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Abstract

In this paper, the effect of changing tube slope on the critical heat flux for the evaporation of upward saturated flow of a
liquid (water) in a near-vertical tube has been studied numerically. For this purpose, the effect of increasing the pipe slope
and changing the wall temperature and the inlet fluid temperature on the volume fraction of vapor, heat transfer coefficient,
heat flux and velocity profile is analyzed. In the most industrial units, boiling in diagonal channels is very important. Tube
slope has an important effect on the flow stability. In practical applications, the existence of natural obstacles in the direction
of transmission lines causes the orientation of these lines at different angles. The geometry of cases is a tube with 2.5 cm
diameter and 100 cm length into which constant mass flow of fluid has been entered with rates of 0.05 kg s~'. Because of
having no changes in the third direction, the problem has been modeled two-dimensionally. Numerical simulation of fluid
was done by using the RPI subcategory of boiling from the Eulerian model, and the comparison of numerical results with
valid experimental data shows 14% of error. The temperature difference range of 10 °C up to 330 °C has been applied to the
tube wall. The outcome of this study was the increase in vapor volume fraction and heat flux and decrease in heat transfer
coefficient with increasing the temperature difference. Increasing the tube slope causes an increase in vapor volume fraction,
heat flux and velocity profile and reduction in the temperature of the occurrence of critical heat flux.
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Introduction nucleation site density leads to the reduction in critical heat
flux values. Konishi and Mudawar [42] reviewed flow boiling

In most industrial units, boiling in diagonal channels is very  and critical heat flux in microgravity. They found that there is

important. The tube slope has an important effect on flow
stability. In practical applications, the existence of natural
obstacles in the direction of the transmission lines causes the
orientation of these lines at different angles [1-40]. Pezo and
Stevanovic [41] predicted the critical heat flux in pool boil-
ing with the two-fluid model. They found that the decrease in
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a severe shortage of useful correlations, mechanistic models
and computational models which compromise readiness to
adopt flow boiling in future space systems. Sadaghiani and
Kosar [43] investigated the effects of diameter and length on
high mass flux subcooled flow boiling in horizontal micro-
tubes. They concluded that with the increase in mass flux, an
enhancement in boiling heat transfer is observed, implying
convective heat transfer effects on flow boiling along with the
nucleate boiling. Lee and Lee [44] investigated the critical
heat flux enhancement of pool boiling with adaptive fraction
control of patterned wettability. In this paper, the effects of
size and concentration of hydrophobic dots were analyzed by
observing the tendency of CHF, superheat and local Nusselt
number. Fang et al. [45] reviewed the heat transfer and critical
heat flux of nanofluid boiling. Chernyavskiy and Pavlenko [46]
simulated the heat transfer and critical heat fluxes at unsteady
heat generation in falling wavy liquid films. In this work,
the dependency of characteristic heat flux density of boiling
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suppression and total local evaporation suppression on the inlet
Reynolds number was also presented. Sato and Niceno [47]
simulated the boiling flow using an interface tracking method
in the framework of computational fluid dynamics. The com-
puted heat transfer coefficient agreed well with the measured
value, demonstrating the capability of the described simulation
method to predict boiling heat transfer for the wide range of
boiling regimes. Ferrari et al. [48] analyzed slug flow boiling
in square microchannels. They found that the flow configura-
tion in the square channel undergoes a substantial transition as
the capillary number is reduced. As the bubble shape becomes
non-axisymmetric, the interface curvature changes sign along
the sides of the cross section, and the liquid film thickness var-
ies considerably along the perimeter of the cross section. Jian-
sheng et al. [49] simulated the pool boiling with special heated
surfaces. They concluded that the vessel with the modified
heated surface has a better heat transfer performance compared
to that of the plain heated surface. Furthermore, the modified
heated surface with downward-facing hemispheres has the
best heat transfer performance and the lowest critical heat flux
(CHF) among the present three heated surfaces. Cheng et al.
[50] simulated the single bubble growth in subcooled boiling
water. Their results were compared with the existing datum of
the visual experiment in the previous literature to verify the
validity of the simulation.

In this investigation, the effect of changing the tube slope
on critical heat flux for the evaporation of upward saturated
flow of a liquid (water) in a near-vertical tube has been studied
numerically. The effect of increasing the slope of the pipe and
changing the wall temperature and the inlet fluid on the vari-
ables vapor volume fraction, heat transfer, coefficient heat flux
and velocity profile is analyzed.

General equations
Volumetric fractions

The volume of phase q is defined as follows:

Vq=/aqu (1)

Vv

and

Z%ﬂ @
e

The effective density of the phase q is equal to:

Pq = UgPq 3)

where p is the physical density of the phase g.

@ Springer

Continuity equation

The equation of mass conservation for the phase q is equal to:

n

0 — . .
E(%Pq) +V- (aqpqvq) = z{ (mpq - mqp) +5, @
pran

where 17q’ is the velocity of phase g, ri1, describes the mass
transfer from p to q phase and 71, describes the mass trans-
fer from q to p phase. The source term S on the right side
of Eq. (3) is zero, which can be defined for that value or
function, if necessary.

Energy equation
0 R opy = . R
E((xqpqhq) +V. (aqpquqhq) = —aqE +74 ¢ qu -V. qq+ Sq
+ 214 (qu + mpthq - mqphqp)
=
)]

where h is the special enthalpy of phase q, Z]'q is the heat
flux, S, is the energy source, Q,, is the heat exchange
intensity between p and q phases and A, is the interphase
enthalpy (e.g., vapor at dripping temperature in evapora-
tion). Heat exchange between phases should be in accord-
ance with the local equilibrium conditions: Qpq=—0Qgp and

Qqq= 0.
Heat transfer

The internal energy balance of the phase q is defined by the
enthalpy of the phase as follows:

%=/%M; (©)
where ¢, , is the specific heat of phase g.
Heat exchange coefficient

The energy transfer rate between phases is assumed as a func-
tion of temperature difference.

