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ABSTRACT

Heat transfer parameters of concentric heat source cooling
channel exposed to pressure reduction transient is studied
experimentally and theoretically. The heat source is of constant
heat flux cooled by upward flowing water in concentric
channel. The heat source is located inside cylindrical shape
tube which is fixed in an annular vertical channel. The cooling
water pressure reduction transient is ensured by different shape
disturbance functions. The theoretical investigation involved a
mathematical modeling for axially, symmetric, simultaneously
developing laminar water flow in a vertical annulus. The
mathematical model is based on one dimensional flow. The
boundary conditions of the studied case are based on adiabatic
outer wall while the inner wall is subjected to a constant heat
flux for upwards flow. The heat & mass balance equation
derived for specified element of bulk water within the annulus,
is solved to determine the variation of bulk water temperature,
heat transfer coefficient, clad surface temperature and the
boiling safety factor based on clad surface temperature versus
length and time during transient course. The present theoretical
work covers heat flux of 46345 W/m?, channel inner to outer
diameter ratio of 0.8, water sub-cooled degree in the channel
inlet ranging (20-30°C), heat source length of 0.65, water
pressure at channel inlet of 1.3 bars and pressure reduction
transient according to step, ramp and sinusoidal shape
disturbance function (1.3- 1.0) bars. The experimental
investigation included a set of experiments carried out to
investigate the temperature variation along the heat source for
step, ramp and sinusoidal pressure reduction transients in
cooling system during and after reaching the steady state
condition.
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1. INTRODUCTION

Thermal hydraulic systems may be exposed to phenomena
that may cause boiling in its different forms. The main
initiators of these phenomena are sudden increased power,
pressure reduction or coolant flow rate reduction which causes
the so-called poor heat transfer. Possible improvement occurs
for the heat transfer coefficient, in the area called nucleate
boiling but this may lead to critical region at any time when it
turned into a film boiling region during which is the most
dangerous area accompanied by poor heat transfer coefficient
that leads to malfunctioned heat generation systems, see
figure (1),[2]. The transient boiling phenomenon sometimes
occurs in the steps of startup and shut-down of the boiling
systems. Transient boiling systems could be categorized into
three types of transients: power transients, flow transients and
pressure transients. In this paper, the effect of pressure
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transient will be investigated in boiling systems. Pressure
transient occurs when the local pressure in the cooling
channel varies with time. Therefore such studies will be of
interest in engineering safety analysis of heat generations
systems subjected to transient pressure reduction disturbance
in their cooling systems. This disturbance will affect the heat
removal efficiency of the coolant due to phase change
accompanying pressure reduction. An example of such
transients is small pipe break in nuclear power systems which
affect fluid pressure rather than its velocity in the cooling
channels and cause adverse boiling crisis in their cooling
systems. Another example related to boiling water reactor
(BWR) safety systems in which the nuclear safety systems is
added to prevent or mitigate environmental and health hazards
in the event of accident or natural disaster. However, unlike a
pressurized water reactor which contains no steam in the
reactor core, a sudden increase in BWR steam pressure
(caused, for example, by the actuation of the main steam
isolation valve (MSIV) from the reactor) will result in a
sudden decrease in the proportion of steam to liquid water
inside the reactor. The increased ratio of water to steam will
lead to increased neutron moderation, which in turn will cause
an increase in the power output of the reactor. This type of
event is referred to as a “pressure transient”. Most of the
applications for this topic are related to engineering safety
analysis of heat generation systems in process plants and
power generation systems which are mainly utilized in
different industrial sectors.[1]
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Fig (1): Flow boiling in a vertical tube (Collier 1981).

