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SUMMARY

One of the ccnsiderations in thc selection of a coolant for a‘nuclear re-
actor or any heat exchgnge system is the amcunt of flow work required for removal
of a unit of heatf This quantity, which is referred to as the "cooling work |
modulus”, varies with the geometry of the system, the fluid velocity (and flow
regime), and the properties of the.fluid. |

In this memorandum equations for calculation of the cooling work modulus are
developed for turbulent flcw, curves which simplify computation are provided, and

the results of the study of a specific reactor are presented for illustration.

INTRODUCTION

AAnumber of factors must be considered when selecting a coolant for a
nuclear rcactor. For example, the nuclear propefties, corrosion characteristics,
density, vapor pressure, and the melting temperature of the coolant as well as
its heat transfer effectiveness must be evaluated, _In this memorandqm, only a
study of the coolant heat transfer effectiveness in terms of flow work per unit
heat rémovg.l .is conducted.' Such a study may be useful in minimizing the pumping
power requirements for a given reactof system by properly choosing the coolant
and sizevand number of coolant passages.

An idealized reactor coolant system which is considered to be somewhat

representative of actual solid fuel-element reactors is used in the subsequent

analyses and is defined by the following postulates:




1. Heat is generated uniformly in the volume of a cylindrical
reactor core. :

no
°

Heat is removed by a coolant that is passing through circular,
parallel coolant passages which are distributed uniformly
through the core. The volume of coolant in the reactor is a.
constant; thus the number of tubes varies with tube diameter.

3. No heat is generated in the coolant.
4., The coolant passages are presumed to be sufficiently long that
thermal and hydrodynamic entrance effects are small and can be

neglected.

5. The physical properties are not considered to be temperature
dependent; average values are used.

6. Coolant temperature differences (either radially, axially or
combinations of the two) are specified for a given amount of
heat to be removed from the reactor.

The cooling work modulus, which is developed in the following paragraphs,
is a function .of the reactor geometry, the heat removal rate, the thermal
properties of the coolant, and certain coolant temﬁerature differences which
are fixed by such factors as mean coolant temperature, coolant melting and

1
boiling temperatures, tube wall corrosion and mass transfer, and thermal stresses.

v
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I.

DEVELOPMENT OF EQUATIONS

Derivation of Cooling Work Modulus
The pressure drop across the reactor is obtained using the Fanning

equation.

2fpVeL (1)

In the turbulent flow regime the friction factor, f, can be calculated from

the following equation.

£z 28cTw _ 0.046 (2)
2 3. 0-2 .
P Re

The flow work per unlt time, Pp, equals the pressure drop multiplied by

the totsl volumetric flow rate through the reactor.

P =Qa

b = VA, b, = V(_:tDQn/h)Ap | (3).

D
The dimensionless "cooling work modulus” LY is obtained by dividing
the flow work rate by the total heat removal rate, with the factor J
inserted to convert from heat units to work units.

- (4)
If the volume of coolant is held constant at B,, the nﬁmber of coolant

passages, n, is related to the dimensions of the tubes.

n = ¥ .:B..c.. (5)
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II.

Substituting equations (1), (2), (3) and (5) into equation (4), and
eliminating velocity by replacement with the Reynolds number; DVp04

. W[ B .8
Chlra [“2] [bh:t} Nge” (6)

p

If both numerator and denominator are divided by the volume of the
reactor, Bg, the coolant volume and heat flow rate can be expressed in
terms of a unit volume of reactor

5 .
- 0.092 (Bo/Br) 2.8
K &cJ ‘E’%J[Di(qt/BR)JNRei (6a)

Heat Trapsfer'Analyses

Two coolant temperature differences arise in the heat transfer analyées.
Cne is the difference between the tube wall and mixed-mean fluid tempera-
tures, Atp, and the other is the difference between the inlet and outlet‘
mixed-mean fluid temperatures,£>tA; Depending on the several design
factors such.aé mean coolant temperature, melting and boiling temperatures,
and tube wall corrosion and mass transfer, one or the other of these
temperature differences, or a combination of both are parameters that must
be considered. One analysis ﬁhich follows coﬁtéins a total tempergture
difference, Aty which is equal to cj AtR + Cp &t, where cg and s are
constants which can be Selected to emphasize the radial and axial tempera-
ture differences as desired.
1. General Case

Including the definitions of the "total temperature difference,”

T
Y

Aty, and the Nusselt modulus, Ny, four equations can be written describing

i




the heat transfer system in the reactor.

a; = Vph, CpDOTA
h = kNg /D

At-t = Cl AtR + CEAtA

Substituting from (7) and (8) into (10).

