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SUMMARY 

i 

One of the considerations in the selection of a coolant for a nuclear re- 

actor or any heat exchange system is the amount of flow work required for removal 

of a unit of heat. 

modulus", varies with the geometry of the system, the fluid velocity (and flow 

regime), and the properties of the fluid. 

This quantity, which is referred to as the "cooling work 

In this memorandum equations for calculation of the cooling work modulus are 

developed for turbulent flow, curves which simplify computation are provided, and 

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

INTRODUCTIOPS 

A number of 

nuclear reactor. 

factors must be considered when selecting a coolant for a 

For example, the nuclear properties, corrosion characteristics, 

density, vapor pressure, and the melting temperature of the coolant as well as 

its heat transfer effectiveness must be evaluated. In this memorandum, only a 

study of the coolant heat transfer effectiveness in terms of flow work per unit 

heat removal is conducted. 

power requirements for a given reactor system by properly choosing the coolant 

and size and number of coolant passages. 

Such a study may be usenil in minimizing the pumping 

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: 
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1. H e a t  is generated uniformly 
reactor core. 

i n  the 

2. Heat is removed by a coolan, tha t  

volume of a cylindrical  

s pass ng through circular,  
pa ra l l e l  coolant passages which are dis t r ibuted uniformly 
through the core. 
constant; thus the number of tubes varies with tube diameter. 

The volume of coolant i n  the reactor is  a 

3 .  No heat is  generated i n  the  coolant. 

4. The coolant passages are presumed t o  be suff ic ient ly  long that 
thermal and hydrodynamic entrance effects  are small. and can be 
neglected. 

The physical properties are not considered t o  be temperature 
dependent; average values are used. 

Coolant temperature differences (ei ther  radially, axial ly  or  
combinations of the two) are specified f o r  a given amount of 
heat t o  be removed from the reactor. 

5. 

6. 

The cooling work modulus, which is  developed i n  the following paragraphs, 

is  a f’unction of the reactor geometry, the heat removal rate, the  thermal 

properties of the coolant, and cer ta in  coolant temperature differences which 

are fixed by such factors as mean coolant temperature, coolant melting and 

boiling temperatures, tube w a l l  corrosion and mass transfer,  and thermal stresses. 
I 



DEVELOPMEXKC OF EQUATIONS 

I. Derivation of Cooling Work Modulus 

The pressure drop across the reactor is obtained using the Fanning 

equation. 

In the turbulent flow regime the f r i c t ion  factor,  f ,  can be calculated from 

the following equation. 

2gc rw 0.046 
pv2 NRe0.2 

The flow work per un i t  time, PPI equals the pressure drop multiplied by 

the t o t a l  volumetric flow rate through the reactor. 

Pp = up = VA C P  A = V(aD2~/4)AP (39 

The dimensionless "cooling work modulus" 

the flow work rate by the  t o t a l  heat removal rate, with the factor  J 

%, is obtained by dividing 

inserted t o  convert from heat un i t s  t o  work units.  

If the volume of coolant is  held constant a t  Bc, the number of coolant 

passages, n, is related t o  the dimensions of the  tubes. 

4% n=a (5) 
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V 

Substituting equations (l), (2), ( 3 )  and ( 5 )  into equation ( k ) ,  and 

eliminating velocity by replacement with the Reynolds number, DVph 

2.8 

If both numerator and denominator are divided by the volume of the 

reactor, BR, the coolant volume and heat flow rate can be expressed in 

terms of a unit volume of reactor 

11. Heat Transfer Analyses 

Two coolant temperature differences arise in the heat transfer analyses. 

One is the difference between the tube wall and mixed-mean fluid tempera- 

tures,AtR, and the other is the difference between the inlet and outlet 

mixed-mean fluid temperatures , AtA. 
factors such as mean coolant temperature, melting and boiling temperatures, 

. 

Depending on 'the several design 

and tube w a l l  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 which follows contains a total temperature 

difference,, Att which is equal to c 1 A t ~  + c2AtA where c1 and c2 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," 

btt, and the Nusselt modulus, NN~, four equations can be written describing 
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the heat t ransfer  system i n  the reactor. 