Several theoretical and experimental works are related to our
research. Kwang et al. investigated transition boiling
mechanism to predict transition boiling heat flux realistically
for forced convection transition boiling. This model was
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based on a postulated multi-stage boiling process occurring
during the passage time of the elongated vapor blanket
specified at a critical heat flux (CHF) condition. The model
predictions were compared with some available experimental
transition boiling data given as the steady-state or transient
boiling curves. Also they investigated the parametric effects
of pressure, mass flux, inlet sub-cooling on the transition
boiling heat transfer[3]. Gungor and Winterton studied flow
boiling heat transfer for saturated and sub-cooled conditions
using vertical and horizontal flow. The study is developed
with the aid of a large data bank[4]. Prodanovic et al. studied
the relation of boiling heat transfer process with
experimentally observed bubble behavior during subcooled
flow boiling of water in a vertical heated annulus. They
explained the transition from partial to fully developed flow
boiling with regard to bubble growth rates and to the time that
individual bubbles attached to the heater surface. Within the
partial nucleate boiling region bubbles barely change in size
and shape while sliding a long distance on the heater surface.
With increasing heat flux, or reducing flow rate at constant
heat flux, bubble growth rates increase significantly. Bubbles
grow while sliding, detach from the heater, and subsequently
collapse in the bulk fluid within a distance of 1-2 diameters
parallel to the heater surface[5]. Hamid and Mehdi calculated
the convective heat transfer coefficient and the wall
temperature in a uniform heated tube with downward flow
regarding the pressure drop along the tube. They investigated
in this study two- phase flow pressure drop and two —phase
properties such as void friction[6]. Bang and Kim studied
experimentally the effect of pressure on the flow boiling of
water in mini channels. The range of pressure was 2-16 bars
in the experiments. The experimental apparatus consisted
mainly of the 1.73 mm inner diameter round tube test section,
gear pump, pre-heater, pressurize, pre evaporator, and
condenser. He used the pre-evaporator for varying the vapor
quality entering the test section. The pressurize control the
desired system pressure. The test tube is made of 316 stainless
steel and the test tube and the pre-evaporator tube were heated
by DC electric current through the tubes. The measured flow
boiling heat transfer coefficients were in the range of 10,000 -
35,000 W/m?.K and showed the general convection dominant
trend in terms of vapor quality. The data also indicates that the
pressure does not alter the heat transfer coefficient
significantly[7]. Xiao Hu, Guiping, Yan Cai and Dongsheng,
studied by Using FC-72 as the coolant, a closed- loop two-
phase mini channel heat sink driven by a micro-gear pump
was developed in this work. The cooling system was made of
oxygen-free copper containing 14 parallel channels of the
dimension of 0.8 mm (W)* 2 mm(D) *20 mm(L )[8].

2. THEORETICAL ANALYSI

Flowing water in a vertical annulus subjected to transient
forced convection effect in radial direction is presented for
modeling. A one- dimensional model can be used to describe
the transient forced convection heat transfer in vertical

annuals, with inner radius " and outer radius "2 which has a
configuration shown in figure (2). Water flow direction is
assumed to be in the upward direction according to the
experimental setup. The following assumptions are used in the
modeling:

e Incompressible fluid.

e One dimensional in (z-axis) flow. There is only one non
zero velocity component, namely that in the direction of

flow, v thus, v, = vy = 0.
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e The axial velocity is independent of the angular location;
that is E—'*-‘D
EE
e Simultaneously developing hydrodynamic.
o No internal heat generation and heat dissipation.
o Neglecting viscous dissipation.

e The flow during steady state condition is single phase as
water bulk temperature does not exceed the saturation
temperature along the cooling channel, x=0.

The two phase flow and heat transfer during transient case at
the upper part of the test section where water quality, x >0 is
based on homogeneous model.
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Fig (2): Axial annular geometry

2.1 Formulas Used for Prediction Measured

Parameters during Steady State Condition
To analyze the heat transfer process by forced convection from
the heat source surface to the water flowing along it through
annular section adjacent to the heat source surface simplified
steps were used by conducting mass and heat balance at
specified cross sectional area in the channel. The heat transfer
coefficient is one of the affective parameters that should be
estimated using the proper equations, Calculation procedure is
conducted as follows:

e The total input power supplied to the wall can be
calculated as;

qtz‘FH[ (1)

e The heat loss ('11:' from the annular channel to the
surrounding can be found from the following relation:

O]

o = -1
==
1 mel
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e The outer heat transfer coefficient of insulated cylinder
(hyys) is found using the following equation, (Harlan and

Bengtson, [9]. The correlation for Nu adopted for laminar
flow at (Ra < 10%)is:
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Ra = Gr = Pr ©
hyys = (Nu = k_)/ (2) @

e Heat transferred to the flowing water by convection is
calculated by the following relation;

Q=0 —Q ®)

e Convective heat flux is calculated by using the following
relation;

q" =g /A; 9)
A, =mdL (120)

e The cross section area of annular tubes, in which the
cooling water flowing inside it could be calculated as
follows:

Ap=7 (dg-dD) (11)

e The average velocity of water could be determined as
follows:

V=0/4 (12)

The input parameters related to the total power of the heat
source, hydraulic diameter, water volumetric flow rate,
channel geometry and inlet water temperature are based on the
experimental data that are used during the experimental part
of the study. The target from theoretical study is to ensure
certain model that predicts the measured parameters during
transient condition initiated by pressure step reduction. These
parameters include water and surface temperatures response to
such disturbance and the elapsed time required to gain the
steady state condition again. The results obtained from the
experimental and theoretical results are compared with each
other.

2.2 Bulk water temperature

To determine the bulk water temperature at  the six points
and compare them with the six thermocouple read out fixed
along heater tube wall during study state condition, the
following calculations are conducted;

Tos1st= Tst + (%;_.,'I] (13)
2.3 Local Heat Transfer Coefficient

In order to investigate if the flow in the test section is fully
developed or developing flow, it is necessary to estimate the
thermal entrance length, z, as given by the following
expression; (Ebadian and Dong, 2006)[10].

Togeyy+ W, (0
Thivpy=—"""72 (14)

Where (p. Cp. Pr. i) = f (Tgissy)

The following equation is used to calculate the heat transfer
coefficient as shown below, (EL-Wakil, 1962)[11].
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The previous equations are based for calculation local heat
transfer coefficient, h for forced convection using sub-cooled
liquid.

2.4 Surface Temperature of Electrical
Heater (heat source)

Clad surface temperature of heat source is calculated from the
following equation:

T; = Tw[1+lj'it:' + % (17)

2.5 Sub-cooled Boiling Temperature and

Safety Factor Estimation

Sub-cooled nucleate boiling of the coolant starts when the
heat source surface temperature reach to the boiling
temperature at that position; T, The following correlation is

used for T, estimation; (Ezzat and Taki, 1988)[12].

Ty= T + 2.03 = g 2= p~0& (18)
I. '|ilrz_L
P=Pi-pgz-(f5]. G (19)

To avoid sub-cooled nucleate boiling at clad surface, the
maximum clad temperature at the hot spot shall be lower than
boiling temperature. A safety factor (K) given by the
following equation. K used to estimate this temperature;
(Ezzat and Taki, 1988).

K= (Tg — Tin)/(T5 — Tin) (20)

To find out heat transfer coefficients after initiating of
nucleate boiling on heat source surface it is necessary to add
another part to the equation used for sub-cooled liquid, as
nucleate boiling will enhance heat transfer mechanism due to
turbulence effect of vapor nucleation. The following equation
is used for calculating flow boiling heat transfer by (Chen
1963)[12].

h‘B =h+ h'h'B (21)

Where

0.00122 + S(8T)®2(8psee)*72CEHE 51
NE = UD.E}lD.:d-I_L:D.:? 0.2

Pg
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2.6 Derivation of Temperature Response to
Pressure Reduction Transient According to

Step Disturbance Function

The derivation of bulk water and surface temperature to
pressure step reduction is based on the flow pattern and water
quality along the channel. Could be derived from the following
heat balance and as shown in figure (3):

"mdzd
=T+ ~a (23)
1

I, = 7 [Tw[1+ nt Tu] (24)
T1.1.'|:1.+ 1= 2T, — Ty (25)
Then,

Twieny = e T X141 % Tf5|j1+1j| (26)
2T, — Ty = Tepany + w1 * Tegpany (27

It is assumed that (i) is the point where local temperature
[Ty = Teqe] at that point [Ty = Tyl

