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fABSTRACT
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|

1 |

An experimental program was conducted to investigate steam condensation inside
of tubes in the presence of noncondensables. The work was conducted at UC Berkeley

I and at MIT. The work was initiated in order to obtain a database and a correlation for
heat transfer in similar conditions as would occur in the SBWR PCCS tubes during a DB A ,

h LOCA. Three researchers utilized three separate experimental configurations at UC

3 Berkeley while two researchers utilized one configuration at MIT. The researchers ran
tests with pure steam, steam / air, and steam / helium with flowrates and noncondensable
mass fractions representative and bounding of a DBA LOCA. The experimenters foundI the system to be well behaved for all tests with either of the noncondensables for forced .

M flow conditions similar to the SBWR design. The results of the first test at UC Berkeley

I became the basis for the correlation used currently in the computer code TRACG. Recent
tests at UC Berkeley have shown that the version of the correlation installed in TRACG
generally overpredicts the gas-side heat transfer. A correlation based on the latest

j Berkeley data was used to show that the latest data do not significantly impact the
containment performance.
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I NOMENCLATURE

Symbol Description

b constant

C constant

c specific heat at constant pressure

d Diameter (no subscript indicates inner diameter)
9 f degradation factor

friction factorfR
g gravity force
h heat transfer coefficientI hrg latent heat of vaporization

modified latent heat of vaporization-)
hrh

*

H horsepowerI ID inside diameter

Ja Jakob number = Cpm /(T -Tw)/hrgb
k thermal conductivity

- L length

hi noncondensable gas mass fraction
a

MIT Massachusetts Institute of Technology

N number of data points

Nu Nusselt number = hD/km
OD outside diameter

,

P pressure

q"(x) local heat flux as a function of x

| R thermal resistance

Re Reynolds number (defined in text)

s standara deviation

I T temperature

U velocity
UCB University of California at Berkeley

I W mass flow rate
axial coordinate along condensing surface referenced to the tope x

X mole fraction
axial coordinate in the coolant annulusz

Greek Letters
condensate film thickness assuming no interfacial shear

61
condensate film thickness assuming interfacial shear62

F condensate mass flow rate per unit width

I shear

p mass density

p viscosity
kinematic viscosity = p/pv

& function
,
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Subscripts
a air or other noncondensable
a adiabatic wall
b bulk
c coolant
Cw Cooling water ;

eff effective
exp from experiment
f film

i

g gas

I i inner or interface

D in inlet
1 liquid !

I m mixture |
1

o outer
iref referenceg Ie sat saturation
|

t turbulent

I v vapor
w or W wall
Win inner wall
Wo outer wall
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1. INTRODUCTION

1 Investigations by the University of California at Berkeley (UCB) and by
Massachusetts Institute of Technology (MIT) have been conducted in order to

experimentally investigate thermal-hydraulic conditions similar to those that will occur in

the SBWR passive containment cooling system (PCCS) tubes. A correlation of the data is
t

used in the code TRACG to help predict the performance of the SBWR PCCS system.

This report describes and summarizes the test programs and their results to date.

Reporting details of data and the various apparatus is not within the scope of this report.

3 That information is best described first hand by the original authors Vierow [1990),

Vierow and Schrock [1991), Siddique [1992], Ogg [1991), Schrock et al. [1994), and

Kuhn et al. [1993] This report summarizes results of each of the programs with referencei

to the SBWR design and in light of the increased knowledge available at the writing of this

report.

1.1 Background
|

The PCCS is a post-LOCA, low pressure, decay heat removal system of the

SBWR as described in Wilkins et al. [1992] and Vierow et al. (1992). It is designed to j

remove decay heat from the containment and maintain pressure and temperature at or

below design limits for a minimum of 3 days. A large volume suppression pool absorbs!

g the energy released in the initial blowdown phase and limits the initial containment

E pressure rise. The PCCS tubes remove essentially all of the decay heat during the long-

, term phase.
i

9 The PCCS tubes act as the heat exchanger for the PCCS. They are located in a

|| large pool of wrter outside the containment boundary and represent an extension of the.

boundary. le PCCS tube receives a steam and noncondensable gas mixture from the

drywell and condenses the steam. The condensate flows down to a Gravity Driven l
i

Cooling System (GDCS) pool while the remaining gas flow is vented to the suppression :

pool. The gas flow to the heat exchanger is driven by the combined effects ofg
|m condensation and the pressure difference between the drywell and the suppression pool

pressure at the depth of the vent line (0.75 m nominally). Thus, in general, the flow

through the tubes is forced flow and not natural circulation driven.

7' ^
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1.2 Necessity of Test Program !

@
|

The PCCS tubes are an essential part of the SBWR passive heat removal systems. |
,

! In order to develop and qualify modeling tools which evaluate the performance of the j
overall system, experimental data are needed. Before the initiation of this investigation, |

C experimental data for steam condensation inside of tubes in the presence of- '!
noncondensables were rare. The data that were available only showed average heat

,

; transfer results.- To make appropriate use of detailed thermal-hydraulic codes, such as j
TRACG, requires correlation of local heat transfer data. An understanding of steam ;

O condensation in the presence of noncondensables necessitates that local quantities such as

L noncondensable mass fractions, local condensate flow rate, and local heat flux be resolved. '

!

1.3 Scope of Testing

? !

The intent of this experimental program was to obtain a base oflocal heat transfer
'

data for the range of steam /noncondensable flows, expected in a DBA LOCA. This

L database has been used to develop a correlation suitable to TRACG and other codes _ and

O to suppon the evaluation of post-LOCA performance of the SBWR containment. The

tubes used in the tests were prototypical in size, with the exception of the initial test at UC

| Berkeley which had a 1 inch diameter tube instead of a 2 inch diameter tube.
L
|'

O The noncondensable gas that would be present in a DBA LOCA' would be |

L essentially all nitrogen from the inen containment atmosphere (negligible quantities of .

hydrogen and oxygen are produced by radiolysis). Under severe accident conditions !

|
hydrog:n may be produced by a steam-zircaloy reaction. For safety reasons and for

'

O experimental ease, these noncondensables were represented by air and helium,

respectively. Air and helium have similar properties to nitrogen and hydrogen, ;

respectively, and are expected to closely mimic the effects of nitrogen and hydrogen on i

the condensation process. The pressure range for the experiments was from 0.3. to 5 I

Q atmospheres. The steam flowrates ranged from 20 to 60 kg/hr. The air inlet mass ,

{ fractions ranged from 0 to 0.40 while the helium mass fractions ranged from 0 to 0.20. !

The cooling side of the heat exchanger was accomplished by forced convection of

subcooled water. ,

3 !
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1.4 Status of Test Program
.

O' '

The tests being conducted at- UC Berkeley and h0T were scheduled to be '

completed in October of 1993. This repon was intended to be the final repon on the |

subject. However, both Universities experienced delays, largely caused by equipment j
failures. Both Universities are finished taking data and are in the process of reducing and j

O
analyzing the data. UC Berkeley will issue a final repon in January of 1994 and MIT will ;

issue a repon on their current work in the first half of calendar 1994. This present repon

includes much of the results of the latest UC Berkeley work. After the universities !

complete their work, GE will submit the final report on the single tube condensation tests.
O

I
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2. TESTS

D Three separate series of tests were conducted at UC Berkeley and two series of

tests were conducted at MIT. What follows in this chapter summarizes the equipment

and the results of these tests. A more detailed discussion may be found in the appropriate

references (Vierow [1990], Vierow and Schrock [1991), Siddique [1992], Ogg [1991),
D

Schrock et al. [1994] and Kuhn et al. [1993]).

2.1 Vierow (UC Berkeley)

D The first test program was performed by K.M. Vierow at UC Berkeley. The

experiment utilized a natural circulation loop with a 1 inch diameter copper condensing

tube. Detailed documentation and results may be found in Vierow [1990] and Vierow and

Schrock [1991].

2.1.1 Apparatus

The experimental facility had the following basic components: pressure |

|

vessel / boiler, steam inlet lines; lower plenum; riser; condensing test section; condensate
D drain system; and instmmentation. Figure 2.1-1 shows a schematic of the system and

'

|
Figure 2.1-2 illustrates the mstmmentation. With the exception of the drain line, all j

|

t

( components were insulated in order to minimize heat loss. The body of the electrically

l heated boiler was a 2.74 m long,0.305 m IPS (International Pipe Standard) Schedule 5
? stainless steel pipe. A 0.305 m IPS Schedule 10 pipe cap was welded to the top and the

I bottom. A blowdown line consisted of a 1.27 cm outside diameter (OD) stainless steel
tube that led to a water-filled reservoir. The pressure relief valve was set to open at 100

psig. The air intake line was taken off the blowdown line, upsteam of the relief valve.

Three immersion heaters were installed through a 6.4 cm coupling at the bottom of |

the pressure vessel. The heaters were 1 cm OD stainless steel, sheathed Calrod type

heaters. The heaters were able to produce a combined power level greater than 20 kW
h which was the maximum power used in this experiment. Steam was carried from the

|
boiler to the lower plenum by a 2.54 cm OD stainless steel tube. The lower plenum was

used to mix steam with air before entering the test section. The steam / air mixture exited

the plenum and entered a riser made of 5.08 cm tube,2.41 m in length. The mixture then

passed through two 900 bends and entered the condensing test section. The test section

( consisted of a double-pipe, concentric-tube heat exchanger. The inner tube through which

2-1
m r5 Ar"T
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- - - - - -



. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ -

D^ n r y). NEDC-32301
.

the steam / air mixture flowed was a 2.21 cm ID,2.54 cm OD copper tube oflength 2.39

m, 0.25 m of which was not available for condensation. The condensate and the
) noncondensables exited the test section into the lower plenum through the downcomer.

The condensate flowed out through a double-pipe, concentric-tube heat exchanger and

into a graduated cylinder. The noncondensables were recirculated with incoming steam

back through the test section.

The coeling jacket was constructed of four 0.483 m sections of 5.08 cm stainless

steel tubes flanged together. The flanges extend out from the tube on both the inside and

the outside. The outside sections were bolted together. The inside sections of the three
7

pairs of flanges had a 2.59 cm inner diameter to allow the flanges to just slide over the

condenser tube. Each side of the flange pairs had 12 0.715 cm diameter holes spaced

equally around the flange. The flange pairs were separated by a small distance and the

holes were intentionally misaligned in order to promote mixing. The cooling water

entered the bottom of the cooling annulus through custom-made heat exchanger fittings

and exited at the top. The coolant flow rate was controlled to provide nearly complete
_

steam condensation and also maintain a coolant temperature rise sufficient to determine

local heat transfer rates.)
All thermocouples were copper-constantan (T-type) except for six iron-constantan

.

(J-type) in the boiler. The thermocouples used to measure fluid temperatures were 24-
1j gauge, 0.159 cm OD, stainless steel Omega probes mounted through CONAX gland

fittings sealed with Teflon disks. Nine thermocouples were mounted on the condenser

tube outer wall. Three thermocouples measured the temperature in the cooling annulus

| afler each of the three flange pairs. These three thermocouples plus thermocouples in the

coolant water inlet and outlet combined for a total of five coolant water measurements.) Pressure transducers were located in the lower plenum and at the top of the loop as shown

in Figure 2.1-2.

In each of the experiments at the two universities, the calculation of the local heat
)

transfer coeflicients was done in a similar manner. The local heat transfer coefficient is

| defined as:

I

h(x) = q"(x)/ (Tsat(x)-Tw(x)) 2.1-1

!

2-2 m a ( e
UliidI* !

