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ABSTRACT

An analytical and experimental effort toward a better under-

standing of the mechanisms involved in nuclear power reactor

loss-of-pressure accidents is presented. A simplified analytical

model which can be used to describe the transient hydraulic and

heat transfer behavior of organic-cooled reactors during depres-

surization accidents resulting in bulk boiling of the coolant has

been developed as part of this effort. Correlations of void fraction

and heat transfer and dynamic equations for the flow system are

incorporated into this model. Predictions of the hydraulic and

heat transfer behavior were verified experimentally to establish

the applicability of the model and equations involved over the range

of variables listed below.

RANGE OF EXPERIMENTAL VERIFICATION

Heat flux (Btu/hr-ft2) 40, 000 to 100, 000

Inlet temperature ( F) 600 to 670

Initial outlet temperature*(*F) 705 to 780

Rate of depressurization at

beginning of bulk boilingT(psi/sec) 0.05 to 2.5

Mass velocity at beginning of
transients (lb/sec-ft 2 ) 260 to 460

Mass velocity when transients were
ended (lb/sec-ft 2 ) 0 to 230

Direction of flow Up and Down

*The saturation temperature of the coolant at atmospheric

pressure is approximately 700 OF.

tCorresponds to flashing rate of 0.1 to 6% quality/sec.

This report contains many experimental and predicted transients

plotted for direct comparison. The experimental and predicted

transients are substantially in agreement. This confirms the

applicability of the model and equations for prediction of the hy-

draulic and heat transfer effects of bulk boiling depressurization

transients.
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I. INTRODUCTION

An area of concern in power reactor operation is the danger of restricting

the reactor coolant flow below acceptable levels. Inadequate cooling of the re-

actor core can lead to fuel element destruction and the subsequent potential

hazard associated with release of fission products. Inadequate cooling may oc-

cur in pressurized reactors during a loss-of-pressure accident that causes bulk

boiling of the coolant. When such boiling occurs in a reactor channel, the ac-

companying increased flow resistance in that channel causes the flow rate to de-

crease. This results in increased boiling which causes a further reduction in

flow rate and may lead to flow- choking.

The aim of the Pressure Transients and Flow Stability Project 1(part of the

Atomics International Reactor Safety Program conducted for the USAEC)was to

develop, by analytical means and with necessary experimental support, reliable

models which can be used to describe the transient behavior of organic cooled

reactors during depressurization accidents resulting in bulk boiling of the coolant.

In the existing organic cooled reactor, the Piqua Nuclear Power Facility,

the coolant outlet temperature is substantially below the saturation temperature

at atmospheric pressure. It would require a minimum of three simultaneous

failures (loss of flow, loss of pressure, and protective system failure) before

bulk boiling of the coolant could occur in this reactor. Simultaneous failure of

more than two independent systems is extremely unlikely and is considered

'incredible" in most safeguards reports. In the past few years, the trend inthe

advancing organic cooled reactor program has been to continue to increase the

coolant temperature. In the last few organic cooled reactors proposed for the

United States, POPR and OPHIR, the reactor coolant outlet temperature was

approximately equal to the saturation temperature of the coolant at atmospheric

pressure. Because of this trend, it has become necessary to establish reliable

analytical models for use in advanced organic-cooled reactor accident analyses

for prediction of the effects of depressurization accidents. 4

Closely interrelated with an adequate evaluation of the loss-of-pressure ac-

cident is the ability to predict the transient vapor volume fraction (void fraction)

in the coolant during transient boiling. To the extent to which this has been ac-

complished, this work may be of use in predicting void reactivity effects during

reactor boiling transients although this was not among objectives of this project.

NAA-SR-9033
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Specifically, this report presents an analytical model suitable for predic-

tion of the hydraulic and heat transfer effects of reactor loss-of-pressure acci-

dents resulting in bulk boiling of the coolant. The hydraulic and heat transfer

effects of vapor formation were measured in an experimental apparatus, the

Flow Stability Loop3, under upflow and downflow conditions with two parallel

channels connected to inlet and outlet plenums. The analytical model (a set of

equations) is described and the results compared with those of the measured

transients. Hence, the objective of this report is to demonstrate the reliability

of the model presented.
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II. GENERAL EQUATIONS

This section contains a discussion of the general differential equations

necessary to describe the dynamic behavior of a fluid flowing in a heated chan-

nel.6 These equations also apply to the behavior of a boiling fluid flowing in a

heated channel during depressurization. In Sections III and IV, these equations

are to be applied to the prediction of the transient behavior of an organic-

coolant flowing in an apparatus (the Flow Stability Loop3) during depressuriza-

tion transients resulting in bulk boiling.

The general equations are as follows:*

a) Conservation of Mass

aG P
L + = 0

b) Conservation of Momentum

aG a G2\ dz fG2 aP
+ P/ = - gP d-L -2PD ~g-a

c) Heat Balances

1) Channel

aT
(MC) twQ. - hA (T - T )

w at in w c

2) Coolant

aT
(MC) c+Mhfgx=hA (T - T )

c at c fg at w c

aT
- GAC cLc dL

- GA h dL

*See foldout of nomenclature, Appendix B.
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Figure 1. A Typical Section
of Heated Channel Showing

the Important Variables

i

Analog computer solution of these equations requires that they be simplified

and put into a form suitable for analog programming. A multinode lumped model

was chosen (see Figure 1). The simplified dynamic equations for each node are

described below.

A. CONSERVATION OF MASS

-=0 or G = G and G =G .8Ln n-i n n-1

This approximation assumes that the amount of coolant in any node does not change

rapidly, and does not introduce significant errors for the case of moderately slow

transients like the experimental transients included in this report (where the time

required to empty part of the channel because of void formation is much longer

thanthe coolant transport time through that part of the channel).

For fast transients or transients with very low flow rate (where the time re-

quired to empty part of the channel because of void formation is of the same order

or shorter thanthe coolant transport time through that part of the channel), the

change in inventory of coolant in the channelwith time must be considered. This

can be done with the following equations (see Appendix A for derivation):

-G 1 S R v ) 2  a x R P Pa( -SRP )P
8L ~ SRPjP at'

NAA-SR-9033
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The equations apply at each point

along the channel of uniform cross sec-

tional area and are applicable to both

one- or two-phase flow. Up to this point,

no assumption has been made regarding

the relative velocity of the two phases or

about void volumes in subcooled boiling.

These effects can be taken care of sep-

arately in the relation between quality, x,

and density for bulk boiling conditions,

or by some other correlation for sub-

cooled boiling.



This equation can be approximated for analog simulation by the following

expression:

AL (Pj -SRPv)
G -CG n V

n n-1 SRP P P .n-1n

Since, in the proposed analog model the subscript refers to the outlet con-

ditions for a particular node, n, the value of the density squared over a partic-

ular node is approximated by the density at the inlet times the density at the

outlet. All the variables on the right side of the above equation are to be made

available in subsequent equations. This relation must also provide information

regarding the relation of G to G for use in calculating the pressure drop in
n n-i

each node due to a change in momentum of the coolant in that node. The sim-

ple relation, Gn = Gn- 1 = G, is adequate in most cases. In the cases where the

difference in these values is significant, bulk boiling (hence two phase flow) will

only be over a small part of the heated channel and the resulting errors should

be small.

B. CONSERVATION OF MOMENTUM

2

SAL . G
n- 11P - P = n n

n-i n g gP Pn-1

dP )Pt) Gn
+ PZAL - ( L),s(Pn)n-i)(CQs) ALL.

