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ABSTRACT

Heat-pipes and thermosyphons, properly designed and manufactured, are 
considers as passive heat transfer appliances which have very long live 
spans when operating with temperature limits. Nuclear spent fuel storage 
tanks are characterized by a continuous heat emission even after the reac-
tor shutdown. To keep spent fuel temperature within safe limits, this heat 
must be dissipated in regime of emergency. This paper treats operation 
of a completely passive cooling system using a wickless gravity assisted 
two-phase closed heat-pipe loop for dissipation the heat and cooling the 
nuclear reactor spent fuel pool by running as alternative cooling system 
to be in safe mode. The model considers natural convection by air for 
the condenser part of the heat-pipe loop to confine the residual heat. A 
numerical simulation using a new design of gravity assisted two-phase 
closed heat-pipe loops was used to investigate the heat-pipe performance 
and its thermal characteristics. Heat-pipe configuration and the heat load 
are well known. Focus on atmospheric air temperature effect will be ana-
lyzed. The heat-pipe material is stainless steel-AISI316, and the demin-
eralized water was used as the running working fluid. The atmospheric 
air at ambient temperature was naturally circulated around the heat-pipe 
condenser for cooling fluid. The results showed that the best thermal per-
formance and characteristics were obtained at a lower atmospheric air 
temperature and the heat pipe could remove 150kW within safe condi-
tions. The computer simulation refers to a pattern, and a trend line can 
then be used to predict the concepts of heat transfer with different inputs. 
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The present study aims to improve the antioxidant and antimicrobial 
properties of cake and produce low calorie cake through substitution of  
wheat flour (WF) by irradiated broccoli (Brassica oleracea L.var italica) 
powder. In this study broccoli heads powder and broccoli leaves pow-
der were gamma irradiated at dose levels of 0, 3, 5 and 7 kGy. Results 
showed that ethanolic (70%) extract of irradiated broccoli heads powder 
(IBHP) and irradiated broccoli leaves powder (IBLP) at a dose level of 5 
kGy had higher total phenolic compounds (TPC) and antioxidant activ-
ity (AOA) compared to control and other doses. Thus, IBHP and IBLP 
at dose level of 5 kGy were selected for fortification of cake. IBHP was 
used to substitute (0, 1.5, 3, and 4.5 %) of WF in making cake, as well, 
replacement of WF (0, 1, 2 and 3%) by IBLP. The results showed that the 
cake processed from IBHP and IBLP had pronounced improvement (%) 
in its chemical composition (protein, lipids, ash and fiber content) while, 
the energy value and carbohydrate content decreased with increasing the 
replacement level. Also, the results showed that the TPC content, AOA, 
volume and specific volume were increased by increasing substitution 
level of IBHP and IBLP compared to control samples. On the other hand, 
total intensity, L*and a* values of the crust and crumb were decreased, 
whereas Chroma and b* values were increased for crumb and decreased 
for crust for all cake treatments by the addition of IBHP and IBLP com-
pared to control sample. For microbiological properties, the results 
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INTRODUCTION

Multi-purposes reactors (MPR) 
after shutdown still keep re-
sidual heat. Accordingly, in 
case of emergency and after 
nuclear reactor shut down, the 

heat should be removed to keep fuel temperature 
within safe limits. The MPR have an auxiliary spent 
fuel tank that also should be cooled to remove the 
heat generated. In this direction, heat-pipes are sug-
gested to be inactive heat energy transport systems. 
With appropriate   design and manufacturing, they 
are considered to be expatriate sealed tubes which 
have very long lives. In present study, a completely 
passive cooling system implementing loop heat pipe 
for cooling and dissipating the nuclear reactor’s re-
sidual heat is suggested. The most important aspects 
affecting the public concerns regarding nuclear reac-
tors operation are their safety features. The public 
concerns are related to potential nuclear accidents 
and radioactive hazards on human health by (Inter-
national Nuclear Safety Advisory Group. 1999). 
Safety regulations have been developed, matured, 
and implemented in the last decades leading to very 
restrictive safety limits. Consequently, the accidents 
risk in nuclear power facilities is declining by (Ye et 
al., 2013). There were only three serious nuclear ac-
cidents, for over 16,210 nuclear power reactors oper-
ating in 33 countries. No adverse health or environ-
mental consequences occurred in the Three Mile Is-
land accident (USA 1979), in which the reactor was 
completely destroyed. Significant environmental and 
healthiness consequences happened in Chernobyl 
accident (Ukraine 1986), where the vapor bangs and 
bonfire leading to destruction of the reactor. Since 
then, the deaths have increased from 31 people 
killed to 56. The third one was the Fukushima acci-
dent (Japan 2011), where three reactors from fourth 
units were suffered from the effects of cooling losses 
because of a huge tsunami. Only the emission due 
to accidents in Chernobyl and Fukushima leaded to 
larger hazardous for the community than those faced 

