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ABSTRACT

The use of & scalloped. érbss-sectional coolant channel
has been suggested as.a possible solution of the fuel-element
bowing problem inherent in ‘the septafoil type of geometry.

A ' L Using simplified assumptions, a method has been developed for
: ’ calculating the rod spacing and scallop size necessary to pro-
duce equal average fuel-element surface temperatures in the
central and peripheral regions of the coolant flow channel at
the mid-section of each fuel-rod cluster under a given set of
reactor flow conditions. Since the extent of rod-bowing is re-
lated.to the. surface tempereture distribution, this requirement '

‘-. should minim;ze fuel-element deflection.
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NOMENCIATURE

heated surface ares
cross-sectional flow area

total cross-sectional flow area divided by the total cross-sectional
area of fuel elements

fluid specific heat
length of the rod cluster from the upstream end to the axial position
where the sverage surface temperatures of the outer and inner flow
regions are equal

fuel element diameter

equivalent hydraulic diameter, 4A/P

total equivalent hydraulic diameter divided by the fuel element .
diameter

: . 2
Blasius friction factor defined by Ap = T % %E—
gravitational conversion factor

film coefficient of heat transfer

fluid thermal conductivity

total length of each fuel-element cluster

h at Stt
dimensionless ratio, T - A
"t p t
value of —%——EL£ that must exist in order that the average surface
t °p . ,

temperatures of the outer and inner flow reglons be equal at the
mid-section of each fuel-element cluster
D up D w |

or —=

pA

‘Reynolds modulus,

flow "wetted" perimeter

total flow wetted perimeter divided by the total heated (fuel-element)
perimeter
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NOMENCLATURE (Continued)

q heat-transfer rate
R radius of scallop
S center-to-center spacing of fuel eléments

u mean fluid velocity
w mgss flow rate
Ap channel pressure drop

ot fluid temperature rise along the fuel element

At surface-to-fluid temperature difference
¥) fluid dynamic viscosity
o) | fluid density

Subscrigts

c refers to the length C
i refers to the inner flow region
£ refers to the total fuel-element cluster length, L
o refers to the outer flow region
t refers to theitotal flow channel
Superscripts
T+ dimensionless ratio of the outer flow region to the inner flow

-t o .
region; e.g., u = uo/ﬁi

++ dimensionless ratio of a linear dimension to the fuel-element
dismeter; e.g., 8°F = 8/d



INTRODUCTION

The nonuniform circumferential surface temperature structure existing
with the septafoil fuel-element arrangement of the GCR-2 (evidenced in both
analytical calculations and experimental studies) leads to axial bowing»of
the fuel rods. Two major possibilities for alleviating this bowing problem
are: (1) switching from the septafoil geometry to some other configuration;
or (2) modifying the septafoil (including the flow chsnnel) in such a way
as to éliminate, or at least to decrease, the surface temperature maldis~
tribution. Since the septafoil cluster is easily fabricated and has the
high surface-to-volume ratio necessary for efficient heat tranSfer} it was
decided that the inifial effort should be in the direction of developing a
suitable modification of this system;

Epel and Furgersonl have suggested that the surface temperature-dis-
tributiop of a septafoil fuel-element clusfer might be improved if the flow
channel were to have a scalloped cross section. This configuration was con-
ceived by envisioning the seven elements, each surrounded by an annular flow
channel, arrayed in an quilateral‘triangular lattice which was collapsed
sufficiently ﬁo cause overlap of the indi&idual channels at the points ofv
closest approach of the tubes.

By dividing the coolant channel into an outer flow region and an inner
flow region, it is possible (under a set ‘of simplifyiné assumptions) ﬁo
determine analytically the axial position along the fuel-element cluster at

which the fuel element average surface temperatures in the two regions are

1. G. Epel and W. T. Furgerson, Temperature Structure in Gas Cooled
Reactor Fuel Elements and Coolant Channel, ORNL CF 58-5-97 (May 27, 1958).




equal. Specifically, for any particular flow condition, the rod spacing

and scallop size can be chosen to givé equal average fuel-element surface
temperatures in the two flow regions at the geometrical'mid—plane of the
fuel-element cluster. It was the purpose of this study to develop such

optimum dimensional criterisa.