This is an integrated form of the previous conservation of momentum equa-

tion assuming a uniform flow area and upflow. The frictional pressure drop

(the 4th term on the right side) was written in a form similar to Equation 28 in

the FUGUE report. It is based on the steady state liquid phase pressure drop

with correction factors for increased velocity due to decreases in density ac-

companying partial vaporization of the coolant. Since this equation is written

over a finite interval of channel length, and since there is vaporization along

the channel, it is necessary to have a factor in this frictional pressure drop

term which is representative of the average squared velocity. Study of this

NAA-SR-9033
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problem has lead to the conclusion that, over short lengths of channel, the aver-

age squared velocity is best approximated by the inlet velocity multiplied by the

outlet velocity. This product is proportional to the inverse of the product of the

inlet and outlet densities. The other important assumption in this equation is

that the frictional pressure drop for the two phase mixture is the same as for

liquid flowing in the channel at the velocity of the liquid phase in the two phase

mixture. This assumption is essentially in agreement with the results of

Lockhart and Martinelli.8

C. HEAT BALANCES

1. Channel

(MC) T =Q - hA (T - T)
wn wn n n wn cn

2. Coolant

hA
P ALfxC+( - xn)CJT cn+hfgR n A f (Twn -Tcn)

-hfgGn(xn -x n-1)

-Gf x C+(l - x )CIIT

- n[ 

) C ]T[n- 

1 v + (1 - x n-1) 
C1T cn-1

These equations are solved with the following boundary conditions:

IF THEN

T <T x =0, x =0
cn sn n n

T =T T =T
cn sn cn sn

The heat balance accounts for stored heat in the channel walls. The heat

transfer coefficient, h, is variable. Boiling and nonboiling heat transfer are

considered in each node as predicted from previous steady state correlations. 2

NAA-SR-9033
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D. PHYSICAL PROPERTIES

Since the physical properties (except the saturation temperature) are con-

sidered to be constant in the above equations, it is necessary to choose values

that are representative of the average values of the properties during the tran-

sients. In most cases, the properties do not change significantly over the range

of interest during the transients and can be evaluated at the initial conditions.

The vapor density, however, does vary a great deal with pressure. This prop-

erty was evaluated at a pressure corresponding to the vapor pressure of the

coolant at the outlet of the channel.

The coolant saturation temperature, Ts, as a function of pressure can be

approximated (over the pressure range of interest in the transient) by an equa-

tion of the form:

T =k+k'P - k"/Psn n n

The above equations are written for each node of the channel. The pres-

sure drops are summed and set equal to the pump head as a function of flow.

The system pressure drives the transient and is specified as a function of time

for a particular point in the coolant loop.

NAA-SR-9033
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III. UPFLOW TRANSIENT EQUATIONS

The equations written in the previous section of this report were applied to

the prediction of the transient behavior of an organic coolant flowing in an ap-

paratus (the Flow Stability Loop3) during depressurization transients resulting

in bulk boiling of the coolant. The organic reactor coolant, Santowax-R, was

used in this apparatus. Bulk boiling only occurs in the test section during the

transients. The loop is arranged with a bypass line around the test section so

that it is possible to maintain constant flow in the loop during test section tran-

sients. Hence, it is not necessary to write conservation of momentum equa-

tions for the loop since the momentum of the coolant in the loop does not change.

A three-node model was selected to describe the test section behavior for

the upflow transient study. The nodes were chosen starting at the inlet of the

channel as follows:

Node Length (ft) Heated Type of Flow

1 10.67 yes single phase

2 1.33 yes one or two phase

3 0.67 no one or two phase

The equations with constants evaluated for Santowax-R and upflow conditions are

listed below.

A. CONSERVATION OF MOMENTUM

Pin~P1 = 1.06 + 3.82 + 2.13 (psi)

P - P = 0.267 51.6(( 2 + 0.132 )+ 0.885 251.6 - 1 +0.00925p2  (psi)1 2 2 /\5 5/ kp2 /

P~3 = 0.133 (56)(5i.6)(w)2+ 0.066 (A + 0.885 W251 -6 51.6

+ 0.00463 P3 (psi)

NAA-SR-9033

15



These equations are essentially in the same form as those in Section II-B.

The units were selected for convenience of scaling in the analog computer mech-

anization and for ease of comparison with experimental data. In most cases it

was convenient to handle the two phase density as the ratio of liquid phase den-

sity to two phase density. The liquid phase density is 51.6 lb/ft 3 . The mass

velocity, G, was normalized with respect to the mass velocity corresponding to

a liquid flow rate of 5 gpm through the test section. Hence, the factor (W/5) in

these equations corresponds to the fraction of the mass velocity at a liquid flow

rate of 5 gpm that exists at any time in the test section.

B. HEAT BALANCES

1. Channel

Tw = 1.02 x 10 -- 3.67 h(T 1 -T c)

T 2 = 1.02 x 10-3 , -3.67 h(T -T c2)

(*F /sec)

(*F/sec)

2. Coolant

Tcl =3.58 h(Tw - Tci) - 0.836

T + 221x
c2 2

5 c -T.n)

= 51.6 3.58h (T 2 - T )
- 6.2 2 c

- 6.7 (g (Tc2 ~ T 1 ) - 1480 ( Ixl

Boundary Conditions:

IF

T s2 > TTc2
sZ c2Z

x2 + 0.00453 (T 2 - Ts 3 ) > 0

x2 + 0.00453 (T 2 - Ts 3 ) < 0

THEN

x2=0,x=

Ts2 =Tc2

x 3 =X2 + 0.00453 (Tc -Ts3

x3 =0

NAA-SR-9033
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These equations correspond to the equations in Section II-C evaluated for

Santowax-R and the test section. The last two boundary conditions above repre-

sent the heat balance for the coolant in the 3rd node (the unheated exit end of the

test section). The value 0.00453 in the boundary conditions represents the ratio

of specific heat to the latent heat of vaporization for Santowax-R.

An additional assumption has been used in arriving at these equations. Since

the specific heat of Santowax-R vapor is nearly the same as for the liquid, it was

not necessary to have a variable specific heat for the two-phase mixture. The

change in stored heat in the unheated part of the channel wall was also neglected

during the transient. Neither assumption should have any significant effect on

the results of the present study.

C. COOLANT DENSITY

1. Subcooled Boiling Density Ratio

(P:) = 1
n 1 - 0.013I h (T - Tc)a A NB wn cnJ

hNB (Tsn - Tcn

2. Density Ratio Near Saturated Boiling

Q

P( N hB (T - Tcn)

Note: P = 51.6 lb/A3

In using the two equations above, the steady state power input, Q/A, was

used in calculating the density ratios. This resulted in a slightly better void

fraction prediction (the relation between void fraction and density is shown in

Appendix A ) than would have resulted if the instantaneous heat flux had been

used. In the cases tested, the instantaneous heat flux was affected up to about

10% by changes in stored heat within the channel wall. There was some difficulty

in predicting wall temperature during depressurization. In this situation, the

NAA-SR-9033
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variable dissolved gas concentration affects the boiling wall-temperature in a

manner which has not been correlated. 2

3. Bulk Boiling Density Ratio

P n
nC

This equation assumes a slip ratio of 3.0 (the ratio of vapor to liquid velocity

in two phase flow). This approximation is in good agreement with experimental

data2 and predictions using the Lockhart-Martinelli method for quality, x, above

3% which is the main area of interest. The pressure at which the vapor density

was evaluated was taken to be 20 psia, the approximate pressure during experi-

mental transients.