from contact to other radioactive sources (Tokyo 
Electric Power Company, Inc. 2012). The design 
of nuclear power stations are directed to be in safe 
hands in operating situations and secure in case of 
any fail or scourge. Possible accidents guide to pro-
gressive safety enhancements. Mainly current power 
reactors use a mixture of intrinsic safety characters 
and engineered safety systems that can be active or 
passive (IAEA Safety Standards). Because of the 
unbalancing between passive and active safety sys-
tems, the three previous mentioned nuclear reactors 
accidents were occurred (Jackel, 2015). Using pas-
sive component system and/or the lack of human ac-
tion step down power failure. Safety will increase in 
direct proportion with enhancing and improving the 
passive safety systems. Thus, passive systems will 
improve the overall factor of safety for the nuclear 
power plant (Оgnerubov et al., 2014). The term 
Passive Safety is not equivalent with the deep-rooted 
safety because it remains subject to other faults such 
as structure, mechanical failure and/or human inter-
ference. Regardless of that, we will concentrate on 
the passive safety, since our work is mainly about the 
usage of heat-pipe for nuclear safety which is a Pas-
sive system from grade B, (Wu et al., 2014). Passive 
systems must obey some conditions to be accept-
ed: Reliability and availability in short terms, long 
terms, and under retrograde conditions by (Sailor et 
al., 1987). The accident at the Daiichi NPP proposed 
reducing credence on active systems to reduce hu-
man error factor.

Passive systems types are classified in differ-
ent categories: Grade A, B, C and D, where Grade 
B means: no signal input, external power source, no 
moving mechanical parts but moving working flu-
ids by Throm (1991) and Advisory Group (1994). 
Gravity assisted two-phase, closed heat pipe loops 
are sealed inactive two-phase heat transfer devices 
that make use of the highly efficient evaporator and 
condensation thermal transfer procedure to attain up-
per limit thermal conductivity among a heat source 
and a heat sink. The quantity of heat that these de-
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vices can carry is several orders higher of magnitude 
than the pure conduction through solid metal, being 
200-500 higher comparatively with that of copper by 
(Noie, 2005).  

The two-phase closed heat-pipe loop may be in-
clined with small angle or vertically oriented, with 
a liquid sink at the bottom. At operation, heat-pipe 
loop transfer heat through the evaporator from an 
external source to the liquid think. Consequently, a 
part of the fluid evaporates. Towards the condenser 
section, the vapor driven by pressure difference force 
between the condenser and evaporator flows through 
the adiabatic length. In connection with the con-
denser part, the steam is condensed into fluid leav-
ing its latent heat of evaporation to the heat pool in 
the condenser segment. The liquid returns from the 
condenser to the evaporator internally due to force 
of gravity. Thus, the hydraulic cycle of the work-
ing fluid completed by equilibrated heat transfer by 
Reay et al. (2013). 

A heat-pipe loop with evaporator and condens-
er lengths each 100m helical configuration with an 
outer diameter of 150 mm and 3 mm in thickness, 
as a passive cooling system for a nuclear research 
reactor main pool and nuclear spent fuel storage pool 
is proposed to be used to remove this decay heat, as 
presented in “Figure 1”. The design is focused on re-
moving heat from the spent fuel tank of the research 
reactor to be in safely operated. The model considers 
convection by air naturally for the condenser part of 
the heat-pipe loop to compensate the residual heat. 
A numerical simulation model using unique design 
of heat-pipe loops was used to investigate the heat 
transfer by Alizadehdakhel et al. (2010). The ef-
fects of atmospheric air temperatures were ana-
lyzed. Demineralized water was used as the working 
fluid. The atmospheric air was (15-20-25-30-35-40 
oC) and circulated around the condenser as a cooling 
procedure. The main parameters considered were, as 
follows: Heat input the effect of Q ≤ 150kW, 100% 
working fluid filling ratio, and the heat-pipe loop 

configuration with 100m length and 150mm outer 
diameter. As it was expected, the results show that 
the best thermal performance was obtained at a low 
atmospheric air temperature.

