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PREFACE

These materials are intended to accompany the University of
Michigan videotape course in Nuclear Engineering entitled:

Thermal Analysis of Nuclear Reactors

A fundamental understanding of heat transfer and thermal effects
is of critical importance in nuclear reactor design and
operation. In this course our primary attention will be directed
toward the study of these phenomena with particular emphasis on
applications in nuclear power systems. However, because reactor
thermal analysis is so closely related to other mechanical
engineering topics such as fluid mechanics and stress analysis,
we will include sufficient introductory material concerning these
related subjects to make the course reasonably self-contained.

Of particular interest will be the subjects of thermodynamic
analysis of nuclear power systems, heat transfer (conduction,
convection, and radiation), and thermal stress analysis.

REFERENCES: We have provided a list of representative references
and reading assignments as supplements to the material covered in
each lecture. Since topics such as heat transfer,
thermodynamics, and thermal stress analysis are very important in
many engineering disciplines, there is no shortage of textbooks.
Unfortunately, however, no single textbook covers all of the
topics of importance in nuclear reactor applications. Hence we
have drawn material for the course from a wide variety of
references. The complete list of references is provided in a
subsequent section of these notes, and detailed reading
assignments are drawn from this list. However we have relied
particularly heavily on the following sources:

Heat Transfer:

E. R. G, Eckert and R. M, Drake, Jr., Heat and Mass Transfer
(McGraw-Hill, New York, 1959)

Frank P. Incropera and David P. DeWitt, Fundamentals of Heat
Irangfer (John Wiley, New York, 1981)

Thermodynamics:

Gordon J. Van Wylen and Richard E. Sonntag, Fundamentals of
Classical Thermodynamics (John Wiley, New York, 1981)

Thermal Stress Analysis:

Joseph Shigley, Mechapical Engineering Design (McGraw-Hill,
New York, 1972)



Thermal Analysis of Nuclear Systems:

M. M., El-Wakil, Nuclear Heaf Transport (American Nuclear
Society, Lagrange Park, Illinocis 1978)

J. Weisman, Elements of Nuclear Reactor Design (Elsevier,
New York, 1977)

P, L. Pfenningworth and Bill Minkler, Heat Transfer and
Fluid Flow with Applications to Pressurized Water
Reactors (WAPD-TM-1000, Bettis Atomis Power Laboraory,
1971), Vols. I and II

Nuclear Reactor Analysis:

J. J. Duderstadt and L. J. Hamilton, Nuclear Reactor
Analysis (Wiley, New York, 1376)

E. E. Lewis, Nuclear Power Reactor Safety (Wiley-
Interscience, New York, 1977)

The reading assignments we have provided are intended to augment
each of the lectures. While not essential to the course content,
these references will provide the student with additional
material that may assist them in mastering the material covered
in the lectures.

NOTES AND VISUAL MATERIALS: We have provided copies of all
visual materials used in the videotape lectures. These are
presented in a form so that students can use them to follow the
lectures and take notes in the margins. These notes coupled with
the erading assignments should be sufficient for most purposes.

PROBLEMS AND EXERCISES: We have included a number of problems
and exercises with each lecture. We are convinced that the only
way to master the material covered by the lectures is by working
such problems. Since the level and focus of the course will vary
somewhat depending on the instructor and student background, we
have provided a rather wide variety of problems, ranging from
simple exercises to challenging problems requiring the use of
computers., The instructor will assign those problems deemed
appropriate for the course (either from this set or from other
sources).
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LECTURE 1

INTRODUCTION TO THE COURSE

READING ASSIGNMENT:

None

EXERCISES:

None
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LECTURE 2
IMPORTANCE OF THERMAL ANALYSIS

READING ASSIGNMENT:

Duderstadt & Hamilton, pp. 447 - 465, pp. 467 - 475
J. Weisman, "Heat Generation and Transport”, Chapter 6 in
Weisman (Design)

EXERCISES:

2-1. List the various ways in reactor analysis that
i) nuclear (physics) analysis influences thermal analysis
ii) thermal analysis influences nuclear analysis

2-2. Sketch a diagram which indicates how the various computer
code components involved in reactor analysis interact with
one another. Take particular care to indicate the

interaction between thermal-hydraulics calculations and
nuclear (multigroup diffusion) calculations.
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LECTURE 3
BASIC CONCEPTS OF THERMODYNAMICS

READING ASSIGNMENT:

El-Wakil (Nuclear Energy Conversion), pp. 22 - 55

J. Anno, "Thermodynamics of Nuclear Power Systems", Chapter
3 in Weisman (Design)

Van Wylen and Sonntag, Chapters 2, 3, 5

Zemansky, Chapter 4

EXERCISES:

3-1 .

Verify that work in thermodynamic systems can be represented
as:

dw = p 4v

Does the First Law of Thermodynamics apply on a microscopic
level of individual atoms and molecules? Why or why not?

An LMFBR operates at 3,460 MWt. Sodium enters the core at
499 C and leaves at 560 C. At what rate must sodium be
pumped through the core to extract the thermal energy
generated.

Derive the expressions for the specific heats at constant
pressure and constant volume in terms of the internal energy
and enthalpy.
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LECTURE 4
BASIC CONCEPTS OF THERMODYNAMICS -- CONTINUED

READING ASSIGNMENT:

Same as in Lecture 3
Van Wylen and Sonntag, Chapters 6 and 7

EXERCISES:

4—1 .
4-2 .

4_3 .

4—'40

Derive the "T dS" equations.

By referring to any of the standard textbooks on
thermodynamics, provide a physical interpretation of the
concept of "entropy".

Derive an experssion for the steam production rate w
(steam) in a BWR:

w(steam) = [q - w(water) (h(£) - h{in))]1/h(£fq)

in terms of the inlet flow rate w(water),

the inlet specific enthalpy of water entering the core h{(in)
and saturated water leaving the core, h(f), the thermal
power of the reactor g, and the heat of vaporization of the
water h(fg) core

A BWR operates at a thermal power of 1593 MWt. Water enters
the bottom of the core at 526 F and passes through the core

at a rate of 48 x 1076 1lb/hr. The reactor pressure is 1035

psia. Using the result of Problem 4-1, compute the rate at

which steam is produced in this reactor.
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LECTURE 5

THERMODYNAMIC CYCLES

READING ASSIGNMENT:

Zemansky, Chapter 9
Van Wylen and Sonntag, Chapter 6

EXERCISES:

5-1 .

5-4 .

Using a simple diagram of a BWR NSSS, identify the path of
states assumed by the working fluid on a T-S diagram and
relate these to various points on the NSSS diagram.

Compare p-v, T-s, and h-s diagrams of a Carnot cycle.

Three Carnot cycles using mercury, sodium, and water as
working fluids receive heat causing these fluids to vaporize
at 10 atm. Determine for each cycle the pressure and
temperature at which heat must be rejected if the efficiency
in all cases is 35%.

Derive a relationship between the thermal pollution (heat
rejected) from a power plant and the thermal efficiency of
the plant. Show that the thermal pollution of a 3%
efficient plant {e.g., PWR) is some 55% greater than from a
40% efficient plant (e.g., fossil-fuel fired), 133% greater
than from a 50% efficient plant, and 250% greater than from
a 60% efficient plant.
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LECTURE 6
THE RANKINE CYCLE

READING ASSIGNMENT:

El-Wakil (Nuclear Energy Conversion), pp. 22 - 55

J. Anno, "Thermodynamics of Nuclear Power Systems", Chapter
3 in Weisman (Design)

Rust, Chapter 2

EXERCISES:

6-1. Using a T-s diagram of water taken a source such as the
Steam Tables, sketch the path taken by the working fluid in
a typical PWR secondary loop.