These density equations were obtained from experimentally verified void

fraction correlations for Santowax-R in this pressure range. The following

criteria are used to choose the appropriate density equation:

IF THEN

Pa ()b \n

na nb P )bPi(;>) = ( )b

Noneb n'Cn n'b

nb (n) C n Pn C

Note: P = 51.6 lb/ft3

NAA-SR-9033
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D. HEAT TRANSFER

1. Forced Convection Heat Transfer 3

hNB (T - Ti)0.253 (5) (T - T) (Btu/sec-ft 2 )
kA/NB

2. Nucleate Boiling Heat Transfer 2

( ~' 9.25 x (T53 - 3
AB wn sn

(Btu/sec-ft2)

These heat fluxes are used with the following criteria:

IF THEN

(A/NB ( /B

NB B

(A= (B

\ /Q/N

A-AkB

E. SATURATION TEMPERATURE

T = 721 + 2.7P 1110
sn n Pn

( F)

This equation closely approximates the vapor pressure curve for the

Santowax- R and isopropyldiphenyl mixture used in the Flow Stability Loop dur-

ing the upflow pressure transient experiments.

NAA-SR-9 033
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F. TEST SECTION PRESSURE AND PRESSURE DROP

1. Outlet Pressure

P3 ss + AP et/-r (psia)

where P , AP, and T are chosen to conform to the experimental conditions.

This is an empirical equation which was used to approximate the experi-

mentally measured outlet pressure curves for the transients that were to be

duplicated analytically.

2. Test Section Pressure Drop

APT ,IPin ~1) + (P1- P2)+(P2~P3 )APbp
(psi)

3. Bypass Line Pressure Drop

a. Fixed Bypass Valve

AP = C' -2 ++]
bp T

(psi)

where

C' = constant depending on valve position,

WT = total test section plus bypass flow, and

APs = static head difference across bypass line = 4.53 psi.

The pressure drop across the bypass line was set equalto a constant

times the bypass line flow squared plus the static head difference from inlet to outlet.

b. Controlled Bypass Valve

APbp = constant

NAA-SR-9033
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For some of the experiments, the bypass valve was controlled to

maintain constant pressure drop across the test section (also across the bypass

line).

The above equations were solved simultaneously as a function of time for

the conditions of the experimental tests on an analog computer at the Atomic

International analog computer installation.

NAA-SR-9033
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IV. DOWNFLOW TRANSIENT EQUATIONS

During the period between the upflow and downflow tests, the experimental

flow measuring capability was improved to permit quantitative flow measurement

down to 25% of the original flow rate. This, in turn, warranted the use of a more

detailed analog model to check the advanced stages of the downflow transients.

Two major changes were made in the simulation. First, another boiling node

was added, making the model applicable over a slightly longer portion of the

transient. Secondly, the prediction of void fraction was improved by using one

correlating equation for the entire range of subcooling. If no changes were made

in the model, the only changes required in the equations going from upflow to

downflow would be to change the sign of the static head terms in the conserva-

tion of momentum equations and in the equation for pressure drop in the bypass

line.

A four-node model was selected to describe the test section behavior for

the downflow transient study. The nodes were chosen starting at the inlet of the

channel as follows:

Node Length (ft) Heated Type of Flow

1 8.0 yes single phase

2 2.67 yes one or two-phase

3 1.33 yes one or two-phase

4 0.67 no one or two-phase

The equations with constants evaluated for Santowax-R and downflow condi-

tions were as follows:

A. CONSERVATION OF MOMENTUM

Pin - P = 1.60 -- + 0.794(l - 2.86 (psi)

P1 - P2 = 0.533(5p'6))+ 0.264(t

0.8855. -1 - 0.0185P 2 (psi)

NAA-SR-9033
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P2 - 3 = 0.267 (516)(51.6)(W)2 + 0.132(i-)

+ 0.885 (5)Z [(51.6 51.6 - 0.00925 P3 (psi)

P 3 - 4 = 0.133(51.6)5.6)( ) + 0.066(5)

+ 0.885( (5.6)- P 0.00463P4 (psi)

These equations are essentially of the same form as those in Section II-B.

The units were chosen for convenience of scaling in the analog computer mech-

anization and for ease of comparison with experimental data. In most cases, it

was convenient to normalize the two-phase density as the ratio of liquid phase

density to two-phase density. The mass velocity, G, was normalized with re-

spect to that mass velocity which corresponds to a liquid flow rate of 5 gpm

through the test section. Hence, the factor (W/5) in these equations corresponds

to the fraction of the mass velocity at a liquid flow rate of 5 gpm that exists at

any time in the test section.

B. HEAT BALANCES

1. Channel

Tw 1 = 1.02 x 10-3 -
A - 3.67 h(Tw1 -T cl)

Tw2 = 1.02 x 10-3 Q - 3.67 h(Tw2

Tw3= 1.02x 10 3
w3 A

Tc2 )

- 3.67 h(Tw 3 -Tc3)
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2. Coolant

icl = 3.58 h(Tw1 -

c2+ 221 2=
51.6 3.58 h(Tw 2 - Tc2)

- 3.33 5)(Tc 2 - Tcl)

- 740 x2 ] ( 0 F/sec)

'c3 + 221
3 (51.6 [3.58 h(Tw3

- 6.7 (5) (Tc3 - Tc2

- 1480 ()(x3

Boundary Conditions:

IF

Ts2 > Tc2

Ts2 Tc2

Ts3 > Tc3

Ts3 = Tc3

x3 + 0.00453 (Tc 3 - Ts4 ) 2 0

x3 + 0.00453 (T 3 Ts 4 ) < 0

x20 -02 =022

s2 c2

3 3

s3- c3

x 4 = x 3 + 0.00453 (Tc 3 - Ts4)

x =0

For a discussion of the assumptions in these equations see Section III-B.
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C. COOLANT DENSITY

1. Subcooled Boiling Density Ratio

a 1 -0.0371l-- h (T - T )
lA NB wn cnJ

h2 B(T N - T )+20

Note: p -51.6 lb/ft3

This equation is based on the subcooled boiling correlation of Reference

2, modified to approximate the density over the entire subcooling range.

2. Bulk Boiling Density Ratio

(Z)C= 1.0 + 54.4xn
C

This equation assumes a slip ratio of 3.0 (the ratio of vapor to liquid ve-

locity in two-phase flow). This approximation is in good agreement with experi-

mental data and predictions using the Lockhart-Martinelli method for quality,

x, above 0.03 which is the main area of interest. The pressure at which the

vapor density was evaluated was taken to be 20 psia. This pressure corresponds

to that at which most of the action takes place during experimental transients.

Boundary Conditions:

IF THEN

(na> (Z)C n na

Pna n/C \n'/ PnC

Note: P = 51.6 lb/ft 3

D. HEAT TRANSFER

These equations are the same as for upflow as written in Section III-D.
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E. SATURATION TEMPERATURE

T =738 + 2.7 P - 1110 (OF)
sn n P

n

This equation closely approximates the vapor pressure for the Santowax-R

used in the Flow Stability Loop during the downflow transients.

F. TEST SECTION PRESSURE AND PRESSURE DROP

1. Outlet Pressure

P = Pss _OPa-t/T (psia)

where P , P, and r are chosen to conform to the experimental conditions.

This empirical equation was used to approximate the experimentally

measured outlet pressure curves for the transients to be duplicated analytically.

2. Test Section Pressure Drop

AP ,I, = (Pin - ) + (P 1 - P2 ) +(P 2 - P 3 ) +(P3 - P 4 ) =AP (psi)

3. Bypass Line Pressure Drop

a. Fixed Bypass Valve

Abp = C' 1 - 2 + +P 5  (psi)

where

C' = constant depending on valve position,

WT = total test section plus bypass flow, and

APs = static head difference across bypass line = - 4.53 psi.

