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vs' ; Abstract

2/3
. The expression -@32-7 which is often used to compare the
L g , (M C ) , ,
’ merits of ve.rious gas coolants is derived and the errors involved in
using this term are discussed. An example using CD and He is shown

to 11lustrate the difference between the true pumplng power required
and that predicted by the above expression.
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v,;ylgny‘ information, apparatus, method, or process disclosed in this report may not infringe
:priv)mely owned rights; or ’ T :
B. Assumes oany liabilities with respect to the use of, or for damages resulting from the use of
any information, apparotus, method, or process disclosed in this report.
As used in the above, *‘person acting on behalf of the Commission’® includes any employee or
comtractor of the Commission to the extent that such employee or contractor preparss, handles
or distributes, or provides access to, any information pursuant to his employment or contract
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COMPARISON OF GASES FOR USE AS THE COOLANT IN A GAS-COOLED REACTORS

There is no simple and accurate method of comparing the merits of different
gases as a coolant in a gas-cooled reactor. One very common method is shown
below. The basic equations for the comparison are as :follows:

: - vec
o= 22 —% ()
Re’“ (Pr)
Q = ha At . S (2)
Q = w cp Atg=-§'*" ve;c cp Atg (3)
S v L
My = 4‘f2g 3- | (4)
W =”wAH = VeA, M, ' o (5)

The object then is to determine which gas requires the smallest amount of work
to deliver a .given amount of heat from the reactor core.

Combining:»;gequatlons (1) and (2)

Vvec

0.023

A At (6)
Re < (Pr)2/3 -] W ‘

Q:

Combining equations (4) and (5) ' '
_ v L -
Vo= VA 4nge : , (7)
Dividing (7) by (6) ' ,
VRA 4T v oL (pr)?/?

: . (8)
.023
( )v €C, 26 D, A At
Substituting (3) in (8)
v 4t @ 1 (@) (9)
5= /023 . . 3
Q 23\ 2¢ D, A At ATZA e? ¢ |
‘Re : :
Also e = % and £ = ';3—{*% therefore
W o 4 L K 7 -(Pr)z/3 (10)
Q" ga A M A D PP M
s’ e w g e P




or
2 2 \3
g A A, Ot Atg D, r (M cp)

O1=

Although the last term in equation (11) is the only term involving the
properties of the gas, it does not follow that the gas which has the smallest

value of 2/3
M §Pr2
(M cp)3

will have the smallest required pumping power. In a reactor the variation of
heat flux along a fuel channel is independent of the gas, and the temperature
profile of the gas is a function only of the gas temperature in and out of the
channel. In calculating the performance of a reactor the heat transfer coefficient
may be determined by using the properties of the gas at the average temperature
and then treated as a constant along the length of the channel. This approximation
is usually good to within 5% of the true integrated value of the coefficient and
is probably within the accuracy of the equations and data used to determine the
~coefficient. With the gas temperatures as a function only of its location in

the reactor and the heat transfer coefficient a constant, the.temperature of

the fuel element and its cladding is a function only of its location in the
reactor. For all gas-cooled reactors proposed or built to date either the
temperature of the fuel element or the clad has limited the reactor output. If

it is assumed that the maximum allowable fuel element or clad temperature is
independent of the gas, and with the temperature of both the fuel element and

the gas independent of the gas, then it follows that the heat transfer coefficient
must be the same regardless of the gas used as-a coolant. The heat transfer
coefficient for gases of different properties will not be the same unless the
geometry of the system is altered when a different gas is used. The fallacy

then of using only the last term of equation (11) is that the terms involving

the geometry of the coolant channel cannot be treated as constants.

If the 1nlet and exit ga.s temperatures and the maximum fuel element temperature

are fixed, then equations (1) and (3) give a relation hetween the gas properties
and the geometry of the system.

* The expression y ‘ ‘
2/3 S . o
MP—I')-B—— 1s usually simplified to
(Mc) '

» with the variation of
( ) 3
MC

Pr assumed tliglig ble. This express:.on has appeared repeatedly in  the
literature ‘*#<2°/ concerned with gas-cooled reactors. In one case( the
expression is presente? ?s an absolute criteria of the heat transfer merits
_ of a gas while anoﬁg r\J) states "the differences are Mot so marked as
@ expressions like M suggest".
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L oo 0023 TEG (1)

Re2 (Pr)zis

- At |

q .v e, 0, At | (3)
also Re = L%E . (12)

Combining (1), (3) and (12)
nas . ofaf ' 1)
= = constant 13

0.023 p*2 A'8 (Pr)2/3
e ]
. . 4 A :
also D = e (14)
) e Wp A

From equations (13) and.(14) it becomes obvious that the relative merits
of differentcoolant gases cannot be determined until the. configuration of the
fuel elements and the channel have been fixed. If the channel is assumed to be