1 q" mdzd

2 Mot +Tepety + %ie1* Tegiea] = T + m
1 g mdzd

41 = Tor T+ Ta, +Tf':1+13] (28)

Where: Ti oy Tigery = [Py
Tf.jt+1:wag[1+ 1= fi(Puy)
Now, we will use (x,,4) to calculate the temperature and

pressure at (i+1) using the same steady state equation taking
into account the effect of two phase water quality x;, 3

Proa=P - ( Z"I (vz"l gdz (Pfitm R F'fgim:ljI| = dt

(29)

First we assume P;,; to find out x;,; then we use the new value
of P;,; to investigate the new value of Xx;.;. After certain
iteration and when the value of P;,, stabilize we base the final
value of x;.; to calculate Ty.1) as shown below:

_ g mwdzd
Ta=T+ A-x.mi, (30)
At i=0 P, = Py which the steady state pressure = 1.3
bar.
During transient course at t >0 pi=1.0 bar.

Water velocity inside the channel will be used to find the
position of the affected position x; at which T > T, after
each time interval.
ieatt=tl _xjsv*tl, at t=t2 X2=v13,
All the positions which are less than x1, x2, .....etc. till x=L
Jlength of heat source, will be using temperature distribution

based on inlet pressure of 1.3 bar, i.e steady state equation.
While positions which are above x1, x2, ....etc. will use
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temperature distribution based on inlet pressure equal to 1.0
bar, i.e transient equation.

Accordingly the temperature distribution along the heat
source surface will be calculated based on (T,,) found from
the above equations. Clad surface temperature, (Ts) will be
calculated based on the following equation:

_ g
Ty = Ty + 47

Note: that Tygpy41; Will be based on following equation which
is used for steady state condition when the position (i) falls
below T position.

q' mdzd
Tunery =T + m—l:p

The following equation is used to find out Tyy.1; When (i)

falls above T, position.
"mdzd

Ty = +—
wil+ l:l wil {1 _ x'|_+ 1:' m Ep

When the position reaches to the film boiling region, the
heat transfer coefficient (hy) is then given by:

f 3.1
hy = hfgpy[“”""'“] [1+%|z (31)

m CpTyin

i+1
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Y
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Fig (3): Heat balance mass transfer

3. EXPERIMENTAL WORK

The expegius system consists of 0.7 m vertical
mounted glass test section pipe linked to water circulation
system. The water loses part of its static head as it moves
up due to frictional pressure drop along the test section.
Accordingly the local pressure along the channel is
function of its pressure at the channel inlet, water velocity
and water density which is in turn is function of the local
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water quality. Accordingly film boiling will be ensured
somewhere inside the test section where the water local
temperature reaches its saturation temperature at that
position. The inlet pressure reduction versus time is
simulated by three disturbance functions: step change,
ramp change and sinusoidal change. According to the
design criteria of the test rig the range of the pressure
reduction in the test section inlet is limited to (1.3 to 1.0)
bar. Proper cylindrical shape heat source is fabricated to
ensure constant heat flux used to heat up the upward
flowing water in the vertical annulus that surrounds it. The
heat source consists of a nickel-chrome wire, wounded as
(U) shape coil inside solid stainless steel cylinder and the
stainless steel tube to ensure constant heat flux. The length
of the heater is (70 cm), while it’s heating active length is
(66¢m), the diameter is (2 cm), the maximum total power
is (2500 W), resistance of heat source (19.2:7) and the