The bypass line pressure drop was approximated by a friction term

proportional to the bypass flow squared, plus the static head difference from

inlet to outlet.

b. Controlled Bypass Valve

OPbp = Constant

In some of the experiments, the bypass valve was controlled to

maintain constant pressure drop across the test section.
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V. EXPERIMENTAL FACILITIES AND METHOD

The experimental facilities consist essentially of a closed loop where the

circulating coolant undergoes a heating and cooling cycle at controlled condi-

tions of flow, temperature, and pressure. A schematic of the test loop is pre-

sented in Figure 2. The loop flow is split between the test section and a bypass

line. During tests, the loop flow rate is constant but the ratio of test section to

bypass flow changes depending on the two-phase flow resistance of the test sec-

tion. A control valve is also provided in the bypass line. This valve is used to

establish the initial ratio of test section to bypass flow and can also be con-

trolled to maintain constant test section pressure drop. A detailed description

of the experimental facilities and related instrumentation is presented in Refer-

ence 3.

A. TEST SECTION

The test section (see Figure 3) consists of a seamless nickel tubing 9/16

inches OD with a 0.042 in. close tolerance wall thickness. It is electrically

heated with dc power. The terminals are connected directly to the test sec-

tion. The heated length is 12 ft and the total length is 13 ft. The test section is

oriented vertically and the loop piping arrangement provides for either upflow

or downflow of the circulating coolant.

B. BASIC INSTRUMENTATION

The instrumentation provided for the test section (see Figure 4) measures

and records:

1. Void fraction,

2. Coolant and wall temperatures,

3. System pressure and pressure drops,

4. Coolant flowrate, and

5. Power input.

The instrumentation is suitable for both steady- state and transient phases

of the experimental program. Measured variables are recorded by a multi-

channel direct-recording oscillograph on an 8-in. chart.
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1. Void Fraction Measurement

The volume fraction of the organic coolant vapor at any preselected point

along the test section is measured by a system consisting of a 150 kv x-ray ma-

chine, collimators, and two detectors. The x-ray beam is split and collimated

into two beams. One beam is transmitted through a "dummy" test section,

through another collimator, into a scintillation detector. The other beam is col-

limated in a like manner, and passes through the test section to another colli-

mated detector. The output of each detector goes into a differential amplifier

which subtracts the reference detector signal from the void detector signal. The

output signal from the differential amplifier drives a high speed galvanometer

calibrated in "void fraction". A complete description of the void fraction meas-

uring system, including its calibration and accuracy, is reported in Reference 9.

2. Temperature Measurements

Chromel- constantan thermocouples are used for measurement of coolant

and wall temperatures. Thermocouples which measure test section wall temper-

ature are attached to the wall with pure silver to minimize the voltage pickup

from the dc heated tube. Thermocouples which measure coolant bulk tempera-

ture are inserted directly in the coolant stream and are insulated from the test

section wall. Coolant and wall thermocouples are located along the length of the

test section at intervals to provide comprehensive temperature profiles of the

system for heat transfer analysis.

3. Pressure Measurements

Absolute and differential pressures are measured with variable reluct-

ance transducers. These transducers consist of a pressure sensing diaphragm

of magnetic material, the deflection of which controls the gap in each of two

magnetic circuits. The gaps change in opposite directions and produce corre-

sponding changes in the inductance of two pick-off coils. This effect is utilized

in an ac bridge circuit to produce an output voltage proportional to the applied

pressure.

Absolute pressure is measured at the inlet and outlet of the test section.

Differential pressure measurements are made between various pressure taps

along the test section to determine the pressure profile for the test section.
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4. Flow Measurement

The coolant flow rate through the test section is measured by means of the

test section inlet differentialpressure transducer calibrated in terms of flow rate.

5. Power Input Measurement

The power input to the test section, from which the heat flux is deter-

mined, is measured by recording watt-meters. The voltage drop and current

through the test section are also measured by precision voltmeters and ammeters,

respectively.

C. EXPERIMENTAL METHOD

The Flow Stability Loop was used to obtain experimental pressure transients.

These are depressurization experiments which result in bulk boiling at the out-

let of a heated channel (the test section). The tests covered in this investigation

were conducted at preselected conditions of initial pressure, initial flow rate,

heat flux, and coolant inlet temperature. The heat flux, coolant inlet tempera-

ture, and total loop flow rate were maintained constant during the transients.

In order to make sure bulk boiling would occur during the transient, the initial

conditions were selected with an initial coolant outlet temperature equal to the

saturation temperature of the coolant at a pressure lower than the initial outlet

pressure but greater than the final outlet pressure of the system. Pressure

transients are produced by venting the pressurized nitrogen gas from the surge

tank to the atmosphere. The rate of depressurization is adjusted by varying the

coolant level in the surge tank which establishes the amount of nitrogen gas to be

vented. The ranges of variables investigated are representative of the ranges

considered in loss-of-pressure accidents for organic-cooled reactors.

The measurements of temperature and power input were used to check the

heat balance on the system for the initial conditions of the transients. The tempera-

ture measurements were also used to check the heat transfer during the transients.

The departure from nucleate boiling was observed by a rapid rate of increase of

wall temperature. Outlet pressure was measured during the transients. The in-

cremental pressure drops along the test section were used to check the two-phase

pressure deop as predicted by the equations and to establish the pressure profile

along the test section during the experiments. The experimental outlet pres sure

curves were closely approximated by exponentials (as plotted in the illustration

for each experiment) for use on the analog computer in duplicating the transients.

By direct comparison of analog and experimental transients, the applicability of

the analytical model for pressure transients was established.
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VI. RESULTS

An analytical model has been established that can be used to make predic-

tions of the heat transfer and hydraulic effects of reactor loss-of-pressure ac-

cidents resulting in bulk boiling of the coolant. Predictions made by use of

these equations have been verified by direct comparison with transients meas-

ured in the experimental apparatus (the Flow Stability Loop) using the organic

reactor coolant, Santowax-R. The range of experimental verification (not

necessarily the range of usefulness) is shown in Table 1.

TABLE 1

RANGE OF EXPERIMENTAL VERIFICATION

Heat flux (Btu/hr ft2) 40,000 to 100,000

Inlet temperature (OF) 600 to 670

Initial outlet temperature* (*F) 705 to 780

Rate of depressurization** at beginning of
bulk boiling (psi/sec) 0.05 to 2.5

Mass velocity at beginning of transients
(lb/sec ft 2 ) 260 to 460

Mass velocity at time transients were
stopped (lb/sec ft2 ) 0 to 230

Direction of flow up and down

The saturation temperature of the coolant at atmospheric pres-
sure is approximately 700 F.

* *
This corresponds to a flashing rate of 0.1 to 6% quality/sec

Initial conditions for the transients are shown in Tables 2 and 3.

