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ABSTRACT 

Two designs of soc i u m  cold t raps  for the HNPF have been su.,jected to fu l l  

scale tes t s ,  Performance features that were investigated included: oxide 

removal efficiency, oxide capacity, p ressure  drop characterist ics,  economizer 

effectiveness, and temperature profiles. 

should perform satisfactorily in the Hallam plant. 

Results indicate that both designs 
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1. INTRODUCTION 

The Hallam Nuclear Power Facility (HNPF) has been authorized by the 

United States Atomic Energy Commission as par t  of the program to demonstrate 

the technical and economic feasibility of using nuclear reac tors  for central sta- 

tion power. 

and the associated equipment for generating electrical  power, 

SGR concept for this facility is intended to utilize and extend the knowledge 

gained from the operation of the Sodium Reactor Experiment, which Atomics 

International built and has operated for the AEC since July 12, 1957. 

The HNPF consists of a 240-Mwt Sodium Graphite Reactor (SGR) 

The use of the 

The HNPF will be located in southeastern Nebraska at the Sheldon Station 

of the Consumers' Public Power District  (CPPD). 

The use of sodium as a reactor coolant requires that attention be given to 

the effects of impurities in the sodium and to means for their removal. 

presence of impurities in sodium may accelerate corrosion o r  impair thermal 

and/or mechanical performance. 

The 

Of the several  impurities present in sodium, 

our concern in cold trapping is chiefly with the oxygen, usually present as N a 2 0 .  
The removal of this oxide can be effected by utilizing the difference in solubility 

of the oxide in sodium a t  different temperatures.  Since the solubility decreases  

with lower temperature, the presence of a lower temperature region in a sodium 

system automatically performs cold trapping. 

added to a system to control this cold-trapping action. 

investigated during this program was  the circulating type. 

a portion of the total sodium s t ream is cooled while passing through the cold t rap  

and then returned to the main s t ream. 

ternal coolant, Tetralin in this case.  

the cold t rap is said to have an economizer. 

A specific a r e a  is set  aside o r  

The cold t rap that was 

Xn this configuration, 

The sodium is usually cooled by  an ex- 

If any heat recovery system is utilized, 

The operation of a circulating t rap depends on the feed s t ream temperature 

being higher than the lowest temperature in the cold t rap.  
of the feed is lowered passing through the unit, a supersaturated solution of 

oxide resul ts  (momentarily) which in turn causes precipitation of the oxide in the 

cold t rap.  
oxide content approaching the saturation concentration at the minimum tempera- 

ture  encountered in the cold trap.  

As the temperature 

Depending on the unit efficiency, the effluent s t ream will have an 

1 



Although the cold trapping ability of a given unit is quite predictable, i ts  

oxide capacity (together with the pressure drop at  capacity) has not been pre-  

dictable. 

ified trap designs were capable of cold trapping out 200 lb of NaZO before the 

pressure  drop across  the unit reached 20  psig. 

The prime purpose of this testing was to determine whether the spec- 

I I .  BACKGROUND 

The experience with the circulating cold traps installed in the SRE’ indi- 

cated several a r eas  of potential difficulties if the same design was utilized for 

HNPF. 

mizer .  

trap to precool the s t ream into the unit and reheat the effluent. 

saturated with sodium oxide (Na 0) at  the inlet temperature to the economizer, 

precipitation of oxide will occur immediately after any cooling takes place. 

results in deposition of oxide in the narrow annular spaces of the economizer 

with the resultant rapid plugging of these pas sages . 

One a rea  which resulted in operating problems was the cold trap econo- 

This heat exchanger is placed in the sodium stream ahead of the cold 

If the feed is 

2 
This 

The other a rea  of major difficulty was the nonuniform deposition of oxide 

within the cold trap unit itself. 

t rap to increase so rapidly that the unit was not useful long before the design 

quantity of oxide had been deposited inside the unit. 

This caused the pressure drop across  the cold 

To minimize plugging problems encountered in the economizer, the HNPF 

designs eliminated narrow passages in this section. 

it was found most convenient to incorporate the economizer inside the cold trap 

shell. 

purified by cold trapping passes  through the section. 

As an added simplification, 

Where a relatively narrow section is required,. only sodium that has been 

To increase the oxide capacity of the cold trap unit, two modifications in 

design were made. The first was an extension of the approach used in the econo- 

mizer  section, i. e . ,  avoidance of small sodium passages o r  spaces in all a r eas  

where oxide saturated sodium flowed. 

convection, cooled heat removal system for the boiling liquid interface in a 

vertical jacket that formerly had been used. 

The second was to substitute a forced 

2 
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111. SUMMARY 

Each of the designs tested demonstrated adequate cold-trapping performance 

for the required operating conditions. 

at 350"F, and 10 gpm a t  a temperature of 607°F.  
the unit after adding approximately 200 lb of oxide (Na20)  was l e s s  than 7 ps i  in 

each case.  The indicated cold-trapping efficiency was 90% o r  better ina l l  cases .  
The thermal economizer performance exceeded predictions in all tes ts .  Methods 

for calculating heat transfer coefficients for the designs under consideration a r e  

given in the Appendix. 

