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Abstract

In nuclear reactors of he Magnox or advanced gas Cooled type,
serpentine tubing is used in sorne designs to generate steam in a once
through arrangement. The calculation of accident conditions using two
phase flow codes requires knowledge of the heat transfer behaviour of tile
boiler steam side. A series of experiments to study the blowdown
characteristics of a typical serpentine boiler section was devised in order to
validate the MARTHA section of the MACE code used by nuclear Electric.
The tests were carried out on the Thermal Hydraulics Experimental Research
Assembly (THERA) loop at Manchester University.

Depressurization from a initial pressure of 60 bar, with fluid
subcooling of K, 50 K, and I OOK was controlled by discharging the test
section contents trough suitably chosen orifices to produce blowdown to
I 0% of te initial pressure over a time scale of 30 s to 3600 s. Pressures and
temperatures in the serpentine ere easured at average time intervals of
approximately I s.
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Introduction

In the analysis of the safety of nuclear reactors, two phase flow

codes are used to predict the outcome of hypothetical accident. Codes

such as RELAP [1] and TRAC 2 have had some success in

predicting events in water cooled reactor, but they have been

continually modified and refined as a result of numerous comparisons

with experiments, both small scale and large scale. The prediction of

events in gas cooled reactors, being single phase on the primary side,

has led to te development of codes such as MACE 13], but te boiler

model still requires a two pbase low program, ad this is

accomplished n te MARTHA section of MACE.
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In both gas-cooled reactors and conventional plants, the boilers

are normally modelled as time dependent one dimensional flow

systerns. Since most of the concerns of reactor safety have been about

tire therrnohydraulics of the primary side, boiler model validation has

not been given the same attention. The gas cooled reactor boiler

dcsicm differs from water reactor construction in that serpentine or

helical tubing is used. Serpentine tubing in particular has long lengths

of horizontal piping, connected by 180 bends, and hence buoyancy

forces on the flow are radically different. To address some of these

problems, a set of experiments was devised in order to provide

validation data for the MARTHA subcode. These experiments were

mnducted on the Thermal Hydraulics Experimental Research

Assembly (THERA) loop of Manchester University.

THERA loop was designed as a forced circulation loop with a

heated riser tube power input of 200k VA, serpentine tubing was

installed as the main test section. The loop was constructed to address

the above problems ad as a general test facility for conventional and

nuclear reactor boiler tubing. It was also used to study fundamental

processes in flow boiling and to develop techniques in two-phase flow

measurement.

The results obtained showed interesting stratification effects in

dr tubing, with substantial variation in circumferential Nvall

temperatures, ad in some cases complete dryout of the upper passes

of te serpentine. Fluid discharge rates followed a consistent pattern

for orifice diameters above I mm, but below this value discharge rates

changed significantly. Preliminary comparison of the results with the

predictions of the boiler section (MARTHA) of the gas cooled reactor

code MACE showed reasonable agreement with the depressurization

irate :- orifice sizes above 2 m diameter. The code was not capable
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of predicting stratification effects at te time and some modifications

have been made to the modelling to allow for stratification.

The Experimental Facility

Figure I shows a schematic of the THERA loop. The riser tube

forms the lower half of the riser section and is resistance heated

electrically by the thyristor controlled OkW supply. This feeds the

test section currently a serpentine) with steam-water mixtures of

variable quality and the outlet goes to the blast cooler located at the

highest point of the rig. The cooler controls the fluid conditions

entering the downcorner section, and delivers subcooled water to the

pump. The lower part of the downcomer houses the orifice plate and

venturi meter flow measuring devices, and delivers the fluid to the

base of the loop, where the flow is controlled by an air actuated valve

before returning to the riser tube inlet. Maximum operating

conditions in the riser section are 180 bar and 450 'C. Whilst the

do,.N-ncomer temperature is limited to 350 'C. The tubing materials

used were ASTM A312grade F316 or F321 stainless steel, except for

the heated riser and test section where Nimonic 75 was chosen. Wall

thickness sizing conformed to either BBS806:1991 or ANSI

1336.19m:1985 with a design pressure of 200 bar and a corrosion

allowance of 10% at the maximum operating temperatures.

Proprietary Grayloc fittings, confirmed to the above standards were

used to join sections of piping together.

