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X. introduction

7) ATIONTEST--
-29

la order to evaluate the behavior of an APPR type absorber rod, aa

irradiation teat progrem han been establshrd. The program presently is

being operated under two MTR irradiation requests, ORNL MH*-26, Phase 
IC1) ana and ORL MrR-2963.

The ORNL MTR-28 Irradiation Test Program conists of in-pile test-

lag of minimture control rod samples in order to determne radiation

damnge as a function of boron-10 burn-up. la Phase X five (5) samples

have been prepared with boron loeding comparable to that specified in the

APPR-1 control rods. In Phase II too (2) e—pl ne have been prepared vith

approximately 605 and 2 samples vith approximately 1205 of the APPR-1

design boron loading. Approximately 21 more sazples are planned for

testing under thin request.

The GKKL MTR-29 Irradiation Request propone n testing a full nite

APPR-1 type control rod in the m. the objective of the test in to

better evaluste the neutron absorbing material proponed for the AFPR-I

control rod. Of specific interest in this test is determining vhether

l. ORXL CF 56-6-173, Weill, P. H. and C. F. Leitten, Jr., 
MIR-28.June27.1

2. CRIL CP 56-9-118, belttea, C. F-, Jr-, ____
September >

3- ORB. CP 56-9-79, Leitten, C. F., Jr., FabyicntionofAPRType 
Control Rod in the RTF, Wept eager 21, 1956.
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or not there are any 11*1tin* differences la operstional b wheel or

or dimensional stabilty to that of the irradinted mininture sample.

Thle report will cover thia testin* progrem.

The change in rod worth of the APPFR-1 boron absorber rod and the MTR

cndmium absorber rod an a function of tine haa been investigated by

Gross and Belli The conclumion of this study was that the APFA-I

type rod could he expected to be at leant equsl if not better than the

cadlum MX* type rod la attenmtion of theme 1 neutrons over the

performance life of the rod.

II. P**1CT Fabrication

The control rod which has been prepared, has been designed la accord-

ance with APPR-1 control rod specifications. Ia order to adapt the

control rod for use la the MHI ia a fuel shin rod poaition, the t-rn***

of the active absorber section wee increased to 30~3/4 la. The only

significant dmensional dfference between the cadmium wad boro* nection

is la thickness. The boron section has a total thicknens of 0.136 la.

r nope red to the 0.080 la. thickness of the radnim section. The boro*

section la composed of 0.033 1». stanless steel clad plates and a 0.090

la. com if on* taeed of enriched boron 1O dispersed la electrolytic iron.

ORNIL CF 56-5-6, Gross, B. S. and F. I. Belli, Test of AFT* Type 
Control Bod 1* Mw RTF, May 1, 1936.
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The boron control section after fabricntion vu placed in en MTU

•bin rod alumimam extrusion bousing. The upper section and an MTR shim 

rod fuel sertion was then attached by velding, after vhich the lower

•action vas sttached to the fuel section.

The detalled fabricmtional procedure and design of the rod baa been 
prevously reported by Leitten5).

III. Beat OoMratloa La

Mhen in-pile, there vill bo too sources of boot generation in the

boron absorber cecton. One source arises from the ezothermic reaction 

of a boron-10 atom absorbing a neutron. Thia reaction la expressed by

the folloving equntion:

*
Ee“ ♦ La7 ♦ 2.792 Mee (1)

The other nource arises from 6amma hesting or the material to •

function of the notorial location in tbe reactor.

In order to Oof omino the ■nn—M heat generation contribution from 

the neutron boron 1O reactton, the no rl non (n-B°) reaction rate munt bo

etermined. To make such a determination, the folloving assumptions

mre made:

5. ORAIL CF 56-9-79, Leitten, C. P-, Jr-, Fabrication of Affl Troe 
Control Mod La LM September Bl, 1956.
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1. The boron mhim rod will be Blmced- la fuel-ehim pealtian 
s.R.3‘6), between fuel peal tinea c-23 ana -25.

t. The boron mhim rod Mill at start of resctor llf* be required 

to control B excesa maltipi leation of the renctor when the

power level isatkoM.