The latter were sodium flow of 40 gpm 

The f ina lpressuredropacross  

tV. DESCRIPTION OF TEST UNITS 

A. No. 1 DESIGN 

This arrangement (Figure 1) consists of a 20 in. diam trap section 9 f t  long 
The lower 6-ft section of the surrounded by a cooling jacket over the lower 8 f t .  

t rap  portion is packed with woven stainless steel wire mesh (24 lb/ft  density). 
3 

SODIUM INLET 

TETRA IN- 
JACKET 

.ECONOMIZER 

MESH PACKING 

I 

MESH PACKING 

I 

Figure 1. No. 1 Design Cold Trap 

The internal economizer consists of a 

6 in. diam tube 6-1/2 f t  long with an 18- 

ft  coil (3-1/2 turns)  of 2-3/8 in. tubing 

at the upper end. 

Sodium flow through the cold t r a p i s  

as follows: The feed enters  the unpack- 

ed dome section and gets its initial cool- 

ing from the effluent in the economizer 

coil. After passing the coil, it enters  

the mesh-packed region which is sur- 

rounded by the cooling jacket. Disk and 

doughnut baffles placed in the meshforce 

the sodium to flow in a longer path and 

prevent straight line channeling, which 

would permit  bypassing portions of the 

packing. After passing downward through 

the entire packed column, the flow is 

3 



reversed and enters the lower end of the thermal economizer pipe. After some 

warming of the sodium, the fluid enters the coiled portion of the thermal econo- 

mizer where the major portion of the reheating is accomplished. 

leaves the cold trap f rom the exit of the economizer section. 

The sodium 

Heat rejection from the cold trap is through coolant (Tetralin) circulated in 

the cooling jacket. 

lin circulation in four separate circuits, the seal between channels was not tight 
enough to permit such a system of coolant control. 

were operated in ser ies  throughout the testing. 

through the entire jacket prevented short circuiting of flow from the entrance to 

the outlet pipe. 

Although the jacket in this unit was designed to permit Tetra- 

As a result, all four circuits 

Spiral flow dividers spaced 

Tetralin coolant enters the jacket a t  the bottom (the coldest 

sodium region) and flows upward. 

B .  No. 2 DESIGN 

This arrangement (Figure 2 )  differs f rom the No. 1 type chiefly in the de- 

sign of the heat rejection system and the sodium economizer. The shell i s  a 
SODIUM INLET 6 

SODIUM OUTLET * 

TETRALIN 

TETRALIN OUTLET eL 6 

INLET 

-ECONOMIZER 
SECTION 

-MESH PACKING 

closed 22-in. diam cylinder about 8 f t  long. 

An inner 20-in. diam shell (open at  one 

end) serves  a s  the sodium economizer 

(thermal). This inner shell also contains 

the mesh packing and the Tetralin cooling 

coil. The latter is an 18-in. diam helix 

formed using 2-3/8-in. OD tubing, 94 f t  

long. 

Sodium flows first into the inner shell 

It passes downward at  the top of the trap.  

through the mesh packing as it is cooled 

by the Tetralin coil. 

mesh, the direction is reversed and the 
liquid metal flows upward through the an- 

nulus between the inner and outer shells. 

After leaving the 

Figure 2 .  No. 2 Design Cold Trap 
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The economizer action (thermal) takes place in this section of the cold trap.  

The Tetralin enters  the bottom of the helix and leaves through the central  re turn 

tube. 

Both designs were required to perform under the following two operating 

conditions: cleanup operation occurs when the sodium flowrate is 40  gpm with 

the inlet temperature 350°F. Normal operation occurs when the sodium flow- 

rate is 10 gpm with the inlet temperature 607°F. 
ature for both operations is 250°F.  The overall size of these units was deter-  

mined pr imari ly  by the heat transfer requirements. The minimum size in any 

case must contain at least  four times the volume of the oxide to be trapped; 

200 lb in this design. 

the unit must not exceed 20 psig before 200 lb of oxide have been deposited in 

the unit. 

The minimum sodium temper- 

The final requirement was that the pressure  drop across  

5 



V. APPARATUS 

The loop used in conducting the cold t rap tests is shown schematically in 

Figure 3 .  

furnace. 

The pr imary source of heat was a 600,000 Btu/hr gas fired sodium 

Hot sodium leaving the furnace passed through the supply tank where 

DP 

GAS 
FIRED 

SODIUM 
HEATER 

b 
FLOWMETER t OXIDE 

ADDITION 
--c 

t [ [  , \ I  4 

SODIUM SUPPLY TANK 

COLD 
TRAP - 

u 

rETRALlN 
OUTLET 

a- 

TETRALIN 
I N LET 

3- 

Figure 3 .  Schematic of Cold Trap Test Loop 

sodium oxide was added to the liquid sodium. 

s t ream was then pumped by a pair of electromagnetic (ac conduction) pumps to 

the inlet of the cold trap.  

for reheating. 

The oxide containing sodium 

The cold trap effluent was  then returned to the furnace 

Oxide determinations in the system were made using the plugging indicator. 
Valving in this auxiliary system was so arranged that checks of either the feed 

o r  effluent cold trap s t ream could be made. Forced convection a i r  cooling in a 
finned pipe section was used f o r  heat rejection in the plugging indicator circuit. 

Valves with different plugging orifice sizes were used to cover the full range of 

plugging temperatures to be measured in the system. 