Opq = hpq(Tp - Tq) @)

where h,, = hy, is the heat transfer coefficient between p
and q phases. The heat transfer coefficient is related to the
Nusselt number of p phase (Nu,); in this way,

- 6kqapanup

pq = P2 (8)
p
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where kg is the thermal conductivity coefficient of q phase.
In fluid—fluid multiphase flow mode, the Runz—Marshall
equation is used [51],

1/3
Nu, = 2.0 +0.6Re/* Pr ©

where Re,, is the Reynolds number based on p phase diam-

eter and relative velocity of the two phases |Z¢'p — iiq‘ and Pr
is the Prandtl number of q phase,
CogH
Pr=2449
g (10)

q

Momentum equation

Momentum equilibrium for the phase q leads to the follow-
ing equation:

7] - N = -
o (“q”qvq) +V- (aqpqquq) = =0 Vp+V 74+ agp8

n
+y (R + 1y Vg — qpvqp) + (Fq + Fipq + va,q)
P (11)

in which 7 is stress—strain tensor of the phase q.

2 N -
Tq q,uq(Vv + Vil ) (/lq— qu>V vl (12)
in which y, and 4, are, respectively, the dynamic and bulk
v1scos1ty of the phase q, F is the external Volumetrlc force,
E lif.q 18 the lift force, E vm,q 18 the virtual mass force, R qis the

force of interactions between phases and p is the common
pressure between all phases.

Interphase force
Equation (11) is completed with the proper equation for the
interphase force R,,. This force depends on the friction,

pressure, adhesion and other effects, and in the case where
Ry, = Ryqand R, =

Pq Z

where 'qu = qu
coefficient.

n

<l
<l

13)

p=

is the interphase momentum exchange

Virtual mass force

Inertia of the mass of initial phase is applied to the particle
due to an accelerated particle in the form of a virtual mass
force,

d;v, dy
7 q"p PP
Fon= 0.5pp(xq(—dt e ) 14
d,....
q 0.. o
== -V).. 15
a7 o + (vq V) (15)

The force of virtual mass F v Will be added to the right
side of momentum equation for each of the two phases,

- -

(Fiva = ~Finep) (16)

Lift force

Lift force applied to the secondary phase p in the initial
phase q is calculated from the following equation:

Fyg = =0.5p40 (3, = ,) x (V x7,) (17)

Lift force will be added to the right side of momentum
equation for both phases:

(F litg = —F lifl,p> (18)

Fluid-fluid exchange coefficient

The coefficient of exchange for these liquid-liquid or
gas—liquid bubble mixture types can be written in the fol-
lowing general form,

aqappr
K, = 2 (19)

Tp

where fis the post function and 7} is the particle relaxation
time defined as follows:

ppds
18,

Tp = (20)

where d,, is the diameter of the bubbles or drops of the phase
p-

Continuity equation

The volume fraction of each phase is calculated by continu-
ity equation,

n

1 /0 - . .
_(a(‘xqpq» + V- (agpg%) = Z (it = titgp)  (21)

Prq =1

where p,, is the phase reference density or the average vol-
ume density of the phase q in the solution domain.
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The basic equations in RPI boiling model

In this model, the thermal energy transferred from the wall to
the fluid is divided into three parts.

9w =9c +49q t 4k (22)

The convective heat flux (q,) is obtained from the follow-
ing equation:

ge =h(Tw —T.) (1 - Ay) (23)

in which Ay is the heated surface of a wall covered with
nucleus boiling bubbles and (1 — A,) is a region covered by
a fluid phase. In this equation, /_ represents the single-phase
heat transfer coefficient, Ty, is the wall temperature and 7 is
the input fluid temperature.

Defective heat flux (¢)) is the average circular energy trans-
fer associated with the wall adjacent film after the separation
of the vapor bubbles obtained from the following equation:

2k,
VauT

qq = (T -T)) (24)

where k; is the thermal conductivity coefficient, T is the time
of alternation and 4, is the penetration term expressed as
follows:

ky
Ay=— (25)
plcpl
Evaporative heat flux
Evaporative heat flux (gg) is expressed as follows:
qg = VaNyp hpf (26)

where V, represents the volume of vapor bubble, Ny
expresses the nucleus local density, p, is the vapor density,
hy, 1s the hidden heat of evaporation and f is the frequency
of the vapor deviation. In the following, some of the param-
eters mentioned in the above equations are introduced and
studied.

Infiltration area
Nwﬂ'D%V
A, =K — 27

Ny, 7 D>
u) o8

A= min(l,K
4

where K is a constant in the range of 1.8-5, which is gener-
ally considered to be 4.
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The frequency of bubble deviation

It is expressed by the following equation:

1 4g(p - py)
_1_ 1/— 29
! T 3pDy &

Local nuclear density
Ny = C"(Tyy = T)" (30)

According to the empirical equation of Lemmert and Chawla
[52], in the above equation, n=1.88 and ¢=210.

Turbulence model

One of the subsets of k~—® model that can be used to solve
this problem is known as k—@ shear stress transfer model
in which the ideas of two standard models k—¢ and k—w are
combined. This model considers the following equations for
turbulent kinetic energy and special loss rate [52].

Kinetic energy of turbulence

d(pw) o(poous;) ow
——+—|I,== ) +G,~- Y, +S,+D
ot 0xi @ dxj ® ® ® ® (€2))

Dissipation rate

apky  Opku) o [ ok
=7 =2 (rE)+G6,-Y, +5
ot ax,  ox;\ “ox; KT 62

G, is the kinetic energy of turbulence generated due to aver-
age velocity gradients [53]:

—- 01
Gk = —pl/lilzlja—Xi (33)
G, is the turbulence rate of generated loss [53]:
)
G, = a—Gy (34)

k

where a is due to Reynolds lower number corrections. D,
is the intersection diffusion expression, which causes the
standard model k—¢ combined with the standard model k—w.
S and S, are source sentences. I, and I, are, respectively,
the effective diffusion coefficients of k and € [53]:

