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A Study of Ice-Formation Phenomena on Freezing of
Flowing Water in a Stenotic Tube
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Abstract

In this study, a numerical analysis is made on the ice-formation for laminar water flow
inside a stenotic tube. The study takes into account the interaction between the laminar
flow and the stenotic port in the circular tube. The purpose of the present numerical inve-
stigation is to assess the effect of a stenotic shape on the instantaneous shape of the flow
passage during freezing upstream/downstream of the stenotic channel. In the solution strat-
egy, the present study is substantially distinguished from the existing works in that the
complete set of governing equations in both the solid and liquid regions are resolved. In a
channel flow between parallel plates, the agreement befween the of predictions and the
available experimental data is very good. Numerical analyses are performed for parametric
variations of the position and heights of stenotic shape and flow rate. The results show
that the stenotic shape has the great effect on the thickness of the solidification layer inside
the tube. As the height of a stenosis grows and the length of a stenosis decreases, the ice
layer thickness near the stenotic port is thinner, due to backward flow caused by the sud-
den expansion of a water tunnel. It is found that the flow passage has a slight uniform
taper up to the stenotic channel, at which a sudden expansion is observed. It is also shown
that the ice layer hecomes more fat in accordance with its Reynolds number.
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Nomengclature

: heat capacity [J -kg™'-°C™Y]
. diameter of tube [m], 2R
: one-half length of distance between

two plates [ml]

. heat transfer coefficient

[W . m-z . ocfl]

. thermal conductivity {[W -m™'-°C™!]
: length of tube [m]

! Nusselt number, 4.D/k

. pressure [Pal

: Prandtl number, v/a;

: radius of tube {m]

 Reynolds number, w,, D/v

. inlet temperature of water [°C)

. freezing temperature [°C]

> wall temperature of tube [°C]

. velocity components in x, r directions

[m-s™1]

: inlet velocity of tube [m -s7!]
; * inlet mean velocity of tube [m -s™!]

. cylindrical coordinates in an axial/

radial direction [m]

Greek symbolé

: thermal diffusivity [m? -s™!]
. freezing layer thickness in a center of

stenotic port [m]

: radius of tube to the ice layer [ml]

: dimensionless temperature, Eq.(10)
. one-half of axial length of stenotic

port [m]

: kinematic viscosity [m?-s™!]
. transformed coodinate system
: density [kg-m™)

Subscripts

i . inlet
S . stenosis

1. Introductibn

The freezing phenomena of internal liquid flow
take place commonly in many diverse processes
and situations which involve water—freezing in
pipes, the blockage of chemical process lines,
and the freezing of liquid metals in a heat exc-
hanger. In many of these, freezing may have
undesirable effects. Whether freezing is desirable
or undesirable, it is imperative that the basic
freezing phenomena and heat transfer characte-
ristics in pipe freezing flows be understood.

The study on the freezing problem in a pipe
was set forth by Zerkle and Sundetland® to
account for freezing of a liquid in a pipe due to
the step change in the pipe wall temperature.
Since then, a number of investigations has been
performed theoretically and experimentally to
study freezing flows in a circular tube and pa—
rallel plate channels and its effect upon heat
transfer. A survey of the literatures shows that
the studies on the freezing of pipe flow have
been classified into two types, One such type
49 s to obtain the information on freezing in
laminar flow and the other®” in turbulent flow.
In the case of laminar flow, the freezing layer
is thickly formed near the pipe wall and thus
affects the flow characteristics through the pi-
peline[8]. In the treatment of solidification in tu-
rbulent flpw, the increase in the ice layer th-
ickness along the axial direction is very small,
so that it does not affect the flow characteris-
tics®?. However, there is an interaction between
the turbulent flow and the shape of the ice at
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the ice-water interface if the ice layer is not
thin. This interaction results in an instability in
the ice layer. A wavy ice structure appears in
the entrance region of the cooled pipe due to
the instability caused by a strong laminariza-
tion of the turbulent flow. As discussed earlier,
it is clear that for a laminar flow the increase
in the thickness of ice layer has a great effect
on the flow characteristics in the channel. As a
result, many investigations have been focused
on the thickness of ice layer in laminar flow in
channel. However, all of the preceding investi-
gations concern the freezing in constant-area
straight ducts installed horizontally or vertically.
In a freezing problem in a channel, if the flow
channel has a stenotic port such as a sediment,
a valve, a coupler of pipe, and so forth, the sh-
ape of ice layer formed on the pipe wall is ex-
pected to substantially distinguish from that in
a straight pipeline. In specific, the flow patterns
are suddenly varied upstream and downstream
of the stenotic port. Due to such a flow struc—
ture, the sudden variation of ice layer thickness
in the vicinity of the stenosis will be observed.

In this study, a numerical analysis is made
for the freezing phenomena in a stenotic tube
for a steady state laminar flow. The purpose
of the present investigation is to assess the eff-
ect of the stenotic port on the shape of the
flow passage. The present study is markedly
different from the existing works in that the
complete set of governing equations in both
the solid and liquid regions are resolved. The
numerical analysis is performed for various po-
sition and heights of stenotic shape and flow
rates.

2. Analysis

2.1 Physical description and basic
equations

Figure 1 illustrates a typical configuration of
the ice-water system for the freezing phenom-
ena in a cylindrical tube of diameter D. The
wall temperature of a tube is maintained at a
uniform constant temperature T, which is low-
The fluid

which has a uniform temperature 7;(> 7,) and a

er than the freezing temperature 7.

fully developed velocity «; enters into the circ—

ular tube. At the inlet x=0, the cooling begins
and the frozen layer is formed on the wall as
the fluid proceeds through the pipe line. Several
idealizations are introduced for the analysis:
{1) the melting process is two- dimensional
and axisymmetric with respect to the center-
line of pipe.; (2) the Newtonian liquid and the
laminar flow are assumed; and (3) the ther-
mophysical properties are constant.

