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ABSTRACT

A series of calculations are described which evaluated the heat

transfer and fluid flow aspects of the Plutonium Recycle Test Reactor

Pressurized Gas-Cooled Loop Facility. These calculations investigated

areas where detailed design was completed and verification of its adequacy

was desired. In addition, calculations were performed to allow certain

design areas to proceed.

Both steady-state and/or transient type calculations were made

in these principal areas: (1) primary-loop pressure drop; (2) total

energy balance; (3) maximum rate of temperature change in the primary

piping; (4) shroud-tube cooling system; (5) loss of primary and/or shroud

coolants; (6) emergency back-up cooling systems.

-2-



HW-64561

HEAT TRANSFER CALCULATIONS

FOR THE PRTR PRESSURIZED GAS-COOLED LOOP FACILITY

INTRODUCTION

The Plutonium Recycle Test Reactor (PRTR) Pressurized Gas-

Cooled Loop Facility is among the latest in-reactor loops in the

United States gas-cooled reactors program and the second at Hanford.

The PRTR gas-cooled loop will provide a facility in which the in-reactor

behavior of various reactor materials may be examined in a carbon dioxide

environment. The loop is intended primarily to determine the reaction

rate of CO2 and graphite; however, the versatile design provides a

facility capable of testing fuel elements with thermal outputs up to 500 kw.

The purpose of this report is to present the results of various

heat-transfer and fluid flow calculations pertaining to the loop. These

calculations demonstrate adequacy of the loop's design and analyze it's

hazards.

SUMMARY

Heat transfer analysis performed on the Gas-Cooled Loop Facility

indicates that the loop design will be able to provide satisfactory operation

over the designated range of test conditions.

Among the calculations made was an estimate of the primary loop

pressure drop. Based on the maximum flow rate and temperature conditions

the loop pressure drop is about 50 psi. Heat loss calculations indicate that

the maximum heat loss from the primary coolant is about 59. 2 kw. Of this

total about 11. 7 kw are transferred into "B" cell. The additional heat loads

on the PRTR primary shield coolant and moderator as a result of the loop

installation are about 21. 2 kw and 24. 2 kw, respectively.

Steady-state temperature calculations of the shroud tube during

normal operation show that a coolant is necessary to maintain the tem-

perature below 600 F. It was demonstrated that a 200 lb/hr helium
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flow rate in the annulus formed by the shroud and pressure tubes affects

the required cooling. Pressure drop of the helium shroud coolant system

is about 10 psi.

Transient-temperature calculations indicate that an emergency

back-up system is essential to prevent fuel element and/or shroud tube

damage if primary and/or helium-shroud coolant are lost. Three back-up

proposals were investigated. Light-water and bottled-helium injection

systems were found adequate. The bottled-helium requirements should

not exceed 130 lb/hr and the light water injection rate should not exceed

5 gpm.

Finally, transient -temperature calculations following a scram

indicated that the maximum rate of temperature change in the loop

processing piping is about 220 F /min during a controlled shutdown.

DESCRIPTION

The PRTR, in which the Pressurized Gas-Cooled Facility is to be

installed, is a vertical pressurized-tube design. Both the reactor

moderator and coolant are heavy water. The rated thermal power level

is 70 megawatts. The reactor is housed in a steel containment shell

80 feet in diameter. The space immediately surrounding the reactor is

divided into three cells. One of these cells, "B" cell, will contain the

process equipment and primary piping of the gas-cooled loop. The in-

reactor section (Figure 1) of the loop replaces one of the 85 reactor

process tubes. A view of the ex-reactor equipment in "B" cell is shown

in Figure 2.

The in-reactor section is basically patterned after a standard

PRTR process tube and nozzle. The CO2 primary coolant, however,

enters the nozzle at the top of the section and leaves at the bottom -- a

reversal in the direction of flow in the reactor.

Below the nozzle, the loop test section consists of a Hastelloy-X

process tube and pressure tube, and an aluminum shroud tube. The

pressure tube is 3-1/2 in. OD with a 0. 065 in. wall thickness; it serves
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to contain the system pressure. Hung within the pressure tube, the process

tube is supported at the top, but is free at the bottom to allow for thermal

expansion. The annulus between these tubes is filled with stagnant CO2

which provides a thermal barrier.

Calculations confirm that the shroud tube must be cooled if its

temperature is to be maintained within a safe limit. To affect the cooling,

helium is recirculated in the annulus between the shroud and pressure

tubes.

Perhaps the function of the various loop components can best be

described by tracing a hypothetical test through equipment represented

in Figure 3. This test assumes that the primary coolant flow rate is

15, 000 lb/hr and the test specimen is a 500 kw fuel element.

At these conditions, the gas at the primary blowers is 800 F and

450 psig. The pressure is increased to 500 psig by the blowers. From the

blowers.the .gas passes through the regenerator where the temperature is

increased to 1100 F. From the regenerator the coolant enters the 150 kw

preheater. (The electrical preheater supplements the fission heat in

maintaining test temperatures.) The gas then enters the test section where

its temperature increases to 1500 F at the outlet. Leaving the test section,

hot gas enters a ceramic filter which is capable of removing 99. 5 per cent

of the particulate matter one micron or larger. The gas after leaving the

filter enters the tube side of the regenerator; it exits at about 1200 F.

The gas is then cooled to 800 F in the water-cooled heat exchanger and is

returned to the primary blowers.

DISCUSSION

In support of the Gas-Cooled Loop design, various heat transfer and

fluid flow calculations were made. The calculations fall into the two major

categories.

First, the steady-state operating characteristics of the loop were

examined. These computations include primary coolant flow requirement

and pressure drop, total loop energy balance, and shroud tube cooling

requirement.
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Second, transient heat-transfer calculations were performed for

various emergency and normal operating conditions. These calculations

included the maximum temperature and rate of temperature change in the

various loop components following a scram and during rapid start-ups.

Maximum shroud tube and fuel element temperatures were determined

following a loss of shroud and primary coolants, respectively. And

finally, various emergency back-up cooling systems were examined.

I. Primary Coolant Pressure Drop

The maximum operating parameters for the gas-cooled loop are

(1) 15, 000 lb/hr flow rate, (2) 500 psig nominal system pressure, and

(3) 1500 F gas temperature. Based on these operating conditions the

pressure drop in the process equipment and in the in-reactor test section

is 41 psi as specified in the Design Criteria. (1) Process equipment

includes: 1. regenerator (GHX-1) 2. cooler (GHX-2) 3. filter (GF-1)

(4) heater (GH-1) and (5) venturi flowmeter. A summary of the calculated

and specified primary-coolant pressure drops is shown in Table I.

These calculations were made to determine the primary coolant

pressure drop in the process piping at the above operating conditions.

Since both the pressure and temperature changes in the primary piping are

small, kinetic energy losses were assumed negligible. The calculated

pressure drop is 8. 1 psi. The pressure drop for the entire primary coolant

system is then 49. 1 psi or about 50 psi.

The primary coolant blowers, two connected in parallel, are designed

to deliver 7500 lb/hr each at a 50 psi total head. Thus the calculations

indicate that the blower specifications are adequate; however, it must be

kept in mind that available pressure drop correlations are not exact. There-

fore, feasible reductions in the process equipment and/or the in-reactor

test-section pressure drops are desirable.