6-2. Using the Steam Tables, verify the calculation of the
efficiency of the steam cycle given in the Lecture.
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LECTURE 7

PRACTICAL MODIFICATIONS TO THE RANKINE CYCLE

READING ASSIGNMENT:

El-Wakil (Nuclear Energy Conversion), pp. 22 - 55

J. Anno, "Thermodynamics of Nuclear Power Systems®™, Chapter
3 in Weisman (Design)

Rust, Chapter 2

EXERCISES:

7-1. Sketch the reheating configurations used in a typical PWR
plant (working from FSARs, for example).

7-2. Demonstrate that the thermodynamic efficiency achieveable in
an ideal regenerative cycle approaches that of the Carnot

cycle.

7-3. Verify the effect of increased boiler pressure on the
thermodynamic cycle path on a T-s diagram.

7-4. Why is superheat not utilized in PWR or BWR plants?

7-5, Provide a detailed explanation of the departure of the T-s
path from ideal for a real turbine and pump.
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LECTURE 8
NUCLEAR POWER SYSTEMS AS THERMODYNAMIC CYCLES

READING ASSIGNMENT:

Lamarsh, pp. 341 - 344

El-Wakil (Nuclear Energy Conversion), pp. 22 - 55

J. Anno, "Thermodynamics of Nuclear Power Systems™, Chapter
3 in Weisman (Design)

Rust, Chapter 2

Sesonske, pp. 93 - 190

EXERCISES:

8-1,

8-2.

8-3.

By referring to any standard text on thermodynamics,
identify and explain several thermodynamic cycles other than
the Rankine and Brayton. Explain why these are not serious
candidates for nuclear power applications.

Provide the details in the calculation of the thermodynamic
efficiency of the Brayton cycle.

Estimate the maximum thermodynamic efficiency that would be
possible (under realistic pressure conditions) for gas-
cooled nuclear reactors based on He and CO-2.
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LECTURE 9

FISSION HEAT SOURCES

READING ASSIGNMENT:

J. Weisman, "Heat Generation and Transport", Chapter 6 in
Weisman (Design)

Lamarsh, pp. 345 - 352

Rust, Chapter 5

EXERCISES:

g-ln

9-2,

Compare the average thermal power densities (q', g", g"') of
each of the major reactor types (e.g., PWR, BWR, LMFBR,
GCFR)}) along with that of the boiler of a fossil-fuel-fired
plant. Use data from PSAR's for actual plants, if possible.

Discuss the importance of each of the following effects on
fission heat source distributions: i) nonuniform fuel
loading, ii) nonuniform fuel burnup, iii) control elements,
iv} fuel assembly structure.

Calculate the mass of fuel fission per MWD (megawatt—-day)
burnup of U-235, U~-238, and Pu-239.

Calculate the volumetric power density at the midpoint of a
uniform, bare cylindrical reactor core generating 1,200 MwWe,
(Assume typical thermodynamic efficiencies.)



Assion Heat Scyees

o A ovoit.of core Hromal analsis

e Somenititen coneming pouty chisies

o_Fsion beat source dltslotns

o _ﬁd’}:g /OﬂJﬂ_/?at’/ﬂlﬂ&’ﬂéV o

—_Thermal Aﬂa&sﬁs S
__Gaal- etorinne T\ for a.given B0 7o roade s
Fompecture Jimi a1t exceeced

_ (U a “vorst possible case "o "hat- chomel appch

e

J

AN

i chud anage o/




__énefa/_qgamc/?:
\J%mﬁmwrjﬂm/méme

%ﬂéﬂé—e—»——qﬂﬂﬁ—gﬁ( E‘,)

/75417‘ gouwer; hon
sodre density riax
3——

4

— 1‘:‘) Ina .v?aaﬁ-..s‘/afe_, any hedd pdmjbﬁe[maim_ :
__._/bfé_cao:éﬂz{_zgé’ﬂce_m_caﬂ_ Ca/cuéfajmfaﬁf_dLh

o Cméﬂ/‘éfm_}ﬂ/ﬂ‘_&d/ﬂﬁ)_(f/—ﬁ/ bou of
ey Ao Drmodmamis )

h

=~

~1

EV S| 1\\\\\\“\\\\\\\\\\\\
.
P
[N
"

e




i) ﬁ/ﬁ%_z%jsf(m,éq/ge_qc -7c;_.[=),-u-e_cqn. work bade it
. Mmbfaé_wz_aéﬁ}%éfzmﬁeﬂjﬂ

____breahpintz,

——a) Mootk s o conli ]

_ cldsubesaohd 2] P e

— Rt dld NG 3
fo-sap-ched ¢ T

— Some rattion conaming power ckriles: _

)

& > bt bt e (Wl @;

%" — _heat Hux | \A(m")

1
; %l
—— 7

£
%

%' - //}*Jf?arr7 wwerde@/f/ ( W /o)

===




____-éﬁlm%df_@rgg L)stibutons

[ [ . X 3 _'. ":_ . , .rf
MM&%’A' et PRV TP o -4 /‘-_‘fsam‘é’

!

A A
I’)L!_C/ﬁ?l" /@C?’ZJP.’ S TJ 737 rai? SoUrg

_Iégzmﬁaté_@maiz&smﬂmm;

l/ﬂﬂiﬂl' or,

1

!

. __fss/'or)jéaf. Souns

Fue/ o P
e | 1 @;f/j\ l[ég

/ . ’§ NN
__Fsson cbhr ¢ ’n W“YQ Y N k‘
Frssion prefuct KE /H QQ S w%
o 1 s AR
prongt_ newtvons s \'§’\ s
ﬂeca/ p/oa’uaﬁ' 2o NN TS
da‘ay?
deay ¢

neutrinas




_Jssim E?e@y.pzsﬁézaliab ZZ@Q o .

___ [Fison tagmed KE KB HY Dot

_ Fision_neuttor HE T Medrum

_ Yowd gammas. 7 Lang
FPokecay € 3_ Sharl”
PPy & 7 Log
Woutinos 12 Mneowabl
Mudron capitue decay 210 Stot ] lage

___.ﬁ{g/'om_[ae@y D for Vorous Todpes_

_ Teobpe Broverble_energy rehase
7 1962 % 1.
il 990 % 1|
=) 2017 % 0
Gad ¥ 2085 % |
Ap, 2107 % 12

s 2138 % |0




_Some rules of Humby:
v W of recanrabib enersy chonsibd in foel
~ /, 0/%&@@_@@25@ s/ﬂ/}é_’; vase/

Femparal:

~ 30 of recoyeralle energy‘&’fﬂarfd,ama;ﬂza\

~ 0% 7420»: Leonds 7o years bt

I gwr quam ") nadmrm_coras‘
Tt use_volumetic. fsWJ:m/mm

,,'f f-}\%\h}& N‘@—IE 9=°’§$¢(3E)

__ Aok cgutﬁ%_mwyo_@mﬁdw%m}y_@/am
\sﬁwafwlmaéméfoﬁe/_zé_ggp/j d‘m’éf.ﬂk




__ Sinplst model- . bave, henvgeneous core

———“Wr\
. cbf@;—w@-légﬁw Hz
G ™

z4

_'lﬁ"-——-_

|

N e N s
)
\

4
e oot

. Maﬂ‘ / ffm/?ob_ij_-’_ @f/eczbr_.:s
I

\/(




—_Modthaation 2)- Pl depesion 1, ff o

— Kedl Hdt st shiekliyg causes 2 Hl, coession
, ﬁ/.'v_zé’(f[pjh
3= constant
L\jﬂm
/éwaer i1 is 875" é
——asune 0 consont ¢ and caret o He A
____charcuy Lty
_ Ohler weclffeatiorns:
) MMJQMEL@Q//@
o) Fuel asonly sty
— i ke Fe. o aczn usig bt dmel ‘ar souer
— peakiyg tockrs._(Boomal ceicprr oy needk 1 laal

9 12) and hat charme! 756756‘)




LECTURE 16
HEAT GENERATION IN REACTOR CORES

READING ASSIGNMENT:

J. Weisman, "Heat Generation and Transport”, Chapter 6 in
Weisman (Design)

Lamarsh, pp. 345 - 352

Rust, Chapter 5

EXERCISES:

1p-1. A U-235 fueled reactor operates at a thermal power of 3,500
MWt for 1.5 years. Using the fission product decay curves,
estimate the decay heat release 1 hour after shutdown and 1
yYear after shutdown.