. 

A t t  = btR + c2 & t A  

Substituting from ( 7 )  and (8) in to  (10). 

- C l S t  c2qt Lltt --f  
vf%cp 

Replacing h using equation (9) and rearranging. 

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

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

c 



..; . . .  . 
8. 

.. 

Substi tuting into equation (12a). 

( 12b 1 - = F -  1 4x 
'Nu NReNpr 

For fully developed turbulent flow of ordinary f lu ids  the Nusselt modulus can 

be expressed as a power f'unction of the Reynolds and Prandtlmoduli. 

0.8 0.4 N N ~  = 0.023 N~~ N& 

For fully developed turbulent flow of l iquid metals i n  pipes a different  

relationship is employed . 1 

N p r  4.0.5 (17) 
0.8 0.8 

NFY NwU = 7 + 0.025 NRe 

Equation (1%) has been solved simultaneously with equations (16) and ( 1 7 )  

by computing machine with F and X as independent dimensionless parameters. 

r e su l t s  are presented as a series of curves, Figs. 6 through 22, with N R ~  as a 

function of X f o r  various values of F and N h .  For values of c1  and c2 larger  

The 

than zero, the heat t ransfer  solution f o r  a reactor can be determined from these 

curves, the Reynolds number thus obtained inserted in to  equations (6) or  (6a), 

and the cooling work modulus calculated. 

Two cases i n  which par t icular  values of c1 and c2 are employed and the 

special  cases of c 1  equal. zero and c2 equal zero are considered i n  the following 

sections. 

'won, R. N e ,  "Liquid-Metals Handbook," 2nd ed., U.S. Government Printing 
Office, Washington, 1952, p.187. 



2. Case where c l  = 1 and c2 = 1/2 ( i . e . , A t t  = b t R  + &AtA ;; Atp) 

In t h i s  case the temperature difference parameter is  taken equal t o  

the sum of the  radial temperature difference and half the axial  temperature 

2 

rise. For uniform heat generation i n  the reactor and uniform heat t ransfer  

coefficient throughout the coolant tubes, the parameter, Atp, is the 

difference between the hot tes t  point on the tube wall and the mean tempera- 

ture of the f l u i d  i n  the reactor. In many systems the mean temperature of 

the coolant i n  the reactor i s  the same as the mean texnperature of that 

f lu id  i n  passage through a coupled heat exchanger. 

A t  

w a l l  i n  the reactor and the mean temperature l eve l  available fo r  trans- 

Under t h i s  condition 

is approximately the difference between the hot tes t  point on the tube P 

fe r r ing  heat from the coolant t o  a working f l u i d  or  a heat sink. This is 

i l l u s t r a t ed  i n  Figure 1. 



FIGURE 1 
10 

Heat Exchanger Wall Temperature 
Inlet - Heat Exchanger 

$Jutlet 

Distance along tubes 

1 For Att = btR + 1/2 At& 6 Atp 
k At, - - 4 Atpk(Bc/%J F, = 

- d A H  D2(St/BRr 
I 

x = L/m 

3. Case where c1 = 2 and c2 = 1/2 (ioe., Att = 2 AtR -1- 1/2 At* 6 A%) 

The temperature difference parameter for this case is selected to apply 

to 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. 

properties, the heat transfer coefficient will be the same in both reactor 

and exchanger. The mean temperature difference between the heat exchanger 

For this system, except for the effect of temperature on fluid 

tube walls and the coolant will be the same as the temperature drop between 

the tube wall and coolant in the reactor, Hence A% is approximately the 

i 
i .r 
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temperature 

reactor and 

temperature 

difference between the hot tes t  point on the tube wall i n  the 

an average temperature of the heat exchanger tube w a l l .  The 

of t h i s  tube w a l l  is  the temperature leve l  available fo r  trans- 

fe r r ing  heat from the heat exchanger t o  the rest of the system. 

noted that the ax ia l  temperature pattern i n  the heat exchanger tubes depends 

It should be 

on how heat is removed from the exchanger and the temperature which is  ob- 

tained from this analysis is only an intermediate temperature along the  

length of the w a l l .  This is  i l l u s t r a t ed  i n  Figure 1. 