The Test Section

Figure 2 shows the dimensions and layout of the serpentine test

section. Ten passes were cut from the top part of a typical AGR boiler

tube bank to form the working section. It is constructed from
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Ninionic 75 alloy with numerous butt welds with an outer diameter of

39.06 mm an inner diameter of 29.4 mm. The bottom pass is of a

smaller cross section .D. 28.7-mm I.D. 21.7 mm) and is butt welded

to the larger tubing via a rducer. Proprietary Grayloc fittings

manufactured from 316 Stainless Steel Schedule 160 are attached to

bot eds. The bottom of the erpentine is attached to the main loop

at te riser tube outlet via special section, containing an air operated

quick acting valves and a drain valve. Straight tubing, manufactured

from 321 stainless steel schedule 160, is used between the valves, and

small lengths with Grayloc fittings either end completes the section.

At the top of the serpentine a similar section containing the

blowdown arrangement and aother air operated quick acting valve

joins the test section to the tubing leading to the blast cooler.

The Blowdown System

A cross piece attaching a branch line 190 mm long to an air

actuated gate valves forms the blowdown system. The gate valve

outlet is joined to the discharge nozzle housing by a 200 mm length of

tubing. Figure 3 presents the details the orifice plate design, showing

a hole drilled at the center f a stainless steel disc according to

BS] 042 specifications. Ten such discs were manufactured with hole

sizes varying from 065 m to 94 mm diameter. The nozzle housing

was achined from stainless seel block to accommodate the disc, and

a scre\ved arrangernent was designed to hold the disc in position.

Venting of the discharge to atmosphere outside the laboratory is

through a steam pipe attached t te housing outlet by a standard BSP

fittino,

A separate control panel was constructed to manage the systern

durffl,, blowdown. Two quick actingvalves were eployed to trap te
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contents of the serpentine when initial conditions were attained, and

after a suitable settling time the contents were discharged through the

gate valve and orifice plate to a discharge pipe connected to the

atmosphere.

Instrumentation and Data Collection

Twenty four welded thermocouples type k) were organized in

banks of two or four at the mid position on eight passes and one bank

was positioned at a slightly offset position on the upper pass. The

banks were arranged to measure wall temperatures at the bottom and

top of the tubes in the case of TC2 and additionally at the sides in the

case of TC4. Stainless steel sheathed Imm diameter tp K

thermocouples were inserted trough compression fittings to the

center of the tube to measure fluid temperature, as illustrated at the

right hand side of the figure. All four were located near the serpentine

bottom. One branch of the cross piece forming the blowdown section

had provision for a further inserted thermocouple, making a total of

five measuring stations.

A pressure measurement tapping (PM) was available on the

serpentine in close proximity to one of the fluid measurement

connections at the bottom of the section. An absolute pressure

transducer rated at 344 bar was installed on the end of a long length of

a narrow bore tubing connected to this tapping. The cross piece

forming te blowdown branch also provided for a further pressure

measurement A differential transducer capable of recording pressures

differences in the ranae 350 to 200 millibars was attached between

the two PM tapping across the serpentine and gave additional

information o test section behaviour. Two tappings were also

ava'lable across the blowdo-wri discharge orifice. Connections
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through narrow bore tubing to two 60 bar transducer or one

differential transducer rated at 30 bar allowed measurement of orifice

behaviour during blowdown.

Data was collected on a Intercole logger at time interval of I s.

Channels numbers to 23 measured the wall temperatures illustrated

on figure 2 channels 24 to 26 measured the fluid temperatures and the

remainder of the 32 channels logged were attached to the pressure

measurement stations.

Results

Using the MARTHA code, an attempt was made to predict the

diameters required to achieve the above blowdown times in the range

30 s to 900 s with an initial pressure of 60 bar to a final pressure of 6

bar. Orifice sizes of 065 mm to 94 mm diameter were chosen as a

result of these calculations, and a total of 20 experiments were

perfon-ned. At starting pressures of 30 bar, similar sizes were to be

employed. However, the initially fluid enthalpy conditions were very

similar to the 60 bar runs i.e. 'C subcooling was equivalent to 50 T

subcooling at 60 bar and 50 'C was equivalent to 100 'C at 0 bar.

Since the initial fluid enthalpy is the dominant factor in subcooled

blowdown, only one nin was made at 30 bar 'C subcooling using the

largest orifice 9.4 mm) to verify this.

Figure 4 summarises the actual blowdown times achieved to

I % of the initial pressure. Te values obtained were reasonably

close to predictions above an orifice size of I mm, but were seriously

adrift at the smaller orifice sizes. The figure clearly shows that there

is a branch point at orifice sizes around I mm. The changes in trend is

quite startling and attempts to achieve a ten minute blowdown proved

impossible. Very sall changes in orifice size and housing insulation
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arrangement could more than double the times, ad the effect of

subcooling became erratic. The time to blowdown with an orifice of

0.98 mm and an insulated housing was 850 s, in contrast to a I mm

orifice size blowdown of 2312 s where the housing was uninsulated.