Hy

Li=p+—
S (35)
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I =u+ He wall higher than the zone near the tube axis so that more
0= ¥ (36)  accurate calculations can be done near the wall and the
model can be better solved. In the given network, we have

used rectangular cells with a desirable growth factor in

where oy and o, are turbulence integer numbers for k and o,
length and diameter; for this reason, these are classified in

respectively. The turbulence viscosity is calculated as fol-
lows [53]: the group of organized networks. The proposed geometry
ok 1 is a tube with a diameter of 0.025 m and length of 1 m,
He = . 1—{2F2 (37) which, for modeling, to reduce the volume of calculations
max|--, no and the time to reach the final solution, the problem is
solved as an axisymmetric problem. Figure 1 shows the
computational network of the given problem.
2 =/28;8 (3% In the fluid flow direction through the tube inlet due
to the phase shift of single-phase flow to two-phase flow

and the generation of boiling patterns, smaller cells of the
network are selected. The network density in these zones
needs to be further elaborated in order to accurately model
the process of evaporation and flow of fluid entering the
6. = 1 two-phase zone. Here, the liquid is introduced into the
¢ Fi/oy, + (1 - Fl)/%,z (40) model with a flow rate of 0.05 kg s~! and inside the heat
dissipation zone of the wall, which has a constant-temper-
ature range of 0—470 °C above the inlet temperature that
is the beginning of the two-phase flow. Water and vapor
flows are considered to be incompressible. The boundary
conditions applied to each of the sides of the network are

1
Ok = 39
Fl/Gk,1+(1_F1)/6k,2 (39)

where F| and F, are mixing functions and their purpose is to

make the model function properly in areas close to the wall
and away from the wall. £2;;is the mean rotation rate, and a*

is defined as follows [53]:

. ay + Re, /Ry

f=a | ———— 41
“ ®\ 14+Re/Ry @1
where Re, = ;f_i’ Ry, a’ and ao* are the constants of the
model. Also, the turbulence intensity and longitudinal scale
are obtained by (42) and (43)

indicated in Table 1.

Mesh independency

Regarding high-temperature gradients along the tubes, the
criterion of downsizing the mesh and examining the con-
(42)  vergence of the solution, the first cell layer is considered
along the wall, and thus, the cell is broken with a constant
(43) relative ratio to the previous generation mesh each time.
In order to study the mesh independency, the thermal fluid

I =0.16Re" s

[=0.07L,(L = D)
In this study, based on the geometry of the problem,
the turbulence intensity is equal to 3.87% and turbulence
Fig. 1 Schematics of the given TOITHS‘

longitudinal scale is 0.0035 m. Finally, numerical mod-
: ; i problem
eling has been performed using RPI boiling model and = L

considering post forces.

[]

1

I

]

]

i

Problem statement and solution method i

1

1

]

Geometric model and operating conditions - ]

a 1

1

1

Since in this problem we have studied the flow in the ver- '|'

tical and diagonal tubes, the effect of gravitational force ‘.'

on the changes in two-phase flow regimes in a vertical '.'

direction along the plane is similar to the changes in the E I

radial direction. Therefore, instead of 3D geometry, 2D f

modeling is used. In this model, we have attemptedto AT
make the density of the computational network near the Inlet
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variables and mean heat transfer coefficient of the tubes
have been compared in nine different meshes. The results
are shown in Table 2.

Considering the observations on the basis of the slight
difference between the flux values between the fifth and
sixth mesh, the sixth mesh with the number of 15,000 cells
has been used as the accepted mesh in the problem.

Numerical modeling

A finite volume method has been used to perform the
required simulations. The equations are solved using a
pressure-based solution. In solving this problem, the boil-
ing model has been used as one of the Eulerian model
theory sub-branches. The pressure and velocity equations
are solved simultaneously using phase coupled SIM-
PLE methods. In order to make the equations discrete,
the modified HRIC method is used for the volume frac-
tional equation, and for the other equations, second-order
approximation is used. Also, sub-discount coefficients
have been considered for solving the equations of pres-
sure, momentum, volume fraction, turbulence and energy
variables as 0.3, 0.5, 0.5, 0.8 and 0.1, respectively. Also,
for solving a problem under different conditions, the time
step has been used in the range of 0.01-0.00001. In order
to move the solution in a path toward mass equilibrium
with a mass balance error of about 0.04 of a variable in

Table 1 The boundary conditions applied to issue

Conditions Boundary condition

Mass flow rate=0.05 kg s~ Inlet terms
Steam flow rate=0 kg s~

Temperature =T, =373.15 K
Wall temperature = constant Wall condition

Temperature =T, Outlet term

the input, we have attempted to use smaller time steps
in order to perform numerical modeling in a desirable
manner. In order to solve this problem, a system with 7
nucleolus 2 GHz processor and 12 gigabytes memory has
been used.

Dimensionless quantities

Dimensionless position = )76 (44)

where x is the distance from the beginning of the tube and /
is the tube length.

Dimensionless axial velocity = v (45)

where V is the velocity of the fluid phase and U is the flow
velocity at the inlet.
m
U=——
oA (46)

where 71 is the mass ratio of the inlet.

Di ionless tube diameter = —— 47

imensionless tube diameter /D 47)
where a’y is the diameter of the tube axis and D is the diam-
eter of the tube.

Validation

In order to validate the present problem, we utilized the lab-
oratory data used by Johansen [54]. As shown in Fig. 2, the
change in the convective heat transfer coefficient due to the
numerical solution results had a similar process to the results
of the Johansen data. This difference shows the accuracy
of numerical solution method used in the present problem.
However, the error shown in this figure is inevitably due to
factors such as networking of the model, its solution method,

Table 2 Results obtained

. . Network Number of longitudinal Number of transverse = Total number of Heat flux/W m™>
%n order to achieve the number meshes meshes meshes
independence of the
computational network 1 300 15 4500 12,048
2 400 15 6000 14,015
3 500 15 7500 15,408
4 600 15 9000 15,614
5 600 25 15,000 15,745
6 600 35 21,000 15,876
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as well as other factors affecting the solution. This error,
with the descending process, finally reaches its maximum,
which is approximately 14%.

Results and discussion

The effect of changes in the wall temperature
on the boiling zone of saturation (two phases)

As mentioned earlier, the flow of water in the form of a
saturated and single-phase liquid enters a tube at different
angles and in the opposite direction of gravity of the earth
in an upward direction. By applying a constant-temperature

170

165

———F—— Experimental data

160 Numerical simulation

155
1501}
145
140
135

130

Heat transfer coefficient/W m—2 K-1

125

120

M LR AR RRRN RRRRN RAARE LARRNCLARN LARRN RRRRS RRVAS!