For A t t  = 2 AtR + 1/2 AtA E A h  

4. Case where c1 = 1 and c2 = 0 (i.e., 

The plotted solutions t o  the general heat t ransfer  equation cannot 

= b t R )  

be used f o r  either c1 = 0 or  c2 = 0. 

e i ther  NRe or  5 can be obtained s ta r t ing  from equation (12) or, as shown, 

from the basic heat t ransfer  relationships 

However, an e r n l i c i t  solution fo r  

For ordinary f lu ids  the heat t ransfer  coefficient fo r  turbulent flow is 

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

(W k 0.8 0.4 h = 0.023 N R ~  N p r  
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Substi tuting equations (5) and (16a) in to  equation ( 7 )  and dividing both 

sides by BR. 

Solving fo r  the Reynolds number and rearranging yields  f o r  ordinary fluids.  

.For l iquid metals the heat t ransfer  coefficient f o r  turbulent flow is  ob- 

tained by solving equation (17)  f o r  h. 

7 + 0.025 NRe 

Substituting equations (5) and (17a) in to  equation (12), dividing both s ides  

by BR and solving for  the Reynolds number. 

Equations (18a) and (19) can be combined with equation (6a) t o  yield 

For ordinary fluids 

1 

(0  ~ 9 2 )  * 5gcJ 
x p =  

For l iquid metals 

?P = Oeog2 
. .  (0.025)~’ 5 g c ~  



L 

5 .  Case where c1 = o and c2 = 1 ( i . e . A t t  = AtA)  

If A t A  is  retained as a parameter, the heat t ransfer  rate i s  expressed 

by equation (8), an energy balance on the coolant i n  passage through the 

reactor. 

q t  = v&%AtA = V(na2/4)pcpAtA (8) 

Substi tuting equation (5)  and the def ini t ion of the Reynolds number in to  

equation (8) 

q t  = BC%pbtANRe/DL (22) 

Dividing both sides of equation (22) by BR and solving for the Reynolds 

number. yields the following relationship which applies fo r  - a l l  f lu ids .  

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

L 
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SOME SPECIFIC REACTOR COOIAmT EVALUATIOEJS 

To i l l u s t r a t e  the application of the methods of calculation developed i n  

this memorandum, values of the cooling work modulus, %, have been calculated and 

plot ted as functions of tube diameter f o r  f ive  possible coolants f o r  an arbi-  

trarily chosen reactor. Calculations were performed f o r  each of four temperature- 

t 



3 Coolant Properties at 13509 

P NPr k 
Btu lb 

IJ 
lb 

Coolant cP 
Btu 

1- 'mj Thr)(ft)(OF) cu.ft. 

Bi 0 0 039 1.98 9.0 593 0.0086 

Li 1.0 1.04 22 29.0 0.047 

Na 0.30 0.43 34 48.2 0.0038 

NaOH 0.49 2.1 0.8 95.0 1.3 

NO-KF-LiF 0.45 7.3 2.6 125 1.3 
(11.5, 42.0, 
46.5 Mole$) 

3Properties of Liquid Metals from "Liquid-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 range of pipe diameters. The following observations are based on these 

curves and on the equations from which they were obtained: 

AtR Constant, If the radial temperature  difference,^^, is set 

equal to a constant as in Figure 4, xp increases with increase in 

pipe diameter and viscosity and decreases with increase in thermal 

conductivity, density and heat capacity (see equations 20 and 21) 

For this case the light liquid metals are better coolants than 

ordinary fluids because these metals have low viscosities and high 

thermal conductivities. 

Constant. If the axial temperature difference, htA, is set 

'equal to a constant as in Figure 5, pp decreases 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) are better coolants than the liquid metals 

because the metals have low thermal capacities per unit volume. 

General Case. The case where a total temperature difference, 

btt(= clatR + cgAtA), is fixed is a composite of the two specific 
cases discussed above; the radial and axial temperature-difference 
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solutions represent the asymptotic solutions f o r  the general case i n  

the  large and small cooXing passage diameter regions, respectively. 

