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raplid recovery to normal value. Fig. 5.3 1llustrates
the response of the PIUS system for this transient.

This transient also consists of two cases in
which the system 1s allowed first to respond normally
to the transient, and then a fictitious blockage on
the 1lower density lock 1s assumed. It 1s apparent
that the PIUS system can withstand thils transient by
establishing a new steady state without being shutdown
for the first case. However, in the second case, the
system seems to become first critical and then unsta-
ble as the transient progresses.

As expected the system is more safe 1n the
first case. It should be noticed that the flow
through the upper lock in the second case 1s entering
the primary loop. Also, .Flg. 5.3 shows how the fuel
temperature decreases Iin the first case. Conse-
quently, reactor power drops to a lower and safe level
where the PIUS system becomes slightly subcritical as
can be seen from the reactivity response.

The fourth transient was 1introduced as a twen-
tyfive cent reactivity step insertion. Fig. 5.4 11-
lustrates the PIUS system response during such a tran-
sient. A comparison was also made between the be-
havior of the system for the two cases (with and

without borated water inflow).
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Following the reactivity step, a decrease in
the total reactivity can be noticed for both cases.
Such a decrease 1s attributed to the increase 1in
magnitude of the negative feedback reactivity. How-
ever, in the first case (the complete opening of the
lower density 1lock) the total reactivity drops much
faster and becomes slightly subcritical due to the
fact that additional negative reactivity 1s added to
the system by the incoming pool water. In the second
case, the total reactivity 1s dominated by the feed-
back effect of the fuel and coolant temperatures.

It can be seen from Fig. 5.4 that the normal-
ized power drops rapidly and returns to its initial
level for the first case. In the second case, it
takes on new state which 1s approximately ten percent
higher than the initial state. This new state appears
to be a critical one.

The 1last two transients are 1nitlated by
changes 1n feedwater flow rate, first a twenty-five
percent decrease, and then a twenty-five percent 1n-
crease. Each 1s studied with and without flow through
- the lower density lock. The secondary system behavior
for a flow increase is essentlially opposite to that

for a flow decrease, although the primary system does




95

not show the same symmetry. Only the cases of flow
decrease are discussed.

Figure 5.5 1llustrates the PIUS system re-
sponse in the case of decreasing the feedwater flow
rate, while Figure 5.6 i1llustrates the PIUS system

response Iin the case of increasing the feedwater flow

rate.

After the reduction of the feedwater flow, the
heat extracted from the primary slde decreases. As a
result, the average primary coolant temperature 1n-

creases slightly, causing the hydrostatic pressure on
the primary side to decrease. The violation of the
pressure balance across the lower density lock will
result 1n an ingress of pool water into the primary
loop. As can be seen from Fig. 5.5, the normalized
power starts to drop, as does the fuel temperature.
The 1incoming pool flow that enters the primary 1loop
through the lower lock leaves the primary through the
upper density lock.

However, in the case of a fictitious blockage,
highly borated pool water enters the primary 1loop
. through the upper lock 1lnstead. This flow 1s expected
to reduce the potential hazard in case of real situa-

tlon that 1s similar to the above transient.
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Other characteristics of this transient are
the obvious Ilncrease in the steam exit quality, the
exit steam pressure, and the steam generator tube wall
temperature. It should be mentioned that better re-
sults for this transient would be obtained 1if steam
voids 1n the primary loop were simulated and if heat
transfer coefficients used 1in the modeling of the
secondary system had not been held constant during

transients.
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CHAPTER 6

CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

As has been seen from the PIUS system behavior
presented in thils work, external disturbances, which
have the potentlal of causing core damage in a PWR
system, can be mitigated by the passive safety feature
of the PIUS system, namely, the automatic entrance of
pool water with a high boron content into the primary
loop. Thus, the criterion of preventing core damage
due to runaway heat generation may more easily be
fulfilled by submerging the primary system in a 1large
pool of highly borated water.

It was found that the neglecting of the change
in the i1nternal energy of the subcooled region during
short transients is adequate for simulating the PIUS
pressuruzer. This 1s an important simplification 1in

this type of computation.

