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ABSTRACT

Experimental investigation of the cooling of a uniformly heated tube,
forming the heating surface of an annular space and presenting a simulated
fuel element; by naturally circulated boiling water was presented in this

report.

It wvas shown that accurate prediction of the surface temperature of
the heater cannot be made without taking into consideration entrance and
end effects. Thig can be especially important in case of short heaters,
where the entrance length may be a coasiderable part of the total heater
length, The wall surface temperature in the asubcooled region can be pre-
dicted by a knowledge of the heat transfer coefficient in the convection

and nucleate hoiling regions.

The rate of increase of coolant mass flow rate with increase in

inlet conolent temperature (also with increase in power) increased con-
siderably once net boiling started in the test section. However, this
rate of increase decreased to low level, once the steam quality at the
exit exceeded certain value, At atmoaph;ric conditions, the correspond-
ing exit steam quality can be as low as 0.03, and is attributed to the
high void fraction and low rate of its increase at such low steam guality.
Such behaviour can be important in predicting the performance of natural

circulation boiling reactors.

The effect of diameter ratio onm the témperature disgtribution of the

heater was insignificant, and was mainly in the entrance region.

The coolant macs flow rate showed a maximum at the intermediate

diameter ratio,
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NOTATION

heater surface area.

specific heat of water. -

inside diameter of annulus, or outer diameter of heater tube.
outside diameter of annulus; or internal diameter of glass jacket.
equivalent diameter.

heat transfer coefficient.

heat ‘ransfer coefficient in the convection region.

heat transfer coefficient in the subcooled region.,

heat transfer coefficient in nucleate regiom.

heat transfer coefficient in the two phase flow region (region 4).
maeximum heat transfer coefficient at the end of region 4. |
ligquid thermal conductivity.

latent heat of evaporation.

total heater length.

voiling length.

convection length.

length of the two phase flow region (region 4).

non-boiling length,

subcooled boiling length.

nugselt number. |

prandtl number,

heat input to test sesction.

vall heat fliux,

reynolda number;

slip ratio, *

heat transfer perimeter.

temperatuare,

coolant bulk temperature,

inlet temperature to test section,

saturation témporature at the coolant pressure.
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wall surface temperature.

minimum wall surface temperature in the subcooled region.
covlant velocity in test section.

Coolant mass flow rate.

steam quality.

steam quality at the exit. '

distence measured in the longitudinal direction: of the heater
from the beginning of the convection region.

same as Zc, but from he beginning of the subcooled region.
longitudinal distance in the subcooled region, where wall surface
temperature is minimum.

same as zc, but from the beginning of thg nucleate region.
sanme ac 7,y but from the beginning of region 4.

steam void fraction.

exit steam void fractionm.

liquid density. '

average density in downcomer,

average densgity in test section.

vapour density.

liquid dynamic viscosity.

film temperature drop.



1. INTRODUCTION

it was acknowledged, long ago., that boiling water reactors, as a
heat source for power generation, have gome important advantages over
other types as the pressurized water and gas cooled reactors. This is
partly due to possible elimination of some of the expensgive items as
the heat exchangers in the boiling system; and partly due to possible
lower coolant pressure compared with the pressurized water type
and lower pumping pcwer requirements and pump capitel cost i
compared with the gas cooled reactors. However, the developing of f
‘boiling water reactors has been initially retarded by the doubts present
at that time, that using a boiling liquid as a reactor coolant might
not lead to a safe, stable and reliable system; and the first power
rzactors, the world has seen, were either of the gas cooled or the pre-
sgurized water type. But from that time, when thcge early reactors
started operation, extemsive research work began to investigate the
possibility of allowing boiling to occur inside the reactor core without
affecting the high reliability and safe operation that should be built
in them.

The most important thermal and hydraulic problems present in a
boiling system, that reflect themselves on other aspects «f the design

of boiling weter reactors are :

(1) Temperature attained at heating surfaces of fuel elements;
(2) Critical heat flux and its dependance on flow parameters;
(8) Density distribution ir reactor cores

(4) Pressure drop in reactor channels:

(5) _Hydraulic stability of the boiling system;

(8) Vupour-liquid separstion.

- ‘While most of* these problems are similar to’ those met in thé design
of conventional hoilers, neverthless the degree of their importance nay
be greator~in the. case’ of nuclear boiling reactors. |
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Recently, the Reactors Department in the U.A.R. Atomic Energy
Rstablishment began to have interest in boiling heat tramafer and its
application in reactor cooling. A research programme was made to cover
some particular research points of general interest in thias field. One
of the problems included in thias programme is to study the heat trans-
fer from a reactor fusl element to a boiling liquid, and for this inves-
tigation a rig with a simulated reactor fuel element was designed and
erected. This work represents an experimental investigation using the
above mentioned rig. The investigation involve the cooling of the
simulated fuel element by a natural flow of water obtained by virtue
of the difference in dengities between the fluid in the vertical test
section (simulated fuel element) and a relatively cooler downcomer in
the rig.