5. all neutrons resulting from Um 8s excess multiplcation
Min be absorbed by the boron ahm rod.

h. The mumber of nutron-boron-10 renctions ar* equnlly divided

mmong each of the 4 plntes in the rod and that the mumber of

renctions vhich occur per plate ar* dtvide equmlly on esch

•id* of the plat*.

5. The rencton mt* along the length of the plat* surface La

proportional to the fluz la en adjacent fuel ponition

6. TH* shi= fuel rods are ganged and ar* at a level or 1 la. belov

the cor* centerline vhen the reactor initially marbo fan power.

7. The flux distribution does not change vith power level.

The maximum flui that the shim rod win ba in, win ba the flux at

the tip of the rod when the renctor initially ma ch** fall power.

Therefore, the a* Tina* mt* of reaction win oce r at the shim tip

6- IDO-1604T, Bright, G. O. and Sehroeer, r., Neutron Mux Detributzons
la -ta* MPKrl*4 Tertian Reactor, Fort l, p. 9. February 15, 195™
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d- •
Am the reector lol 11*1 Ur reaches a power Irrel of M> No. Thia 

reaction rate om the oattre roa Let

M> No * 106 u/es x 0.08 * 3.1 x Eieeige x 2.5 n/risston

• 1 2.8.1017 (n-b10 sec
The resction rste per shim surface is:

a IO17

surface
, , ,,163.1 X 10 ...sec murface

The reaction rate of the rod surface is considered yr open tlooal

to the flux 1* an adjacent fuel position. Shewn la Fgure 1 1> a plot

of the relative activity obtained by a flax measurement of position 
(7)C-25°"‘, an M—> adjacent fuel position of the shim rod.

en >
A ■ - 2up

Or - - - m>

• ©4

I
A5 2 9 5 E

» w4 e»

s=4 
$ 
JI

Vertcal Core Length (I)

1 0
i
$, 

ReactorFisure i
Core Position c-25

Relatve Activity Vo. Vert 1 eel Core Length

—Q

initial
Shim Tip
Level at 
Full Pover

— • -

N

i

s — - W

4------ ------- - -  
5 h 3 2

7- IDO-1604T, Bright, G. O. and F. Schroeder, Neutron Mlux Distributionm •
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Here it is mssumed that the neutron-boron- 10 remctioms take place

only on that portion of the rod vhich la la the active com. Considering

the relmtive activity aa a stralght line function of the rod length, the

reectiom rate at the tip in expressed by:

n-B1O 
aac la.

—10
IAv (2)

nec in. Max

I la equnl to the relmtve activity. The maximam resction

mt* la then:

3.1 » <ir!
12 la. nec 3 - 4-3 a 1015

10
sec la.

Sine* thia absorber section la black and therefore, neutrons am ab-

norbed only on the cor* surface, the renction rata can ba expressed la 

units of core aren. with the absorber com viatn at—1 to 1.940 .(6),

the renction rata per unit of surface am* la:

.3 x 1015 _ _ (n-B10_ _  , eec In-(piate) 1. in.
0 .pt In.*

1.33 «
(n-
sec cm

The heet flux contribution due to the aartroa boroa lO renction can

no ba vritten Mi

8. ORXL CF 56-9-79, Leitten, C. F., Jr-, Fabrication of AFTF Trot 
AB BPi p. 6. Saota^or a, 195^.
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A * (3)

where F, • energy release given la R|. (1).

■ • rate of the renction written la Eq. (1)

Therefore, the aani— beet flux due to neutron mbsorption of the

mbsorber murface is:

S . 1.33 2101* (n-B1 
see en

x 2.792 Mev x 1.602 a 10-13 Mntt-secWeTV

a 
ft

L a 3.413 -?tu., • 188,000 Btu/hr-r.2

The heat generation contribution from nuclear hemtng in the ab-

norber plate and 1ts aluminum housine was determined by usine a nuclear
(9)heatins value of 1b v/em-7’- Aa exm=ple of thin calculation la given for

one of the stainless steel clmdding plstes. The best generation calculated

lai

H • 0.033 in. a lab in.2 a 16.
m.