16-2. A BWR plant operating at an efficiency of 34% has an
electrical output of 1611 MW. (a) What is the maximum
fission product decay heat in the reactor at shutdown? (b)
What is the decay heat 6 months after shutdown?

19-3. A 1000 MWe reactor is operated at full power for one year,
then at 10% power for one month, and then shut down.
Calculate the fission product decay heat at shutdown and for
one month after shutdown.

10-4. A reactor rated at 1,000 MWe has operated at full power for
scme time prior to shutdown. Following shutdown, determine
the amount of decay heat that must be removed from the core
during i) the first hour following shutdown, and ii) the
second hour following shutdown.
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LECTURE 11

HEAT TRANSFER IN NUCLEAR REACTORS

READING ASSIGNMENT:
J. Weisman, "Heat Generation and Transport"™, Chapter 6 in
Weisman (Design)
Duderstadt & Hamilton, Chapter 12
Rust, Chapter 6, 7
EXERCISES:

11-1, How might you expect the fuel temperature limitations to
differ for:

i) a swimming pool reactor with MTR-type fuel elements
ii) a MAGNOX type (CO-2 cooled) reactor

iii) an HTGR

iv) a LMFBR

v) a GCFR

11-2, How might you expect clad thermal limitations to differ for
each of the reactor types in 11-1,

11-3. Bow might you expect coolant temperature limitations to
-differ for each of the reactor types in 11-1.

11-4., In what situations might you expect thermal radiation to
become an important heat transfer mechanism in reactors.
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LECTURE 12
THE EQUATION OF HEAT CONDUCTION

READING ASSIGNMENT:

Eckert & Drake, pp. 25 - 32
Duderstadt & Hamilton, pp. 475 - 476
Lamarsh, pp. 353 ~ 354

Pfenningwerth & Minkler, pp. 99 - 189

EXERCISES:

12-1. Rederive the equation of heat conduction using the "pill-
box™ approach -- i.e., consider a differential volume
element and balance energy exchange.

12-2. Refer back to the derivation of the neutron diffusion
equation and the range of validity of Fick's Law to develop
an argument estimating the range of validity of Fourier's
Law.

12-3. Using a simple dimensiocnal argument, provide a physical
interpretation of the thermal diffusivity.

12-4. Compare the heat conduction equation with the neutron
diffusion equation. How do the two equations differ in
mathematical structure? Conjecture as to how the methods of
solution might differ.
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LECTURE 13
SOLUTION OF THE HEAT CONDUCTION EQUATION

READING ASSIGNMENT:

Eckert & Drake, pp. 36 - 75
Pfenningwerth & Minkler, pp. 111 - 161

EXERCISES:

13-1. Contrast the heat flux g" with the neutron flux, both in
mathematical character and physical interpretation.

13-2. Under what circumstances can the temperature be
discontinuous?

13-3. Demonstrate that the heat conduction equation is
irreversible. (Assume t --> -t, r --> - r and compare the
equations.)

13-4, Determine the values of a and b that will reduce the
generalized form of boundary condition to each of the
particular boundary conditions we have developed.

13-5, Verify each of the general forms of the solutions of the
heat conduction equation provided for sourceless media.

13-6. Verify each of the general forms of the solutions of the
heat conduction equation provided for media containing
sources,
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LECTURE 14
BEAT CONDUCTION IN NUCLEAR FUEL ELEMENTS

READING ASSIGNMENT:

Duderstadt, pp. 475 - 482
Lamarsh, pp. 354 - 364
Sesonske, pp. 191 - 115

EXERCISES:

14-1. Develop an expression for the radial temperature
distribution in a long, thin, hollow cylindrical fuel rod
with inner radius Ri, outer radius Ro, and volumetric heat
source density q"'. Assume that the inner surface is
insulated and at a temperature Ti.

14-2. A long, thin hollow cylindrical fuel rod with volumetric
thermal source strength q"' is cooled on both the inner and
outer surfaces such that the surface temperatures are
maintained at Ti and To, respectively. Derive an expression
for the location of the maximum temperature in the fuel.

14-3. Show that for a cylindrical shell without internal heat
generation, the use of an average constant thermal
conductivity evaluated at the arithmetic mean of the inner
and outer surface temperatures is equivalent to a linear
variation of thermal conductivity with temperature.

14-4. Dimensional changes with temperature may be approximated by
a relationship of the form

x(T) = x(To) [1 + a (T - To)]
where x(To)

x(T)
a

linear dimension at temperature To
linear dimension at temperature T
linear expansion coefficient

Using this expression, determine the effect of expansion
effects on fuel centerline temperature.
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LECTURE 15

HEAT TRANSFER IN REACTOR FUEL ELEMENTS -- CONTINUED

READING ASSIGNMENT:

Same as Lecture 14

EXERCISES:

15-1. Determine the temperature profile in plate-type fuel
elements sandwiched between a clad. Assume the existence of
a uniform gap between the fuel and the clad.

15-2., Determine the temperature distribution in a cylindrical
fuel pin, assuming a source distribution given by

gq"'(r) = g Io{r/L)

where the surface of the cylinder is at a temperature Ts.
Assume that the thermal conductivity depends on temperature
through the relationship k(T) = ko [1 + a{T - Ts)]. Sketch
the temperature profile for the constant a positive, zero,
and negative.

15-3, Calculate the equivalent heat transfer coefficient for a
radial gas gap between pellet and clad of #.910 and 0.965
cm. Assume the fuel radius is much larger than the gap
thickness and constant gas properties with temperature for
both helium and fission product gas.
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LECTURE 16
OTHER TOPICS CONCERNING HEAT CONDUCTION IN REACTORS

READING ASSIGNMENT:

El-Wakil (Nuclear Heat Transport), pp. 131 - 144

EXERCISES:

16-1. The flux depression in a cylindrical fuel pellet can be
modeled by assuming that the radial dependence of q"'(r) is
of the form q"'(r) = gq"'o(1 + a r2). Derive an expression
for the temperature rise in the fuel in terms of the linear
power density q'o. In particular, compare this temperature
drop with that resulting from a uniform heat flux for a 12%
flux depression for the case in which q'o = 508 W/cm and k
6.9245 W/cm K.

16-2. It is frequently of interest to determine the temperature
distribution in shelding materials being heated by incident
radiation. Such a calculation can easily be performed in
analogy to our study of thermal conduction in fuel elements
provided one uses a non-uniform distributed heat source.
Calculate the temperature distribution in a slab shield of
thickness L with specified temperatures on each boundary if
the shield is heated by incident gamma radiation.