THEORETICAL MODEL 

Model assumptions 

1. Flow model is one-dimensional.

2. Vertical orientation heat-pipe loop is considered.

3. Saturated vapor state is considered due to a very 
small vapor superheat.

4. Energy balance equations neglect the potential 
and kinetic energies compared with the heat 
transfer rate.

5. The thermal conductivity, density and other 
physical properties for saturated liquid are tem-
perature depended.

6. Working fluid, wall temperatures and coeffi-
cient heat transfer of the heat-pipe sections are 
at mean value. 

7. The passive loop starts up when the power is 
suddenly on from initial condition.

Equations of the model

A model describing both phase flow and ther-
mal of the passive gravity assisted heat-pipe loop 
has been performed by Shouman et al., (2013). This 
simpler model has been improved in order to provide 
numerical expressions of the different system vari-
ables, and, to give the expression of the passive heat-
pipe loop response time as function of the various 
parameters. A model can also give a guide to the de-
sign the current passive heat-pipe loop. The primary 
body investigates the section of the evaporator wall. 
It is worth to mention that the primary body can be 
classified as a thermally thin body investigated by a 
temperature (Tw). The second body was connected to 
the whole working fluid which contacts with mutu-
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ally evaporator wall and working fluid. The working 
fluid was classified as saturated temperature (Tf), as 
shown in “Figure 1”.

loop in steady-state and transient regime. The heat 
balance calculations for each body (wall and fluid) 
give:
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From “Eq. (1)”and “Eq. (2)”, by using the finite 
difference (Euler method) in certain time step Δt, we 
obtain Tw and Tf 
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Radial heat flux, qr in evaporator section is given as:
qr = Qnet /Ar = Qnet/ (π * di *  Le )               (5)
Axial heat flux qax of heat-pipe is given as:
qax = Qnet / Ac.s = Qnet / (π * di2 / 4)              (6)

Time constant

From observations of various operating vari-
ables of the heat-pipe, can be noticed that many 
nonlinear physical phenomena occur inside it (phase 
change, counter current flows . . . etc.), and the val-
ues of variables can be well fitted by a simple ‘‘one 
exponential law’’:
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(τh) is the time constant corresponding to the varia-
tion of the variable X in the heat-up phase.

Where: Xss: variable Value at steady state.

Average evaporator heat transfer coefficient, he

The heat transfer process in the pool of the heat 
pipe evaporator section is generally assumed to be 
nucleate boiling, and the heat transfer coefficient 
may be calculated from Forester–Zuber by Whalley 
(2002)

Fig. (1): Schematic of proposed passive heat-pipe loops 
cooling system.

This model was investigates as a theoretical 
study of heat-pipe loop behavior in transient regime. 
In this model, from the transient to steady-state, the 
thermal behavior and thermal characteristics of the 
heat-pipe loop has been utilized to obtain a math-
ematical expression of the system response and per-
formance. 

A program depend on the simulation technique 
was developed to calculate the mean temperature of 
the heat-pipe loop in addition to the time required to 
reach ideal condition. This program could be used as 
a simple tool for modeling and designing heat-pipe 
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Average condenser jacket heat transfer coefficient

   The heat-transfer for natural convection on the 
condenser surface depends on: the condenser geom-
etry; its location; the temperature difference on the 
external surface, and the properties of the thermo-
physical of the fluid involved (Cengel, 2002). The 
average Nusselt number (Nu) correlation is treated 
as natural convection by using the following rela-
tion:
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The Characteristic length of the pipe is its diam-
eter D.
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The constant values of n and C depend on the 
flow and surface configuration, which is character-
ized by the variety of the Rayleigh number. For lami-
nar flow the n value is (1/4), and (1/3) for turbulent 
flow, respectively. The constant C value is less than 
(1). RaD is the Rayleigh number (Anjakar et al., 
2012) and we have:
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The Empirical correlation for the average (Nu) 
for natural convection is expressed as:
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Where Nusselt is used to calculate convective 
heat transfer coefficient as below:

k
DhNu .

              (13)

The heat transfer rate convQ  by natural convec-
tion from a uniform solid surface at a uniform tem-
perature Ts to the surrounding fluid is known by 
Newton’s law of cooling, where As is the heat trans-

fer surface area, and h is the average heat transfer 
coefficient on the surface when the (Nu) and average 
convection coefficient are known.
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Program description

In this part, the proposed mathematical model 
will be simulated. A simulation program was devel-
oped to estimate the mean temperature of heat-pipe 
loop, performance and thermal characteristics as 
well as the time to reach steady state condition. The 
equations of the model are solved by Engineering 
Equation Solver program (EES) (Klein, 2001). The 
developed program comprises three main sections. 