1. Fletcher, J. F. and D. P. Schively. Design Criteria for PRTR
Pressurized Gas-Cooled Loop Facility, HW-59047. March, 1959.
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TABLE I

CO2 PRIMARY COOLANT PRESSURE DROP

Section CO 2 Temperature (0F) Pressure Drop (psi)

Blower to GHX-1

GHX-1 (shell side)

GHX-1 to Heater

Electric Heater

Heater to Inlet I.S.

In-Reactor Section

Outlet I.S. to Filter

Filter

Filter to GHX-1

GHX-1 (tube side)

GHX-1 to GHX-2

GHX -2

GHX-2 to Blower

Venturi

800

960

1120

1120

1500

1500

1500

1500

1500

1350

1200

1000

800

800

Total

1.55

3.00

0.22

1.00

1.94

25.00

3. 30
*

4.00

0. 18
*

5.00

0.93

2.00*

0.095
*

1. 00

49. 125 or
about 50 psi

* Specified by Design Criteria

II. Total Energy Distribution

The gas-cooled loop is designed to test either fuel elements or non-

fissionable specimens in a CO2 environment at temperatures up to 1500 F.

The maximum tube power, however, cannot exceed 500 kw. For nonfission

samples and low power-level fuel elements a 150 kw electrical heater is

available for high temperature testing. Although the electrical heater may

be used in conjunction with a fuel element, the combined power output

cannot exceed 500 kw. Based on 50 psi compression and 15, 000 lb/hr

flow rate, the heat of compression in the primary blower is conservatively

estimated at about 27 kw.

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

r "r "
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Heat losses from the process piping and equipment to "B" cell have

been specified not to exceed 267 and 133 Btu/(hr)(sq ft) for local CO2 tem-

peratures greater and less than 1200 F, respectively. These heat loss

fluxes are based on the uninsulated surface area. The maximum heat

transfer into "B" cell is then about 11. 7 kw or 40, 000 Btu/hr. By

conservative estimate, an additional 5. 4 kw is transferred to the filter

coolant from the CO2 primary coolant. Thus, energy at the rate of 17. 1 kw

is lost from the primary coolant in the entire out-of-reactor section.

Calculations indicate that the energy losses from the CO2 primary

coolant in the in-reactor section total 37. 2 and 42. 1 kw during full power

and shutdown reactor operation, respectively. In addition, during full

power reactor operation about 12 kw of energy is generated in the process,

pressure, and shroud tubes of the gas-cooled loop and is transferred to

the shroud coolant and moderator. This energy is released gamma and

neutron heat and is, therefore, not included in the totals above which

included energy losses from the CO 2 primary coolant only. A breakdown

of these totals which includes the gamma heat releases shows that during

full power operation the heat loads on the various coolants of the loop and

reactor are 10. 6 kw to the PRTR primary shield coolant, 24. 2 kw to the

moderator, and 14. 3 kw to the gas -loop helium shroud coolant. During

shutdown the loads are 20. 8 kw to the primary shield coolant and 21. 4 kw

to the helium shroud coolant.

On the basis of these calculations the total rates of energy loss from

the CO2 primary coolant are 54. 3 kw and 59. 2 kw during full power and

shutdown, respectively.

III. Primary Coolant Flow Rate Requirements

The design bases for the gas-cooled loop are 15, 000 lb/hr flow rate,

500 kw tube power, and 1500 F maximum CO2 temperature. Since the

capacity of the electric heater is 150 kw, the CO2 flow rate must be reduced

during reactor shutdown in order to achieve 1500 F CO2 temperature.

Similarly, during tests with nonfissionable samples a CO2 flow rate reduc-

tion is necessary.
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The maximum primary coolant flow rates for these conditions were

determined. For the shutdown flow rate requirement it was assumed that

the heat losses are 59. 2 kw and heat inputs are 10 kw (compression heat)

and 150 kw (electric power into the primary coolant.) The calculations

indicate that the flow rate during shutdown is 4500 lb/hr and the flow rate

for testing nonfissionable specimens is 5000 lb/hr.

The primary coolant temperature is 1500 F at the outlet of the

heater, 1456 F at the inlet of the test section, and 1378 F at the outlet of

the active zone.

IV. Shroud Coolant Requirements

The Design Criteria specifies that the maximum shroud tube tem-

perature in the PRTR shall not exceed 600 F. Preliminary calculations

indicated that cooling is essential to maintain the shroud tube temperature

within this specification in the gas loop. Several cooling methods were

examined. Helium flow through the annulus formed by the pressure tube

and shroud tube, (shroud-tube annulus) was adopted. The shroud-coolant

gas will be taken from the reactor helium "dry gas" system, but will be

circulated in a separate closed loop.

In these calculations, a helium flow rate was determined which

would maintain the shroud tube temperature below 600 F during steady-state

operation and also during emergency conditions. To allow for temperature

excursions during the emergency conditions, a helium flow rate which

would maintain shroud tube temperature below 530 F at steady-state was

determined.

It was assumed that the most severe steady-state operating condition

existed when the loop primary coolant was maintained at 1500 F during a

reactor shutdown. Gamma and neutron heating in the process, pressure,

and shroud tubes was assumed negligible. Assuming, further, that the CO 2

temperature is a uniform 1400 F over the entire active zone, the minimum

helium flow rate required is 200 lb/hr. At this flow rate, the helium enters

the distribution ring-header at 100 F and increases to 212 F at the outlet

from the top primary shield. Since the reactor is shutdown, the moderator
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has been dumped. Thus, the helium increases to its maximum 529 F at the

base of the shroud tube annulus. In passing through the bottom shield, the

helium is cooled and leaves the reactor at 390 F.

Since gamma heating is assumed negligible, the maximum shroud

tube temperature is also 529 F. The corresponding pressure tube tem-

perature is 660 F. The helium heat exchanger load at these conditions is

21.25 kw.

Calculations were then made to determine helium temperature rise

during the most severe condition encountered during normal operation. The

most severe instance was assumed to be during the test of a 500 kw fuel

element. The maximum CO2 temperature in the active zone is 1500 F.

Gamma heating rates for the process, pressure, and shroud tubes were

determined by Regimbal. (2) In his calculations, however, gamma heating

values were determined for Inconel-X. Since the time of his calculations

the decision was made to use Hastelloy-X in the process and pressure

tubes instead of Inconel-X. As the composition of these materials is

similar, the gamma heating values derived for Inconel-X were assumed

applicable for Hastelloy-X. The values used in these calculations are

0.476 .w/g for the aluminum shroud tube and 1. 0 w/g for the Hastelloy-X

process and pressure tubes. The moderator level was assumed at 9 feet

with a 10 in. bottom reflector. The temperatures of the moderator and

primary shield coolants were assumed to be 150 F and constant.

Based on these conditions and the 200 lb/hr flow rate, the helium

enters the distribution ringheader at 100 F and increases to 191 F in the

top primary shield. In the shroud tube annulus above the moderator the

helium temperature increases to 225 F. The temperature leaving the

annulus is 351 F. In passing through the bottom primary shield, the helium

is cooled to 295 F.