The depressurization rates tested are representative of the range considered

in organic cooled reactor loss-of-pressure accident. The rate of depressuriza-

tion for a pressurized reactor is a function of the initial pressure and the mech-

anism of depressurization. The important parameter which determines the speed

of the transients to be investigated is the rate of depressurization at the time bulk

boiling begins. For reactors operating with a coolant outlet temperature slightly

above the saturation temperature at atmospheric pressure (this can be the case

for future organic- cooled reactors), the rate of depressurization when bulk boil-

ing is reached may be more than an order of magnitude lower than the initial rate.
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TABLE 2

INITIAL CONDITIONS FOR THE UPFLOW EXPERIMENTS

Tran- T Heat Flux Initial Flow (gpm) Test Section
sent Inlet (BTU/hr-ft 2 ) Channel Bypass Pressure

No. (*F) _ Drop

1 652 42,300 4.0 4.0 uncontrolled

2 652 53,100 4.6 3.4 uncontrolled

3 607 63,900 4.0 4.0 uncontrolled

4 605 74,000 4.2 3.8 uncontrolled

5 603 84,600 4.0 4.0 uncontrolled

6 604 52,300 3.1 2.9 uncontrolled

7 605 78,200 3.8 4.2 uncontrolled

8 655 54,600 5.0 3.0 uncontrolled

9 654 60,200 4.8 3.2 uncontrolled

10 600 90,000 4.0 4.0 uncontrolled

11 602 63,200 3.0 3.0 uncontrolled

12 651 51,300 3.0 3.0 uncontrolled

13 606 62,700 3.1 2.9 uncontrolled

14 603 97,800 5.0 1.0 uncontrolled

15 650 42,300 4.0 4.0 uncontrolled

16 603 45,000 2.9 3.1 uncontrolled

17 605 87,300 5.0 5.0 uncontrolled

18 650 33,900 3.1 2.9 constant

19 656 50,800 4.0 2.0 constant

20 654 57,000 5.0 3.0 constant

21 650 50,500 5.0 1.0 constant

22 651 64,900 4.8 3.2 constant

23 604 61,000 3.9 2.1 constant

24 620 76,300 4.0 2.0 constant

25 605 80,000 4.0 4.0 constant

26 605 61,200 3.0 3.0 constant

27 605 90,000 3.8 4.2 constant

28 650 42,000 3.1 2.9 constant

29 602 80,000 4.0 4.0 constant
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TABLE 3

INITIAL CONDITIONS FOR THE DOWNFLOW EXPERIMENTS

Tran- T Heat Flux Initial Flow (gpm) Test Section
sient Inlet (BTU/hr-ft2 ) Channel Bypass Pressure
No. (* F) Drop

30 645 41,700 3.1 2.9 uncontrolled

31 652 40,500 3.0 3.0 uncontrolled

32 660 49,700 2.9 3.1 uncontrolled

33 663 48,800 2.9 3.1 uncontrolled

34 660 63,300 3.9 4.1 uncontrolled

35 658 62,700 4.0 4.0 uncontrolled

36 645 42,600 3.0 3.0 constant

37 663 40,200 2.9 3.1 constant

38 665 48,300 2.9 3.1 constant

39 663 49,500 2.9 3.1 constant

40 667 63,500 4.1 3.9 constant

41 663 63,500 4.0 4.0 constant

Comparisons of analog and experimental pressure transients are shown in

Appendix C. The upflow transients are shown in Figures C-1 through C-29; the

downflow transients are shown in Figures C-30 through C-41. Experiments in

which the channel pressure drop varies depending on a fixed bypass valve ar-

rangement are shown in Figures C-1 through C17 and C-30 through C-35. Fig-

ures C-18 through C-29 and C-36 through C-41 show transients in which the

bypass valve is controlled to provide constant channel pressure drop.

Depressurization did not affect flow, temperatures, or void fraction until

boiling began; therefore, the transients included in the illustrations are shown

only from the point where changes in flow or void fraction occurred. The tran-

sients with constant pressure drop are faster than the others, as is shown in

Figure 5. In the case of the transients for which a fixed bypass valve is used,

the pressure drop across the test section builds up which tends to maintain flow.

Figure 5 also indicates that downflow transients are slightly faster than upflow

transients. This is due to changes in static head, during the formation of voids,

which aid upflow while hindering downflow.
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Figure 5. The Effect of Depressurization Rate on the
Initial Rate of Flow Reduction for Pressure

Transients in the Flow Stability Loop

The illustrations show experimental test section outlet pressure, flow, and

void fraction, and show approximated test section outlet pressure, and analog

computer predictions of flow and void fraction. The test section outlet pressure

is used to "drive" the experimental transients and the approximated test section

outlet pressure (shown in the illustrations) is used to "drive" the analog com-

puter transients. Experimental and predicted flow rates agree within 10to 15%

during the transient. The void fraction (measured near the end of the heated

section of the channel) for the experimental and predicted results are in quali-

tative agreement. The void fractions agree within 20% voids for most of the

experiments. The wall temperatures (not shown in the illustrations) were pre-

dicted within 20 *F up to the point of film boiling. Film boiling began during the

experimental transients about the time the void fraction reached 95%.
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VII. DISCUSSION

The pressure transient study has verified the suitability of an analytical

model for use in evaluating heat transfer and hydraulic effects of organic-cooled

reactor loss-of-pressure accidents resulting in bulk boiling. The experiments

have shown a reasonable indication of the time when film boiling begins at the

outlet of the heated channel. Hence, a method has been established to evaluate

the heat transfer and hydraulic effects of loss-of-pressure accidents from the

initiation of the incident to the time when fuel melting begins.

The upflow analog transients were determined with a model which considers

bulk boiling over the last two feet of a channel having a heated length of twelve

feet. Bulk boiling began to occur over a length greater than two feet, during the

transients, approximately when flow was reduced to 50%. This was roughly the

time at which the experimental transients were stopped in an effort to preserve

the test section. Therefore, it was not necessary to extend the analog model

for comparison with experimental data. This does, however, cause nonconser-

vative extrapolations below 50% flow. The extrapolations of analog results indi-

cate that the flow decreases at a relatively constant rate. However, in reality

the flow is reduced at an accelerating rate and decreases very rapidly below

50% flow. At the same time, the experimental flow indication had limited ac-

curacy in this range.

Prior to the downflow transients, the experimental flow measuring capa-

bility was improved allowing quantitative flow measurement to about 25% of the

original flow rate. This warranted the use of a more detailed analog model to

study these effects . The allowable boiling zone in the analog simulation used

for the downflow tests was extended by the addition of another boiling region.

This extension made it possible to get a better overall view of the transient with

respect to flow choking due to bulk boiling.

The prediction of void fraction for the upflow transients was divided into

three regions based on coolant subcooling. This procedure is similar to a pre-

viously reported method for correlating void fraction.2,5 The regions are es-

sentially: subcooled, nearly saturated, and bulk boiling zones. The net effect

of this method is to produce a jog in the analog void fraction curves as observed

in Figures C-1 through C-29. For the downflow void fraction predictions, the

first two regions were combined and described by one equation. This resulted in a
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substantial improvement in void fraction prediction as shown in Figures C-30

through C-41. The importance of void fraction data in this work is mainly for

determining the velocity of the two-phase mixture. The velocity is inversely

proportional to 1 - a . Hence, errors in void fraction at low void fractions will

not affect velocity as much as when the void fraction is high.