3 3
- a 7.93 6/cm’ a 14-0 v/em

a 0.0369 x6oHin - 29,500 Btu /hr-ft2w-E=T= “44

In Table X, • summary is gven for the heat flux generated in ench

materiml by muclear hemtnc an well an properties of each mmteriml used 

in calculmting the nuclear heatng-

9. AED-R-1049, HXK Babi generation Fattnrc at Reactor M|dplane.

COFIDETIAL
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TABLE 1

Thickness
Material Fun, t ion

Density 
em/em3

Heat Flux
Btu - 
nr

304-L SB Clad 0.033 x 2 7.93 59,000

3.23 v/o enriched 
B-10 in iron Core 0.090 7.87 79,500

Housing 0.45 2.70 136,500

It mhould be noted that the thickness used fer the aluminum 

boueln* 1s the —>1—— d! new ion on the convex side.

Nov, before the heat flux mt each surface of the plate can be 

deters! ned, the direction of heat flow oust be established. Since the 
absorber section was fabricated with a —rlsn 0.036 1n.C10) 

clearance between the cladding surface and the aluminum housing.

it is mssumed that the air gap between these surfaces constitutes an

insulated boundary. This assumption is supported in Appendix A,

vhere air conduction was assumed across the gap having a spacing of 

0.018 la. Under these conditions, the maximum temperature at the inner

wall of the absorber section is reduced only by la F compared to the

inner wall f —X ■ r ature when the gap was considered an absolute barrier.

Therefore, all heat generated in the absorber plate flows to the inner 

channel and all heat generated in the aluminu= housing flows out to

10. Leitten, C. Jr., Private com=nication on Control Bod 
Fabrication, October 1996.

CONFIDETIAL
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the interstice between the aluminum shim rod housing and the adjacent

fuel element. With the above concept, the heat fluxes are summmarized

in Table II.

TABLE II

HEAT FLUX FROM ABSORBER ROD

Internal Clad Surface

Material Source
2

Heat Flux Btu/hr-ft

2-SS clad plates

Fe-B-O core
Nuclear Heating 59,000

Nuclear Heating 79,000

Internal and External
Reaction Faces, Fe-B1O core

Total

(n-B-°) Reaction 376,000
514,000

External Aluminum Housing Surface

Aluminum Housing Nuclear Heating 136,500

IV. Absorber Rod Temperatures

The temperature distribution at the tip of the rod, the point of

maximum heat generation, is determined by assuming the bulk water tempera­

ture at this point to be 115 °F.

The heat transfer coefficient calculated for this set of conditions
2

was found to be 3420 Btu/hr-ft -°F. The method of calculation for this

value is given in Appendix B.

CONFIDENTIAL
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I
33 •nc - 3

—ver 
flow.

water 
flow

Internal 
Water 
Channel I Y

External
Water 
Channel

X

t deb

Figure 2
Cross Section of Absorber Plate and Al—In— Housing

in order to smplfy the temperature dstribution calculatons, it

is assumed that the heat flux developed by a unifora heat generating 

volume, would be considered a plane source located at the boundary of

the heat generating volume which is fartherest r—overt from the hes t

sink. The plane of heat divergen is considered to be the air gap

which is ass—ed as an Insulated surface, represented by cb in Figure 2.

Beat is ass—ert. to flow from c to f and from b to a. The heat flux 

distribution over the absorber rod cross section is summarized in

Table III.

COnFIDEITIAL
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TABLE III

HEAT YLX DISTRIBUTIONIN ABBORBER ROD

Flane
Inner channel

Outer interstice

e

e
f

29,500
196,500
514,000
514,000 

b 136,500
136,500

The t mm are tore drop between two boundaries can be expressed by 

the folloving:

Cc-a Gc 1 t
A K ‘e- (4)

K - thermal conductvity of the material.

t • thickness of the material.

- 29*300 Btufor-f* * 0.029 u ,, , * 0-033

The temperature drop from the rod surface to the coolant stream

can be vritten:
4 - 2 $

where h - boat transfer coefficient.
(5)

•re AL
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As ment iomed previcusly the hent tranafer coefficient VM ml cm l ntot

to be 3420 Btu/hr-ft2-“r. Therefore, the Er beta the —fl surface and

the water can — calculated. The drop from the inner surface to the

wur U:

ET
- 51,000 Btu/hr-ft . 150-,

3420 Btu/hr-ft "-"r

In Table IV, the boundary temperatures, the tempersture drops across

ench material, and the data used in the emlculation of AT values are given.