The first section contains the initial conditions 
such as the ambient temperature, the basic heat-
pipe loop dimensions, material and configuration, 
and evaporator heat input rate. As input data, these 
parameters are combined to calculate the physical 
properties of the working fluid and heat-pipe for 
each section. 

The second section of program activates the pro-
gram at the saturation temperature of the fluid. This 
means the transient calculation of the two-phase is 
started. In this section, the average heat-pipe mean 
wall, working fluid temperature and heat-pipe char-
acteristics for start-up and steady process are calcu-
lated. 

In the third section, replacement of the ini-
tial conditions is achieved by the new calculated 
data. The program progresses until a steady-state is 
reached. “Table (1).” represents the ranges program 
of the tests.
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DISCUSSION OF THE ANALYTICAL 
MODELING RESULTS 

Transient start-up operation

Transient test operation is performed at start-
up operation and steady-state for loop for nuclear 
fuel storage tank. These measurements involve the 
change of wall and fluid temperatures during the 
start-up transient operation. Prior to start-up, the loop 
is initially set at (t = 0 s), then the power input to the 
evaporator is sudden started. The program is running 
for each interval of time Δt till the loop temperature 
reach the steady state values. “Figure 2.” shows the 
average heat-pipe evaporator wall and working fluid 
temperatures. 

In the current theoretical tests, shown in the 
mentioned figures, for the loop the time required to 
reach the steady state operation is about 2000 sec-
onds. “Figure 2.” indicates the increment of average 
wall and fluid temperatures with time. The phenom-
enon is divided into two regions. In the first region, 
the vapor density is too low to support a continuous 
flow. Heat gained by the heat-pipe loop evaporator is 
absorbed solely as sensible heating, resulting in tem-
perature rise. As a result, the temperature gradient 
of evaporator section is considered relatively high in 
the first interval of heating (t = 0-2000 sec.). While 
the rest of the heat energy forms some vapor which 
flows from the evaporator and condenses on the be-
ginning section of the condenser section causing its 
surface temperature to rise. In this period of time, 
the response of condenser section is lower than the 
evaporator section. At the time range (t >2000 sec.), 

Table (1) : Ranges program of the tests.

Heat-pipe 
material

Studied 
parameter

Heat load 
[Kw] 

Ambient 
temperature 

[oC]
filing ratio 

[%]
Condenser 

length Lc. [m]

Heat-
pipe outer 
diameter. 

[mm]

Stainless-
AISI316

Ambient 
temperatures 150 15-20-25-30-

35-40 100% 100 150

Fig. (2): Wall and fluid temperature at 150 kW.

Fig. (3): Average evaporator and condenser heat transfer 
coefficient at 150 kW.

The evaporator and condenser heat transfer coef-
ficient versus time at power 150kW and 100% fill-
ing ratio was shown in “Figure 3.” 
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majority of the heat energy is absorbed as latent heat 
in working fluid increasing thus the generated vapor. 
The vapor temperature is high enough to sustain the 
continuous flow. Finally, as the steady state is ap-
proached, the rate of temperature increase slows 
down. This is because of the reduction in tempera-
ture difference between vapor and working fluid.

The pool temperature decay at different ambient 
temperatures

The effect of heat load when sudden heat genera-
tion is stopped (imagining Case) was investigated for 
heat load 150 kW and ambient temperature ranged 
from 15 to 40oC. “Figure 4” shows the temperature 
gradient decay along the time inside the nuclear fuel 
storage tank using distilled water as a working fluid. 
From this figure it can be noticed that the storage 
pool temperature readings decayed along approxi-
mately two hours. It is clear that the temperature 
distribution curves tend to have different trend de-
pending on the ambient temperature. For the storage 
pool which having the heat-pipe loop evaporator, 
the lowest temperature distribution decay occurs at 
15oC, and the highest temperature distribution decay 
occurs at 40oC. 