6 



Two types of oxide addition systems were used during the course of the test  

program. 
metered granular commercial sodium monoxide (Na 0) from a hopper, main- 2 
tained under an iner t  gas atmosphere, into the sodium supply tank. 

more  successful apparatus consisted of a small  gas pipe situated close to a turbu- 

lent sodium surface through which gaseous oxygen was admitted. A modification 
of this same system was subsequently added. 

premix tank where oxygen gas  addition to sodium took place before entering the 

supply tank. 

The f i r s t  system employed a sealed mechanical screw feed which 

The second 

The latter consisted of a small 

Tetralin coolant was utilized to re ject  heat f rom the cold trap unit. 

was removed f rom the Tetralin through Tetralin to water heat exchangers. 

water was cooled in a forced draft  cooling tower. 

ture  control of Tetralin coolant at alloutdoor temperatures,  an immersion 

Heat 

The 
To assure  proper tempera - 

heater was installed in the Tetralin inlet to the cold t rap  jacket. 

The sodium supply tank was constructed with several  special features for 

the oxide addition process .  

s t ream enters  a dish to create  an a r e a  of relative turbulence in order  to obtain 

good mixing. 

ed up with woven wire mesh f i l ters .  

solved Na 0 was being removed by the sodium s t ream leaving the tank. 

One was a swirl chamber where the entering sodium 

The bottom half of the tank contained a se r i e s  of five bafflesback- 

These were utilized to insure that only dis- 

2 

The entire tes t  loop and the cold t raps  were fabricated f rom low carbon 

steel. 

nary packed stem valves were used throughout with the exception of the oxide 

indicator system which contained bellows- sealed s tem needle valves. All sodium 

piping was welded o r  ring-joint flanged. 

The only austenitic stainless components were the mesh f i l ters .  Ordi- 

7 
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VI. PROCEDURE 

After leak checking the completed system, the supply tank was filled with 

about 370 gal of sodium. During initial operation, the cold trap was bypassed 

in order to establish the quantity of sodium oxide present in the system before 

any had been added intentionally. 

were obtained, the oxide saturation temperature was established at  370 "F.  When 

the cold trap unit was placed on stream, the additional surface contamination 

raised the system oxide saturation temperature to 475 O F .  

After a number of reproducible plugging runs 

Complete sets  of temperature and flow data were taken before oxide addition 

was started in order to establish cold trap performance in the "clean" condition. 

The runs were made a t  the two expected operating conditions; namely, (a) sodium 

flow 39 gpm, 350°F sodium inlet temperature, 250°F minimum cold t rap  tempera- 

ture, and 125°F Tetralin inlet temperature, and, (b) sodium flow 10 gpm, 6 0 7 ° F  
sodium inlet temperature, 250°F minimum cold trap temperature, and 125°F 

Tetralin inlet temperature. 

given in Figures 6 through 13. 

to  observe any effects as the quantity of oxide in the cold trap increased. 

The thermal performance at thes'e conditions is 

Similar data were taken as the test  progressed 

The f i rs t  method of oxide addition was mechanical. The addition apparatus 

The feed consisted of a variable speed screw feeder fed f rom a closed hopper. 

material  was commercial (95% Na20, balance Na) sodium oxide (granular, 40 

mesh).  

amount of oxide required to saturate the sodium passing through the supply tank. 

F rom all plugging meter  tests during this phase of operation, it was clear that 

the rate  of solution into the sodium was considerably slower than the oxide feed 

rate .  This resulted in the cold trap feed s t ream being unsaturated at  the testing 

temperature. With all available operating variations, i t  was not possible to ob- 

tain the desired oxide saturation temperature with this method of oxide addition. 
It appears that the fairly large particle size combined with the rather low tem- 

perature prevented the desired rate of solution. 

The calibrated screw feed rate was adjusted to add the theoretical 

To improve the solution rate, addition of gaseous oxygen close to a turbulent 

surface of sodium was used. 

above the sodium surface. 
The oxygen inlet nozzle was located about 1 / 2  in. 

With oxygen feed rates  as high as 3 cfh, the rate  of 

8 



sodium oxide formation and i t s  subsequent solution in the sodium was observed 

(from plugging indicator tes ts)  to be practically instantaneous. 

To assure  saturation a t  the desired temperature, a slight excess of the 
theoretical amount of oxygen was added. Over an extended period, this excess 

of oxygen showed up as precipitated sodium oxide in two a r e a s  of the sodium 

supply tank. One of these was the unwet portion of the supply tank above the 

sodium. The oxide in this a r e a  was in the form of fluffy white snow varying 

f rom 1/4 to 3/4 in. in thickness. 

to the bottom of the tank as a sludge. 

lected in the a r e a  ahead of the first mesh f i l ter  section with a small amount 

ahead of the second fi l ter  section. 

mated in order  to get a better value for the amount of oxide deposited in the tes t  

cold t rap.  