Replacing h using equation (9) and rearranging.

ey _ katghy  cp(Ap/Ac)k

Ny Day, DVpcp
1 ___katy  M(ag/MAc)(cp/ey)k

Equation (12a) may be simplified by replacement of terms with

dimensionless groups; n is eliminated using equation (5).

k aty woatgkln b Atgk(B./Bg)

c1Dgy / AH €144

(%) (3

h(AH/hAc)(cg/cl)k _ Xk

c10<(a4/Bg)

DVpc,, DVpc,, " Ngelpr

(7).

(8)

(9)
(10)

(11)

(12)

(122)

(13)

(1)

(15)




)

Substituting into equation (12a).

1 . b
Ty - NRelpy.

(12v)

For fully developed turbulent flow of ordinary fluids the Nusselt modulus can

be expressed as a power function of the Reynolds and Prandtl moduli.

0.8 0.4

My = 0.023 Npo~*~ Np,. Npy = 0.5 (16)

For fully developed turbulent flow of liguid metals in pipes a different

relationship is employedl.

Ny = 7 + 0.025 0 08 mp 08 Npy < 0.5 - (an)

Equation (12b) has been solved simultaneously with equations ( i6) and (17)
by computing machine with F and X as independent dimensionless parameters. The
results are presented as a series of curves, Figs. 6 through 22, with Npo as a
function of X for various values of F and Np,.. For vaiues of ¢y and Co larger
than zero, the heat transfer solution for a feactor can be determined from these
curves, the Reynolds number thus obtained inserted into equations (6) 6f (6a),
and the cooling work modulus calgulated.

- Two cases in which particular values of c; and cp are employed and the
special cases of cj equal zero and cp equal zero are consideéea in the following

sections.

1Lcyon, R. N., "Liquid-Metals Hendbook," 2nd ed., U.S. Government Printing
Office, Washington, 1952, p.187.




2. Case where cy = 1 and cp = 1/2 (i.e., Oty =Otg + %AtA = At))

Invthis ease the temperature difference parameter is taken equal to
the sum of the radiel temperature difference and half the axial temperature
rise. For uniform heat generation in the reactor and uniform heat transfer
‘coefficient throughout the coolant tubes, the parameter, £>té, is the
difference between the hottest point en the tube wall and the mean tempera-
ture of the fluid in the reactor. In many systems the mean temperature of
the coolant in the reactor is the same as the mean temperature of that
fluid ip passage through a coupled heat exchanger. . Under this condition
£>tp is approximetely the difference between the hottest point on the tube |
wall in the reactor and the mean temperature level aVailable fqr trans-
ferring heat from the coolant to a wofking fluid or a heat sink; 'Thie is

illustrated in Figure 1.
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3. Case where ‘cl'== 2 and ¢y = 1/2 (i.ev, Aty = 2B8LR + 1/2 Aty B Aty)

The temperature difference parameter for this case is selected to apply
t§ a reactor with a symmetrical heat exchanger, that is, a heat exchanger
in‘which the coolant path is geometrically identical with that of the re-
actor. For this system, except for the éffect of temperature on fluid
properties, the heat transfer coefficient will be the same in both reactor

~and exchanger, The mean temperature difference 5etween the heat exchanger
tube walls and the coolant will be the samelas the temperature drop between

the tube wall and coolant in'the reactor. Hence A& ty is approximately the




w

temperature difference between the hottest point on the tube wall in the
reactor and an average temperature of the heat exchanger tube wall. The
temperature of this tube wall is the temperature level available for trans-
fefring heat from the heat exchanger to the rest of the system. It should be
noted that the axial temperatﬁre pattern in the heat exchanger tubes depends
on how heat 1s removed from the exchanger and the temperature which is ob-
,teined from this analysis is only an intermediate temperature'aloﬁg the
length of the wall. This i1s illustrated in Figure 1.

For Aty = 2 Aty + 1/28t, = oty

_ ka ___.lLAtwk(Bc/BR)
. "QDQt;AH' - T20%(qy/BR)

L/4D

b
]

4. Case where ¢y =1 and ¢; =0 (i.e., oty =atg)

The plotted solutions to the.general heat transfer equation cannot
be used for either ¢y = 0 or ¢cp = 0. However, an explicit solution for
elther Npo or nP can be obtained‘startigg_from equatipn-(l2) or, as shewp,

from the basic heat transfer relationships

qt = bAg Aty = h(nmDL) Aty (7)

For ordinary fluids the_ﬁeat transfer coefficient for turbulent flow is

given by equation (16a), a rearrangement of equation (16).

h = 0.023 % Nge0+8 Np, O © (16a)




12.

Substituting equations (5) and (16a) into equation (7) and dividing both
sides by Bg.