maximum applied voltage (220-240) Volts. The outer tube
of the circular annulus is made of Perspex glass to
minimize the heat lost to the surrounding air due to its low
thermal conductivity in addition to its transparency to
enable visualization the flow patterns during water phase
change. The cylindrical channel thickness is (1 cm), its
length is (70 cm), with inner diameter equals (2.5 cm) and
outer diameter equals (4.5 cm). Proper flanges made from
Teflon are fitted in the both ends of the cylindrical
channel to ensure the gap between the two concentric
cylinders equal to 0.25cm. The temperature of the outside
surface of the inner cylinder heat source is measured by
using six asbestos sheath alumel - chromel (type K)
thermocouples installed in six positions (6.5, 19.5, 32.5,
45.5, 58.5 and 66) cm from the entrance of the heat source
active length. Circular holes of (d=2 mm) are drilled in the
surface of the Perspex glass cylinder which are used for
thermocouple penetration. They are installed in equal
space distances at six positions while the bulk water
temperature was measured by using three thermocouples
which are fixed in distances (19.5, 45.5 and 65) cm from
the channel entrance, while two thermocouples are
installed inside the channel to measure water temperature
in the inlet and the outlet of the channel. To determine the
heat lost from the channel to the surrounding, three
thermocouples are fixed in the lengths (19.5, 45.5 and 65)
cm of the channel for the purpose of estimating the
temperature at the outer surface of the Perspex glass and
then calculating the heat lost to the surrounding air by the
following equation;

gy = hipe(T: —Ty) (32)

The supplied water to the annular test section is heated up to
the inlet water temperature in a rectangular cross section tank.
The tank is shown in plates (1) and figure (4).

“The conducted experiments are based on the following input
parameters, water temperature at the entrance of the channel
range (76°C - 80°C). Water flow rate is fixed at 1.4 | / m.
Sharp pressure fluctuation at any of these points predicts the
transition of boiling configuration from nucleate boiling to
film boiling at distance located upper from the pressure
fluctuation point. Water flow pressure at distances (6.5, 32.5
and 65) cm from the heated wall inlet is measured by the
water manometer during the pressure reduction transient.
Temperature Response to Pressure reduction are conducted
for 3 types of disturbance functions: step, ramp and
sinusoidal.
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Plate (1.a): Test rig used for conducting experimental
tests- front View.

Plate (2.b): Top view of the water heating and circulation
tank

27



Digital nulf meter

Variac
i voltaze
AL power

Bbass pipe

Clamp mul
meter

l Water
supply
tank

Heater

Manometer

Water drain

Circular sunular chenmel Thermocouples and

Presyure vents pasitions

Fig (3.5): B- Diagram of sxparimental tzst rig from ity
nterior and exterior

International Journal of Computer Applications (0975 — 8887)