The remainder of the excess oxide had settled 

The major portion of the latter had col- 

The quantity of oxide in each a r e a  was esti- 

9 



VII. RESULTS 

A. COLD TRAPPING 

Both designs have demonstrated the ability to continuously remove ox 

f rom the s t ream at the ra tes  of 0.26 and 0.72 lb of NaZO per  hour, the for 

during normal operations and the latter during cleanup operations. 

mate cold trapping efficiency a s  measured by a plugging meter was very nearly 

100% at both trapping rates .  The cold-trapping efficiency as used herein is de- 

fined as the following ratio: 

The approxi- 

inlet s t ream oxide concentration - outlet s t ream oxide concentration 

inlet s t ream oxide concentration - saturation concentration at minimum cold trap 
temperature 

0 IO0 200 

POUNDS OF OXIDE IN COLD TRAP 

Figure 4. PressureDrop Variation 
Wi th  Oxide Quantity No. 1 Design 

Although repeatable plugging runs were 

quite easy to obtain on the feed stream, 

the effluent plugging checks were consid- 

erably more difficult to obtain. 

ter  can be attributed to the small total 

oxide content of the purified sodium 

stream. The cold-trapping efficiency 

was not significantly affected by the quan- 

t i ty  of oxide present in the cold t rap (up 

to 200 lb which was the tes t  limit). The 

sodium residence times for each trap 

were: 3 and 12 min for No. 1 design, 

and 2 and 8 min for the No. 2 design. 

B .  PRESSURE DROP 

The lat- 

The variation of pressure drop a- 

c ros s  the cold trap, as afunctionof oxide 

quantity, is shown for each trap in Fig- 

u re s  4 and 5. Until about 100 lb of oxide 

were added to the trap, the increase in 

pressure drop was moderate and orderly. 
With more than this quantity of oxide in 

the trap, the pressure drop across  the 

I 
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rap increased rapidly. However, 
a t  the same time, the pressure  drop a- 

c r o s s  the external system also increas- 

ed markedly. As a result, even though 

the pressure  drop across  the cold t rap 

did not exceed pump capacity, the ex- 

ternal system pressure  drop increase 

combined with the former exceededpump 

capacity and rated flow could not be 

maintained. POUNDS OF OXIDE IN COLD TRAP Shutting off the oxygen feed 
Figure 5. P re s su re  Drop Variation (redistribution operation) resulted in a 

With Oxide Quantity No '2  Design ' reduction in pressure  drop throughout 

the system. 

stant oxide quantity. 

mean that other such operating points, as these in Figure 4, did not occur.  

stead it is the resul t  of an accelerated testing schedule during which complete 

data was recorded on a fixed schedule during each operating shift. 

the pressure  drop reading recorded might be in any portion of the oxygen addi- 

tion cycle. 

design variations between the two types: 

design No. 2.  

C .  THERMAL PERFORMANCE 

This mode of operation is represented by the vertical lines at con- 

The presence of a single such line in Figure 5 does not 

In- 

As a result, 

The final pressure  drops a r e  remarkably similar considering the 

6.7 p s i  for design No. 1, and 6.0 for 

1. No. 1 Design 

The measured economizer performance of the sodium circuit  exceeded 

the theoretical predictions. 

fectiveness was 5070 compared to a predicted 2770. 

comparison was 62% predicted and 79% actual. 

fined as follows: 

Effectiveness = 

For  cleanup phase operation, the economizer ef- 

F o r  normal operation, the 

Economizer effectiveness is de- 

sodium outlet temperature minus minimum sodium temperature 

sodium inlet temperature minus minimum sodium temperature 

The change in  economizer performance due to the presence of 200 lb of oxide in 

the cold t rap  is small; a decrease of 470 for the cleanup phase of operation. 

11 



The coolant circuit was somewhat oversized since considerable throt- 
tling of flow was necessary to obtain the required operating conditions. With 

the specified Tetralin inlet temperature of 125'F, the flow had to be reduced 

from the calculated 49 gpm to 10 gpm during cleanup phase. 
Tetralin outlet temperature was 258" instead of 166°F. Similarly for normal 

operation, flow had to be reduced from 7.5 gpm to  1.8 gpm with the resultant 

outlet temperature of 350°F instead of 241°F. 

As a result, the 

2 .  N o . 2  Design 

The actual performance of the economizer exceeded that predicted, for 

For  cleanup phase operation, the economizer effec- both modes of operation. 

tiveness was predicted to be 2270 compared to the actual value of 37%. For  nor- 

mal operation, the comparison was 4770 predicted and 7470 actual. As contrast- 

ed to design No. 1, there was a more significant change in thermal performance 

caused by the addition of the 200 lb of sodium oxide. 

7070 in the economizer effectiveness for conditions approaching the cleanup 
phase operation. 

There was a decrease of 

As was true in design No. 1, the Tetralin flow rate  had to be reduced 

from the predicted 22 gpm to 15 gpm for cleanup operation and from 5.5 gpm 

to 2.5 gpm for normal operation. 

12 
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VIII. RECOMMENDATIONS AND CONCLUSIONS 

Both designs will remove sodium oxide from a sodium system a t  both r e -  

quired operating conditions (cleanup and normal), with efficiencies of 90% o r  

bet ter .  

a r e  indicated for additions of approximately 100 lb. 

may be added to the cold trap with a moderate final p ressure  drop across  the 

unit ( less  than 7 psi), if the oxide, in excess of 100 lb, is not added continuously. 