6.2 Recommendations

Although the 1inherent safety feature of the
PIUS system has been demonstrated to some extent 1in

this work, the results should be considered as only a
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qualitative pilicture of the expected performance of the
PIUS system. Attentlion should be called to the fol-
lowing topics as deserving of analysis in future re-
search work:

- The switch from single phase flow, 1n the
primary loop and the lower part of the pres-
surizer, 1.e., the funnel, to a two-phase
flow at the onset of nucleate boiling,

- Short term or transition decay heat removal
by natural convection,

- The potential of thermal shock due to the
incoming flow into the primary loop,

- The characteristics of primary circulation
pump,

-~ Economics of operating such a very sensitive
system,

-~ Limitations of the steam generator model, and

- Vaporization in the primary loop.

In the area of switching from single phase

into +two phase flow, +the goal would be to develop a
larger code that would handle both modes, the single
phase mode and'the two phase mode, with a control
switch based on the comparison of the state enthalpy

of the fluld with that of saturated liquid.
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Stiffness of the dynamic model, as well as the
limitation on the maximum number of the differential
equations that the DARE language could handle, make it
difficult to include such study as well as some of the
recommendations mentioned elsewhere in this work. For
example, the study of boron content 1n this work was
iimited to one differential equation that simulates
the whole primary loop as one region. It 1s, there-
fore, recommended that additional attention be called
to the distribution of boron concentration 1in dif-
ferent regions of the PIUS system.

In the area of decay heat removal, the future
work should examine the behavior of the PIUS systenm
due to the following interesting areas:

- The secondary loop and steam generator per-

formance as an ultimate heat sink, and

~ Behavior of the PIUS system during the natu-

ral convection mode as well as the stability
of the system during this mode.

In the area of thermal shock analysis, it was
found that a sudden drop iﬁ the inlet temperature of
the core as a result of the incoming pool flow takes
place. Thls should be investigated with respect to

its effect on the following:
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- Flow instability,

- Neutron power controllability, and

- Fatigue 1in the mechanical properties of the

coolant channels.

In the area of the primary circulation pump,
further study 1n the area of controlling +the pump
speed 1n connection with the inlet and outlet core
temperature, as well as the motion of the 1lower
hot/cold interface is needed. In addition, more accu-
rate estimates of the pressure losses in the primary
loop are recommended. Moreover, the effect of vibra-
tions, +the response of the pump to the entering pool
flow from the pool, and the dynamic behavior of the
pump under severe transients should also be con-
sidered. Furthermore, the relationship between the
pump speed and the steam vold during two phase flow
should be established.

In the area of economics, it would be very
interesting to study the cost of operating a plant
that has the inherent passive safety measure and com-
pare 1it to the operating cost for a conventional PWR
system. For example, survelllance and maintenance of
the Dboron system would be more complicated than that

in a conventional PWR.
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The steam generator was simulated as two axial
regions. However, 1t 1s expected that, during tran-
sients, superheating may occur. It 1s, therefore,
recommended that three axial reglions (subcooled water,
nucleate bolling, and superheat regions) be used on
the steam/water side of the steam generator. In addi-
tion, the secondary system should be able to provide
steam with a good quality under load-following opera-
tion modes. Moreover, the heat loss from the steam
generator to the pool should also be 1investigated.
Sﬁch heat 1loss 1s expected to be relatively high
.because the primary flow rate passes around the  tubes
in the steam generator and the steam is belng gen-
erated inside the tubes. The steam generator shell 1is
in contact with the cold primary water.

Finally, vapor formation in the primary system
and 1its effect on heat transfer and reactivity should
be 1nvestigated. This would be necessary for ex-
tending the range of severity and duration of tran-

slients that can be modelled successfully.
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APPENDIX A

COMPARISON OF THE QUALITY MODEL WITH
NAHAVANDI, BARON AND EPRI MODELS
It was mentioned in Chapter 1 that the quality
model 1s Jjust the fourth case of elither Nahavandi’s or
Baron’s model. To prove this, we find 1t necessary to
repeat the mass, energy, and volume balances of each
model and then make the comaprison. Let us start with

the fourth case of Nahavandi's model:

A.l1 Mass Balance

For the steam region (subscripted by G and g)

and the liquid region (subscripted by F and f), we

have:
dMg
—— mGi A.lol
dt
and
dMp
— = IFi A.1.2
dt
where
mgi - Ihre - H.ICS - l.nr + Il"lbub A.1.83
and

mFi = Iilsu + I.ncs + Iilsp - Ihbub + Ihr A.1.4
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A.2 Energy Balance

dUg
— = (m h)gy - 144/J P dvg/dt A.2.1
dt
and
dUp
—— = (m h)py - 144/J P dVp/dt A.2.2
dt
where
Ug = Mgf hf + MGg hg - 144/J P Vg A.2.8

(m h)gy = - mre hg - Mg hf - mp by
+ Mpyb hg A.2.4
and
Up = Mpf hf + Mpg hg - 144/J P Vg A.2.5
(m h)py = Mgy hgy + Mcg hf + mgp hf - mp hy

- mpyp hf + Qp A.2.6

A.3 Volume Balance

Vtot = VF + Vg A.3.1
where

VF = MFg Vg + Mpf Vvf A.3.2
and

Vg = Mgg vg + Mgf vf A.8.3

Finally, by definition, we have
Mg = Mgf + Mgg A.3.4
and

Mp = Mpf + Mpg A.8.5
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In the quality model, we have the following:
Mass balance equations are the same if we are willing

to rename the bubble mass flow rate as mpyp Instead of

mf. The energy balance equations are as follows:
d Mg (Xg hfrg + hr) . )
= mf hg - m¢ hf
dt
+ 144/J Vg dP/dt A.1l
and
d Mp (XF hfg + hf) . .
- = - mgy (XF hfg + hr) - mf hg
+ ﬁc hf + Qp
+ 144/J Vg dP/dt A.2
Finally, the volume equations are:
Vtot = VF + Vg A.3
where
VF = Mp (Xp vfg + vf) A.4
and
Vg = Mg (Xg vfg + vf) A.5

Let us define the qualities of both steam and

water reglons as follows:

Mg
Xg = __E A.b6
Mg
and
Mg
XFp = __5 A.7
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where Mg and Mg are the same as In the Nahavandil
model.
Substituting the above definition in the
volume equation of the quality model, we get
VF = Mp [Mpg (vg - vf) / Mg + vl A.8
Simplifying the above equation, we get the volume

equation used by Nahavandil, 1.e.:

Vp = Mpf Vf + Mpg Vg A.9
and
VG = Mgg Vg + Mgf vrf ~A.10
For the energy equations, 1let us start with

the quality model equatlions and use the definition of

the quality and the volume equétions as follows:

d Mg (Mgg hrg / Mg + hr) . .
= mf hg - m¢ hf + 144/J

dt
(Mgg vFg / Mg
+ ve) dP/dt A.11
Using equation (A.3.4), and rearranging equation

(A.11), we get the following:
d (Mgg hg + Mgf hr)

-fnfh"n.lchf
dt €

+ 144/J Vg dP/dt A.12
But, from equation (A.2.3) of Nahavandi, we have the
following:

Mgf hf + Mgg hg = Ug + 144/J P Vg A.13
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Then, substituting in equation (A.13), and
rearranging:
d Ug . .
= mf hg - mc hy - 144/J P dvVg/dt A.14
d t
which 1s the same equation as in Nahavandi; specifi-
cally, equation (A.2.1). The same procedure can be

used in the case of the 1liquid region.
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APPENDIX B

COMPARISON BETWEEN SUBCOOLING AND
SATURATION

It was mentioned earlier in the 1introduction
that Brown (1962) neglected the change in the internal
energy 1n the subcooled region. This same assumption
is used 1in the PIUS pressurizer model. The motive
behind thils assumption 1s that the temperature dif-
ference between saturation and subcooling of the
liquid wunder conslderation 1s small. In the PIUS
pressurizer case, 1t 1s about 4 C degree. Therefore,
the subcooled region can be replaced by a saturated
region. Actually, the desire to reduce the number of
differential equations i1s the main incentive for this.