2. DESCRIPTION OF THE APPARATUS

A brief description of the rig is given hereafter;, its full details
are presented in / 1/.

The rig was a closed loop, made from stainless steel;, and consisted
essentially of a test section; a cond - nser, preliminary heaters; a flov
meter, a surge tank and a centrifugal pump. The pump was ingerted in
the loop for forced convection experiments, and hence was not used in
the experiments presented in this report.

The test section consisted essentially of a glass jacket and a
atainless steel tube; 90.5 cms long, used as a hentero The outaide
diameter of the heater was 1 cm and vas kopt conatant at all runs. Tho
inside diameter of the glass jacket was changed in thrae stepu leading
to diameter ratio of the annular space of the test aection of 2, 2.5
and 3, a series of runs were made at each ratio. The working pressure
offﬁpe_r;g was keptmpean atmospheric conditions by keeping the asurge
tank open to the atmosphere. The water entering the test section was
slightly subcooled. The amount of gubcooling was varied from 3 to 12°C,



Few runs were made with high subcooling leading to single phase flow
in the test section. The fluid pressure was measusred at inlet to and
outlet of the test section by means of mercury manometers. Power
regulation was rade by voltage regulation across the heater tube. The
pover was 6.1 KW and the corresponding heat flux at the heater surface
was 20.9 wutt/cmz. The surface temperature of the heater was measured
by means of nine copper-constantan thermocouples embeded in the thick-
ness of the heater at equal longitudinal intervals, and electrically
insulated from the tube wall by means of a suitable insulating materjal.
The fluid at the outlet of the test section, which was a mixture of
wvater and steam, flowed to the condenser where steam was condensed and
some subcooling was introduced. During its flow through the downcomer
the water temperature was increased by means of a preliminary heater.
The water was then directed to a flow meter, and then further preheat-
ing was made to the desired subcooled temperature just prior to the
inlet side of the test section. The power input to the vertical pre-
liminary heater and the setting of the valves were kept constant at
all runs. Degasing was made by circulating the the coolant near
saturation temperature with the main heater and pre-heaters switched

on for about two hours.

3. EXPERIMENTAL PROCEDURE

3.1 Eerrimental Measurements :

During each run the following measurements were made :

(1) Temperature of the heating surface in the teat section at
nine equal intervals in the longitudinal direction.

(2) Water temperature at the inlet to the test sectiion; and
mixture temperature at the outlet of the test section.

(3) Water temperature at the condenser outlet.

(4) Coolant flow rate through the loop.

(5) Inlet power to the test-section.

(Y

N
' - 2
[ * W b 23 . . v (%] ! - &



(6) Inlet and outlet temperatures of the secondary coolant in
the condenser.

(7) Flow rate of the secondary coolant in the condenser.

3.2 Methods of Experimental Calculations s

3.2.1 Exit steam;ggalitz g

The exit steam quality was calculated from

2 _ -
X; - W c (Tsut Ti) (1)
L

EBquation (1) was obtained from a heat balance in the test section,
Heat losses to the atmosphere through the outside surface of the glass
jacket; which were estimated and was found to be small, were ignored

in the previous expression.

3.2.2 Boiliqgﬁlenggh g

~

The boiling length was calculated from

YLX
b . —=
b 0

According to equation (2) the boiling length represented the length of

(2)

the test section at which nucleate boiling and other forms of advenced
boiling regimes (plug, slug and annular two-phase flow pstterns)
happened. The length at which subcooled boiling occured was not inc-
luded in the boiling length.

The non-boiling length (enb = ﬂ - Qb) might also be calculgted

from o

c (T - T,
anb = . s;t 1) (3)

3:.2.3 Local steam ggulifi’s

Since the heat generation was linear in the test section, the

local steam quality varied also in a linear manner and was calculated
from



- (-z—-—-ﬁg'l'i)(wﬂr) ror L, ¢2¢ 0, (4)

3.2.4 Local heat transfer coefficient

The local heat transfer coefficient at different points along the

test section was calculated from the following expresaions @

(1)

(2)

In the boiling region Sﬂn] § Z g £= Z g

b = g (s)

In the non-boiling region (0 {7 ¢ Enb) 3
The region might be divided into the following two sub-regions:

(a) Single phase region :

This is the region confined between the inlet of the
teat section and the point on the heater surface where the
first nucleation site started nucleating. In this region

the heat tranafer coefficient was calculated from

(8)

(b) Sub-cooled boiling region 3

This is the region confined between the point on the
heater surface where the first nucleation site started nuc-~
leating and the point where the bulk of liquid reached the

saturation temperature.
» '