" circular and the fuel elements made up of one or more circular rods then

s, = % {Di - N(DR)% | (15)
and W, = [Dc + ’N(DR)] |
fa, B - w0t
and D3=T= 3@+N@) (16)

From equations (13), (15) and (16) it can be seen that several dimensions
must be fixed. If the numbér of rods and their diameter are fixed then the
channel diameter can be found for any heat output per channel. If the gas
properties are changed then a new channel diameter must be found to satisfy
the equatlons Once the channel diameter and therefore the free flow area are
known it is then a simple matter to find the velocity and the work required to
overcome the friction losses. It should be noted that equation (4) and therefors
equation (11) are for the core friction loss only. There are also expansion and
contraction losses in the core. These will depend only on the gas velocity and
may be of the same order as the friction loss. There are also losses in the
system external to the core, but these are usually relatlvely small.

Given below is a comparlson of the pumping power required for a system(A)
using both CO, and He. ' The reactor choosen for the comparlson is a design

- by Kaiser Engineers and Nuclear Products~ERCO in which CO, is the proposed

coolant. The following design-data were taken from Tablés 3.1.1 and 3.1.4 of
reference 4.
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Type of Fuel

7 slug UO2 cluster

Fuel Slug Diamster 0.75 in.

I.D. of Graphite Sleeve 3.0 in.

Core Height 25.75 £t

Reactor Thermal Output 600 Mw

Pumping Power 28 My (Electrical)

Inlet Gas Temperature . 473 °p

Mean Exit Gas Temperature 1000°F ¢

Reactor Coolant Flow 14 x 10° 1b/hr

Reactor Inlet Pressure 400 p31a

Maximum Cladding Temperature 1300 5

Coolant Mass Velocity in Center 7.4 x 107 1v/hr £t
Channél

In comparing the performance of the two gases the properties and also the

heat transfer coefficient are determined at the average temperature and are treated

as being constant.
" gas from the reactor is identical to the temperature leaving the center reactor
- channel.
o “any channel is proportional to the heat generated in that channel. Also the
maximum fuel element temperature in any channel will be less than that of the
center channel. This then allows one to calculate the overall performance of a
reactor on the basis of the center channel only.

The gas properties were taken at 740°F and are as follows:

002 He
Specific heat 0.27 5 1.248 Btu/%
Viscosity 1.95 x 10~ 2.28 x 10 7 1b/sec ft
Prandtl No. 0.72 0.734
Density 1.373 0.1247 1b/ft

The heat transfer coefficient is caleulated from equation (1) and for CO, with
a mass velocity of 7.4 x 10° 1b/hr £t°

p = 0:023 x 7.45 x 10° x 0.27

. 5\0.2
e 2/3
(; —0.0702 ) 0.72 3600

)

For a channel diameter of 3.0 in. ané seven 0,75 in. rods

D, = 0.0512 ft
A = 0.0276 £t
¢ 2
h = 0.11%4 Btu/sec £t~ °F
V = 149 ft/sec
@ Re = 5.4 x 10°

It is also assumed that the mixed mean exit temperature of the

This can be done by orificing the the chamnels so that the flow through
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@ | For a Re of 5.4 x 10° and for commercial tubing the faaning friction factor
- L, L
AHf = 4 2g De

2780 £t 1b/1b.

The expans:.on and contraction losses in the core are assumed to be as follows.

inlet 1oss tO'core = %-gg (V at inlet temperature)
fuel element expansion A i@
"~ and contraction o G
loss = 1 2% (V at average temperature)
exit loss from core ;' i= 1 gg (V at exit temperature)
or .
' ) K \ 2
. lawg [ (i1 1000
AH_(expansion and contraction) = == {75<Z36 + 1+1 L
= 0.0475 V‘ng

1050 £t 1b/1b.

In the ORNL gas-cooled reactor study(5) the headfloss.in the external circuit
could be represented by the equation"-

- = -2
AHexternal — 2. 78 X 10 (_a

Assumlng that the external circuit in the Kaiser Engineers—Nuclear Products
study is similar to that of the ORNL study ‘the external head loss is found to be

278x10]2( "10) = 290 £t 1b/Ib

o — 1.373

and the total head 1oss is

M, = 2780 +'1‘o'50 + 290 = 4120 £t 1b/1b.:

When He is substltuted for €O, it is assumed thatr he onl& change to be
made to the system is an enlargemeﬁt of the diameter of the coolant channel.
As stated previously the coefficient must be the same as for CO2

006
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0.23 VG .

h = 0114 =- Btu/sec £t~ °F
Re*2 (pr)2/3 -
~and o . - i
0,023 10,1247 'v 1.248
011 = 3 0 2 1247 x X 248

