will be roughly 7% of the power
level that the reactor operated at prior to shutdown. A reactor operating at 1000 MW will
produce 70 MW of decay heat immediately after a shutdown. The amount of decay heat
produced in the reactor will decrease as more and more of the radioactive material decays to

. some stable form. Decay heat may decrease to about 2% of the pre-shutdown power level within
the first hour after shutdown and to 1% within the first day. Decay heat will continue to
decrease after the first day, but it will decrease at a much slower rate. Decay heat will be
significant weeks and even months after the reactor 1s shutdown.
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The design of the reactor must allow for the removal of this decay heal from the core by some
means. If adequate heat removal is not available, decay heat will increase the temperatures in
the core to the point that fuel melting and core damage will occur. Fuel that has been removed
from the reactor will also require some method of removing decay heat if the fuel has been
exposed 1o a significant neutron flux. Each reactor facility will have its own method of removing
decay heat from both the reactor core and also any irradiated fuel removed from the core.

Calculation of Decay Heat

The amount of decay heat being generated in a fuel assembly at any time after shutdown can be
calculated in two ways. The first way is to calculate the amount of fission products present at
the time of shutdown. This is a fairly detailed process and is dependent upon power history.
For a given type of fuel, the concentrations, decay energies, and half lives of fission products are
known. By starting from a known value, based on power history at shutdown, the decay heat
generation rate can be calculated for any time after shutdown.

An exact solution must take inlo account the fact that there are hundreds of different
radionuclides present in the core, each with its own concentration and decay half-life. It s
possible to make a rough approximation by using a single half-life that represents the overall
decay of the core over a certain period of time. An equation that uses this approximation is
Equation 2-16. '

Q=Q, H l T (2-16)

where:
Q = decay heat generation rate at some time after shutdown
QO = initial decay heat immediately after shutdown
time = amount of time since shutdown
half-life = overall decay half-life of the core
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Example:
A 250 MW reactor has an unexpected shutdown. From data supplied by the vendor, we
know that decay heat at time of shutdown will be 7% of the effective power at time of
shutdown and will decrease with a 1 hr half life. Effective power at time of shutdown
was calculated to be 120 MW. How much heat removal capability (in units of Btwhr)
will be required L2 hours after shutdown?

Solution:
(a) First determine the decay heat immediately following shutdown.

(120 MW)(.07) = 8.4 MW decay heat at shutdown

(b) Then use Equation 2-15 to determine the decay heal 12 hours later.

N = 1 hnﬁlnje:e
Q=Q, (El i
| 12 he
8.4 MW [_ d
2 I

205 x 107 MW (

L}

3413 x 10° Bru/hr
| MW

“7000 B

hr

The second method is much simpler to use, but is not useful for forecasting heat loads in the
- future. To calculate the decay heat load at a given point after shutdown, secure any heat removal
components from the primary system or spent fuel pool and plot the heatup rate. 1f the mass of
the coolant and the specific heat of the coolant are known, the heat generation rate can be
accurately calculated.

) = il ‘ ' 2-17
Q=mc A ( )
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where:
(Q = decay heat (Btwhr)
m = mass of coolant (Ibm)
c, = specific heat capacity of coolant (Btw/lbm-"F)
AT = temperature change of coolant (°F)
At = time over which heatup takes place (hr)
Example:
Three days after a planned reactor shutdown, it is desired to perform maintenance on one
of two primary heat exchangers. Each heat exchanger is rated at 12,000 Buw/hr. To
check the current heat load on the primary system due to decay heat, cooling is secured
1o both heat exchangers. The primary systemn heats up at a rate of 0.8°F/hr. The primary
system contains 24,000 Ibm of coolant with a specific heat capacity of 0.8 Bu/Ibm-°F.
Will one heat exchanger be sufficient to remove the decay heat?
Solution:
. AT
=mec _—_
Q AL
- (24,000 lom) [0.8 20 _|[ 08T
Ibm-°F )| | hr
- 15360 B
hr

One heat exchanger removes 12,000 Btu/hr.

One heat exchanger will not be sufficient.

Decav Heat Limits

Reactor decay heat can be a major concern. In the worst case scenarios, it can cause meiting of
and/or damage to the reactor core, as in the case of Three Mile Island. The degree of concern
with decay heat will vary according to reactor type and design. There is littte concern about core
temperature due to decay heat for low power, pool-type reactors.
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Each reactor will have some limits during shutdown that are based upon decay heat
considerations. These limits may vary because of steam generator pressure, core temperature,
or any other parameler that may be related to decay heat generation. Even during refueling
processes, heat removal from expended fuel rods is a controlling factor. For each hmit
developed, there is usually some safety device or protective feature established.

Decay Heat Removal

Methods for removing decay heat from a reactor core can be grouped into two general categories.
One category includes methods which circulate fluid through the reactor core in a closed loop,
using some type of heat exchanger to transfer heat out of the system. The other category
includes methods which operate in an open system, drawing in cool fluid from some source and
discharging warmer fluid to some storage area or the environment.

In most reactors, decay heat is normally removed by the same methods used to remove heat
generated by fission during reactor operation. Additionally; many reactors are designed such that
natural circulation between the core and either its normal heat exchanger or an emergency heat
exchanger can remove decay heat. These are examples of the first category of methods for decay
heat removal.

If a reactor design is such that decay heat removal is required for core safety, but accidents are
possible that will make the closed loop heat transfer methods described above unavailable, then
an emergency cooling system of some sort will be included in the reactor design. Generally,
emergency cooling systems consist of some reliable source of water that is injected into the core
at a relatively low temperature. This water will be heated by the decay heat of the core and exit
the reactor via some path where it will either be stored in some structure or released to the
environment. Use of this type of system is almost always less desirable than the use of the
closed loop systems described above.

Students should research systems, limits, and protective features applicable to their own specific
facilities.
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Summary

The important information in this chapter is summarized below.

Decay Heat Summary

. Decay heat is the amount of heat generated by decay of fission
products after shutdown of the facility.

. The amount of decay heat is dependent on the reactor’s power
history.
. Methods for removing decay heat usually fall into one of the

following categories.

- Closed loop systems, where coolant is circulated between the
reactor and a heat exchanger in a closed loop. The heat
exchanger transfers the decay heat to the fluid in the secondary
side of the heat exchanger.

- Once through systems, where coolant from a source is injected
into the reactor core. The decay heat is transferred from the fuel
assemblies into the coolant, then the coolant leaves the reactor and
is either collected in a storage siructure or released to the
environment.

. The limits for decay heat are calculated to prevent damage to the
reactor core.

end of text.
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