Since tho driving force 1n any boiling systom is the
temperature difference (T sat)’ the heat tranafer coof-
ficient in this region is normally defined as in the boiling
region by oquction (5). Howevor, at the boginning of thia




region where the number of the nucleating sites is usually
small to affect the mechanism by which heat flows from the
heated solid surface to the bulk of liquid & definition for
the heat transfer coefficient as in the single phese region,
given by equation (6), might be mors appropriate. Also
using equation (5) leads to discontinuity in the heat trans-
fer coefficient at the beginning of this region, since at
this point the heat tranafer coefficient will be calculated
in the single phase region from equation (6) and in the
subcooled region from equation (5). The two expressions
will lead to two different values for the heat transfer
coefficient (h) since the bulk temperature (Tb) is less than
the saturation temperature (T”t)° Such discontinuity in
the heat transfer coefficient at that point, which is due to
different definitions, has no physical justification; and in
fact it does not exiast, Moreover, at the end of thia region,
where the heat transfer from the wall surface to the bulk of
liquid is mainly due to subcooled boiling, the bulk tempera-
ture is not much lower than the saturation temperature and
equations (5) and (8) lead almost to the same value of (h).
Because of this the heat transfer coefficient in the non-
boiling region was calculated in this analysis from equation
(6) and shown as full lines in Figs. (1) to (6). Additional
presentation of (h) in some of these figures, calculated from
equation (5), wvas shown as dotted lines. The start of sub-
cooled boiling was detected in the experiments by visual.

means.

3.3 Prror Estimation in Experimental Re€aults :

The temperatures of the heater surface ﬁeaaured by the embeded
thermocouples were corrected to take into account temperature drops
between the position of the thermocouples nnd the outer surface in
contact with the coolant.



The coolant flow rate measured by the flow meter was corrected to
take into account density variations between calibration conditions at
room temperature and actual experimental conditions near saturation

temperature at atmospheric pressure.

Correction methods and a detailed error analysis are presented in

é-g7o The maximum errors in the measured and the calculated parameters

were estimated as 3

Parameter Maximum error (+)
power () 3.48%
flow rate (W) 2.5%
exit steam quality (xe) 15.0%
heat transfer coefficient (h) 10.0%
wall surface temperature (Tw) 0.853°C
coolant temperature (T) 0.612°C

The maximum percentage error in the exit steam quality corresponded
to the case when the steam quality was low (i.e. low heat flux and high
subcooling). As the heat flux was increased and the subcooling was
decreased, the exit steam quality increased, and the estimated percent-

age error in it was lover than the prequoted value,

4. ANALYSIS OF EXPERIMENTAL RESULTS

4.1 Surface Tomggrature Distribution :

The surface temperature, the fluid bhulk temperature, the heat
tranafer coefficient and the steam quality at difforent'points along
the test section are shown in Figs. (1) to (6) for a diameter ratio of
the annular space equivalent to 2/1. Fbr comparison, the curves in
Figs. (1) to -(8) are "shown for'different inlet temperstures of 9I, 95
and 99°C at particular heat fluxes of 10.58, 16.75 and 20.9 wutt/cn ”
respectivedy, ‘and vicoaverSa for ‘the curves shown in‘Figs. (4) to (6)

. .
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The curves show peculiar wall surface temperature and heat tranafer
coefficsent distribution in the longitudinal direction of the flow
especially at the inlet part of the test section. As an example, the
wall surface temperature increased in Fig. (2) at the inlet in the
flow direction when the inlet temperature and the wall heat flux were
91°C nand 16.75 vatt/cm2 respectively. When the inlet temperature was
increased to 99°C, the wall surface temperature at the inlet decreased
in the flow direction for the same wall heat flux, Similar peculiar
wall surface temperature distribution appeared also at the exit of the
test section. In Figs. (4) to (6), the wall surface temperature in-
dicated by the last thermocouple was higher than the tsmperature
indicated by the two preceding ones., This no@icahle temperature rise
at the outlet of the test section, which was observed in most two
phase flow runs, was not present in the single phase flow runs as that
shown in Fig. (7).

Before such temperature distribution can be explained; the diff-
erent mechanisms by which heat flow from a heated surface to a boiling
liquid in a flow channel are briefly reviewed. End effects, which
modify the temperature at the inlet and outlet of the channel; are
ignored at firast then analysed separately. The temperature distribu-
tion at the entrance and outlet of the channel is dependant on the
combined contribution of end effects as well as the other heat trans-

fer mechanisms.

4,1.1 Heat transfer from & uniformly heated surface to a boil;gg
liquid (end effects ignored) s :

The heat transfer coefficient from a uniformly heated surface
placed in & long vertical channel to a fluid varies in the direction
of the flow as the fluid varies from the pure liquid phasze at the
inlet to the pure veperr phase at the outlet of the channel. Such
heat tranafer coeffiéieqt distribution is shown in Fig. (8). The

different regions, presented in this figure will here-after be briefly
discussed s



Region (1) s

In this region, only subcooled liquid is present in the channel.
The mechanism of heat tranafer is by single phase convection. The
heat transfer coefficient is almost uniform, the slight rise in its
value in the flow direction is due to change in physical properties

of the liquid as the bulk and wall surface temperature increase.