2. Regimbal, J. J. Gamma Heating in the PRTR Gas Loop, HW-60845.
June, 1959.
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Assuming axial heat transfer in the shroud tube is negligible, the

maximum shroud tube temperature is 225 F and will exist just above the

moderator surface. At the base of the shroud tube annulus where the helium

temperature is at its maximum, the shroud tube temperature is 192 F. Heat

transfer to the moderator by the submerged shroud tube is responsible for

this seemingly inconsistency. The pressure tube temperatures at the sur-

face of the moderator and at the base of the shroud tube annulus are 376 F

and 565 F, respectively. The results also indicate that the load on the

helium heat exchanger during these conditions is 14. 3 kw. The results of

these calculations are summarized in Table II.

TABLE II

HELIUM SHROUD COOLANT SYSTEM

Reactor Up Reactor Down

1. Maximum Shroud Tube Temperature 225 F 529 F

2. Maximum Pressure Tube Temperature 565 F 660 F

3. Maximum Helium Temperature 351 F 529 F

4. Helium Heat Exchanger Load 14. 3 kw 21. 2 kw

The pressure drop in the shroud coolant system is critical from the

standpoint of initial blower cost. Price is known to increase sharply when

the required head exceeds 10 psi. Thus, every effort was made to keep the

pressure losses as low as possible while maintaining realistic pipe dimen-

sions.

The calculations, which were based on the 200 lb/hr flow rate and

atmospheric system pressure, indicate that the total pressure drop for the

proposed system is about 9. 85 psi. Of the total the in-reactor section

consumes 5. 83 psi. The high losses are principally due to the shield plug

in the bottom primary shield, neutron escape limited the annular passage

to very small clearances which consumed 2. 74 psi. The two heat

exchangers were allowed 1. 0 psi each by the designers. The unrecovered

pressure drop in the orifice flowmeter was 0. 60 psi. The remainder of
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the losses (1. 42 psi) was taken up in the piping and in the contraction losses

into the heat exchangers. The piping was 3 in. Sch-10 except for a short

section of 2 in. x 16 in. gage pipe at the top and bottom of the reactor. A

breakdown of the pressure drops are given in Table III.

TABLE III

HELIUM SYSTEM PRESSURE DROP

Helium Temperature

Pipe Blower to Inlet Ringheader

Inlet Ringheader

Top Shield Annulus

Shroud Pressure Tube Annulus

Bottom Shield Annulus

Pipe Outlet to Orifice

Heat Exchangers

Orifice

Orifice to Blowers

100 F

100 F

150 F

400 F

400 F

400 F

300 F

100 F

100 F

Pressure Drop

0.71 psi

1.50

0.95

0.64

2. 74

0.69

2. 0

0.60

0. 022

Total 9.852 psi

V. Transient Temperature Analysis

A transient thermal analysis was performed on the loop for two

reasons: (1) to determine the maximum rate of temperature change in the

ex-reactor piping; and (2) to determine the emergency CO 2 flow requirements

following a BPA electrical power outage.

1. Method of Calculation

For purposes of these calculations, the ex-reactor piping was divided

into seven incremental lengths. An increment or node included all the piping

between adjacent pieces of process equipment with one exception. In the

length between the outlet of the in-reactor test section and the filter, the

piping was divided into two increments, one for the 3-1/2 in. OD and one for

the 4-1/2 inc. OD Hastelloy-X pipe. Also, each piece of process equipment

was treated as a single increment. The in-reactor section was divided into

1.

2.

3.

4.

5.

6.

7.

8.

9.
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four increments. These were the top shield, the fuel element, the process

tube, and the bottom shield. The derivation of the finite-difference heat-

balance equations is shown in the Appendix.

Primary coolant temperatures were calculated at the ends of each

increment. The derivation of these equations also appears in the Appendix.

The basic assumptions and operating conditions used in these cal-

culations are summarized below.

Operating Conditions

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

CO 2 primary coolant flow rate: 15, 000 lb/hr

Fuel element: 15-rod UO2 cluster

Tube power: 500 kw

Maximum heat losses from CO 2 primary

coolant: 59. 2 kw

"B" cell temperature: 100 F

Helium shroud coolant temperature: 300 F (assumed

constant)

Primary shield coolant temperature: 150 F

Filter coolant temperature: 150 F

Electric heater capacity: 150 kw

Heat of compression: 27 kw

As sumptions

1. Heat losses from the CO2 primary coolant to "B" cell

are proportional only to the temperature difference.

2. Heat of compression is proportional only to the CO 2

flow rates.

3. Temperature of an increment is uniform.

2. Part I - Maximum Rate of Temperature Change

In Part I of this analysis, the maximum rate of temperature change

in the ex-reactor piping of the loop was determined. There are two impor-

tant reasons why this information is needed: (1) to determine the adequacy

of the presently designed auxiliary process equipment; and (2) to aid in the
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preparation of the thermal stress analysis. A secondary consideration is

the information's contribution to the design of the automatic control system

which will regulate the CO2 outlet temperature from the test section.

The thermal capacities of the regenerator (GHX-1) and cooler

(GHX-2) were determined from the requirements specified for various

operating conditions set forth in the Design Criteria. These conditions

are reproduced in Tables IV and V.

TABLE IV

HEAT TRANSFER REQUIREMENTS FOR GHX-1

Case I Case II Case III Case IV

Flow Rate (lb/hr)

Tube side 2000 5000 5000 15, 000

Shell side 2000 5000 5000 15, 000

Heat Load (1000 Btu/hr) 240 680 680 1350

Temperatures ( F)

Tube side inlet 1500 1100 1500 1500

Tube side outlet 1070 600 1030 1200

Shell side inlet 450 450 800 800

Shell side outlet 900 950 1270 1120

TABLE V

TOTAL HEAT TRANSFER REQUIREMENTS FOR BOTH UNITS

OF GHX-2 OPERATING IN PARALLEL

Case I Case II Case III Case IV

Flow Rate

Tube side (lb/hr) 2000 5000 5000 15, 000

Shell side (gpm H 2 0) 25 20 25 60

Heat Load (1000 Btu/hr) 340 200 320 1680

Temperatures (0F)

Tube side inlet 1070 600 1030 1200

Tube side outlet 450 450 800 800

Shell side inlet 70 70 70 70
Shell side outlet 97 90 95 125
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Calculations indicate that the conditions of Case II require the

largest regenerator (GHX-1) while Case I determines the largest cooler

(GHX-2) required. However, to be conservative in the design capacity for

both heat exchangers, the over-all coefficients were determined by the

operating conditions of Case IV, maximum CO2 flow rate. The calculated

over-all heat transfer coefficients were 3460 and 1860 Btu/(hr)( F)

for GHX-1 and GHX-2, respectively. The capacity of the electrical (GH-1)

specified in the Design Criteria as 150 kw maximum output.

In addition to the operating conditions listed above in Part I, the

calculations were performed with the ex-reactor pipe temperature at the

test section outlet regulated by a pseudo-automatic control system. By

means of the pseudo-automatic control system it was assumed that the

rate of temperature change in the 3- 1/2 in. Hastelloy-X pipe at the outlet

of the test section or outlet pipe would be maintained at 900 F /hr. Also,

it was assumed that the CO 2 temperature at the blowers would not exceed

800 F during loop power excursions; this included both startups and

shutdowns. If both criteria cannot simultaneously be satisfied, the 800 F

at the blowers is to take precedence.