T N SRR TN TN YT SR R M il |

0.01 0.02 0.03 0.04 0.05 0.06
Quality of vapor

Fig.2 Comparison of numerical solution with Johansen laboratory
data [54]

| I —

 ——

Fig.3 The effect of changes in the wall temperature on the thickness
of the vapor phase next to the wall (A=10 °C, B=30 °C, C=100 °C,
D=135°C,E=260 °C, D=270 °C)

difference to the wall, the liquid phase begins to vapor and
causes the formation of two-phase flows. Figure 3 shows the
effect of changing the difference between the average wall
temperature on the boiling region of saturation and thick-
ness of the vapor phase on the wall due to the application
of different temperatures to the surface in the tube element.

As shown in Fig. 3, in all angles, with the application
of a temperature higher than the saturation liquid temper-
ature into the wall, fine vapor bubbles form on the wall.
With increasing the difference between the temperatures of
the wall and fluid, the process of formation and growth of
the bubbles increases and the volume fraction of the vapor
phase increases on the wall. Further, this increase in the
temperature difference causes an increase in the temperature
of the fluid mass, which itself generates two-phase regime
patterns along less length from the beginning of the pipe.
With increasing the difference between the wall and fluid
temperature, the film diameter of the vapor phase film is
increased on the wall.

Figures 4 and 5 show the effect of changing the tempera-
ture difference between the wall and inlet fluid on the boil-
ing region of saturation (two phases) and the correspond-
ing vapor-phase contours until the temperature reaches the
critical heat flux in a sequential manner and according to all
three angles.

As shown in Fig. 4 related to vapor-phase contours, with
applying a temperature higher than the saturation fluid
temperature vapor bubbles formed on the wall in the inlet.
With increasing the difference in the temperature of the wall
and fluid, also the process of formation and growth of bub-
bles increases, and the volume fraction of the vapor phase
increases in the wall. Because the inlet temperature faster
reached higher temperatures than saturation, and mass trans-
fer occurs from the liquid to the vapor phase. Of course, the
transfer of mass from the liquid phase to the vapor phase
begins as it is shown in the figure from the very beginning
of the tube. In fact, this increase occurs in the temperature
difference between the wall and fluid, which increases the
energy received by each computing cell located near the
wall, and then, this increase in temperature difference leads
to an increase in fluid mass temperature, which itself forms
the patterns of the two-phase regime in less length from the
beginning of the tube. However, one cannot ignore the fact
that the increase in the volume fraction of the vapor phase is
proportional to the increase in the average temperature dif-
ference of the wall to its highest value, before the occurrence
of critical heat flux (at the temperature of 203 °C), and then
another similar process with an increasing process before the
occurrence of critical heat flux cannot be expected. After the
occurrence of critical heat flux, with the continued increase
in the temperature difference between the wall and inlet
fluid, the volume fraction reduced because when the bub-
bles separating from the surface are equal to the produced
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bubbles heat transfer reaches its highest point, where critical
heat flux occurs, after which other bubbles will not be able
to separate from the interface, and therefore the diameter of
the liquid film will increase.

As shown in Fig. 5, at 85 °C to the temperature difference
of 300 °C, the volume fraction increased and subsequently
reduced, which had the same cause as at an angle 80°.

As shown in Fig. 6, at a 90° angle, with increasing the
temperature difference between the wall and inlet fluid up to
270 °C, the thickness of the vapor layer in the wall increased,
and then, after the occurrence of critical heat flux, with the
continuation of the increase in the average wall temperature
difference, the volume fraction reduced, and as shown in
Figs. 3-5, with increasing the tube slope the temperature
with the highest volume fraction of nanoparticles is reduced.
The reason for this reduction in the temperature is that the
increase in the positive slope of the tube leads to faster
growth of the instability and a faster change in the layer
flow regime into the flow regime of the slug.

The effect of changing the wall temperature
difference and inlet fluid on volume fraction
of the vapor

As it is seen in the previous section, it is more correct to
divide the results of each section into two regions, one
related to the results before the occurrence of critical heat
flux and another related to the results after the occurrence
of critical heat flux. In this section, at all angles, the process
of changing the values of the average volume fraction of the
outlet vapor by the change in the average temperature dif-
ference between the wall and fluid is shown in tables, and
then, the process of changes in the volume fraction of the
outlet vapor in the tube axis with advance in the tube length
is provided with the relevant figures. Tables 3—5 show the
effect of increasing the temperature difference on values of
volume fraction of the vapor phase at various angles.

As shown in Table 3, the increase in the wall and fluid
temperature difference increases the heat transfer to the lig-
uid and the molecular movement, resulting in the break-
down of the intermolecular fluid links and the conversion of
the liquid phase to vapor phase, so this increasing process
of volume fraction of the vapor has reached a temperature
difference of 320 °C to its extreme limit among other dif-
ferences in the temperatures studied. At the temperature
330 °C, which is related to the zone after the occurrence
of critical heat flux, the process changed from ascending
to descending. The reason for this is that the bubbles of the
surface are equalized with bubbles produced, and the bub-
bles will no longer be able to separate from the interface, and
the volume fraction of the vapor reduced. Figures 4—6 show
the effect of increasing the wall temperature on the vapor
volume fraction at an angle of 80°.

@ Springer

As shown in Fig. 7, the process of changing vapor volume
fraction to reaching the critical heat flux and after it with
increasing the temperature difference between the wall and
inlet fluid the volume fraction of the vapor increased along
the initial tube length, and this process continues until the
temperature difference of 320 °C, where critical heat flux
occurs and had the highest value, and then, with the continu-
ous increase in temperature, vapor volume fraction reduced.
It is also found that in lower heat flux, the length of zones
that include zero vapor volume fraction (the same saturated
fluid zone) is greater and gradually reduced with increasing
heat flux. The flow enters the two-phase zone. The reason for
this is that increasing the temperature difference increases
the energy received by the fluid molecules as well as more
energy is absorbed to break the intermolecular bonds, and
vapor volume fraction increased. As shown in Fig. 7, an
increase in the volume fraction in the beginning of the tube
is very fast because the temperature of the inlet fluid is more
than the saturation temperature, and the mass transfer occurs
from liquid to vapor, which is actually an increase in the
wall temperature, which increases the energy received by
any computing cell that is near the wall.

