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AN EVALUATION OF STRUCTURAL INTEGRITY OF
IPNS-I AND ZING-P, TARGETS

by

J. Carpenter, H. Ahmed, B. Loomis,
J. Ball, T. Ewing, J. Bailey,

and A. F. D'Souza

ABSTRACT

This report discusses the design, production, and
evaluation of clad uranium-alloy targets that function as
spallation neutron sources in the ZING-P, and IPNS-I
facilities with a pulsed (10-30 Hz), 500-MeV proton beam. The
methodology and results of theoretical nuclear- particle
transport, heat transport, and stress analyses that were used
in the development of a design for the targets are described.
The production of a zirconium-clad uranium-alloy cylinder for
ZING-P' and Zircaloy-2-clad uranium alloy discs for IPNS-I is
discussed with particular attention to the procedural details.
The theoretical analyses were verified by measuring the
thermal and mechanical response of the clad uranium under
conditions designed to simulate the operations of the pulsed-
neutron sources.
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1. INTRODUCTION

The goals of the Intense Pulsed Neutron Source (IPNS) program at

Argonne National Laboratory are the construction, operation, and scien-

t i f i c u t i l i za t ion of an intermediate-intensity,> pulsed spallation neutron

source for fast-neutron radiation damage and slow-neutron scattering

research. Simultaneously, the goal is to lay the technical and scient i f ic

groundwork for eventual construction of higher-intensity f a c i l i t i e s .

Pulsed sources provide intense bursts of neutrons in very narrow pulses at

a repetit ion rate suff ic ient to provide high data rates in the experiments.

Pulsed operation, combined with the high rate of neutron production per

unit of deposited heat, avoids many of the l imitations of steady reactor-

based sources, such as the high time-average heat-generation rates, while

use of noncritical target assemblies avoids reactor licensing problems.

Earl ier, Argonne bu i l t and operated two prototype pulsed spallation

neutron sources, ZING-P and ZING-P,; these provided data and experience

for the design of IPNS-I. A larger f ac i l i t y (IPNS-II) was conceptually

designed, but has not been constructed.

In IPNS-I the Rapid Cycling Synchrotron (RCS) accelerates a pulsed

beam (frequency 30 Hz, average current 10 pA) of protons to medium energy

(500 MeV). The protons str ike a heavy metal target, e .g . , uranium,

tungsten, tantalum, etc., producing bursts of neutrons by a process

called "spal lat ion." Uranium targets are used in IPNS-I because these

produce thp highest neutron y ie ld . A uranium target in ZING-P' provided

fundamental experience.

Thermal gradients in the targets, that are made more complex by the

nonuniform distr ibut ion of protons in the beam and the resulting nonuni-

formities in the power-density d istr ibut ion, give rise to significant

thermal stresses in the target and target-cladding material. This report

addresses the stress problems and their consequences. Since accelerators

operate somewhat irregularly with the beam going on and off momentarily

some 20-30 times per day, these stress cycles are repeated many times In the
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intended l i fet ime of a target; the cyclic thermal stress in the cladding

may lead to fatigue fa i lu re , which has been identif ied as the most impor-

tant potential fa i lure mechanism in the IPNS-1 targets. The swelling ef-

fects due to radiation damage, accumulated fission products and cyclic

stress must be controlled; consideration of these effects led to the choice

of a "Savannah River" (low iron, carbon, and aluminum) alloy of uranium and

limitat ion of the operating temperature. Developments that led to the suc-

cessful IPNS-I clad-uranium target are the subject of this report.

The design of the IPNS-I target is the result of a one-year ef for t

involving theoretical nuclear particle and heat transport, stress analyses,

prototypical target operation, and experimental veri f icat ion of the

thermal and mechanical responses of Zircaloy-2 and zirconium-clad uranium

targets in the pulsed source environment. This report presents the

analyses and experimental results associated with this design e f fo r t .

The phases of the IPNS target design ef for t may be characterized as

follows:

1. Design of the ZING-P' prototypic target—a solid uranium cylinder

diffusion bonded to 0.060 i n . of zirconium cladding.

2. Nuclear, thermal, and stress analyses of the ZING-P, target.

3. Operation of the ZING-P' target at several levels of beam power

and proton energies to experimentally confirm and supplement

analytical results.

4. Design of the IPNS-I target consisting of several discs of ura-

nium, each diffusion-bonded to a cladding of Zircaloy-2.

5. Nuclear, thermal, and stress analyses of the IPNS-1 target.

6. Preliminary operation of the IPNS-1 target to experimentally

confirm analytical results.

The thermal and stress analyses have been geared to structural i n -

tegr i ty investigations of the ZING-P, and IPNS-I targets. Occasionally,

obstacles were encountered in achieving the theoretical objectives. For

example, the available information on the material properties used in the

calculation of the energy deposition, temperature distr ibut ion, and
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stresses was incomplete and had to be supplemented by ZING-P• experimental
results, other experiments conducted at Argonne National Laboratory, and
recent developments appearing in the literature.

Much of the initial analysis performed is reported in Refs. [1.1-1.3].
However, experience with ZING-P' target experiments indicated the energy
deposition in the target is somewhat different than assumed in Refs. [1.1-
1.3]. Analytical and design guidelines are generally based on the ASME
Nuclear Vessel Code, Ref. [1.4], wherever applicable. Information on ma-
terial properties used in the analysis is based on available data from
Refs. [1.4-1.9].

The stress analyses reported here use the linear-elastic finite-
element method of analysis. Cyclic temperature variations that occur with
each proton pulse are quite small (£leF/pulse) so that a quasi-static anal-
ysis is applicable. For thermal ratchetting and fatigue behavior of the
materials, simplified techniques based on elastic analysis are used to
determine safe operating power levels for the ZING-P, and IPNS-I targets.
Creep, swelling, and plasticity effects have not been investigated in de-
tail because of the very limited body of available data on properties and
because of cost limitations. However, qualitative evaluations of these ef-
fects indicate that none of these are life-time limiting.

For the ZING-P, target, the following different cases of stress were
investigated:

Case 1: The prestress condition arising from annealing of the target
at 932°F followed by assumed rapid cooling to 70°F.

Case 2: A target power level corresponding to 1 yA of p,.oton beam
current—the level at which ZING-P, experiments were performed.

Case 3; A target power level corresponding to a proton beam current
of 10 yA scaled up from Case 2. This high-power case was calculated to
verify the proportionality of results between the 1- and 10-pA cases.
Limits for ZING-P, operation targets were chosen based on maximum stress
and temperature limits.
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For the IPNS-1 target, which is composed of eight discs of 2.5 cm
thickness each cooled on the outer boundary, the calculations are performed
for the following different cases:

Case 4: The prestressed condition arising from the heat treatment of
the target disc at a 932°F zero stress level followed by an assumed rapid
cooling to 70°F.

Case 5: The limiting target power level determined from the allowable
stresses in the target based on fatigue characteristics of the materials.

The results for Cases 1 and 4 are presented in Chapters 3 and 4. In
Chapter 5 the thermal analysis is presented with extensive experimental
verifications. The results for Cases 2, 3, and 5 are presented in Chap-
ter 6.
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2. ESTIMATES OF THE NEUTRON FLUX DISTRIBUTION AND BURNUP

2.1. Neutron Flux Distribution

Neutrons are produced in the uranium target during axial bombardment
with 500-MeV protons by spallation and fast-fission reactions. The target
neutron energies range up to 500 MeV, with a most probable energy of about
1 MeV. The greatest neutron production in uranium occurs at an axial depth
in the target of approximately 5 cm [2.1]. By contrast, the highest target
temperatures occur in the first disk (0-2.5 cm axial depth). However, for
conservatism, the thermal analysis assumes the worst-case temperature dis-
tribution coincident with the worst-case neutron swelling.

HETC/MORSE computed values of neutron production rate in uranium cor-
responding to 22 IJA = 1.37 x 10*4 protons/sec at 500 MeV are tabulated in
Table 2.1. These values are computed from the neutron/proton production
values in Table 12 of Ref. [2.1] by multiplication with 1.37 x 1 0 ^ p/s and
dividing by the target volume associated with each axial radial zone.

Using the neutron production rates as a source term, estimates of the
neutron flux distribution are computed using two approaches: neutron-
diffusion theory and a Green's function solution of the transport equation.
Provided the sources are isotropic (fission and spallation sources are
essentially isotropic) and the angular flux is only weakly dependent on
angle, the time-average neutron flux is given approximately by the one-
speed neutron diffusion equation [2.2]

-V.D(jr)v$ + ZR(r)*(jr) = S(jr), (2.1)

where S is the source term, D is the diffusion coefficient, and Z R is the
macroscopic-removal cross section. In the present problem, the source term
varies only slowly in the axial direction over several neutron mean-free
paths (between Z = 1.8 and Z = 8.4 cm in Table 2.1) compared to the radial
variation. Hence, the diffusion equation may be further simplified by
neglecting the axial variation of the flux $ in the vicinity of Z = 5 cm to
yield
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dr r dr

The corresponding discretized radial equation may be written [2.1] as

-D[-!2±1 p — ^ * i + 1 * / ; " > IR4>i - S, = 0, i = 1, 2 5. (2.2)
L A iA J

Here, the index i references the five radial regions at which the source

value S. is given (see Table 2.1).

The diffusion-theory radial f lux at Z = 5.1 cm is shown in Fig. 2 .1 .

For this calculation, fast-f lux constants [2.2] of D = 1.16 cm and j D =
238 12

0.100 cm for U have been used, and the boundary condition * = 6 x 10
2

n/s-cm at the cylindrical surface (from [2 .1 ] , Table 13) has been applied.

The flux is converted to a fluence by multipl ication by the cycle duration of

0.1

The diffusion approximation implies that the collision rate in a high
neutron-density region wil l be higher than in a low-density region and wi l l
give rise to a diffusion of neutrons from high- to low-density regions.
Implicit ly, an average neutron is assumed to undergo numerous scatterings
before being absorbed or escaping the target. Because of the small diameter
of the IPNS-1 target cylinder (approximately four scattering mean-free
paths), this condition is only marginally satisfied. I t is thus useful to
contrast the diffusion-theory (high-scattering) case with the opposite
extreme: neutron transport in a medium that scattering can be ignored ( i . e . ,
purely absorbing). In the case of isotropic sources in a medium character-
ized by a uniform absorption cross section j , , the steady-state Green's-

a

function solution of the transport equation may be expressed

s(r'). (2.3)
4, r - r .

In the present problem, the above result may be rewritten in a form
more amenable to numerical solution:



$ ( r , z = 5.1 cm) = / / / r ' d r ' d e 'dz ' S ( r ' , z ' )

[ o 2 2 \/9 I -

- i ( r + r + z - 2 r r ' cos e ' ) ' •
4 i r ( r , 2 + r 2 + z , 2 - 2 r r ' c o s e , ) . (2.4)

The result of numerically evaluating the volume integral at 5 rad ia l ,

11 ax ia l , and 11 angular points (605 nodes) is given in Fig. 2.2. The

pure-absorption results are everywhere about a factor of 2 greater than the

diffusion-theory f lux. At the cylindrical boundary, the predicted flux in
13 9

the absence of scattering is 1.8 x 10 n/s*cm . This is three times

higher than the expected boundary flux of 6 x 1012 n/s»cm2 ( [2 .1 ] , Table 13).

The pure-absorption case is thus an inadequate description of neutron trans-

port in the IPNS-1 target, and the diffusion-theory result , despite i t s

numerous simplifying assumptions, appears to be the best solution.

Table 2 .1 . Neutron Production in IPNS-1 Target [2.2]
(22-wA, 500-MeV protons, T = 400eC)

Axial

5 x 10"7 cm

1.8

3.5

5.1

6.8

8.4

10.1

11.7

13.4

14.0

14.99998

Radial

0-1 cm

1.462

4.021

5.171

4.726

4.228

3.719

2.334

1.317

0.939

0.770

0.297

1013

1-2

1.119

2.023

2.537

2.425

2.185

1.959

1.359

0.745

0.574

0.413

0.213

n/s«cm3

2-3

0.748

0.985

1.544

1.549

1.413

1.217

0.930

0.570

0.398

0.2<L;

0.210

3-4

0.409

0.647

0.945

0.988

0.900

0.770

0.590

0.414

0.312

0.246

0.171

4-5

0.221

0.370

0.530

0.570

0.549

0.478

0.365

0.264

0.223

0.154

0.115
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IPNS-I FAST NEUTRON FLUX
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Fig. 2.1. Target Neutron Flux: Diffusion Theory.



23

UJ

IPNS-I FAST NEUTRON FLUX
(500 MeV,22/io PROTON BEAM-,
AXIAL DEPTH 5 cm)

0 = 0.100 cm

) I 2 3 4

RADIUS (cm)

Fig. 2.2. Neutron Flux (Pure Absorbing Medium Case).
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2.2. Burnup

Assuming a pure uranium target characterized by an atomic number density

t) and one group-absorption

is described by the rate equation

238
N ( r , t) and one group-absorption cross-section o the burnup of U

U = - N(r,t) o * ( r f t ) . (2.5)
at — a —

Assuming that over the time interval of interest the flux is a constant
* (r), the solution is

N(r,t) = N(r,0) exp[- o.*_(r)t]. (2.6)

For small times t << 9 , the solution can be expanded to f i r s t order
in time, yielding a o

N(r_,t) = N(£,0) (1 - a#0{r)t) = tl0 - Ea4.0(r_)t, (2.7)

where N is the initial uranium atom density N(r\O), assumed independent
of position r, and z = N o is the macroscopic cross section for absorption.

a o v>

The number of uranium atoms depleted per unit volume by time t

( t « l/aa<|>a) is thus given by the product Ea and the netiiron fluence * :

No - N(_r,t*) = z a * ( r ) t = z a * ( r ) . (2.8)

This expression is useful for estimating the burnup in the target

during, for examples a pulse of the proton beam of duration t = 0.1 usec.

2.3. Evaluation of oa

The one-group absorption cross section Is obtained from

/f (E)o a
2 3 8 (E)dE

° = J <
where f(E) is the target neutron energy distribution shown graphically
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in Fig. 2.3 [2.1]. Recent values of oa
238(E) from ENDF/B [2.4] are used for

the evaluation. The ENDF/B cross-sections are available for energies up
to 15 MeV. Above 15 MeV, the available data w?re extrapolated. It is assumed
that ca(E) smoothly approaches a value of irr0

2 (the nuclea*, cross-sectional
area JC 2.4 barns for 238u) vrith a E ^ 2 dependence in the extrapolation re-
gion. The energy dependence of o a

2 3 8 weighted by the target neutron-energy
distribution (smoothed) is depicted in Fig. 2.3. A numerical evaluation of
the integral expression for aa gives

a = one-group target-absorption cross-section

=1.42 barns (1.42 x 10"24 cm 2).

238For a pure U target, the macroscopic cross section aa is thus

NJ e = 0.04783 x 1024 HH£l£l x (142 x 10"24 cm2)
o a c m j

= 0.0678 cm-1.

At the center of the target, the neutron flux is estimated to be

(see Fig. 2.1)

• 0 ( r =0) = 5.568 x 1013 s_1cnf2.

Thus, the burnup at the target center during a 0.1-uS pulse is approximately

N - N(r = 0, t = 0.1 ms) = s * to a o

r = 0, t = 0.1

= (0.0678 cm"1)(5.568 x 1013s-1cm"2)(0.1

= 3.8 x 105 nuclei/cm3.

The burnup per pulse estimated above is valid for total (accumulated) time
t « l/oa*0 * 1.26 x 10 s (400 years). Since this is well in excess
of the target life (not to mention the life of the IPNS operating personnel),
the burnup per pulse Is essentially constant for all time.
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t>

co
:©.

TOJ

(E)

(E) x f(E)

Proton Energy 500 Mev

Target Axial Position 6-8 cm.
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Neutron Energy, Mev
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Fig. 2.3. Uranium-238 Neutron Absorption Cross Section (aa)
and Neutron-absorption Cross Section Weighted by
IPNS Target Neutron-energy Distribution (f(E) x oa)
versus Neutron Energy.
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3. TARGET TECHNOLOGY

A uranium target was considered to have a usable lifetime as a neutron
source until either (1) the coolant channels were obstructed sufficiently to
reduce coolant flow below an allowable value by dimensional changes of the
uranium or (2) unacceptable amounts of highly radioactive products are re-
leased from the uranium to the water coolant due to cladding failure. To
achieve an acceptable target lifetime (>1 year of operation) before the occur-
rence of either of these unacceptable effects, we determined from an analysis
of potential irradiation-damage effects in uranium that the dimensional con-
figuration and fabrication procedure for the target were of paramount impor-
tance [3.1]. These considerations have led to the following design and fabri-
cation considerations:

1. The optimization of the uranium metallurgical structure in the
target by control of the uranium processing history and chemistry to minimize
irradiation- and thermal-induced dimensional change of the uranium.

2. The utilization of a zirconium or Zircaloy-2 barrier between the

uranium and the coolant to prevent release of radioactive products from the

target to the coolant.

3. The limitation of the maximum internal uranium temperature to less
than 350°C during irradiation with protons by optimization of the uranium
surface-to-volume ratio to further minimize the irradiation- and thermal-
induced dimensional change which exacerbates the residual stress level in the
uranium cladding, i.e. zirconium or Zircaloy-2.