By the nature of the pseudo-control system, errors are introduced

in the solutions. Namely, only steady-state settings of GHX-1,

GHX-2, and GH-1 are determined for each increment of time during the

calculation. Since large and rapid changes in the settings of GHX-1,

GHX-2, and GH-1 are often necessary to fulfill the requirements of the

pseudo-control system, the calculated pipe temperature transients are

more severe than those expected in actual practice. That is, the actual

control system will have inherent lags to dampen the temperature gradients,

but, in turn, the temperature deviation from the control point will exist for

a longer period of time and/or with a greater amplitude. However, since

the point of interest here was the maximum rate of temperature change,

this procedure should provide a conservative estimate.

Assuming the maximum rate of temperature change in the loop piping

would occur during an abnormal reactor startup or shutdown, four cases
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were examined. Three cases simulated the most severe start-up conditions

and the fourth considered a scram during equilibrium operation.

Case I-1

In Case I-1 assume that the reactor is down and in preparation for

a startup. The loop temperature is increased at the rate of 900 F/hr for

a one-hour period. After one hour, the reactor power level is increased

at a constant rate of 20 Mw/min to the nominal operating power level of

70 Mw.

The results of the calculations for Case I-1 indicate that the rate of

temperature rise in the outlet pipe can be maintained at the specified

900 F/hr rate for this startup except during the time period when the reactor

power level increases at the rate of 20 Mw/min. During this period, the

maximum rate of increase in the 3-1/2 in. OD Hastelloy-X outlet pipe was

about 3940 F /hr or 66 F /min. The rate of temperature change in this

increment over the entire transient period is shown in Figure 4. Figure 5

shows the temperature transient in the outlet pipe. The analysis shows

that the maximum rate of temperature change in the ex-reactor section will

occur in the outlet piping of the cooler (GHX-2). The maximum rate of

temperature change is a minus 5750 F /hr or 96 F /min, however, this value

is believed pessimistic and is the consequence of the inherent errors of the

pseudo-control system as described previously. As the reactor power

begins to increase rapidly (20 Mw/min) the CO2 flow rate at GHX-2 must

be quickly diverted from the bypass line to minimize the deviation from the

set rate of temperature rise in the outlet pipe. With the actual control

system the change in GHX-2 flow will not be made as rapidly; therefore,

the rate of temperature change in the GHX-2 outlet piping will not be as

great. However, in an actual case the rate of temperature change at the

outlet of the test section will undoubtedly deviate more from the specified

900 F/hr and will remain above the control point for a longer period of

time. The rate of temperature change in the GHX-2 outlet piping for the

entire transient is shown in Figure 6.
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Case 1-2

The reactor startup procedure assumed in Case 1-2 was identical to

that in Case I-1, except that during the initial one hour warm-up period

the reactor power level was assumed constant at 5 Mw.

Since the reactor startup conditions were similar to Case I-1 the

results of Case 1-2 did not differ much from those found in Case I-1. Only

minor differences were noted in the maximum rate of temperature changes

in the outlet piping of the test section and at the outlet of GHX-2. The

maximum rate of temperature rise in the 3-1/2 in. OD Hastelloy-X pipe

during the period of rapid reactor power level increase was 3580 F/hr or

60 F/min. The maximum rate of temperature decrease in the GHX-2

outlet piping was minus 4480 F /hr or 75 F/min. The corresponding values

for Case I-I were 3950 F/hr and minus 5750 F/hr, respectively.

The complete temperature transient in the 3-1/2 in. Hastelloy-X

outlet pipe is shown in Figure 7. The transient rate of temperature change

for the outlet pipe and for the GHX-2 outlet pipe are shown in Figures 8

and 9, respectively.

Case I-3

In Case 1-3 the initial loop temperatures were the steady-state

values which would exist when the reactor operates at 5 Mw and the electric

heater (GH-1) output is 150 kw. In the transient calculations, the reactor

power was increased at the rate of 20 Mw/min to the full 70 Mw power level..

The results of Case 1-3 were almost identical to those found in

Case 1-2 after the initial one hour warm-up period had elapsed. The max-

imum rate of temperature increase in the 3-1/2 in. OD Hastelloy-X outlet

pipe was about 3900 F /hr or 65 F /min. The maximum rate of temperature

decrease in the GHX-2 outlet pipe was minus 4350 F/hr or 72 F/min. The

corresponding values found in Case 1-2 were 3580 F/hr and minus 4480 F/hr,

respectively.

- 17 -



HW-64561

The complete temperature transient in the 3-1/2 in. OD Hastelloy-X

outlet pipe is shown in Figure 10. The transient rate of temperature change

for the 3-1/2 in. OD Hastelloy-X pipe and for the GHX-2 outlet pipe are

shown in Figures 10 and 11, respectively.

Case 1-4

In Case 1-4 the most severe reactor power setback, a scram, was

considered. The reactor was assumed scrammed during equilibrium

operation at 70 Mw. Conditions which the problem solved were the same

as those used in the startup cases. But in this instance the temperature

decay rate is controlled at 900 F/hr. During the entire transient the CO2

flow rate remains constant at 15, 000 lb/hr.

The results of Case 1-4 indicate that the maximum rate of tem-

perature change in the ex-reactor section will occur in the 3-1/2 in. OD

Hastelloy-X outlet pipe and exists following a reactor scram. The max-

nimum temperature decay rate is a minus 13, 300 F /hr or 220 F/min and

occurs shortly after the scram is started. After about 3 minutes, the

temperature decay rate can be maintained at 900 F /hr. The temperature

decay rate remains at the control point until the entire loop temperature has

decreased to about 360 F. Below this temperature the heat losses from the

loop are not sufficient to maintain the specified temperature decay rate and,

thus, the decay rate gradually decreases. About 1. 5 hours after the scram,

the loop is cooled to essentially the ambient air temperature. The heavier

pieces of process equipment, such as the filter, took a little longer.

The complete temperature decay and the rate of temperature decay

curves for the .3-1/2 in. OD Hastelloy-X outlet pipe are shown in Figures 12

and 13, respectively.

The results of Part I show that during the transient following a reactor

scram the ex-reactor piping experiences the greatest rate of temperature

change. If the primary coolant flow rate is maintained at 15, 000 lb/hr and

the control system regulates the temperature decay rate, the maximum rate

of decay occurs in the 3-1/2 in. OD Hastelloy-X pipe at the outlet of the
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in-reactor test section. Maximum rate of decay is about minus 13, 300 F/hr

or 220 F/min.

3. Part II - Emergency CO2 Flow Rate Requirements

In Part II of this transient analysis the emergency CO2 flow require-

ments were determined. It was assumed that a BPA power outage had

occurred, and a reactor scram was initiated. Furthermore, the CO2 flow

rate was assumed to decay exponentially in one minute from 15, 000 lg/hr

to the specified emergency flow. For purposes of these calculations an

adequate emergency flow requires that the resulting loop temperatures will

not exceed the normal equilibrium temperatures. The reactor and loop

operating conditions assumed in the calculation are the same as those in

Case 1-4, except as follows:

1. CO2 flow rate decays to emergency flow in one minute

2. Pseudo-automatic control system totally bypassed

3. Electric heater, GH-1, off

4. Regenerator, GHX-1, fully in-line

5. Cooler, GHX-2, fully in-line

With the pseudo-automatic controls fully bypassed neither the 900 F/hr

rate of temperature change in the 3-1/2 in. OD Hastelloy-X pipe nor the

800 F maximum CO2 temperature at the blowers were maintained during

the transient.