TABLE IV

TPPEATURE DISTRIBTION a ABSORERROD

KPtuin./nec-ft2-"r eT°F
Water (x) 
t-x 
r

T-"E
115

150
265

0.033 0.029 162

427

d-e 
a

0.090 0.090 at
509

0.033 0-029 9.3
c
toe
Water (y) 
a-y

0.030

bO

518.3

115

195
b-a
b

0.45 0.43 9.9
164-9

0 O

fl r : -2] < ! !• : i. ii : 2 2-;,2 -i2 : i. H i
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or prmary concern la this calculation la the ewtabH ahwat at the

maxizum vall temperature la order to determine whether or not nucleate

boiling is probable. la order to avoid mny underestimation at the

Maxima surface temperature vhich hms been shovn to be he nbsorber

•ectloe tip inner surface, the conditions chomen and assumptions vhich

With the maxmum surface temperature established, it la next

eocesoary to establish the bo1lins temperature of the water at this
point. Proa the Mra HandbookC11), the pressure drop through the mhim-

fuel rod la normally bO psi vhich mmintains the flov through the fuel 

mection at a velocity or 30 fpa. The flow through the ah la rod beak

is 3380 sp, mssuming 8 shim rods la the bank, The water eaters the

control rod la b water slots 7.75 la. a 0.69 1®. The water flow 

dou the control section, through the fuel section and out b similarly

Shaped water slots la the fuel eh la lower bection. la order to

estimate the vnter pressure to determine the water saturation

teperature, it will be asnumed that the water flowing out at the 

bottom water slots la at a gage prenmure at 75 pa:“12).

11. TID-7001, Testi as Maxtor Prelect landbook-, May 7, 1956-

is. TID-5275, Reverted Perermcw M 
Prosram.ResearchRenctors, p.
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inlet vater channel

Point 1

m

Point 2 * Point of Mari met 
Beat Generation

Point 3

Outlet Water Channel

Figure 3
MrR Shin Fuel family

Before determining the pressure *t point 2, the inner rhean-^

pressure 3 ft below the water inlet, the pressure at point 1 must be 

found. By findins the pressure drop, at the water inlet, the pressure K.
nt point 4 can be determined- Therefore, the frictional energy drop 

due to contraction at the water inlet slots can be written:

Fc Ke v;

2g
(6)

where V2 - mverage linear velocity downstrean.

K loss coefficient.

COMFIDETIAL_
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ansu=nine 2 - 0.4 which la Um ratio of floe areas, K, - 0.315, ana

F, may be calculated.

2
•  _____O.315.2
e 2x32.2ft/sec"

8 n<w
3^80 gw 1/am

£80..728.8/m la^/fC
MC • 0.189 ft

3 x

The pressure drop across Um inlet water slots 1s then:

CFinlet
0.189 n * .-7 lb, ft ‘

144 in." /ft
- 0.081 1b/n.2

2

Nou, Um gnge pressure at point 1 can be expressed:

1"P3 * ^Mxin rod * (7)c

H water hend.

- density of water.

Pc pressure loss due to contraction at inlet.

Thus, pressure at point 1 1s:

*, - 7.5 2»/an.2 ♦ 40 lb/in? -(-24)- 0.08 ab/2n.2

-44.1 Ib/1n.2

CONFIDEITCIAL
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Then, the pressure mt point 2 can be expressed by:

- O (B)

L

De

- length of channel.

- M/P - 4f“/f -{- absorber box inner vidth- 
equivalent dtameter.

f pipe roughness coefficient.

To obtain a value for f, tbs Reynolds" mumber has to be determined. 
D T

u (9)
-I

vhere u = vnter viscosity-

x 30 rt/uec x 61.7 Ib/et3 x 3600 sechhr e
1.57 lb Au-ft - 7-21 x

#3Nov, the pressure at point 2 can be found; using f - 0.019.