4. The use of fabrication techniques that give initial enclosure
of the uranium on assembly of the target composite by electron-beam welding
and primary containment of the uranium by metallurgical bonding to zirconium
or Zircaloy-2 for optimum transfer of heat to the coolant.

3.1 Target Geometry

The important dimensional parameters of the ZING-P, and IPNS-I targets
are shown in Figs. 3.1 and 3.2, respectively, which adequately limit the
maximum internal uranium temperature to less than 350*C during the axial im-
pingement of the maximum, anticipated proton current, i.e., 1 pA for ZING-P,

and 22 yA for IPNS-I.



GO
O

Target Cooling nous I net

Fig. 3.1. Zing-P, Uranium Target Assembly.
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Material OUTLET



.06" CLADDING ZIRCALOY-2

.02" CLADDING ZIRCALOY-2

Thermocouple Well

1/16" I.D.

Fig. 3.2. IPNS-I Target Disc (Typical).
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The Zing-P, target was a uranium cylinder with a diameter of 7.9 cm and a

length of 14.6 cm. The proton-impingement surface (front face) and the cy l -

indrical surface of the uranium cylinder were clad, i .e . , metallurgically

bonded with zirconium having a 0.15-cm-wall thickness. The back face of the

uranium cylinder was clad with zirconium having a 1.0-cm thickness so that

Chromel-Alumel thermocouples with an Inconel sheath could be inserted

through the zirconium (back face) into the uranium cylinder as shown in

Fig. 3 .1 .

The IPNS-I target consisted of eight uranium discs. Each disc had a

thickness of 2.8 cm and a diameter of 10.5 cm. The surface of each disc was

clad with Zircaloy-2. A design option was to incorporate a Zircaloy-2

thermocouple well into the uranium disc at the midheight plane as shown In

Fig. 3.2.

3.2 Target Production

Uranium feedstock containing nominally 0.2 wt.% 235u, ioo ppm carbon,

75 ppm i ron, and 55 ppm si l icon was melted by induction heating to 1350°C in

a yttr ia-coated Magnorite crucible and poured from the crucible bottom into a

7-cm-diam., yttr ia-coated, graphite mold in a vacuum of ~1.3 Pa. Typically,

sufficent feedstock was melted to give a 40-kg ingot. To refine the grain

size of the uranium and to increase the diameter of the as-cast ingot, the

ingot was remelted in a helium atmosphere (~5.3 x 10* Pa) by using the

ingot as a consumable electrode and cast into an 11-cm/diam., water-cooled

copper mold. The resulting ingot was used for the production of the Zing-P1

target. In the uranium ingot for the IPNS-I target, the uranium feedstock

was enriched with carbon, i ron, and si l icon by melting the feedstock with

uranium-carbon, - i ron, and -s i l icon master alloys. The resulting alloyed-

uranium ingot contained 450 ̂ Q O PP", c a r b o n » 2 5 ° tjijo ppm 1ron, and 350 250
ppm si l icon. The grain diameter in the uranium was %0.01 cm after surface
finishing of the Ingots.

The uranium Ingots were prepared for subsequent cladding with zirconium

or Zircaloy-2 by machining to a 0.003-cm surface f in ish . In the IPNS-I

target fabricat ion, the alloyed Ingot was sectioned into 2.8-cm-thick discs.
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Cladding containers for the uranium were machined from forged zirconium

or Zircaloy-2 bar stock. Bar stock in the forged condition was chosen as

the desired metallurgical structure for the zirconium or Zircaloy-2 to

minimize preferential d i rect ional i ty of the grain structure. The container

for the ZING P' - uranium cylinder was a cylindrical zircon1um-cup with a

0.15-cm-wall thickness of suff ic ient depth to allow complete enclosure of

the uranium cylinder. The zirconium cylinder was enclosed with the

ziconium back-face plate by a circumferential electron-beam weld. The

cladding for the IPNS-I target discs consisted of a pair of shallow,

cyl indrical Zircaloy-2 cups with 0.155-cm-wall thickness placed around the

uranium disc and closed by a circumferential electron-beam weld at the

mid-height plane of the uranium disc, A clearance of 0.005 cm between the

zirconium or Zircaloy-2 and the uranium was used to provide control of

penetration during welding and to allow for the di f ferent ia l expansion of

the zirconium or Zircaloy-2 and uranium during bonding. Prior to enclo-

sure by welding, a surface-preparation procedure on the uranium and

Zircaloy-2 was meticulously performed. The uranium was etched in 50%

HNO3 solution, washed in d i s t i l l ed water, and dried after rinsing in ethanol.

Degreased-zirconium or Zircaloy containers and the cleaned-uranium cylinder or

discs were transferred into a glovebox containing a helium atmosphere. The

uranium and the cladding surfaces to be bonded were rotary-wire brushed and

the components were assembled. The electron-beam welding operation in a

vacuum of -1.3 x 10~2 Pa was in i t iated without delay.

The design of the zirconium or Zircaloy-2 interfaces to be welded

used an overlapping j o in t (see Fig. 3.3). This design minimized distor-

tion of the z i rconUi or Z1rcaloy-2 and made use of end thrust to support

the assemblies 1n the welding position. Penetration of the weld zone into

the uranium results in a two-phase metallurgical weld zone which can crack

during the subsequent bonding procedure and In unsatisfactory bonding of

the uranium-zirconium or Zircaloy interface. A 50% weld penetration of the

ziconium or Zircaloy-2 wall thickness was sufficient since the subsequent

bonding procedure sealed the overlapping portion of the weld joint.

A strong, continuous metallurgical bond between the uranium and the

zirconium or Z1rcaloy-2 container was obtained by subjecting the composite to
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an Isostatic helium pressure at high temperature (HIP bonding). A satisfac-

tory HIP bonding schedule consisted of the following procedure:

1 . Pressurize the composite to 106 Pa (150 psi ) , and heat to 150°C.

2. Pressurize to 108 Pa (15000 psi) and heat to 840°C.

3. Maintain at 840°C and 108 Pa (15000 psi) for 4 hr.

4. Cool to 500°C and maintain for 1 hr at 108 Pa (15,000 ps i ) .

5. Cool slowly (~0.5cC/min) to ambient temperature.

The integrity of the zirconium (Zing P ,) or Zircaloy (IPNS-I)-uranium

bond was determined by propagation of an ultrasonic wave from a 1.3-cm-diam.,

spherically focused, 10-MHz transducer perpendicular to the zirconium or

Zircaloy-uranium interface; "C"-scan recordings were obtained with an immersion

scanning system. Nonbonded areas larger than 0.16-cm diameter could be

detected with this system. Experience has shown that with the above HIP

bonding schedule, ~75% of the Zircaloy-uranium composites are total ly

bonded. However, in most cases, the nonbonded areas in a composite could

be removed by repeating the HIP bonding schedule. Following the u l t ra -

sonic-wave inspection, the faces of the IPNS-I discs were machined to give

a 0.05-cm Zircaloy-2 wall thickness.

Figure 3.4 shows typical metallurgical microstructures observed at

the Zircaloy-uranium interface and in the uranium following the HIP

bonding schedule. Isolated areas of a second phase, which are believed to

be the uranium-zirconium delta phase, were infrequently observed along the

Zircaloy-uranium interface [ 3 . 2 ] . The uranium microstructure (Fig. 3.5)

contains a high density of f inely dispersed second-phase particles which

are believed to be UefFeSi) [ 3 . 3 ] . The grain size of the uranium is

>0.01 cm. The preferred orientation of the uranium grains is believed to

be the minimum attainable with the composite cooling rate (l°C/min, 840 to

500°C) that is attained in the HIP bonding apparatus. An option at this

stage of the disc-production procedure was to heat the disc to 725°C

(B phase of uranium) and quench in oil to further randomize the uranium-

grain size. However, this option nvolves some risk of deterioration of

the Zircaloy-uranium bond and was determined to be unnecessary. A photo-

graph of a Z1rcaloy-2-clad uranium disc with a thermocouple well 1s shown

in Fig. 3 .6 .
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ZIRCALOY-2

URANIUM ALLOY

WELD ZONE

lo) (c)

Fig. 3.3. Design of Zircaloy-2 Interface in the Weld Zone.
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Fig. 3.4. Zircaloy-Uranium Interface after HIP Bonding.
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Fig. 3.5. Microstructure of Uranium after HIP Bonding.
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Fig. 3.6. Zircaloy-2 Clad Uranium Disc
with Thermocouple Well.
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Table 3.1 from Ref. [3.4] gives the tensile properties of Zirconium-
Uranium alloys annealed 24 hours at 575eC (1065°F).



Table 3.1

Analysis, w/o
Zirconium

100.0
90.0
80.8
71.7
S9.5
50.1
39.7
29.9
21.9
10.0
5.8
0

100.0
89.4
80.0
70.4
60.6
50.5
41.7
31.4
20.5
11.5

s.s
2.4
0

Uranium

0
10.0
19.2
28.3
40.5
49.9

a *

—

—

—

—

mm

0
10.6
20.0
29.6
39.4
49.5
58.3

~

—
—
—

TENSILE

0.2 Per Cent
Offset Yield
Strength, osi

26,700
58, 800
85.500
87,700
80,7 CO
79,700

118,700
(a)

140, 000
110, G00

97,200
G5, 9C0

18,000
60, 500
86, 800
71,300
80, 800
84.300
95, 000

132,700
(a)

145. 000
88.000
47,300
48,400

PROPERTIES OF

Room
Teiisilc
Strength,

psi

1

53.800
64,300

103, 900
110. OCO
116, 500
109, 000
157, 300

- • -

179, 000
163,200
1C6. 200
117,300

36,700
70,200

101, 800
115, 000
131,800
118.000
103,300
161,600

—
199. 000
162, 000
133, 0C0
123, 000

ZIRCONIUM-URANIUM ALLOYS ANNEALED £-J HR AT

Temperature
Elongation
in 2 In.,
ocr cent

Reduction
in Area,
per cent

Induction-Melted Fcrivald '

34.0
16.0
10.0
4 . 0
3.6
2.6
1.5
~
4.0
5.0
5.0
3.5

27.0
27.0

8.0
4.0
6.2
3.6
1.6
—
6.8
6.0
6.0
4.9

Hardness
(DPKN)

Uranium

138
197
252
293
302
SG4
3S4
370
291
363
347
265

Arc-Melted Derby Uranium

43.0
6.oO>)

24.0
14.0

9.0
4.5
1.0
2.0
—
9.0
6,0

18.0
11.0

56.0
19.00>)
41.0
16.0
14.0

8.0
—
4.0
«
~
7.5

21.0

113
246
235
243
295
272
279
350
411
359
307
263
263

0.2 Per Cen:
Offset Yield
Strength, osl

10, 500
43,800
69,300
73,900
60,100
67, 600

113- 300
114.000
11G.700

75, 800
63,700
27,100

8,500
53,200
72,000
64, 800
63,800
68,100
97, 000

112.000
124, 000
100, 800

50, 500
35,100
21,300

575 C (1055 1P>

370 C (700 F)
Tensile
Strength,

psi

22,400
Ci nnn
D i | www
80,100
93,600
9-1,100
8G, S00

125,700
145.000
137,200
100, 800

84, C00
34,550

17,300
64,200
77.900
86,400
97,800
96,100

115,300
145,200
135,200
122,800

77,000
43,400
31,400

Elongation
In 2 In.,
per cent

30.0
5.6
5.7
8.0
3.5
6.0
0.5
2.0
4.3
6.0

s.o
16.0

42.0
7.00>)
5.0

20.0
22.0
22.0

8.0
7.0
8.0
8.0

10.0
17.0
27.0

Reduction
In Area,
per cent

55.0
29.0

9.0
8.0
1.1
9.7
1.8
—
S.3

17.0
35.0
37.0

l i . oW
22.0
27.0
20.0
28.0
13.0
7.0

18.0
29.0
25.0
49.0
57.0

4%
O

(a) Specimens contained (oiling defecu,
(b) Specimens broke In what appeared to be rolling defects.
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4. MATERIAL CONSIDERATIONS

4.1 Heat-Treatment Effects

This chapter deals with the evaluation of heat-treatment effects in

IPNS-I and Zing-P' targets. Temperature polynomials of the mean coe f f i -

cients of thermal expansion for zirconium, Zircaloy, and uranium that are

generally used for the evaluation of the thermal-expansion effects for

these materials are:

zirconium a= 3.19 x 10~6 + 0.0017 x 10~6T in . / i n . - °F 5 (Tref = 68°F);

for T = 932°F, 7 = 4.77 x 10~6 i n . / i n . - ° F . (4.1)

Zircaloy ^ = 3.11 x 10"6 + 0.00095 x 10~6T i n . / i n . - ° F , (Tref = 68°F),

for T = 932°F, ^ = 4.00 x 10"6 i n . / i n . - ° F . (4.2)

uranium ~Z = 8.17 x 10"6 + 0.0017 x 10"6T i n . / i n . - ° F , (Tref = 68°F);

for T = 932°F, ^ = 9.75 x 10"6 i n . / i n . - ° F . (4.3)

These mean coefficients of thermal expansion are measured values with

respect to a reference temperature that is the room temperature. In IPNS-I

and Zing-P, target discs, the zero stress state, as discussed in Chapter

3, was about 932°F. The target discs are placed in a residual stress state

when they are cooled from 932°F to room temperature during the bonding

process. In th is case the reference (zero stress) temperature is 932°F,

and Eqs. 4.1-4.3 need to be modified to include the effect of a reference

temperature other than the room temperature. These modifications are shown

in the fol lowing:

RQ = I n i t i a l radius of target

and

RX = R 0 ( l + a ( T 1 ) ( T 1 - T o ) ) , ( 4 . 4 )

where a(T]J = an average value between TQ~and T^ (known).

Rref " H1 + « ( T re fK T re f - T o ) ) , ( 4 . 5 )

where o (T r e f ) is an average value of the thermal expansion coeff ic ient between
TQ and T r e f (known).
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(4.6)

where <*eff(Ti) is an average value of a between TREp and Tj

(unknown).

Note that

R l R ref R l . (4.7)
K ref K0 K0

Equation 4.7 can be used with Eqs. 4.4 and 4.6 to give

f l + a e f f (T jXTi - TR E F)| 1 + a ( T r e f ) ( T r e f - To)
LΓ -J L J

= l̂ 1 + a(l1)il1 - T0)L (4.8)

which simplifies to

+ a (Tref) ' ref "" 0'

-T0) (4.9)

or

e eff(Ti)(Ti -

= aCTiHTi - Tref) + «(Ti) (T r ef - T0) (4.10)

and f inal ly,

a (Ti) = «(Ti) + «(Tl) - «(Tref) ( T r e f - T o ) , (4.11)
e T T T l " R ref

an expression for the coeff icient of thermal expansion from T r e f .

With the modified equations for thermal expansion developed above,

the computer programs in Tables 4.1 and 4.2 for uranium, zirconium, and

Zircaloy were written to calculate the thermal-expansion values. The

displacement and stress calculations for Zing-P' calculated from the

modified thermal-expansion expressions are given in Figs. 4.1-4.5. A

maximum stress of 93,000 psi is noted near the lower corner. Figures 4.6-

4.10 are similar results for an IPNS-I Zircaloy-clad disc design of 3/4-

i n . radius and 0.050-in. cladding, where a maximum stress of 90,500 psi is

noted at the radial edge midway between the front and back faces. Fig-

ures 4.11-4.18 give the IPNS-I heat-treatment displacement and stress
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Table 4.1. Computer Program for Adjustment of Mean Coefficient of Expansion

WRITE -f6«103>
103 FDPMRT ':•• COEFFICIENTS DF THFPMRL EXPfiM-I I DN'>

MPITF. <:6«iri4>
104 FOPMRT •:- M1=I.IPRNIUM M?=ZIPCDHIUM-: •

I.IPITE <6t 1 0?>
1 0u=: FClRMfiT <?y. i 4HTFMP< 6X - 6HCTF M1 * 8X < J OHC TE EFF M l * 4X«. 6HCTF M?

18X» 1CIHCTE EFF M£>
DD 1 0 0 1 = 1 ' 1 1
T = li"n"i. Cî Fl OftT •: 1-1 :•
ft1=.!?ij?F-fi+. 17F-8*T
fi£=.319F-5+.17E-8*T
RE 1 =R J + ( «:93£. 0-7?. 0> ••- <'T-93P. 0> > • <fi 1 - . 975E-5>
RE2=H.-'+': (93£. 0-7S,. 0> •--<T-93c'. Tin • i:Rc'-. 477E-5*
MPITE <6> l i ' i l ) Ti. PI j RE1» R?< RE?

m i FDRMfiT OH 'Fl£.c ' ! .4F14.4: '
1 0 0 CDMTIHIIF

FNP

•:DEFFH:IENTS
H1 =IJPRM 1 1IM

TEMP
0. 0

100. 00
c'OO. 0 0
3 0 0 . 0 0
4 0 0 . 0 0
5 0 0 . 0 0
6 0 0 . 0 0
700 . 00
8 0 0 . 00
9 0 0 . 0 0

loon.oo

DF
r>

THEPMRL
1?=?IPCDH

CTF M1
0.
0 .
0 .
0 .
0 .
0 .
0 .
0 .
0 .
0 .
o.