In Part II, two cases were examined. Blower characteristics

dictated that the minimum emergency CO2 flow rate was 2000 lb/hr.

Case I1-1

Initially, the reactor and loop are both operating at maximum power.

At time zero, a BPA power outage occurs and after a 0. 2 second delay, a

reactor scram is started. Also, beginning at time zero the CO2 flow rate

is sustained by flywheel energy decay. After one minute the emergency

power maintains the CO2 primary coolant at the emergency flow rate.
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In Case II-1, the emergency CO2 flow rate is 2000 lb/hr. The

results indicate that the loop will experience temperatures only slightly in

excess of the normal operating conditions. Furthermore, even though no

attempt was made to control rates of temperature rise or decay, the initial

rate of rise in the 3-1/2 in. OD Hastelloy-X outlet pipe did not exceed

4100 F /hr or about 68. 3 F/min. The maximum rate of decay was a

minus 4300 F/hr or about minus 72 F/min. These values are considerably

less than the minus 13, 300 F/hr or minus 220 F/min experienced during a

controlled shutdown with CO2 flow maintained constant at 15, 000 lb/hr.

The complete transient curves of the CO2 temperature at the blowers

and of the 3-1/2 in. OD Hastelloy-X pipe at the outlet of the test section are

shown in Figure 14. The rate of temperature change in the 3-1/2 in. OD

Hastelloy-X pipe is shown in Figure 15.

Case 11-2

The conditions of Case 11-2 are identical to Case II-1 except that the

emergency CO2 flow is assumed to be 5000 lb/hr. With the exception of the

loop being cooled in a shorter time, the increased emergency flow rate does

not appear to offer any advantage over the 2000 lb/hr flow rate. The max-

imum rate of temperature rise and decay in the 3-1/2- in. OD Hastelloy-X

pipe decrease and increased, respectively, due to the increase in the

emergency flow rates. These values were 2150 F/hr or 36 F/min and minus

7100 F /hr or 118 F /min, respectively. The complete transient curves of

the CO 2 temperature at the blowers and of the 3-1/2 in. OD Hastelloy-X

pipe temperature at the outlet of the test section are shown in Figure 14.

The rate of temperature change in the 3-1/2 in. OD Hastelloy-X pipe is

shown in Figure 15.

The results of Part II of this transient analysis indicate that an

emergency CO2 flow rate of 2000 lb/hr is about optimum. Although the

initial rate of temperature rise in the 3-1/2 in. OD Hastelloy-X pipe is

higher for the higher flow rate, the temperature decay rate in that same

increment of the loop is lower, Also at no time during the transient was

the rate of temperature change greater than that experienced in a controlled
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shutdown with the gas flow rate maintained at 15, 000 lb/hr. The great

extension of loop cooling time was the major disadvantage of the 2000 lb/hr

flow rate.

VI. Loss of Primary Coolant

Transient calculations which determine the temperature excursions

experienced by the fuel element and process piping were performed following

a complete loss of the primary coolant. The reasons for coolant loss were

not examined. In these calculations, it was assumed that at time zero the

flow ceased. The problem was solved on the IBM-709 digital computer.

The mathematical model of the in-reactor test section used in this and

other subsequent studies is different than that used in section V. The model

consisted of 10 increments in the fuel element and 12 increments each in

the process, pressure and shroud tubes. Heat balance equations were

calculated over each increment and balances were also equated for coolant

flow when applicable. In this instance, heat balance equations were written

for the helium-shroud coolant at a normal and maintained 200 lb/hr flow rate.

A knowledge of the fuel geometry is essential in calculations of this

sort where the fuel element temperature is of interest. Unfortunately, at

this point the size and shape of the fuel elements to be tested in the gas-loop

are not defined. Thus, for this study the fuel element was assumed to be

a 15-rod cluster of UO2 elements clad in Zircaloy-2. Rod dimensions were

identical to the Mark I 19-rod cluster which will be used in the first PRTR

loading.

Since the most severe case is of interest, the tube power was

assumed to be 500 kw. It was assumed that coolant was lost during equilib-

rium operation and a scram was actuated 0. 2 seconds after the incident.

Based on these assumptions and conditions, the maximum fuel element tem-

perature is about 2500 F. The results indicate that fuel elements won't

melt. However, it is believed that the strength of the Zircaloy-2 cladding

loses its mechanical strength at temperatures above 2000 F. Therefore,
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an emergency back-up coolant is necessary to prevent damage to fuel

elements following a loss of the primary coolant.

VII. Loss of Shroud Coolant

Assume that at normal operation (the conditions used in section VI)

the helium shroud coolant is totally lost. Referring back to Part I of

section V, calculations are given for a controlled loop shutdown. In a

controlled shutdown, the loop temperature decreased at the rate of 900 F/hr.

In those calculations it was shown that the control point could be maintained

except during the first 50 seconds after the scram. The temperature drops

from 1500 F to 1100 F during this interval. Using the temperature decay

curve calculated for process tubes in that section, the shroud-tube transient

was determined following the loss of the shroud coolant.

The calculations indicate that the maximum shroud-tube temperature

will increase to 860 F. The transient curve is shown in Figure 16. Since

the shroud-tube temperature exceeds the 600 F specification, an emergency

back-up coolant appears essential in the event the shroud coolant is lost.

VIII. Simultaneous Loss of Both Shroud and Primary Coolants

Since the total loss of either the primary or shroud coolants requires

an emergency back-up system, this calculation may be anticlimatic. How-

ever, an interest was expressed and the calculation was performed. The

initial conditions used were the same as those employed previously. They

indicate that the shroud tube will melt in about 3. 5 minutes with fuel element

temperature approaching 2500 F. The complete transient is shown in

Figure 17.

IX. Carbon Dioxide Primary Coolant Back-up

In sections IX, X, and XI three possible emergency back-up systems

were examined. In this section an investigation is made of primary coolant's

use for shroud tube protection if helium is lost. The flow requirements of an

emergency blower was also examined; since, it was assumed that the loss of

CO2 was the result of blower failure and not a process pipe rupture.
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If helium shroud coolant is lost, a rapid quench of the in-reactor

section by the CO2 primary coolant may prevent excessive shroud-tube

temperatures. The effectiveness of such a quench was examined. The

most rapid quench rate is achieved when the heater is off, the regenerator

(GHX-1) is bypassed and the cooler (GHX-2) is not bypassed, and the

primary coolant flow rate is 15, 000 lb/hr.

To achieve the most rapid quench, the regenerator must be fully

bypassed. But this may cause excessive gas temperature at the blowers

or excessive temperature transients in the loop piping , thus eliminating

the proposal as a back-up system. Therefore, calculations were made

to determine the maximum CO2 temperature at the blowers during the

quench. The calculation method was that used in section V. Results in

Figure 18 show that the maximum gas temperature at the blower is 940 F,

and that it remains in excess of 800 F for about 0. 03 of an hour or 1. 8 min.