16-3. Repeat the solution for the temperature distribution in th
shield of problem 16-2 if:

i) One surface is thermal insulated so that no heat flow
occurs across it while the other is kept at a constant
temperature.

ii) Both surfaces are cooled by convective heat transfer.

16-4. A plate-type fuel element is placed in a test reactor in a
region of high thermal flux. Calculate (a) the heat
production rate in the fuel, (b) the heat flux at the
cladding surface, and {(¢) the difference in temperature
between the center of the fuel and the cladding surface.

16-5. A 8 cm-thick flat-plate iron shield is subjected on one
face to 3.0 MeV/photon gamma radiation of uniform flux of
19°13. The absorption cross section for 3 MeV gammas in
iron is 0.282 1/cm. If the temperatures of both sides of
the plate are to remain equal, find: (a) the temperature
distribution in the plate, (b) the difference between
maximum and surface temperatures, and (c) the surface
cooling on each side of the plate necessary to maintain the
above conditions.
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LECTURE 17

MULTIDIMENSIONAL HEAT CONDUCTION

READING ASSIGNMENT:

Eckert & Drake, pp. 64 - 75
Pfenningwerth & Minkler, pp. 127 - 161

EXERCISES:

17-1. Frequently one encounters homogeneous bhoundary conditions
in heat transfer problems. But the Third Law of
Thermodynamics says that a system cannot achieve absolute
zero. So what gives?

17-2,. Provide the details for the solution of Laplace's eguation
for the "pie-shaped” segment in the example in the Lecture.

17-3. Using separation of variables, develop the eigenfunctions
and eigenfunctions for the rectangular region considered in
the example solution of Poisson's equation.

17-4. Solve for the temperature distribution in a cube subject to
a uniform volumetric heat source and zero temperature
boundary conditions.,

17-5. Solve for the temperature distribution in a right circular
cylinder containing a uniform volumetric heat source and
subject to zero temperature boundary conditions.

17-6. There is something fishy about Poisson's equation. What is
it?
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LECTURE 18
TRANSIENT HEAT CONDUCTION

READING ASSIGNMENT:

Eckert & Drake, pp. 76 - 189
Pfenningwerth & Minkler, pp. 173 - 184

EXERCISES:

18-1, Provide the details for the solution of the space-time
dependent temperature distribution given for the rectangular
region in the Lecture.

18-2. What is the temperature distribution in the rectangular
region for long times? (Examine the structure of the
solution for long times.)

18-3. A temperature measuring device (a thermocouple) is mounted
near the exit of a coolant channel in a nuclear reactor in
order to measure the coolant temperature. The coolant
suddenly changes from a steady value of 506 F to 608 F and
remains there., How long will it take the thermocouple to
reach 990% of its new final temperature?

(For the purposes of this calculation, the thermocouple can
be approximated by a long cylinder, 1/8 inch in diameter,
with the temperature sensitive element loacted at the
centerline of the cylinder. The heat transfer coefficient
between the thermocoupel and water is 58 BTU/hr—-ft2-F.
State any assumptions you may feel are necessary.)

18-4., Consider the temperature distribution in an infinite medium
subject to a pulsed plane source at the origin. Use Laplace
transforms to determine the temperature distribution
throughout the medium at any time t > @, assuming a zero
temperature initial condition.
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LECTURE 19

NEWTON'S LAW OF COOLING

READING ASSIGNMENT:

Duderstadt and Hamilton, pp. 481 - 489
Lamarsh, pp. 363 - 375

J. H. Rust, "Fluid System Design®™, Chapter 7 in Weisman
(Design)

EXERCISES:

19-1. Compute the equivalent hydraulic diameter for a hexagonal

lattice.

19-2, Calculate the thermal resistance for heat transfer across

the gap between the fuel and the clad (using the concept of
the gap heat transfer coefficient).

19-3. The velocity profile of water at 1800 psia flowing through

an insulated 8 in., ID coolant pipe can be fit by the
expression

u=606 - 540 r*2 ft/s
The measured temperature distribution across the pipe is
T = 155 - 7260 r"2 F

(a) Compute the bulk temperature of the water in the pipe.
(b) Computer the average velocity of the water in the pipe.
(c) Compute the value of the Reynold's number for the flow.
(d) Compute the flow rate for the flow.

(Take the water density at 61.8 1lb/ft-3 and the viscosity as
1.279 1b/hr-ft.
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LECTURE 20
CONVECTIVE HEAT TRANSFER COEFFICIENTS

READING ASSIGNMENT:

Pfenningworth and Minkler, pp. 342 - 349
J. B, Rust, "Heat Transfer", Chapter 8 in Weisman (Design)

EXERCISES:

26-1, Provide the details for the derivation of the temperature
profile for laminar flow between two stationary parallel
plates (plane Pouiseuille flow).

2@-2, Using Newton's law to define the convective heat transfer
coefficient, determine this coefficient for plane
Pouiseuille flow).

29-3. Consider laminar Couette flow between two infinite,
parallel plates, one moving with a velocity V with respect
to the other. Determine the temperature profile, if the
upper plate experiences a constant wall heat flux.
Determine the convective heat transfer coefficient for this
plate.

20-4, Compare the convective heat-transfer coefficients for the
following situations for 2 cm I.D. smooth-drawn tubing:

a) air at 1% bar, 120 m/s, and 206 C
b) CO2 at the same conditions as in a)
¢) water at 1 bar, 19 m/s, and 200 C

d) sodium at the same conditions as in c¢)
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LECTURE 21

TWO-PHASE FLOW PHENOMENA

READING ASSIGNMENT:

Duderstadt & Hamilton, pp. 490 -~ 493

Lamarsh, pp. 375 - 383

El-Wakil, pp. 291 - 326

Sesonske, pp. 116 - 126

J. H, Rust, "Fluid System Design", Chapter 7 in Weisman

' (Design)

J. H. Rust, "Heat Transfer", Chapter 8 in Weisman (Design)

EXERCISES:

21-1. Determine the saturation temperature for water in BWRs (at
70 bar) and PWRs (at 155 bar).

21-2. In an experiment on pool boiling of water, the heat flux
and water temperature and pressure are simultaneously
increased so that saturation boiling occurs at all times.
Burnout (DNB) occurs when the pressures reaches 308 psia.
Assuming for simplicity that burnout heat transfer occurs
solely by radiation, and that the radiation heat transfer
coefficient (similar in definition to convective heat
transfer coefficient) is 208 BTU/hr-ft-2-F, estimate the
temperature of the heating surface at burnout.

21-3. By referring to any of the standard references, contrast
the slip flow and drif flux models of two phase flow.
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LECTURE 22

THE SLIP-FLOW MODEL OF BOILING FLOW

READING ASSIGNMENT:

Duderstadt & Hamilton, pp. 493 - 496
El-Wakil, pp. 326 - 334

EXERCISES:
22-1. Derive the S-alpha-chi relationship.

22-2, Consider three Carnot cycles using mercury, sodium, and
water as working fluids which receive heat causing these
fluids to vaporize at 10 atm with a thermodynamic efficienty
of 35%. If the three fluids change from saturated liquid to
saturated vapor during the heat-addition processes,
determine in each case: a) the quality at the end of
expansion, and b) the quality at the beginning of compression.