8170E-05
S340F-05
ftS10F-0Pi
868OF-05
8850E-05
90?OF-05
9190E-05
9360E-05
9530E-05
9700E-05
987OF-05

EXPRHSIDH
HIM

CTE EFF Ml
0.96£8E-05
0.9797E-05
0.9967E-05
0. 1014E-04
0. 1030E-04
0. 1047?-04
0. 1064E-04
0. 108 IE-04
0. 1096E-04
0. 1104E-04
0.1139F-04

CTE M£
0.3190E-05
0.336 0E-05
0.35 3 OF- 05
0.37 00E-05
0.3870E-05
0.4 04 0E-05
0.4?10E-05
0.4380E-05
0.4550E-05
0.47?0E-05
0.4890E-05

CTE EFF MS
0.
0 .
0 .
0 .
0 .

.0 .
0 .
0 .
0.
0 .
0 .

4648E-05
4817E-05
4987F.- 05
5156E-05
5325F-05
5493F-n5
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Fig. 4.1.

Zing P, Target Displacement
due to Heat-treatment Effect.
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-vozso
Fig. 4.8

IPNS-1 Target Minimum Principal Stresses due to
Heat-treatment Effect Only with Stress Differ-
ence of 8000 psi between Contour Lines. (Disc
design of 3/4-in. thick and 0.05-in. Zircaloy
thickness all around.)

,300j 90??5

47000

7200

i vn

4^500

§

Fig. 4.10

IPNS-1 Target Effective Stress Distribution due
to Heat-treatment Effect Only with Stress Dif-
ference of 7000 psi between Contour Lines.
(Disc design of 3/4-in. thick and 0.05-in.
Zircaloy thickness all around.)
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IPNS-I Uranium t = 1 i n . , Clad t = 0.02 i n . (Top and Bottom),
Clad t = 0.06 i n . (Side).
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Fig. 4.11

IPNS-1 Target Displacement
during Heat Treatment (dotted
lines indicate undeflected
boundary l i n e ) .

Fig. 4.12

IPNS-1 Target Radial Stress
(psi) due to Heat-treatment
Effect Only with Stress Dif-
ference of 8000 psi between
Contour Lines.
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Fig. 4.14
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Stress Difference of 8000 psi
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IPNS-I Target Uranium t = 1 i n . , Clad T = 0.02 i n . (Top and Bo t tom) ,
Clad t = 0.06 i n . ( S i d e ) .
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Fig. 4.15
IPNS Target-Maximum Principal
Stress Distribution (psi) due
to Heat Treatment Effect Only
with stress Difference of
1500 psi between Contour Lines.

Fig. 4.16

IPNS-1 Target Minimum. Princi-
pal Stress (psi) Distribution
due to Heat-treatment Effect
Only with Stress Difference of
800 psi between Contour Lines
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• '/,\i
-1170

-8J800

»-^«
Vil'00 A100

).:0O

Fig. 4.17

IPNS-1 Target Maximum Principal
Shear Stress (psi) Distribution
due to Heat Treatment Effect
Only with Stress Difference of
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results for a 1-in. thick disc design with a 2-in. radius, G.02-1n. thick

Zircaloy cladding bonded to Uranium on the radial cylindrical edge. A

maximum stress of 107,000 psi 1s noted on the corner near the top face.

The principal stress formula used is

Det.

rr

rz

Vβ

rz

a
zz

T
ez

"
 a
n

Vβ

T
ez

a
ee

 _ a
n

= 0.

For axisymmetric applications, the equation is

0 +0

_ 2jr _z
 + rz;

Effective Stress Formula Used

(a
r
 -a

z
) + (a

z
 - a

r
) + (a

Q

a
o
 = C

1

rz

(4.12)

(4.13)

(4.14)

(4.15)

and C^ = 1/3, if the effective stress is the octahedral shear stress, while

C^ = 1/2, if the efffective stress is for a uniaxial test.

4.2 Swelling Effects

4.2.1 Swelling of Uranium Disc (MAT « 1)

The dimensional change of the target disc (U+C, Fe, SI alloy) Is Illus-

trated In Fig. 10 of Ref. 4.1. The change 1s a function of temperature above

752°F, and below 752°F, It Is a constant. In IPNS-I, the maximum temperature

does not exceed 600°F. Hence, It may be safely assumed that swelling of the

uranium disc Is Independent of temperature. Within the accuracy of Fig. 10

of Ref. [4.1], an approximate value is:
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•^ = 5% = 0.05 per 500 DPA. (4.16)

The conversion factors are:

500 DPA = 1 at.% burnup,

0.13 at.% burnup = 1000 MWD/ton,

1 MWD/ton = 10
1 7
 neutrons/cm

2
.

AV 1Q20 2
Hence, ̂ γ = 0.05 per ̂ -g- neutrons/cm

= 0.05 per 7.6923077 x 102 0 neutrons/cm2

= 6.5 x 10~234>t,

where <j>t Is the neutron fluence in neutrons/cm . Hence, we get

•^ = 1.007502 x 10" 2 3 *t. (4.17)

P i i + Poo + Poo

The mean strain is defined as p = —== 1= —

and the volumetric strain as p
v
 = 3p

m
 = p ^ + p£2

 +

If we set a,. = a 2 2

 = ago = °m» t " e n we obtain

= P 22

• u 1 «W

The ANSYS program assumes that e ^ = -=j = -j =±.

Then the strain due to swelling 1s given by

P
S W
 = 0.335834 x 10"

2 3
 *t. (4.18)

If we use the ANSYS option then C
7 2
 = 0.0 for MAT = 1. This option

is given by

= C
6 7
(»t)C

6 8
(C

6 9
 + C

7 0
T + C

7 1
T

2
 + C

7 3
T

3
) .
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The set C67 = 0.335834 x 10"23,

c6 8 = l . o ,

C 6 9 = 1 . 0 ,

and

C70 = C71 = C73 = ° -

4.2.2 Swelling of Zircaloy (MAT = 2)

The correlation developed by EG&G Ref. [4.1] is given by

>™ i = A ( e x p ^ ^ ) (* ft) 1 / 2 (1 - 3 f i ) ( l + 2.0CW), (4.19)
sw.i ia b T

where

A = 1.407 x l

T . = cladding temperature, K (absolute),

4,f = fast neutron flux, neutrons/m^'S (E>l.OMeV),

t = time, s,

f . = texture factor, i = 1 , 2 , 3 in the radial , circumferential, and

axial directions,

and

CW = cold work percent.

This correlation is valid for Zircaloy temperatures between 40 and 360°C.

For temperatures below 40"C, the temperature is set at 40eC, and above

360eC, i t is set at 360eC.

Notes about texture factor, f-. The irradiation growth of Zircaloy

is quite sensitive to texture. I t Involves the reduction of the c-axis

dimension of individual grains and an increase in the basal plane dimen-

sions of the grains. The effective fraction of grains aligned with their

c axle parallel to a reference direction (axial, circumferential, or radial

direction) is to be determined from X-ray di f f ract ion studies. EG&G [4.1]

has developed a subroutine CTXTR to determine f i . However, i t requires an

Input of basal poles found at specified orientations from experimental

X-ray diffraction. A value of f * 0.05 Is typical; I .e . , only B% of
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the cells are aligned with their c-axis parallel to the tube axis. However,

Harbottle [4.1] found that fz = 0.13 and f = 0.36; hence, we would

get f = 0.51. These values could be used in a preliminary study.

We may also assume that Zircaloy is completely annealed, and set

CW = 0. Hence, Eq. 4.19 becomes

,. = 1.407 x 10"16 [exp ̂ ° -^ - l * , t 1 / 2 (1 - 3 f . ) , (4.20)
L 'ab J T <

psw,1

where

i = r, 0, and z for the three axes, respectively. Here, J. is 1n K, and

4>ft is in neutrons/m . Note, however, that in the radial and axial direc-

t ions, p w i l l become negative because 1 - 3 f i <o. Hence, Eq. 4.20 may be

used only for the axial direction with f . = 0.05. Also note that, 1n

case, <t>f = <j>; i . e . , a l l neutrons are fast neutrons.

Then Eq. 4.20 becomes

= 1.19595 x 10"16 (exp , .
•ab

Converting the units, we obtain

, S K - 5.5394 x UfB ,exp

where T,. is in °R and «|)t is in neutrons/m2.
3D

If we use the ANSYS option then C 7 2 = 2.0 for MAT = 2.

Choose Cgg = 0.5, C 7 Q = 0, C71 = 0,

C73 = °' C74 = 4 3 3* 4 4» C75 =

c79 = loo, c80 = looo,

and

C 6 ? = C ? 7 = C 8 2 = 5.5394 x 10
-8,

C68 = C78 = C83 = 0,

(Note that T a v b is in *R.)
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5. THERMAL ANALYSIS

The analysis of the thermal behavior of the Zing-P' and IPNS-1 targets

under proton irradiat ion is a twofold problem. As a f i r s t step., the heat-

generation rates in the target material due to the proton bombardment must

be evaluated. Second, given a knowledge of the internal heat-generation

rates and the associated boundary conditions, the target temperature d i s t r i -

butions can then be computed.

Temperatures were computed in the zirconium-clad Zing-P, target and

the Zircaloy-clad IPNS-1 target by the ANSYS computer code using heat rates

furnished by neutron charged particle transport calculations (adjusted in view

of measurements). I t is assumed that no heat is generated in the cladding,

and that cooling at the boundary occurs by convection to circulating water.

For a cyl indrical geometry with axial symmetry, the time-dependent ther-

mal behavior in the presence of internal heat generation is described by

where e = K/PC , K is the thermal conductivity, p is the density, C is the

specific heat at constant pressure, and q is the heat-generation rate.

Temperature-dependent properties are used for p, K, and C . For this

problem, the steady-state solution is conservative with respect to the

transient solution, since the maximum temperatures are reached in the steady

state (see Ref. 5.1).

Appendix C provides a discussion of the heat-transfer coefficients

used in the analysis. Material properties for the thermal model are re-

ported in Appendix D.

5.1 Zing P' Experimental Verif ication

This section describes the method used to compare the steady-state

thermal analysis performed using the ANSYS finite-element computer code with

the Zing-P, experimentally determined temperatures.

The accurate solution of the heat-conduction equations for this

problem is encumbered by an incomplete knowledge of the heat-generation
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rate distr ibution in the target. The heat generation arises from the Inter-

action between 500-MeV beam protons and the target nuclei. For a target com-

posed of fissionable uranium, the total thermal-energy release in the target

can signif icantly exceed the energy deposited in the target by the proton

beam.

5.1.1 Heat-Generation Rate Distribution

Hubeny [5 .2 , 5.3] has computed the heat-generation rate distr ibut ion

in the Zing-P, target geometry due to axial i rradiat ion by 500-MeV protons

using the HETC/VIM [5.4] neutron-transport code. Ref. [5.3] cites the beam

prof i le determined by densitometer measurements of teflon plates irradiated in

the proton beam. Both Gaussian and Moffett [(1 - ( r /a ) 2 ) 2 ] representations

of the beam prof i le were used in the Zing-P1 neutron-transport calculations,

and the heat-generation rate was determined for four radial regions at

each of eight axial locations ( for a total of 3? points). These values

are shown in Table 5 .1 .

The finite-element model of the Zing-P, target is composed of more

than 1000 elements. Because the heat-generation rate is assumed to be

known at only 32 locations, we t r ied several means of interpolation to deter-

mine the heat rate at the intermediate locations.

Table 5.1. HETC/VIM Thermal Energy Deposition for Zing-P, Target
with Beryllium Reflector (500 MeV, l-yA beam, FWHM = 2.54 cm,

Moffet Beam Profi le)

A x l-a l Power Density Watts/(cm3) Radial Region

Region
0-2 cm
0-4

4-6

6-7.5
7.5-9.5
9.5-11.5
11.5-13.6
13.6-14.6

0-1 cm
5.485
5.026
4.325
3.592
2.895
2.236
1.871
0.067

1-2 cm
2.432
2.268
2.033
1.724
1.503
1.303
1.195
0.037

2-3 cm

0.364
0.433
0.445
0.452
0.462
0.490
0.534
0.008

3-4 cm

1.157
0.211
0.213
0.197
0.194
0.171
0.172
0.049
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Interpolation schemes used in the thermal analysis are i l lustrated in

Fig. 5 .1 . The Fuji f i t depicted in the figure is a polynomial f i t of the form

A(r - 3.9)2 + B(r - 3.9)**. The A and B coefficients are computed at each of

the eight axial locations to give the best radial f i t in a least-squares sense

(weighted toward small r values, which are regarded as most accurate). Linear

interpolation of the A and B coefficients is used to construct the radial f i t

at intermediate axial locations. The Fuji f i t is a non-physical representa-

t ion of the heat-source distr ibut ion for intermediate r values, in that i t

provides a poor extrapolation of the heat source near the target axis, r = 0 ,

where i t overestimates the expected behavior of the heat source.

A more viable option for f i t t i n g the HETC/VIM data while preserving the

expected physical behavior of the heat source is the spline f i t . The spline

curve i l lustrated in Fig. 5.1 was constructed by requiring the total energy

deposition to match the HETC/VIM total energy in each of the four radial

regions, i . e . , 0 -1 , 1-2, 2-3, and 3-4 cm. Additionally, the slope of the spline

curve was constrained to zero at r = 0. However, implementation of a spline

f i t t i n g procedure for a three-dimension geometry is cumbersome. Hence, a

simpler but adequate scheme, the "Aztec" f i t , was adopted. In this scheme,

al l points lying in one of the 32 spatial regions of the HETC/VIM Zing-P,

model are assigned the same value, according to Table 5.1. The resulting

step-like functional form inherently preserves the total thermal-energy

deposition in each of the 32 regions of the Monte-Carlo simulation.

Table 5.2 indicates that scaling the Moffet beam/Fuji f i t heat rates by a

factor 1.5/1.1 brings the calculated temperatures into good agreement with the

Zing-P, experimental values. Similarly, good agreement is obtained by scaling

the Moffet/Aztec heat rates by 1.7/1.1. Additional jus t i f i ca t ion for using

uranium-target thermal energy ratios of 1.5-1.7 is found in other theoretical

studies. Alsmiller [5.5] for example, has determined a rat io of 1.65 for

axial irradiat ion of a 10-cm diam. by 18-cm-long uranium target by 500-MeV

protons using the MORSE and HETC computer codes.

These variations in temperature and total power appear to be more a conse-

quence of shortcomings of the charged-particle and neutron transport codes

than of the schemes used to Interpolate the data.
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5.1.2 Zing-P' Temperatures

Thermal calculations were performed on the Zing P, target using the

Fuji and Aztec representations of the HETC/VIM heat-generation rates.

(See the Appendixes C and D for discussion of the heat-transfer constants and

material properties used.) Preliminary temperature calculations under-

estimated experimental predictions by about 50%. The probable cause of

the discrepancy was traced to the HETC/VIM heat-source values. Knox [5.6]

has experimentally measured the total energy deposition in the Zing P, ta r -

get to be 1.5 (+0.2) times the proton-beam energy. By contrast, the HETC/

VIM results for a Moffet beam with FWHM = 2.54 cm give a total energy depo-

s i t ion of 55 MeV, or a rat io of thermal energy to beam energy of only 1.1.

Scaling the HCTC/VIM results by a factor (~1.5/1.1) to bring the computed

total thermal energy in accordance with experiment permitted the com-

puted temperatures to closely match experimentally determined values.

The computed temperature distr ibut ions for Zing P' are displayed in Figs.

5.2 and 5.3, respectively, for the Fuji and Aztec cases. The bulk f l u i d

temperature of the water coolant is taken to be 30°C. Table 5.2 compares

calculated and experimental values of AT = (T - 30°C) at the four thermocouple

locations in the Zing-P' target. The AT3 and AT^ locations have the same

radial and axial coordinates, but d i f fe r in the angular coordinate e. The

discrepancy in the measured values of AT3 and AT4 is thus a measure of

the beam symmetry and the centering of the beam on the target. The

computed values of AT3 and AT^, on the other hand, are equivalent, since

axial symmetry is s t r i c t l y enforced in the computational model.

Table 5.2. Comparison of Zing-P, Theoretical and Experimental Resultsa

Temperature Difference T-30°C (°C)
ATI AT2 flT3 AT4

Calculated Moffet/Fuji x 1.5/1.1 41 33 18 18
Calculated Moffet/Aztec x 1.7/1.1 42 33 17 17
Calculated Gaussian/Fuji x 1.5/1.1 34 27 16 16
Experiment Case II Run 5 42 34 20 17

a500-MeV. 0.981-pA beam. FWHM =2.54 cm.
See Figs. 5.1 and 5.2 for ATI, AT2, AT3, and AT4 locations.
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We have additionally performed a calculation usinq a Gaussian beam shape

instead of a Moffet prof i le (see Table 5.2); however, less satisfactory agree-

ment was obtained. Using both Fuji and Aztec f i t s and a 1.5/1.1 scale factor, we

were able to reasonably match the measured temperatures. Since AT is a linear

function of the heat source, one may estimate that usinq a scale factor of

approximately 1.85/1.1 is required to achieve good agreement between Gausian

power density calculations and experiment for values ATX and AT2. However, a

ratio of target thermal energy to beam energy 1.85 is unjust i f iably high. We

conclude that the Gausian is poor representation of the beam pro f i le .

5.2 IPNS-1 Thermal Analysis

Based on a Moffet beam prof i le , heat-generation rates have been computed

usinq the HETC/VIM computer code at f ive radial and 11 axial locations for the

IPNS-1 target. These values, normalized for a 1-wA beam, are tabulated in

Table 5.3. The Aztec f i t t i n g procedure with a 1.7/1.1 (rather than 1.5/1.1

for conservatism) scale factor is used in the thermal analysis of the 2.54-cm-

thick by 10-cm-diam. uranium target clad with Zircaloy-2. The analysis was

performed using a 1173-element, axisymmetric model of the target geometry on

the ANSYS computer code.