ANALYSIS

The geométry under consideration is given in Fig. 1. In this, the
inner and outer flow regions are to be considered as physicaily separated
by the centerlines Jjoining the peripheral fuél elements. In the analysis
the subscript i refers to the inner flow region, the subscript o, to the
outer region, and the subscript t, to the total flow channel. iThe super-
script + defines the dimensionless ratio of any quantity for the outer
region to the same quantity for the inmer region; e.g., i = ﬁo/ﬁi. The
subscript £ is used to denote the entire fuel-element cluster, while the

subscript ¢ indicates the region from the fuel-element cluster inlet end

to the axial position at'which the inner and outer average fuel-element

surface temperatures are equal. Without the subscripts ¢ or £, a gquantity

refers to the region from the inlet to any arbitrary axial position alomg‘
the cluster.

The analysis was performed under the following set of assumptions:

(2) The inner and outer flow regions: are hydrodynamically and
thermally isolated.

(b) The inner and outer flow regions have the'same lenéth:

tr=1." - (1)
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. the same law:
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(c) The pressure drop through each region is the same:
apt =1. (2)
(d) The fluid physical properties in each region are the same:

+ +

o' =1, k' =1, pt =1, ana ¢, = 1. ‘ (3)

(e) Uniform heat transfer exists around the fuel-element surface:
. + . N
(/)" = 1. )

(f) Fully turbulent flow exists along the entire length of the

flow channel.
- (g) The fluid friction in both flow regions is given by the same

relation:

f* = (}g#;>_0.2 . . }'(5)

v(h) The heat transfer in each of the_fléw regions is described by

0.8
+ o+ +
h" D, = <#Rq) 5 (6)
(the property relations are eliminated by Eq. 3).

(i) The inlet fluid temperature is the same for both the inner and

outer flow regions,

The following hydrodynamic and thermodynamic equations relating the

two reglons can then be written in terms of the dimensionless parameters
defined:

Pressure Drop

By definition of the Blasius friction factor,

+ +

+ -2
ap = p- (u)

0|



Combining this with Egs. 1, 2, and 3, there results

+.2
f+‘(u)/D;=l,

which on substitution into Eq. 5 yields,
_=0.2 2 :
+ -+ +
(NRe> (u) /De =1,

By definition,

-t .
Then, eliminating u between these two equations and solving for the

Reynolds modulus. ratio, there is obtained

4 » R
Npo = <D“;>5 ’ . o | (7

Heat Transfer

By definition of -the heat-transfer coefficient,
(¢/2)" = n* at*
or substituting from Eq. U4,

nt att =1 .

Combining this with Eq. 6,

+ 0.8 + st
<NRe> aT/D =1 .
Eliminating the Reynolds modulus ratio between this equation and

Eq. 7, results in

| <D+>l/3 att =1, ' (8) |

e



Geometry

The ratio of the heated surface of the outer region to that of the

inner region (see Fig. 1) is 4:3 or

a¥ = 4/3 . (9)

Mass Flow Rate

From the definition of the Reynolds modulus and Eq. 3,
+ + A+
No. =D, w /A" .

Eliminating NRZ between the above equation and Eq. 7, there results

e <D:§>2/3 . o)

Conservation of Energy ) %
" . . by CoEe y L
The convection heat gein (invoking Eq. 3) is given by

q+ = W+ 5t+ .

 Combining this with Egs. 4 and 9 yields

whoatT = u/3 .