The cooling process is done according to Lumped 
Capacitance Method, it is assumed that the water in 
the pool is at temperature Ti, and is cooled naturally 
to lower temperature T∞. This reduction can be ex-
plained by the convection heat transfer at the liquid-
solid interface. The equation of heat is a differential 
equation governing the spatial temperature distri-
bution due to transient decay. Instead, the transient 
temperature response is determined by formulating 
an overall the balance of energy on the heat pipe con-
denser evaporator portion. This balance must relate 
the heat loss rate of the surface to change rate of the 
internal energy in the auxiliary pool tank. For this 
case, the conservation requirement becomes:

0=− outin EE             (17)

   Even though energy generation may be occur-
ring in the medium, the process would not affect the 
energy balance at the control surface. Moreover, for 
both transient and steady-state conditions, three heat 
transfer terms are shown for the control surface. On a 
unit area basis, the pre-mention terms are conduction 
between the middle and the control surface convec-
tion from the external surface to a fluid and net radia-
tion exchange from the surface to the surroundings.

The balance of energy takes the form:

0=−− radconvcond qqq                   (18)

The radiation term is neglected, so the equation 
is reduced to:

    TTAU
dT
dtV ...

 
       (19)

Heat-pipe performance and thermal 
characteristics

   At certain value 150kW of thermal load, “Fig-
ure 5 and 6” illustrates the theoretical mean tem-
peratures predicted by the mathematical model for 
average evaporator wall and fluid temperatures as 
predicted from “Eq. (3),” and “Eq. (4),”. 

Fig. (4): The spent fuel storage tank temperature decay at 
different ambient temperature.
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As result of increasing of the ambient tem-
perature, the rate of change temperature with time 
increased until the steady state is reached and in-
creases as the ambient temperatures become higher. 
The intensity of heat transfers within the loop is ana-
lyzed through the determination of the average heat 
transfer coefficients (he) and (hc) in evaporator and 
condenser that estimated for the start-up and steady-
state conditions by means of the mathematical model 
/ “Eq. (8),” for evaporator and “Eq. (14),” for con-
denser, respectively. The calculations are carried out 
for different thermo-physical properties of working 
fluid including two subsequent processes, heat-up 

transient and steady-state, as shown in “Fig. 5-C and 
D”. The estimation is carried out in the case of dif-
ferent ambient temperature ranged from 15 to 40 oC 
and high values of filling ratio 100%, meaning that 
the evaporator is fully filled. At the condenser sec-
tion, a global heat transfer coefficient (hc) has been 
considered, which combines conduction through the 
wall and convection (external side of the wall-air) 
(the cooling section) “Figure 6 and 7” estimated by 
the mathematical model “Eq. (14),” 

Fig. (5): Wall temperature of heat-pipe at different ambient 
temperature.

Fig. (6): Fluid temperature at different ambient temperature.

Fig. (6): Average evaporator heat transfer coefficient at 
different ambient temperature.

Fig. (7): Average condenser heat transfer coefficient at 
different ambient temperature.

It shows that a small change is noticed in the con-
denser heat transfer coefficient during all processes 
of the operation for the two processes, heat-up tran-
sient and steady-state; on the other hand, evaporator 
heat transfer coefficient is highly changed with the 
ambient temperature change as shown in “Figure 8”.
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Also, the power output from condenser section 
versus time is observed. The loop is initially at room 
temperature, and then the power input to the evapora-
tor is increased suddenly from zero to the full power. 
It was shown from “Figure 9” that the temperatures 
of each section and the output power increase rapid-
ly at the beginning of operation due to the increase of 
heat flow from object to another, with time. But as a 
result of reduction of the temperature driving forces, 
the rate of change temperature with time decreases 
until steady state condition is reached. At steady-
state, the wall and fluid temperatures, condenser and 
evaporator heat transfer coefficients and the power-
output remain constant.

CONCLUSION

A numerical simulation using special design of 
Stainless-AISI316 heat-pipe loops with outer diam-
eter 150mm, 3mm thickness and 100m length, work-
ing with pure water at heat load 150 kW, evaporator 
filling ratio 100% and different ambient temperature 
ranged by 15-20-25-30-35 and 40 oC were used to 
investigate the thermal performance and characteris-
tics wall and fluid temperatures, coefficients of heat 
transfer and time constant. 

The effects of atmospheric air temperature that 
circulated around the condenser as cooling were ana-
lyzed. The results reveal that the best thermal per-
formance was obtained at lower ambient tempera-
ture, the evaporator heat transfer coefficient were in-
creased as the ambient temperature becomes higher, 
while the condenser heat transfer coefficients were 
found slightly increasing. The current design of the 
heat pipe passive cooling system was able to remove 
150 kW within safe conditions.

In the future plan the proposed model and its 
simulation can be modified by using other heat-pipe 
materials to dissipate more heat from nuclear spent 
fuel in emergency regime to attain the temperature 
within safe limits, 
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