The economizer effectiveness of the No. 1 design is better than that of the No. 2 
design. 

performance of the No. 1 design compared to the No. 2 design as the oxide con- 

tent of the trap approaches the capacity of the unit. 

sign features of the No. 2 type result  in a lower fabrication cost .  

for the Hallam plant probably will be decided by whether initial cost o r  thermal 

economy is the more  important factor.  

The oxide capacity of both designs is over 100 lb .  No operatingproblems 

An additional 100 to 150 lb 

In addition, there is considerably l e s s  deterioration in the economizer 

The somewhat simpler de- 

The choice 

The analysis in the Appendix has  been carr ied out in order  to suggest meth- 
ods of calculating the heat transfer coefficients in these units so that the per -  

formance of similar designs might be predicted somewhat bet ter .  F r o m  these 

results,  the troublesome a r e a s  for analysis seem to be indicated. Fo r  the No. 1 
type, the flow dividers acting as fins in the Tetralin cooling jacket combined with 

the somewhat low value of the shell side sodium heat transfer coefficient origi- 

nally predicted, led to lower Tetralin flowrates than were expected. 

actual Tetralin flow rather low, problems of controlling the minimum cold trap 

temperature were encountered. In the No. 2 type, the low prediction for the 

shell- side sodium heat transfer coefficient probably led to the higher Tetralin 

flowrates predicted. 

magnitude. 

might prove helpfui in predicting the performance of cold t rap units of the type 

that were successfully tested during this program. 

With the 

The control problem resulting was of somewhat l e s se r  

It is felt that the methods of analysis suggested in the Appendix 

13 



APPENDIX 
ANALYSISOFHEATTRANSFERDATA 

- 
IN >SODIUM 

," W 300 A = =  /OUT 

E 
3 

E 
w a 
2 
W + 100 

TETRALIN 5 200 

A. ANALYSIS O F  No. 1 COLD TRAP DESIGN 

A comparison af the predicted and actual performance can be made from 

the graphs of Figures 6, 7, 8, and 9. In all cases,  the performance exceeded 

predictions. 

between calculated and measured heat transfer coefficients. 

tion (cleanup and normal) will be investigated. 

heat transfer coefficients for  each of three sections (cooling section, pre- econo- 

mizer,  and economizer) will be evaluated theoretically and compared to the 

measured values . 

The following analysis is an attempt to obtain better agreement 

Two modes of opera- 

For  each mode of operation, the 

400 

Figure 6 .  No. 1 Design Predicted Temperature Profile for Cleanup Operation 

1. Cleanup Operation 

The cleanup mode of operation will be analyzed fir st. During this operat- 
ing phase, the following conditions a r e  present: 

Sodium flow: 

Tetralin flow: 

Minimum sodium temperature: 250°F. 

39.9 gpm entering at 350°F, 

10.0 gpm entering at  125'F, and 

Temperatures for  other sections of the cold trap, f o r  the case under considera- 

tion, a r e  given in Figure 7.  F o r  purposes of analysis, the cold trap will be 

14 Appendix 



400 

300 

ECONOMIZER - TE TRALl N JACK ET 

Figure 7 .  No. 1 Design Measured Temperature 
Profile During Cleanup Operation 

divided into three sections. 

and the economizer. 

economizer shown in Figure 1. 

These are ,  the cooling section, the pre-economizer, 

The pre-economizer is the large diameter portion of the 

l a .  Cooling Section 
1 ,  

The cooling section is the region of maximum cold-trapping action. 

After being pre-cooled by  the sodium-to- sodium economizer, the sodium tem- 

perature is further lowered by the surrounding Tetralin jacket with an ass i s t  

f rom the pre-economizer. 

The heat transfer coefficient for the sodium side of the cooling jacket 
2 may be calculated using the following modified Donohue equation for baffled 

shells : 

0.6 
. .(1) 

Because the unit utilizes disk and doughnut baffles, a characteristic mass flow 

which combines the mass flows occurring in the various sections is used. 

is calculated from the following equation developed by Short: 

This 
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... (2) 

Substituting and evaluating, a value of 51,300 is obtained f o r  G . 
mesh packing which fills the entire region under consideration reduces the net 

flow a rea  to 80oJ0. 

creased. 
substitution of proper values in Equation ( l ) ,  the resulting Nusselt number i s  

19.3. The heat transfer coefficient for the sodium side of the cooling jacket = 1883. 
The conductance of the 1/2-in. thick carbon steel shell a t  the average tempera- 

ture is 658. With these two values, the average film temperature on the Tetra- 

lin side can be calculated f o r  use in the following equation: 

The stainless e 

Because of this, the characteristic mass flow must be in- 

The resulting value fo r  substitution in Equation (1) is 64,000. After 

4 

. . .(3) 

Evaluating after proper substitution gives a value of N = 156.8, and h = 96.2. Nu 
Because of the configuration of the Tetralin flow channel, the flow 

dividers and the outer shell will act a s  a fin. 

over which the Tetralin film coefficient iri effective. The amount of the increase 

contributed by the fin is called the fin effectiveness and may be computed in the 

usual manner.  
2 ness  is 24%. Since the total fin a rea  is 52.6 f t2 ,  the effective f ina rea i s  12.62 f t  . 