. ..
.
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where Tw(x) is the temperature of the inner wall of the condensing tube, Tsat(x) is the

local (in the axial dimension only) saturation temperature of the steam / air mixture, and x is I

) referenced to the top of the condensing section. The local heat flux, q"(x), is found from: ;

4;c, dT,(x)
q"(r) = - 2.1-2

$ dc

)
where T (x) is the bulk temperature of the cooling water at an axial location, W is theb c

coolant mass flow rate and c is the specific heat at constant pressure of the coolant. Thep
I

temperature Tsat(x) is not measured directly but must be determined by knowledge of the

) amount of steam that has condensed. The mass flow rate of the noncondensable remains

constant along the length of the tube. The steam mass flow rate decreases because steam

is condensed. Thus, if the amount of steam condensed can be determined then the partial J
I

pressure of the steam (and therefore the saturation temperature) is known as a function of

[ axial position. This assumes that the total pressure remains constant along the length of

|
the tube. This is a valid assumption because the pressure drop through the condensing

section is very small. (A friction factor of 0.025 produces a pressure drop of 75 Pa for run
I

1.1-1 of Kuhn. Data shown in Appendix). The condensate mass flow rate as a function of

h axial distance is:

W,c,(T,(0)- T (r))3
W(r) = 2.1-3

h'y)

where h'rg is a corrected form of the heat of vaporization, hrg, to account for condensate

subcooling.

b
h'f = hrg + Constant c (T at-Tw) 2.14

8 p s

The Constant quoted in textbooks and literature ranges from 3/8 to 0.68 and different

) constants were used with different experiments. The sensitivity of the results to the value

of the Constant is small because the heat of vaporization is large compared with the

correction part of the equation. The inner tube wall temperature is computed by a
conduction correction from the outer wall temperature. The partial pressure of the steam

is now easily determined which then specifies Tsat. Thus, h(x) can now be calculated.

l

"
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2.1.2 Discussion of Results

Vierow ran a total of 35 tests. In 18 of those .ests the >ystem reached a steady
.O:
'

state and the condenser tube wall temperature monotonically decreased with distance from

the entrance to the condensing section. In 12 tests which reached a steady state the

condenser tube wall temperature increased with distance frort the entrance and then

between 24 and 48 cm downsteam the temperature monotonically decreased to the
O

cooling water temperature. This was termed a " temperature inversion" and was an

unexpected finding. Typical plots of cases with and without temperature inversions are

shown in Figure 2.1-3 Temperature inversions occurred when the air mass fraction was

low and were more in evidence as the heater power was increased In three cases system
O

oscillations occurred during startup with the system settling to a steady state and in two

cases oscillations occurred which did not die out. Both of these took place when the air

content was high.

O
The flow oscillations are described in both Vierow [1990] and Vierow and

Schrock [1991]. Plots of tube wall and coolant outlet temperature with time are shown in

Figure 2.1-4. While the flow oscillations are phenomenologically interesting, they are not

applicable to the SBWR PCCS design. The Vierow experiment was a pure natural
O circulation driven flow, i.e. flow ceases when heat transfer ceases. The SBWR PCCS tube

flow is forced circulation driven by the pressure difference between the drywell and the

wetwell, even for small inlet noncondensable mass fractions.

O
The non-oscillatory runs from Vierow can be divided into those with temperature

inversions and those without. A partial explanation of the temperature inversions are

made in Vierow [1990] staning on page 59. Siddique at MIT [1992] and the latest tests

at UCB, Kuhn et al. [1993], both forced circulation experiments, do not report the
O

existence of such a temperature inversion. Schrock [1993] postulates that it is a result of

the setup of the flow in a manner which appears to be unique to natural circulation. The

data from runs with a temperature inversion were not included in the Vierow-Schrock z

correlation ("Tsukuba" correlation), discussed in Section 3.1, on the above-mentioned
O

basis that they are inapplicable to the SBWR with its forced venting mechanism

2.1.3 Experimental Uncertainties

The two most prominent uncenainties in this experiment were: 1) determining the
O

inlet air mass fraction,2) determining the coolant bulk temperature. In order to obtain the

air mass fraction at the condenser entrance, the air holdup was determined from

2-4 m n a e-
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approximate calculations as explained in Vierow [1990). This likely contributes to the
data scatter shown in Section 3.1. There is also some uncertainty in the determination of

D the coolant bulk temperature from the available temperature measurements. The

procedure relies on the flow becoming well-mixed due to the fluid having to flow through

pairs of flanges vith non-aligned holes. One helpful bit of knowledge gained from this

experiment was insight on the shape of the heat flux curve. As a result subsequent UCB
D tests used a nonuniform thermocouple spacing with measurements concentrated near the

entrance where most of the condensation occurs.

2.2 Siddique (MIT)

Siddique at MIT also investigated steam condensation inside tubes in the presence

of noncondensables. He utilized a forced flow system with a 2 inch diameter condensing

tube. Detailed documentation and resuhs may be found in Siddique [1992).
D

2.2.1 Apparatus
| The experimental facility has the following basic components: pressure

vessel / boiler, steam inlet lines, condensing test section, condensate drain system, throttle
3 valve, and instrumentation. Figure 2.2-1 shows a schematic of the whole system and

Figure 2.2-2 illustrates the test section. The electrically heated boiler was a cylindrical

stainless steel vessel 4.5 m high by 0.45 m inside diameter. Power was supplied by four

immersion type sheathed electrical heaters, each nominally rated at 7 kilowatts. A high
D precision wattmeter measured the power input to the boiler. The noncondensables were

supplied to the base of the boiler through a pressure regulating valve, a cdibrated
rotameter, and a flow control valve. Mixing of the steam with the noncondensable gas

was achieved in the boiler vessel. The steam / gas mixture left the vessel through an
D isolation valve located near the top of the vessel. The mixture temperature, pressure and

flowrate were measured before entering the test section. The condenser tube was a

stainless steel tube with an OD of 50.8 mm and an ID of 46.0 mm and 2.54 m in effective

length. Condensate was collected in the condensate separator / collector drum. The
D noncondensable gas and the uncondensed steam, if any, were vented from this drum to the

to the atmosphere via a throttle valve. The cooling jacket was constructed of 62.7 mm

mside diameter stainless steel tubing. As in Vierow, the cooling water flowed upward

I through the annulus while the steam /noncondensable mixture flowed downward through

the condensing tube. The cooling water was pumped through the test section and then to

j a drain after passing through a rotameter and a flow control valve. To prevent thermal

'5 P,.'; f ~'
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stresses, a sliding O ring joint at the lower end of the condenser was used to allow relative

movement between the condenser tube and the cooling jacket tube.

All thermocouples were iron-constantan (J-type). Temperature measurements

were made of the inside and outside condensing tube wall temperature and of the cooling

water at nine locations spaced 30.5 cm apart along the length of the condenser.
) Temperature measurements of the gas mixture were also made along the centerline of the

condenser, but were not used in the data reduction. The inner wall thermocouples were

0.8 mm OD SS sheathed probes that were embedded in drilled holes filled with silver

! solder. The holes entered the tube wall at an angle and were drilled so as to locate the
) junction of the thermocouple at less than 0.2 mm from the inner surface of the tube wall.

The outer wall thermocouples were the same type of probes as the inner wall probes and

were each embedded in a longitudinally machined groove with the dimensions 0.9 mmi

wide by 0.4 mm deep and 12.7 mm in length. The hole was brazed with silver solder. All
) of the tube wall thermocoupN leads entered the test section at the top and were strung

through the cooling jacket annulus to the axial location for that particular thermocouple.

Details of the thermocouple locations are shown in Figure 2.2-3.

3 The cooling water temperature measurements were made using a 1.6 mm OD SS

sheathed rigid thermocouple probe that was inserted through the cooling jacket as shown

in Figure 2.2-3. In order to get an accurate measure of the bulk coolant temperature good

mixing was required in the annulus. The easiest way of accomplishing this is to supply
) cooling water at a rate so that the flow is turbulent within the annulus. However, for this,

configuration the flowrates required would not have allowed a sufficiently large

temperature difference between the inlet and outlet coolant flow water. Siddique's !

solution to this was to bubble in small amounts of air through the annulus so that good
) mixing could be accomplished while achieving a large enough coolant water temperature

rise. Siddique did not specify the amount of air which was added to the water.
Measurements of the inlet and outlet cooling water temperature were also made. |

) The data reduction methods used by Siddique are similar to those used by Vierow

and were explained in Section 2.1.1. Thermocouples located on both the inside and the

outside of the condenser tube wall were intended to be a redundant method of obtaining

the heat flux through the wall. However, large scatter in the tube outer wall temperature

measurements occurred and the method was abandoned.

I
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2.2.2 Discussion of Results

Siddique ran 52 air / steam and 22 helium / steam tests. He reported neither
3

oscillations in the test experiment nor a temperature inversion. His inlet air mass fractions

ranged from 0.09 to 0.42. A test matrix is shown in Table 2,2-1.

Comparison of heat transfer coefficients of Siddique and those produced from theg
correlation in Vierow [1990] are shown in Figure 2.2-4. Note that the correlation used

for comparing the UCD data is not the "Tsukuba" correlation of Vierow and
Schrock [1991], but is an unpublished correlation from Vierow's thesis.
Notwithstanding, it is still useful for this comparison. It is clear from both plots that theg
MIT data predict much higher heat transfer coefYicients than does the correlation in

Vierow [1990). This will be explored in more detail in Section 2.2.3.

Siddique tested helium / steam mixtures as well as air / steam mixtures. He reportedg
that, for the same mass fraction, helium degrades the heat transfer more than air does. For

the same mole fraction, air degrades the heat transfer more than does helium. This is a

useful, but not a surprising result. The gas-side heat transfer is controlled to a large extent

by the partial pressure of steam near the condensate / gas interface. The lower the panialg
pressure of steam is (for a given total pressure) the lower the heat transfer will be. The

partial pressure of steam at the interface is controlled by the partial pressure (or
:equivalently volume fraction and therefore mole fraction) of the noncondensable gas at the

interface. This, in turn, is controlled by two factors: the bulk amount of theg
noncondensable gas in moles and its ability to diffuse away from the interface. Because

helium has near an order of magnitude greater moles per unit mass than does air, one

would expect it to degrade the heat transfer more than air does on a mass basis. As steam

condenses, a concentration gradient of noncondensable gas appears near the
3

condensate / gas mixture interface. The ability of the noncondensable to diffuse in steam

will then determine the partial pressure of the noncondensable at the interface for a given

bulk molar fraction. Therefore, a gas that diffuses well in steam will degrade steam

condensation heat transfer less than a gas that diffuses poorly. Helium diffuses much
3

better than air in steam and as a result does not degrade heat transfer as much as air does

on a molar basis.

Plots comparing tiac ratio of Nusselt numbers of the system run with helium and,
the system run with air are shown in Figure 2.2-5 and 2.2-6. Siddique did not experience

^
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any differences running the system with helium versus air. No unusual profiles, no

transients, and no stalling were reported.
3

<

2.2.3 Experimental Uncertainties .

Data from the current tests at MIT (not presented in this repon) as well as analysis

of Siddique's data at UCB reveal some questions about the data reduction which resulted)
in large heat transfer coefficients near the entrance of the tube. In analyzing the data for

the Vial correlation (Section 3.4), UCB discovered that Siddique extrapolated the coolant

temperature at the upper end of the test section. The first cooling jacket thermocouple ,

was located at a distance of 41 cm from the entrance of the tube. Siddique reponed)
condenser tube wall temperaturcs at a distance of 10 cm from the inlet but did not report a

coolant water temperature. He took the bulk temperature of the coolant at x = 0 to be the

value recorded by the thermocouple located on the coolant exit pipe. It was not clear that

this was indeed measuring the bulk temperature of the coolant. Trying to fit a coolant ;
7

temperature curve for x < 41 cm using the coolant exit temperature was difficult to justify i

and thus only the data at locations greater than or equal to x = 41 cm were included in the

Vial correlation. Golay [1993] agreed to this treatment of the data. With this data )
excluded the large differences in heat transfer near the entrance of the tube, shown in)
Figure 2.2-4, are eliminated. Possible additional sources of error not reported by Siddique !