Then, eliminating W between this equation and Eq. 10,

At <D:>2/3 stt = 4/3 : (115

Considering the entire flow channel, the total mean fluid tempera-
ture rise can be written as |

w, Bt +w Bt B, + W Bt |
8t = = - . (12)
) ; . +
W, + W 1 +w
i le]

Further, the average (total) mean surface-to-fluid temperature difference
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is defined by the expression:

a; A&i + 8 Ato ) 34t + 4Ato

FAN ] =
t a; +a T

> (13)

since a' = ao/ai = 4/3 (and tt = 1),

From qt =W, C Btt = h, a

t p + 8¢ Amt, a dimensionless ratio can be deflneq
as
ht a, §tt |
N = w, ¢ At, (1)
.t p t '

This parsmeter varies directly with cluster length from zero at the inlet
to its maximum value at the outlet. Thus for the total fuel-element
cluster,
h, a h, L md ’ '
t "t,2 __t i (15)
e
t p t p .

Nz =

and for the axial position at which the average fuel-element surface tem-
ﬁéféfﬁres are the same for both the outer and inner flow regions

ht 8 o h, C Trd

- t t :
N = 2= = (16)
c Wy cp KA cp. ‘
" and from these equations
N
£ L
N CCC (17):

Uhder the assumption that the fluid temperature is constant at the
inlet to the fuel-element cluster, the average surface temperatures of
the outer and inner flow regions wiilvbe the same only at the‘axial
position where

At + Bt = Ab, + Bt, . : (18)
(o] ] 1 1



Since this corresponds to the position, C =-E
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The perameter Nc can be expressed in terms of D; and At to satisfy the
( :

conditions of Eq. 18 by combining Egs. 8, 10 through 14, and 18.- N, is

st
: [u+3@Qvﬂ[g-3@gﬁ3ﬁ][@373f+i}

* _ : .
A quentity N can now be defined which is the value of N

then obtained as:

(19)

, for vhich equal

average surface temperatures will occur at the mid-section of the cluster.

5 9 Eq. 17 yields the result

N* 2N
=2N, .

Combining this with Eq. 19 gives

O

= ' - (20)
173 573 273 (
+ + + -+ + - :
e s ()73 G W [ G0) w ]
If at Eq. 13 a mean h rafher than a mean At is defined, Eq. 20 is
obtained in the alternate form: »
u@ AVER 1/3
)T ) 1 :

: (20)

[ ECHIE >2/31
Then, forming the ratio of Eq. 20 to Eq° 20 :
N | u9< >1/3 .
<N*_“ [u+3< [+ x ()
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For D; = 1, this reduces to Nf = (N%)'° Since in this derivation h and At
are known only as the product hAt, it is to be expected that independent
definitions of the mean values of h and At will, in general, yield the re-
sult that N* # (Nf)'° Thie follows from the generalization thaet the pro-
duct of the means of two functions is not equal to the mean of their pro-
duct. As can be shown from equations .obtained later in the analysis,
<}i;Ldn = 0,594k, Substituting this value into the above equation yields
the result that N%/(N%)' = 0.993, or a variation of less than 1% is intro-
duced by the alternate derivation.

For fhe:configurationvunder consideration (see Fig. 1), providing

++ > S++/é (i.e., adjacent scallops intersect or are tangent), it can be
shown that
++ o+ ++ 2 . ++ N\
S R . S ++ 2 S Y. T
=—— sin <erc cos - +{> + (R) 3 - arc cos - +f> "z
Tli: (S++)2 . I
L . 8
and
++
21 . 2R (BT . are cos = .
. 3 3 2 R '
P = T - (e2)
2

where R'" is the ratio of the radius of the scallop,vR, to the tube diam-

eter, d, and s** the similaer ratio of the fuel element center-to-center
distance, S, to the tube diameter.

Since

D = AT/F, (23)

. . * ++ -
it is possible to express N in terms of 8 and R .