Fig (4): Diagram of experimental test rig from its interior
and exterior

4. RESULT AND DISCUSSION

Generally, the variation of the temperature along the heat
source clad surface may be affected by many variables such as
the input heat flux, water inlet temperature, water velocity
inside the channel, gap between concentric cylinders and the
distances of the test section at which the clad temperature is
measured or calculated. Figure (5) shows the effect of
pressure step reduction transient on the heat source clad
surface temperature at the end of the electrical heat source,
(65 cm) and (ATI sub.= 24°C). The figure shows that the
maximum surface temperature measured at the end of the heat
source starts to decreases after initiating the transient due to
the effect of water bulk temperature decrease affected by the
water phase change which uses water latent heat for
evaporation during its flow at the part of channel where the
local pressure is below the saturation pressure. Figure (6)
shows the effect of pressure step reduction transient on the
heat source clad surface temperature at the end of the
electrical heat source, (65 cm) and (ATI sub.= 20°C). The
figure shows the same behavior of figure (5). The figure also
illustrate that the difference between the experimental and
theoretical approach is acceptable. Figure (7) represents the
curves plotted for pressure step reduction transient conditions
at ATI g, equals (30°C, 24°C and 20°C) respectively. It is
clear that the elapsed time required for clad surface
temperature to reach their steady state values is proportional
to the water sub-cooled degree at the channel inlet. The figure
illustrates also the behavior of clad temperature based on
experimental results. It is clear that water sub-cooled
temperature at channel inlet slightly affect the clad
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temperature after the end of the transient course. Figure (8)
shows the effect of pressure ramp reduction transient on the
heat source clad surface temperature at the end of the
electrical heat source, (65 cm) and (ATI sub.= 24°C). It shows
the pressure ramp reduction effect based on 30 seconds
period. The figure shows that the measured surface
temperature at the end of the heat source decreases versus
pressure reduction due to the effect of water bulk temperature
decrease affected by the water phase change which uses water
latent heat for evaporation during its flow at the part of
channel where the local pressure is below the saturation
pressure. Figure (9) shows the effect of pressure reduction
transient according to sinusoidal disturbance function on the
heat source clad surface temperature at the end of the
electrical heat source, (65 cm) and (ATI sub.= 24 C°). Three
transient periods are selected during these experiments (30
seconds, 60 seconds and 90 seconds) which represents
pressure reduction period. Figure (9) shows the pressure
reduction effect based on 30 seconds period. As discussed
before that the surface temperature is directly proportional to
the pressure reduction history and the values of these
temperatures follow the same disturbance function shape
without any time delay. This behavior is affected by water
velocity in the channel and the period of the disturbance
function. It is clear also that maximum difference between the
clad surface temperature at this point before the transient
course and within the whole disturbance cycle does not
exceed 2.5°C. Figure (10) shows the experimental and
theoretical bulk water temperature versus elapsed time
required to reach the steady state condition at the end of the
heat source, (65 cm) and (ATI sub.= 20°C). The figure shows
that the maximum water temperature is measured at the end of
the heat source then it begins to decrease due to the effect of
water bulk temperature decrease affected by the water phase
change which uses water latent heat for evaporation during its
flow at the part of channel where the local pressure is below
the saturation pressure. The figure illustrates also perfect
compatibility between theoretical and experimental results.
The experimental results related to the water bulk temperature
versus the elapsed time required to reach these temperatures
to their steady state values at the end of the heat source, 65 cm
are plotted. Figure (11) represents the curves plotted for
pressure step reduction transient conditions at ATI g, equals
(30°C, 24°C and 20°C) respectively. It is clear that the elapsed
time required for bulk water temperature to reach their steady
state values is proportional to the water sub-cooled degree at
the channel inlet. Table (1) shows the related parameters at
(100%) elapsed time of each ATI sub. at the end of the heater,
(65 cm). The effect of pressure reduction ramp change
transient on the bulk water temperature at the end of the
electrical heat source, (65 c¢cm) related to water sub-cooled
temperature (ATI sub.= 24 C°) plotted in figure (12). Three
transient periods are selected during these experiments (30
seconds, 60 seconds and 90 seconds) which represents
pressure ramp reduction period. Figure (12) shows the
pressure ramp reduction effect based on 30 seconds period.
The figure shows that the measured water bulk temperature at
the end of the heat source decreases versus pressure reduction
due to water phase change which uses water latent heat for
evaporation during its flow at the part of channel where the
local pressure is below the saturation pressure. The figure
illustrates that as the transient period increase the water bulk
temperature graph posse flatter response. Another conclusion
is investigated which prove that pressure reduction period do
not affect water bulk temperature value at the end of the
transient course, while the elapsed time required for water
bulk temperature to reaches their steady state values is
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proportional to the pressure reduction period. Figure (13)
shows the effect of pressure reduction transient according to
sinusoidal disturbance function on the water bulk temperature
at the end of the electrical heat source, (65 cm) and (ATI
sub.= 24°C). Three transient periods are selected during these
experiments (30 seconds, 60 seconds and 90 seconds) which
represents pressure reduction period. Figure (13) shows the
pressure reduction effect based on 30 seconds period. As
discussed before that the water bulk temperature is directly
proportional to the pressure reduction history and the values
of these temperatures follow the same disturbance function
shape. Another conclusion is reached that demonstrates water
bulk temperature at the end of the transient is proportional to
the transient period. Figure (14) shows the experimental and
theoretical values of the heat transfer coefficient versus
distance during steady state condition at (ATI sub. = 20°C).
The figure reveals that the heat transfer coefficient
distribution along the heat source length after reaching the
steady state condition keeps its linear proportionality with
distance which ensures maximum heat transfer coefficient at
the end of the heat source, (65 cm) due to the effect of average
bulk water velocity increase along the channel affected by
water density decease to ensure continuity provision. The
figure shows agreeable conformity between the experimental
and theoretical results. Figure (15) shows the experimental
and theoretical heat transfer coefficient versus the elapsed
time after reaching the steady state condition at the end of the
heat source, (65 cm) during (ATI sub.= 20°C) and pressure
step reduction transient. The heat transfer coefficient at the
end of the channel decreases with time during pressure
reduction transient due to the effect of film boiling near the
heat source surface at the that portion which reduces the
ability of the two phase flow on heat transfer mechanism
between the heat source surface and bulk water. The figure
shows agreeable conformity between the experimental and
theoretical results.