Region !22 8

This is the subcooled boiling region, In this region vapour
bubbles, which are formed in a thin superheated layer near the heated
solid sarface, collapse as they move far from the solid surface in
the bulk of liquid. At the beginning of this region the number of
the nucleating sites iz small to affect the mechanism of heat trans-
fer, and the heat transfer coefficient is that of a single phase flow
as in region (1). At the end of this region the bubble population
increases considerably, and their growth and collapse become vary
effective in modifying the value of the heat transfer coefficient which
approaches that velue of nucleate boiling in region (3).

Region (3) s

This is the nucleate boiling region. It begins at the point
wvhere the bulk temperature reaches the saturation temperature. The
heat transfer coefficient is high and almost uniform. The two phase
flow present in that region is sometimes called "bubble flow".

Region !4! 2

In this region, vapour bubbles accumulate and coalesce at the
core of the channel forming what is sometimes called "plug, slug and
annular flow", The change from plug to slug and finally annular flow
happens in the direction of the flow as more vapour accumulates in the
channel core. The important feature of that region is the presence of
a thin film of liquid surrounding the heated surface. The thicinesa-
of the film decreases in the flow direction causing a contipuous in-
cééésé in the heat tranefer coefficient.

: |

e s
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Region (5) :

This region starts when the liquid film vanishes by evaporation
and vapour comes in contact with the heated surface. A sudden drop
of the heat transfer coefficient happens, followed by a more flat
distribution, In this region liquid drops are distributed in the
vapour space., The point at which the heat tranafer coefficient asud-~
denly drops is known as burn out "“or dry out®. The surface tempera-~
ture riseas considerably in that region, and in some cases damage to
the heating surface happens either by melting or distortion of the

heating element.

Region !62 8 )

This is the region of superheated vapour. It starts at the point
where the liquid drops, present in the vapour, disappear. At that
peint the vapour is just saturated, The mechanism of heat transfer
is by single phase convection, The heat transfer coefficient is gene-
rally lower than the corresponding heat tranafer coefficient in the
ligquid phase at the beginning of that region; but it approaches it and

might exceed it as the vapour is further superheated.

Dividing the flow pattern to the previous regions is very general
in nature. Majin Parameters (e.g. heat flux and mass flow rate, etc...)
might have a considerable effect in modifying the regions. For example,
for the same mass velocity burn out might happen at an earlier stage
than in region (4) if the heat flux is increased beyond a certain limit.

The first four regions were generally present along the heater
length in the experimental work. Their position and hence their ;on-
tribution depended on the level of heat flux and inlet temperature to
the teat section. The last regiona were not presgent, in fact the _
combination wall heat flux and imlet temperature were regulated to
avoid heater damage by burm out.

For simple analysias, the heat transfer coefficient in each of the
[ f v i k
four first regions may be approximated by a linear distribution in the
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flow direction as shown in Fig. (9). In region (1) and (3) the heat
transfer coefficient is assumed constant., The film temperature drop
corresponding to the heat transfer coefficient distribution, and the
bulk temperature of the coolant are shown alsc in Fig. (9). The bulk
temperature in regions (3) and (4) is the saturation tocmperature cor-
responding to the syatem pressure;, the drop in its value due to pre-
ssure drop along the channel length is igrored.

The héeat transfer coefficient can now be expressed in the diff-
erent regions by the following relations 3

Region 51! :

h, = constant (7)
Region (2) s
h -h
SN (8)
Region ga! s

h = conatant (9)

Region S4l H

h fm hh
th = hn + (—lwiz;~‘*) zlf (10)

The bulk coolant temperature ias given by s

Region (1) ¢

q 82

c
T, = T. + (11)
b i Ve
Rogion !22 ]
‘ gas(l+z)
Tb - Ti * LY. (12)<

We



The wall surface temperature is, then; given by :

Region!lz :
Tw = Tb +~E_

c
= [Ti + -%;}+ (%—%) Zc

for 0 ¢ 2 éﬁc

~ 12 -

Rogiongﬂs
a s(f, +2) 9
T =T, + +
v i We hn
h + (
= Ti+
YVe ¥e

for 0 L Z gﬂs

Region (3) :

(13)

(14)

(15)

(16)

(17)

(18)
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for O Qzef QQQf

From the previous equations, it ig clear that the wall surface
temperature increases linearly in region (1), constant in region (3)
and decreases linearly in region (4). However, the wall aurface
temperature distribution in region (2) is more complicated., The
second term in equation (18) increases while the third term decreases
in the flow direction. The expregsion might have a minimum. To
obtain the point of minimum wall surface temperature, equation (16)
is differentiated with respect to Zs’ and the derivative ia equated

to zero, or

q (hn . hc)
d Ty q 8 as
h h

(19)

