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ABSTRACT

Concentric tubular reactor fuel element geometries to give equal coolant outlet temperatures 
are presented. Oscillations from tube to tube in thickness and temperatures generally occur but it 
is possible to eliminate them by choice of the centre element. This may be a fuel rod or a non
heat—producing rod with or without a surrounding annulus of fuel. The geometries and temperatures 
are dependent on the voidage and on a non-dimensional parameter equivalent to a Biot number 
based on the channel equivalent diameter.
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1. INTRODUCTION

%

2. GENERAL EQUATION AND ITS SOLUTION

For the aaalysis die fuel a sedes of coaceutdc tubes, are ideatified aa ia Figaro L

The folio wiag taaaaptiM* are made;

L

Z

Steady atate coaditiooa have bee* acb.eved.5.

There ia aegUgible coadaruoa loogi n.diaally ia the fuel el emeu to.

12KA> -i . <i)
w

•hetf

■)<oa <ia (2)

<»
• K«ia

The denvadoo of equate 1 ia gvet ia Appeodta I.ROTE
If the coo loot temgereceree are equal then

(41h- i

aad th

r a ia the radio a at which the temperature godioat ia die a— A feel elemaoria aeae if usnmmadiag 
coolaat teotgerecaree Tga.|j aad Tfo are equal.

The aaalyais iavoleea a study of the dimeaaioas of iadivtdaai tabes, re la doc a betweeo aeighboor- 
iag tabes, aad the effect of bouadades.

la die followiag aaalyaia the specified coadidoe io that the coolaat chaaaeia ahoeld paodece 
equal coolaat cutlet temgeraotrea from equal ialet tetageraorea.

The oodel iacludiag ita bouadades ia asially symmetde. widi coastaat beat flux at 
the bouadades.

The fuel eloateat st ate dal io hutaogeaeors haeiag uaifosw beat geaeratroa aad th ecu al 
gropertlet, both iadopewdeot of temperature.

(TRa.D~ Tf«
■a

Uaiag the aotadoa given ia Secdoo 7 die resuldag general eqaatioo tor die rate of iacrease ia 
coolaat temperature ia the a-th chaaael it at foliewe:

la desaga of nuclear fuel ademeata it ia difficult ao make coaxpad ble the teatpetaore diatnbatiea. 
heat coaducdoa. aad surface heat uaaafer. ae a trial-aad—eraer method ia commoaly seed to obcaia a 
coafigurattoa of fuel elemoatt iaeoleiag coaceatdc tubes to give a practical temperatare Aatdbutioa. 
However a wore efficteot method which would lead to a better uaderetaadiag of the p to blew would be 
■he evoludoo of a set of aimsItaaewes equadoaa whose oolodaa Sir specified coadidoaa would uaiqoely 
deteuaiae the geometry of the fuel e lew eat.

•(•-!> (T«a-1> “ Tla) *

. * _ ~ ra»(o —1)
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coo be made equal for all values of a by deatga choice.
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(9)•fa-I) *

For similar gaa caobtiMi ia Meh cbaaael *» eqeiealoat diameter De ia made «5»«i lot ail a .

Therefore
Da . <•>'.a *

cn’ «-

•here X« o

- *<r> •*R -D

(*>

(»>

(10)Xe

•o Oa> •Siace

let (X. H

i

which ia appro aaa* ately eystl to add. 
a •

ro(a—1) *

and die diaeaaioaa of a oibe beadle caa be calculated a crag e^wacaoaa 2. ), 3, Odd 6 aaaamiag a kaaea 
bouadary.

Eqoaaoa 10 ia traaeceadeaiai aad die tolkaviag aeAod of aoioaoe io oeggeoeed:

1 • Ri« *>->

where C io the eaidage de&aed aa Ra* creio-aecbM area dr sided by dhe aae of die Moe aad faei ceaaa- 
aectiaa areaa.

It is ebawa ia ARReadia 2 diet let *gaai diaaa Moe par wait area die oacceeeiee ealaea of t«B are
• eo by

~ *0/0-1)

C

Xe»«»o
Xe •!

1 • Rga

*-a**^a 

Xa • I -

K

*•4 • **(0-1) * % - Ma-U

ni

The aboee eqaadooe aae become

D
• RM—1) * 1

A eajor aimplificatioa caa be made by aaaeoMOg die beet ttwaefet coefficioato b>a 
ryial.