Table 5.3. HETC/VIM Thermal Energy Deposition for IPNS-1 Target
with Beryllium Reflectora

Power Density Watts/(cm3) Radial Region
Axial Region 0-1 cm 1-2 cm 2-3 cm 3-4 cm 4-5.3 cm

0-2 cm

2-4

4-6

6-8

8-10

10-12
12-14

14-16
16-18

18-20
20-22

2.663
2.468
2.121

1.766
1.444

1.202

1.063
0.050

0.023
0.021
0.012

1.913
1.836
1.634

1.348
1.113

0.983
0.874

0.047

0.025
0.019
0.014

0.895

0.881
0.783

0.698
0.613

0.556
0.547
0.039

0.025
0.020
0.012

0.206

0.228
0.250

0.232
0.244

0.236
0.250
0.038

0.027
0.014
0.012

0.072

0.100
0.105

0.103
0.093

0.084

0.084
0.031

0.026
0.013
0.010

a 500-MeV, 1-uA beam, FWHM = 4 cm, Moffet Beam Pro f i l e
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Use of the scale factor 1.7/1.1 conservatively derived from the Zing-P,

measurements to describe the IPNS-1 target impl ic i t ly assumes that the rat io

of thermal energy deposition to beam energy is relat ively insensitive to the

difference in geometry. Evidence that this is the case is provided by the

HETC/VIM calculations, which predict the same rat io of energy deposition to

beam energy of 1.1 for either target geometry. The heat-generation rates are

additionally scaled to simulate nominal full-power (22-yA) operation of the

proton beams.

The f i r s t disc of the eight-disc stack, i .e . , the disc that

receives the greatest energy deposition, is modeled. This is also the

target disc that receives the least amount of coolant flow. The f i r s t

disc thus provides the worst thermal case.

5.2.1 IPNS-1 Target Cooling

The target disc is cooled by 120°F water flowing in parallel channels

on the disc face. Two coolant-channel geometries are investigated: a

seven-channel geometry designed to provide fa i r l y uniform cooling over the

disc face, and a five-channel geometry which concentrates cooling at the

center of the disc face (see Fig. 5.4). The highest temperatures occur at

the center of the target disc; hence, the five-channel geometry is expected

to provide more effective cooling.

Coolant flow rates within the target assembly have been computed for the

five-channel geometry using tlie HYNAL hydraulic-analysis computer code (see

Appendix C). The results indicate, for an assumed inlet flow of 45 gpm at

35 psia, that the f i r s t target receives 4.5 gpm of cooling water with channel

flow velocit ies of 9.5-11.5 fps in the five-channel geometry. A hydraulic

analysis has not been performed for the seven-channel design, but assuming a

4.5-gpm flow to the disc an average channel flow velocity of 13.2 fps is com-

puted. This value is assumed in the thermal analysis of the seven-channel

case.

Because of the dependence on an axisymmetric finite-element model,

the exact slotted geometry is impossible to treat. Instead, the
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heat-transfer characteristics of the target disc are cyl indrical ly averaged

to derive effective convective coefficients within concentric zones.

The simplest such approach used in the thermal analysis is denoted by

the one-convective-zone approach. In the one-zone method, an effective

value of the convective coeff ic ient, h, is computed for the entire disc face

(assumed to be one convective zone), based on an averaging of the individual

channel heat-transfer coefficients over the face of the disc. Since the

convective coeff icient, h, is a function of the coolant-fi lm temperature,

which is not precisely known in advance, an i terat ive procedure is required

to arrive at a consistent solution for h.

The one-zone approach is inherently conservative. Since the heat

flux is greatest toward the center of the disc where the temperature is

highest, the actual convective coefficient at the center is larger than

the assumed average value. Accordingly, the actual center temperatures

are lower than those calculated using the one-zone approach. Conversely,

near the edge of the disc, the actual convective coeff icient is lower

than the assumed average value; however, since the heat-generation rate

near the disc edge is very low, the actual temperatures near the edge

remain low compared to the center temperatures.

The one-convective-zone scheme suffers from the added drawback

that distinctions in thermal performance between target geometries d i f fer ing,

for example, in channel arrangement are obscured by the averaging procedure.

In the present study, where i t is desired to gauge the effectiveness of a

five-channel geometry (with channels concentrating cooling at the center)

against a seven-channel geometry (with relat ively uniformly spaced channels),

such distinctions are important.

In an attempt to alleviate some of the shortcomings of the one-zone

approach while maintaining the simplicity of an axisymmetric model, an

additional scheme—the two-convective-zone aproach—has been used. In

the two-zone approach, the disc is divided Into two concentric zones:

an Inner c i rc le of 1-in. radius, and the remaining outer r ing. An effec-
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tive corrective coefficient is separately computed for each zone by averaging

the individual channel heat-transfer coefficients within the zone. A

trial-and-error approach is required to arrive at convective coefficients

consistent with the average coolant-film temperature in each zone. The

computation of the zone convective coefficients is further described in

Appendix C.

Although the two-zone calculations are expected to provide more

real is t ic temperatures, one-zone calculations are also made to provide

more conservative thermal inputs for the target stress analysis and

fatigue l i f e evaluation.

5.2.2 IPNS-1 Temperatures

The maximum computed inter ior target temperature and channel-wall tem-

peratures are tabulated in Table 5.4. Results of the one- and two-zone

calculations are given for both f ive- and seven-channel geometries.

Also included are the results of hypothetical accident studies involving

impaired coolant flow to the five-channel geometry. The f i r s t two impaired-

flow cases represent uniform reductions in flow of 50% and 60%, respectively.

The th i rd case represents a blocked center-channel accident, in which no

flow is assumed in the center channel.

The one-zone approach is overly pessimistic where a large temperature

variation occurs between the disc center and edge. Accordingly, only

two-zone results are furnished for the reduced-flow cases. The blocked-

channel case is effectively a three-zone calculation, since the convective

coeff icient is set to zero in a 3/4-in.-diam circ le centered on the disc

face.

Contour plots of the temperature distributions for the tabulated

cases are displayed in Figs. 5.5 and 5.6 for the fu l l - f low cases, and in

Figs. 5.7 and 5.8 for the impaired-flow cases. In a l l fu l l - f low cases, the

results indicate that the flow is comfortably below the nucleate boiling

regime (T s a t = 260*F).
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5-Channel

Fig. 5.5.

7-Channel

Two-convective-zone Temperature Distributions (*F) for
Five- and Seven-channel Geometries with Full Flow.
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5-Channel

Fig. 5.6.

7-Channel

One-convective-zone Temperature Distributions (*F) for
Five- and Seven-channel Geometries with Full Flow.
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Fig. 5.7. Reduced-flow Temperature Distributions (*F)
for Five-channel Geometry (Two-zones).
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Fig. 5.8. Temperature Distribution (T) in Five-channel Geometry
with Blocked-center Channel (Three-zone Calculation).
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Table 5.4. Maximum Interior Target Temperature and Channel-Wall Temperatures8

Geometry

Five-channel Seven-channel

Full flow, one-zone 598 (236) 607 (247)

Full flow, two-zone 575 (203) 591 (224)

50% flow, two-zone 613 (252)

40% flow, two-zone 629 (271)

Blocked center 680 (503)
channel, three-zone

a The f i r s t number gives the maximum inter ior temperature (°F); the
second number in parentheses gives the maximum wall temperature (°F).

Accoru.ng to the two-zone estimates, the maximum cladding wall temper-

ature is 203°F for the five-channel design, or about 20°F cooler than for the

seven-channel geometry. The more-conservative one-zone estimates for

the peak wall temperatures are 236°F and 247°F, respectively, for the f i ve-

and seven-channel geometries. Because the actual slotted geometry is

modeled by an axisymmetric geometry with flow averaged over the channels,

the actual cladding wall temperature is expected to be sl ight ly higher than

predicted between coolant channels, and s l ight ly lower than predicted within

the channels.

Although the actual temperature variation may increase the thermal

stress in the cladding over that predicted assuming averaged convective

coeff icients, the use of the more conservative one-zone temperature d is t r ibu-

tions for the stress and fatigue analysis offsets this effect somewhat.

The reduced-flow cases suggest that the wall reaches the saturation

temperature (260°F) at between 50% and 40% flow. This provides a generously

large safety margin against accidental boi l ing. However, some flow boi l ing

can probably be tolerated, since the flow is expected to be stable.

In the blocked center-channel case, the peak wall temperature reaches

about 500°F at the center. However, the wall temperature drops away from

the center, and a l l channels that contain coolant are predicted to remain

below saturation temperature.
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6. TARGET MATERIAL STRESS

The distribution of stress intensity that would be developed in the
Zing-P' and IPNS-1 targets during steady axial irradiation by protons was
evaluated by use of the ANSYS (STIFF 42) computer code Ref. [6.4] toqether
with the energy deposition data presented in Tables 5,1 and 5.3. An evalua-
tion of the intensity and distribution of stress in the targets was considered
essential in order to determine the potential for rupture of the zirconium or
Zircaloy-2 claddinq on the uranium during operation. Unacceptable lev*Is of
stress intensity might be developed in the cladding by irradiation- and
thermal-cyclinq-induced dimensional change of the uranium, nonuniform tempera-
ture distribution within the uranium in the Zing P, target cylinder (see
Fig. 5.2) or in the IPNS-1 target discs (see Fig. 5.5), and by the greater
thermal expansion of the uranium in comparison with the zirconium or Zircaloy-2
cladding (Chapter 4). Also, even thouqh the stress in the zirconium or
Zircaloy-2 cladding remains near the yield stress, the cladding could develop
cracks owing to metal fatigue failure which results from temperature cycles in
the target during interruptions in the operation of the proton source. The
number of temperature cycles that would result in fatigue failure of the clad-
ding for the expected level of stress intensity in the cladding was evaluated
to determine the anticipated lifetime of the target.

The stress analyses included the residual stress state that was present
in the targets following fabrication and heat treatment (Chapters 3 and 4).
In the Zing-P, target, an axial restraint at the circumference of the zir-
conium plate on the back of the target was imposed on the analysis as a bound-
ary condition. In addition, for the ZING-P, target, "dead-weight" effects of
the target were included in the analysis.

6.1 Zing P' Target Stresses

The steady-state distortion and the resultant distribution of stress
intensity in the Zing-P' target (see Fig. 6.1) were evaluated for the continu-
ous axial irradiation by 1 and 10 yA proton current.
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X (Radial)

Fig. 6.1. Zing P, Target-Deflected Shape (Solid Lines)
due to Power Cycle; 0.981 yA'Case (Dotted
Lines Indicate Undeflected Boundary Outline).
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6.1.1 One-Microampere Proton Current

Figure 6.1 shows the distortion of the Zing P, target cylinder that
results from axial irradiation by lpA proton current. This distortion results
from the nonuniform temperature distribution within the cylinder and and the
thermal expansion of the uranium. The irradiation- and thermal-cycling-
induced dimensional change of the uranium is negligible for the intended life-
time of the tarqet. As shown in Fig. 6.1, the distortion of the target
cylinder for lyA of proton current is a maximum (0.00149 in.) along the
cylinder axis and decreases toward the cylinder circumference (0.00085 in.).
The radial distortion of the cylinder is 0.00037 in.

Figures 6.2, 6.3, and i>.4, respectively, show the radial (ar),
axial (o 7), and hoop (o ) components of the stress that is developed
in the zirconium-clad-uranium composite by the uranium distortion in the
Zing-P, target for lyA of proton current. The maximum principal stress,
minimum principal stress, and principal shear stress are shown in Figs. 6.5,
6.6, and 6.7, respectively.

Examination of Figs. 6.2-6.7 shows that the stress intensity in the
Zing-P' target cylinder is separated (dashed line in the figures) into
zones that are in a state of compression or tension. The maximum compres-
sive stress (-11220 psi, Fig. 6.3) in the uranium is located at j>5-cm dis-
tance on the cylinder axis from the front (proton impingement) face, whereas
the maximum tensile stress (8670 psi, Fig. 6.4) in the zirconium cladding
is located at the center of the front face. A comparison of Fig. 5.2 with
Figs. 6.2 and 6.3, for example, shows that the zone in the uranium with
high compressive stress is associated with the maximum temperature region in
the target.

The effective stress (a0, Eq. 4.15) in the Zing-P' target materials for
1 uA of proton current is shown in Fig. 6.8. The maximum effective stress in
the zirconium cladding (8400 psi) occurs at the center of the front face, and
the maximum effective stress in the uranium (5800 psi) is located at ~5-cm
distance from the front face and ~3.5-cm distance from the target centerline.
In the present study, the computed value of the effective stress (o0) was
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Fig. 6.2

Zing P, Target-radial Stress
(psi) Distribution due to Power
Cycle; 0.981 jiA Case (Stress
Difference of 1000 psi between
Contour Lines).

Fig. 6.3

Axial Stress (psi) Distribution
Stress Difference of 1000 psi
between Contour Lines.

Fig. 6.4

Hoop Stress (psi) Distribution
with Stress Differences of
1000 psi between Contour Lines.



Fig. 6.5 Fig. 6.6 Fig. 6.7

Zing P, Target-maximum Princi- Minimum Principal Stress Dis- Principal Shear (psi) Distri-
pal Stress (psi) Distribution tribution with Stress Differ- bution with Stress Difference
due to Power Cycle (0.981-pA ence of 800 psi between Contour of 250 psi between Contour
Case) with Stress Difference of Lines. Lines.
1000 psi between Contour Lines.
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considered to be directly related to the yield stress (0.2* offset) value
that 1s commonly reported from a conventional uniaxial tensile test. On this
basis, the yield stress of the uranium M O , 0 0 0 psi, Appendix D) and the
zirconium (^27,000 psi, Appendix D) materials in the Zing-P' target would
not be exceeded for 1 yA of proton current.

6.1.2 Ten-Microampere Proton Current

The distortion of the Zing-P, target cylinder that results from the
axial irradiation by 10 yA proton current is shown in Fig. 6.9. The
distortion is a maximum (0.0156 in.) along the cylinder axis and decreases
toward the cylinder circumference (0.0088 in.). The radial distortion
of the cylinder is 0.0040 in.

Figures 6.10, 6.11, and 6.12 respectively show the radial (a ) ,
axial (a,), and hoop (a.) components of the stress that is developed
in the zirconium-clad-uranium composite by the uranium distortion in the
Zing-P, target for 10 yA of proton current. Figures 6.13, 6.14, and 6.15,
respectively, show stress, minimum principal stress, and the principal
shear stress. A comparison of the data in Figs. 6.9-6.15 (lOyA) with the
corresponding data in Figs. 6.1-6.7 (1 yA) shows that the dimensional change
and the resultant induced stress are directly proporational to proton cur-
rent in the range of 1-10 yA.

Figure 6.i6 shows the effective stress (aQ, Eq. 4.15) in the Zing P
,

target materials for 10 yA of proton current. The maximum effective stress
in the zirconium cladding (89,500 psi) occurs at the center of the front face,
and the maximum effective stress in the uranium (58,000 psi) is located
at ^5-cm distance from the front face and ^3.5-cm distance from the target
centerline. These computed results for the effective stress show that the
yield stress of the uranium (^21,000 psi, part 1 of Appendix D) and the zir-
conium (^27,000 psi, part 2 of Appendix D) would be substantially exceeded
for 10 pA of proton current
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Fig. 6.8

Zing P
,
 Target Effective Stress

(psi) Distribution due to Power
Cycle (0.981-yA Case with
Stress Difference of 500 psi
between Contour Lines).

Fig. 6.9

Zing P
,
 Target-deflected Shape (Solid Lines)

due to Power Cycle; IO-μA Case (Dotted Lines
Indicate Undetected Boundary Outline).
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Fig. 6.10

Zing P1 Target-radial Stress
(psi) Distribution due to Power
Cycle; 10-pA Case (with Stress
Difference of 10,000 psi
between Contour Lines).

Fig. 6.11
Axial Stress (psi) Distribution
with Stress Difference of
8000 psi between Contour Lines.

Fig. 6.12

Hoop Stress (psi) Distribu-
tion with Stress Difference
of 10,000 psi between Con-
tour Lines.
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Zing P, Target-maximum Princi-
pal Stress (psi) Distribution
due to Power Cycle 10 pA Case
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Lines.
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Fig. 6.15
Principal Shear Stress (psi)
Distribution with Stress Dif-
ference of 2500 psi between
Contour Lines.
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Fig. 6.16

Zing P, Target-effective Stress
(psi) Distribution due to Power
Cycle (10-yA Case) with Stress
Difference of 5000 psi between
Contour Lines.
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6.2 IPNS-1 Target Stresses

The steady-state distortion and the resultant distribution of stress

intensity in an IPNS-1 target (see Fig. 3.2) were evaluated for 22 MA of

proton current impinging on the face of the f irst disc in the stack of eight

discs that comprise the IPNS-1 tarqet. The distortion and the resultant

induced-stress intensity will have maximum values in the f i r s t disc since

the energy deposition is highest in this disc (see Table 5 .3) . The com-

puted temperature distribution in the f i rs t disc for 22 uA of proton cur-

rent is shown in Fig. 5.5.