P2 - 3 ft -(62303222922/0262522.0982;) 62.
-

Lh.k lb/in-2

P, - *3-7 lb/ln.2 (gnge)

2 2

Assuming an pressure at 14.7 1b/n.2, the absolute pressure

at point 2, tbs point vhere tbs absorber rod metal surface temperature is 

265• F, is 58.4 lb/ln.2 vhich corresponda to a wntsr aaturetion temperature

of approxinately 291* F. Tbs absorber rod peak surface temperature, there

is 26° F belov tbs point of boiling.

ConFIDEIAI
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The maxi=m percent burn-up of the boron- 10 atone doe 1 red at the 
• e •

rod tip la 80<. Hovever, since this eape. 1ns nt is to be carried on

la one of the mhim-fuel rod positions, assurance must be pained on the

operational behavior and Hloans tonal stab ill ty of the control material

being need la this absorber rod. Therefore, the burn-up vhich will

Initially be requested la this report will be 4T% barn wy of the

boron-10 atoms la the rod tip, since the new 1mm burn-up attainet on a

iniature sample No. 8 of the ORXL MTR-28 test vas successfully 

irradiated to this burn-up. As other miniature abeorber samples with

higher burn-up are removed and found dimensionmlly stable, it is

desred that the requested burn-up on this absorber rod be raised to

the burn-up value of the successfully irradinted absorber sample, untl

the absorber rod has received as much burn-up as possible in regard

to the absorber unit’s operationml llai tation or until the maxmum 

specified tip burn-up has been obtained.
According to Bartz-13, the MEN cat=iu mhi= red Bo. 163 vhich was 

used la position C-26 to aa exposure of 1406 MMD, shove an approxtmnte

transmission of 1005 thereal neutrons at the rod tip. Therefore,

since the neutron absorption rate of the cadmum and boron rods should

13. T1r7515 Ft.I, rapoTo^rrepared forced lat ioa jffecta^lhrriew Meet^g^

CONFIDETTIAL.
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be the same for constant power operation, the Mill— II t of O*-U3 atoms 

burned oat la the tip of shim rod No. 163 shoula represent the same

mumber of B-10 renctions that occur la the APPR-1 rod irreinte

under comperable circumstances- mhie mesumes that tne cadmtum and

boron rods are both black to thermal neutrons, that the only renctine

muclides mre Ce-113 aad B-10, that th* boron red will be subetituted

la a ecuparable lattice positicn, that th* boron rod would be prcgramed 

ia a mimilar manner to that of th* cmdmium rod and that when th-

cadmium rod ci aww to att —i to thermal neutzone, it ia ccmpletely

buzne out.

The cmly di—aalfMMl varintiom between tne two type ah oorMcr rods

is in the thlrb—aa. me cnt=iu rod Bo. 163 la o.o2o la. thick

aad the AFR-1 boron rod la 0,090 in- thick- The C-113 eneity ia 

the MTV rod ia 5.67 a IO11 atom/ca3 aad the B-10 density la th* AFra-1 

type rod la 1.16 a mtom cm3.

The atoms per wall of ares la msch rod are :

MW Shim Bod (cd-113)

5.67 a 1021 atg a 0.020 ia. a 2.34 » - 2.88 a 1020 atg 
CM cm

AFFa-1 Type Control Rod (B-10)

1.28 a 1022 at 
cm

x 0.090 la. x 2.5- 5 • 2.92 a IO*1 atp 
cm"

1*. W. B. Van Sice, private ccmmunication, December 12, 1956.

coon rf AL

i.. L* .:22 I L.



-19-

In assuming that MTR rod No. 163 after mpproximately 1400 ND has *11 1te

ca-113 atoms burnt out at the rod tip, the mpproximate n r of reactions

or percent burn-up which will occur at the tp of the boron rod after

two MTR cycles mt ko M vill be:

2-88 a
<a-16 Murn-up . ---------------- -S

2.92 M 10
z 100 • 9-9

cm

Therefore, the burn-up that coo he estirated from the above data la

4.95 burn-up of the B-10 atoms per MTR cycle. This rate can he a

to be linear to a relmtvely high degree of burn-up-

The —ewe figure for the burn-up of the control rod tip was based

on the asmumption that a test control rod would hmve to absorb elone to

trons as the MTR control rod that it replaces.

othervise the reactor would not operate at constant power, da independent 

estimnte of the rod burn-up mag he obtaned from a knovledge of the 

reactor fl— la the neimhborhood of the control rod and the unclear

parwant ere of the MTR core and of the control red.

de—1 — one velocity diffusion theory, the volume rate of 

abnorpttons la the control rod is given by (see Appendix C for

derivation) I

♦ ,(-e) (10)

where ,(o) is the fl— at the outside surface of the rod, la the

Hlux at the las Ido surface of the rod, "e“ is the thickness of aheerher 

la the red, and a(a) • a S.a) te plotted la Figaro ic.