22-2. A BWR operates at a pressure of 16060 psia. In one of its
fuel assemblies, the inlet velocity is 16 ft/s, inlet
temperature is 528 F, and the coolant mass flow rate is
200,000 lbm/hr. If the heat generated in the afuel assembly
is 2 x 19077 BTU/hr, what is the fuel assembly exit void
fraction?
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LECTURE 23

HEAT ADDITION TO BOILING FLOW

READING ASSIGNMENT:

Duderstadt & Hamilton, pp. 496 - 581
El-Wakil, pp. 363 - 313, 336 - 364

EXERCISES:

23-1. Determine the axial clad surface and fuel centerline
temperature distribution present in a bare, uniform
cylindrical core with single-phase coolant flow. In
particular, determine those positions at which the maximum
fuel centerline and clad surface temperatures occur.

23-2. Water flows in a circular channel 3 m long by 1 cm I.D.
The system pressure is 78 bar. The water enters the channel
with average velocity 3 m/s and temperature 2680 C. The wall
heat flux has a cosine distribution (no extrapolation
lengths) with peak value of 20# W/cm™2. Determine: a) axial
coolant temperature distribution, b) axial guality
distribution, c¢) axial void fraction distribution, assuming
a constant slip ratio of 2, -d) graph these qualitities
versus z. Assume thermodynamic equilibrium exisits at each
axial position (i.e., neglect subcooled boiling).

23-3. For the problem above {23-2), determine the axial position
where subcooled boiling starts. What is the coolant
temperature at this position? The wall temperature?

23~-4. The power distribution in the axial direction of the 12 ft
long fuel rods of a PWR is well represented by a cosine
power distribution. The minimum DNBR is 2.1 and occurs 90
in. up the hottest channel, where the critical heat flux is
computer to be 1,88 x 1676 Btu/hr-ft-2. The hot channel
factor for the reactor is 2,78 and the total heat transfer
area is 48,000 ft-2. Calculate (a) the maximum heat flux,
(b) the average heat flux, and (c¢) the operating power of
the reactor.
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LECTURE 24
THERMAL RADIATION

READING ASSIGNMENT:

Eckert & Drake, pp. 353 - 378
Pfenningwerth & Minkler, pp. 484 - 408

EXERCISES:

24-1. Compare the wavelengths and photon energies of visible
light, infrared radiation, radio waves, television
transmissions, X-rays, and gamma rays.

24-2, What does Lambert's law imply about the photon source
angular distribution on a surface.

24-3. A power plant is designed to generate power for a life
support system on a space station. The plant must be
nuclear because the length of the mission prohibits the
lifting off of sufficient fossil-fuel supplies. The upper
temperature of the power plant cycle is fixed by
metallurgical considerations. Because the plant is in
space, it can only reject heat by thermal radiation to space
according to the Stefan-Boltzmann law. Noting that the
radiator is by far the largest mass in the power plant, it
is found that from a mass point of view it is preferable to
operate the plant at relatively low thermodynamic
efficiency. Derive a relationship between mass and cycle
efficiency, assuming for simplicity that the plant operates
on a Carnot cycle. Then find the optimum efficiency at
which the mass is a minium. (Assume the mass is proportional
to the radiator surface area.)
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LECTURE 25

RADIATIVE ENERGY TRANSFER BETWEEN BLACK BODIES

READING ASSIGNMENT:
Eckert & Drake, pp. 395 - 482
Pfenningwerth & Minkler, pp. 407 - 411

EXERCISES:

25-1, Calculate the view factor for the disk shown in the example
given in the Lecture,

25-2, Calculate the view factor for a rectangular surface as
shown in the example given in the Lecture.

25-3. Calculate the view factor for radiative heat exchange
between two disks.
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LECTURE 26
RADIATIVE HEAT TRANSFER BETWEEN GRAY BODIES

READING ASSIGNMENT:

Eckert & Drake, Chapter 14
Pfenningwerth & Minkler, pp. 411 - 419

EXERCISES:

26-1. Provide the details in the derivation of the radiative
exchange between two infinite, parallel, isothermal gray
plates.

26-2, Verify the view factors and interchange factors for each of
the cases given in the table in the Lecture.

26-3. Derive an expression for the thermal resistance
characterizing radiative heat transfer from a surface.

26~4. Explain how the "gray body" model is related to the one-
speed model in neutron transport. Fromt this analogy, how
might one develop a "multigroup” model of radiative
transfer.
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LECTURE 27

REACTOR THERMAL ANALYSIS

READING ASSIGNMENT:

Duderstadt & Hamilton, pp. 447 - 465, pp. 467 - 475

Lamarsh, pp. 383 - 389

J. Weisman, "Heat Generation and Transport", Chapter 6 in
Weisman (Design)

Rust, Chapter 7

Sesonske, pp. 141 - 146

P. E. MacDonald and I-Chih Wang, "Fuel Element Design",
Chapter 11 in Weisman (Design)

EXERCISES:

27-1. Consider two cylindrical fuel rods of radii a and 2a
respectively which are tooperate under the limitation that
the maximum center-to-outer surface temperature is the same
for both rods. Assuming uniform heat generation in the
rods, which rod would be able to supply more heat?

27-2, Using typical fuel element data for a BWR core, estimate
the fuel centerline temperature that occurs at the point of
maximum heat flux if it is assumed that the coolant
temperature at this point is 294 C with a convective heat
transfer coefficient of hs = 5.0 W/cm™2 K.

27-3. Repeat the calculation of 27-2 for an LMFBR core assuming
a sodium temperature of 568 C and hs = 4.0 W.cm"2 K.

27-4. The outlet quality of an average coolant channel of a BWR
is 14.6%. The system pressure is 78 bar and the inlet
temperature is 220 C [ h{228 C, 78 bar) = 1.23 MJ/kqg].
Determine:

a) the exit void fraction for a slip ratio of 2.0.

b) the average heat generation (W/cm) of the fuel rods if
the mass flow rate per fuel rod-is 16,0606 kg/hr and the
core height is 375 cm.

c) the nonboiling length for a bottom~peaked power profile
(given by Problem 29-2).
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LECTURE 28
HOT CHANNEL FACTORS

READING ASSIGNMENT:

Duderstadt & Hamilton, pp. 5062 - 585
Weisman (Design) pp. 166 - 171
Sesonske, pp. 127 - 148

Lamarsh, pp. 385 - 387

Rust, pp. 326 - 338

EXERCISES:

28-1. How would one define the total nuclear hot channel factor
for a spherical reactor core geometry? Calculate this
assuming a uniform fuel distribution.

28=2, Calculate the axial nuclear hot channel factor for a bare
cylindrical core in which the extrapolation is 18% of the
core height. Compare this with that calculated for the case
where the extrapolation length is zero.

28-3, Calculate the axial, radial, and total nuclear hot channel
factors for a core design in which the power distribution is
given by

P(r,z) = Po [1 - {(r/R}"2] cos (pi z/L)
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LECTURE 29

APPLICATIONS OF REACTOR THERMAL ANALYSIS

READING ASSIGNMENT:
Duderstadt & Hamilton, pp. 565 - 587, 519 - 521

EXERCISES:

29~]. Consider a PWR core consisting of fuel elements 12 ft in
length and 0.5 in in diameter. The reactor operates at a
thermal power of 386 MWt and has a maximum calculated heat
flux of 539,008 Btu/hr-ft-2 and an overall hot channel
factor of 2.8#. <Calculate the total heat transfer area of
the core and the number of fuel rods in the core.

29-2, As we have seen, one of the primary limitations on thermal
performance is the avoidance of fuel centerline melting.
However it is obviously to our advantage to run the fuel at
all points in the reactor as close to this limit as possible
(consistent with safety requirements).

a) Determine the axial power profile that would yield a
uniform axial fuel temperature in the core.

b) Determine the axial fuel loading distribution that would
yield this power profile (use one-speed diffusion
theory).

c) Compare the feasibility of obtaining such profiles for a
HTGR and a PWR.