®




To provide convenient comparison -of different dimensional coﬁfigura-

tions, a number of additional dimensionless parameters can be defined:

2% total cross-sectional flow area
. total cross-sectional area of fuel elements
| | | (24)
A ' \/ 2
~E L3P EX3 g L1 @en),
T . .2 T T
K™ |
P* _ total flow wetted perimeter
-~ total heated (fuel-element) perimeter
(25)
P
-t _3 +
TRt L+pP )
D* _ total equivalent hydraulic diameter
e fuel-element diameter
(26)
D :

e

2o [2ls . Km> '

B
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The paremeters N , A , P, and De_havevbeen calculated for S = 1.2,
1.4, and 1.6 in the respective ranges of R™" that yield a positive value

* *
for N ; i.e., N between O end +». These limits are given in Table 1.

NUMERICAL RESULTS

=1

Limits of R'T for Given Values of s

Table 1.

st N R
1.2 % 0.680
1.2 0 0.781
1.k o 0.828
1.4 o 1.036
1.6 o 0.981
1.6 0 1.321

The results are plotted in Figs. 2 and 3.

The foregoing analysis, although grestly simplified, provides much

insight into the surface temperature structure of this type of reactor

core geometry.

DISCUSSION

/

If the flow channel is designed to fulfill the requirements of Eq. 20,

tle average surface temperatures of the outer and inner flow regions will
be the same at the mid-section of the fuel-element cluster. This will
produce minimum rod bowing (as illustrated in Fig. 4).

channel satisfying Eq. 20, it cen be shown £hat the outer flow region will

For the scalloped
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have a higher surface temperature than‘that of the inner flow region at
the inlet to the cluster; hence, the direction df'bowing will be as is
shown in Fig. 4.

The ideal condition would be one in Which‘the surface temperatures
of both flow regions are the same for any axial position along the cluster;
i.e., 8t = &t (6t™ = 1), and NI Ami (at™ = 1). In general, howevér,
8t" and At will not be both equal to unity. This can be illustrdted by
considériﬁg Eq. 20 for the two conditions At' = 1 and &t = 1g&fo we
éhoose A¢+ = 1, then Eq. 8 yields D;b= 1 and Eq. 2Q gi?es the result N* = Q
(it can be shown that the denominator of Eq. 20 cannot be zero for this
case®). On the other hand, if we choose 8t' = 1, substitution into Eéf:ll"
yields D:; = [h/ (3 A*)]?’/ 2, Then, evaluation of Eq. 20 gives the result
N* - +o0, - In this case, since At > h/3, it is seen that D; cannot have the
value 1. Thus, if is not possible with this geometry to obtain correspbndl.
ence of the surface temperatures in the”inngr and outer regions over the
éntire length of the tube° As an.approximation, howevér,”tovfhis ideal tem~
pefature structure, the conditions of Eq. 18 can be satisfied for a single
position along the.tupe, say at the mid-plane of the fuel—elément‘cluster;'
From Fig. 4, it is apparent that matching the surface temperatures'at the
longitudinal centér of the element yields minimum values of the inner-outer

surface tempersture differences and hence minimum bowing.

2For the denominator to be zero, it is necessary that At - 4/3. By -
definition, A* = D! P" or A" = P*. fthen, B* = B /P, = (P_+ P ')/P,, vhere
PS is the perimeter of the channel wall and PO' = ao/I. Further as a = PL;
P = (®/P;) + at - (p/P;) + (4/3). Since P /P, >0, A* > 4/3; and hence

the denominator in Eq. 20 is not zero.
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Tolillustrate the use of this analysi;; fhe desired value of Nz'w%ll
generaliy be known for a given design. For minimum bowing, NE = N* (frqm
Eq. 17, using N =2 N, and C = L/2). Then, the values of st* ana RTT
assoclated with this Nf can be obtained from Fig. 2. Finally, Fig. 3 can
be used to establish the relative values of A, P, and De‘ These values
(in conjunction with such'restrictions as may be placed by the mass flqw
rate, allowable pressure drop, nuclear considerations, etc.) enable thé
selection of a fuel-element-cluster and flow channel design that will be
the best'compromise between rod bowing and éther desirable objectives,