4 ILL1
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From expertasntal data on the effect of the water hole on the 
reactivity value of a roa-15) it is concluded that the addition of

vater to the APPR control rod water hole increases the reactivity

worth of the rod by 455 (see Fig- 8 of reference 14) . This suggesta

that vhen the central hole is filled vith water the inside surface

contributes an absorption rate of about 45% the absorption rate of the

outside surface. To account for the effect of the water hole, 

,(-s) nay then be replaced by 0.45 inE- 10.
From Ma nta"16) It appears that the rod will be in an nverage 

unperturbed flux of about 3.12 x 101 neutrons/on2 sec. However, 

(17) mensurements" ‘ along the side of an APPR control rod and along the

water hole within the rod indicate a flux peaking in the region between

the end of the fuel rod and the beginning of the control rod. The

data indicate that the flux at the outside surface of the rod tip

is practically unchanged but that the flux at the inside surface of

the rod tip is increased by a factor of about 1.8 over what it would

have been in the absence of flux penking. To account for the effect

of flux peaking mt the rod tip as well as the water bole effect dis-

cuseed above, .(-s) nay therefore be replaced by 0.45 x 1.8 ,(o).

15. *. L. Fy,19 and J. W. Hostile, Hucleonice» 13- #2, p. 13,

16. IDO-16047, Bright, G- O. and Schroeder, F., Pyutrop Flux
Dintributionn.intheMaterialTest 1z C tor, Part I, 
February 16, 1953-

17. Private rn—nl i ation from C. ■. Harvey, November 9, 1956.
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in applying Bq. 1O to the tip of the Am rod we then have: 

0 (O) a)
A . 0.452 -2-----s------ (11)

As shown in Appendix C, the flux at the outside rod surface 

0o(O), nay be put in terns of the unperturbed flux, 0^ (M> 15 

of Appendix C):

0O<°>
"ed
0(a)

1 4 -------——-----------
- * UMD

(12)

where K, and K, are modified Bessel functions of the second kind, "a” 

is the rod radius, k2 - 2 /D for the MR core and D is the diffusion 

coefficient for the MIR core. The buro-up for the Am rod tip as a 

function of tine, B(t), in terms of 0— in (E- 18c of Appendix C)»

»(t) -
o S, (13)ofal K(ha) et

1 + Ud M*.)

3

where 11 is the original 2-10 atom density for the APPR rod- o
Replacing the roabya cylinder with the same perimeter ms

the perimeter of absorber in the rod we obtain • redius -3-14 cm for
(18)the equvalent cylinder. Reactor constants for the •TR are

k- 0.667 cm-- ana 0-0.263 as. For the Am cntrol rod, N."

1.28 i 1022 -10 atoma/cm3. With thene values we obtain the burn-out

as n funetion of time pictured in Fi auro h.

10. J. H. Buck and C. F. Leyse, MaterialeTebtinERenctorProlect 
Handbook, Fol. 1, 1952.
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1
urnmn a

A recalculation vas made on the inner plate surface temperature 1B

order to determine if this temperature vns apvreciably reduced vhen air 

conduction vas ansumed through the gap between the absorber section and

1ts nluminum housing- The original calculatien assumed this gap to be

lose)start and the maximuam inner wall tempernture was found to be

265°. This calculation Bill assume air conduction through the gap vhich

wllbe comderd to be 0.018 la.