Eyiltioa 2 aad ) thee gtee 

b Xa-11 * rio T V

1 •‘ia I X.« 1



Then

«■), *

(X.). -

■■til the repaired aCCTrary is obtaised.

2.1 Serface sad Mpajmam f««l Tmtetyarrc

(IDi

(12)

These e^aatiMe ia the above bm cm be ased •■ cosy section with the feeaeuic analysis.

Md faoat e^aacioaa (ila)

(15)1I

The limiting wrfact temp er Ma re parameters denved ia Appendix J both eosa!

The similar limit tfcr mamrnaa had elemcat parameter ia foaad to eqaal

a2D

DtSCVSSKlW OF THE MfALYSIS

5. 1 The Eqaalaty at OsImt Temperacares

5.2 Coal Mt Mass Flaw Per Unit Area

5.5 fewaality sf Meat TtMsfer Coefticieata

1 
* T

Rai
D

5e_“ia 
DXa

The matimam had deaeat temperacare eccars at 
Md (tv) of Appendix 1 .

11
XJa

Aa a rraili of this, or by aaiag Mtraace casattictiata, eqnal maat does per emit area cm be 
aiamed.

la the simplification of e^aations 2 Md 5 beat crMifer caefSciMta at the ■ a aide Md on I aide 
mrfsces el rhe had demeat are aasamed eqs al. It seem a generally accepted that Che hear trMsfet

(Xa), 
n<xa>. j •

*oi “ ■ ia
------- 4----------

a T‘» ~ 
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(X,),

- »u 
2D

T, - Tf
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b

This re salt a tram the ismapuos of miIom aalet coaditxoaa. If there is a cooImc Campe ram re 
gradient ia the radial datectxoa. the effect of the tamperaaare team a ia eqs art on I it a adiaat the cooImc 
temperarare tacreaae aatil the taspersarr ta etpial as that ta the two aeigbboanag chanaela.

it ia dewrable aa have the presaare dasp e<aal far each chMael Md thia coaid be eery doaely 
achieved by apecifyiag eypial tpurtltat diametera. Secoadary vamattaaa resale (cam aarface tomper- 
acare vaaaMaa.

The Mrface temperacare is pvm relative to the flaid balk tamperatares ia rpiatimi (e) aad 
(st) of Appendix L Sabeumciag t,g 1st rp- the son-dimeaataaa) epaattoas are
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For the waiter boundary on the inside surface of tubes Mo a rod and Pelton justify the following:

• 0.02, Me— Pr—Nt

Nt 0.02

will be within the range 1.0 to 2.0 yieldingIt tetnt likely chat for gat—cooled nynreme

4. WE3VLTSOF CALCULATIONS

I • •I*.

1

rad foe •'it

foo

The poiat B rarreaprade an <*,a •

• Lapidea. MLB. and Goldotern. M.B. (1857) 
Heat Trunnier Seance File Data APEX 425

- 'em
C

boater 
* iaaer

Mance thia gave* a direct relataoa between r 
pertie a AB of chia curve cwrrvepradiag ta * rM

dcater

ratio e of heat traoefet coefGciettta (toe 1.0 to 1.255. Except for the centre the ratio should be very cl ro
ta 1.0 rad no it in tea non able to atauoe that the heat transfer coefficients are eqs al.

and for the iaaer boeadary on the on tai de sarface of tabea,
• ee«
) Be*-* ft —

The point B correaprada aa ; font ia the point of sera tampetuwre gradient ia the
el am rat occurs at foe sarface rad therefore mere ia ao hen* transfer at font rarface. The region within 
i*, can banco be cwaaidered a era—beat—paw da dag tad.