Figure 6.17 shows the distortion of the IPNS-1 target disc that results

from the 22 yA of proton current. The distortion of the f i rs t disc results in

a 0.15-cm decrease in thickness of the disc at the edge with the as-fabricated

thickness (2.5 cm) being approximately retained at the centerline of the disc.

The distortion of the disc in the radial direction gives rise to a 0.14-cm

increase of the as-fabricated disc radius (4.65-cm).

Figures 6.18, 6.19, and 6.20, respectively, show the radial ( ° r ) ,

axial i°7), and hoop (aQ) components of the stress that is developed

in the Zirealoy-clad-uranium composite by the uranium distortion in the

IPNS-1 target disc for 22 uA of proton current. The maximum principal

stress, minimum principal stress, and principal shear stress are shown in

Figs. 6.21, 6.22, and 6.23, respectively. Examination of Figs. 6.18-6.23

shows that the stress intensity in the IPNS-1 target disc is separated

(dashed line in the figures) into zones that are in a state of compression

or tension. In general, the central uranium region of the disc is in a

state of high tension (^45,000 psi, Figs. 6.18 and 6.20). A zone of moder-

ately high tension stress (^16,000 psi, Fig. 6.20) in the Zircaloy-2 clad-

ding also exists at the midheight on the circumferential surface. A zone

of high stress concentration does not exist in the Zircaloy-2 cladding

on the disc edges, i .e . , the intersection of the disc faces with the cy-

lindrical surface, i f the bond interface is not ruptured. In the event of

a ruptured bond interface, the zone of maximum tensile stress {^45,000 psi)

in the Zircaloy-2 cladding is shifted to the disc edges.
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Radial Stress (psi) Dis-
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ference of 8000 psi
between Contours).
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Fiq. 6.17

IPNS-1 Target-deflected
Shape (Solid Line) due
to Power Cycle (Dotted
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flected Shapes) (Uran.
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Fig. 6.20

Hoop Stress (psi) Dis-
t r ibut ion (Stress Dif-
ference of 8000 psi
between Contours).
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Fig. 6.21
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(psi) Distribution
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Fig. 6.24
IPNS-1 Target-effective
Stress (psi) Distribu-
tion due to Power Cycle
(Stress Difference of
4000 psi between Contour
Lines).
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Figure 6.24 shows the effective stress {a ) in the IPNS-1 target

materials for 22 uA of proton current. The maximum effective stress in the

Zircaloy-2 cladding (45;,600 psi) occurs at the center of the disc faces, and

the maximum effective stress in the uranium (58,954 psi) is located at the

center of the disc. These computed results for the effective stress show

that the y ie ld stress of the uranium (^40.000 ps i , part 1 of Appendix D) and

the Zircaloy-2 cladding (^50,000 psi , part 3 of Appendix D) would be exceeded

or closely approached for 22 uA of proton current impinging on the f i r s t

disc in the stack of eight discs that comprise the IPNS-1 target.

6.3 Fatigue Failure

In Chapter 3 we presented the design of the targets and the required

operational parameters that wi l l l im i t the i r radiat ion- and thermal-induced

dimensional changes of the zirconium- or Zircaloy-2-clad uranium to acceptable

amounts during the desired l i fet ime of the target, i . e . , 6 months for Zing-P'

and 12 months for IPNS-1. However, these design and operational para-

meters do not ensure against the premature fai lure of the target owing to

thermal-cycling fatigue. The continuous pulsing of the proton beam at 30 Hz

induces temperature cycles of <1°C in the uranium and tarpst temperatures

less than 350°C. However, i f the proton source does not operate in a con-

tinuous manner, the interruptions wi l l result in cooling of the target to

approximately ambient temperature (50°C). These la t ter temperature cycles

(350°C to 60°C) impact especially on the integri ty of the target and can

give rise to crack formation in the uranium and the cladding (fatigue

fa i lu re) . We consider the number of thermal cycles to fai lure of the cladding

by fatigue-induced cracking as the parameter determining the l i fet ime of the

target.

The number of fatigue cycles to fai lure of the Zircaloy-2 cladding on the

IPNS-1 discs may be determined from Figs. 6.25 and 6.26 for unirradiated

(<1019 nvt) and irradiated (1.5 x 1021 to 5.5 x 1021 nvt, E,> 0.625 eV)

Zircaloy-2, respectively [6 .3] . These figures show the completely reversed

(zero mean stress) stress amplitude, Sa, that produces fai lure in N cycles.

Cyclic stress-strain tests [6.3] on the Zircaloy-2 were used to obtain the

total strain amplitude (et/2) multiplies by the elastic modulus (E) that

results in fa i lure at N cycles.
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For design purposes, a factor of safety of either 2 on the stress
amplitude (1/2 Eet) or a factor of 20 on cycles was incorporated in the
construction of Figs. 6.25 and 6.26. To estimate the number of temperature
cycles to failure of the Zircaloy-2 cladding on the IPNS-1 disc, we have used
the maximum shear stress as a fatigue-failure criterion. On this basis, S a is
one-half the maximum of [al - a2) or (a: - o 3 ) , where a ^ a2, and o3 are the
three principal stresses such that a1 < a2 < o3 [6.3]. From Figs. 6.21, 6.20,
and 6.22, the values of the principal stresses are 45446, 44927, and 300 psi,
respectively. Therefore, the value of S a is 22573 psi. From Fig. 6.25, the
expected number of stress cycles (which result from temperature cycles in the
uranium) that the Zircaloy-2 can endure before cracking is ~6000 cycles for a
total irradiation exposure of <1019 nvt. For irradiation exposures in the
range of 1.5 x 1021 to 5.5 x 1021 nvt, the expected number of cycles before
failure is ~3000 (see Fig. 6.25). Previous experience with synchrotron
(proton source) operations suggests that ~10 interruptions per day can be
expected. On this basis, the lifetime of the IPNS-1 target would be >300
days.

Loomis, et al. [6.2] have tested the response of an as-produced Zircaloy-
clad uranium disc to thermal cycling. An 800-W, flat plate heat source was
placed in contact with one face of a disc, resulting in a temperature T ^ and
a water-cooled flat plate heat sink was placed in contact with the other face
of the disc resulting in a temperature T3. Thermocouples were attached to
each face and an additional thermocouple was inserted to the center of the
disc, which was at temperature T2. The disc temperature and time at tempera-
ture were controlled by two variable time-delay relays that automatically
energized and de-energized the power supply to the heat source. With this
arrangement, the temperature Tj could be cycled between 140 and 350pC, with
the simultaneous cycling of T 2 between 130 and 325°C, and T 3 between 65 and
155*C, with a frequency of ~24 cycles/day. This temperature distribution in
the disc gives AT values of 195*C (Tj - T3) and 175°C (T2 - T 3) at the peak
temperature, which can be compared with the expected AT of 250°C in the target
disc during irradiation by 22 uA 500-MeV protons (see Fig. 5.5).

The dimensional change of the disc and the integrity of the Zircaloy-
uranium bond were determined at 1000-cycle intervals by ultrasonic tests
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and dimensional measurements. These result,; showed no measurable change in
either the dimensions of the disc or the integrity of the Zircaloy-uranium
bond after 6000 cycles. However, on removal of the disc for the examination
after 7000 cycles, a crack (0.4-cm length) appeared which had propagated in a
ductile manner and was located at ~l.l-cm radial distance from the axis of the
disc. Even though the Zircaloy was machined to a 0.003-cm surface finish,
there was some evidence to indicate that the crack was initiated and
propagated along a machining-tool groove.

Although the conditions of this tests only roughly simulated operating
conditions (we expect that they were more severe, because the warping of the
disc caused a "hot spot" at the center of the disc where it touched the heated
plate), we conclude that the target discs will perform according to design
expectations.
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Appendix A

Hydraulic Study of Flow Center and Pressure Profiles in IPNS Target

The IPNS-1 target assembly consists of eight discs, which are mechani-

cally supported within a f low-distr ibution housing. The target is cooled by

water circulating at the design conditions of 45 gpm at 35-psia in let pres-

sure. The in le t maximum temperature is 120°F, and at the design conditions

the outlet temperature is 124°F. The geometry is shown in Fig. A . I ; each disc

contains f ive flow channels for the circulation of cooling water. The

physical data for each of the five channels are given in Table A . I .

A study was conducted to determine the pressure drops and velocity

and pressure profi les in the target assembly. The computer program used for

this purpose is called Hydraulic Network Analysis (HYNAL) and was developed

by Logicomp Corporation. This program uses the Hardy-Cross method, which is

based on relaxation or controlled t r i a l and error. The network to be ana-

lyzed is l imited to a maximum of 500 pipes, 200 loops, and 300 junctions.

The number of inflows and outflows is l imited to 300. Either U. S. customary

units or SI units may be. used [ A . I ] ,

1. Methodology

The HYNAL program uses the Hazen-Williams formula to calculate the

pressure drop due to f r i c t i on . This formula is

H , j ? L Q1 ,85

where

AH = head loss, f t of water,
L = length of pipe, f t ,
D = inside diameter of pipe, I n . ,
Q = flow, gpm,

and
C - constant, which depends on surface roughness.

The values of the constant C in water-supply networks for water at

60cF range from C = 150 for a cement or f iber glass pipe to C = 100 for a

spirally-riveted steel pipe. However, the viscosity of water varies in the
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(Scale: Full Size)

Fig. A.I. Disc Geometry.



Table A l . Channel Parameter Values

Channel Channel Channel Channel Channel
2 3 4 5 6

Flow area, in. 2 0.01953 0.03125 0.03125 0.01325 0.01953

Flow area, ft .2 0.1356 x 10"3 0.217 x 10"3 0.217 x 10-3 0.217 x 10*3 o,1356 x 10"3

Hydraulic d i -
ameter, in . 0.10416

Hydraulic di-
ameter, f t 0.00868

Apportioned
duct area, in . 2 0.243

Ratio of chan-
nel area to &p- 0.0804
portioned duct
area, Ac/Ad

K.n 0.42

KQ 0.84

Channel
length, ft 0.260 0.323 0.333 0.323 0.260

0.1111

0.00926

0.243

0.1286

0.38

0.75

0.1111

0.00926

0.243

0.1286

0.38

0.75

0.1111

0.00926

0.243

0.1286

0.38

0.75

0.10416

0.00868

0.243

0.0804

0.42

0.84
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ratio of almost 6 to 1 as the temperature is changed from 32 to 212°F. For
our case, the values of C have to be estimated for a trial run and then re-
fined for more accurate results. This procedure is discussed in the follow-
ing section.

According to the HYNAL program, only the first decimal place can be
used for the channel length in feet. Hence, the length of each channel
was assumed to be 0.3 ft in the HYNAL program. To determine value for the
coefficient C in Eqn. Al, we assume a value of C, along with a flow Q, and a
corresponding velocity V. With the assumed a value of C and the values for Q
and V, an iteration is performed on Eqns. Al and A2 to obtain a more accurate
value of C. The results of these iterations are not included here, and
only the final values used are shown in Table A2. The pipe numbers corres-
pond to those shown in Fig. A2.

A similar procedure was also used for each length of the duct. However,

the pressure drop in the duct was calculated from

where L is the equivalent length of the duct that accounts for the pressure

losses in bending of the flow through a r ight angle from the duct to the

channel. Hence, we use L = L + 58D.., where L is the actual duct length

and L/Du = 58 is assumed for a right-angle bend. The trial-and-error methodn
was also required to obtain the values of the coefficient C for the duct by

using Eqns. Al and A2. The final values used are shown in Table A2. The

duct numbers correspond to those shown in Fig. A2. The duct parameters are:

Duct flow area = 1/2 (area of el l ipse - area of circle)

= 1.215 i n . 4

= 0.0084375 f t 2 .

Duct perimeter = 10.57 in.
= 0.88083 ft.

Duct hydraulic
diameter = 0.4596 in.

= 0.0383
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Table A2. Pipeline Parameters

Pipe
Number

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Reynolds
Number

61,460

21,198

26,692

26,942

26,692

21,198

49,924

16,416

22,339

22,477

22,339

16,416

40,301

14,914

18,962

19,150

18,962

14,914

32,127

13,061

16,623

16,773

16,623

13,061

Friction Factor
f

0.0235

0.027

0.0265

0.0265

0.0265

0.027

0.024

0.029

0.027

0.027

0.027

0.029

0.025

0.029

0.028

0.028

0.028

0.029

0.026

0.03

0.029

0.029

0.029

0.03

Head Loss
AH,, ft

3.36

13.8

16.04

16.58

16.04

13.8

2.08

7.39

10.81

11.16

10.81

7.39

1.41

5.25

7.58

7.84

7.58

5.25

0.94

3.93

5.66

5.86

5.66

3.93

Hazen-Williams
C

1054

177

299

302

299

177

1060

204

304

306

304

204

1055

206

308

311

308

206

1050

208

312

315

312

208
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Table A2. Pipeline Parameters (contd)

Pipe
Number
25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Reynolds
Number
24,396

12,018

15,047

15,135

15,047

12,018

18,417

11,467

14,322

14,547

14,322

11,467

12,209

11,174

14,222

14,259

14,222

11,174

6,105

11,103

14,084

14,322

14,084

11,103

Friction Factor
f

0.027

0.03

0.029

0.029

0.029

0.03

0.028

0.031

0.03

0.03

0.03

0.031

0.031

0.031

0.03

0.03

0.03

0.031

0.035

0.031

0.03

0.03

0.03

0.031

Head Loss
AH, ft
0.58

3.18

4.67

4.87

4.67

3.18

0.33

2.86

4.17

4.30

4.17

2.86

0.16

2.78

4.05

4.20

4.05

2.78

0.05

2.77

4.15

4.23

4.15

2.77

Hazen-Williams
C
1053

212

313

315

313

212

1058

214

315

320

315

214

1035

213

318

319

318

213

1016

212

314

319

314

212
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Table A2. Pipeline Parameters (contd)

Pipe
Number

49

50

51

52

53

54

55

56

Reynolds
Number

6,105

12,209

18,417

24,936

32,127

40,301

49,924

61,460

Friction Factor
f

0.035

0,031

0.028

0.027

0.026

0.025

0.024

0.0235

Heat Loss
AH, ft

0.05

0.16

0.33

0.58

0.94

1.41

2.08

3.36

Hazen-Wi11 tarns
C

1016

1035

1058

1053

1050

1055

1060

1054

The pipeline network is shown in Fig. A.2. The pipelines are numbered

as shown, and the junction numbers are enclosed in square boxes. I t is

seen that there are 56 pipes, 17 junctions, and several loops. Pipes num-

bered 44-48 correspond to the five channels in the f i r s t disc. Junctions

0-8 are located 0.3 f t above junctions 9-17.

The cases of a channel and a duct are treated separately. For a chan-

nel , the total pressure drop is calculated from

AH • K1n + Ko + ft W (A3)

where K ^ is a coefficient to account for the entrance loss due to a sud-

den contraction from a part of the duct area to the channel area. Simi-

larly, K is a coefficient to account for the exit loss due to a sudden

expansion from the channel area to a part of the duct area. In the third

term, which accounts for the frictional pressure drop in the channel, f is

the coefficient of friction, L is the channel length, and D^ is its hydraulic

diameter.

For the calculation of K.n and K , the parts of the duct area to be

apportioned to the different channels were obtained from Fig. A.I and were

found to be approximately equal to one another with a value of 0.234 in.2
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The values of coefficients K ^ and KQ were obtained from Crane Company
catalog [A.2] (reproduced as Fig. A3). These values are also given in Table
Al. The channel numbers correspond to those shown in Fig. Al.

Three different modes of operation were studied.
Mode 1: Normal operation at the design conditions.

Mode 2: Abnormal operation under conditions of blockage at certain
channels in the first dice.

Mode 3: Abnormal operation under conditions of spring breakage.

The results for these three modes of operation are given below.

2. Mode 1. Normal Operation at the Design Conditions

The network is assumed to be supplied with 45 gpm at a pressure of
34.7 psia at junction 0. With the HYNAL program and the methodology dis-
cussed in the preceding section, Fig. A.4 shows the flow through the different
lines and the pressures at the different junctions. The velocities through
the different lines are given in Fig. A.5. It is seen that 4.5 gpm flows
through the last disc. The pressure at the exit of the plenum is 24.5 psia.
The highest velocity is 21.54 ft/sec in the central channel of the last disc,
and the lowest velocity is 9.47 ft/sec in the two side channels of the first
disc.

3. Mode 2. Operation with Blocked Channel

Consider the flow and pressure distribution that results when certain
channels are blocked. Since the first disc is the critical one, blockage
of a channel was studied for only that disc. Blockage of a particular
channel was simulated by increasing its head loss, i.e., the Hazen-Williams
coefficient for that channel was chosen such that C « 0 (a very small number).
Results are given for the following four cases.

a. Case 1. The 5/16-in. wide x 3-1/8-in. long channel in the first
disc, i.e., channel 44 in Fig. A.I is blocked. The flow and pressure distri-
butions are shown in Fig. A.6, and the velocity distribution is given in
Fig. A.7. The flow to the first disc is decreased from 4.46 gpm of the design
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3.47 psia (80.08 ft)

45 GPM

30.5 psia (70.48 ft)

8.95 GPM

30.5 psia (70.30 ft)

4.46 GPM

30.4 psia (70.26 ft)
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Fig. A.4. Flow and Pressure Profile.
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conditions to 4.00 gpm. The velocities in the unblocked channel are In-
creased slightly.

b* Case 2. The l/2-in.-wide x 3-7/8-in.-long channel in the first
disc, i.e., channel 45 in Fig. A.I is blocked. The flow and pressure dis-
tributions for this case are shown in Fig. A.8 and the velocity distribution
in Fig. A.9. The flow to the first disc is now decreased to 3.54 gpm, and
the velocities in the unblocked channels are increased slightly.

c. Case 3. The 1/2-1n-wide x 4-in.-long channel in the first disc,
i.e., channel 46 in Fig. A.I is blocked. The flow and pressure distribu-
tions for this case are shown in Fig. A.10, and the velocity distribution in
Fig. A.11. The flow to the first disc is now decreased still further to
3.52 gpm.

d. Case 4. All five channels in the last disc, i.e., channels 2-6,
in Fig. A.I are blocked. The flow and pressure distributions are shown in
Fig. A.12 and the velocity distribution in Fig. A.13. The flow to the first
disc is now increased from 4.46 gpm of the design conditions to 5.42 gpm.
The velocities in the channels of the first disc are increased by about

2 ft/sec from the design conditions.