<
A

fb
X 2 3 5

weter 
fiov

H20

nner 
dheaael

Am Flow

Figare 1A

Cross Section Through the Boron Absorber Plate Man

[: v f: * m i F i f d
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Writing temperuture drop equations for all boundaries:

Tf-T "Ci* *• eK,,o - t (1A)

Te-Tf ? )r, ♦ ‘x®' t ar.
(2A)

” - t ■ (2 ♦ 2. 2) (T T.) hR (3A)

9
A

Q 5 
A

R3 * (Tu,o * T.) hR3 (4A)

Tb - e -(2) Rz * CTa,o ■ (M)

Ta-T - h
vhere h -

R -
Q/a -

(6A)

heat transfer coerricient.
thon—l resistivity.
heat flux.
temperature .

In order to simpl 1fy, lots

X
R
A

Q
T - A

Z A

w *A

9
A

A

a
A

Ge. i A * A

S 
A
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Then, by solving equations 1A-6A for T,» the following equation is obtained:

Ta - x(1/h +R5)+Y R,

<“1 * AR, ♦ “3 ♦ AB, ♦ “5 • 2) •

T. h(R, + Ra + R3 + R, + R5) - Ta

Using the following values,
1 - 650,500 Btu/hr-ft2
Y - 514, OOO >tu/hr-ft2
z - 484,500 Btu/hr-ft2 

. 2W • 217,500 Btu/hr-ft"
2h - 3,420 Btu/hr-ft -F

R,-R, • 0.000316 hr-ft-F/BTU

• 0.000268

• 0.062

R5 • 0.00029

Ta,o - 115* F

The temperature at point a 1s:

T 264 • T.

This surface temperature la only 1°F lower than that calculated

assuming no conductance through the air gap. Therefore, the air gap 

very probably represents the point of heat divergences. This, of 

course, will vary with the length of the gap or the heat transfer 

coefficient ir the plate and the housing are in contact.

CONFIDENTIAL

:*
a *** $

e e •e • a
e a e

T



Be e

CONFIDEITIAI

ATFUDU B

CALCULATIONOF HEAT TRANSFER •da**-T

According to a recent report by Rainwater and walkerC15), the

formula which is presently being used at the MTR to calculnte flm heat

transfer coefficients is:

hD 
K

. 0.020 (Re)°-8 (Pr)0-33 (1B)

where h
D
K

Re
Pr

• film coefficient.
= equivalent 41 asm ter of the cooling channel.
= t hemal conductivity.
= Reynolds' number
= Prandtl modulus.

Reynolds number can be expressed:

Re . DVA
U (2B)

where u = fluid viscosty.

fluid density.

Prandtl modulus can be given as:

Pr Cp“
K (3B)

where C P specific heat at constant pressure.

15. PrR-54, Rainwater, J. H. and V. A. Walker, frellnlnary Report on
Apparent Boiling in MTR, p. 6, April 3, 1956.
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Substituting equations ZB and 3B into IB and smplfying gives the flm

coefficient :

h 0.020
„0.2 0.47D ua

.8 ^>0.8 ^>33

Substituting the folloving values:

K - 0-368 Btu/hr-ft-F
• 61.7 Ib/re3

v - 30 ft/sec
- 1.0 Btu/1b-y

D - 2.038 in.

The folloving 1s obtained:

0.020(0.368 
h - . —J

0.67 — 0.8 .. 0.8
) ( 30-1-x36005‘) (961 -T4-)

, g - ------o.2------ ----- -----------(i2°im./) (1.57 Ib/hr-ft)

Btu
75mhi

0.33

h 3420 Btu/hr-ft”-p

•=: i i f i h s 11": F :
9
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APPEIDIX C

HTWT OF
TQ

• A*.
I

The neutron current density into the surface of an absorver from 
the upper half mpace (zao) in given by(19):

J_(o) =
*/2

d • • 1/1
o

uadu (1C)

vhere only the first two terms la a Taylor’s expression of the flux near

the nhsorbor boundary (z-O) are retained. The qunntity D le the 

diffurion coefficient of the one velocity neutrons in the medium

adjacent to the absorber and u • coed. If the abeorber has a thickness

s, the current cot the other aide is then:

J_(-s) - 1/2 o • 3D (22), -1 e-a/u udu (2c)

vhere a - 2, und 2., is the microscopic absorption cross section of 

the absorber. In obtaining Eq- 2C neutrons are assumed to travel in 
straight liana and e-G/u then representa the attenuation of neutrona

having the direction cosine u.