The maximum rate of temperature decay in the 3-1/2 in. OD Hastelloy-X

outlet pipe is minus 17, 300 F/hr or 288 F/min. This decay is slightly greater

than the 220 F/min during a controlled shutdown. The complete curve is

shown in Figure 19. Conditions are above specification. However, in

light of the emergency conditions, these slight overloads appear tolerable

and calculations were made for the primary coolant emergency system.

The mathematical model and reactor power-decay curve used in the machine

calculation are discussed in detail in the Appendix.

Since a number of loop operating conditions are possible during the

course of an experiment, this study included the worst forseeable situations

during which the helium shroud coolant is lost. First, the effectiveness of

the rapid quench was examined for the conditions used in section VII. The

loop was assumed at equilibrium while tests involved the 500 kw fuel

element. The results of this calculation indicate that the shroud tube tem-

perature will-increase to about 735 F (lower than the 860 F found in section VI).

However, the maximum temperature still exceeds the 600 F specification. The

complete transient curve is shown in Figure 20.
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Calculations were repeated for the high temperature shutdown

situation where the CO2 temperature was maintained at 1500 F at the

heater outlet. Normally at these conditions the CO2 primary coolant flow

rate is 4500 lb/hr. Therefore, in order to achieve the most rapid quench

it was assumed that the primary coolant flow rate increased instantaneously

to 15, 000 lb/hr.

The results indicate that the maximum shroud-tube temperature is

870 F. Although heat generation was assumed negligible the shroud-tube

temperature increase is greater than in the normal operation case. This

is attributed to the higher steady-state shroud-tube temperature during

shutdown. The initial shroud-tube temperature was 529 F. The complete

transient curve is shown in Figure 21.

Next, calculations were made for the loss of helium during a test

with a graphite specimen instead of the UO2 fuel element when the reactor

is operating normally. During normal operation, the primary coolant flow

rate is 5000 lb/hr. The calculation assumed an instantaneous CO2 flow

rate increase to 15, 000 lb/hr following the incident. The maximum shroud

temperature for this condition was 805 F which is slightly higher than the

735 F in the fuel element case. The difference is attributable to the higher

initial temperatures. The transient curve is shown in Figure 22. Finally,

calculations were performed for a graphite sample during high-temperature

shutdown. At this condition the maximum shroud-tube temperature is

905 F. The results are shown in Figure 23.

The emergency blower requirements which would prevent the

Zircaloy-2 cladding temperature from exceeding 2000 F following a failure

of the primary blowers were then calculated. Conditions and assumptions

were identical to those consistent with the most rapid quench of the in-reactor

section except that GHX-1 was not bypassed to prevent excessive gas tem-

peratures at the blower. The calculations were performed for normal

operation with the 500 kw fuel element, the worst case. The primary coolant

was assumed to decay to the minimum flow in one minute. Results indicate

that a 500 lb/hr CO2 flow rate is adequate. With this flow rate the maximum

Zircaloy-2 cladding temperature is about 1970 F. These results are shown

in Figure 24.
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This back-up study indicates that if the primary coolant is totally

lost due to a failure of a blower, a nominal 500 lb/hr CO2 flow rate is

adequate in maintaining the fuel element below 2000 F. Following a loss

of helium-shroud coolant the most rapid quench of the loop with the CO2

primary coolant will not be adequate to prevent the shroud-tube tem-

perature from exceeding 600 F.

X. Light Water Emergency Back-up System

Since the primary coolant appears inadequate in preventing

excessive shroud-tube temperatures, a separate coolant appears necessary.

The first emergency system examined was one injecting light water into

the process channel.

Light water enters at the top of the reactor and discharged at the

bottom to the vent stack. Immediately following the incident, the loop is

assumed "blown down" to atmospheric pressure. The light-water flow rate

assumed was a constant 5 gpm. For purposes of this hand calculation the

fuel element and process tube was divided into three axial increments. These

sections were 2. 0, 3. 3, and 2. 0 feet in length and were denoted as the top,

middle, and bottom sections. In calculating the loss of primary coolant,

testing of the 500 kw fuel element was assumed the worst case. The scram

occurs 0. 2 sec after the incident.

Initially, due to the high surface temperature, film boiling exists

over a large part of the top section when the water comes in contact with

the fuel element and process tube. The water is completely vaporized;

thus, a part of the top and all the middle and bottom sections are cooled by

forced convection to super-heated steam. As the power decays and the

stored sensible heat is removed, the fuel element and shroud tube tem-

peratures decay. In these calculations film boiling was assumed unstable

at surface temperatures below 700 F; a transition to nucleate boiling

occurs, and the temperature decay rate increases. Finally, after about

65 seconds the entire fuel element and process tube are quenched. With

light water injection the fuel element did not exceed temperatures expe-

rienced during normal operation. The complete transient curve is shown in

Figure 25.
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The effectiveness of the light water back-up system was next

examined for the loss of shroud coolant. Again, the light water was injected

at the top of the reactor into the process channel. The loop is vented to

atmospheric pressure. The calculation, to remain consistent with the

worst-case criteria, was made for the loss of coolant when the loop is

maintained at maximum temperature during a shutdown. Since at these

conditions the maximum initial shroud-tube temperature is 529 F, the most

severe conditions are believed to exist. In addition, calculations were per-

formed following the lost helium during normal operation with a 500 kw fuel

element.

The results of these calculations indicate the maximum shroud-tube

temperature is 598 F and 378 F for the shutdown and normal conditions,

respectively. The complete transient curves are shown in Figure 26.

These results indicate that with light-water injection into the process

channel at about a 5 gpm flow rate injurious temperatures can be avoided in

both the shroud tube and fuel element. The conclusions are valid for loss

of primary coolant, shroud coolant, or both coolants simultaneously.

XI. Helium Emergency Back-up System

The calculations of section X show that the injection of light water

into the process channel can safely protect the loop following any loss of

coolant; however, the injection of light water into the process system may

cause considerable damage to the loop process equipment, particularly the

primary blowers. Thus, a third back-up system which uses bottled helium

gas was examined.

Previous calculations have shown that the emergency coolant back-up

requirements following the loss of shroud coolant are much more demanding

than those following the loss of the primary coolant. In other words the

prevention of 600 F shroud-tube temperature imposes greater limitations

on the back-up system than the prevention of 2000 F clad temperatures.

Thus the calculations were restricted to this area.
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The manner by which the shroud-tube temperature increases follow-

ing an incident is predominately by heat transfer from the pressure tube

which in turn is heated by the process tube. Since the annulus between the

pressure and process tubes is filled with stagnant gas, the pressure-tube

temperature decay lags the process tube by a considerable time. Thus

the optimum back-up cooling system would administer separate coolant

flows into the shroud annulus and process channel. The former flow

protects the shroud tube while the latter protects the fuel element. The

adoption of such a system, however, does increase the instrumentation

requirements. In these calculations both a two-point injection and a single-

point injection into only the process channel were examined.

The emergency helium flow will be on a single pass basis for both

injection systems. However, the flow into the process channel will enter

the top of the reactor while the shroud annulus flow will enter at the bottom.

The loop is assumed depressurized to atmospheric pressure during this

emergency period.

The calculations were made with the aid of the IBM-709 computer.

The mathematical model employed was that described in the Appendix.