The solution of this system requires applicaﬁion of an iterative technique.
For practical design work, of course, complete families of these curves
would bé desirable. |

By way of example, consider a reactor having l-in.-dia fuel rods
spaced on 1.4-in. centers (ST*+ = 1.4) located within a channel through;"
vhich gas is‘flowing at the rate of 3,000 lmh/hr. The gas is assumed t0
have the following properties: p = 0.09 lbm/hf-fti k = 0,16 Btu/hr»ffi‘F;

c, = 1.2 Btu/ibm-°F, and N, = 0.7. Using the correlation,

0.8 . 0.h4
Ny, = 0.023 Np " Ny : (27).

(where N , 18 the Nusslet modulus and N, 1is the Prandtl modulus)

N Pr
the optimum rod cluster length can be determined for values of R'T of 0.9
* o
end 1.0. Thus, for R'H = 0.9, Fig. 2 yields N = 0.55 and Fig. 3 gives

=P Trd or 3.12 £t and

* * * ‘
A" = 1.61, P =1.70, and D_ = 0.95. Then, P

t
*
Det = De d or 0.079 ft. The Reynolds modulus is then calculated as,
i W, ) :
NRe = 5——5 =Ah2,70®‘,

t
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2
ht Tmd

optimum cluster length is found to be 5.3 ft. Similarly, for R'% = 1.0,

and from Eq. 27, ht is 204 Btu/hroft2°°F. Since L = the

N =0.19 and A" = 1090, P% = 1.71 and D: = 1.11. By the same procedure,
the optimum cluster length is determined to be 2.1 ft. Thus, relatively
small changes in channel parameters (18% for A*,’< 1% for P*, and 17% for
D:) result in a reduction of the optimum cluster length by a factor of
2.5. If other criteria establish the desired rod clustér length, an iter-
ative technique can be used to determine the optimum channel parameters
for the chosen cluster length.

In this analysis,'a numbér of simplifications have been made to_facil-
itate the solution. For instance, the inlet fluid temperatire to each
cluster was assumed to be uniform across the entire flow channel. This
presupposes complete mixing of the coolent as it passes through the hanger-
spacer assembly betweeﬁ clusters. The re;ative validity of this assumption
is unkndwn, and it is difficult to ascertain how it could be verified with-
out resorting to an elaborate experimental program.

In discussing the temperature profile frodueed in a scalloped channel;
.the rather tacit assumption was made that the éverage and maximum sufface
temperatures fbr either.flow region were the same or very closely allied.
For the geometry of the scalloped channel, this assumption is not unreason-
able. Prior analytical_work3 and experimental work® show that for the inmer
flow region of a similar configuration, the temperature profile is almost

uniform causing the average and maximum températures to coincide fairly well.

3Op. cit. , e

4Gas-Cooled Reactor Project Semiannual Pfogress Report for Period
Ending December 31, 1958, ORNL-2676, pp 36-45.
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Since the outer flow region is essentially annular in cross section, there
should be no great differenée-between the maximum and average temperafures.

As g matter.of simplification, and in lieu of better information, the
heat generation in and the thermal properties of the fuel elements were
considered to be uniform. |

The analysis could be made moré exact by eliminating some of these
simplifying assumptions and by dividing the flow channel into a greater
number of flow regions and apﬁlying the proper variations in the thermal
properties, heat-transfer coefficients, etc., to each region. Also, as
the peripheral fuel‘rods begin to bow, the flow distribution between_adf
jacent flow regions will be changed. Since these seeondaryveffectS"eea
be cumulative, they should'%e included in any detailed snalysis. Since,
in any event, the results obtained will require experimental verification,

it is believed that such refinements are not now justified,
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