1) uncenainties in obtaining the bulk coolant temperature measurements and 2) !are:
1

design problem associated with the coolant flow outlet.

Siddique's method ofinjecting air bubbles into the coolant to promote turbulence is

a reasonable procedure but the documentation of the experiments does not provide
!sufficient detail for a complete evaluation. A detailed evaluation is included in the current

MIT experiment. Another possible concern about obtaining the bulk coolant)
measurements is that all the thermocouple leads for the condenser tube wall are led up

through the annulus and exit at the top. This is a problem which is difficult to avoid, but

nevenheless, the leads can potentially disturb the flow and possibly cause stagnant regions

near the condenser tube.)

Figure 2.2-7 shows detail of the test section upper end. The figure shows that

there is a region above the coolant outlet where cooling may take place. An improved

design would have the coolant outlet flush with the top end of the available condensing
)

tube. The problem is compounded by the possibility that air may air collect at the top of
the coolant annulus and inhibit heat transfer. Also like Vierow, the coolant outlet is

K N i~ .
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located at only one circumferential location. This could affect the coolant hydrodynamics

3 near the coolant outlet (and inlet) resulting in erroneous bulk temperature measurements.

2.3 Ogg (UCB)

Ogg at UC Berkeley utilized a forced flow system with a 2 inch diameter3
condensing tube. Detailed documentation and results may be found in Ogg [1992).

2.3.1 Apparatus

3 The apparatus in Ogg's experiment consisted of a campus steam supply system, a

gas supply system, test section, separator, cooling water system, piping, and
instrumentation and data acquisition system. A schematic of the overall system is shown

in Figure 2.3-1. The steam was supplied by the 120 psig UC Berkeley campus steam

h system. Air was supplied by a 100 psig building air supply and the Helium was supplied

from high pressure cylinders. Both the steam and the noncondensable gas each flowed

| through separate 2.54 cm IPS lines with metering sections for both high flow rates for low

flow rates. Downstream of the metering sections the gas and the vapor were mixed and

were delivered to the test section.
7

The condensing tube was a 3.5 m long 5.08 cm 321 stainless steel tube with a ;

0.071 cm wall thickness. To provide an adiabatic entrance length the top 0.787 m was

insulated. The bottom 0.278 m of the tube was also not available for condensation which
7 left 2.44 m for the active length. Like Vierow and Siddique, forced convection cooling

water flowed upward in the annular space between the condensing tube and a cooling

water jacket. Thisjacket was constructed from five sections of 6.35 cm OD stainless steel

7
tubing with a 0.305 cm wall thickness. These sections were flanged together in a similar

manner as Vierow. The flanges formed mixers which were just upstream of a cooling

water thermocouple. An outlet plenum mounted at the bottom of the test section directed

the condensate, the noncondensable gas and any uncondensed steam to the separator.

y Separation of the condensate from the gas phase was accomplished with a 1.27 cm

Armstrong float trap which only allowed liquid to pass. Measuring the condensate flow

rate served as a check of the steam metering system.

A 3/4 HP centrifugal Grundfos purr .upplied the cooling water to the coohng

water jacket. The cooling loop also supplied water to cool the condensate. After exiting

I
'l
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the top of the cooling jacket the water was cooled by a shell and tube heat exchanger.

The system was a closed loop in order to conserve water.,

Sixteen copper-constantan (T-type) thermocouples were used to collect

temperature measurements in the experiment. Ten were brazed to the outside condensing

tube wall and were spaced in a logarithmic manner along the length of the tube. The

remaimng six thermocouples were stainless steel sheathed and were placed after the

flanges inside the cooling water annulus. The spacing was also logarithmic with the closer

spacing at the top of the test section. All the thermocouples wires entered the test section

through the nearest flanged section. The data reduction methods used by Ogg wereq
~

similar to those used by Vierow and are explained in Section 2.1.1. Ogg also had a

movable wet bulb probe, but the measurements were not used in the data reduction.

2.3.2 Discussion of Resultsq
The full test matrix is shown in Table 2.3 1. Ogg reports that the system operation

'

was very well behaved for all flow conditions. No oscillatory behasior was observed.

Ogg states that the most notable phenomenon present in the experiment was the condenser

,
tube wall temperature inversion at the test section inlet. A typical profile is shown in

Figure 2.3-2. The temperature inversion in Vierow [1990] was only present for cases of

low air mass fractions. In Ogg, the inversion occurred in virtually all of the cases and it

was of a different shape than that of Vierow. The Ogg data show an initial decrease in

tube wall temperature followed by a peak then a decline. Vierow's inversion had an initial
3,

increase followed by a decrease. Ogg, like Siddique also found that the degradation in

heat transfer on a molar basis with helium was less than the degradation caused by air A

comparison of the Ogg data with Vierow data will be made by comparing the correlations

in Section 3.3.g

2.3.3 Experimental Uncertainties and Analysis

The Ogg results were never published or presented in any journal or conference

.
because of some inconsistencies in the results. Some of the runs, particularly the pure

steam runs, lacked reproducibility. Thus, the f correlation of Ogg is not viewed with a1

high degree of confidence. In addition, upon teardown of the Ogg test section it was

noticed that a thermocouple on the condenser tube wall had come loose. The results are

relevant, but should be viewed ith some skepticism. Lessons were leamed from this
,

experiment provided the basis for ;mprovements which were applied to the final tests done

at UC Berkeley by Kuhn et al [is93]

2-10 ,,
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2.4 Kuhn (UCB)

O Kuhn under the direction of Professor Schrock and Professor Peterson sought to

construct an experiment which incorporated all the lessons learned from Vierow,

Siddique, and Ogg. Detailed documentation will be found in Kuhn et al. [1993].

O
2.4.1 Apparatus

The steam supply system and the data acquisition instrumentation were nearly

identical to that of Ogg. An additional steam trap was put on the steam supply line in

order to insure that all the moisture was removed. The majority of the differences were
O found in the test section. The general schematic is shown in Figure 2.4-1.

In the Ogg experiment the condenser tube wall bare thermocouple junctions were |

brazed to the outer wall. In Kuhn's experiment, thermocouples were inserted into a |
|O

groove machined into the condenser tube wall and the groove was filled with silver solder i'

!
in a manner similar to the Siddique installation. This is illustrated in Figure 2.4-2. A heat

conduction calculation was made to determine the inner and outer tube wall temperatures.

The thermocouples were 0.5 mm OD SS sheathed J-type. The grooves were 12.7 mm in ;

.O'

length. This improved installation technique is expected to result in more accurate

temperature measurements and eliminate the possibility of detachment of the
thermocouples from the condenser wall. The locations of the test section thermocouples

are shown in Figure 2.4-3. The thermocouples located at the inner wall of the cooling
O

jacket were 1.6 mm OD SS sheathed type thermocouples embedded in a plastic jacket.

The thermocouples protruded approximately 1 mm into the cooling jacket in order to

measure the coolant temperature at the adiabatic coolingjacket wall.

O
Perhaps the main concems that arose from the previous three experiments were the

possible variations in the degree of mixing (axially and circumferentially) in the cooling

jacket and the associated effort in determining the bulk cooling water temperature.

Improvements were made in each of these areas in the design of the Kuhn cooling jacket.
O

In previous experiments there was one cooling water inlet and one cooling water outlet.

In this experiment there are two inlets and four outlets spaced 900 apart (shown partially

in Figure 2.4-3) in order to minimize circumferential nonuniformities. The cooling jacket
|

was constructed of a longitudinally split steel jacket.' A plastic cooling jacket was first
|O used, but this was damaged due to inadvertent addition (by a student performing a
;

separate experiment) of steam in the condenser without any cooling water flow. The

2-11
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longitudinally split cooling jacket allowed the thermocouple wires to exit the jacket

radially near the axial location of their measurement instead of being led out the top or3
through intermediate flanges. Nylon spacers were used to fix the radial location of the

cooling jacket as shown in Figure 2.4-3. The spacers and a small number of thermocouple

wires were the only flow obstructions present in the cooling jacket flow annulus. There

flanges / mixers to promote mixing as in Vierow and Ogg. The coolant flow ratewere n
O

was kept high enough to be naturally turbulent. The coolant bulk temperature was
calculated with the aid of a computational fluid dynamics model. The model included the

well-tested k-c turbulence model which performs well in simple flows such as the annular

fl w in the cooling jacket. The model accounted for variations in fluid propenies with
O

temperature. With the benefit of the coolant annulus flow model, the following iterative

process was developed to determine the local heat flux:

O

A. Fit adiabatic wall temperature to obtam an approximate heat flux: |
I

t
l

|

i W,c, dT,(x) \

'

q,,(x) = - 2.4-1 |

O d, * 1
1

B. Inner tube wall temperature

g">r

r;q"(r)ln
O T ,,,, =. T,. + 2.42' '>

k,

C. Outer tube wall temperature
i

O r,q"(r)ln
' D, >

T,o = T,.,,, + 2.4-3
k,

D. Cooling water bulk temperature

O T , = T,, - f(T,o , T,,W,)( T,o - T ) 2.4-4
c

| where f(T,o , T,,W,) is calculated by the coolant annulus numerical routine.

I
p
1

|
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E. Fit cooling water temperature to obtain the improved value of heat flux:

D
W,c, dT (x)cq,,(x) = - 2.4-5
;:D, dr

F. Repeat steps B through E to convergence

D
Further details on the numerical procedure are as follows:

Velocity distribution in the annulus

dP 18 61''
- + --- (rp,, er ) + pg = 0!

d: r cr 2.46

By sohing this momentum equation, the fully developed velocity profile Vz isf

obtained when pefris derived by sohing the turbulent k-c equation in which temperature

dependence of properties was taken into account.'

Temperature distribution in the annulus

b
i 6T 1a ET
' pC,(v, ET- + v, --) = ---(rk,f --) 2.4-7

c: cr r cr cr

or
i

Ia ET dTs BTD pC,v, dTs = - -- (rK,f--) for v, = 0 and ., 4-8
-

-.
d: r cr cr d: c:

with boundary conditions

Ts = Ts, at : = 0

D T = T, at r=R |
T = T,, at r = 4,

k,f = k(r) for laminar flow (Thermal conductivity k(T))
,

1

D k,f = k(r) + k,(r) for turbulent flow
= k(r) + c, ,

Bulk Temperature

The cooling water bulk temperature by definition is given as

,

2-13 {'
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5
3 T(r)v,(r)dr

T . = '
"

,y' v,(r)dr
2.4-9

c

5

and the cooling water bulk temperature ratio fis defined as

O

f = T' - T^ = T - T* 2.4-10~

T,- T, T_ - T,

O and this is used in equation 2.4-4 to obtain T from measured values of the outside tubeb

wall temperature and the coolingjacket adiabatic temperature T .a

2.4.2 Results

# The complete results will be available in Kuhn et al. [1993]. At the time of this

repon only limited results were available in a plotted form. These results will be discussed

in Section 3.6. A test matrix is shown in Table 2.4-1.