29-3, Consider a channel of length L in which there is a bottom-
peaked power profile of the form

q'(z) = gq'o ( /H) (H - z) sin[( /H)(H - z)]

Determine: a) the maximum/average heat flux in the channel,
b) q'{z) in terms of the average channel heat flux, and c)
the enthalpy rise at any position in the channel.

29-4. Consider a PWR operating in such a fashion that nucleate
boiling occurs at the point of maximum power density. Howe
might you expect the following changes to affect both the
maximum fuel centerline temperature and DNBR, assuming a
constant average linear power density:

a) 18% reduction of coolant flow in the hot channel.

b) modification of core analysis to account for nonuniform
power generation in the fuel pellet.



c¢) radial fuel migration and densitication producing a 4%
void volume along the fuel pellet axis.

d) the axial core power profile shifting from a centered to
a bottom-peaked distribution (such that both the peak
power and the integrated power remain the same).

e) the axial core power profile shifting to a top-peaked
distribution.
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LECTURE 340

NUMERICAL SOLUTION OF THE HEAT CONDUCTION EQUATION

READING ASSIGNMENT:

Duderstadt & Hamilton, pp. 176 - 193
VPI Computer Modules, TH-3, HTGR Thermal Hydraulics
Pfenningwerth & Minkler, pp. 186 - 288

EXERCISES:

30-1, Derive the three-point central difference formula for a
second order derivative by using suitable difference
formulas for the first derivative of a function.

36-2., Demonstrate that finite~differencing the 2-D form of the
heat conduction equation yields a coefficient matrix with

three central diagonal and two off-diagonals of nonzero
terms.

38-3. Derive the nodal equations for a triangular-shaped region
using the energy balance approach. (Use a small number of

elements to keep things manageable.)

38-4. Does the absence of an "absorption"™ term in the heat

conduction equation when compared to the neutron diffusion
equation lead to any simplifications in numerical solutions?
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LECTURE 31

THERMAL HYDRAULIC COMPUTER CODES

READING ASSIGNMENT:

Duderstadt & Hamilton, pp. 587 - 518
J. Weisman and R. Bowring, Nuc. Sci. Eng. 57, 253 (1975)

EXERCISES:

31-1. Using the descripfion provided in the lecture, write a
computer program capable to analyzing the hot channel of a
LWR (either PWR or BWR).

31-2, Using a simple single-channel thermal-~hydraulics code,
evaluate the performance of a typical PWR core design. 1In
particular,

a) Compare a bottom-peaked and centered profile from the
standpoint of (i) peak linear power density, (il) peak
fuel centerline temperature, (iii) DNB ratio.

b} Roughly plot the following for the hot channel of the
bottom—-peaked profile: (i) coolant temperature, (ii)
clad surface temperature, (iii) heat flux, and (iv) DNB
heat flux.

c) Evaluate the effect of a simultaneous 18% reduction in
flow and 10% increase in power level on DNB ratio and
centerline fuel temperature.

31-3. Using a simple single-channel thermal-hydraulics code,
evaluate the performance of a BWR core design. Use a bottom
peaked power profile and determine:

a) Coolant temperature, fuel temperature, void fraction, and
flow quality profiles.

b) The recirculation ratio (mass of recirculated coolant to
cooclant leaving the vessel as steam) and the reactor
vessel inlet temperature (i.e., feedwater temperature).
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LECTURE 32

STRESSES IN NUCLEAR REACTORS

READING ASSIGNMENT:

J. Weisman, "Elements of Stress Analysis", Chapter 9 in
Weisman (Design)

Rust, Chapter 8

Shigley, pp. 24 -~ 42

EXERCISES:

32-1. Give examples of what you would regard as elastic and
plastic behavior in nuclear reactor components.,

32-2, Following closely the derivation given in the Lecture
notes, derive the form of the stress tensor for a wo-
dimensional plate.

32-3. By referring to any standard reference on stress analysis,
provide the detailed derivation of the equations
characterizing plane stress that lead to Mohr's circle.
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LECTURE 33
STRESS AND STRAIN

READING ASSIGNMENT:

Shigley, pp. 24 - 42

EXERCISES:

33-1. A uniform bar of cross sectional area A is subjected to an
axial tensile force P. What are the axial tensile stress,

the axial tensile strain, and the reduction in cross
sectional area, all assuming linear elastic behavior
(Hooke's law). Define any symbols you may need.

33-2. A steel rod 0.5 in. in diameter and 40 in. long carries a
tensile load of 3000 1bf. Find the stress and elongation of

the rod.

33-3. Derive the equation relating Young's modulus, the shear
modulus, and Poisson's ratio.

33~4, Sketch the stress~-strain curves for: i) steel, ii) glass,

iii) rubber, iv) fiberglass.
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LECTURE 34

INTRODUCTION TO STRESS ANALYSIS
READING ASSIGNMENT:

EXERCISES:

34-1, Provide an explicit demonstration that the off diagonal
elements of the strain tensor do indeed represent the shear
strains in terms of angular displacement.

34-2, By referring to any standard text on stress analysis,
demonstrate the physical significance of the compatibility
relations.

34-3. The equation describing the deflection of a beam is:

E I (d2y/dx2y) = M(x)
where M(x) is the moment of foces at x. Solve the
differential equation, assuming constant E I, for the
deflection at the end of the beam, for a load P placed at
the end of the beam. Use as boundary conditions:
b.c: y(g) =8

y'(g) =0 {embedded end)
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LECTURE 35
THERMOELASTIC STRESS ANALYSIS

READING ASSIGNMENT:

J. Weisman, "Elements of Stress Analysis", Chapter 9 in
Weisman (Design)

EXERCISES:

35-1. Upon increasing the temperature of a.piece of metal, how
do you expect the following quantities to change?

a) Tensile strength
b} Young's modulus

c) stable creep rate

d) density

35-2. A rod of length L is placed between two immovable walls
which touch each end. At temperature To, the rod is stress
free. A heat source is not placed in the rod such that its
temperature distribution is given by

T-To = 4 T(max) {(x/L) (1 - x/L)
What is the stress at the rod midpoint?

35-3. Using the expressions for the gradient operator in
curvilinear coordinates, derive the form of the stress
analysis equations in cylindrical and spherical coordinates.

35-4. Demonstrate that the equilibrium stress condition is

really just a special case of the equations of fluid
mechanics.
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LECTURE 36

THERMAL STRESS ANALYSIS IN SIMPLE GEOMETRIES -~ I

READING ASSIGNMENT:

EXERCISES:

36-1. By referring back to your earlier notes, demonstrate that
there are indeed 15 equations for 15 unknowns in thermal
stress analysis. Write down these equations for rectangular
coordinates.

36-2. Determine the stress, strain, and displacement in a flat
place subject to a uniform heat source (e.g., a parabolic
temperature distribution).

36~3, Provide the detail solution for the stress components in a
spherical shell subject to a given radial temperature
distribution.

36-4. Calculate the normal strain components and the radial
displacement for a spherical shell subject to a given radial
temperature distribution.

36-5. Calculate the normal stress, strain, and radial
displacement for a solid sphere subject to a given radial
temperature distribution.
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LECTURE 37
THERMAL STRESS ANALYSIS IN SIMPLE GEOMETRIES -- II

READING ASSIGNMENT:

EXERCISES:

37-1. Provide the details in the determination of the streses in
an axially restrained cylindrical shell.