As shown in Table 4, at an 85° angle, this process has
reached its maximum at a temperature difference of 300 °C
among other temperature differences studied and the reason
is similar to the explanation given for an angle of 80°. Fig-
ure 8 shows the effect of increasing the wall temperature on
vapor volume fraction at an 85° angle.

As shown in Fig. 8, vapor volume fraction increases
with increasing the wall temperature difference up to a
temperature difference of 300 °C, where critical heat flux
occurs and has the highest value, and reduced after criti-
cal heat flux, with the continuation of the increase in the
average wall temperature difference, and the increase in
outlet vapor volume fraction at the very beginning of the
tube length is very fast, and the reasons for this change in
vapor volume fraction are similar to those described for
the angle 80°.

As shown in Table 5, at a 90° angle, this process has
reached its maximum at a temperature difference of around
280° C among other temperature differences studied, and
compared to Tables 3 and 4, it is observed that with increas-
ing the tube angle, the higher volume fraction of vapor phase
occurs at a lower temperature due to the rapid changes in the
flow pattern due to increased slope and faster phase con-
version from liquid to vapor. Figure 9 shows the effect of
increasing the wall temperature on the vapor volume fraction
at a 90° angle.

As shown in Fig. 9, at a 90° angle, with increasing the
temperature difference between the wall and inlet fluid,
vapor volume fraction increased, and this process of increas-
ing the volume fraction begins at the beginning of the tube
length; comparing with Figs. 7 and 8, it is found that with
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Vapor volume
fraction
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e 1 W C
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T=100"°C

T=140°C

T=180°C

T=220°C

T=260°C

e ——
-

T=310°C

T30

= 7330

Fig.4 The effect of changing the temperature difference between the wall and inlet fluid on the boiling region of saturation and the vapor-phase
contours at angle 80 °C
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contours at angle 85 °C
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Fig.6 The effect of changing the temperature difference between the wall and inlet fluid on the boiling region of saturation and the vapor-phase

contours at angle 90 °C

increasing the tube angle at all temperatures studied, vapor
volume fraction is higher, due to the faster growth of insta-
bility due to increased slope of the tube. These results are
consistent with the results of Andreussi and Persen [54].

The effect of changes in the wall average
temperature on the heat flux

One of the main objectives of this study is to study the
effects of changing the average temperature difference

between the wall and fluid on changes in heat flux at various
angles, which finally will lead to the achievement of criti-
cal heat flux at these angles. The question now is whether
the process of changes in the flux in the whole process will
be the same or will change after the occurrence of critical
heat flux. In principle, it can be said that an increase in the
average temperature difference between the wall and fluid
is directly related to the increase in the heat flux. As the
temperature difference increases, the flux increases, although
this flux increase continues to the point where the critical
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Table 3 The effect of change in the average temperature of the wall
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on the values of the average volume fraction of the outlet vapor at I P S~
angle 80 °C 08~ S —— T T T T
Temperature difference value between Values of the average volume - /7 7
the wall and fluid/°C fraction of the outlet vapor - p / —
/; - -
c 06 e Tl
260 0.84 - I P ~
Q - N
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5 ! '\, Table 5 The effect of change in the average temperature of the wall
o3 5 ! N on the values of the average volume fraction of the outlet vapor at
= oy ! N, angle 90 °C
02 |- } 1 N,
3 , = . Temperature difference value the values of the average
1RYA . between the wall and fluid/°C volume fraction of the outlet
HE B i i vapor
o LEL P Bt i, O M
0 0.2 0.4 0.6 0.8 1 240 0.92
Dimensionless position 250 0.94
260 0.95
Fig. 7 The effect of changing temperature difference between the wall 270 0.95
and inlet fluid on volume fraction of the vapor at angle 80 °C 280 0.96
300 0.96

Table 4 The effect of change in the average temperature of the wall
on the values of the average volume fraction of the outlet vapor at
angle 85 °C

Temperature difference value
between the wall and fluid/°C

the values of the average
volume fraction of the outlet

vapor
240 0.86
260 0.94
280 0.95
290 0.96
300 0.97
310 0.96

heat flux occurs. Since then, with increasing the wall aver-
age temperature difference, the heat flux begins to reduce.
Increasing the temperature difference and reducing the criti-
cal heat flux will mean a sharp reduction in the heat transfer
coefficient. In this section, as in the previous section, first

@ Springer

we address the effect of increasing the average temperature
difference between the wall and fluid on the values of heat
flux and then the process of changing the heat flux along the
tube length on the wall. Tables 6—8 show the values of the
fluxes with increasing the wall average temperature differ-
ence at the angles studied.

As shown in Table 6, the heat flux increases with increas-
ing average wall temperature difference up to 320 °C (where
critical heat flux occurs) and then reduced which is due to
reduced heat transfer coefficient. Figure 10 shows the heat
flux in terms of the dimensionless distance at various tem-
peratures at an angle of 80°.

As shown in Fig. 10, the temperature values increase with
increasing the average temperature difference between the
wall and fluid up to a temperature difference of 320 °C and
then again will show a behavior that is completely different
from before the occurrence of critical heat flux, as well as at
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Fig.9 The effect of changing temperature difference between the wall
and inlet fluid on volume fraction of the vapor at angle 90 °C

320 °C fluctuations of heat flux, especially at the beginning
increase, and non-uniform behavior is seen in the figure. The
reason for this is similar to the reasons mentioned above for
increasing vapor volume fraction in the previous discussion.
The increase in the average temperature difference between
the wall and fluid is directly related to the increase in the
heat flux. As the temperature difference increases, the flux
increases as well, but this flux increase continues to reach
the critical heat flux; since then, with increasing average wall
temperature difference heat flux begins to reduce. Increasing
the temperature difference and reducing the critical heat flux
will mean a sharp reduction in the heat transfer coefficient.
The fluctuations of the heat flux at the beginning of the tube
are due to the faster increase in the inlet fluid temperature
to higher temperatures than the saturation, rapid changes in
the flow pattern and the conversion of the liquid phase and
the vapor phase to each other. The formation of the vapor

Table 6 The effect of temperature difference value between the wall
and fluid on the heat flux at angle 80 °C

Temperature difference value between the wall and wall heat
fluid/°C flux/W m™2
260 21,111

280 22,365

300 23,814

310 28,856

315 30,322

320 32,142

325 30,614

330 29,966

phase and the uncertain and unpredictable behavior of the
vapor formed on the surface, as well as rapid changes in the
properties of the vapor, especially the thermal conductivity
coefficient, cause fluctuations and instability in the vapor
volume fraction curve.