E‘f: “Wec - 2
(%c +'(u£—7:=£) Zf]

if Zsm corresponds to the point of minimum wall surface temperature,
then

hn - h
(~=~?=”“2)
e - T3 = 0 (20)
[hc,.(..u)zm]

Re-arranging gives

voeg, 1% n (. "
I = 2 [-' (hn ] e—— (21)

—hc) -(hn-h)

c

The negative sign before the square root in equation (21) can be
ignored since it has no physical meaning, or

N v N WY g Ao & » 4 v y \ B v A
b ' * [ %8 “ g'ulan PoE e e v 3

#y

Zz.'m ~ g o ’- R i‘ ‘hc" . . - . ! " MW
- - - — (22)
T: s is (hn - hc) h -h A

.,
"

£ 4

i d

LY e
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To insure that the wall surface temperature achieves a minimum,

the second derivative of T' with respect to Z. is obtained, or

b, - B
a2 7 2 q ( )
w (-]

= + a— 3 (28)
d zi [hc . nﬁs ey zs]

Since (hn - hc) :> 0,

hence (d° T'/d Zi) is positive for all positive or zero values of (Zs)’

and the wall surface temperature achieves a minimum, rather then a
maximum, in the subcooled region. However, in order that a minimum is
achieved in that region, the value of (Zsm) obtained from equation (21)

must lie within the following limitas.

0 ¢z, <L,

or
Z
0 4§-i%§ 1

If the ratio (Z.m/es) lies outside the previous range, the point of
minimum wall surface temperature lies outside the subcooled regiom

where the method of calculations is not wvalid.
Thus, if

We 3 h

- c <: 0

s Es (b, -h) h -h .

then zmm<: 0 , and the wall surface temperature distribution in the

subcooled region shows a continuous rise as shown in Fig. (10a).

Also, if
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then Zm> @s s and the wall surface temperature shows a continuous
decrease in the subcoolea region as shown in Fig. (10b).

The two special cases when Za « 0 or a s ore shown in Figs. (10c)

and (10d) respectively.

The previous analysis is applied to one of the experimental runs
as follows :

Parameters of the engriment 8

inlet temperature (Ti) = 91°C
wall heat flux (q) = 10.58 wa.tt/cm2
diameter ratio (Do/Di) - 2/1

Data obtained from the quoriment 8

flow rate (W) = 47.5 grom/sec,
velocity in test section (V) = 20 cm/sec,
convection length (Bc) = 10 em
subcooling length (Q') = 60 cm

The convection length was estimated visually (i.e. the length from
the inlet to the point where the first bubble appeared on the heating
surface)., Hovever, methods similar to those presented in / 3/ may be
used to predict the point of boiling incipience,

The heat tranafer coefficient in the convection region, in case
of absence of end effects, may be calculated from the correlation [-27

D L}
10065 0.40 040,55
N_ = 0.00131 (R,) (») (3;-) ~ (24),

The previous correlution 1: ‘recomended for the .case of annular flow

with diameter ratios from 1.5 to 2.0 and for Beynoldn nunborl in the

transition region from 2 x 108 to 1 x- 10 oyt v T

; ~*'~ . ogE bt WWTE
p)

Ay

Now,



- 16 -

equivalent diameter (De) =D, -D

o
= 2/1
= 1 cm
\'A D'
Reynolds number (Rb) -'-;ET-n
- 20 x 1 x 0.97
3 x io 5
- 6.5 x 10°
Prandtl number (Pr) = 2 (at 91°C)
Thus, from equation (24),
Nusselt number (Nu) = 29.2
and Nu K
h =
c D.

-3

20.2 x 6.8 x 10
1

= 0.2 vatt/cma °C

The heat tranasfer coefficient in the nucleate region was deter-
mined experimentally from measurements of the wall surface temperature
and the liquid bulk temperature in that region (last thermocouple

‘reading, where end effects were pregent, was excluded). This gave
2
h = 0.7 watt/cm® °C

Thus, from equation (16), T,

10.58 x 3.14 x 10) N (10.58 x 3.

414““! zg
T, = (91 ¢+ =3 )

47.5 X 4.2

T ( 10.58 )
o.2+(mj§am)z

8
10.58 ?

- 92.7‘+ 0.167 Z. + BT§T:~5733§5§~§:
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The point of minimum wall surface temperature (z.m) is given by

- 47,5 x 4.2 1.05
“i: = {S?i4 X 60 X (07 = 0o, 2i) 7 - o ] =

or the wall surface temperature continues to decrease till the end of
the aubcooled region,

The wall surface temperature in the subcooled region according
to this calculation is shown in Fig. (11). The experimentai points
are also plotted. On the same figure, It is geen in that figure
that; except at the beginning of that region where entrance effects
were 8till present, there is a fair agréement between experimental and

calculated distribution.

Sinilar temperature distribution patterns were observed at other
runs. In all cases temperature decrease in the longitudinal direction

was obaserved in the subcooled region (outaide the entrance lemgth).