19. Glasstone and Edlund, Tl aonU of Nuclear Reactor Theory", 
Van Nostrand Co., 1952, p. 94.
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The net current into the abeorber is equnl to the surface

J_(0) - <(-•) ♦ J.(-s) • <(0) - Jz(-s) - 3z(o)

-D (Hl. ♦ • (W (K)
o

la the volume — of absorptions. If the flax la the smme

— both sides of the absorber then J_(0) • J,-s); J_(-s) • -J,(0);
Jz(o) - -Jz(-s); D - -D (2).,- B. 3 th— barn—■;

As • 2 . -• 3,(0) . 2 d(H2)Q (c)

n
[J_(o) - «-•)]

In this traat—fit, the flux gradinnt term. (it) , la regardec — 
o

a correction term 1nE.IC. To obtain — mpproximte expression 

for (12) let — apply Aiff—loa theory to the mbaorber. Xa the 

O 
nbsorber:

D, V-$ , • 2. e, (5c)

where . 1s the flux in the ebnorber and D. la the Aiff—i— coerficient 

la the absorber. Nov integrate Eq. 5c over the volume of the nbsorber:

Pa , V-7 *. •» - ,2av (6c)

ee eee

: •:
»• #=4

e • ess • e* •e • T1 « e es * • • • « * a •
a*a • • ♦ a"

• e • * *• •=e • =
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By Green’s the or— the left hand volume integral may be converted into

• urfsce integral:

Da Vs, * as DJ
8

(7C)V - d s • , 2«.4 v

"er P. 9 
the boundary.

-DV since Un current must be contnuous across

Memlag no variatien of 0 or V along the surface,

E. 7C reduces to:

2D (2), - S_-s aP.s - G. (Bc)4 Z T

With this approximation for (6%) , 8q. bC for the volume rate 
O

of the absorptions becomes:

1A - 2 [J_(o) - J_(-a)] - ®o
‘o & • 2 a.] [1 - e-G/“7

20 Ga) (9c)

The function
1

Ga) - \ 
Jo

£1 + 2 a u] L X - e udu (10c)

1s plotted in Fig. 1C. E.9C represents the volume absorption rate 

in an ebeorber of thicknens s, macroscopic absorption cross section

2., “ a/s and vith the same surface flux, at both surfaces. 
* o

*•«
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In MM cneea the Tlux at the ebeorter surface, is not knovn 
wherens uhe unperturbe4 flux, Ca , »• umunily obtainanie. ‘ me aependence 
at , upon — mmy be obtainea by applyne drrualon theory to tne

material eurroundins the abaorber:

• x“o . k“_ • o (LIc)

^ara 2 • a
Renctor and * — la the uniform eource term

Eq- 11C hms the eolution:

MD -

Mr)

c, e-" 

c, 
c,e-kr
- r

alab f raw try

cylindricml geometry (12c)

epherical <in—try

Mr) . —

—

“here Ko la the modfied Bessel function of the abroad kind and order

zero. The constanta C,- Ca- and c, my be relatea to rne gradiunt ot

the flux at the absorber eurface:

C •
m

-4 (Ml.
I

■ k ijba)

5
(52) (11C)

1 « ka P)
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Fro Fa*: ar and 9 w have j2 tn ter- of

t2, * 1S Q(o) (l4c)

Bubstituting Eqs. lC and 14C into 12c and evalunting 11C

•1 the abaorber boundary we have:

—*
I ♦

slab gecmetry

Pa " cylindrical try (15c)

—
. *

1 ♦
epherical try

These values for the flux at the abaorber surface may nov be used la

59-9t obtain the volume mbnorption rate. The fractionai burnup of the 

absorber vita time any then be dencribed by:

H . CI M S S | F
—... . M

: t- f. 
ii" ::4 «== •=
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B(t) Daua %
0

2as,
t

o

Ga] d •imb <■ fl— t ry

0
2aN_5

t

o 1 * zxpg.(kny cylindrcnl geometry (16c)

t U

Ze No
4} at,• •eF

- o 1 Ama
4kD[ • Uh

spne ri cal geomet ry

Since a it—if is a funecti— at time — the abaorber burna out.

the calculation of B(t) by E- 16C h— to be done in plecemenl fashion.

----
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