As a result, the effective heat transfer a r ea  for the Tetralin is 30.6 + 12.6 = 
43.2 f t  . 
ficient for the Tetralin side can be converted to an effective h, which will take 

The latter will increase the a rea  

Using (by extrapolation) Figure 1 of Reference 5, the fin effective- 

2 As an aid in computing the overall U, the previously calculated coef- 
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TETRALIN JACKET 

It is fortunate that the theoretical U exceeds that obtained f rom experi- 

ment. Since i t  is known f rom observation that the contact between the Tetralin 

flow dividers and the sodium shell was imperfect (indicated by the flow bypass- 

ing observed), the theoretical U should be higher than the measured value. We 

now can introduce another factor called bond efficiency which will correct  for the 

imperfect bond. This new factor will permit  an additional lowering of fin effec- 

tiveness to bring the theoretical U in agreement with the measured U .  The bond 

efficiency that resul ts  f rom this approach is 6O0/0. 

ECONOMIZER - 
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b .  Pre-economizer Section 

This is the region where the f i r s t  reheating of the effluent takes place 

by the sodium in the cooling section. 

this section has been calculated above as 1883. 

be calculated using the following equation: 

The outside heat transfer coefficient for 

The inside film coefficient may 
6 

. . . (4) 

Substituting and evaluating, the resulting value of h is 6 3 3 .  

conductance of the steel tube wall is 2720.  

in the conventional manner to obtain the overall coefficient as 402. 

The value for the 

These separate values a r e  combined 

To compute the experimental overall coefficient, the following data is 

a rea  = 9.84 ft  , heat transferred = 102,000 Btu/hr,  and log mean temper- 2 used: 
ature difference = 28°F.  The measured U resulting is 368. 

c .  Economizer Section 

This is the region of major heat recovery which does the first cooling 

and concomitantly the last heating of the sodium passing through the cold trap.  

The economizer consists of a spiral  coil of 2-3/8 in. tubing. 

The heat transfer coefficient for the inside sodium film can be calcu- 

lated using Equation (4).  

conductance of the tube wall is 1734. 

using the following modified Donohue equation for unbaffled shells: 

This operation gives a value of 2780. The thermal 

The outside coefficient may be computed 
2 

... (5) 

Evaluating this equation after the proper substitutions gives an outside coeffi- 

cient equal to 487. 

manner, the overall Coefficient is 3 5 3 .  

When these coefficients a r e  combined in the conventional 

Fo r  a heat transfer ra te  of 197,800 Btu/hr with a log mean tempera- 
2 ture difference of 54°F through an a r e a  of 9.18ft , theexperimentalu is 399. 
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2 .  Normal Operation 

I TETRALIN JACKET 

During this operating phase, the following conditions apply: 

ECONOMIZER - 

Sodium flow: 10.0 gpm,entering a t  600"F,  

Tetralin flow: 1.86 gpm entering a t  125OF, and 

Minimum sodium temperature : 2 50 O F .  

Temperatures for other sections of the cold t rap for the case under study a r e  

given in Figure 9.  
of operation. 

The same a r e a s  will be investigated as in the previous mode 

600 

500 

," 400 
W 
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3 

% 300 
U 
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W 
I- 200 

( 
100 

0 

Figure 9. No. 1 Design Measured Temperature 
Profile During Normal Operation 

a .  Cooling Section 

The film coefficient on the sodium side may be calculated using Equa- 

tion (1). 
The Tetralin film coefficient may be computed f rom the following equation: 

This gives a value of 7 9 2 .  The conductance of the steel shell i s  648. 
7 
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-0.8 0.14 
N,, = 0.0067 (A'..) (5) 

n 

. . .(6) 

This equation is chosen in preference to Equation (3) because of the relatively 

low Reynolds number for the Tetralin (3700).  

gives a film coefficient of 25.4. 

tive a rea  of the fins gives an effective coefficient of 48.2. 

vidual coefficients gives an overall coefficient of 42.7. 

Substituting the appropriate values 

Adjusting this a s  before for the additional effec- 
Combining these indi- 

With a heat transfer rate of 100,200 Btu/hr a t  a log mean temperature 
2 difference of 84°F f o r  an a rea  of 32.4 f t  , the overall experimental coefficient is 

37.0. 

As before, a bond efficiency can be computed. For  this case, the 

I value is 70% compared to  60% fo r  cleanup operation. The higher value for nor- 

tween the shell and the Tetralin jacket. This condition would tend to expand the 
l 
~ 

mal operation might be accounted for by the higher temperature difference be- 
I 

shell more tightly against the flow dividers, thereby improving the thermal bond. 

b .  Pre-economizer Section 

The tube outside coefficient has been calculated above as 792. The 

conductance of the steel tube wall is 2720. The inside sodium coefficient com- 

puted using Equation (4) has a value of 572. 

overall coefficient gives the result  226. 

Combining these factors for the 

2 For  an a r e a  of 9.84 f t  with a net heat transfer of 85,600 Btu/hr at a 
temperature difference of 44'F, the experimental overall heat transfer coeffi- 

cient is 198. 

c .  Economizer Section 

Computation of the tube inside film coefficient using Equation (4) 
yields a value of 1550. 

ra te  in the a rea  outside the tube, the Reynolds number is approximately 2000. 