First, the helium requirements were calculated with injection only

into the process channel. The calculation assumed that helium-shroud

coolant was lost during high-temperature shutdown conditions. The helium

flow rate was assumed constant at 1000 lb/hr for the first 10 seconds. Then

the flow was decreased exponentially to 100 lb/hr in 5 minutes. After 5 min-

utes the flow rate was assumed constant at 100 lb./hr. The temperature

transient is shown in Figure 27. The results show that the maximum shroud-

tube temperature is 602 F. The helium required for one hour is 129 lb. The

calculation was then repeated for the loss of shroud coolant during normal

operation with a 500 kw fuel element. These results are shown in Figure 28.

The maximum shroud-tube temperature is seen to be 430 F.

Although a thorough analysis was not performed to determine the most

economical helium flow rate, it is believed that the total weight required will

not differ significantly from 129 lb. But from the curves in Figures 27 and 28
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it is clearly evident that the shroud tube temperature lags the temperature

decay of the helium emergency coolant by a considerable time. Thus,

attention was focused on the two-point injection system.

For simultaneous back-up helium injection into both the shroud

pressure-tube annulus and the process channel, various helium flow rate

procedures were examined. Since it was believed that the loss of helium

shroud coolant during high temperature shutdown operation represents the

worst case, only this operating condition was examined.

In the first case, it was assumed that the helium flow rate was

500 lb/hr in the process channel for the first three minutes and 100 lb/hr;

thereafter, the shroud annulus flow was also 100 lb/hr for the first six

minutes and zero thereafter. The calculation indicated that the maximum

shroud tube temperature will not exceed the initial 529 F. The complete

transient is shown in Figure 29.

In the second calculation the helium flow rate in the process channel

was reduced to 50 lb/hr from the 100 lb/hr after three minutes. Otherwise

the flow rates were the same as those used in the previous case. The max-

imum shroud tube temperature was 650 F in this case. This calculation is

shown in Figure 30.

The total helium required for one hour of cooling was 130 and 82. 5

lb/hr, respectively for the two-point injection cases examined. Since in

the latter case the maximum shroud tube temperature was 650 F, a flow

rate slightly higher than the 50 lb/hr used in the process channel after the

first three minutes appears adequate to prevent 600 F shroud temperature.

Thus, it is seen that by the two-point injection a large saving on the

required helium can be realized over that of the one-point injection system.

However, the use of a varying flow does complicate the necessary

control system; therefore, various constant flow systems were examined

for the two-point injection plane. First, the process channel flow was

assumed constant at 100 lb/hr for all time and the shroud annulus flow was

100 lb/hr for the first six minutes and zero thereafter. The shroud
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temperature increases to a maximum of 470 F after the shroud flow was

terminated. Complete temperature curves are shown in Figure 31.

To provide the simplest control system while keeping helium require-

ments below 100 lb/hr (final calculation), the flow rate in the process channel

was assumed constant at 75 lb/hr and at 25 lb/hr in the shroud annulus. The

maximum shroud-tube temperature for this case, however, was 720 F.

The complete curves are shown in Figure 32.

Thus, the results indicate that the shroud tube can be adequately

protected following the loss of shroud coolant if emergency bottled helium

was available. Although the optimum flow rates were not determined, the

results indicate that the two-point injection system will require less

helium. The required gas will not exceed 130 lb for the first hour under

either injection system.
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APPENDIX

CARBON DIOXIDE LOOP TRANSIENT TEMPERATURE ANALYSIS

Mathematical Model of Loop

The problem of the transient behavior of the gas-cooled loop compo-

nents during rapid reactor power excursions was investigated. The effect

of the loss of the primary and shroud coolants on loop components .was also

studied. The extent of the physical system prohibits a purely analytical

treatment. Numerical methods, however, offer means of determining

approximate solutions. In this study the method of finite-differences was

used.

In the finite-difference method, the heat balance equations are

written over finite increments instead of differential elements. The choice

and numbers of these increments in both the time and the space variables

will determine the accuracy of the solution. In order to maintain a rea-

sonable limit on calculating time and expense while still maintaining a

reasonable degree of accuracy in the solution, the physical loop was

divided into 15 increments for the power excursion transient calculations

and 55 increments in the loss of coolant and emergency back-up calculations.

The time increment used was 10-4 hr.

A breakdown of the increments shows ex-reactor piping with seven,

and process equipment (regenerator GHX-1, cooler GHXX-2, electric heater,

GH-1, and filter, GF-1) with four. The ex-reactor pipe increments

represent the total length of pipe between two adjacent pieces of process

equipment in the primary circuit with one exception. The exception is the

piping which connects the outlet of the in-reactor test section to the filter.

This connecting pipe is divided into two increments. The lengths of 3-1/2 in.

OD and 4-1/2 in. OD Hastelloy-X pipe in this section were considered as

individual increments.

Each of the four major pieces of process equipment was represented

by single increments. In each case heat balances were written only for the
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shell or container. The heat capacity of the tubes in both heat exchangers

was assumed negligible. This assumption appears valid in that the surface

area to volume ratio of the tubes is high. Also, the heat capacity of the

heating element in the heater was assumed negligible.

Both the entire fuel element and inner process tubes were

represented by single increments for the power excursion calculations in

the in-reactor section. Since the absolute temperature of neither the fuel

element nor process tube was critical in the solution, this combination was

satisfacto ry. The two remaining increments in the in-reactor section

represented the top and bottom shield plugs in the process channel. The

heat capacity of the process tubes, helium-annulus shield plugs, and shield

tubes were neglected in both primary shields. For the loss-of-coolant

study, the fuel element was divided into 10 increments and the shroud,

pressure and process tubes were divided into 12 increments each because

the temperature was of interest in that calculation.

Coefficient of Heat Transfer

The heat transfer coefficient across the CO2 boundary layer was

determined by the Dittus-Boelter equation.

DeG \0.8 0.4h De = 0.023 (C 4(1)
k A k

Collecting the phys ical properties into a single constant, Equation (1)

reduced to the form:

G0. 8

h = K G (2)
D 0. 2

e

Values of the constant, K, were calculated over the temperature range

200 F to 1600 F and 500 psig pressure for CO2 and are shown in Table VI.
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TABLE VI

PHYSICAL PROPERTIES CONSTANT FOR CO2 AT 500 psig

Temp. 200 400 600 800 1000 1200 1400 1600
(F)

K (Btu) 0.00285 0.00356 0.00400 0.00445 0.00480 0.00506 0.00522 0.00445

It will be noted that the constant K is somewhat temperature-dependent. How-

ever, over the critical temperature range of 600 F to 1600 F the variation is

less than 30 per cent. Therefore, it was assumed the film coefficient was

independent of temperature and all values were determined for physical pro-

perties at 1000 F. Equation (2) reduces to the following:

G0. 8
h = 0. 0048 0. 2 (3)

De

Power Decay Curve

The Untermyer and Weills~ 1)total reactor power decay curve was

used in these calculations.

The power decay curve is shown in Figure 33. For purposes of

these calculations, the entire curve was broken down into six sections.

Each section was then fitted to a mathematical equation of the form:

P = a tb (4)

The constants, a and b, and their applicable time intervals are shown in

Table VII.