4. Mode 3. Operation with Broken Spring

A further study was conducted to determine the flow and pressure pro-
file under certain conditions brought about by the breaking of the spring
that supplies the mechanical force to keep all the discs together in the
target. The following cases were of interest: 1) a hole of 1/4-in. diameter
connecting the entrance and exit plenums; 2) a gap of 1/4-in. between any
two discs.

Case 1. A hole of 1/4-in. diameter connecting the entrance and exit
plenums. This is simulated by a 1/4-in. diameter pipe of 0.3 ft length
connecting the two plenums as shown in Fig. A.I. The Hazen-Williams coef-
ficient C must be chosen appropriately. For an orifice, the velocity and
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27.7 psia (63.97 ft)

23.30 GPM

28.2 psia (64.98 ft)

17.93 GPM

28.4 psia (65.59 ft)

12.99 GPM

ft>

8.24 GPM

30.5 psia (70.38 ft)

BLOCKED

28.6 psia (66.08 ft)

3.52 GPM

28.6 psia (66.11 ft)

-FIRST DISC

Fig. A.10. Flow and Pressure Distribution when 1/2-in. x 4-in.
Channel in First Disc is Blocked.
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11.88 ft/sec

9.64 ft/sec

7.76 ft/sec

6.15 ft/sec

4.74 ft/sec

3.43 ft/sec

2.18 ft/sec

0.93 ft/sec

BLOCKED

•

•

•

•

D

x
X

X

1 21.46'
21.67^

21.46^7
18.08,

15.12

1ft 07
18.18 N
18.07^
15.12,
1? Qfl

1R..R1

15.40
12.98

11.34

13776^
13.55^7
n

12.4?
1 2 . 5 3 ^
1 2 . 4 2 ^

10.687
10.19
n.9i
IP
11.91
10.19
10.02
11.91
12.01
11.91
10.02
10.02
1TTFT
0.00

D

D

11.88 ft/sec

9.64 ft/sec

D

•
7.76 ft/sec

6.15 ft/sec

•
4.74 ft/sec

D

3.43 ft/sec

2.18 ft/sec

0.93 ft/sec

11.81.
10.02,

.FIRST DISC

Fig. A.11. Velocity Distribution when 1/2-in. x 4-in.
Channel In First Disc is Blocked.
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34.7 psia (80.08 ft)

45.00 GPM

33.1 psia (76.38)

45.00 GPM

31.6 psia (72.98 ft)

36.20 GPM

30.6 psia (70.71 ft)

28.77 GPM

30.0 psia (69.23 ft)

22.30 GPM

29.6 psia (68.30 ft)

16.44 GPM

29.4 psia (67.77 ft)

10.88 GPM

29.3 psia (67.52 ft)

5.42 GPM

29.2 psia (67.46 ft)

LAST DISK
CHANNELS BLOCKED 21.3 psia (49.17 ft)

45.00 GPM

22.9 psia (52.87 ft)

45.00 GPM

24.4 psia (52.26 ft)

36.20 GPM

25.4 psia (58.54 ft)

28.77 GPM

26.0 psia (60.02 ft)

22.30 GPM

26.4 psia (60.95 ft)

16.44 GPM

26.6 psia (61.48 ft)

10.88 GPM

26.7 psia (61.73 ft)

5.42 GPM

26.8 psia (61.79 ft)

Fig. A.12. Flow and Pressure Distribution when All
Channels in Last Disc are Blocked.
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LAST DISK

11.88 ft/sec

11.88 ft/sec

9.56 ft/sec

7.60 ft/sec

5.89 ft/sec

4.34 ft/sec

2.87 ft/sec

1.43 ft/sec

ALL CHANNELS BLOCKED

•

11.88 ft/sec

11.88 ft/sec

9.56 ft/sec

7.60 ft/sec

5.89 ft/sec

4.34 ft/sec

2.87 ft/sec

1.43 ft/sec

Fig. A.13. Velocity Distribution when All Channels
in Last Disc are Blocked.
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34.7 psia (80.08 f t )
45.00 GPM

33.9 psia (78.30 f t )

41.86 GPM

33.3 psia (76.75 ft)

34.03 GPM

32.4 psia (74.72 ft) •

27.49 GPM

31.8 psia (73.35 f t )

21.93 GPM

31.4 psia (72.46 f t ) D

17.05 GPM

31.2 psia (71.89 f t )

12.61 GPM

31.0 psia (71.57 f t ) CH

8.36 GPM

30.9 psia (71.42 f t ) F~]

4.17 GPM

30.9 psia (71.37 f t )

\

3.14 J3PM
1/4" ffia. hole

1.01
7793
1.94 XX

1.93
T7m

0.85_
» 1.61 \
* 1.62 ^

'•61
U.ob

0.72
1.37

.38

0.72

0.63
1.20

1.20

0.63

. 0.58
1.09

1.10
1.09
071)8

_ 0.56
704

1.06
1.04

I I 25.7 psia (59.30 f t)
—^45.00 GPM

L J 26.5 psia (61.08 f t )

41.86 GPM

D 27.1 psia (62.63 f t )

34.03 GPM

_ | 28.0 psia (64.66 f t )

27.49 GPM

28.6 psia (66.02 f t )

21.93 GPM

f—I

0.56
0.54
1.03
7.04

0.54
0.54
1.02
1.04
1.02
0.54

29.0 psia (66.92 f t )

17.05 GPM

29.2 psia (67.49 f t )

12.61 GPM

—J 29.4 psia (67.81 f t )

8.36 GPM

Q 2 9 . 5 psia (67.96 f t )

4.17 GPM

Q 2 9 . 5 psia (68.00 f t )

FIRST DISC

Fig. A.14. Flow and Pressure Distribution with 1/4-in. Diameter
Hole between Entrance and Exit Plenums.
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11.88 ft/sec

11.05 ft/sec

D

8.99 ft/sec

7.26 ft/sec

5.79 ft/sec

4.50 ft/sec

3.33 ft/sec

2.21 ft/sec

1.10 ft/sec

D

11.88 ft/sec

11.05 ft/sec

8.99 ft/sec

7.26 ft/sec

5.79 ft/sec

4.50 ft/sec

3.33 ft/sec

2.21 ft/sec

1.10 ft/sec

FIRST DISC

Fig. A.15. Velocity Distribution with 1/4-in.-Diameter Hole
between Entrance and Exit Plenums.
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pressure drop AH are related by

V =

and choosing the coefficient C, as 0.6, we obtain

V = 4.815 V/AH. (A4)

Different values of C were tried In the HYNAL program. I f C = 100,

we obtain AH = 15 f t and V = 38.26 ft/sec, which does not satisfy Eqn. A4.

If C = 83, we get AH = 14.7 f t and V = 32.5 ft/sec, which again does not

satisfy Eqn. A4. I f C = 50, we obtain AH = 17 f t and V = 20.5 ft/sec, which

satisfied Eqn. A4 and was finally chosen as the Hazen-W1ll1ams coefficient

for the pipe simulating the short circuit from Inlet to outlet as a result

of the broken spring.

The flow and pressure profi les are shown in Fig. A.14 and the velocity

distr ibut ion in Fig. A.15. I t is seen that 3.14 gpm flow through the hole at

a velocity of 20.52 f t /sec. The cross-sectional araa of the gap is shown in

Fig. A.16.

4" Dia.

1/4" Gap

Fig. A.16. Cross-Sectional Area of Gap.

For this channel we obtain the following parameters:
Flow area = 1.10156 I n . 1 = 0076497 f t 1 .
Perimeter = 8.875 In.

Hydraulic diameter, Du = 0.49648 in. = 0.04137 f t .
n
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The Reynolds number is in the neighborhood of 6.7060 x 104, and the

friction factor is f = 0.023. The Hazen-W1lliams coefficient was calculated

as C = 907.

The results when the gap is in front of the first disc are shown in
Figs. A.17 and A.18. The results when the gap is in front of the eighth (last)
disc are given in Figs. A.19 and A.20. The HYNAL program calculated the
pressure to the first decimal place in psia and to the second decimal place
in feet. However, when a small amount of flow passes through a channel of
small length, the pressure drop is small and better accuracy is desirable.
In Figs. A.17 and A.19 the circled pressures in feet are the computer results
and have been corrected from the knowledge of pressure drops in the appropri-
ate pipes.

The cases of the gaps in front of the first and last discs are the two
extremes. When the gap is in front of any other disc, the flow and velocity
profiles will have values between the two extremes.

A set of reduced flow cases was also calculated. The flow and pressure
profiles for the 40% flow are given in Fig. A.21, and the corresponding velocity
distribution is given in Fig. A.22. The flow and pressure profiles for the 2056
flow are given in Fig. A.23, and the corresponding velocity distribution is
given in Fig. A.24.



120

34.7 psia (80.08 f t )

45.00 GPM

33.1 psia (76.38 f t )

37.01 GPM

32.1 psia (74.01 f t )

30.55 GPM

31.4 psia (72.35 f t )

25.37 GPM

30.8 psia (71.17 f t ) [~~1

21.30 GPM

30.5 psia (70.32 f t )

18.22 GPM

30.2 psia (69.68 f t ) \Z\

16.14 GPM

30.0 psia (69.17 f t )

15.75 GPM

29.9 psia (68.92 ft) F ]to)

\

x

1.Q4

0.83

,1.60
1.59
0.83
n R7

1.27
0767
0.53
I. uu
1.01

1.00
0.53

0.40
U./b

'0.75
,0.40

_£L5O_
0.51

L J 25.0 psia (57,74 f t )

45.00 GPM

26.6 psia (61.44 f t )

37.01 GPM

| Q 27.6 psia (63.81 f t )

30.55 GPM

b 28.4 psia (65.47 f t )

25.37 GPM

0.50
0.27

0.09
0.10

0.05

J5.75 GPM

FIRST DISC

28.9 psia (66.64 f t )

21.30 GPM

29.2 psia (67.50 f t )

18.22 GPM

O 29.5 psia (68.14 ft)

i6 .14 GPM

29.7 psia (68.65 f t )

15.75 GPM

! • 29.8 psia (.68.87 f t )
169.13J

Fig. A.17. Flow and Pressure Distribution with 1/4-in.
Gap at Front of First Disc.
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11.88 ft/sec

9.77 ft/sec

8.07 ft/sec

6.70 ft/sec

5.63 ft/sec

4.81 ft/sec

4.26 ft/sec

4.16 ft/sec

D

n

•

•

•'

17.09
• # • •

2072T
.20.43
20.23
I/.09

13.64
16.33
16.43
16.33

13.64
11.01
13.04
13.25

_.13.04
11.01
8.71

10.27
10.37
10.27
8.71

6.57
7 70
7.80
7.70

a

•

b

D

a

b.b/ 7
^ 4.44

5.13

• • •
5.24
5.13

- 4.44
0.82
0.92
1.03
0.92
0.82

4.RQ

D

a

11.88 ft/sec

9.77 ft/sec

8.07 ft/sec

6.70 ft/sec

5.63 ft/sec

4.81 ft/sec

4.26 ft/sec

4.16 ft/sec

Fig. A.18. Velocity Distribution with 1/4-in. Gap
at Front of First Disc.
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34.7 psia (80.08 ft) D

45.00 GPM

33.1 psia (76.38 ft) Q

5.32 GPM

33.1 psia (76.31 ft) D

4.53 GPM

33.0 psia (76.27 ft)

3.82 GPM

33.0 psia (76.23 ft)

3.14 GPM

33.0 psia (76.21 ft)

2.44 GPM

33.0 psia (76.19 ft)

1.69 GPM

33.0 psia (76.18 ft) •

0.86 GPM i

33.0 psia (76.18 ft)

U 31.4 psia (72.39 ft)

45.00 GPM

C I 33.0 psia (75.80 ft)

5.32 GPM

33.0 psia (75.82 ft)
(76.15)

4.53 GPM

33.0 psia (75.91 ft)
f762ft')

3.82 GPM

33.0 psia (75.95 ft)
(757731

3.14 GPM

• 33.0 psia (74.97 ft)
(76.26)

2.44 GPM

Zl 33.0 psia (75.99 ft)

1.69 GPM

33.0 psia (76.00 ft)
(76.28}

0.86 GPM

33.0 psia (76.00 ft)

FIRST DISC

Fig. A.19. Flow and Pressure Distribution with 1/4-in.
Gap at Front of Eighth Disc.
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11.88 ft/sec

1.40 ft/sec

1.20 ft/sec

1.01 ft/sec

0.83 ft/sec

0.64 ft/sec

0.45 ft/sec

0.23 ft/sec

•

11.88 ft/sec

1.40 ft/sec

1.20 ft/sec

1.01 ft/sec

0.83 ft/sec

0.64 ft/sec

0.45 ft/sec

0.23 ft/sec

Fig. A.20. Velocity Distribution with 1/4-in. Gap
at Front of Eighth Disc.
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34.7 psia (80.08 f t )

18.00 6PM

34.4 psia (79.40 f t )

34.2 psia (78.97 f t )

34.1 psia (78.67 f t )

34.0 psia (78.47 f t ) P j

33.9 psia (78.34 f t ) \_J

33.9 psia (78.27 f t )

33.9 psia (78.23 f t )

33.9 psia (78.22 f t )

32.8 psia (75.76 f t )

18.00 GPM

f S h ^ P 33.1 Psia (76.44

14.73 GPM

33.3 psia (76.37 f t )

» 0.299 ^ J 12.02 GPM

33.4 psia (77.16 f t )

9.72 GPM

33.5 psia (77.36 f t )

0.252 f 7.68 GPM

O 33.6 psia (77.49 f t )

5.78 GPM

33.6 psia (77.57 f t )

3.89 GPM

33.6 psia (77.60 f t )

1.96 GPM

• 33.6 psia (77.61 ft)

Fig. A.21. Flow and Pressure Profi le for 40% Flow.
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4.74 ft/sec

3.88 ft/sec

3.17 ft/sec

2.56 ft/sec

•
1.96 ft/sec

•
1.52 ft/sec

•
1.02 ft/sec

•
0.52 ft/sec

D

\
/
>

6.84
8.43
8.51

8.43
6.84

^6.27
6.99

>A
6.99 /j

•
4.72 ft/sec

•

3.88 ft/sec

•
6.27
5.33
5.92
5.97
5.92 yQ
5.33

.4.74
5.24
5.29
5.24

4.49
4.88
4.91
4.88
4.49
.4.44
4.83
4.91
4.83
4.44

4.47
4.98
5.00
4.98
4.47
4.51
5.04
5.12
5.04

3.17 ft/sec

•
2.56 ft/sec

•
1.96 ft/sec

•
1.52 ft/sec

•
1.02 ft/sec

•
0.52 ft/sec

4.51

Fig. A.22. Velocity Distribution for 40% Flow.
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34.7 psia (80.08 ft) H I

9.00 GPM

34.2 psia (78.98 ft)

34.6 psia (79.89 ft) • 34.3 psia (79.17 ft)

34.6 psia (79.77 ft) 34.4 psia (79.29 ft)

34.5 psia (79.68 ft) 4 psia (79.37 ft)

0.128

34.5 psia (79.62 ft) 34.4 psia (79.43 ft)

34.5 psia (79.58 ft) 34.4 psia (79.48 ft)

34.5 psia (79.56 ft)

34.5 psia (79.54 ft)

1.12 GPM

34.5 psia (79.54 ft)

0.133 f3.18 GPM

34.5 psia (79.50 ft)

34.5 psia (79.51 ft)

GPM

34.5 psia (79.52 ft)

Fig. A.23. Flow and Pressure Profile for 20X Flow.
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2.37 ft/sec

1.96 ft/sec

1.62 ft/sec

1.27 ft/sec

1.08 ft/sec

0.84 ft/sec

0.58 ft/sec

0.29 ft/sec

•

•

•

•

•

•

•

3.29
4.04

1,08

2.98
3.30

^3.32

• * «
3.30
2.98
2.52
2.76

? .19.