Conductance of the tubing wall is 1682. For  thelow flow 

For  this low value, the better correlation is obtained using the forced convection 

in laminar flow approach. 

of the factor 9 by the following equation: 

This can be done graphically (in part) by calculation 
8 
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q5 = [g) ... (7) 

For  the conditions of the experiment 

curve f r o m  Figure 22-7 of Reference 4, the Nusselt number given is 4.4. Solv- 
ing this for the heat transfer coefficient gives a value of 1000. 
with the other factors resul ts  in an overall coefficient of 445. 

has a value of 13.7. Using the proper 

Combining this 

With a log mean temperature difference of 79°F across  an a r e a  of 

with a net heat flow of 296,000 Btu/hr,  the overall heat transfer coeffi- 2 9.18 f t  

cient is 408. 

B .  ANALYSIS OF No. 2 COLD TRAP DESIGN 

A comparison of the predicted and actual thermal performance can be made 

from the graphs of Figures 10, 11, 12, and 13. 

tion (cleanup and normal) will be investigated. 

overall heat transfer coefficients for each of two sections (cooling section and 

economizer) will be evaluated theoretically and compared to the experimental 
values . 

Once again two modes of opera- 

For  each mode of operation, the 

400 1 

Figure 10. No. 2 Design Predicted Temperature 
Profile for Cleanup Operation 
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1. Cleanup Operation 

During this operating phase, the following conditions exist: 

Sodium flow: 

Tetralin flow: 

17,900 lb /hr  entering at 352'F, 

6,220 lb/hr  entering a t  115'F, and 

Minimum sodium temperature: 246°F. 

Temperatures for other sections of the cold trap for the case under considera- 

tion a r e  given in Figure 11. 

divided into two sections. 

section. 

For  purposes of analysis, the cold trap will be 

These a re ,  the cooling section and the economizer 

400 

LL 
0 

0' 1 
Figure 11. No. 2 Design Measured Temperature 

Profile During Cleanup Operation 

a. Cooling Section 

This consists of the mesh packed region which contains the Tetralin 

cooling coil of 2-3/8-in. tubing about 94 ft long. 

the cooling in the region is done by the Tetralin coil, some heat is removed by 
the economizer that surrounds this mesh packed area .  

Although the greater par t  of 

The outside sodium coefficient may be calculated using Equation (4) 

with the equivalent diameter and flow a rea  evaluated as described below. Since 

the Tetralin coil is an open spiral, the true flow a rea  is taken as the geometric 

mean of shell area and the net shell a r ea  after subtracting the face areaof the coil. 
/c1, 
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2 This resul ts  in a value of 1.58 ft . Further,  since this volume is filled with 

mesh packing which has an effective f ree  volume of 80%, the corrected mean 

flow a rea  becomes 1.26 ft  . 
calculations. 

2 This is the flow a rea  that will be used in the flow 

The equivalent diameter for this configuration is taken as four 

t imes the flow a r e a  divided by  the wetted per imeter .  The wetted perimeter used 

in this calculation includes the inside diameter of the economizer shell, the out- 

side diameter of the coil re turn pipe, and the mean dizrneter of the coil spiral .  

Using this approach, the calculated equivalent diameter becomes 0.498 f t .  

stituting the various values in Equation (4) gives a value of 2.90 f o r  the Nusselt 

number. Evaluating the latter for heat transfer coefficient resul ts  in an h = 280. 
The conductance of the tube wall at the average temperature is 1755. TheTetra-  
lin coefficient is calculated using Equation (3). 

the Tetralin film coefficient. 

overall heat transfer coefficient is 84. 

Sub- 

This gives 127 for the value of 

When these factors a r e  combined, the resulting 
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Figure 12. No. 2 Design Predicted Temperature 
Profile for Normal Operation 

nareaof52.1f tL ata 
log mean temperature difference of 12 1 O F ,  the overall heat transfer coefficient is 70. 
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b.  Economizer 

This region consists of a single shell dividing the same sodium stream 
The sodium which flows in opposite directions on each side of the dividing shell. 

being reheated flows through the relatively thin annulus formed by the econo- 

mizer shell and the containment vessel. 

The shellside coefficient has been calculated above and has a value of 
Since the annular space 280. 

is small, the film coefficient may be computed using the following equation: 

The conductance of the economizer shell is 1350. 
9 

"U = 5.8 + 0.02 (.J'gr8 ... (8) 

After substitution and evaluation, this equation gives a Nusselt number of 5.816. 
The latter can be solved for the film coefficient to give 2270. When all the fac- 

to rs  a r e  combined, the resulting overall heat transfer coefficient is 210. 
2 For  a heat flow of 293,000 Btu/hr across  a 34.9 f t  a r ea  at a log mean 

temperature difference of 42 O F ,  the overall heat transfer coefficient is 200. 

2 .  Normal a e r a t i o n  

During this operating phase, the following conditions a r e  present: 

Sodium flow: 4390 lb /hr  entering at  607'F, 

Tetralin flow: 

Minimum sodium temperature: 245°F. 

930 lb/hr  entering at 127"F, and 

Temperatures for sections of the cold trap for the case under consideration a r e  

given in Figure 13. 
of operation. 