2
a;/BR = 0.092 Atg(Bg/Bg)ey,’ ™ o4 06y 0-8p (18)

Solving for the Reynolds number and rearranging yields for ordinary fluids.

‘ , \ , 41.25
Npe = X 1 (qt/BR)D (182)
(0.092)1+2% | mp, 0% 1125 | atg(B,/BR) -

For ligquid metals the heat transfer coefficient for turbulent flow is ob-

tained by solving equation (17) for h.

0.8 0.8]

=k
h = 5‘[7A+ 0.025 Ngo

Substituting equations (5) and (17a) into equation (12), dividing both sides

by Bg and solving for the Reynolds number.

D?(qy/Bg) e
o1 1 2t )
’,NR'e _ (0;025)1,25 I:Npr][u Aty x(B,/Bg) 7] (19)

Equations (182) and (19) can be combined with equation (6a) to yield

For ordinary fluids

} 1 L6 D7(q4/BR)2*> (20)
(0'092)2.5gcJ k2.l cpl.’-l-p? AtRB.S(Bc/BR)2.5 S V&S
For liqpid metals
3.5
0.002 Jo-2 28] (3o/BR) ~ D%(qy/BR) 5 (21)

(0.025)7 %63 |6 o0 || D(as/BR) || MBe/BR) Stpk
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5. Case where c) =0 and cp = 1 (i.e.Atg = Aty)

If Aty is retgined as a pafameter, the heat transfer rate is expressed
by equation (8), an energy balance on the goolant in passage through the
reactor. - h

A = Vpheep Aty = V(nﬁDe/h)pcp aty (8)
Substituting equation (5) and the definition of the ReynoldslnuMber into
equation (8) | | | |
9t = BeeppAtyNpe/DL (22)
Dividing both‘Sides of equation (22) by Bg énd solving for the Reynolds

number. yields the following relationship which-applies‘for all fluids.

No = 1 w(Qt/BR) ‘ (222)
Re ~|Z,p| | BETBe/BR) #

Combining equation (22a) with equation (6a) yields

' . 1.8
o = 0:092 P2 12-9 (at/Br) (23)
p gcJ DECPEQB Dl-2 (BC/BR)lo_B AtA2-8 ’
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SOME SPECIFIC REACTOR COOIANT EVALUATIONS

To illustrate the application of the methods of calcqlation developed in
this memorandum, vglues of the copling work modulu;, “p’ have been calculated and
plotted as functions of tube diameter for five possible coolants for an arbi-
trarily chosen reactof; Calculations were performed for each of four temperature-
difference parameters and four plots are presented invFigures 2,>3, L, and.S.

Reactor Dimensions and Qperating Conditions

Length of reactor,_L_ ----------- L ittt ————— 2.75 ft.
Diameter of reactor ----- e 3.00 ft.
(Volume of reactor, BR ===--=-====-=mmmmmm oo omoee 19.44 cu. ft.)
B./Br R R e meecmmmm————m————— o.ﬁo |
(Volume of coolant, B, e e oo oo 5.83 cu ft.)
Heat removai rate, gy = 200 MW =A—--;---------------5-- 682.6 xv106 Btu/hr.
(a,/Bg f-------—------éf---é-------?---------------Q--- 35.1 x 100 Btu/(hr)(cu £t))
Temperature difference parameters (only one can bg specified for each case)

AbR == mmm o mmm oo R 200°F

D e 200°F

at, mmmmmmmmommmmomoommooosooooooooo- mmmmmmmemmoses = 300°F

Aty =m-mmmmmmm oo —mmmmmmeee e m-mmee 500°F




Coolant Properties at l§50°F3

15.

Coolant Cp ) k o) NPr
| Btu 1b Btu 1b
(lb)(oF) (rt)(hr) (hr)(ft)(°F) cu.ft.

Bi 0.039 1.98 9.0 593 0.0086

Li 1.0 1.0 22 29.0  0.047

Na 0.30 0.43 3L 48.2  0.0038

NaOH 0.9 2,1 0.8 95.0 1.3
NaF-KF-LiF  0.45 7.3 2.6 125 1.3
(11.5, k2.0, ' '

46.5 Mole%)

5Properties of Liquid Metals from "ILiquid-Metals Handbook," 2nd ed., U.S.

 Government Printing Office, Washington, 1952, p.209.
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DISCUSSION

The cooling work moduli for five different reactor coolants are plotted in

Figures 2, 3, 4, and 5 for four specific temperature difference parameters and

over a rahge of pipe diameters. The following observations are based on these

curves and on the equations from which they were obtained:

Aty Constant. | If the radial temperature difference, AR, _is set
‘equal to a constant as in Figure k4, Ty increasés.with increase.in
pipe diameter and viscoéity and decreases with increase in thermal
conductivity, density and heat capacity (see equations 26 and 21).
For this case.the light liquid metéis are better coolants than
ordinary fluids because these mefals have low viscosities énd.high

thermal conductivities.