9
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Run Inlet Air Inlet Inlet steam Run Inlet Air Inlet Inlet steam
g

No. Mass Temp. flowrate No. Mass Temp. flowrate

Frac. (DC) (kg/hr) Frac. (DC) (kg/hr)

1 0.09 100.0 8.93 27 0.27 119.9 20.70

2 0.15 100.0 8.83 28 0.31 119.9 20.35
g

3 0.18 100.2 8.76 29 0.36 119.9 20.65

4 0.24 100.0 9.15 30 0.10 140.0 19.95

5 0.29 100.1 9.12 31 0.15 140.2 19.73

'O 6 0.33 100.0 9.09 32 0.20 140.2 19.92

7 0.08 119.9 9.39 33 0.25 140.0 20.37

8 0.14 119.9 9.30 34 0.32 140.0 19.90

9 0.19 119.9 9.24 35 0.11 100.0 25.34

0 10 0.26 119.6 8.97 36 0.14 100.5 27.08

11 0.33 120.0 9.38 37 0.19 100.5 28.63

12 0.42 119.9 8.80 38 0.24 100.5 28.84

13 0.11 140.0 7.98 39 0.30 100.5 28.76

O 14 0.18 139.9 8.04 40 0.35 100.5 28.97

15 0.24 139.9 7.95 41 0.10 120.1 30.41

16 0.30 139.9 8.00 42 0.15 120.1 30.97

17 0.34 139.9 7.92 43 0.20 120.1 30.35

O
18 0.12 100.0 20.02 44 0.24 120.1 29.91

19 0.17 100.1 19.85 45 0.31 120.1 29.41

20 0.21 100.2 19.82 46 0.34 120.1 29.61

21 0.25 100.2 19.99 47 0.10 140.0 31.91

0
22 0.31 100.0 19.68 48 0.15 140.0 31.75

23 0.35 100.0 19.82 49 0.20 140.0 31.90

24 0.11 120.0 20.42 50 0.25 140.1 31.61

25 0.15 120.0 20.84 51 0.30 140.1 31.41
0

26 0.22 119.9 20.67 52 0.35 140.1 31.09

Table 2.2-1a: Test matrix for air / steam runs of Siddique

O
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I Run Inlet He Inlet Inlet steam
.

3 No. Mass Temp. flowrate

Frac. (OC) (kg/hr)

1 0.02 101.2 8.93'

2 0.04 101.2 8.83

3 3 0.07 101.3 8.76

4 0.10 100.8 9.15

5 0.02 120.0 9.12

6 0.05 120.0 9.09

' 7 0.08 120.1 9 39

8 0. I 1 119.7 9.30

9 0.03 139.2 9.24

10 0.04 139.6 8.97
3

11 0.06 139.3 9.38

12 0.02 101.9 8.80

13 0.04 102.9 7.98
,

14 0.05 103.5 8.04
D

15 0.07 103.9 7.95

16 0.02 119.4 8.00

17 0.05 120.4 7.92

3 18 0.07 120.3 20.02

19 0.09 120.3 19.85

20 0.02 141 19.82

21 0.04 140.9 19.99

3 22 0.05 140.8 19.68

Table 2.2-lb: Test matrix for helium / steam runs of Siddique

)

b
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TEST RUN NUMBERS I

(Numbers identify test runs performed in chronological order)

.iSteam flow in kg/hr (Ibm /hr)
.27.3 15.9 -!72.7 61.4 50.0 38.6

(160.0) (135.0) (110.0) (85.0) (60.0) (35.0). |

iAir How
j). (%) .

" " 14.1 13.1 14.2 11.340.0
15.0 13.4 13.3 13.2 12.4 11.4 16.2 .!

10.0 12.I 12.2 12.3 15.4 16.I 18.3 ;

5.0 15.I 15.2 15.3 17.4' 18.1 I 8.4 |.

}2.0 17.I 17.2 17.3 19.4 18.2 "

" " " :) 1.0 19.1 19.3 19.2
" " " " " " |

0.5
0.0 8.I 8.2 8.3 10.3. I1.1 11.2__ .-|

Ile (%)
" " " " 21.1 21.35.0 ,

) 2.0 25.I 25.2 25.3 20.4 21.2 21.4 !

1.0 20,1 20.2 20.3 23.4 24.I _24.2
|" "

0.5 .23.1 23.2 23.3 24.3
,

?

!
<

) j

!

)
I

l

Table 3.2-la: Test matrix for Ogg experiment. Used with permission. 1

I
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3 SYSTEM INLET PRESSURES
(ABSOLUTE)

RUN # inlet P. (kPa) IRUN # linlet P. (kPa)
O 8.1

- 115.09 19.1 186.14
8.2 103.64 19.2 153.94
8.3 98.34 19.3 179.93

10.3 97.92 19.4 139.12.
11.1 100.05 20.1 273.90

3 11.2 98.88 20.2 215.78
11.3: 105.64 20.3 126.97
11.4 105.64 20.4 160.41
12.1 110.47 21.1 144.81
12.2 110.67 21.2 108.95
12.3 109.91 l 21.3 109.78

3 12.4 - 107.781 a 21.4 104.06
13.1- 121.98 23.1 189.33
13.2 119.15 23.2 134.79
13.3 131.841 23.3 156.03:

13.4: 143.701 23.4 137.28
D 14.1- 122.07 24.1 106.88

14.2- 106.56 24.2: 104.95
15.1 285.50: 24.3 132.46
15.2 142.98 25.1 306.61
15.3 123.75 1 25.2 192.43;

15.4 | 138.98 25.3 - 176.44,
16.1 152.69 . 27.1 101.38
16.2 . 123.46 | 27.2 100.07
17.1 251.731 27.3 92.63
17.2 145.14 27.4 95.32
17.3 132.59 27.5 112.76

0 17.4 125.56 27.6 100.83
18.1 117.59| :

18.2 104.90:

18.3 110.42
18.4 105.66 -

|

e

e Table 3 2-Ib: Test matrix for Ogg experiment. Used with permission.
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Experimental Test Matrix

) P : Test section inlet pressure (atm) Ws : Steam inlet flow rate (kg/hr)

Ma : Air inlet mass fraction Mh : Helium inlet mass fraction

Series PS-l(Pure steam): 42 runs

)
Ws P 1 atm 2 atm 3 atm 4atm 5 atm

60 1.1-1 1.12 1.1-3 1.1-4 1.1-5

50 1.2-1 1.2-2 1.2-3 1.2-4 1.2-5

40 1.3-1 1.3-2 1.3-3 1.3-4 1.3-5)
30 1.4-1 1.4-2 1.4-3 1.4-4 1.4-5

60 (R) 1.1-1 R 1.1 2R 1.1-3R 1.1-4R1 1.1-5R1

40 (R) 1.3-1 R1 1.3 2R1 1.3-3R1 1.3-4R1 1.3-5R1

Extra: 1.1.4R2 1.1-4R3 1.1-5R2 1.1-5R3 1.2-4R1

) 1.2-5R1 1.3-1 R2 1.3-2R2 1.3-3R2 12 4R2

1.3-5R2 1.4-4R1

Series NC-1(air-steam mixture): 32 runs

)
Ws = 50 kg/hr, P = 4atm

Ma Ma Ma

1% 2.1-1 8% 2.1-6 25% 2.1-10

2% 2.1-2 10% 2.1-7 30 % 2.1-11)
3% 2.1-3 15% 2.1-8 35% 2.1-12

4% 2.1 -4 20% 2.1-9 40% 2.1-13

6% 2.1-5

3% (R) 2.1-3R 8% (R) 2.1-6R 25% (R) 2.1-10R

6% (R) 2.1-5R 15% (R) 2.1-8R 35% (R) 2.1 12R
q

Extra :13 runs at same air mass fraction but 1 atm 2.2-1

2.2-2 2.2 3 2.2-4 2.2-5 2.2-6 2.2-7

2.2-8 2.2-9 2.2-10 2.2-11 2.2 12 2.2-13

3
~

Table 3.3-la: Test matrix for Kuhn [1993] experiment. R = repeat runs

)
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.O Experimental Test Matrix (continued)

P: Test section inlet pressure (atm) Ws : Steam inlet flow rate (kg/hr)

Ma : Air inlet mass fraction Mh : Helium inlet mass fraction

'O Series NC41(air-steam mixture): 39 runs

Ws = 60 kg/hr Ws = 30 kg/hr
4-

,
Ma P 2 atm 3atm 5 atm 2 atm 3 atm 5 atm

1% 3.1-2 3.1-3 3.15 4.1 2 4.1-3

5% 3.2-2 3.2 3 3.2-5 4.2-2 4.2-3. 4.2-5

10% 3.3-2 3.3-3 3.3-5 4.3-2 4.3-3 4.3-5

20% 3.4-2 3.4-3 3.4-5 4.4-2 4.4-3 4.4-5

.O 40% 3.5-2 3.5-3 3.5-5 4.5-2 4 5-3 4.5-5

Extra 3.1-4 3.2-1 3.2-4 3.3-1 3.3-4 3.4-2R1

1 3.2-3R1 3.5-2R1 3.5 3R1 3.5-4

}g Series NC411(He-steam mixture): 24 runs

P = 4 atm

Mh Ws 30 45 60 45(R)

0.30% 5.1-1 5.2 1 5.3-1 5.2-1 R
O

0.50 % 5.1-2 5.2-2 5.3-2 5.2 2R1

1% 5.13' 5.2-3 5.3-3 5.2-2R2

3% 5.1-4 5.2-4 5.3-4 5.2-4 R

5% 5.15 5.2-5 5.3-5 5.2 5R

O 10% 5.1-6 5.2-6 5.2-6R

15% 5.1-7

Table 3.3-1b: Test matrix for Kuhn (1993) experiment.
O

,0

' * ~
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KEY TO SYSTEM SCHEMATTC j

Component Description
1 Water feed line fmm reservoir
P2 Reservoir fill pumpg
V3 Pump bypass valve
V4 Regulanng valve for reservoir fill line ;

5 Immersion heaters
6 Reservoir fillline
7 Steam / water pressure reservoir
8 Fillline to purge pressure sense line of air

6 V9 Regulating valve for filling pressure sense line
10 Reservoir level sense lines
VI1 Valve to purge pressure sense line of air
V12 Valve to purge pressure sense line of air
13 Steam' air separator
V14 Pressure relief valve
V15 Air intake valve

O 16 Orifice meter on 1/2-inch steam supply line
17 Steam / air purge line on 1/2-inch steam line
V18 Valve on 1/2-inch steam supply line
19 Onfice meter on 1-inch steam supply line
20 Steam / air purge line on 1-inch steam supply line
V21 Regulating valve on steam / air purge line
V22 Valve on 1-inch steam supply line.g
23 IAwer chamber
V24 Gate valve
25 Downcomer
V26 High-point vent valve
27 Condensation test section
28 Test section coolant inlet line

O V29 Regulating valve for test section coolant
30 Test section coc! tnt outlet tine
V31 Pressure relief valve
32 Testloop blowdown line to barrel
V33 Air intake valves
V34 Manometer to loop isolation valve
P35 Vacuum pumpg 36 Sight glass
37 Condensate drain line
38 Condensate heat exchanger
39 Condensate coolant inlet line
V40 Regulating valve for condensate coolant inlet
41 Condensate coolant outlet line

O P42 Condensate pump
V43 Pump bypass valve
V44 Regulating ulve for condensate pump
V45 Regulating valve for condensate pump

| V46 Three-way valve to direct condensate flow
47 Condensate measurement tank and weighing scale
48 Return line to supply bartel

.O V49 Manometer to vacuum pump isolation valve
50 Mercury manometer
51 Pressurized air bottle
52 Water ReservoirQuench Tarl

O'
Figure 21-lb: Key to system schematic of Vierow [1990] experiment. Used with

permission.

2-23 'g r- -
O .,;-$

.

!

~.t a



W^ary
). MEDC-32309

.

f-
>m
,bd,

E<qE 3,u < .< '
'te m

Ga(
U, E T C ||o ' --

A- ,_ *J 1r 4 .

ji

|

@Eh- :: : I 9 $ 5

> I ' : 1 5 t, ::r:: .L,---> f $ E
,.

"

N -I O 3
* W U

TL
-w

b U T
~ r H s r r r i- r -3 mgO r g

,, 4 mH 4,

) ?E 'f,..............1 3 *

h N b
m e' 13 sty

'' i$ ;;ig d'

.. H 0!O t--I 5 s4 |x 1 -
o%.