37-2. Provide the details in the determination of the stresses in
an axially unrestrained cylindrical shell,

37-3. By applying St. Venant's principle, determine the strain
and deformation on an unrestrained flat plate.
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LECTURE 38

ADDITIONAL TOPICS IN THERMAL STRESS ANALYSIS

READING ASSIGNMENT:

J. Weisman, "Elements of Stress Analysis", Chapter 9 in
Weisman (Design)

EXERCISES:

38-1. Provide the detailed@ solution for the stresses in a
spherical shell subject to a pressure differential.

38-2., Provide the detailed solution for the stresses in a
cylindrical shell subject to a pressure differential.

38-3. Determine the maximum axial, radial, and tangential
stresses in the cladding of a PWR fuel rod of 6.37 ID, #.923
thickness, and 12 ft., length. The stresses will be due to
fission product gas buildup and thermal expansion. The
maximum linear heat rate is 15 kW/ft and the cladding is
zircaloy with a thermal conductivity of 7.4 BTU/hr-ft-F.
The fuel enrichment is 3%, Assume the reactor operating
time is 16,000 hours and 9.5 gas atoms are produced per
fission and one-half the gas atoms are released to a volume
of 1.6 cu. in. Assume the gas temperature is 1868 F and
aB/k(l - v) is 4.6. The fuel rod is initially filled with
helium at 50 psi and room temperature. Assume a cosine
power shape and an external pressure of 2360 psia.



Addina Toois 1in Theome) Shs
) o fydustitc shezs
o Sthess b Fopasatins
.; Ggg/o

' ‘ feroces acress
. p—
vionmitis, Jydestte '
" % or oYfindrcal skl may be preod,
Wﬂ(a/?sf %m We can superinese )
e = Hhomal sheses (no 4dp d
7%’/ = * A}d’ms?é}/( stass (o 4

(o
’ Tn adden 7o e themdl theses die $ fanvoerls




Liample.: Sphere

W can stert? w‘é 7%?04%%/
e;mfm we develiped 1y Homochsté

St Hheay - Tohizg T-T, =0

rﬁ‘

be:

ar

1 d.(4<i0'r>_.o

dr

Tre(KR)=- .

T R) =

&)

&
A2

<

[+

We can easily iyt This and agoly He be B A
w(0)= - - A% g
o R (1{73" ][(E) ]

St Tutrg O
Ugg =

s 1076 Fhe equnkbrain cordl, yiekk

Gp=-pr[2 P-Mhl(g)]

\,(3

~



Eampk: & lnder
e will just give He sodehons:

(][]
H&@] 1’

A e L

Uzp = 20 [ Rt & -\] comolee restan?
= 0 unmsteuned

Stress Wave Hopagatton

679%" a W[fd f?ﬂ% Né@? %My as q
éloéa? af %ﬂ( I5 as Ailbuss:
P

[ 5 e
<

for, 7. = heatig e TF

G2% , Zu= S wechanial e

STHSS Wane propasacis beems: inporfr?




Congckr a 7uel rod which is heated very rgadly
z L Ty

72@'7 | RS A T

A-r§

Geal: Consicer stss in rad due 75 askp charge in

Beratae

T T T 777

-\ r))( L
Lasic Z;w//m
C.) f:‘ VYlg. : %Xq:x 9 %—z‘éz
&) Stan-dipheownt:  €x = %

iiv) %«5‘75&)&- Exy = %} + & (T—TJ)



L

) Boundary and iitil conditens.
i Oul-1t) = T )

l TalLH) =

vﬂ(xl ) = %%'}(!0)

TT () = i_T—‘l:{o)zo
Now 7 manypids:

a&x[%%x: sz—f, > %ﬁ a%é’-

v Cméawe

%x: Exx = % +°“T-‘L—)

G TR Y I

San
or
. & LF + 4 §.(FT)
\/-V\/

wave ewaton uith = % = (snd speed)*



" Shdin éée/.cpéffmém
Tyld = f; e'*O;,({')cH'

Then our Laplee transtmed eouatin baomes
LB - L oF s 4pst (T)
A@/— t\’-:)-‘-o) - -A?T: 3 %c'l
Tus "
%,_gjx - C;j-a‘;x = ps AT

F T Franmed bet are:
0":_': ('K;5§= Oh; (X,S)

Ga (LJS) =0
e fird @ genert] <o luthion:

G = Acas\ng-x + Bsmh 5« _0@51%1-
Rs imply B=0, A= o L

C‘osh-g-l_



S lcoshZL
Mamuldte sy _s
~ ( < "cx)
e +e

(eé'w e'%")

-y -3
e | 4 L (e + £
7S (I+ e 7% )

e \ ?--n é‘---n
=_§+é s—l)ge (‘L“)»re [“wj

T kb candb a /mnéy—iém nersar

b -1 - 42

+ Hff- (2] ¢
where W&) & Hhe Heviside stho fypction
Hik

.0 Kk /
he4)- |t / /

o 28



4 P
0t = |
L,
2¢ <+< 20 0 H X
G ’
g?. <e<25&L * af-zo T2 3 £ 52
Lt o B"
Zeted -
v e
A rominder: A reom tempordnns, st watials
devtlyy Hhe Al st By will b a5 seon as
such a lod i agoliel.

At hih Tonmrataes, wary matorals will ontiue 7o debon

at a slow mé as ﬁt@ as Jerd is appléd - - creep



o

¥ b of creep is hihly dependent on both <tyecs
and Temperature:
€ = Ac"t
where A axd v depand on material and fomperetive

Nt analyos of ooy repuies viscoebste Hrery
(ot just Preomochshe Heory )



LECTURE 39
TRANSIENT MODELS OF REACTOR CORE COOLING

READING ASSIGNMENT:
Lewis, pp. 212 - 215, 265 - 288
EXERCISES:

39-1. Assuming that the mass flow rate and core inlet temperature
remain constant, derive an equation for the time dependence
of the coolant temperature rise through the core during a
power transient. Also determine the initial equation for
this equation under the assumption that the reactor has
been operating at steady state prior to time t = 0.

39-2. Solve the equation obtained in problem 39-1 to model the
coolant outlet temperature behavior following a reactor trip
at time t = @#. Assume that the inlet temperature remains at
its initial value.

39~-3. Determine the outlet coolant temperature transient
resulting from a power transient of the form:

P(t) = Po [1 + 8.25 t]
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LECTURE 409
MODELING OF REACTOR SAFETY TRANSIENTS

READING ASSIGNMENT:

Lewis, pp. 288 - 292, Chapter 7

J. Weisman, "Loss—of—Cooling Accidents™, Chapter 13 in
Weisman (Design)

K. 5. Ram, "Reactivity Insertion Accidents", Chapter 14 in
Weisman (Design)

J. G. Collier, "Thermal Hydraulic Considerations in Safety
Analysis", Chapter 3 in Jones

EXERCISES:

46-2, Consider a reactor core subject to a complete coolant
fajlure at t = g (i.e., hc = 0 for t > B), but in which the
bower remains at its fyll value q'(8). Using the two-
lumped-parameter model, derive an analytical expression for
the temperature dependence of the fuel and clad temperature.
For typical PwWr conditions, estimate how long after failure
the cladding would reach the failure temperature of 1660 F.

49-3, Consider an incompressible coolant flowing through a
channel of length L and area A with mass flow rate w(#). A
partial flow blockage at the channel entrance causes the
pressure drop to fall instantaneously to one-half of its
initial value. Assuming that the friction fraction, fluid
density, and hydraulic diameter remain constant, determine
the mass flow rate w(t) as a function of time following the
blockage.