Justification of the above assumption is made
through the comparison between two simpliflied models.
The first one consisted of a saturated steam region
and a saturated liquid region. The other one con-
sisted of a saturated steam region and a subcooled
liquid region. Mass, energy, and volume balances were
applied to each model as was the case in Chapter 4.
It was found that the pressure change in the case of

the saturated liquid region model 1s given as follows:
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Eﬁ_ = - [Mg ng/SP + Mf dve/d3P - (Mg Bhg/BP B.1
o + Mg 3vfe/oP ~ Viot)(vg - ve)/(hg - he)l/
[vf mg + (vg - vr) mg (hgu - he)/
(hg - hf)]
In the case of the subcooled region model, +the pres-

sure change 1s gliven as follows:
dP ) )
— = [vg mg + (vg - vg) mg (hgy - hg)/ B.2
ar (hg - hg) + Mg dhg/dt (3vg/3hg -
(vg - vg) / (hg - hg))1/
[Mg 3vg/3P + Mg 3vg/dP - (Mg ohg/dP
- Vtot) (vg - vf)/(hg - hg)]
If the above two equations were to be equal,
the following conditions should be satisfied:
1) The specific volumes of both regions, the

saturated and the subcooled, should be equal,

and

v - Vg v - Vs
2) MS dhs/dt (SVS/BhS - —g—-——-) - (__g____)

hg—hs hg—hf
Mf 3hge/0P dP/dt
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The first condition 1s achieved by the usual
assumption of the incompressible liquid. To under-
stand further what is meant by the second condition,
we need to investigate the possibllity of the equality
that may exlst between the left hand side (LHS) and
the right hand side (RHS) of condition 2. Such equal-
ity may exist 1f the following 1s assumed:

1) The enthalples of the saturated liquid and the
subcooled liquid are the same, and -
2) Mg dhg/dt 3vg/dhg = O B.3

The first requirement can be achieved because
the subcooled liquid is only 4 C degree below satura-
tion. The second requirement 1is satisfiled only if the
change 1in the iInternal energy with time 1s neglected.

To elaborate further, let us apply the conservation of

energy to the subcooled region:

d Ug d Hg d Vg dP
= - P b VS — B-4.

d t d t d t d t
Using speciflc properties, as well as some of

the conditions that have been assumed previously, we
arrive at the following:
d ug ohg d P

= ( - Vg) —. B.5
d t 3P t

where




uS=hS—'PVS

Equation
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B.6

(B.5) would be true only if the 1in-

ternal energy were assumed constant with time. This

can be seen from the definition of the internal energy

equation by taking the partial derivative with respect

to time, which leads to the following:

dhg
9P
Therefore,
d Ug
= 0
d t
Consequently,

region model

subcooled region

the

is

assumption that

during transients

B.8

pressure change for the saturated
approximately equal to that of the
model 1f we are willing to make the
the change in the 1internal energy

1s negligible.
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APPENDIX C

LIST OF VARIABLES

SYMBOL UNITS PARAMETERS

A ft2 Area

c Ppm Boron Concentration

c Ak/k/unit Coefficlent of Reactivity
kernel

T F° Temperature

M 1bm Mass

t sec Time

T Ak/k/F° Temperature Reactivity
Coefficient

m lbm/sec Rate of Change of Mass

v ft3 Volume

v ft3/1bm Specific Volume

H Btu Enthalpy

h Btu/lbm Specific Enthalpy

hfg Btu/1lbm Specific Enthalpy of
Phase Change

U Btu Internal Energy

u Btu/1lbm Specific Internal Energy

1bf/1in2 Pressure
Q Btu/hr Energy Transferred to the

Fluid from the Heater
Banks in the Pressurizer




w

SUBSCRIPTS

f

(o]

fg

re

FP1
surge,su,s

spill

cs,C

bub,f

sp

Quality
Btu/ft2-hr-F° Thermal Co
ft2/hr Thermal Di
Btu/1lbm-F° Specific h
ft Differenti
ft 'Length
lbm/sec Mass Flow

Fuel

Coolant

Phase change

Relief Valve

Leaving region pool 1
Surge

Leaving the funnel to
pool 1

Condensation in top of
the pressurizer

Condensation that falls
down from the top to the
bottom of the pressurizer

Bubbles 1in the bottom
of the pressurizer

condensation on spray banks
saturated fluid in a region
saturated steam 1in a region

subcooling
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nductivity
ffusivity
eat

al length

Rate

ATTACHED SYMBOL

T

vV,Xx,M,H,U
vV,Xx,M,H,U

M,h,v,u
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