The void fraction prediction method is sufficiently accurate to be of value in

calculating void reactivity effects accompanying these bulk boiling depressuri-

zation transients in organic-cooled reactors. The method presented for calcu-

lation of flow, pressure drop, and heat transfer effects is also applicable for

calculation of void fraction at various points along the channel. The high two-

phase pressure drop causes most of the voids to appear near the outlet of the

channel and the economics of the hydraulic calculation (at least using an

analog computer) suggest concentrating the effort of calculating voids where they

are most likely to occur. This does not present a problem except that of choos-

ing the number and location of the axial regions within the reactor to be con-

sidered. The void reactivity worth in each region can be calculated and used to

evaluate the void coefficient of reactivity for each region. The overall problem

of accounting for void reactivity effects is not significantly more difficult than

accounting for spatial temperature induced reactivity effects within the core.
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APPENDIX A

DENSITY RELATIONSHIPS

RELATION BETWEEN DENSITY AND QUALITY

The specific volume of the two-phase mixture flowing through a pipe is equal

to the sum of the volume occupied by the liquid and the apparent volume occupied

by the vapor;

hence,

1 1- x x

P =- Pj+SRPv

or

1 1 - SRP)
P + SRPv~

DERIVATIVE OF DENSITY WITH RESPECT TO TIME

From the above equation, the derivative of density with respect to time is

as follows:

p (Pj - SRP) ax
=t -SRP P a

hence, the equation for conservation of mass in Section II-A can be written:

8G (Pj - SRPv) 2 ax
t SRPvPj yat

RELATION BETWEEN DENSITY AND VOID FRACTION

The relation between density and void fraction is:

PI - Pv
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If the vapor density is small in comparison to the liquid density, the vapor den-

sity can be neglected in the above equation. This is particularly true if the

equation is only used to calculate void fraction with an accuracy of several per-

cent. Hence, in most cases the equation can be approximated as follows:

a = 1 -
P
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APPENDIX B

NOMENCLATURE

Subscri

1,2,

A = Heat transfer area (ft2)

A f= Flow area (ft2 )

C = Specific heat (Btu/lb- 0 F)

D = Channel equivalent diameter (ft)

f = Friction factor

G = Mass velocity (lb/ft2-sec)

g = Gravitational acceleration (ft/sec )

h = Heat transfer coefficient (Btu/sec-ft 2
-aF)

h f = Latent heat of vaporization (Btu/lb)

k,k',k'

L

M

P

Q

SR

T

t

w

x

z

a

p

T

N
= Constants in approximate saturation temperature equation

= Distance along channel (ft)

= Mass of material (lb)

= Absolute pressure (psia)

= Heat transfer rate (Btu/sec)

= Ratio of vapor velocity to liquid velocity

= Temperature (OF)

= Time (sec)

= Liquid flow rate (gpm)

= Vapor quality

= Elevation above a reference (ft)

= Void fraction

= Density (lb/ft3)

= Time constant in approximate pressure equation (sec)

pts

3 = At node (points) 1, 2, 3

a = Subcooled boiling

B = Boiling

b = Near saturated boiling

C = Bulk boiling

c = Coolant

in = At channel inlet

, = Liquid phase

= Liquid steady state

n = At node n

B = Nonboiling

s = Saturation

T = Total

w = Channel wall

v = Vapor phase
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APPENDIX C

PRESSURE TRANSIENTS
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INITIAL CONDITIONS:
26 HEAT FLUX= 53,100 Btu/hr-ft2

INLET TEMP= 652 0F
100 % FLOW= 4.6 gpm

FIXED BYPASS VALVE

EXPERIMENTAL
24 - - ANALOG

w

U)

C 22

PRESSURE

20

18

100

FLOW100

80 --

z
0

0

40 -VOID FRACTION

-J

I
20/

SI I
0048 12 16 20

TIME (sec)

7549- 5454

Figure C-2. Pressure Transient No. 2.
Upflow, Uncontrolled Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX = 63,900 Btu/hr-ft

2

24 INLET TEMP=607F
100 % FLOW = 4.0gpm

FIXED BYPASS VALVE

S2-E -EXPERIMENTAL
- -ANALOG

W22--

U)
U)

w
B-

PRESSURE
20

18

100

FLOW

s0-

O 60

Q

SVOID FRACTION

0 4 8 12 16 20

TIME (sec)

7549- 5455

Figure C-3. Pressure Transient No. 3.
Upflow, Uncontrolled Pressure Drop

NAA-SR-9 033
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INITIAL CONDITIONS:
26 - HEAT FLUX= 74,000 Btu/hr-ft2

INLET TEMP= 605F
1000/0 FLOW= 4.2 gpm

FIXED BYPASS VALVE

EXPERIMENTAL
24 - - - ANALOG

0.

U
U)

a 22 PRESSURE

20

100 ------ ..

FLOW

80

z
0 -

V 60/

VOID FRACTION

0
JI

20 --

0 I I I
O0 2 4 6 8 10

TIME (sec)

7549- 5456

Figure C-4. Pressure Transient No. 4.
Upflow, Uncontrolled Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:

HEAT FLUX = 84,600 Btu/hr-ft2

INLET TEMP= 6030F
100/ FLOW:4.0gpm

FIXED BYPASS VALVE

28 -E EXPERIMENTAL

-- NANALOG

o_

X 26 PRESSURE

w
0-

24

22

100

FLOW/

80 - -

o 60--

40

0 VOID FRACTION

20

02
2 4 6 8 10

TIME ( sec)

7549- 5457

Figure C-5. Pressure Transient No. 5.
Upflow, Uncontrolled Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX: 52,300 Btu/hr-ft2

24 INLET TEMP= 604 OF
1000/0 FLOW: 3.1 gpm

FIXED BYPASS VALVE

-- EXPERIMENTAL
-

--A-ANALOG

22

v7

PRESSURE

20

18

100

FLOW

80

O

a 60

0

O VOID FRACTION

J
LL

I
40 -

0
0 4 8 12 16 20

TIME (sec)

7549- 5458

Figure C-6. Pressure Transient No. 6.
Upflow, Uncontrolled Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
28 - HEATFLUX = 78,200 Btu/hr- ft2

INLET TEMP= 605F
100%/0 FLOW= 3.8 gpm

FIXED BYPASS VALVE

EXPERIMENTAL

26 -ANALOG

PRESSURE
OC)

W 24
a-

22

100

FLOW

80 - -

Q 60- VOID FRACTION-

O 40--

20 -0

0 I 2 3 4 5 6

TIME (sec)

7549-5459

Figure C-7. Pressure Transient No. 7.

Upflow, Uncontrolled Pressure Drop

NAA- SR- 9033
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INITIAL CONDITIONS:
HEAT FLUX = 54,600 Btu/hr-ft2

INLET TEMP=655 0 F
o 22 100% FLOW=5.0gpm

a ~FIXED BYPASS VALVE

W EXPERIMENTAL

- - --- ANALOG

v) PRESSURE

W 20
(L

18

100-

FLOW

80 -/

VOID FRACTION

0 4

0

4 8 12 16 20 24

TIME (sec)

7549- 5460

Figure C-8. Pressure Transient No. 8.
Upflow, Uncontrolled Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS'
HEAT FLUX = 60,200 Btu/hr-ft2

24- - INLET TEMP=654 F
100% FLOW = 4.8 gpm

FIXED BYPASS VALVE

EXPERIMENTAL
---- AN-ANALOG

w
a 22

PRESSURE

20

100

FLOW . *0

80 --- '

O 60 -/

U VOID FRACTION

LL/

0

40 -,,,,-/

0 -

0/
J

2 4 6 8 10 12

TIME (sec)

7549-5461

Figure C-9. Pressure Transient No. 9.

Upflow, Uncontrolled Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX =90,000 Btu/hr-ft2

INLET TEMP=600*F

S28 100% FLOW= 4.0 gpm
FIXED BYPASS VALVE

CL
EXPERIMENTAL

PRESSURE - - ANALOG

0~
26-

Q-

24

100

FLOW

80

0-

w/

Q- VOID FRACTION

Or J
O 40

0
J
LL.

20

0
0 2 3

TIME (sec)

7549-5462

Figure C-10. Pressure Transient No. 10.