Table (1): the values of parameters (1, Ty, Ty, Q') in present study
+
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ATI sub. Inlet Temp. Max. heat Time Exp. of Th
“0) ) flux (kW/m?) - °C)
30 70 45.9 125 23
24 76 45.9 102 97.9
20 80 47.1 78 99.1

5. CONCLUSIONS

The results of the experimental and theoretical investigation
are mainly describes the thermal-hydraulic behavior of an
electrical heat source cooled by forced convection of water
flow in upward in a vertical annulus during pressure reduction
transient conditions. As many other previous researches
outputs and conclusions of such type of studies describes the
safety margins of boiling crisis, necessary mitigating action
required to be interfered by the engineering safety features
systems, ESFS. The following conclusions can be made:

1- Pressure reduction studied by three types of disturbance
functions (step change, ramp change and sinusoidal) showed
that pressure reduction effect on the bulk water and heat
source surface temperatures is more evident in step and ramp
disturbance functions than that of pressure reduction
according to sinusoidal disturbance function due to the
continuous pressure recovery after each half period.
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2- Heat transfer process improves versus pressure reduction
transient due to the effect of nucleate boiling which depends
on the nominal power rate, pressure decrease rate, coolant
mass flow rate, channel geometry and sub-cooled degree of
inlet water. The heat source surface temperature is affected by
both the phase of the bulk water and its temperature, as the
heat transfer between the surface and the bulk water is
affected by the turbulence initiation due to the bubble
formation on the surface which nominated by nucleate boiling
and predicted by boiling safety factor as mentioned in
previous chapters.

3- As the power source is constant heat flux, clad surface
temperature reaches its maximum value at the end of the heat
source, (0.65 m) while the flow pressure decreases in the
upward direction due to the friction and head pressure loss
which leads to initialization of the boiling crisis at that part of
the channel.

4- Step change pressure reduction showed that water bulk
temperature reaches to almost same temperature after the step
pressure reduction nevertheless the water sub-cooled degree at
the channel inlet, while the elapsed time required to reaches
this steady state value is proportional to the water sub-cooled
degree and the maximum elapsed time is 125 s for 30°C sub-
cooled degree. It is concluded also that heat source surface
temperature is inversely proportional to the water sub-cooled
degree as it reaches its maximum value at 20°C water sub-
cooled degree while the maximum time required to reach the
steady state value again is 118 s at water sub-cooled of 30°C.

6- Ramp pressure reduction transient showed that the elapsed
time required for both water bulk temperature and heat source
surface temperature to reach their steady state values after
transient course is proportional to the transient period. This
time is 158s for bulk water temperature and 152 s for heat
source surface temperature at transient period equal 90 s.
which means that any safety system response to such power
transients are more effective when their temperature sensors
are linked to surface clad rather than bulk water.

7- Sinusoidal pressure reduction transient proved that both
water bulk temperature and heat source surface temperature
follows same pressure reduction shape and period due to
immediate pressure recovery that do not allow phase change
in the flowing water.

8- The heat transfer enhancement due to the nucleate boiling
and its poor characteristic due to the film boiling
accompanied by CHF should be taken under consideration in
any thermal design of power generation systems selecting
proper boiling safety factor, (K) for their thermal hydraulic
design.