As shown in Table 7, the heat flux increases with increas-
ing average temperature difference between the wall and
fluid up to 320 °C (where critical heat flux occurs) and then
reduced. Figure 11 shows the process of changing the heat
flux in terms of the dimensionless distance at different tem-
peratures at an 85° angle.

In Fig. 11, the same as Fig. 10, the heat flux values have
increased with increasing average temperature difference
between the wall and fluid, as well as at the temperature
300 °C, fluctuations in heat flux increased, showed a non-uni-
form behavior where critical heat flux occurs and then again
showed a completely different behavior before the occurrence
of critical heat flux, and compared with Fig. 10, the tem-
perature of the occurrence of critical heat flux became lower.
Also, at this angle, heat flux fluctuations increased compared
to the 80° angle due to the increased slope of the tube, result-
ing in faster growth of instability and a faster change in the
flow regime. As shown in Table 8, heat flux increases with an
increase in average temperature difference between the wall
and fluid up to a temperature difference of 270 °C and reduced
after the occurrence of critical heat flux.

As shown in Fig. 12, at a 90° angle, with increasing the
temperature difference between the wall and fluid, the heat
flux values increase, and after the temperature of 270 °C
(where critical heat flux occurs), the heat flux reduced, and
as shown in Figs. 10-11, with increasing the slope of the
tube, the fluctuations of heat flux and non-uniform behavior
of heat flux increased. The reason is that increased slope is

0=80°

120,000 |

100,000 i
_______ AT=20K

q
L ———— — AT=120K

80,000
% _______ AT=220K
‘._? AT=320K
§ 60,000 — — — AT=330K
o
£ 40,000

20,000

Dimensionless position

Fig. 10 The heat flux in terms of the dimensionless distance at vari-
ous temperatures at an angle of 80°
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Table 7 The effect of temperature difference value between the wall
and fluid on the heat flux at angle 85 °C

Temperature difference value between the wall heat flux/W m™2

and fluid/°C

240 19,699
260 20,745
280 28,120
290 24,576
295 30,585
300 32,060
305 30,062
310 28,096

120,000

0 = 85°

100000 =t  mmmmees AT=20K
S ~ AT=120K
------- AT=220K

80,000 AT =300 K
 _ AT=310K

60,000

40,000

Wall heat flux/W m—2

20,000

e etk Ti= i

- I 1

0.4 0.6 0.8 1
Dimensionless position

Fig. 11 The heat flux in terms of the dimensionless distance at vari-
ous temperatures at an angle of 85°

Table 8 The effect of temperature difference value between the wall
and fluid on the heat flux at angle 90 °C

Temperature difference value between the wall Heat flux/W m™>

and fluid/°C

220 20,808
240 22,252
250 24,210
260 24,553
265 30,072
270 38,910
275 30,436
280 32,786

due to the greater effect of gravitational force, resulting in
increased recurring flow and a sharp increase in the size of
the zone with the flow pattern, as well as an increase in the

@ Springer

Ll It
120,000 | }\J \(9;90"
il |
il
100,000 [ iy 0 meeeee- AT=20K
1 i e — AT=120K
£ il — - AT=220K
% 80,000 [t T ook
2 il L -~ AT=280K
5= i !
" 60,000 i
(] H
< )
&) SR
= 40,000 [ {i
20,000 |~
%

Dimensionless position

Fig. 12 The heat flux in terms of the dimensionless distance at vari-
ous temperatures at an angle of 90°

composition of the two phases, which allows the emergence
of a turbulent flow pattern faster.

The effect of changes in the wall temperature
on convective heat transfer coefficient

In this section, another objective of this study is presented
that is to find out changes in heat transfer coefficient due
to changes in the average wall temperature. Figures 13—-15
show the change in the coefficient of heat transfer in terms
of dimensionless distance at different temperatures.

As shown in Fig. 13, with increasing the wall tempera-
ture, convective heat transfer coefficient reduced, and at the
temperature 320 °C, fluctuations and non-uniform behav-
ior of heat transfer coefficient increased. Also, in the initial
lengths of the tube, the convective heat transfer coefficient
is high and once or at least twice larger than its values in
the end lengths of the process. This zone is the same as the
zone filled with the saturated liquid phase, and if a bubble
of vapor may also be formed, it becomes a liquid phase due
to the lack of energy necessary to reach the end parts of the
process. In this zone of the flow, because the thermal con-
ductivity of the liquid phase is several times higher than the
thermal conductivity of the vapor phase, the heat convective
heat transfer coefficient is higher than the other flow zones.
With increasing the average wall temperature, the volume
fraction of the vapor phase and the mass conversion from
the liquid phase to the vapor phase increase, and in contrast,
a reduction will be observed in the convective heat transfer
coefficient. The reason is that with increasing the volume
fraction of the vapor phase, since the vapor phase has a
lower thermal conductivity than the liquid phase, the con-
vective heat transfer coefficient is reducing. Now, it should
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be verified that, after the occurrence of critical heat flux,
with increasing the average wall temperature, the convec-
tive heat transfer coefficient of the wall is changed. If the
bubbles leave the interface, they increase the mixing and
the heat transfer rate increases. When the amount of bubbles
that are separated from the surface is equal to the amount of
produced bubbles, at this time, the heat transfer reaches its
highest level where critical heat flux occurs. These results
show a similar process compared to the Gorji study [55].
Figure 14 shows the convective heat transfer coefficient in
terms of the dimensionless distance at an 85° angle.