Upflow, Uncontrolled Pres sure Drop

NAA- SR-9 033
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INITIAL CONDITIONS:
HEAT FLUX= 63,200 Btu/hr-ft2

28 INLET TEMP=602 0F
100/ FLOW=3.0 gpm

FIXED BYPASS VALVE
v

L - EXPERIMENTAL
-- NANALOG

26

NN

PRESSURE

24

22

100

FLOW

80

0 VOD

z FRACTION

H 60
U

Q /

U0

O

0

0
J /

20

0
0 I 2 3 4 5

TIME (sec)

7549-5463

Figure C-11. Pressure Transient No. 11.

Upflow, Uncontrolled Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS.
HEAT FLUX= 51,300 Btu/hr-ft

2

INLET TEMP= 6510 F
29 - 1000/0 FLOW=3.0 gpm

FIXED BYPASS VALVE
EXPERIMENTAL

---- ANALOG

.28

C,)

27 PRESSURE

C-

N
26 -N

N

25

100 - - ----

FLOW

80

zN
0

Q 60

LL VOID FRACTION

LL

20

0

0- 2 3

TIME (sec)

7549- 5464

Figure C-12. Pressure Transient No. 12.
Upflow, Uncontrolled Pressure Drop

NAA-SR-9 033
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INITIAL CONDITIONS:
HEAT FLUX =62,700 Btu/hr-ft2

INLET TEMP =606 OF
100/0 FLOW =3.I g rn

FIXED BYPASS VALVE

26- - EXPERIMENTAL
-- A ANALOG

a PRESSURE

24 N
C)

22

20 -

100

FLOW00

80

w

U) -6-

40 -VOID FRACTION

20 --

0

0 I 2 3 4 5
TIME (sec)

7549 -5465

Figure G-13. Pressure Transient No. 13.
U~pflow , Uncontr olle d Pr es sur e Dr op

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX=97,800 Btu/hr-ft2

26 - INLET TEMP = 603 OF
100/ FLOW =5.0gpm

FIXED BYPASS VALVE

o - EXPERIMENTAL
10- - ANALOG

24

(/)
w

PRESSURE

22

20

80

w

S60-

VOID FRACTION

40 J

20 -

20

0 2 4 6 8 10 12

TIME (sec)

7549-5466

Figure C-14. Pressure Transient No. 14.

Upflow, Uncontrolled Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:

HEAT FLUX: 42,300 Bu/hr-ft2

INLET TEMP= 650F
22 100/0 FLOW= 4.0 gpm

FIXED BYPASS VALVE
PRESSURE

L-- EXPERIMENTAL
-- - ANALOG

U)

c 20
1l

18

100

80-FLOW

60

Z VOID FRACTION

O /
0

0

IL. 20I

r
0

0 4 8 12 16 20
TIME (sec)

7549-5467

Figure C-15. Pressure Transient No. 15.
Upflow, Uncontrolled Pressure Drop

NAA-SR-9 033
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INITIAL CONDITIONS:
HEAT FLUX = 45,000 Btu/hr-ft2

22 INLET TEMP=603OF
100% FLOW=2.9gpm

FIXED BYPASS VALVE
0

U> EXPERIMENTAL
N-- - ANALOG

2 0 -

PRESSURE

18

16

100

FLOW

80-

z
O/

60U VOID FRACTION

S40-

2-0----

O

0

0 8 16 24 32 40
TIME (sec)

7549- 5468

Figure C-16. Pressure Transient No. 16.
Upflow, Uncontrolled Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:

HEAT FLUX=87,300 Btu/hr-ft2

INLET TEMP= 605F
PRESSURE 100 % FLOW= 5.0 gpm

W 22 FIXED BYPASS VALVE

-- EXPERIMENTAL

-- ANALOG

a-

20

100- ----------------------- ---- -

80-FLOW

z
0O
H. 60-

Q VOID FRACTION

o I
O 

-

o -
U-

20 -

20

0 4 8 12 16 20 24
TIME (sec)

7549-5469

Figure C-17. Pressure Transient No. 17.

Upflow, Uncontrolled Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX=33,900 Btu/hr-ft2

INLET TEMP = 6500F

24 100/0 FLOW=:3.1 gpm
CONSTANT PRESSURE DROP

__ EXPERIMENTAL

-\ - - -ANALOG

w
S22

PRESSURE

20

18

100

LOW

80

Z
0

p / VOID FRACTION

3 /0

LL

20 --

0
0

0 2 4 6 8 10

TIME (sec)

7549-5470

Figure C-18. Pressure Transient No. 18.

Upflow, Constant Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:

HEAT FLUX : 50,800 Btu/hr-ft
28 INLET TEMP:656OF

100% FLOW: 4.0gpm
CONSTANT PRESSURE DROP

Nn---EXPERIMENTAL
-- A ANALOG

26

U)

w

24

PRESSURE

22

100

FLOW

80

100

.100

p /VOID FRACTION

40-/

0
J

20 - /

0
0 2 4 6 8 10

TIME (sec)

7549-5471

Figure C-19. Pressure Transient No. 19.

Upflow, Constant Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX:57,000 Btu/hr-ft 2

INLET TEMP:= 654 *F
24 100% FLOW=5.Ogpm

0 CONSTANT PRESSURE DROP

- -EXPERIMENTAL
W - -ANALOG

U)
U)
w 22

PRESSURE

20

100 -- ---.

FLOW

80 --

60U

40- VOID FRACTION -

0
J -

LL~

0

TIME (sec)

7549- 5472

Figure C -20. Pre ssure Transient No. 20.

Upflow, Constant Pressure Drop

NAA-SR-9033
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22 INITIAL CONDITIONS:
a. HEAT FLUX : 50,500 Btu/hr-ft2

INLET TEMP : 650*F

100 0/0 FLOW : 5.0 gpm
CONSTANT PRESSURE DROP

CU)
EXPERIMENT

2r2 - - - - ANALOG

PRESSURE

I8

\00 -- -- ---

FLOW.0

80

0-

U60

LL
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0
VOID FRACTION

0 
-

0

1 -I I I
00 2 4 6 8 10 12 14

TIME (sec)

7549-5473

Figure C-21. Pressure Transient No. 21.
Upflow, Constant Pressure Drop

NAA-SR-9033
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28

INITIAL CONDITIONS:
HEAT FLUX = 64,900 Btu/hr-ft2

INLET TEMP =651*F

26 _ 100 % FLOW = 4.8 gpm
CONSTANT PRESSURE DROP

o
-EXPEXPERIMENT

L---A-- ANALOG
w

24

PRESSURE

22

20

100

FLOW

80 00- 00 -0

S/VOID FRACTION

0 -

0

TIME (sec)

7549- 5474

Figure G.-22. Pre ssur e Tr ansient No. 22.
Upflow, Cons tant Pr es sur e Dr op

NAA-SR-9 033
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24 INITIAL CONDITIONS:
HEAT FLUX = 61,000 Btu/hr-ft2

INLET TEMP=604F
100 % FLOW:= 3.9 gpm

CONSTANT PRESSURE DROP

-- EXPERIMENT
I 22 -- .- ANALOG

20

PRESSURE

18

100 -

FLOW

80 /
0

60-

1

0

040

LL. VOID FRACTION

20

0048 12 16 20 24

TIME (sec)

7 549- 547 5

Figure C-23. Pressure Transient No. 23.
Upflow, Constant Pressure Drop

NAA-SR-9 033
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INITIAL CONDITIONS:
HEAT FLUX:= 76,300 Btu/hr-ft2

INLET TEMP= 620F
100% FLOW=4.Ogpm

CONSTANT PRESSURE DROP
28 - -- EXPERIMENTAL

o -- ANALOG

26 --

PRESSURE

24

22

100

FLOW

80

z
2 60/

4/\

L / VOID FRACTION

o /
0 -/

0
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o- /
20 /

0
0 I 2 3 4 5 6

TIME (sec)

7549- 5476

Figure C-24. Pressure Transient No. 24.
Upflow, Constant Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX = 80,000 Btu/hr-ft2

26 - INLET TEMP= 6050 F
100% FLOW=4.0Ogpm

CONSTANT PRESSURE DROP

CL _EXPERIMENTAL

- - - ANALOG

24
w

0. PRESSURE

22
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100 - --- -- -
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z/

0//

o 60--

O40-"

VOID FRACTION

-

20- /

o I I I
0 I 2 3 4 5 6

TIME (sec)

7549-5477

Figure C-25. Pressure Transient No. 25.
Upflow, Constant Pressure Drop

NAA-SR-9033
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28 \

INITIAL CONDITIONS:
HEAT FLUX=61,200 Btu/hr-ft 2

INLET TEMP= 605 F

26 -100
0/FLOW=3.0Ogpm

CONSTANT PRESSURE DROP
EXPERIMENTAL

-- - ANALOG

w

24

w
a- a PRESSURE

22

20

100

FLOW'

80

0
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o VOID FRACTION

U.