4 e es w aJ ^ - = ,IH ,Of a =

[[?r'-
n

;4 2 x%.c1 <r O -++- w n
J C E^

3 Nil AldeOS rtY315
y ("

) -

!5,_,) 3Nn Nbn138 d31TM |, u

g !s :
/S 0 s ;d *1 TJ -*

N c. -
Oe 0 6- x bi

\ 1 A 0 W a

Q --*+ Lt) E .L- t es !

l ._
k "!

-
..

N |
,,

^ O E i
a Iu- - - .

a
-

au)
I

i,_lx
__.

%

|
~ ~''

3Ni1 NMOOMO%
1

1
<

) 2-24 ,a,

; . . /- 3 a



]~'-[^WiFT*J* NEDC-32301

9 KEY TO INSTRUMF.NTATION DIAGRAM

Component Description
Number

PG0 Visual gauge for vessel gauge pressure,
PT2 Diff. PT on reservoir level sense line''

T3 Pressure vessel water TC
T4 -> T9 Pressure vessel wall TC's
F10 Flow meter on 1-inch steam supply line
PTil PT on 1-inch and 1/2-inch steam supply line
T12 1 inch steam su pply inlet TC,

' F14 Flow meter on 1/2-inch steam supply line
TIS 1/2-inch steam supply inlet TC
T16 Lower chamber TC
PG17 Visual pressure gauge on lower chamber
PT18 PT on lower chamber
F19 Flow meter on steam / air entering test sectiona
PT20 Diff. PT for absolute pressure at top of loop"

T21 Test section coolant inlet TC
T22 -> Tl4 Test section coolant bulk temperature TC's
725 Test section coolant outlet TC
T26 -> T33 Condensor tube outer wall temperature TC's |

F34 Flow meter on test section coolant line
J

.

T35 Test loop high point TC
T36 Condensate TC 1

T37 Condensate TC
T38 Condensor tube outer wall temperature TC
T39 Condensate drain TC
PG40 Gauge on pressurized air bottle3

F = flow meter
PG = pressure gauge

J PT = pressure transducer
TC = thermocouple
Diff. = differential

J

e Figure 2.1-2b: Key to experimental instrumentation of Vierow [1990] experiment. Used

with permission.
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TYPICAL STEADY STATE TEST SECTION TEMPERATURE PROFILESg

Steady-st. ate Temperature Profile
un #29C 150a

a
o

e
5 100

O g
"

B
&

*j " * "
50

O

O
0 30 60 90
Position Along Condensing Test Section (in.)

9

Steady-state Inverted Temperature Profile
Run #17

150g
O

*
g a

* 100
$ =

0 E
&
E = = a . ,

p 50

e
0

0 30 60 90
Position Along Condensing Test Section (in.)

8 Figure 2.1-3: Typical steady-state condenser tube wall temperatures for Vierow [1990]

experment. Used with permission.
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Temperatures During Oscillation

Run # 10 Real Start Time = 15:50:01 ,

-M- T26

--*-- T3 8 ,

150

u
y

'

100- vs ;s y
Y \
i

4
'

50 '
O 50 100 150 200 250 300

,

time (sec)

O'
. Figure 21-4. Sample thermocouple time records for an oscillatory run of Vierow (1990).

;G
- p
M' Used with permission. bl
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Figure 2.2-2: Test section and thermocouple configuration for Siddique [1992)

experiment. Used with permission. ,
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Noncondensable Gas / Steam Mixture

).-
i i

A
_/ ;

73: /
s s

| | Was eWa
pc n.um.ns s

k/s

[) Center Line

Ther e # | 7s / AES |
M I \

T
-
\

'

fs

-s Ts) | |

h*W
" Thermocouples i r s

Gas Sampling Point ; | Iron /Constantan

|
J s s

| \;

Ni v
s s Coolant Flow
'

s

ND s s

% _jbndenser Tube''Stainless Steel 304 pipe Stainless Steel 304
62.7 mm O 46.0 mm 10,50.8 mm OD

<

7

Figure 2.2-3: Detail of test section instrumentation for Siddique [1992) experiment.

1 Used with permission.
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Figure 2.2-4: Plot of heat transfer coef!icient as predicted by the Siddique correlation and

the Vierow [1990) (not Vierow and Schrock) versus mixture bulk air mass

) fraction. Taken from Siddique (1992) and used with permission. |
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3 Figure 2.2-5: Ratio of Nusselt numbers when helium is present versus when air is present
- 4

plotted versus the mole fraction of noncondensable gas. Taken from

Siddique [1992) and used with permission.
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e

Figure 2.2-6: Ratio of Nusselt numbers when helium is present versus when air is presentg
plotted versus the mass fraction of noncondensable gas. Taken from

Siddique [1992] and used with permission.
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with permission.
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Figure 2.3-2: Typical temperature profiles from Ogg [1991]. Used with permission.
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3. CORRELATIONS
.

.'O
3.1 Vierow and Schrock ("Tsukuba")

,

The correlation currently in TRACG is based on a slightly modified version of the

O
correlation presented in Vierow and Schrock [1991). The database used was the database

'

developed by Vierow [1990]. The Tsukuba correlation, as noted in Section 2.2.2, differs

from that presented in Vierow [1990). The Tsukuba database excluded the runs which did

not reach a steady-state condition as well as the runs with the temperature inversions.

O
The data were correlated as a two-part correction to a reference local heat transfer

coeflicient. This reference heat transfer coefficient is termed the "Nusselt" heat transfer

coeflicient. This reference value is calculated by dividing the condensate thermal
,

conductivity by the local liquid film thickness as calculated from the model of smooth
i

.O
interface, gravity-driven laminar film flow:

I r W3 ,p
6, = 3.1-1

N' ' ~ #'O

i
where f is the film flowrate per unit circumference. The data were correlated such that

h ef = k /5f1 3.1-2h xp = f bref ; reO

where fis the correction factor (also called a degradation factor). The correction factor is

divided into two parts such that f = f f . The factor f is the correction factor whichi2 t
accounts for the enhancement of heat transfer due to interfacial shear, interfacial waves

O
The factor f is the correction factor whichand deviations from the Nusselt model. 2

accounts for the effects of heat transfer degradation due to the noncondensable gas mass

fraction. The Vierow and Schrock correlation then is:

O
m 'I8)f = (1 + 2.88x10-5 Re I

1

3.1-3

bf = (1 - C Ma )2

o

't - 1~

0 ,

.- . t- v
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where (for steam / air mixtures)

)
| C = 10 b = 1.0 for Ma < 0.063

C = 0.938 b = 0.13 for 0.063 < hi < 0.60a

C = 1.0 b = 0.22 for hia > 0.60

h
hi is the bulk air mass fraction (air mass / total mass) at any axial location and Re is thema

local gas / steam mixture Reynolds number, PUD /pm. The experimental data are shown

plotted in the form of the correlation in Figure 3.1-1. The ordinate,1-f7f , is equivalent tot
I

1-f such that when the correlation is plotted b is the slope of the curve and C fixes the'

23
position of the curve.

.

:

'

3.2 TRACG
3

The correlation used in TRACG is a modified version of the Vierow-Schrock
correlation. The f correlation is changed only slightly to avoid discontinuities:2

,

D bf = (1 - C h1a) 3.2-1
2

,

where (for steam / air mixtures)
.

) .

'

C = 10 b = 1.0 for Ma < 0.%586

C = 0.938 b = 0.13 for 0.063 < hi < 0.4911 ;a

C = 1.0 b = 0.22 for hi > 0.4911 !a

)
The f termis modified as follows:i i

fj = 1 + 2.88 x 10 -5Re l 18 for Refs 1000m
3.2-2

3
if=1 for Rer> 2000t
:

,

1/33,

also B, = 32.3 for Rer> 2000 3.2-3''

ss,
,

| i

3-2
3

:
.-
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|
i

i

linear interpolation between Refilm of1000 and 2000
)

additional restriction of fj s 3

where in this case Rer= 4f/pr
) ;

Because the fj correlation of Vierow and Schrock exceeds a value of 3 (near Rem" i

12,500), the TRACG correlation generally predicts lower heat transfer coefficients in the

high heat transfer region near the tube inlet.
)

!

3.3 Siddique

Siddique correlated his data in the form:
)

e 3uu

Nu(x) = ' = 6.123 Re" " Ja-'* 3.3-1'" '*

k, M,_,( ,
y

where hi ,w is the mass fraction of air at the wall (or interface), Ma,b s the bulk massi ,

a

fraction of air, and Ja = [Cpmixture(T -Tw)]/hrg. The correlated data are shown in ;b

Figure 3.3-1. The MIT corTelation assumes that the condensate thermal resistance is a
)

negligible compared with the gas side resistance. This requires that the interface
;

temperature equal the wall temperature which then allows Ma,w to be calculated. It has

been shown that this is not true for all conditions.

)~
3.4 Ogg

Ogg [1991] correlated his data in a similar manner as did Vierow and Schrock.

The fj correlation was obtained from pure steam data. Knowing fj, the f correlation was2
)

derived from air / steam data. His correlation is:
-

'

m .70fj = 1 + 0.0012 Re
3.4-1

;
bf = l- C hia2

3-3 |
)

'

;
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where
O

C = 1.165 b = 0.26 for hia < 0.3

C = 0.905 b = 0.05 for 0.3 < hi < 0.9a

C = 1.0 b = 1.0 for Af > 0.9a

A comparison of the Ogg correlation with the Vierow-Schrock correlation is shown in

The f comparison shows that the two correlations are inFigures 3.4-1 and 3.4-2. 2

reasonable agreement on the issue of the degradation due to the presence of
,

noncondensable gas The comparison of fj correlations show that Vierow-Schrock

predicts a significantly higher amount of shear enhancement than the Ogg correlation does.

The heliurn/ steam data were correlated also making use of the f correlation:i

f = 1 - Chi b 3.4-12 a

where

P
r

C = 1.59 b = 0.29 for hi < 0.11a

C = 0.865 b = 0.014 for 0.11 < hi < 0.86a

C = 1.0 b = 1.0 for hi > 0.86a

hi is the Helium mass fraction in this case.a

O

3.5 Vial

Under the direction of Professor Schrock, Eric Vial [1993] developed a correlation
O from the combined databases of Vierow, Siddique, and Ogg. His effort involved only the

development of a correlation and did not involve any additional experimental work. Each

of the databases had certain data points excluded from the combined database.

O
Vierow:

1

. only the runs without the " temperature inversion" were used i

1

I3

_
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. at the inlet of the tube 0.0103 < hia < 0.148)
7138 < Rem < 26300

Siddique:

. the data for the first 41 cm were excluded
3

. at 41 cm from the inlet 0.131 < hi < 0.525a

1283 < Rem < 19905 |

3
Ogg:

. only the data for the points located downstream of the temperature

inversion region are taken into account; namely beyond the first 45 cm *

D
. at 45 cm from the inlet 0.012 < hia < 0.407

3247 < Rem < 39560 |

D Viah entrelation was of a similar form as Vierow & Schrock and also Ogg The ;

correlation is:

,

f = 1 + 1.2x10-8 Re for Rem < 7000 3.5-1i m
7

fj = 0.76728 + 1.06543x10-4 Re for Rem > 7000m
,

bf = l- C hia2

D '

r

where

|

C = 1.0846 b = 0.2344 for hi < 0.4a

C = 0.9562 b = 0.0969 for 0.4 < hi < 0.9a)
C = 1.0 b = 0.5229 for hi > 0.9a

;

) .I
1

!

3-5).
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6 The standard deviation is defined: ;

O '

i

1
_

Y 5N f ,

:
' ' "'' '

s= ; N = number ofpoints 3.5-2
O N-1 .

,

. .