As shown in Fig. 14, with increasing the temperature
difference between the wall and inlet fluid, the heat con-
vective heat transfer coefficient reduced. At the temperature
of 300 °C, the increase in the heat transfer coefficient fluc-
tuations is observed, as well as these fluctuations are more
at the beginning of the tube. With increasing the heat flux
of the wall, the unpredictable fluctuations and changes in
the heat transfer coefficient curve clearly increase. These
changes are generally seen in the zones of the vapor phase,
and the main reason is the complex behavior of the two-
phase flow, especially the vapor phase on the wall surface.
Thus, the formation of the vapor phase on the wall surface
and its undetectable behavior makes it impossible to separate
the location of liquid and vapor phases with certainty. In
other words, the rapid changes in thermo-physical properties
between the liquid and vapor phases are the main reason for
the fluctuations of the convective heat transfer coefficient
of the wall.

As shown in Fig. 15, with increasing the temperature dif-
ference between the wall and fluid, the heat convective heat
transfer coefficients reduced, and at the temperature 270 °C,
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\
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m — — — AT=330K
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Convective heat transfer coefficient/W m—2 K-1

Dimensionless position

Fig. 13 Convective heat transfer coefficient in terms of dimensionless
distance at an angle of 80°

an increase is observed in the heat transfer coefficient fluc-
tuations, and the reasons are similar to the reasons given in
the previous two figures.

Figure 16 shows the process of heat flux changes with
increasing the temperature difference between the wall and
inlet fluid in terms of the dimensionless distance, as well as
the process of changes in the heat convective heat transfer
coefficient with increasing the wall temperature in terms of
a dimensionless distance in three different slopes for better
observation and comparison. Also, as shown in the figure,
with increasing the temperature difference between the wall
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Fig. 14 Convective heat transfer coefficient in terms of dimensionless
distance at an angle of 85°
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Fig. 15 Convective heat transfer coefficient in terms of dimensionless
distance at an angle of 90°
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and inlet fluid, heat flux increased and then again a behav-
ior completely different from before the occurrence of criti-
cal heat flux will be observed, and with increasing the tube
slope the temperature in which the critical heat flux occurs is
reduced as well as with increasing the temperature difference
between the wall and inlet fluid, the heat convective heat
transfer coefficient reduced. The reasons for this behavior
of heat flux and heat transfer coefficient are described in the
previous sections.

The effect of changes in the wall temperature
on flow velocity

In this section, the process of changes in flow velocity during
the process with the progression along the tube at all angles
has been studied with increasing the temperature difference
between the wall and fluid. With increasing the wall aver-
age temperature difference and consequently increasing the
transfer energy to the computational cells, the volume frac-
tion of the vapor phase increases, the conversion of mass
from the liquid phase to the vapor phase increases and, on
the other hand, because the nature of the flow is a fluid in
the tube in the upward direction and in the opposite direction
of gravity. Bubble particles play a fundamental role in the
shape of the velocity profile in these flow regimes, which
means that since the particles of the vapor bubbles formed
on the wall or the vapor phase have a lower density than
the liquid phase, they have a higher velocity. The increase
in the average temperature difference between the wall and
fluid increases the velocity of the flow pattern and the for-
mation of the vapor bubbles; for this reason, at all angles
studied, with increasing the temperature difference between
the wall and input fluid, the velocity profiles are larger. Fig-
ures 17-20 show changes in the velocity of the flow on the
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Fig. 16 Heat flux and heat transfer coefficient in terms of dimension-
less distance
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diameter in terms of the dimensionless distances at different
temperatures at an angle of 80°.

As shown in Fig. 17, with increasing the distance from the
beginning of the tube, the profile of the velocity is greater,
as well as the difference in velocity near the wall and tube
center is due to increased temperature difference between
the wall and inlet fluid near the wall of the vapor-phase mass
that is greater than the tube center, and the vapor phase is
faster due to its low density; accordingly, it is expected that
with increasing the temperature due to further conversion
of liquid phase to vapor velocity profiles will have higher
values.

As shown in Fig. 18, the profile of the velocity increases
up to the end of the tube and shows a higher value than the
previous one, and the reason is the same as the description
given in the previous one.

As shown in Fig. 19, the velocity profile increases along
the tube, and the velocity values along the whole length of
the tube show a higher increase compared to the previous
one.

As shown in Fig. 20, the velocity is increased at lower
temperatures (Figs. 17-19), as well as a slight difference
between the velocity in the wall and center in this shape is
observed and the profile of the velocity increases to the end
of the tube. The reason for the increase in velocity in this
case is that here the applied temperature difference to the
wall is higher, and this increase in the temperature differ-
ence causes an increase in the temperature of the mass of the
fluid, resulting in an increase in the volume fraction of the
vapor relative to the three previous states, and since bubble
particles have a lower density, they show higher velocity.
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Fig. 17 Changes in the velocity of the flow over the diameter in terms
of the dimensionless distances at temperature difference of 20 °C and
80° angle
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Figures 21-24 show changes in the velocity of the flow
on the diameter in terms of the dimensionless distances at
different temperatures and an angle of 85°.

Figure 21 shows the velocity profile increases along the
tube, and the velocity difference is observed near the wall
and center, and the reasons are similar to the description
given in the previous one.

Figure 23 shows the velocity profile increases up to the
end of the tube and higher values.

Figures 21-24 show that with increasing the wall tem-
perature at this angle, the velocity profile increases, and
by comparing the changes’ process, it is observed that the
velocity difference reduced in the tube wall and center with
increasing the temperature and at all temperatures the profile
of the velocity increases to the end of the tube.

Figures 25-28 show the velocity on the diameter in terms
of the dimensionless distances at an angle of 85°.

As shown in Figs. 24-27, with increasing the temperature
difference between the wall and inlet fluid at this angle, the
velocity magnitude increases, and by comparing the veloc-
ity changes in each temperature to the temperature before it
is found that as the temperature increases, the difference in
velocity reduced in the wall and in the center of the tube,
and at all temperatures the velocity profile increased to the
end of the tube, and the reasons are similar to the description
given for the previous figures.
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10 20 30 40 50
Dimensionless axial velocity

Fig. 18 Changes in the velocity of the flow over the diameter in terms
of the dimensionless distances at temperature difference of 120 °C
and 80° angle
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Fig. 19 Changes in the velocity of the flow over the diameter in terms
of the dimensionless distances at temperature difference of 220 °C
and 80° angle

The effect of changing the average temperature
of the wall on heat flux in different Reynolds
numbers

Another objective of this study is to conclude that in dif-
ferent Reynolds numbers, the behavior of heat flux will be
varied. For this purpose, only the mass flow rate of the inlet
fluid has been changed by holding the fluid constant. The
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Fig.20 Changes in the velocity of the flow over the diameter in terms
of the dimensionless distances at temperature difference of 320 °C
and 80° angle
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Fig.21 Changes in the velocity of the flow over the diameter in terms
of the dimensionless distances at temperature difference of 20 °C and
85° angle
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Fig.22 Changes in the velocity of the flow over the diameter in terms
of the dimensionless distances at temperature difference of 120 °C
and 85° angle

mass flow rate of the fluid has been increased from 0.05 to
0.09 kg s~! and the results are shown in Table 9.