6. NOMENCLATURE

Ag Surface area of channel
A Surface area of heat source
Co Specific heat of constant pressure

d; Inner diameter of heat source
d, Outer diameter of channel
Dy, Hydraulic diameter= (D,-D;)
f Friction factor (f= 64/ Re)

g Gravity acceleration
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G Mass velocity of water
Gr Grashof number
h Heat transfer coefficient

| Current
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K Boiling safety factor
L Length of heat source 120 1.3
m°®  Mass flow rate of water 119
M Mass of water 118 \ 12
P Pressure - 1.1
117 -
g Inlet pressure at the top of the channel @16 1 _f§
pr Prandtl number 1—215 AAMAAAAAAARAAAAAAAN &
qc Convective heat to the water 0.9
L 114
ql Heat lost to the surrounding air - 0.8
qt Total heat power 13
" Heat fl 112 0.7
eat flux 0 12 24 36 48 60 72 84 96
Ra Rayligh number t(s) — clad temp.
T Inner radius of the insulated channel A press.innode 6

Outer radius of the insulated channel Fig (5): Experimental clad surface temperature versus

time at the end of the heat source, (65 cm) during pressure
step reduction, (ATl sub. = 24°C; q"=45900 watt/m>; V=

Re Reynolds number

Q Flow rate of water 0.121 m/s)
t Time
T Temperature 135
v Axial velocity
\YJ Voltage 130 IR
z Axial distance along heat source C L_
T
o
zet Thermal entrance length o 125 -._.ﬁ—..
B ‘-—I—._f-__-__._.
6.1 Greek letters
120
B Coefficient of volume expansion
# Kinematic viscosity 15
Densit
? v 0 10 20 30 40 50 60 70 80 90
. t(s)
6.2 Subscript .the. Clad temp
o0 Surrounding air around channel
ave Average Fig (6): Theoretical and experimental clad surface
P :3‘:"( temperature versus time at the end of the heat source,
:Es I;‘SE':;;’:;H (65cm) during pressure step reduction, (ATI sub. = 20°C;
- 2- =
out outlet water q=47100 watt/m"; V= 0.121 m/s).
sat. Saturated
st Steady state condition
the.con Theoretical conduction heat transfer
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Fig (7): Experimental clad surface temperature versus
time at the end of the heat source, (65 cm) during pressure
step reduction, (ATl sub. = 30°C, 24°C and 20°C).
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Fig (8): Experimental clad surface temperature versus
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ramp reduction (period 30 s), (ATI sub. = 240C; ¢"'=45900

watt/m2; V=0.121 m/s).
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Fig (9): Experimental clad surface temperature versus
time at the end of the heat source, (65 cm) during pressure
sinusoidal change (period 30 s), (ATI sub.= 24°C; q"=45900

W/m?% v=0.121 m/s).
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(65cm) during pressure step reduction, (ATI sub. = 200C;
q=47100 W/m2; V= 0.121 m/s).
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Fig (11): Experimental bulk water temperature versus
time at the end of the heat source, (65 cm) during pressure
step reduction, (ATI sub. = 30°C, 24°C and 20°C).
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Fig (12): Experimental bulk water temperature versus
time at the end of the heat source, (65 cm) during pressure
ramp reduction (period 30 s), (ATI sub.= 24°C; g"*=45900

W/m?%; V= 0.121 m/s)

wosd ||k | A%

NEANEVA NV

100 _m\ D—ﬁ:\ . »

005 -\ ‘{ \ D\‘ SRS
) IZ]V[] m 2
< 99 X 1e
'_

98.5 = = = 0o

98
- 08

97.5
97 07

0O 10 20 30 40 50 60 70 80 90

t(s) == hulk temp.

O press. in node 6

Fig (13): Experimental bulk water temperature versus
time at the end of the heat source, (65 cm) during pressure
sinusoidal change (period 30 s), (ATI sub.= 24°C;
q'*=45900 W/m?; V= 0.121 m/s).
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Fig (14): Experimental and theoretical heat transfer
coefficient versus distance during steady state condition at
(ATI sub. =20°C; q"'=47100 watt/m?; V= 0.121 m/s).
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