The same a reas  will be investigated a s  in the previous mode 

a. Cooling Section 

The Reynolds number for the sodium flowing outside the Tetralin coil 

(using the same flow a rea  and equivalent diameter as in section la) is 1240. 
such a low value of Reynolds number, the heat transfer can better be evaluated 

For  n 
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Figure 13. No. 2 Design Measured Temperature 
Profile During Normal Operation 

if  considered as forced convection in laminar flow. 4 calculated from Equation 

(7) yields a Because of the indeterminate geometry in this region, 
the Nusselt number c 

intermediate between a round and flat duct. 

5.9. Solving h obtains a value of 557. The conductance of the tubing wall is 
1700. 
The Tetralin fi lm coefficient for this condition may be evaluated using Figure 

26-1 of Reference 4. 

ue of 4 . 3 .  
sen f rom Figure 22-7 of Reference 4 is that for a shape 

The resulting Nusselt number is 

The Reynolds number for the Tetralin flowing inside the coil is 2700. 

By so doing, a value of 0.0025 for the following expression 

is obtained: 

\, i J 
/ 
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-4  
Solving this for the Stanton number gives a value of 5 . 3 9  x 10 

can be solved for the film coefficient to give the result  12.2. 

various factors gives an overall heat transfer coefficient of 11.85. 

. This in turn 

Combining the 

For  a log mean temperature difference of 180°F across  an a rea  of 

at a heat flow of 126,600 Btu/hr, the overall heat transfer coefficient 2 52.1 f t  

is 13.37. 

b .  Economizer 

The shellside coefficient calculated above i s  557. The conductance of 

the steel economizer wall is 1280. 

computed using Equation (8) is 2200. 

The film coefficient for the annular space 

The resulting overall coefficient is 330. 
2 

For  a heat flow of 394,000 Btu/hr across  a 34.9 ft  a r ea  at  a log mean 

temperature difference of 37 O F ,  the measured overall heat transfer coefficient 

is 306. 

C SUMMARY 

It can be seen that the calculations of heat transfer coefficients in the com- 

It plex flow pattern region of the shell offer considerable variation of analysis. 

is agreed that although the methods described seem to give reasonable agree- 

ment between the experimental and theoretical values, other approaches could 

also be reasonably used. 

were used and gave results in lesser  agreement with measured values, still 

others a r e  certainly available. 
for all cases .  

methods was not further considered. 

Although other theoretical methods (not cited here)  

The analysis herein gives agreement of *20% 
This was considered adequate and pursuit by more abstruse 

Since the pr imary objective of the tes t  was the evaluation of cold trapping 

performance and not heat transfer information, standard uncalibrated thermo- 

couples were used. 

ed in the temperature range of this experiment is *4"F. 

ments to obtain the average for a point gives a probable e r r o r  of the mean of *2 O F .  

The standard e r r o r  for  the grade of thermocouples employ- 

Using three measure- 
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M I 

Since the temperature difference used in computing the overall heat transfer 

coefficient involves the difference between two temperature differences, the 

cumulative e r r o r  at  this point i s  *8"F. Fo r  the temperature differences en- 

countered in these measurements, the percent e r r o r  f rom this source alone 

ranges from 10 to 2770. Therefore, without rigorous analysis, i t  will be as-  

I 

sumed that the thermocouple e r r o r  is the principal one in the resul ts .  

! 
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NOMENCLATURE 

2 A = a r e a  in ft  

c = specific heat Btu/lb "F 
P 

D = equivalent diameter, f t  e 
D = equivalent diameter, in. 

Dt = diameter of tube, f t  

Ds = diameter of shell, f t  

G = mass flow lb/hr-f t  

e 

2 

2 
G = equivalent mass flow lb/hr-ft  e 

k = thermal conductivity Btu/hr-  O F - f t  
2 

L = length of heat exchanger, f t  

NNu = Nusselt number 

Npe = Peclet  number 

f t  

NPr = Prandtl  number 

NRe = Reynolds number 

NSt = Stanton number 

S = spacing between subsequent baffles 

p = viscosity lb/hr-f t  a t  bulk temperature 

p, = viscosity lb/hr-f t  at wall film temperature 

V = velocity of flow f t /h r  

SUB SCRIPTS 

a = referred to annular space of disk in disk and doughnut HX 

h = referred to hole of doughnut of disk and doughnut HX 
J 

r = referred to a r e a  perpendicular to tubes, radially of disk and 
doughnut HX 

s = referred to shell 

2 9  




	I Introduction
	I1 Background
	I11 Summary
	IV Description of Test Units
	1Design
	2Design
	V Apparatus
	VI Procedure

	VI1 Results
	A Cold Trapping
	B Pressure Drop
	C Thermal Per for manc e
	VIII Recommendations and Conclusions
	Appendix - Analysis of Heat Transfer Data
	A Analysis of No 1 Cold Trap Design
	B Analysis of No 2 Cold Trap Design
	C Summary
	References

	1 No 1 Design Cold Trap
	2 No 2 Design Cold Trap
	3 Schematic of Cold Trap Test Loop
	4 Pressure Drop Variation With Oxide Quantity No 1 Design
	5 Pressure Drop Variation With Oxide Quantity No 2 Design
	for Cleanup Operation


	During Cleanup Operation
	for Normal Operation
	During Normal Operation
	for Cleanup Operation
	During Cleanup Operation
	for Normal Operation
	During Normal Operation