As shown, the heat flux increases with increasing mass
flux at any angle. The reason for this phenomenon is an
increase in the inlet fluid and consequently a greater need
for energy to increase the internal energy of the computa-
tional cells to break down the molecular bonds. This means
that with increasing inlet fluid, more energy is needed to

@ Springer

Dimensionless axial velocity

Fig. 23 Changes in the velocity of the flow over the diameter in terms
of the dimensionless distances at temperature difference of 220 °C
and 85° angle
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Fig. 24 Changes in the velocity of the flow over the diameter in terms
of the dimensionless distances at temperature difference of 300 °C
and 85° angle

start the process of mass conversion from liquid phase to
vapor phase.

The effect of average wall temperature change
on pressure drop during process

In this section, the process of changes in pressure drop dur-
ing the process is studied with changing the temperature
difference between the wall and water fluid. As discussed
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Fig. 25 Changes in the velocity of the flow over the diameter in terms
of the dimensionless distances at temperature difference of 20 °C and
90° angle
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Fig.26 Changes in the velocity of the flow over the diameter in terms
of the dimensionless distances at temperature difference of 120 °C
and 90° angle

in the previous sections, changing the average temperature
difference between the wall and fluid increases the critical
heat flux. The following equation is used to obtain pres-
sure drop in a tube that constant heat flux is applied to its
walls [55]
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Fig. 27 Changes in the velocity of the flow over the diameter in terms
of the dimensionless distances at temperature difference of 220 °C
and 90° angle
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Fig. 28 Changes in the velocity of the flow over the diameter in terms
of the dimensionless distances at temperature difference of 270 °C
and 90° angle
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Table 9 Heat flux for different mass flow rates in different angles

Temperature difference kgs™!

value between the wall

005 006 007 008 0.09

and fluid/°C

Heat flux/W m™>
80 27,042 46,318 59,342 63,907 86,659
85 33,932 45,150 59,142 68,863 71,375
90 37,104 62,148 78,258 96,163 98,259

This equation, known as Martinelli-Nelson equation [55],
contains different sentences of the pressure drop, respec-
tively, from the right, frictional pressure drop, acceleration
pressure drop, as well as the gravitational pressure drop,
and fj, is the coefficient of friction of the single-phase fluid
flow, which the value is obtained from the following equa-
tion [55]:

fio = 0.079Re; %% (49)

Since the mass flux, density, viscosity and friction coef-
ficient of the liquid phase at the beginning and end of the
process had known and unchanged values, the expressions
InGuiL ond G?v; are the coefficients of single-phase liquid
friction with a constant value. It can be said that the only
effective variablesxaffecting the pressure loss equation are

. 1 . . .
the expressions | - / d)?odx and r, which increased, at a given
X
0

pressure, with increasing heat flux or quality of the outlet
vapor (before the critical heat flux), and if heat flux
increases, it can be said that the quality of the outlet vapor
increases, which means increasing the two variables affects
the pressure drop.

We found from Eq. (48) that with increasing the aver-
age temperature difference between the wall and fluid, the
pressure drop to 320 °C increases. However, this continues
with this process only as long as the average temperature
difference between the wall and fluid reaches its value before
reaching the critical heat flux. After that, it goes against the
original process. Figures 29-31 show the effect of changing
the average temperature of the wall and fluid on the pressure
drop during the process at 80° to 90° angles.

As shown in these figures, with increasing heat flux of the
wall and two-phase patterns’ formation in lesser lengths than
the beginning of the process, the pressure drop increased
during the process, but after the critical heat flux suddenly,
this changes, and then the pressure drop reduced sharply,
and with increasing the slope of the tube, the pressure drop
is increasing. The reason for this is that with increasing heat
flux of the wall, the quality of the outlet vapor is increas-
ing, and the increase in the quality of the outlet vapor also
means increasing the pressure drop during the process with
increasing the flux. The reason for the sudden change in the

@ Springer
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Fig.29 Effect of changing the average temperature of the wall and
fluid on the pressure drop during the process at 80° angles

pressure drop after the critical heat flux is the occurrence of
critical heat flux, which results in a significant reduction in
the volume fraction of the outlet vapor phase.

Conclusions

In this paper, numerical simulation of critical heat flux in
forced boiling of a flow in an inclined tube with different
angles was investigated. Numerical simulation of fluid was
done by using the RPI subcategory of boiling from the Eule-
rian model, and the comparison of numerical results with

0
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Fig.30 Effect of changing the average temperature of the wall and
fluid on the pressure drop during the process at 85° angle
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Fig.31 Effect of changing the average temperature of the wall and
fluid on the pressure drop during the process at 90° angles

valid experimental data shows 14% of error. The following
results can be deduced from this study:

e With increasing the temperature difference between the
wall and inlet fluid, the velocity magnitude increases.

e By comparing the velocity changes in each temperature
to the temperature before it is found that as the tempera-
ture increases, the difference in velocity reduced in the
wall and in the center of the tube, and at all temperatures,
the velocity profile increased to the end of the tube.

e With increasing the tube angle, the higher volume fraction
of the vapor phase occurs at a lower temperature due to
the rapid changes in the flow pattern due to the increased
slope and faster phase conversion from liquid to vapor

e An increase in the wall and fluid temperature difference
increases the heat transfer to the liquid and the molecular
movement, resulting in the breakdown of the intermo-
lecular fluid links and the conversion of the liquid phase
to the vapor phase.

e The increasing process of volume fraction of the vapor has
reached a temperature difference of 320 °C to its extreme
limit, among other differences in the temperatures studied.
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