In the region of nucleate boiling the wall surface temperature
was uniformy; or the heat tranafer coefficient was constant. This
agrees with previous findings of other workers / 5/.

In the runs in which the heat flux was high and the subcooling
was low (e.g. Fig. (5), for q, = 20.9 watt/cmg), there was a chance
for a rogion to develop at the end of the teat section where a slug
flow was present. Temperature distribution in such regions showed a
tendency towards a dﬁcrensing wall gurface temperature in the direc--
tion of.the flow, Thus was, as prcviou:ly oxplaincd, duo to the '
increased heat transfer ‘coefficient aa the liquid film {hickness
decreased:.. However, the" lant thermoconple showed a temporutur. rise
in most runs, this was attributed to end effects and will be dia—

t [
cusaed dater.s 0 o. ChoooanD o vVt

-
A » . LY
\ ;k . {w\. S . “. 5 &
gt " v ooae N k3 T sea
P APREEY A0SR ALV SRR il ’

In ‘the convection ‘region at the inlet of the test aection as vell

m{{,i

‘‘‘‘‘

CEE Lo

tribution vsw~aﬁf1heneod?by“bntrancé?cffects, vﬁi&h ‘Were' suporinposod

* 4
'} 1 4 - :xg b M ¥ e ")3{; j
£ 3 % : ‘? ‘% +ox + " ¢ V SR
= ué j \,ﬂ e ““"‘33»‘“ &.":.i T 2’ p' P .r’*.‘ } % 4 ﬂ .t el 3o« { » 4- A
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on the original temperature distribution that would have been present
if these effects were not there.

4.,1.2 End effects :

(1) Effect at the inlet of teat section :

There are two main effects which had a congiderable influence
on the temperature distribution of the heated surface at the

inlet of the test section, These are @

(a) Temperature and velocity profiles at inlet :

It is well known that in a uniformly heated channel,
where there is no change of phase, a high heat transfer co-
efficient is achieved at the point where heating starts,
followed by a continuous reduction in its magnitude for a
certain length known as the "entry lemgth". After this
length, the heat tranasfer coefficient becomes uniform as
shown in Fig. (12). The thooroticsl value of the heat trans-

fer coefficient at the point where the heat flux is applied
is infinite : However; because of some conduction in the
wall in a direction opposite to the direction of the flow,
which ia inevitable, a thermal layer developa earlier to
that point and the heat transfer coefficient achieves a
high, but finite, value.

Such heat transfer coefficient distribution can be fur-
ther enhanced if heating starts at the inlet of the channel,
vhere the velocity distribution is uniform across the entire
flow area. The developing of a laminar layer near the solid
heated surface increases the resistance to heat flow in the
direction of fluid flow. After & certain length, the laminar-

layer becomes fully developed and the resistance to heat
flow becomes uniform.

. The combined effects lead to redﬁétion in the wall sur-: -
face temperature in the direction of the flow in the entrance
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region. This is shown in the single phase run presented in Fig. (7).
An entrance length between 20 to 30 equivalent diameters (D, = 1 cm)
was required in Fig. (7) nefore the heat tranafer coefficient achieved
its uniform value. The continuous nearly linear rise in the heat
transfer coefficient after the entrance length is due to variations

in the physical properties (mainly viscosity).

Jt is expected in the boiling runs that, as the inlet subcooling
was increased and/or the wall heat flux was decreased the length of the
convection region increased. Entrance effects were important at the
inlet, and the first thermocouple indicated in those runs a wall sur-
face temperature much lower than the second and third ones. As the
inlet subcooling was decreased and the wall heat flux was increased
the length of the convection region decreased. When this was continued
further, aubcooled boiling started nearly from the beginning; thus
eliminating the convectiion region. Now; two mechanisms worked at the
inlet, which opposed at the same time one another. As the coolant
proceeded along the test section in the flow ,direction; the heat trans-
fer coefficient tended to decrease by virtue of entrance effects, but
at the same time more sites nucleated and -subcooled boiling became
more pronounced leading to an increase in the heat transfer coefficient
in the flow direction. The resultant effective heat. transfer coeffi-
cient is due to the combined effects of the two mechanisma. At high
subcooling and/or low wall heat flux the entrance effects became more
dominant at the inlet and the wall surface temperature increased in
the direction of the flow (e.g. Fig. (1); at 91°C inlet temperature).
On the other hand at low subcooling and/or high heat flux subcooled
boiling became more dqminnntk;na the wall surface temperature decreased
in the flow direction (e.g. Fig. (8), at 99°C inlet temperature). Some-
where in between the two effects counter-balanced one another; and the
tembcrdﬁﬁre distribution at tﬁ: inlet y.cani nearly nnifprpéal seen in
Fig. (6). ‘ T | |

%



(2)

- 20 -

(b) Conduction in the:isolid wall

The two ends of the heater were screwved to thick brass
tubes, which in turn were fixed to heavy copper buas-baras.
These bars worked as a cold sink and some conduction from
the hot heater to the relatively colder bus-bars was inevit-
able. The upper brass tube at the outlet of the test sec-
tion was partly in contact with mixture of steam and water
leaving the test section in the two phase runs. The tempera-

ture of that brass end was kept virtually constant and
equal to the saturation temperature of the coolant correa-
ponding to its pressure at the exit. This reduced conduction
in the heater tube in the flow direction at the outlet. The
situation was different at the inlet end. The brass tube
was surrounded by a small volume of stagnant water, which
was at an average temperature lower than the inlet tempera-
ture of the circulating coolant.