2.52

^2.28
2.46
2.48
2.46

2.28

2.25

2.38
2.39
2.38

2.25

^2.36
2.51
2.55

2.51
2.36

2.39

2.75
^2.76
2.75
2.39

2.58

2.1
2.93

2.1
2.58

2.76 y<77

\

2.37 ft/sec

D
I.96 ft/sec

•
I.62 ft/sec

•
I.27 ft/sec

D
I.08 ft/sec

•
0.84 ft/sec

•
0.58 ft/sec

•
0.29 ft/sec

Fig. A.24. Velocity Distribution for 20% Flow.
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Appendix B

Two-Phase Flow Instability in IPNS-1 Target

The IPNS-1 target is designed to operate with a total of 45-gpm cooling-

water flow and 35-psia system pressure. Each face of the eight discs con-

tains eight flow channels. The maximum flow in each target disc is estimated

at 5 gpm (15 ft/sec) channel velocity. Hydraulic calculations presented in

Appendix A provide information on the flow distribution in various size

channels and various flow rates to the target discs for normal operation and

accidental events. The f i r s t disc in the target, which sees the most

severe heat-transfer conditions, is used here for assessing two-phase flow

instability.

Based on the set of design calculations shown in Tables B.I and B.2 and

the equilibrium theory of Ishi i [B. I and B.2] together with the nonequilibrium

theory of Saha, I s h i i , and Zuber [B.3], the onset of the two-phase flow insta-

b i l i t y in the IPNS-1 target was investigated. I t is concluded from the calcu-

lations presented in this appendix that the IPNS-1 target w i l l have stable

coolant flow conditions under al l specified operating conditions.

According to the equilibrium theory of Ishii and Zuber, no significant

vapor generation starts until the liquid bulk temperature reaches the satur-

ation value, and beyond that, all the heat added to the system goes to gen-

erate vapor. In reality, however, due to a thermal-boundary layer near

the surface, significant vapor generation is possible, even i f the liquid

bulk temperature 1s below saturation. This, in effect, increases the length

of the region occupied by the two-phase mixture, but at the same time reduces

the local rate of vapor generation, because part of the heat added is used

to Increase the bulk temperature of the liquid. In the nonequilibrium model

this Important aspect of two-phase flow 1s Included, and i t allows the deter-

mination of the significance of thermal nonequilibrium in predicting the onset

of flow Instability.
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Table B.I Calculated Values of Physical Constants

Velocity
v, ft /sec

100%
40%
20%

Duct 1 Duct 2 Duct 3

11.
5.
2.

45
12
93

11
5
2

.26

.04

.88

9.
4.
2.

47
51
58

Hydraulic
Diameter

w + d 0.1111 in. 0.1111 in. 0.1042 in.
0.00926 ft 0.00926 ft 0.00868 ft

Length L,
I n .

Width
6, i n .

Depth
d, i n .

Flow Area
Ac, sq i n .

Reynolds Number

Re = 2^1 (at 100%

Re (a t 40% flow,

Re (a t 20% flow,

Re (a t 20% flow,

Prandtt Number

Pr at 120°F

Pr at 160eF

Pr at 259°F

flow.

120c

259°

160e

, 120°F)

•n
•F)

T)

4.01

0.5

0.0625

0.03125

17,325

7,747

10,545

3.64

2.535

1.39

3.

0.

0.

0.

17

7

10

85

5

0625

03125

,038

,626

,365

3.

0.

0.

0.

13

6

5

14

313

0625

0195

,432

,397

,040
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Table B.2 Calculated Values of Physical Constants

Duct 1

0.0276

Duct 2

0.0288

Duct 3

0.0331

Heated
perimeter, in .
e = 2(w+d)

Friction Factor
f 0.184s" iF*
Two-phase
flow fr ict ion
coefficient

C m

AP =

AP = K o p V |

1.125

0.02711

0.02722

0.2722

0.02855

0.02855

1.

0.

0.

5-2

25

5

1.

0.

0.

5-2

25

5

1.

0.

0.

5-2

25

5

1. Instability Criteria due to Ishii Theory

Thermal equilibrium is given by

and the characteristic frequency of the phase change is given by

a =
PgPf

where

and

Ac^fg/ypgpf

q^ = heat flux, Btu/hr f t 1 ,

Ac = flow area* f t 2 ,
= latent heat of vaporization, Btu/lb,

P f = density of liquid, lb / f t3

pg = density of vapor, lb / f t 3

Ap = density change, lb / f t 3

e = heated perimeter, f t .

(B.I)

(B.2)
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As shown In Table B.3, the calculated values of the characteristic f re-

quency a are so small that the expected oscillations ( i f any) in the IPNS-1

target wi l l be "Density Oscillations" or "Void-Fraction Oscillations." These

types of oscillations are commonly encountered in two-phase media and post no

hydraulic-instability problems. Flow excursions are possible, however, when

the characteristic frequency is high. The criterion for instabi l i ty in a

two-phase medium as given by Refs. Bl and B2 is

N Ap

where N . = subcooling number,

= if.sat-i i = Cp (Tsat - Tj),

(B.3)

(B.4)

Table B.3. Two-Phase Flow Physical Properties

Duct 1 Duct 2 Duct 3

Two-Phase Flow Friction Factor
fm e Cmfs

Liquid Bulk Temperature

Duct Wall Temperature at
Centerline

Density of Steam
og, l b /c f t

Density of Liquid
p f , l b /c f t

x = Ap

PfPg

Characteristic Frequency
n = xrg

Density Ratio

0.05156

120°F

272°F

0.085

61.71

11.746

3.33

0.00137

0.05276

120°F

232°F

0.085

61.71

11.746

3.7

0.00137

0.05322

120°F

166°F

0.085

61.71

11.746

1.76

0.00137
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Phase-change number

N , - q " e* &P . (B.5)

where several terms are defined in Table B.3 and B.4. The cr i ter ion

of s tab i l i t y is [B l , B2].
f s Cm A

2 Ki + "Tf i* - + K
e (B.6)

pch sub ̂ > i f _ C
1 + 7 T T F + 2Ke

From Table B.2 computations,
f C

2 Ki + - I - J J + 2K

pch sub , f c
i + * s m . ?w

7 2 D* e

<"• Npct. " N sub< ^ ^

(1.74 + NSub) (B.8)

Table B.4. Heat Transfer Properties

Surface Tension a, l b / f t
Standard gravity gc, ft/sec2

Local gravity g, ft/sec2

Liquid-vapor enthalpy difference
hfg, Btu/lb.

Liquid heat capacity cf, Btu/lb'F
Heat flux, (q/A)

Boiling
BTU/hr in . 2

(q/A)
Conv.,
Btu/hr in . 2

qJJ, Btu/hr i n . 2

Duct 1

3.65 x 10-4

32.174

32.2

1.0

580

of Fluid

Duct 2

3.65 x 10-4

32.174

32.2

939.2

1.0

Duct 3

2.65 x 10-4

32.174

32.2

939.2

1.0
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The cr i ter ion of s tabi l i ty defined above 1s applicable to large subcooling

numbers. From Table B.3, the calculated value of ft Is 3.33. From Table B.5,

the calculated value of Nsub = 108. From Tables B.4 and B.5, calculations

of the phase-change numbers show that for each of the ducts at the three flow

conditions in Table B . I ,

( B - 9 >

and the system is stable as long as the right-hand side of inequality B.6

is positive. As long as inequality B.9 is sat isf ied, the assumed values

in inequality B.6 do not create a problem. Hence, i t is not necessary to

calculate the two-phase flow pressure drop in order to predict a better

value of two-phase f low-fr ict ion coeff ic ient . The length of the nonboiling

region is given by

= 1 = Jsuj . 1#579

2. Instability Criterion due to Saha Theory
According to the nonequlibrium model,

» • « »

where

PE <_

and

Pe >

for

7U000

Ai =

70000

Ai =

ii

q I
0.0022 w

qw
154 T ^ .

DH
Kf

(B.ll)

(B.

From Table B.5, the Peclet numbers in all ducts are greater than 7000;
therefore Eq.. B.12 Is applicable.

Since Ai S U D = 140 from Table B.5 and the calculated value of
is much smaller,
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Table B.5. Two-Phase Flow Properties

Duct 1 Duct 2

Cp, Btu/lb°F

Aisub» Btu/lb =

cp Tsat-T1

Nsub
Aisub Ap
Al fg pg

qw

Npch = Ac

Kf, Btu/hr ft °F

Ai f g

Ap
pgpf

1.0

140

108

1 . 8 8 *

0.370

1.0

140

110

0.370

Duct 3
1.0

140

108

1.97 £ 1.765 *

0.370

_ PfVfDHCp
Kf

Nonboiling length

x* = L - ^
* Npch

82300 73121 69971

Therefore the boiling boundary (the point where significant vapor generation
starts) is given by

_
A s ub-

= 94,

and

Since

Nsub>Nsubcr'

the system Is stabilizing.
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Thus the stability of the IPNS-1 system has been demonstrated based on
equilibrium as well as nonequlibrium theory. However, the calculation of
the nonboiling length (.*) indicates that Ishi i 's criterion is more reason-
able to apply; this is the case for large subcooling numbers.

Limitations of the Application

1. Boiling heat-transfer calculations are based on averaging heat-
transfer coefficients calculated in two zones of the surface
and are believed to be conservative.

2. Ishi i 's criterion as applied here is I tself considered conservative.

3. Two-phase flow pressure drop was not calculated. Rather, a reason-
able two-phase frict ion coefficient of 2 was assumed.

Conclusions and Recommendations

Based on the calculations presented in Tables B.1-B.5, Ishi i 's criterion
establishes the stability of the IPNS-1 target coolant flow by a margin of
at least 1.59:1. As a result, no flow oscillations are expected. The indi-
cated margin of stabil ity can be greater i f some undue conservatism is removed
from the boil ing-heat-transfer calculations.

Ishi i 's work indicates that any increase in the frictional pressure
drcp in liquid region has a stabilizing effect, whereas the increase in
the two-phase region has a destabilizing effect. When the channel geometry
is fixed, an increase in the inlet velocity has a significant stabilizing
effect for a given heat flux. On the other hand, increased heat flux always
results in a smaller stabil ity margin or greater flow instabil i t ies. An
increase in the system pressure is a stabilizing effect in terms of improved
quality, since at higher pressure the density change due to phase change is
less significant. The effect of parallel channels is generally stabilizing
compared with that of an identical single channel. Unless all channels are
oscillating in phase there wil l be a damping effect of one channel with
respect to others.
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Appendix C. Heat-Transfer Coefficients

1. Zing-P' Target

The Zing-P, uranium target is cooled by four paral le l , helical flow

channels each measuring 1/8 x 1/4 i n . (see Fig. 3.1). The design flow

rate in the Zinq-P' tarqet is 10 gpm, which corresponds to a channel

velocity of 25.67 fps in each channel. The minimum operable flow rate

is designed to be 3 gpm.

The convective heat-transfer coefficient may be estimated using the

Dittus-Boelter correlation [C. 1] which, for the special case of water,

may be expressed in the temperature-dependent form.

h = 0.0107 ( t + 100) v0-8/n0.2 Btu/hr in.2 °F, (C.I)

Where t(F°) is the average f i lm temperature ( t j ^ i k + t w a n ) / 2 , D is the

hydraulic diameter ( i n . ) , and V is the flow velocity ( fps).

In the present case, the equivalent hydraulic diameter is 1/6 i n . ;

hence, for 10 gpm flow to the target and assuming t f - j ]m = t ^ i ^ = 86°F,

h = 0.0107 (186) (25.67)0-8/(1/6)0-2.

= 38.2 Btu/hr-in.2-°F.

From the computed Zing-P' temperature distributions (see Figs. 5.2

and 5.3), the cooling channel wall is essentially held at the f l u id bulk

temperature. The target temperatures are thus expected to be largely

insensitive to the flow rate (or convective coeff ic ient), provided the

flow is adequate to maintain the wall temperature near the bulk temper-

ature. This has been confirmed by computation for the 3-gpm case (h =

14.6 Btu/hr in . 2°F) , where i t is found that the peak temperature di f fers

by only 1% from the 10-gpm result.

2. IPNS-1 Target

Because of the higher proton beam power density used with the IPNS-1

target as compared with ZING-P1, the f i lm temperature 1s not equal to the
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bulk coolant temperature as in the Zing-P, case. As a result, the IPNS-1
target temperatures are sensitive to flow variations. Moreover, since the

f i lm temperature is not known in advance, an i terat ive approach is necessary

to compute a thermally consistent convective coefficient.

2.1 One-Convective Zone Model

In the one-zone model, the average film temperature can be deduced

from the target energy deposition rate.

From Table 5.3, the energy deposition rate for a 1-uA beam at the

target face is 121.2 W/in. target thickness. For a l. l-in.-thick target

disc, the total power is thus

121.2 x 1.1 = 1 . 3 3 . 3 W
= 455 Btu/hr.

At fu l l beam power (22yA) and applying the 1.7/1.1 correction factor developed
in Sec. 5.2,

P = 455 x 22 x 1.545 = 15470 Btu/hr.

The area of the two-target disc faces is

2 x u(2.06)2 = 26.66 in.2,

hence, the average heat flux through the face is

q" = 15470/26.66 = 580 Btu/hr-in.2.

Since q = hCt^-n - t ^ i ^ ) , the average wall temperature (°F) may be

computed from

av9- twall = ft + *bulk = ^ p +120 (°F), (C.2)

and the average film temperature obtained from

= 290 + 1 2 O ( F ° ) , (C.3)

where h is the effective zone convective coefficient in units of
Btu/hr-1n.2-°F.

Given an Init ial estimate for the film temperature, the convective
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coefficient h is evaluated from Eq. C.I. The resulting h value is substi-

tuted into Eq. C.3 to compute an improved estimate of the film temperature,

which in turn is used to recompute h. The iterative process is repeated

until h and tfjim converge to thermally consistent values.

The quantity \I0.8/Q0.2 in Eqo c.l represents an averaged value
over the face of the target and is computed by summing the values of
\/0.8/D0.2 for each channel, weighted by the ratio of the channel area
to the target face area.. Tables C.I and C.2, respectively, summarize the
averaging procedure and the iterative computational scheme to compute h,
for the five and seven channel cases. Channel areas for the two channel
geometries in the one-zone model are summarized in Fig. C.I.

2.2 Two-Convective-Zone Model

In the two-zone scheme, the target disc face is divided into two
concentric regions: an inner circular zone of 1-in. radius, and the re-
maining annular-shaped outer zone (see Fig. C.2). A separate convective
coefficient is computed for each zone, based on the averaged channel proper-
ties and film temperature for the zone. Again, the average film temperature
of each zone is not known in advance; hence, an iterative procedure is re-
quired to compute h. Unlike the one-zone case, however, an analytic iter-
ative procedure is not possible, since the heat flux in each zone is unknown.
It is therefore necessary to initially assume values of h for the inner
and outer zones, compute the corresponding target temperature distributions,
and reevaluate the zone-convective coefficients. A second and possibly
third iteration is usually necessary to converge to acceptably consistent
zone film temperatures and convective coefficients.

The next several pages present two-zone convection coefficient calcu-
lations for the full- and reduced-flow cases, based on the final (converged)
average film temperatures.
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Table C. I . Five-Channel Geometry; One-Convective-Zone Model

Duct 1 Duct 2 Duct 3

1)
2)
3)

4)

5)

6)

Velocity V, ft/sec

Duct area, in. 2

Face area, in.2

Duct area/Face area

Hydraulic dia D, in.
v0.8/rj0.2

11.45

2.0550

13.33

0.15416

0.1111

10.912

11.26

3.9140

13.33

0.29362

0.1111

10.767

9.47

2.0112

13.33

0.15088

0.1042

9.4953

V 0 . 8 / D 0 . 2 = Eductslitems 4) x 6) | = 6.2763, or

h = O.OlO7(tfiim + 100) x 6.2763 = 0.06716 ( t f i i m + 100)

Using as a f i r s t estimate t f i i m = tt>uii< = 120eF, we compute a f i r s t

estimate of

h = 14.775. From Eq. C.3, a revised f i lm temperature is computed:

t^ lm=14T775 + 12° = 1 3 9 - 6 3 ° F -

The entire iteration procedure to convergence is illustrated below:

Iteration
1

2

3

4

5

Film temp,°F
120

139.63

138.02

138.14

138.13

h
14.775

16.09

15.985

15.99

15.99 h = 16.0 Btu/hr in.2°F
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Table C.2. Seven-Channel Geometry; One-Convective-Zone Model

Duct 1 Duct 2 Duct 3

1) Velocity V, ft/sec

2) Duct area, in.2

3) Face area, in.2

4) Duct area/Face area

5) Hydraulic dia D, in.

6) vC

* d u c t s {items 4) x 6)} = 5.6160, or

h = 0.0107(tfiim + 100) x 5.6160 = 0.06009 (tfi im + 100)

Duct 4

13.2

2.0550

13.33

0.15416

0.1111

12.227

13.2

1.9312

13.33

0.14488

0.1001

12.485

13.2

1.2100

13.33

0.090773

0.09384

12.647

13.2

0.8161

13.33

0.061223

0.09384

12.647

Iteration

1

2

3

4

5

Film temp,°F

120

141.94

139.95

140.11

140.10

h
13.22

14.54

14.42

14.43

14.43 h = 14.4=14.4 Btu/hr in.2°F
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Table C.3. Five-Channel Geometry; Two-Convective-Zones, Full-Flow Model

1) Velocity V, fps

2) Duct area, i n . 2

3) Face area, i n . 2

4) Duct area/Face area

5) Hydraulic dia D, i n . 0.1111
6 ) Y0.8/D0.2

Inner

Duct 1

11.45
0.9895

3.1416
0.31497
0.1111

10.912

Zone

Duct 2

11.26

1.5140

3.1416
0.48192
0.1111

10.767

Duct 1

11.45
1.0655

10.190
0.10456
0.1111

10.912

Outer Zone

Duct 2

11.26
2.4000

10.190
0.23553
0.1111

10.767

Duct 3

9.47

2.0112

10.190
0.19737
0.1042

9.4953

<Jo.8/DO.2X s d u c t s | i t e m s 4) x 6)} = 8.6258 (inner zone), 5.5510 (outer)

h Inner zone

a v9 Twall = 180. hence tfilm = (180 + 120)/2 = 150°F

h = 0.0107 x (150 + 100) x 8.6258 = 23.1 Btu/hr in.2

h Outer zone
av9 T w a l l = 150, hence t f 1 1 m = (150 + 120)/2 = 135°F

h = 0.0107 (135 + 100) x 5.5510 = 14.0 Btu/hr i n . 2



Table C.4. Seven-Channel Geometry; Two-Convective-Zones, Flow Model

1)
2)

3)

4)
5)

6)

Velocity V

Duct area,

Face area,

, fps
in.2

in.2

Duct area/Face area

Hydraulic
V0.8/Q0.2

dia D, in.