Modeling of Kachy Sarely Traroont
® 7“3' gﬂlﬁéf //méé
o Ovrpoer Trarsiols
® (Coolvy farte Frusirit
® (ol ke Acodlonts

Sinale Lramet Meds/.

c\T:E = lf) LT
Mee Gre [FE

e avemage fuel elomott fomperatre

Hpé mass por c(m/ by/’/}
Cre gec)f;é heat

T = RdpGre coem s
R core Hromd msishnee




7&9-1 anwet/ ﬁfamﬂér//oaé/-

b can Fotfel ol gy N
I\

MFCFi‘TIF q'(t %JH'J g :EI_T}I

Me, Co cchL B4} - -3 4) £ NAR

Wb can Fake
3yt = i, [Teth- T

3. (0= s [Talb)-TH)]

Substibetng i we hid

e dF - - [Tl

o 3%_ = ﬁéﬁ,u)-w] -{@.C[TQH)—E&)]
. 3 - L rre-Tad]

Ne'Ge
dua 3 [Tt Tut]) -4 [Tsb-Te]
b’}rere ﬁe 7£/m( CMM are
T\ = HF CF Ra
T = Méz. Ca 93'
zg = HCld. Cq, Qc'l



Liample: - Overpouer Farsort e

Re
1 wif] assume B
9 (t)=g/¢e T .
and e coolart tomperatire remavss constodt o To.
Seels

T~ T+ ApeT
"EL(-H ~ T+ Ac.LeHT
Wb can wbstdk e in andsle v A and Ay 3 i

\ T2
=T [\-\- (F+gg)Tr 2% ) W ™ ©

Case Z° mild overpower fransxeﬂé T>7 T,0,%
T~ T+ (P gl et

tT
T~ T+ S e



Heree iF we wse cur divitrs of o e ot
T~ Tor (§aR) Yo quy
T~ T+ R'YW

G I sqper prompt rifhcal Te< 2,
Tt ~Te+ ,f;—gf et

T~ Tt T ol ST

- GMEG W

G

Kecall %’H'): %O,ei-/c_
So +

et fo Ut ~ Tq/ et
s when £33 T

¢
T+ gl (g

+
T ~To+ (L) g [ 40

Henee iF TLT,  fuel behaves adiabateally ard oy
swall fachon, Ty, , of bedt is sted 1 clad.



Coolig Foailare Accidents
Joss of codnt accidtts: prmary (a://y S)&’éﬁf
& breched ard some o ol of wolvi esepes
ookt Famedb: codturt mivenyy 1= wanared
bt hart Hamgport fom core i iryaled

Coolant st For slow changes, efec o
core and codrd bedl aapacites can be (gnod, avd we
an use st mé)fa'rzdw
Tl T [R+ 55, 1P

Tcxﬂ» H’)= T\Tn l.‘l') + Wi S PH’)



Wr can made/ //ow 7é//ur5 é/ U//’f»g; maass
/aw rae W as

o 25

Ar fhw area

Ao  coe presure dny
W /os cefaent

Wl can substitdh 75 inh ar ety NI

Tel) = T+ [p+ thp%]p(g

Tatlt)= T+ L [ P4)

L coolyy? pony Failre > 4
Ao Starvation > KA or Al
foss-o bort-sik T
Natt: Mo s and hoct'sip £y reiire 2 £y
IGegndon? anafisis



Such a lumped ,w/amér modk/ an be agoled %
a widh varithy of acadbl situdbors

Longl: Lot hea-sink

ypper Dlbnant and hat &p:
M G 3]{:.' = WG [T;(Jf)‘ T\;; H’ﬂ

Jower plenm ard ot fey:

Magp 4T = We [Tt~ Tilk

Jt

M, T

o

e

lower

Dlenuwy |

L W, 5 .Tho

T!m'

#4
X




ABOUT THE
NUCLEAR
ENGINEERING
DEPARTMENT

The first course in nuclear energy ap-
plications at The University of Michi-
gan was taught in the late 1940s, and
the Department of Nuclear Engineer-
ing was formally established In 1958
on the graducte level. Seven years
later it inaugurated an under-
graduate program, based on the
principle thaf a sound educdtion in
mathematics and the basic sciences
should precede specialized fraining.
Since then, the Department has
gained Increasing recognition for the
quality of both its undergraduate and
graduate programs, as well as for its
ongoing research in such areas as
the dynamic behavior of nuclear
reactors, computer methods in reac-
tor analysis, nuclear fuel manage-
ment, the effects of nuclear radiation
on materials, the use of liquid metals
in cooling nuclear reactors, and both
magnstic fusion and inertial con-
finement (laser and particle-beam)
fusion. Among the departmental
faculty members participating in this
serles are:

JAMES J. DUDERSTADT / BE(EE) Yale
Unlversity / MS (Eng Sci), PhD (Eng
Sci/Physics). Caltech

KINETIC THEORY & STATISTICAL PHYSICS

/ NUCLEAR FISSION 8 FUSION

REACTORS / ENERGY SYSTEMS

ANALYSIS

WILLIAM KERR / BS{EE), MS(EE)
University of Tennessee / PhD(EE)
University of Michigan

REACTOR SAFETY / REACTOR KINETIC

BEHAVIOR / SHIELDING / CONTROLLED

FUSION TECHNOLOGY / HYDROGEN

PRODUCTION & USE :

GLENN E KNOLL / BS(ChE) Case /
MS(ChE) Stanford / PhD{Nuc)
University of Michigan

NUCLEAR MEASUREMENTS / NEUTRON

CROSS SECTIONS / ENGINEERING

ASPECTS OF NUCLEAR MEDICINE &

RADIOLOGY

JOHN C. LEE / BS(Nuc) Seoul National
University / PhD{Nuc) University of
California, Berkeley

REACTOR CORE ANALYSIS / REACTOR

KINETICS / FUEL CYCLE ANALYSIS /

POWER PLANT MODELING

WILLIAM R. MARTIN / BSE(Eng Phys)
University of Michlgan / MS(Phys)
University of Wisconsin / MSE(Nuc),
PhD(Nuc) Michigan

NEUTRON TRANSPORT THEORY /

REACTOR ANALYSIS METHODS / FUEL

MANAGEMENT SCHEMES

RICHARD K. OSBORN / BS(Phys),
MS(Phys} Michlgan State Unlversity /
PhD(Phys) Case Instifute of
Technology

NUCLEAR REACTIONS & KINETIC

THEORY / PLASMA PHYSICS /

NONLINEAR OPTICS

GEORGE C. SUMMERFIELD / BS(Phys),

PhD(Phys) Michigan State University
NEUTRON TRANSPORT THECRY /
NEUTRON INTERACTIONS WITH MATTER
/ GEOPHYSICAL STUDIES USING
NUCLEAR TECHNIQUES

DIETRICH H. VINCENT /
Diplomphysiker, Dr.Rer.Nat.. University
of Goettingen

RADIATION EFFECTS ON MATERIALS /

GASES IN METALS / ION BEAM ANALYSIS

/ MOSSBAUER SPECTROSCOPY

GARY 5. WAS / BS{Nuc) University of

Michigan / SM(Nuc), PhD{Nuc) MIT
RADIATION DAMAGE IN METALS &
ALLOYS / DEGRADATION OF
MATERIALS IN ENERGY SYSTEMS /
MATERIALS SELECTION FOR
ENERGY-SYSTEM COMPONENTS / FUEL
BEHAVIOR PERFORMANCE
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