Thus, some conduction through the heater tube
happened at the inlet side opposite to the direction of the
flow, and the surface temperature measured by the first
thermocouple might have indicated a lower temperature than
what would have been indicated if conduction in that direc-

tion was not present.

Effect at the outlet of the test section 3

The temperature at the outlet of the test section, imdicated
by the last thermocouple, was higher than that indicated by
the preceding two ones in most runs. This behaviour might

be explained by the following s

Near the outlet of the test section some of the vapour
bubbles coalesced and formed vapour plugs followed by vapour
slugs and finally an annular flow might have been present.
That all these flow patterns existed before the coolant left
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the teat section; or only some of them; depended on the level
of heat flux and inlet temperature. In such flow pattern a
thin film of liquid was present between the vapour and the
heating surface; the thickness of the film decreased in the
flow direction. At the outlet of the test gsection the vapour
(e.g. vapour slugs) followed the stream lines of the flow,

as shown in Fig. (13). Because of the geometry at the outlet
end, a thicker film thickness was present and the resistance
to heat flow became greater causing a rise in the wall sur-
face temperature. These arguments were supported by the fact,
that in the single phase flow runs such temperature rise was
not observed at the outlet (see Fig. (7)). Alaso in the two
phase runs; when the inlet temperature and the wall heat flux
did not allow the formation of vapour plugs and slugs, the
temperature rise at the outlet was either not present or,

)

negligable as seen in Fig. (14).

4.2 Coolant Mass Flow Rate :

The mass flow rate of the coolant is shown in Figs. (15) snd (16)
against the heat input and the inlet coolant temperature respectively.
It is seen in Fig. (15) that at low heat inputs the rate of increase
of the maas flow rate with increase in power level was greater than at
high inputs. In other words, when the heat input exceeded a certain
value the cecolant mass flow rate approached an aaymptotic value. Such
limiting value was reached at lower heat input when the inlet tempera-

ture was high and vice-versa.

In Fig. (16), it is seen that the rate of increase of coolant mass
flow rate which increase in coolant temperature was low at low inlet
temperatures, However, this rate increased as the inlet temperature
was increased; and then decreased whem the inlet temperature approached

the saturation temperature.

The behaviour of the coolant mass flow rate with both power and
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inlet temperature, as seen in Figs. (15) and (16), might be explained

a8 follows :

The driving potential causing fluid circulation through the loop
was the difference in the average densities ( f . - f .) between the
relatively colder downcomer and the hotter test section. When the
heat input was small such that there was no boiling in the test sec-
tion, the average density (fmt) was not much lower than that in the
downcomer (.f;d)’ the difference was only due to thermal expansion of
the liquid in the aingle phase. However, when there was net boiling
in the test section the average density there decreased considerably
below the average density in the downcomer due to void formation in
the annular space of the test section. In the appendix a relation is
given between the steam volume fraction.(°<) and the steam quality (X)
for a flow of a mixture of steam and water at atmospheric preasure,
this relation is plotted in Fig. (17). It is seen in that figure that
at very low values of steam quality, the rate of increase of the steam
volume fraction with respect to steam quality ia very high, as the
steam guality increases beyond a certain value (say X :>0°08)9 which
is still small, the change of the volume fraction with respect to
quality becomes very amall. At such nteaquualities the channel is

almost full of vapour.,

The steam quality at the outlet of the test section depended om
the heat input and the inlet temperature. For a particular inlet
temperature; the steam quélity at the outlet increased as the power
wvas increased, hence the exit void fraction and the void fraction
averaged in the test section increased also. At low power Ievel the
steam quality at the exit was very low and the rate of increase of the
average void fraction was high leading to high rate of increase of
density difference (‘fmd -_f;t) with respect to power increase. As
the power was increased further, a situation was reached in which the
vapour content in the teast section was very high that further increase

in power has no appreciable effect on the“den:ity%diffcrcno.‘(A:& ;'nnt)
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Similar behaviour ia/oxpected alao with reapect to temperature
variationa. At low inlet temperature (high subcooling), no net boiling
vas present. The density difference (f wd —jmt) vas only due to
thermal expansion of the water, its rate of increase, and hence the
rate of increase of coolant mass flow rate, with respect to increase¢
in temperature was low. As the inlet temperature was increased to the
level which initiated net beiling in the test section, the rate of
increase of the density difference with increase in inlet temperature
became high. This continued until the steam volume fraction became
high, further increase in the imnlet temperature showed no appreciab}o

effect on the mass flow rate.