>

s = 0.3826 for the Vierow data set
0 s = 0.4854 for the Siddique data set ;

s = 0.4647 for the Ogg data set :

s = 0.4613 for the combined data set

O The data sets are plotted along with the new correlation in Figures 3.5-1 and 3.5-2.

i

3.6 Kuhn ;

O ;

From the results of Kuhn, UCB decided that a different form of the f correlation1

was required. The Kuhn pure steam data were not well correlated by the old form of the .

f correlation which was only a function of mixture Reynolds number. The new f is now
1 1

.

O a combination of the heat transfer enhancement due to interfacial shear and other factors.
,

f, = f,, fy 3.6-1 )

1O
where fi, is a function of film R.eynolds number |

3.6-2fi, = p(Re )f
0 !

'

The f,, factor is the theoretical approximation derived from smooth interface laminar
r

film theory with interfacial shear. The fi, factor accounts for other influences such as
'

O interfacial disturbances, deviations from linear temperature profiles, and' temperature

|
.

3-6 ;
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f correlation remains in the same form as Vierow. !dependent properties, etc. The 2

S hrock, Ogg, and Vial. The complete data reduction of Kuhn is given as follows:
O ,

A. Experimental heat transfer coefficient

O q", (r) 3.6-3
,

h,(x) =
-

T,(r)- T, ,,(x)

B. Condensate flow rate
,

O "
|irL)"q"(r)dr '

W,(x) = 3.6-4
h,y

,

,

O

f(x)= W(r) 3.6-5
r.D,

'

C. Calculation of two film thickness, S and 62i
For the case without shear the film thickness is given by equation 3.1-1. |O
Rearranging to solve for F yields:

I= Pr Dr - Pg) 3.6-6 ;
Mr 3

O With interfacial shear the predicted film thickness, 5 , is given implicitly by:2

S3 prt g,23

f=g Pr @r - Pg )^3
i^+ 3.6-7 !

Pr 2pr

O
i=3 fgp V .6-8

where t g m
2

,

f = 0.04 ERe 3.6-9-

R m

!leading to the interfacial shear predictionO
P

# Y
0.023 p2 R e ,,,i , 3.6-10r, = --

D, ,
,

Ps t

t

O or rearranging equation 3.6-7 gives

i

'

t

3-7
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F=A pr (1- )3 3.6-11+

or pf 2ur

F
with 3.6-12

Ref = Pr
O

Now in dimensionless form

Si = 03 3.6-13
L

O

r| = 3.6-13r 3

1A2 Lgp,
pf ,

O
with characteristic length

25 E3'

orL= 3.6-14
. '9 <9>

Then

r 3 ,,. ) 2 3.6 15'' = k + '' ''O
l-P lpf , 3 2

g

D. Determination of the correlation for f factor from pure steam runst

h,
fi = h,,

3.6-16O.

k
h,, = 3.6-17

O
assume fl is the combination of the heat transfer enhancement due to interfacial

shear and other factors

f=fishear * flother 3.6-18l

6b@ hexp 2 3 6-19f =

1 shear = h krT2

O 3-8

_ _ _ _ .
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where 6 is obtaired numerically from solution of equation 3.6-7. Assume flother2

is a function of film Reynolds number .

) :

11

lother = f.
= $ (Ret) 3.6-20f

ishear

with & (Ret ) = 1+ C g Ret 3.6-21
) E. Determination of the correlation for degradation factor

f = h,,h , = fi /2 3.6-22 |
'

-

)
f = $ Sem. Rcr ) 3.6-23with ,

3

f, = 1 - C A([ 3.6-24
2

Mixture Reynolds number
'

)
,

4 W (r)
Re.(r) = 3.6-25

rJ)p,, *

where

) i

X' ' (1 - X') * :
+ 3.6-26 ;

p* = X, + (1 - X,)$, X,p, + (1 - X,) .

with

)

3 1/2r s l / 4'ff e

fr AI '

}+
\ p.) r hi,)

) p, =
-

3 j ,,
- 3.6-27

81
. N + AI,J . |

,

'
and

)
!

r

J

:

I

3-9 |
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*

f i
! :

C !
21/ 2 r 1/41f'

(b 3 3 ,

1+Np,> < Af,)

p=- - 3.6-28
'

1+$qll.3
a p

'

O
AI)

. s.
'

!

|

| 1

O' The correlation of Kuhn is: ,
t,

I

f= f fl2 3.6-22
,

a L = A_1

f,_ determined from equation 3.619

4f,_ = 1 + 7.32x10 Ref 3.6-24

bf = (1 - C hia) .

2

O
| where

C = 2.601 b = 0.708 for hi < 0.1a

C = 1.0 b = 0.292 for hia > 0.1' ,

g

For helium the f correlation remains the same as the air correlation. The f correlation1 2

|. for helium is:
,

i

-

O
b

,

f = l- C hia| 2
| '

|
i where

:
.<

.

,

3-10,

O |

L
,

'
'
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C = 35.81 b = 1.074 for Ma < 0.01

C = 2.09 b = 0.457 for 0.01 < M < 0.1a)
C = 1.0 b = 0.137 for Ma > 0.1

The f , correlation is plotted versus film Reynolds number along with the pure

j steam data in Figure 3.6-1. The correlation (and plot) were created from 33 pure steam

runs. The standard deviation of the data from the f correlation is 7.4%.1

Figure 3.6-2 shows the f correlation (plotted as 1-f ) and the 68 steam-air cases2 2

p from which it was calculated. The standard deviations for the data for the two different

regions are shown on the plot. The experimental total degradation is plotted versus the

degradation predicted by the Kuhn correlation in Figure 3.6-3. The data spread is small as

evidenced by the 18% standard deviation. This is considerably smaller than the standard

) deviations for the Vial correlation. The standard deviation of Ogg's data with his

; correlation was 27%. Figures 3.6-4 and 3.6-5 show the corresponding graphs for the

steam-helium cases. The standard deviation is shown in Figure 3.6-5 to be 13%.

3 A comparison of the heat transfer coemcient predicted by the Kuhn correlation is

made with the heat transfer coemeient predicted by Vierow and Schrock (Tsukuba) for
|

the Kuhn experimental conditions in Figure 3.6-6. The crosses represent predictions of

the correlations for the conditions of the 68 steam-air runs. Note that the Kuhn

j correlation predicts a consistently lower heat transfer coemcient than does Vierow-

Schrock. The f correlation of Vierow and Schrock and the f correlation of Kuhn are2 2

plotted versus air mass fraction in Figure 3.6-7. The plot shows that less degradation

caused by the presence of air is predicted by Kuhn than is predicted by Vierow and
,

Schrock. Because the Vierow-Schrock correlation was not applied directly in TRACG it

is also useful to compare the TRACG correlation results with Kuhn. Figure 3.6-8

compares the Kuhn et al. correlation with the Vierow-Schrock correlation with the
restriction that f s 3. The additional changes for 4F/ > 1000 were not included. Mosti

3
of the data are for values of 4F/p less than 1000. The restriction on f brings the two1

correlations are in better agreement, though Kuhn still predicts lower heat transfer

coemcients. The impact of the different predictions will be discussed in Section 4.1.

Similar comparisons of Kuhn with Ogg and Vial are shown in Figures 3.6-9 and

3.6-10, respectively. The Kuhn correlation also predicts lower heat transfer coemeients

3-11 .. ' r 7&y
x < fs M( j
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than these two correlations predict. Finally a comparison was made against a general

correlation for steam condensation inside of tubes found in Chen et. al. [1987]. Though)
the applicability of this correlation to the present conditions may be questioned, the .

comparison is made in order to satisfy the desire to compare the Kuhn correlation with (
any in the existing literature. Figure 3.6-1I shows that Kuhn also predicts a lower heat

transfer coefficient than Chen predicts.
-

,

)

)

!

) -

!

t
}

;

I

1

|

1

;

;

3-12
)



|

J

\D D ,k,C, T,
.
4 *

'O * NEDC-32301 .s
'

f

5

.O
1

i

.

!

'O
,

:
i
!

1 -
I-. E !

'
.

!O . . , . - ._.
; . . .: E

. . . . . . .
.

.

g . .. . . . ... . . . . . . . . . . . . . . . . . . . . . . . . _

.

;- - . . . .

. _ , .
-- , _ , . . .. _ . . . ..

i

'O j . 8... gM .-.. ....h. > i-
_

t
. . . . .

,

>

i 2 i i'; i i .'
4 -

It
! X -- --- 3 E --- - g - + - -4 -- *-+ -a .

--

|
,

!
;

s
i" m

i .
;O -

i
i

1
, .

8 m!i a N
M ,

!s

0.1
0 0.01 0.1 1

Local Air Mass Fraction

o

Figure 3.1-1: Data plotted in the form of the Vierow-Schrock [1991) correlation The

factor 1-f/f is plotted versus local air mass fraction. Used withO 1

permission.

O

o ..

3-13
,

1
_J



. '' ''). NEDC-32301

)
100000 ,

.

4

|
-

.
t

O
-

O

)
|

10000 - t

.

.! ,' O) %
T ,

: ,

o
V

h$ 0 3

b
1000 - g,._.

,

,

0
| 0 c

) o O<

O.

.

|
O

,

O O o i

)
, ,

100
100 1000 10000 *00C00 |

.

Nu Experimental

3
1

Figure 33-1: A comparison of the air / steam Nusselt numbers produced by the Siddique .

[1992] correlation versus the experimental Nusselt numbers. Used with (
')

permission.
I

l

.

i3-14
,

i

I



NEDC-32301 -~ ~ , -.
.9 ..

t

O

;