Calcalatiooe were made for voidagea of 15. 50, aad 45 per cent, aad valaee of D from 0.01 an 
100.0. tn-determine foe gee we trie coa figs ran on a aad correapoadiag temperatures. The centre bound wry 
consisted of a channel of a non—diman nine al diameter equel co D. The results indicated ia Figaro i 
dieted ondllatioaa ia tube foichaeon a boat a mean of 1—C - •• predicted by the approximate

analysis in Appendix J. The magnitude of foeae oadllstioae iacreaned with increasing D aad decrees— 
log voidage. Similar results are obtained for foe temperatures. Figure a J a

coefficient ar the outer boeadary of aa anaadnr coolant channel ia font given by foe eemej tabe equation 
using foe equivulrat diameter while for foe toner boeadary the equation is nasally modified by a factor 
depending on foe curvature of foe surface. No con ai a trmtly accurate equation seam a ao be available io 
foe literature but a aimpie illustrative example ia foot given by Mow rad and Pelton.*

> JES 
2

I De
* "C ~2

It was possible an eliminate foeae thichaeaa variation a by determining the centre bounder- values 
of t^e and rM ao give a tube foichaeaa of 1—C . De . E-limi eating t^a fun equations 10 and 11 aad 

pettsag a > 1 rad fo, - r|t -

a and r^ ia foe foam shone m Figure 8. The 
 _  oo physical significance since for equal coolant

tnmpcramrea t^ io foe radiaa ar which foe temperature gradient io sera within foe fuel material. (Fefer 
equ anion 4).

It follows foot foe portion BC of foe curve correapoadiag to rwo < rf||| givea no I a cion n for a non— 
beet—producing and rarmueded by an anoafoa of fool, and point C where r—o «0 givea aa all fool and.

Th apportion CD where t,,* ^»«|«are given imaginary com (i gw radon a. point D le equivalent to

K.b X.-l
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(b) a central fuel rod.

■ao ' 'oo

Can* (a) occur* only ia the region of small sixes.

fuel tod wheresize* of the centre element beginning at

surrounding a non— heat—producing rod.15

These boundary configurations gave no thickness sanations for the series of concentric cube*.

5. DISCUSSION OF RESULTS OF CALCULATIONS

I

}

Ou’y the solution* basing physical significance ar* presented ia the result* (Figure 6). They are 
ia two sep arate ranges aad ezcept at low voidage* sad high value* of D one of these range* would aot be 
practical because of the very small size* involved. Vithia this range the solution where t^o • r^ , rhat 
is a contra! aoa — heat—producing tod, would require none modification co the hear transfer assumption 
since, unlike dreodrer channel a. beat ia only being transferred st one surface.

The variations of the surface temperacurea seem to invalidate the assumption that the heat 
traaafer coefficients are the same ia each channel since it ia necessary to include a temperature term 
ia die heat transfer coefficient equation. The variation ia the coefficient would aot amount to more than 
approximately 5 per cent, for gas—cooled systems which operate at values of D from 0.1 to 1.0 but at low 
voidage*. High values of D are usually associated with fast reactor* having high voidage*, and therefore 
giving lower temperature variation a.

The real solutioaa, a* shown ia Figure 6 where curves have been plotted for various voidages, therefore 
include the following case*

Figure 6. All temperatures are presented with respect to the bn 11 coolant temperature in a non-dimension al 
form.

The temperature* do nor have the oscillatory effect present ia the general case aad the temperature 
fop a across the fuel elements are markedly decreased.

The corresponding cube temperature behaviour is indicated in Figure 7 for a voidage of 30 per cent, 
■ml D ■ 1.0 . The temperatures including those of the centre element (n • o) are presented for * range of 

‘ * ■ - * • c---, lag . q • 2. 19 up to a fuel annulus
~2 d*72

The corresponding values of rmo esc be obtained from

For the boundary conditions for elsstera of tubes of uniform thiefcues*, since t^o must be punitive 
aad within the fuel material, any nolutions involving negative or unreal values of ta,o or values of r—o > t^o 
have no physical significance. It should also be noted that no attempt was made co start with defined 
outside boundaries because of the possibility of obtaining unreal configuration■ at the centre.

The tube <*luster involving a centre channel represents the general case of concentric tubular fuel 
elements of constant coolant chminel equivalent diameter and uniform voidsge to give uniform coolant con
ditions. The results for this case indicate the significance of the non —dimension al equivalent diameter 
D ■ pe b ; so achieve the above specification at high values of D. large oscillations from one tube to the 

K
aezt ■■ thickness aad temperature must result. These oscillations decrease significantly for lower values 
of D and also for higher voidages.

The more practical range begins with values of ■ little less than the cube thickness of 
and Cao • 0 - As increases t^o becomes finite aad the difference between them, that is

the thickscss of the fuel annulus nurroueding the central aoa — heat—prods cing rod. asymptotically ^preaches 
LxS . £*

(a) a central non—heat-producing rod. i.e. t*o • roo

'ao • 0 . <oo * ° •

(c) a central non—heat—producing rod of radius rmo surrounded by an annulus of fuel.