According to the previous argumenta, it would be expected that .
the rate of increase of mass flow rate with increase in power would
also be low vhen there is no aet boiling in the test section. Such low
level of power was not reached in the experimentis, and hence was not
plotted in Fig. (15).

4.3 Stoam.guolitz 3

. The steam quality at the exit as a function of the power input
presented in Fig. (18), was calculated from equation (1). It is

clear from equation (1) that, if the coolant maas flow rate was conas-
tant, the exit steam quality would have been linearly dependant on the
ﬁover. Since the coolant mass flow itgelf wag a function of th; pover
input, the relation between exit steam quality and power will not be
linear. However, in the range of inlet temperuturo and power 1nput,
where the wmass flow rate vas lon- lonnitive to inlet tempcrature and

power variutxon, the relstion betveen ox1t steam qunlity and power

input may be: spproxi-utod by a linear reht.xon°

4.4 Diaugtoiinatio ]

" The effect of the diameter ratio on the coolant mass flow rate:is
shown in ‘Fig. (19) at:differeat wall:heat fluxea and ihlet temperatures.
"It is seen that there is o maximum valué for the:-éoolant. flow rate =
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between the two limiting values of diameter ratio in all cases presen-
ted in Fig. (19). A possible explanation of this behaviour might be

as follows :

As the diameter ratio of the annular space of the test section of
a similar loop increases the inlet velocity decreases if the coolant '
mass flov rate is kept conastant. Experiments showed that as the inlet
velocity decreases the slip ratio increases / 5/. From equation (Ae2)
in the appendix it appears that for the asame exit quality, which will
be the case if the power input and mass flow rate are kept constant,
the exit void fraction decreases as the slip ratio increases; this
res;lts in & lower average steam volume fraction and hence a lower
density difference. Thus, the trend is that the coolant mass flow rate
decreases as the diameter ratio increases. However, the actual level
of the coclant maass flow rate depends not only on the driving force
(density difference) but algo on the hydraulic resistance of the cir-
cuit. Increasing the diameter ratio increases the equivalent diameter
and hence reduce the resistance to the flow., These two contradicting
factors might lead to s maximum coolant flow rate between a certain
range of diameter ratios. However, that these factors were responsible
for the experimental behaviour cannot be emphasized before detailed

calculations are made.

The effect of the diameter ratio om the heat transfsr coefficient
and hence the wall surface temperature was mainly in the entrance
region. The entrance length varied considerably from one diameter
ratio to another. The coolant masa flow rate, which veried from one
. diameter ratio to another, might have had a small effect on the heat
transfer coefficient at ths region oi rel;tivoly high steam quaiity
near the exit of the teast section.

The flow pattern at the outlet of the test section varied accord-
ing to the diameter ratio. A high diameter ratio led to less bending
- of the. stream linéc,‘and hence_.less bending of the vapour slugs. -This
might explain, why the.last .thermocouple.did not show higher temperature

-




- 25 -

than the preceding ones at the high diameter ratio. The wall surface
temperature dietribution at different diameter ratios for a particular

value of inlet temperature and of wall heat flux is shown in Fig. (20).
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Fig. (15): Mass Flow Rate Versus Power Input.




- 4] -

raanjeradud] 23Ul SNFIIA 3%y AO]J SFOR

xlllllooAmS ssnguiaduma] jo7u]
001 06

o8

3(91) 354

0L

_ _

1/2 = Ya/fa

wau\agc- 8%°01

| |

) o

* ]
~——— (°oa8 fwead) ajuy Moy FIUK

|
o
)

i
o
-

oL



- 42 ~

P pressure = 1 atm. slip ratio = 4

1.0"‘-— - T A e 4 mememosmemr s -

0.5

Steam Void Fraction (<)

b
I R D T P S R

0 0.05 0.1
Steam quality (X)

Fig. (17): Relation between Steam Void Fraction and Steam Quality for
a Two Phase flow at Atmoapheric Conditions.
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Fig. (19):

Diameter ratio w——p
Effect of Diameter Ratio on The Coolant Mass Flow Rate.
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APPENDIX

The relation between the steam quality (X) and the steam volume

fraction (o) may be obtained from the continuity equation, or

(1Ey) - --;Y- 5 (1) (A-1)
{

This equation can be rearranged as

X = (A-2)
1, s A
Jt

The slip ratio (S) varies according to the system pressure, steam
quality and superficial velocity. Taking an average value of 4 Z:§7,
and substituting forjv and”jz at atmospheric conditions give

X = : (a-3)

1 + 2.4 x 10'3(Z=§4§)

and is plotted in Fig. (17) in the report.