O

comparison of f1 Correlations

0
10 -

9-

8 -

O
6 V&S

:- 5-
,

. _ ._ - _ _ g g
4-

3i ~~~

O

7 ~
~~~~~___ -

2- '

g/
O

,

!

0 10000 20000 30000 40000 50000
g

Mixture Re

O |
1

l

O
1

A comparison of the f correlations of Vierow and Schrock [1991] andFigure 3.4-1: 1

Ogg [1991) plotted against mixture Reynolds number.

O

1

0 3-15 ' , i":: "

1.
_ _ _ - _ _ - -__



1

O' NEDC-32301*

_

U A ,Mr j

,

O

O

comparison or r2 correlations
.O

1

s
% %

%O
_ , , _ _ _ _ - _ _ _ -

0.1 ,

\ V&S
,

n \ - - - oog- x
*

O o.oi

,

U'U '
O

O 0.2 0.4 0.6 0.8 1

Air mass fraction *

;

O

O
Comparison of the f correlation of Vierow and Schrock [1991] and OggFigure 3.4-2: 2

plotted against air mass fraction.

'O

~' ~' EO 3-16 ,\ f. :: (



u i u u u e e o o u o|

.

|Vil: ROW | [g|

'~
1-

* . . . . . . .

%s . . . . . . - . .

.. G . . - M..

* \ -
. ...

):* { . A ***,
* .. - .

g*.., t. .s . ' .:*$.
. .5, e '' .. ,

. . " . . . . -*

*,o.r. t.g.' ,
* * ..: s . . . . .
.

. % %.

. rJ.
.~

.' - ' N,. ,. ." * --
. . -:- .

, .
, . . . . . . ,

. ..*
, s. -

..

I r g.. .*,a.
, ...e .. ...-- *. .- ,, .. + . . ..

K . ~ . ' '::.. . ' . ' '-
*

% . . 2i. . ..
* . .. . , . . . m. *c . . . - O[ ,.

., ., .

.. * . . . *,

c * * * .* O..g ,. b**T .
.w e .. M

~. ..e
+ . W. *. .. O,- * * *q .. . *

e. . .
.- .

... .
* .

.

.. ,

..

.

-
.

.

.

. .
.

*

. . ., r. vi ., . . . . .
,.o t -- , - . . . . . . . , . . . . . . . ,

i .. . . . . . . . . . . ., , . . . . .

0 01 Ol 9 0 05 ee s

Gas mass traction Ma Gas mass fractx, )n Ma

Figure 3.5-1: Plots of the Vierow [1990] and Ogg [1991] data plotted along with the
CVial correlation.
&
.T>
n

H
. _ _ _ _ _ _ _ . . . .- - . . - - - - , _ . . . . -- . . _ . . . . . _. -.



-o o o o o o o o o o o

.

Isooouel Ivienow,oco,sooiouel
_ 1- -

t-
- # _ .-

.
. , . . .s . - em:.. .-

,,
.

.....,...,d>.- .
. .;, ; n .

-:.: +,;..:. , tc..;:-..

. ;, n . ., : . .

. . '' :.Qv... fir: :*. s *e..

~ n:: ..e;,-' ' . :.:;
''. . .

o,.. _
.

.

. .r . : . . . -

. :...: .r.', ' ' . p.
., ..

.. .
.

.

*
. . .

*: . ,.. .
. *' . .a. . .

* *
.* e.o., .

, . ,,
. ,

a .
. . , . a ,,

,|. t . .* -. . ,
, Z .-r ... .

.:. ..: . .
. .

6. .
'

..* - .. ,

%.
.. ,

*
fTi-

.
. . O'T.' -

;
. O,"

- . , 4
| ! !, tow

.o
.'

i
-

4
i Ooo .

.. %
i

,

i
; , ,

. . .

0'~i ; ; ; ;;;;;i ; ; ; ; ;;;;t
''i ; ; ; { ; ;;;i oe io os

i
oi Gas mass fraction Ma

Gas mass fraction Ma

Figure 3.5-2: Plots of both the Siddique (1992} data and the combined data base along
' with the Vial correlation. .3_

.'l
W

k. )I
e y
w- ..

j

.- ___



e. ,

' NEDC-32301 ' ,: ,|,* C, T.. .

. , . --
2 .

I

|*5 n. w. m. w. m. w. m. s. m.
i

|
i-, g-
._) m .o e e N. N. to. n, w we

. . . .

cq ) .- .- - - w - - e

o
. . . . . . . . - . . . . . . .

_. o

) ! Q j
M
E

o t

. . . . . . . . . . . . . . . _ . _ ... .. .... . . .. ... ,....: . . . . . , , * E
- ! v m

U

1 0 O;;
. o z!

..4..._.. 4 .. ._.4........- 4....... . . . .o C.,^

. . . . . . . . . . . . . . . . . e o
; O|6 fi

!

a"Oi
'

iO o -

_m ,g
.2_ e. , -

o E
,

, ;

J r_
E

'

6 % O -x . 2O oJ i . . ' . . . . ._ . .i - a. .. o g
7 . . . . . . . . . . . . . 'o &.... .J

i O O.
m x

uc
a .- . O Oi i ! e' '
- m

a E, m. i ! :-
1

-

- n O - o . s
g . . . . . . s@ . . . . . . . . g. . . . . . . . .,e m'

+ N a!"
o s ,

o !!2 j :, as e g"

cd U9
--

m .
.O 2 . . . _ . . . . . .

SE
'

IL . o .....t

9 ~. H ... P.. .> m

O O O c_- (o s,_.
6 .t'J

. i .

6
! . o o u!O

O g; ......... ... . . . . . . . -- m ,e
1

: n....w. . . . .

310? 0
~'

= ' '
OOO !-

% oJ !
'

i
-

i
'

....:.. O f. . . . . .

Y
. . . . . . ,

O[- i i
=-

i
.

-

i .so
i o 6

... a , ,_ q._. . p +. . g .
.. . . .

. .g !

O i
.

!
:

i .I
' --2 o;

-

; ..,

1 i i i I i i i i i i i i i i i

o. os m s. e. e. v. n m
. o. cn. e. s. e. o.

'e N - - - - - - - - - - o o o o o.

Jopet uonepe>6ea

O 3 19 - b



, . . . . . . .. .

U O O e U e e e e
,

,

|68 Steam-Air Mixture Runs |

1- ' '

''i , .5~ * $ * '' . .
' ' '

. ,

:
_

'.
.

i.. rr.f: ' , , t, v -.. , 1 ' ,..;,g.ec.:. , ,
. . ., .,

, , . - ... . . . ,

7. .

. . 4 . . - - .. .. -.. . - - -. 7 . ; . .j .. . . .s- - .

.

. . . * s ,6.
. .

-
- -o.

, . , . . ,r,. p.. . . ,c w/o -5- ,. .,- ,
.

. , . ..

3.4-2 '
, , . 4 3 * *.

* *
, . . -....,.,s.- - .

. . . . . .
4- . . .,

. i f. . #, *, , .! 3.5-2.

.

3- -
-

... ,.. . pr(- i - 3.5-3 - -~
-

. . ... , .
. .. , ,

.

,s
- -i - g.. *

- - n12- '
,, O- . .

o.. .. .

_- .. . e

~ q-

w .* n*. *
e a Wp -

- .o O- -
. *- . - -

STD=0.1053 0.1 < Ma0'1 - .

9- .
. ,

STD=0.3071 0.1 > Ma.. .

e- - *
- - - - * -

..
7- ...

. .

6- *

e

5- .

-

<-
. .

.
. . .

3

.' .- .' .' .' i.' - ., . . .''

2i . .

2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9. . . .

10.10.01
7

M1
1

Figure 3.6-2: Plot of the Kuhn steam / air data along with the Kuhn et al. [1993) ..,

correlation for 68 steam / air runs. The ordinate is equivalent to 1- f - 5
2 =

. . . .

_ - _ _ _ _ _ . _ _ _ _ _ - - _ .



O O O O O O O O O O O
.

.

|68 Stearn air Mixture Runs |

J -'
-y------' - - - '- - ' -

-
-

1.2 - >'

i i 4
_ , _ - _ + _Jf =f1 *f 2 7-j,j_ . . . . _ . - -

+ t ++f 1 = f 1 T* (1 + 7.32 * 10"* Re,1)

f 2=1-2.601 * Ma '* Ma < 0.1 ~~'~~-~i'+ji ]~'~1.0 - '--- -

0.9 - t~ - f 2= 1 -Ma" Ma > 0.1 . .A
_.g+ __4}p+ +% + +

. _ . _..

! STD=0.1764 +

0.8 - -b - - -- - ~ ~ ---i - Y O . A |+4- +$
- - -1

4t-
V-

+ 4+ - 4
: k-- $ -

_

' i g +
0.7 - o+ :p :

$ 0.6- I *f*- +dkv L,
Y

- + i ropp . 4b! -

i Y b - +- - - - - -'
:

- %
-

[4 .
gd : - p0.5 - * +

'
Y#g f

'

t $- T --- * - --

O.4 - t- i-

!
.

. +i

+ ~ + - i -i
0.3 - 4 I af _

F

4-t - '- - -+0.2 - ,

# .
i'

L
0.1 - ;

O.0 - I $
1 i i i i i I I I I I

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

I ]kuhn.cor,

;a
N Figure 3.6-3: Plot of the steam / air mixture experimental degradation factor versus the.

degradatior P.ctor predicted by the Kuhn et al. [1993] correlation.-

d
,

_.. _ . . . _ _ . ___



u u u u o o u e o e e

.

|24 Steam Helium Mixture Runs |

1-
. . . . . . . .

. ... . ,' " ' ' ' ...9 - . . . . .

*
. . ... . .

3_ _ . . . . .

*

. . ; . . .... un : . . . . . . .

,_ ,. .
.

^

s_ .4. j. . ,.;,....,.. . . . . . ._.4.... i .-
. . . . .

3 . .
;.. . .. . . . . . . . - - . . . .

,, ,,

.-.

4 .. ., .. . . . - . . - , . . . . . . . . 4 . . _. . .

.
- ;,.

. ... . . . . . . . . . ...

3 - ;.
'

. . .. . . . ..

%'
STD=0.0543 1 < Ma < 0.1 m* * *

" -i

. ' '. ~ ~~

STD=0.1514 0.1 < Ma < 0.01
~ O-

~
2- - 9i .-..

.: .- STD=0.4971 0.01 < Ma < 0.003" * - w-

y u
ow . . o

.
w .

-- -
-

,

.
- -

> - - - - - &
- -

0.1 - ., ,
. .. . .

. . .

g_ ,

-
- -

- ' ' " -

8- ,
,

.
. .

. . , ,

7
.

.

' * *
-

6-

.

5-

.i 89;. . . . . . . .
4. . . . . . . . . . . . . .

3 4 5 6 7 89, 2 3 4 5 6 7 89 2 3 4 5 6 7

0.01 0.1 1

Nb
O

,

Figure 3.6-4: Plot of the Kuhn steam /hclium data along with the Kuhn et al. [1993] $
helium correlation for 24 steam / air runs. The ordinate is equivalent to l- p,

J, nf.2
'

r H
. . -

t



v. v v. v v v v v v . v. cv,
-

.

|24 Steam. Helium Mixture Runs |

---rr--- -r -

1.1 - r-- - - - -

i i
-

.
.

r

= 9
. . , . . . . - - - - -. . . . . ,. . . . _ . .s_... . .. j _ . . . . . . . . , . . . . . . , , , , ,

+ + + -

+0 $e
.+ N; 4+.3-+~

- - - - + - + + - + -
0.9 - -- - - - - + -- -- - 1 --

++ ++

.y +4 + 4 k-f+
--4-- 40.8 - - ~ ~ , - - + - -

+ ++ i

A --

---'--4 S=k k+ - *
- 1 - --- +1 + E-

40.7 - +--
-

+ - ! &+ - - - -- -

k g- + ; ++ --"-
;

- ~--+*- - 1-0.6 - 9i+a '

5w

b n5- -. -. .4fp4 - - -- + . n-
~

o-

{' 8-
++L + + E. + - - -V

+ ~ -, , "

I
y . +-f-- +- t- -*

0.4 - + ;~ - *

i i
' p 4+ +

--k. k b-- f=M *f 2+0.3 - C -

Y [ ++4 +- - - 12= 1 -aMa a=35.81, b=1.074 0.003< Ma <0.01
11 = f 1 T * (1 + 7.32 * 10"* Re.f)

0.2 - H - ;- .

a=2.09, b=0.457 0.01 < Ma <0.1+'
i '

0.1 - p- - 9 i a = 1.0, b=0.137 0.1 < Ma

STD=0.1297
| 3

- - - "T - - El
0.0 - -

-
- A-

| I I I I I I I I I i 1

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

f
_

'

Kuhn, cort

20 - i

Figure 3.6 5: Plot of the steam / helium mixture experimental degradation factor versus

the degradation factor predicted by the Kuhn et al. [1993] helium )#,.

l
N'l Ie

conclation. d ,

- -

.w ,

4 ...c .-.-- _ . - . . . . . - - -r.. . . . ~ . . , , , . . . - . . . .- . - - , . . . . . . . . .,,m.,.. . - , . . . ---_u-., ...,.__--,.~w-.-..~. - ~ _ . _ _ _ _ _ _ - - _ _ _ . . _ _ . _ _ . _ _ _ . _ - _ _ _ _ _ _ - . _ _ _ --



'
- ~ m v v v v m- v v m,

.

.t

< - W ++ +-

'*+.+_-.._.._._.....+y..._......+i_+;.._..
-

10000- ~r~+ --- -' ~

g. L. . .. , . .. + . . . . i . . _ . . . . _ . . , . . . _ _ + . . . . . . . . . . . . . . .
.

4 - Y -- Y-* - -i -
i - - -- " 6 - L-~ i

*:- L l- L-
- -

- - -. . . . -' . . ~ . . . .. . . .

- . . . ;g.+.-_ i. & t-+: - + ...+; . _.8-
: .

. ~+...,.....,i..:

7 + i

: . y--
. .

.

-

- - - ( g. g+ t -
-. ..m:!ie- 7- r

.

.

i
.

. .

1 7 - F+ .

! : - + --+-:
+-{- -- -+- r - 7-- - 3 -+ -- rs- +--

f: + i ! . . !i'
.

. i.47
: i

. . . , , .
. <

. 3_
;

. ,
,

4 .._ . . . ., .

+i +.g g +e ' -

p- p+.-- -+. -- - --t - - - - + - - - - .

'

a. !

p
4+---:.

! . .
=

~ ,

--- - ------, -- y+ +4q .
-

jE 3- - - .- - -

~

.# i pg
7 + ig h .[

.

I :e

@. ,. %:+ g.. . . .2 d. .. . ; .. ._ ., . , . . , , , .8 ;_ , , ,