Typical results shown for an orifice diameter of 7 mm at 

subcooling and a pressure of 60 bar. Figure gives the pressure

behaviour at the serpentine inlet (bottom end), and near the discharge

orifice (see inset diagram for the measuring positions). The orifice

pressure drop is also displayed on this diagram with a plot of the

saturation pressure corresponding to the nearest fluid temperature,

showing only a small discrepancy between the measurements and

thermodynamic equilibrium values. Figure 6 shows the behaviour of

the wall temperatures at the bottom of the tubes. The lower part of the

serpentine has slightly worse heat transfer conditions than the top of

the section. Tube top temperatures are very different Figure 7 with

evidence of dryout occurring progressively from the bottom to the top

in approximately 20 s.

Stratification is severest towards the inlet of the serpentine see

Figure 8), where a plot of circumferential wall temperatures highlights

the phenomenon. It is interesting to note that, before stratification, the

tube tops seems to have slightly better heat transfer conditions, as

evidenced by the crossover of upper and lower temperatures when the

tube begins to stralif�,. The effect of serpentine bends ma be

important here. Where strong stratification has occurred. ts

phenomenon is easily discernible in all the results. Dryout and

rewetting of the tube tops can also occur during the blowdown.

Figure 9 shows the results for a 468 mm orifice diameter wit an

initial subcooling of 100T.
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The Differential pressure across the serpentine is sown in

Figure 10. This figure shows: large oscillations during blowdown,

which diminish slowly with time. Since the transducer lines contain

liquid, when voidage occurs in the serpentine, the value may become

negative, and in the absence of flow in the system, would indicate the

density difference between the serpentine tubing and the transducer

lines. The differential pressure fluctuations increase in amplitude with

an increase of the orifice size.

Figure I I shows the circumferential variation of wall

temperature at the bottom of te serpentine for the 50 T subcooling

case, appear consistent with the previous results, but the fluid

temperature exhibits a peculiar behaviour. Some evidence of the

existence of superheated fluid ear the thermocouple, which is located

in the center of the tube, is present before stratification.

A change of orifice size to 468 mm produces qualitatively

similar trends. The time scale has now changed to reflect the longer

blowdown time. Figure 12 has the first appearance of a complete

dryout of the tube near the top of the serpentine, with an

accompanying temperature rise at channel 19 near the end of

blowdown.

With 100 T subcooling, the temperature excursions are

restricted to a maximum of 16.7 T, making it difficult to detect

substantial stratification. Fluid temperatures exhibit small

perturbations (Figurel3) and circumferential wall temperatures sow

the same percentage variation as the results for lower subcoolings.

The smaller orifice size f 1.05 mm produces blowdown times

of approximately mins. For the lowest subcooling, substantial

dryout of the tube bottoms occurs (Figure 14) near the ed of

blowdown. with no defined direction of moverrient. The dryout
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appears to move from the top first (channels 19 and 15), and then the

bottom channel 5, with intermediate locations drying out later on.

The 100 T subcooling case shows oscillations in the pressure

difference across the orifice plate (Figure 15) and fluid temperature

fluctuations with strange behaviour (Figure 16), lying between the

wall temperatures. However the absolute values of these disturbances

is quite small (approximately I to 2 Q, but seem to indicate some

then-nodynamic inequilibrium. For all subcoolings at this orifice size,

there appears to be much smaller variation of parameters along the

length of the serpentine.

Below 1.05 mm orifice diameter, the blowdown times become

unpredictable and can be extremely long. During these slowdowns,

temperatures and pressures are well behaved with little evidence of

stratification, or streamwise variation.

Conclusions

The results indicated that the following conclusions can be

drawn:

• Blowdown times to 10% oof the initial pressure for serpentine

tubing are primarily dependent on the orifice sizes, and do not

change substantially with initial subcooling or pressure. Below

sizes of approximately 2 mm diameter, the mechanism of discharge

changes substantially.

• Serpentine tubing is likely to stratify under depressurization NNith

large circumferential variations in wall temperature developing.

• Dryout of tube tops proceeds from the bottom to the top of the

serpentine at a rate of approximately 2 m s-I after the tube tops

have experienced slightly better heat transfer than the bottom.
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• Tube tops may dryout and rewet for short periods during

blowdown.

• Reasonable predictions can be made for orifice sizes above 2 mm

using one dimensional time dependent codes with conventional

discharge models, provided stratification is allowed for in the

calculation of heat transfer rates. For smaller leakages, current

discharge models are inadequate.
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