'ﬁ;v x 0.124:7

2.28 x 1070 | (0.730%/2
. X

Also the temperature rise through the reactor must be the same as for 002 For
this to be true

(VPA c.) = (v(’a‘c)

¢ Poo, - % Pre
' Both of the above equations_afe<s&tisfied»for a channel diameter of 3.3 in. with
'De = 0.0716 £t
A, = 0.0386 £t
V = 25 ft/sec 4
- “Re = 9.95 x 10

The friction factor is then 0.0055 and

| 2
B, = 4 x 0.0055 g—éﬂ-&_ - x 5%—7{3 = 7920 £t 1b/1b

0.0475 (254)°

Aﬂ(g;pansion and contraction)

3060 £t 1b/1b

W

: ' 6\2
_ _ -12 [3.03 x 10 _
AHe tormal = 2.78 x 10 51277 ) = 1640 £t 1b/1b

OH, = 7920 + 3060 + 1640 = 12,620 £t 1b/1b

The ratio of the pumping power of 002 to that of He is

Power to 002 _ lx l06 x 4120 ,= s
Power to He  3.03 x106x12620

It is interesting to note that if the last term in equntion (11) were used to
evaluate the gases the ratio would be

"’3 0ov



(4 x 1.248)°

\2/3
The above example shows that the expression %ﬁm)T— ‘can be very misleading
’ : MC
~ _ p
in evaluating the merits of different gases. In the above example the difference
amounts to a factor of approximately two. Frem equation (11) it can be seen that
the required pumping power is proportional to the cube of the reactor output
for a fixed reactor design and coolant. Thus, an increase by a factor of two
in pumping power would increase the output of the system by about 26%. The’
“actual reduction in pumping power of He compared to GO;, is 1.51. By increasing

the power input to the He by a factor of 1.51 the output of the system would
be increased by about 15%.
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" NOMENCLATURE

A
tg
At
W

Free flow cross-sectional area
Heat transfer surface ares
Specific heat

Equivalent diameter

Channel diameter

Fuel rod diameter

Friction faqtor
Conversion factor

Heat transfer coefficient
Heat loss

Lengﬁh

Molecular weight

Number of fuel elements in cluster

Pressure

Prandtl Number

‘Heat transferred

Universal gas constant
Reynolds Number

Average temperature

- Veloeity

Gas temperature rise

Temperature difference from
wall to gas

Weight flow

Wetted perimeter

£t
£t
Btu/1b °F

ft
£t

£t

£t 1b/sec® 1b
Btu/sec £t OF
£t 1b/1b

Et

1b/1b mol
. 2
1b/ft° abs.

Btu/sec

£+ 1b/°R 1b mol

QR abs

£t/sec

o

°p

1b/sec

i
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@ NOMENCLATURE (Continued)
W Flow work .
Wy Total system flow
B Viscosity
f Density

-10-

£t 1b/sec
1b/hr
1b/ft hr
1b/e8




~Q References

(1)

(2)
(3)

(4)

(5)

.“A:rmy Mobile Power Pla.nt“ Sanderson and P/

er, Report No. 1959-1.2,
July 15, 1955. 5

"Journal of the British Nuclear Energy anferenc'e" , 1956, Vol. 1, p 227.

"Journal of the Brit:.sh Nuclear Energy Coni‘erence" 1957, Vol. 2, No. 2,

P 226

“Gas—Cooled Power Reactor, Feasibility Study, Optimum Partially Enriched
Uranium Nuclear Power Plant", Report No. 58<4-RE, March 1958,

"The ORNL Gas-Cooled Reactor", ORNL-2500, April 1, 1958.




1.
2-
3.
4-
5.
60
7o
8.

10.
11.
12.

D-:'

A.
R.
R
W.
A,
J.
W.
R.
W.
M.

Ho'

S.

L.

B,
A,

B.

H,
T.

S.

H.

E.

G.

Billington
Boch
Briggs
Charpie
Cottrell
Fraas
Frys
Furgerson
Holcomb
Jordan
Lackey
MacPherson

- 32.
33,
3k,
35"490

. V Meghrebl',
"15. A. M. Perry
16-20., G. Samuels
- 21. - J.'#%: Swartout
22, C. S. Walker
23. " A. M. Welnberg
24. C. E. Win'ber's
25-26. Central Research Library
~ 27-28. Laboratory Records Department
- 29+ Laboratory Records, ORNL R.C.
30. -©RNL-Y-12 Technical Library :
31. M, J. Skinner

EXTERNAL DISTRIBUTION

American Ca.r and Foundry Indust.rie.s ’ Inc.

--George Havorka
Atomic Energy Connnission, Oak R:Ldge -- A, W, Larson, Jr.

General Nuclear Engineering Corps
IEC, TISE