1. Regimbal, J. J. Personal communication.
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TABLE VII

POWER DECAY CURVE CONSTANTS

Time Interval (hours) a b

0 < t <0.0000834 1.0 0

0.0000834 <t <0.000208 0.05947 -0. 3005

0.000208 < t < 0.000361 2.877 x 10-8 -2.01573

0.000361 <t <0.00164 0.00009025 -1.0

0.00164 < t <0.0167 0.02271 -0.1383

0.0167 <t 0.01547 -0. 23215

Derivation of the Heat Balance Equations

Figure 34 shows a heat balance on a generalized differential element

of the loop. Equating the rate of energy accumulation in the elemental volume

to the energy transferred in, plus the energy generated minus the energy

transferred out yields the general heat balance equation for a differential

volume of the loop.

dT d2T
(pA C ) dt = K A1 2 - (U2 + U 1 ) T + U 1 T + (5)

1(5)

U2Ta + q A

If heat flow within the elemental volume of the loop is negligible in

the x-direction, the first term on the right-hand side of Equation (5) drops

out. Equation (5) then reduces to the form

(p 1 A1 C p) d-t-(U2 +U1) T 1 +UlTg+U 2 Ta +q1A (6)

Figure 35 shows the heat balance on a differential volume of the CO2

primary coolant. Equating the rate of energy accumulation in the volume to

the energy entering minus the energy leaving yields the general heat balance

equation for a differential volume of CO2 primary coolant,

dT dT
W+Cp + C g = U1(T-T) (7)

g g dx g g gdt 1 1 g
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When the differential volume of CO2 is small or the CO2 velocity is

high, the second term on the left-hand side of Equation (7) is negligible.

The reduced equation is then

dT
W Cp = U1 (T - T ) (8)

g g dx 1 g

Method of Calculation

In Part I of the transient analys is, the most rapid rate of temperature

change in the ex-reactor section was determined. The calculation was

performed under the control of a pseudo-automatic control system.

During startup or shutdown the control system maintains the CO2

temperature at the blowers at or below 800 F at all times. The second.

feature of the control is to maintain the rate of temperature change in the

3-1/2 in. OD Hastelloy-X pipe at the outlet of the in-reactor test section

at 900 F/hr. The rate is to be maintained at all operating conditions within

the controllable capacity of the regenerator (GHX- 1), cooler (GHX-2) and

electric heater (GH-1). If a conflict arises in satisfying both of these

conditions, the 800 F CO2 temperature at the blowers is to take precedence.

The control system will regulate the rate of temperature change by

varying the bypass flow around GHX-1 and GHX-2, and by varying the power

released by the electric heater. In these calculations, incremental changes

of one per cent were used for all three controllers; i. e., an incremental

change is a one per cent change in the effective coefficient of heat transfer

for either GHX-1 or GHX-2 and a 1. 5 kw change in power output of the

electric heater.

Since the actual control system will specify the sequence in which

the process equipment is to be utilized, a similar sequence was adopted

for purposes of these calculations. An example will best illustrate the

sequence adopted. Assume a reactor scram is initiated, and at some time

during the transient the rate of temperature decrease in the 3- 1/2 in. OD

Hastelloy-X is greater than the prescribed minus 900 F/hr. If only a part

of GHX-2 is bypassed at this time, the over-all coefficient of GHX-2 will
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be increased by one per cent as the first step to correct the decay rate.

After the change is made in the applicable heat-balance equations the entire

set of heat-balance equations for the loop will be reintegrated and the new

rate of temperature change determined. Also, the CO2 temperature at

the blowers is calculated and compared to 800 F. If the rate of temperature

decrease is still greater than 900 F /hr and the CO2 temperature at the

blowers has not exceeded 800 F, the second incremental change in GHX-2

is made, and the calculations repeated. The procedure is repeated until

the total CO2 flow passes through GHX-2, 900 F /hr rate of decrease is

obtained, or the blower CO2 temperature reaches 800 F. If either of the

last two conditions is achieved, the time is increased one increment and

the calculation is begun for the new time. However, if after GHX-2 is

fully in line and the temperature decay rate criteria remains unsatisfied,

a one per cent incremental reduction is made in the electric heat output.

Similar comparisons as described above are made after each incremental

change in the heater output. If, after the heat is turned completely off,

neither condition is satisfied, the GHX-1 over-all heat transfer coefficient

is reduced in increments of one per cent. The check procedure is performed

again, after each incremental change.

The last values are stored and the time is increased by one increment

and the calculation repeated for the new time if the rate of change remains

greater than 900 F /hr and 800 F is not exceeded by the CO2 at the blowers

after the flow is completely bypassed around GHX-1. To summarize the

sequence followed when the rate of temperature decay is too great: (1) GHX-2

is placed in-line; (2) the electric heater is bypassed; and, then (3) GHX-1 is

bypassed.

If the rate of temperature decay is less than 900 F /hr during a scram,

the process equipment is changed incrementally but in the reverse order of

that described above, i. e., first GHX- 1 is placed in line, then the heater is

turned on, and finally, GH-1 is bypassed. Again, the rate of temperature

change, and CO2 temperature are checked after each incremental change as

discussed previously. The sequence for a transient during a.reactor startup

then proceeds in a similar manner.
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NOMENCLATURE

Ag - CO2 flow area - ft2

A1 - Cross sectional area of loop component - ft2

Cpg - Specific heat of CO2 - Btu/(lb)(F)

Cpl - Specific heat of loop component - Btu/(lb)(F)

De - Equivalent diameter - ft

G - CO2 mass velocity - lb/(ft2)(hr)

h - Film coefficient - Btu/(hr)(ft2 )(F)

k - Thermal conductivity - Btu/(hr)(ft)( F)

K, a, b - Constants

P - Fraction of original power

t - Time - hr

Ta - Temperature of the environment - F

T1 - Temperature of loop component - F

T - Temperature of local CO2 - F

U1 - Over-all coefficient, loop component to CO2 - Btu/(hr)(F)

U2 - Over-all coefficient, loop component to environment -

Btu/(hr)(F)

W - CO2 flow rate - lb/hr

11' 3
q - Volumetric rate of heat generation in loop component - Btu/(hr)(ft )

- Dynamic viscosity - lb/(ft)(hr)

pg - Density of CO2 - lb/ft3

p1 - Density of loop component - lb/ft3
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FIGURE 4
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FIGURE 5

3-1/2 Inch OD Hastelloy-X Pipe at Test Section Outlet
During Case I-1 Startup
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FIGURE 7

3-1/2 Inch OD Hastelloy-X Pipe at Test Section Outlet
During Case 1-2 Startup
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GHX-2 Outlet Pipe During Case 1-2 Startup
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FIGURE 12

3-1/2 Inch OD Hastelloy-X Pipe at Test Section Outlet
During Case 1-4 Scram
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FIGURE 13

3-1/2 Inch OD Hastelloy-X Pipe at Test Section Outlet
During Case 1-4 Scram
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FIGURE 20

CO2 Cooldown Following Loss of Shroud Coolant During a 500 kw Fuel Element Test
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CO2 Cooldown Following Loss of Shroud Coolant During Shutdown with 500 kw Fuel Element
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FIGURE 22

CO2 Cooldown Following Loss of Shroud Coolant During Graphite Speciment Test
(GHX-1 Bypassed)
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FIGURE 26

Light Water Injection Following Loss of Shroud Coolant
During Normal Operation and Shutdown
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Back-up Helium Injection Following Loss of Shroud Coolant During Shutdown
(Injection Only into Process Channel)
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