'zxtA Constant. If the axial temperature difference, A tp, is set
‘equal to a constant_as in Figure 5, #p decreasés with increase in
pipe diameter, density and heat capacity and increases slowly with
viscosity_(see equation 23). For this case those ordinary fluids
having high thermal capacities per unit volume (the product of
specific heat and density) afe better coolaﬁts than the liquidhmetgls
because thg meta}s have low thermal capacities per unit volume.

General Case. The case where a total temperature difference,

z>tt(= cléktR_+ c24>tA), is fixed is a compogite of the two specific

cases discussed above; the radial and axial temperature-difference




solutions represent the asymptotic solutions for the general case in

the large and small cooling passage diameter regions, respectively.

Note that minima exist in the Ty VS. D. cﬁrves for the general case.

Figures 2 and 3 are examples of cases for which neither ¢j nor co

equals zero. | |

AFor the specific examples considered‘here the cooling work moduli fell in the
range 10'6< npz_lO'l, meaning that the amount of flow work per unit time (pumping
power) required to extract the heat generated in the reactor ranged from 0.0001%
to 10% depending on‘the type of coolant,‘pipe diameter, and temperature difference
parameter stipulated. All of the physical properties of a coolant influence
its effectiveness in transferring heat from the reactor. An ideal coolant would
be one that had a high thermal conductivity, heat capacity, and density and a
low viscosity. |

Because. of their low densities and thermal conductivities gases yield very
high values of the cooling work quulus. ‘Calculations performed for helium reveal
phat for the reactor discussed above the cooling work moduli are of the order
of 107 to 1075 much higher than for any liquid considered.

The analysis preseﬁted in this memorandum is limited to’the conditions of
the postulates stated on page 4. The same type of derivation can be performed
for different postulates by changing the basic equations. For example, if it
" were desirable to maintain the weight of coolant constant rather than the
volume, allowance could be made for this by alteration of equation 5,and the

rest of the analysis carried out as before. Other changés can likewise be

made in this manner.
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Figs. 6-22

The following curves are solutions to the pair of simultaneous equations
12b and Z[.6 for ordinary fluids (Npréo.S), and the pair 12b and 17 for liquid

metals (Npp<0.5).
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NOMENCIATURE

Ac Total cross-sectional area of flow passages through
reactor, square feet.

Ag Total heat transfer surface in reactor, square feet.

B, Volume of coolant in reactor, cubic feet.

By _ Volume of reactor (including coolant), cubic feet.

cysco Constants in equation 10.

¢p Specific heat of fluid, Btu/(1b)(°F).

D Diameter of coolant passages in £eactor, feet.

F Dimensionless parameter defined by equation 13.

T Friction factor defined in equation 2. |

8 Conversion factor, 4.17 x 108 (v mass)(ft)/(hr)2 (1b force).

h Heat transfer coefficient, Btu/(hr)(sq f£t)(°F)

J Conversion factor, 778.2 ft-1b/Btu.

k Thermal conductivity of fluid, Btu/(hr)(sq £t)(°F/ft).

L _Length of a coolant péssage in reactor, feet.

N Dimensionless Nusselt modulus, hD/k.

Np,. Dimensionless Prandtl modulus, cp M.

NRe Dimensionless Reynolds modulus, DVp/p

n Number of coolant passages'in reactor

PP Flow work per unit time, based on pressure drop of fluid
in passage through reactor, ft-lb/hr.

P Prandtl modulus 'in Figures 6-22. . .wiy i

q Rate of heat generation in reactor, Btu/hr,




R

Q Total volumetric rate of coolant flow, cu ft/hr.

v Meen velocity of coolant in reactor, ft/hr.

X Dimensionless parameter defined by equation 1l.

AD Pressure drop of coolant across reactor, lb/sq ft.

A tA RJ.se in bulk temperature of coolant (axial temperature dlfference)

between entrance and exit of reactor, OF.
Aty Temperature difference parameter, AtgR + 1/2 Oty

Aty Temperature difference between tube wall and bulk fluid
- (radial temperature difference), OF

Dty Temperature difference parameter, cjAtg + co AtA

Aty  Temperature difference parameter, 2 Aty + 1/2 Aty

u Viscosity of fluid, 1b mass/(ft)(hr)
o ‘Density of fluid, lb/cu ft.
T Dimensionless "cooling work mdduius" defined by equation (4);

equals flow work per unit heat removal.

T Shear force at wall due to fluid friction, 1b foree/sq ft.