CONCLUSIONS6.

7. NOTATION

•a defined in equation 3

area of coolant channelA

A‘ non-dimensional area

specific heat at constant pressure of coolant

diameter of tubes4
De hnon—dimensional equivalent diameterD

equivalent diameter of coolant channelDe

heat transfer coefficientte

as defined in equation 4k

the no al conductivity of fuel element materialK

aaial length1

number of channel or fuel element

Nusselt numberNu

Pt Prandtl number

power density in fuel element muteriel<1

radio a*

non-dimensional radianR

Reynolds somberRe

T temperature 

ratio of inner to outer cube radii X

fuel element tube thickness .

- 

coolant flow voidage with respect co fuel element area

Ft is evident from all the results that the larger the rube the closer it approaches the limiting 
geometry and temperatures.

If the oscillations from tube co tube in thickness and temperature, which generally result, 
cannot be tolerated, they can be eliminated by specifying a particular centre fuel element.

Cl >
) con stants of integration 

c, )

. *- 
k

Concentric tubular reactor fuel elements to give equal coolant outlet temperatures can be 
designed if the voidage and Biot number baaed on the channel equivalent diameter are known.
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Subscripts

corresponding to coolant f

value at inner radius of fuel element tube i

value at radius defined in equation 4 

corresponding to the n — th fuel element tube or channel a

value at outer radius of fuel element tube

within fuel material.value at radius where oP dT . 
dr



APPENDIX 1

DERIVATION OF THE GENERAL EQUATION

given by equating the heat generation in the fuel

Thus

* 'on — rp(n — 1) ) * ('in — 'o(n — 1) ) Cp (i)q mn

Therefore

(ii)1 J

T (iii)

.n ~'in)in

in

is ^ven in terms of temperature and radius at either surface.

Now at

0

and therefore

rpn (iv)in

Equating heat transfer and heat generation at the surface.

(v)- Tf(n + O }

an d

(vi)

rpn an

wh ere
1

)

and
('or.

'mn (IQO.) 4(-&M - 
"on “in

an K

The longitudinal temperature equation i 
element to that gained by the coolant.

'on
'in

4K

dTfn
dl

rP» 
'in

dTfn
dl

rP
dT 
dr

In (£22) ♦ K ( X ♦ 
Hn ron“on

^in

where for rhe n—th cube, 

Ton

2K c 
q

<TOn

and C5

~ 'p(n—1)
— 'o(n— 1)

'on ~ r.A

2 In (£22.) 
rin

r • ’ ) (__ 1___  + __ 1___ )
*n ' ronl*on rin in

2 In £211 
'in

q____
“>n Cpn

= q ( 'on ~ 'pn )

The steady state radial temperature distribution for the axially symmetric case is given by the 
solution of the relevant Poisson’s equation as follows:

77 ( rp n — ' i n

q ('pn ~ 'in )

r + i In r + C j

Eliminating the surface temperatures from equations (iii) to (vi), 

"q-(Tf(n+1) ~ Tfo ) + rmn ,

rin ^in

rin l*in (Tjn — Tfa)

2 'on^on



APPENDIX 1 (

Therefore

2K<1 *(n —1) <Ti(n-D- Tfn>
nn

♦ *n (Tf(a.|) - Tfn )

I

1
*Vn

I i

I

eoatlaaed)

•ITfo
di

rmn —1) .
A*Vrr



APPENDIX 2

DERIVATION OF EQUATION }

k

1
■‘•(n-D * k I

and by successive substitution

k I Ai

or

'.'n ’ k*

k
*

Ajkq

Thereto re 

k ♦ 1

A|

and also

q

i 
c

i 
c

where C as the voidage defined as the How canes— section area divided by the ansa of the flow and 
fuel ctoso—section areas.

1 
* TT

N 
£ 

i-a ♦!

£
i- 1

q

r«sn

SjC

q

With equal asass flow per unit area and noting that Cp will also be equal for equal teas per ata res.

•H *
«]

From equation 4 of the test when ——— 
d 1

fmN ~

w i-i

!F " 

i-n ♦ 1

k ♦ 1
A%r
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