i

9 +

1000- t-+ r - +
- M+ .-r-+ ,m - i t- +-4-im

9 . . 4 . .. . _.i. . . +,%. 4 . _ { _. p. 4 4.. p. 2 1._._ .. .+._. 4. 4._ j.
. :......!....: : :

. . i +.. . t . _+ .. i _ . _ ...9.4.- . . -._...s....-..: . , .

g. ,_.t_....9.. .

- l- $ -b-- ~ ' i- ----L---+--b-+---'-

iI' - -W t-7- 4-+ i
'

+
6- - - f -% - - - -

7
- -?

S- i- - -

. . . . . . ....g. . . . . . . . ,

6 7 89, 2 3 4 5 6 7 89 2 3 4 5 6 7 8

1000 10000
2

N. o..co,, (W/m C)

CFigure 3 6-6: Plot of the heat transfer coetricient predicted by the Kuhn et al. [1993] Nsteanvait correlation versus the heat transfer coctricient predicted by the

kVierow and Schrock correlation. n
--i

. . -. . . __ _



x
,

.

DQh~O' NEDC-32301

iO

'

.O

comparison or r2 correlations
O

I %.. :

\s
N ~._
' ' ~._, ,

O W . _ * --, .'
0.1 s

'h V&S
U i

N - - - Kuhn
,

O o.o,
i

,

0 0010
0 0.2 0.4 0.6 0,8 1

,

Air mass fraction

O
Comparison of the f correlation of Vierow and Schrock and Kuhn et al.Figure 3.6-7: 2

[1993] plotted against air mass fraction.

O

|

a.

: . r, ,e. . ~
9- 3-25 ..;.-,

' i;
.

|
.,

!



U U U U U U U U U U Q

.

jQQQQ_ .....j.. . .i.. . 1. . .. i . . . . 9. . ._ . .. j. .._._ j .. . . . i .. . .j . .. . . . . ..__{._.. ...

. .
; +9

-
- +. . . .+++p,_ .

i ;;
. . -;..L

4,.

[yMjd2 i .|:
;

,

3_ ,. ,.. . . , . . . :

O i.d, , . . ......4 ,

e ++: +hE
4- 7 .. -.4 ,- 8 ----s 3 . -r- -, . . . . . --

k+ z
%

li +4 i
.

2+" +
! m

- 4 -- t---- --i - -- t - - - i .- C)------ -

g+ 4 -
.

O
u 2- - -- + - - ; - - + - - - - - - ++E % + - . ! 6w a ++ + i Os I + O

+ + 4t _

-

+ +g -
+ .,

-t--| 1000- + -+ - 1 - -w
. . Jh . . ... . +._ .3 3. . .. . 4.. ..

e. .
..i_....+.......

9 . . . , . .
'

.4p . ;. +
..,

.9 .,.

.. g . .;. . ;. .;. ..i_7 . 4 .;

s. t......:...,... . . . ... . . - . . , . . . . _

.,

66I i i i 5 5 i i 6I i
1000 10000

2
Hypac_o (W/m *C)

0
' ;u

Figure 3.6-8: Plot of the heat transfer coemeient predicted by the Kuhn et al. [1993)

J.' steam / air correlation versus the heat transfer cocmcient predicted by the

correlation currently in TRACG. y

e



e '

4 e u u u u u u u q
'

e

+
. a- +a. _ ~ . . -;f + .

- -- r
- - -

>

- - --
- - - r

10000- t......

9 4._ . .r. .
. . . . .

.. _ . . . .
._ .

. .
.=~!_+. M i

. t,i. .. : +
. - . - .- .. .

. - . . . . . .
._ . . .

,.

b --+_ ---l -

. ~ . #M +..y+.-. i._ ._ ..,
6- L- i --+ --

- - -"-

' _ ..-#1
.

;

!
_ , _ _ _. e .. . . , , . _ .. . , . .

3 ;_ ,_ +..
+ L.. . . . - . . .

...4 p. 4 .
F .

. . . . . . . - . . . . . _ . .

4 .._.......&..

3 . . .
-

- . + f j+P pt.__
.

, .m . g
k.

.

- '

+
! %+

+ '
$,

+ k +y+
+ '

' W. +
hs S0 + *$ '"

!+ ! + * 4g .

1 Y+b - - -- - + -+ i - - - -
-

9. . . . . " . . ._ ! . .. 4 + .. + p.. . . . p... ..:....;....L._..!......_.._..._..__........._._..1000- - * 4:

c 4 --

- +4+ 3: --
- +-+--j-' -+-

e- v- - +

1-
- , -

7.. , Ft- :
-

-e

+ . . . . .
.

s . , + , . . ,

5-
- i- -

"- - - - i- ~-

5)dhI h 5 E $ 5hd5I h 5

100005
1000

Ni e.mn

Plot of the heat transfer coemcient predicted by the Kuhn et al. (1993] C
Figure 3.6-9:*

M.)
steam / air correlation versus the heat transfer coemeient predicted by the

h,

Vial correlation. n
_t



a # U U u U v U U u t,|

.

+:

10000- - -

'.
- - -

-ri~
. ++

; . _ . . . -f+ h+ .

. . . . . . . . . ..g_

,_ . . .

. j. bq~ .. . . . . . ._.. -, .
7 ,. . . .

,_ 2 .... . ; . . _ . . . i . -.- . .-..

~'''~"''~^i - T" ? -"
-~ 7

5- -- - - - - t -- i -' ' - } - - - - " ''
"

3 - [p.i + - . - - .

_4. . ..p4 . . . . . . , .. . . . _ _ . . . , . .

++
-

"

. _ . . .._ i- f-..;..- s_.. . . . - - .

3 . . . . . .

t

!-.e *+t -
- -

2- - - . .

y : 4+
'

2
= - toM +h A g+ c

~ *
- hy4 +; ;

+:

ih
1000- - - f+ . . _ . . ' . . . . ' . _

^ - ~ ^ ~ ~ ' '
~~ ~

~'-

. - - - + - i

. . . . y+.. . .; .1
.

. . . - - . . .

,_ .. .

,_ _ _ . . . .4f
... :. .. .p ...-i - - - - - -

,_ . . g. . . . . .. -

t 4ti -
- -- - -- i

6-

; ; ; j5- *
, , , , , , ,

I
, ,

5 6 7 8 9 2 3 4 5 6 7 8 9 2,

1000 10000
kg.wrr

il
Figure 3.6-10: Plot of the heat transfer coeflicient predicted by the Kuhn et al. [1993] - ~f0*

-

steam / air conelation versus the heat transfer coeflicient predicted by the -

- Ogg correlation.

*d

- _



O O o o O O O o o o o

.

. +

14x10' - i~ -- - - - - - - - - - - I- -- -- p
-

*+
+
+

- - --- i

12- -- - - - - - - - '-
--- - -$ ----

+ + +++^

? g+ +4
k- .

H2-|tf ...
. .? 3g_ ,. - +

E -, 2+
~4 . + 4 ++ -

-

8e

$ -+- O

tt _ b __ _ _ .. - b
c Yb _ _ F__;4*4

-

wg_* e
f. -

$ >Y I 1
6- -

- - *-

4- -
> -- -

--- +- -- -l-

1 I I I I

6 8 10 12 14x10

fi (W/m# C)cn.nxa,

CFigure 3.6-11: Plot of the heat transfer coefficient predicted by the Kuhn et al. [1993] N.

steam / air correlation versus the heat transfer coefficient predicted by the
3 k( Chen (1987] correlation.

~1'1
4.



prO O)Arb*. .

l~NEDC-32301

4. DISCUSSION

e
4,1 Impact on TRACG Analysis

The results presented in the previous section show that the correlation in TRACG

predicts a higher heat transfer coeflicient (htc) than the Kuhn correlation. The potential)
impact of this result on the post-LOCA containment performance analysis should be

evaluated by considering the overall thermal resistance from the steam inside the tube to

the pool outside. Typically, the current TRACG correlation predicts that the inside
resistance is about 25% of the total. From the results shown in Figure 3.6-8, the Kuhn

.)
correlation would raise the inside resistance to about 35% of the total resistance. The

effect of this change is equivalent to a 20% reduction in the condenser heat transfer area.

Kim et al. {l993], submitted to the NRC in February 1993, presented the results of a

TRACG sensitivity study in which the PCCS heat transfer area was reduced by 33%. It
'3

was shown that the effect was to raise the containment pressure by 17 kPa (2.5 psi) For a

20% reduction in heat transfer area the expected effect would be a 10 kPa (1.5 psi)

increase, In the same reference, it was stated that improvements in the containment model

had resulted in a decrease in the peak containment pressure relative to that presented in

GENE [1992], submitted to the NRC in August 1992. The magnitude of this decrease is

larger than the expected increase from the use of the Kuhn correlation. Thus, the peak

pressure predicted with the current model and the Kuhn correlation will be less than the

value presented in SSAR.)

An additional indication of the relatively small sensitivity of predicted condenser

performance to a reduction in the inside hte is provided by the comparison of TRACG

predictions with GIRAITE data presented in Andersen [1993], also submitted to the NRC,
J

in February,1993. Those comparisons, made with the Tsukuba correlation, show

satisfactory agreement of the TRACG predictions with both the Step 1 steady-state

condenser performance, and Step 3 integral system test results.

'

4.2 Applicability of Kuhn Correlation to IC Tubes

The applicability of the Kuhn correlation to high pressure pure se.am environments

will be addresci initially here in this report and also in Schrock et al. [1994] and Usry,
{l994]. The IC tubes operate at pressures near 70 atmospheres. The maximum pressure

tested in the university tests is 5 atmospheres. The data of Kuhn are well correlated over

4-1,
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the range of 1 to 5 atmospheres. Pecause the IC tubes will generally experience minimal

degradation due the presenc' of noncondensable gases, the f correlation is not critical.2
)

The f,, correlation, on the other hand, is relevant and include first order effects of

term. As the pressure increases the shearpressure in equation 3.6-10 in the 0.023/pg
enhancement is reduced in a linear manner. The sensitivity of the TRACG analysis of the

IC performance is expected to be very small because the limiting resistance is not the gas-
)

side resistance. Because the ICs contain only small amounts of noncondensable gases and

have thicker tubes, the gas-side resistance will be an even smaller part of the overall

resistance in the IC's than it is in the TRACG PCCS performance analysis. This will be

addressed funher in the final report on the university single tube condensation tests (Usry
) '

[l994]).
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5.0 SUMMARY

e
When this experimental program began, there was no known local heat transfer

data or correlation for forced flow steam condensation inside of tubes in the presence of

noncondensables. At two Universities, five experiments using four different test rigs have

now investigated this phenomenon. Lessons learned from each of them were applied tog
subsequent tests, such that the final test at UC Berkeley has produced a correlated data set

with a standard deviation of only 18%. The effect of the most recent data on the SBWR

post-LOCA containment analysis has been evaluated by comparison with a previous

sensitivity study on PCCS heat transfer area. The results indicate that the effect is smallg
and bounded by the peak containment pressure presented in the August,1992 SSAR. An

additional GE report will document any new work at UCB and MIT completed afler this

report.
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