20

40 - -

0 I 2 3 4 5 6

TIME (sec)
7549- 5478

Figure C-26. Pressure Transient No. 26.

Upflow, Constant Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX=90,000 Btu/ hr- ft 2
INLET TEMP=605 OF
100/o FLOW=3.8 gpm

'30 CONSTANT PRESSURE DROP

W _EXPERIMENTAL
------ ANALOG

a 28-PRESSURE

26

100

FLOW

80

z

H 60
U VOID FRACTION

O 40

0
J

L.

20

0
0I 2 3

TIME (sec)

7549-5479

Figure C-27. Pressure Transient No. 27.
Upflow, Constant Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX=42,000 Btu/hr-ft

2

INLET TEMP 650 F
100 FLOW =3.1 gpm

26 CONSTANT PRESSURE DROP

EXPERIMENTAL
- - ANALOG

24

NN
PRESSURE

22

20

100

FLOW

80

z
-0
S 60 /

/L crVOID FRACTION

0

S40 -

0

J

20 Oooow

0 I 2 3 4 5

TIME (sec)

7549-5480

Figure C-28. Pressure Transient No. 28.
Upflow, Constant Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
28 HEAT FLUX=80,000 Btu/hr-ft 2

INLET TEMP. 602 OF
1000/0 FLOW=4.0 gpm

CONSTANT PRESSURE DROP

EXPERIMENTAL

26- 
- ANALOG

N

wN
24

U)
ww PRESSURE

0-

22
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100

FLOW
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V 60

a: VOID FRACTIONLL

O 40 --

20 -/

0
0 I2 3 4 5 6

TIME (sec)

7549- 5481

Figure C-29. Pressure Transient No. 29.

Upflow, Constant Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS
30HEAT FLUX=

4 9
,700 Btu/hr-ft2

30 - INLET TEMP =6600F
100% FLOW=2.9 gpm

FIXED BYPASS VALVE

EXPERIMENTAL
-- ANALOG

28

0~

PRESSURE
26

24
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80

0
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O

O 40--

0

VOID FRACTION
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0 I 2 3 4 5
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7549- 5482

Figure C-30. Pressure Transient No. 30.
Downflow, Uncontrolled Pressure Drop

NAA- SR-9 033
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al PR ESSUR E
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1 00 -- -- - --- --..

80 -FLOW

z
0/

60 INITIAL CONDITIONS:
HEAT FLUX = 40,500 Btu/hr-tt2 /

INLET TEMP=6520 F
100% FLOW= 3.0 gpm

FIXED BYPASS VALVE

EXPERIMENTAL
- - - ANALOG

O 40

0

20

VOID FRACTION

0
0 2 4 6 8 10 12

TIME (sec)

7 549-5483

Figure C-31. Pressure Transient No. 31.
Downflow, Uncontrolled Pressure Drop

NAA-SR-9033
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v 24 INITIAL CONDITIONS:
0. HEAT FLUX = 41,700 Btu/hr -ft2

INLET TEMP = 645F
1000/0 FLOW= 3.1 gpm

cn FIXED BYPASS VALVE
w EXPERIMENTAL

22 - --- ANALOG

PRESSURE

20
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80

60

a

0

40/
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VOID FRACTION
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0
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TIME (sec)

7549-5484

Figure C-32. Pressure Transient No. 32.
Downflow, Uncontrolled Pressure Drop

NAA-SR-9 033
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INITIAL CONDITIONS:
HEAT FLUX = 48,800 Btu/hr-ft

32 INLET TEMP= 663 F
100%FLOW=2.9 gpm

FIXED BYPASS VALVE

- - EXPERIM ENTAL
- - ANALOG
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F LOW
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z
0
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o VOID FRACTION
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O //
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2 3 4 5

TIME ( sec)

7549-5485

Figure C-33. Pressure Transient No. 33.
Downflow, Uncontrolled Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX= 63,300 Btu/hr-ft2

INLET TEMP = 6600F
30 - 1000% FLOW = 3.9 gpm

FIXED BYPASS VALVE

- EXPERIMENTAL
--- ANALOG

W

S28

w

PRESSURE

26

24

100

8LOW

80

o 60

0a

o 40

VOID FRACTION
J

20 -0-

0 I
I 2 3 4 5

TIME ( sec)
7549- 5486

Figure C-34. Pressure Transient No. 34.
Downflow, Uncontrolled Pres sure Drop

NAA-SR-9 033
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INITIAL CONDITIONS:
HEAT FLUX =62,700 Btu/hr-ft2

30 INLET TEMP=6580 
F

100% FLOW=4.0 gpm
FIXED BYPASS VALVE

c EXPERIMENTAL
C- - -- ANALOG
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7549-5487

Figure C-35. Pressure Transient No. 35.

Downflow, Uncontrolled Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
' HEAT FLUX= 42,600 Btu/hr-ft2

0 INLET TEMP=645 F

100% FLOW=3.0gpm

w CONSTANT PRESSURE DROP
EXPERIMENTAL

-N- -- ANALOG
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Figure C-36. Pressure Transient No. 36.
Downflow, Constant Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX : 40,200 Btu/hr-ft2

INLET TEMP :663 F
100 % FLOW : 2.9 gpm

.2 26 CONSTANT PRESSURE DROP
a. EXPERIMENTAL
w --- ANALOG
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7549- 5489

Figure C-37. Pressure Transient No. 37.
Downflow, Constant Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX =48,300 Btu/hr-ft2

INLET TEMP=665F
1000% FLOW =2.9gpm

30 -CONSTANT PRESSURE DROP
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Figure C-38. Pressure Transient No. 38.
Downflow, Constant Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX = 49,500 Btu/hr-ft2

32 INLET TEMP= 663F
100 % FLOW= 2.9 gpm

CONSTANT PRESSURE DROP
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-- EXPERIMENTAL
-- ANALOG
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Figure C-39. Pressure Transient No. 39.

Downflow, Constant Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX= 63,500 Btu/hr-ft2

INLET TEMP= 667 4F
100 % FLOW= 4.1 gpm

CONSTANT PRESSURE DROP
30 - EXPERIMENTAL

o -- ANALOG
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Figure C-40. Pressure Transient No. 40.
Downflow, Constant Pressure Drop

NAA-SR-9033
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INITIAL CONDITIONS:
HEAT FLUX =63,500 Btu/hr-ft2

INLET TEMP=6630 
F

100% FLOW=4.0 gpm
CONSTANT PRESSURE DROP
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Figure C-41. Pressure Transient No. 41.
Downflow, Constant Pressure Drop

NAA-SR-9 033
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