Mote tha t  minima exis t  i n  the $ vs. D. curves f o r  the general case. 

Figures 2 and 3 are examples of cases f o r  which neither c1 nor cg 

equals zero. 

For the specific examples considered here the cooling work moduli f e l l  i n  the 

range 

power) required t o  extract  the heat generated i n  the reactor ranged from 0.0001$ 

t o  lO$ depending on the ty-pe of coolant, pipe diameter, and temperature difference 

parameter st ipulated.  

% ~ l O - l ,  meaning t h a t  the amount of flow work per un i t  t i m e  (pumping 

A l l  of the physical properties of a coolant influence 

i ts  effectiveness i n  t ransferr ing heat from the reactor. An idea l  coolant would 

be one tha t  had a high thermal conductivity, heat capacity, and density and a 

low viscosity. 

Because of t h e i r  low densi t ies  and thermal conductivities gases yield very 

high values of the cooling work modulus. Calculations performed f o r  helium reveal 

t ha t  f o r  the reactor discussed above the cooling work moduli are of the order 

of lo3 t o  lo7, much higher than f o r  any l iqu id  considered. 

The -lysis presented i n  t h i s  memorandum is limited t o  the conditions of 

the  postulates s ta ted on page 4. The same ty-pe of derivation can be performed 

f o r  different  postulates by changing the basic equations. 

were desirable t o  maintain the  weight of coolant constant ra ther  than the 

For example, i f  it 

volume, allowance could be made fo r  this by a l te ra t ion  of equation 5,and the 

- r e s t  of the analysis carried out as before. 

made i n  this manner. 

Other changes can likewise be 
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Figs. 6-22 . 
The following curves are solutions to the pair of simultaneous equations 

12b and 16 fo r  ordinary fluids (N&Oe5) ,  and the pair 12b and 17 for  liquid 
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m 

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

*C 

AH Total heat transfer surface in reactor, square feet. 

cp 
D 

F 

f 

gC 

h. 

J 

k 

L 

'Nu 

NPI? 

'Re 

Volume of coolant in reactor, cubic feet. 

Volume of reactor (including coolant ), cubic feet. 

Constants in equation 10. 

Specific heat of fluid, Btu/( lb) (OF). 

Diameter of coolant passages in reactor, feet. 

Dimensionless parameter defined by equation 13. 

Friction factor defined in equation 2. 
Conversion factor, 4.17 x 10 8 (lb mass)(ft)/(hr)2 (lb force). 

Heat transfer coefficient, Btu/(hr)( sq ft)('F) 

Conversion factor, 778.2 ft-lb/Btu. 

Thermal conductivity of fluid, Btu/( hr)( sq ft)(OF/ft). 

Length of a coolant passage in reactor, feet. 

Dimensionless Nusselt modulus, hD/k. 

Dimensionless Prandtl modulus, c P/k. 

Dimensionless Reynolds modulus, DVp/p 

P 

n Number of coolant passages in reactor 

Flow work per unit time, based on ressure drop of fluid 
in passage through reactor, ft-lbphr . pP 

P Prmdtl modulus in Figures 6-22, . i d 

qt Rate of heat generation in reactor, Btu/hr, 
e 



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

V Mean velocity of coohnt in reactor, ft/hr. 
E 

X Dimensionless parameter defined by equation 14. 

A P  

A tA 

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

Rise in bulk temperature of coolant (axial temperature difference) 
between entrance and exit of reactor, OF. 

P 

T ' w  

Temperature difference parameter, AtR + 1/2 AtA 
Temperature difference between tube wall and bulk fluid 
(radial temperature difference ) , OF 
Temperature difference pasameter, clAtR + c2AtA 

Temperature difference parameter, 2 AtR + 1/2 AtA 
Viscosity of fluid, lb mass/(ft)(hr) 

Density of fluid, lb/cu ft, 

Dimensionless "cooling work modulus" defined by equation (4); 
equals flow work per unit heat removal. 

Shear force at wall due to fluid friction, lb force/sq ft. 