Inner

Duct 1

13.2

0.9895

3.1416

0.3150

0.1111

12.227

Zone

Duct 2

13.2

0.6936

3.1416

0.2208

0.1001

12.485

Duct 1

13.2

1.0655

10.190

0.1046

0.1111

12.227

Duct 2

13.2

1.2376

10.190

0.1215

0.1001

12.485

Outer Zone

Duct 3

13.2

1.2100

10.190

0.1187

0.0938

12.647

Duct 4

13.2

0.8161

10.190

0.0801

0.0938

12.647

.8/n0.^= s d u c t s | i t e m s 4) x 6)} = 6.6082 (inner zone), 5.3101 (outer)

h Inner zone

a v9 Twall = 200°F, hence t f i l m = (200 + 120)II = 160°F

h = 0.0107 x (160 + 100) x 6.6082 = 18.4 Btu/hr in .2

h Outer zone

av9 ^wall s 150°F, hence t f 1 1 m = (150 + 120)/2 = 135°F
h = 0.0107 (135 + 100) x 5.3101 = 13.4 Btu/hr in.2°F
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Table C.5. Five-Channel Geometry; Two-Convective-Zones, Flow Model (40* flow)

Inner Zone

Duct 1

1) Velocity V, fps 5.12

2) Hydraulic dia D, i n . 0.1111

3) V0.8/D0.2 5.7316

4) Duct area, in.2 0.9895

5) Zone area, i n . 2 3.1416

Duct 2 Duct 1

Outer Zone

Duct 2 Duct 3

5.04

0.1111
5.6598
1.5140

3.1416
0.48192

5.12

0.1111
5.7316
1.0655

10.190
0.10456

5.04

0.1111
5.6598
2.4000

10.190
0.23553

4.51
0.1042
5.2453
2.0112
10.190
0.19737

= s d u c t s {items 3) x 6)} = 4.5329 (inner zone), 2.9676 (outer zone)

hc = 0.0107 t w a 1 1 + t b u 1 k + 100<$0.8 /D0.2>

The inner zone is the central area with a 1-in. radius and the outer zone

is the area surrounding this central zone. The bulk temperature t ^ - j ^ is

assumed to be 120°F, but iterations are required to determine the wall

temperature. Only the results of the f inal i terat ion are given in the

following.

Inner Zone. After i terat ing, the average wall temperature for the inner

zone is obtained as t ^ n = 230°F (Max. Twan = 259.5°F). We then get

h = 13.19 Btu/hr-in.2°F.

Outer Zone. After iteration, the average wall temperature for the outer
zone is obtained as t ^ i = 174°F. Hence,

h = 7.81 Btu/hr-in.2eF.
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2.3 Five-Channel Geometry; Two-Convective Zones, Reduced Flow Model (20% Flow)

The area is divided into two zones. The inner zone is the central
area with a 1-in. radius, and the outer zone is the area surrounding this
central zone. The objective here is to study the flow boiling in the
central zone and compare the heat flux to the crit ical heat flux. The
boiling process may be classified as either pool boiling or flow boiling. Pool
boiling involves natural convection, and the formation of vapor is due to
heat added to the liquid by a surface in contact with or submerged within
the l iquid. Flow boiling involves forced convection and is applicable to
our case.

Both pool boiling and flow boiling have nucleate boiling and film
boiling regimes and a transition zone from nucleate to stable film boiling.
Different correlations must be used in the nucleate-boiling and film-boiling
regimes.

For nucleate flow boiling, as long as the liquid wets the wall, the
empirical equation of Davis and David [C.5] may be used. This equation is
given by

Ln o . 0.28 nrv 0.87

where x is the quality. Another correlation for nucleate flow boiling is that
of Chen [C.2]. For fi lm flow boiling, Bromley's correlation [C.2] is recom-
mended. All the flow boiling correlations require knowledge of the quality or
void fraction, which is not available in our case unless the two-phase flow-
conservation equations are solved. Hence, the procedure followed here is
given below.

I t 1s assumed that the heat flux is less than the critical value, and
hence nucleate flow boiling exists. Whether this assumption is satisfied
is verified later. Following the method of Rohsenow [C.3], the total heat
flux is separated Into two parts, one a boiling flux %/k and the other
a corrective flux qc/A. Then the total heat flux is given by

fltotal = <1c + %» i .e . , h = hc + ht>.
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For the convective coefficient hc, the Dittus-Boelter [C.I] cor-

relation is used. This correlation is given by

Nu = 0.023Re°-8Pr0-4.

For water, the physical properties may be combined into one temper-

ature-dependent expression as

hc = 0.0107 (JwaJML+Jbulk_\ + lfJQ vOJJ Btu/hr-in.2°F,
\ z / D0-2

where V is in ft/sec, D is in inches, and the temperature is in °F. I t

is assumed that in the central zone, t ^ - j ^ is the saturation temperature

Ts of water at a pressure of 35 psia 1%^ = Ts = 259°F).

To obtain the boiling flux, the nucleate pool boiling correlation is

used. This correlation is given by Eq. (C.5)

qb / C£AT \ 3 - 0 3 9(p t - Pv)

T •

where the properties evaluated at 259°F are given in the following:

C = specific heat of saturated l iquid = 1.0165 Btu/lb °F,
x> ' i l

AT ••- Tw - Ts, where Tw and Ts are the wall and saturation temperatures,

CSf = empirical constant, which depends upon the nature of the
heating surface-fluid combination

= 0.0132 for water on mechanically polished stainless steel,

Hfg = latent heat of vaporization = 939.2 Btu/lbm

Pr£ = Prandtl number of saturated liquid = 1.39,

H = viscosity of l iquid = 0.542 lbm /hr-f t ,

g = gravitational acceleration = 32.3 ft/sec2,

gc = conversion factor = 32.2 lbm f t / l b f sec2,

Pl = density of saturated liquid = 58.514 lbm / f t3 ,

pv = density of saturated vapor = 0.084 lbm / f t3 ,

and

a = surface tension of l iquid to vapor interface

= 35.95 x 10-4 l b f / f t .
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Hence, we obtain

% / 1.0165 AT V O 3
= (0.0132 x 939.2 x 1.391- / ( 0 , 5 4 2 X 9 3 9 , 2 )

x Z32.2 (58.514 - Q.084)\1/2

\ 32.2 x 35.95 x 10"4 /

= 6.0855076(Tw - T s ) 3 , 0 3 B tu /h r - f t . 2

= 0.0422605(Tw - T s ) 3 ' 0 3 B t u / h r - i n . 2

The area A i n the foregoing equation is the area of ducts 1 and 2 in the

inner zone ( i . e . , A = 2.5035 i n . 2 ) . However, the to ta l area of the inner

zone is 3.1416 i n . 2 . Hence, fo r the inner zone

h qb 2.5035
" (Tw - Ts) 3.1416

= 0.033677 (Tw - Ts) 2.03 B tu /h r - i n . 2 °F ,

where Ts = 259°F and the wall temperature Tw is not known and is to be

determined i t e r a t i v e l y . The determination of hc is given in Table C.6.

3. Blocked Center Channel Accident

This accident condit ion assumes no coolant in the hot test (center)

channel of the five-channel geometry. The ca lcu la t ion uses essent ia l ly

a three-zone model, with the convective coe f f i c i en t set to zero in a

0 .75- in . -d ia . c i r c l e centered in the disc face (see F ig. C.3). The c a l -

cu la t ion of zone convective coef f ic ients for the blocked center channel

case i s summarized in Table C.7.

For c r i t i c a l heat f lux in flow b o i l i n g , the Westinghouse cor re la t ion

and the General E lec t r i c corre la t ion are ava i lab le , but they require know-

ledge of qua l i t y that i s not avai lable i n our case. Lowdermilk, Lanzo, and

Siegel [C.3] reported measurements of burnout heat f luxes fo r water at pres-

sures between 1 and 7 atm i n tubes of 0.051 to 0 .68- in . diameter, length- to-

diameter ra t ios 25 and-250, and ve loc i t ies of 0.1 -98 f t / sec . I n le t condi-

t ions ranged from a l i q u i d subcooled 140°F to a saturated l i q u i d . Burnout

heat f luxes were observed in the range between 1 x 106 and 13 x 106 B t u / h r - f t 2 .
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Table C.6. Five-Channel; Two-Convective Reduced Flow Model (20% flow)

Inner Zone Outer Zone

Duct 1 Duct 2 Duct 1 Duct 2

V0.8/D0.2 = ̂ ducts (items 3) x 6)} = 2.8983 for inner zone

= 1.897(5 for outer zone

Duct 3

1)

2)

3)

4)

5)

6)

Velocity,

Hydraulic

V0.8/D.0.2

Duct area,

Zone area,

Duct area/

V, fps

dia D, in.

in2

in2

zone area

2.93

0.1111

3.6673

0.9895

3.1416

0.31497

2.88

0.1111

3.6172

1.5140

3.1416

0.48192

2.93

0.1111

3.6673

1.0655

10.190

0.10456

2.88

0.1111

3.6172

2.4000

10.190

0.23553

2.58

0.1042

3.3552

2.0112

10.190

0.1973

= 0.0107 100 V0.8/D0.2

Inner Zone. After i te ra t ing, the average wall temperature for the inner

zone is obtained as t ^ n = 290°F. Since %u-\\^ is assumed as saturation

temperature of 259°F, we obtain

hc = 11.6 Btu/hr- in.2°F.

hb = 35.9 Btu/hr-in.2°F.

and h =hc + hb = 47.5 Btu/hr in.2°F

Outer Zone, for this zone is assumed as 160°F and boiling heat

transfer is not considered. After iterating, we obtain ty,an = 233°F.

Hence,

h = hc = 6.0 Btu/hr in.2°F.
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Inner zone:

r = 0.375

Middle zone:
r = 1 in.

Outer zone:

\ .

h = 0

\

Total zone area = 0.4418 in.2

Channel area = 0.3450 i n . 2

Total zone area = 2.6998 i n . 2

Center channel area = 0.6445 i n . 2

Next channel area = 1.5140 i n . 2

Same as two-zone model.

Fig. C.3. Blocked Center Channel Case;
Three-zone Geometry.
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Table C.7. Seven-Channel; Blocked Center Channel

1)

2)

3)

4)

5)

6)

Velocity,

Duct area,

Face area,

2) 3)

Hydraulic

v0.8/oO.2

V, fps

in.2

in.2

dia D,

Duct

0

-

-

-

in. -

0

Middle

1

Zone

Duct 2

11.81

1.5140

2.6998

0.5608

0.1111

11.185

Duct 1

0

-

-

-

-

0

Outer Zone

Duct 2

11.81

2.4000

10.190

0.2355

0.1111

11.186

Duct 3

10.02

2.0112

10.190

0.1974

0.1042

9.9339

= Z d u c t s ( i t e m s 4) x 6)} = 6.2731 (middle), 4.5963 (outer)

h inner zone

h = 0

h middle zone
a v9- Twall = 200> t f i lm = (200 + 120)II = 160

h = 0.0107 x (160 + 100) x 6.2731 » \J_

h outer zone
a v9- Twall = 1*7, t f f im = (147 + 120)/2 = 133.5

h = 0.0107(134 + 100) x 4.5953 = 11.5
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Their correlation is as follows:

/ \ 270G ° - 3 5 (l\2

DO M 0.8S
1 5°

M = *?»»" n- for 150 G/I^l 10,000,
\A/cri t DO-2 A \ 0.15 \U/

where / p \ i s the crit ical heat flux in Btu/hr f t 2 , D is the inside

Went
diameter in feet and G is the mass flux in lb/hr- f t2 . For the central
duct, letting L = 2 i n . , D = 0.1111 i n . , and V = 2.93 for 20% flow, we
get

nJi\2 2.93 x 3600 x 58.514

Hence, the correlation we use is

= 1400 G ° - 5 .
fcril 0*3-^5

Hence, for the central duct v:2 obtain

Ic\ 1400 G 0-5
W c r i t f0 - l l l l \0 .2 I 2 \0.15fO.llllV

\ 12 /

= 2,314.9 G0.5

where G = pV, lb/hr-f t2

Using the corresponding values of densities and velocities for the
central duct in the inner zone, we get the following results:

Full flow: [ | J c r 1 t = 3.6925 x 10̂  Btu/hr ft2 = 25,643 8tu/hr. in.2,
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Fig. C.4. Critical Heat Flux in IPNS-I Target with Reduced Flows.
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Forty-percent flow: M H c r 1 t = 2.4692 x 106 Btu hr f t 2 =
17,147 Btu/hr in.2 \ /

Twenty-percent flow: JS-) .

12,629 Btu/hr in.2 ^ '
= 1.8186 x 106 Btu/hr f t 2 =

These values of the c r i t i ca l heat flux are considerably higher than
the maximum heat flux for a l l flow conditions. These results are shown in
Fig. C.4.

The c r i t i ca l heat flux in flow boil ing is shown in Fig. C.5. I t is noted
that jj. ranges from 1 x 106 Btu/hr f t 2 to 13 x 106 Btu/hr f t 2 depending upon
the subcooling and flow velocity. For our case, the velocity is 2.93 ft/sec
and the c r i t i ca l heat flux is about 1 x 106 Btu/hr f t 2 . For the central zone,
the maximum heat flux is

lf\= 1942.3 Btu/hr i n . 2 = 0.279693 x 106 Btu/hr - f t 2 .

Since this flux is less than the c r i t i ca l f lux, i t is confirmed that any
boil ing is nucleate boi l ing.

Fig. C.5
Typical boiling data for subcooled
forced convection—heat flux vs.
temperature difference between
surface and f lu id bulk [C.4].
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Appendix D. Materials Physical and Mechanical Properties

1. Uranium
a. Melting point - 2066°F

b. Allotropic structures
Orthohombic U ) . <1222°F
Tetragonal (e), 1222 to 1416°F
Body-centered cubic (Y), >1416°F

c. Heat Capacity, C
0°F 200°F 400°F 600°F 800°F

(Btu/lb.-°F)
0.0270 0.290 0.0313 0.0340 0.0371

d. Thermal conductivity, K
0°F 200°F 400°F 600°F 800°F

(Btu/hr • cm«°F)
1.217 1.292 1.383 1.496 1.625

e. Modulus of elasticity, E

E(psi) = 29.04 x 106 - 1.08 x 104 T°F

f. Poisson's ratio, v
v = 0.2087

g. Shear modulus, G *

G (psi) = 12.01 x 106 - 4.48 x 103 TeF

h. Density, p

p(lb/1n.3) = 0.6902 - 2.203 x 10"5 T°F

i. Thermal expansion coefficient, a

a (1n./1n.-°F) = 8.17 x 10"6 + 1.7 x 109 T

j. Tensile properties

Temperature Yield Strength Tensile Strength
(°F)
70

700

(ps1)
48,400
21,300

(psi)
123,000
31,400

* G - E/2 (1 + v)
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2. Zirconium

a. Heat capacity, C
C(cal/g/'C) = 0.070 + 3.6 x 10"5T

b. Thermal conductivity, K
K(Btu/hr. in. °F) = 8.0 + 0.0032T

c. Modulus of Elasticity, E

E(psi) = 13.9 x 106 (70'F)

d. Poisson's ratio, v
v = 0.33

e. Shear Modulus, G*

G(psi) = 5.24 x 106

f. Density, p

P(lb/in.
3) = 0.23

g. Thermal expansion coefficient, a
a(in./in.-°F) = 3.19 x 10-6 + 17#0 x

*G = E/2 (1 + v)
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3. Z i r ca loy -2*

a. Heat capaci ty , C
O'F 2OO°F 400eF 600'F

(Btu/lb-°F)
0.0695 0.0748 0.0785 0.0810

b. Thermal conductivity, K
K(Btu-hr.in..°F) = 8.0 + 0.0032 T

c. Modulus of Elasticity, E
E(psi) = 14 x 106 - 5.5 x 103 T°F

d. Poisson's ratio, v
v = 0.31

e. Shear modulus, G**

G(psi) = 5.344 x 106 - 2.107 x 103 T°F

f. Density, p
p(lb/in.3) = 0.235 - 3.72 x 10~6 T°F

g. Thermal expansion coefficient, a
o(in./in.-°F) = 3.11 x 10"6 + 9.5 x 10-l°T

* Z1rcaloy-2 1s a zirconium alloy containing 1.2-1.7 vt% Sn and a total Iron,
chronium, and nickel content of 0.18-0.38 wt%.

**G = E/2 (1 + v)
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