A general conser vation equation(10) is writ-
ten in the Cartesian coordinate as:

j%(rpudﬁ— rF—a%) 3, (rpv¢— rI’—%%)

= S(x, 7) (1)

which is repeated for the continuity, moment-
um, energy equations in the liquid phase; and
for the energy equation in the solid phase.
Next, transformation of the coordinate is per-
formed for the governing equation (1) using

x=x(& m, r=HE p) 2)

which yields

aé(pw —%—‘M—)Jr-g;(chb*

_aﬂ_z?é)
o2&

h, 07

= Jste g5 (G -28) L (GE ) ©

h, Jn he 8¢
where

as=rhhil], a,=rhhil], Be=vAh,/],
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poie 1

Fig.l Schematic representation of the physical
model for the ice-formation in a stenotic
tube.

Table]1 Variables in the dimensionless governing

equation
R I s
Solid  6s (k,/c)(RePr)™! 0
Liguid 1 0 0
u' Re™! —ap*/ox"
v Re™! —09p'/or —Re 'v*/#"
6. (RePr)™! 0

B,= rAhgl], he=(xi+ D", hy=(x+ )",

A=xge, 4+ rery, J=xer,—rex,, J=7]

and other factors appearing in the above trans-
formed equations are available in ref (11). The
covariant velocity components are selected as
the main dependent variables in solving the
momentum equations following Karki and
Patankar""”.

The interfacial conditions as follow are the
temperature equilibrium, the conservation of the

mass, energy fluxes crossing the moving inter-

face and no-slip at the surface of the ice layer.

T,=Ts=1y 4)

(eV)=(oV)s (5)

_ald’ 3¢
aﬂ)s )

u=v=0 (7

where ¢ denotes the entalphy of solid and
liquids at the interface.

The additional boundary conditions for the
velocity and temperature are given as follow:
The thermal boundary conditions are the adia-
batic conditions at the lines of symmetry; the
constant temperature conditions at the wall and
at the interface; and for the velocity fields, zero

‘—shear and impermeable surface are assumed

at the lines of symmetry; no-slip is imposed at
the wall.

Ts=T, at the wall of pipe ®

g =p=0, %r =0 at the symmetric line (9)

To facilitate the analysis, the dimensionless
group of parameters are introduced as follow:

s X X U e U
x‘—D’r D.u umi,v umx’
mtD 14
—22—- e——'—-, Pr= .
p PLUm, i a
___Cs — ks _ cr(TS— Tf)
Cr= cL ’ kr"‘ kL ’ 35— T'__ T/ ’
3L____u£ a0

Using the dimensionless parameters, the entire
set of governing equations in the solid and
liquid' phases can be rendered dimensionless, as
summarized in Table 1.

In this study, the shape of a stenotic port is
based on -the cosine curve, which has been
treated as a typical shape of stenosis in the
representative literature"®, as follows:

r=-§ —h[1+4 cos{a(x—x)/AJ]

(x;— A, <a<x,+Ay)

(11)

where each of s, As and xs is the radius of
the tube in a center of stenotic port. One half of
the axial length of stenotic port, and the axial
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length between the inlet and stenosis positions,
as shown in Fig.1.

2.2 Solution Procedure

After a number of grid resolutions were tried,
a nonuniform grid system was constructed by

deploying 71 nodes in the &-direction and 23
nodes in the #-direction. Using the equations as

follows:

x=L¢ (0=¢<1)

o (0= K1)
7’:

8it (p—1)(R-8) (1=9=<2),

(12)

each of grid points in the physical domain cor-
responds to that in the computational domain.
Near wall regions and in the vicinity of the
interface, grids were densely distributed to ac-
commodate the expected large gradient of the

nt Analyats

Prese
- o Experiment of Kikuchs ot al.
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Fig.2 The shapes of the interface for steady
state freezing of liquid in laminar flow
between two parallel plates in T,=
-12C, T,=27TC, w,; Hv =175
Experimental results from ref. (3)
(rectangular) and Numerical results

from this study (solid lines).
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Fig.3 Ice formation layer for the smooth and
stenotic tubes.

field variables.

The coupling between the continuity and the
momentum equations are resolved via the SI-
MPLER algorithm [10]. The interface move-
ment was implicitly treated and the overall en—
ergy balance was satisfied to within a toler-
ance of 0.01%.

3. Results and Discussion

The research purpose in this study is to
investigate the effect of the stenosis on the fr-
eezing layer thickness for laminar flow in a st-
enotic tube. Therefore, the results from calcul~
ation is mainly to be presented for the variation
of freezing layer thickness under these conditio-
ns; the shape and position of stenosis; the int-
ensity of velocity; the wall temperature of tube;
and the inlet temperature of water. The calcul-
ations were carried out for the wall temperature
T,=—2°C and the inlet temperature of water
T,=5°C, All the results presented in this study
have been verified for the range of laminar flow,
2u, 081/ v <2100.

At first, for the wvalidity of the numerical
procedures used in the present study, the calc-
ulated results from this study are compared
with the experimental data reported by Kikuchi
et. a¥ in the parallel channel flow as shown
in Fig.2. The agreement between the numerical
and the experimental data is very good.

3.1 Effects of the stenotic height

Figure 3 exhibits the shapes of the ice layer
for a straight tube (A=0) and stenotic tubes
(h=0.25D, 0.35D), where the dotted line repr-
esents the straight tube, and the solid and da-
shed lines represent the stenotic tubes of &=
0.25D and #=0.35D. As shown in Fig.3, the
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ice layer thickness monotonically increases in
the axial direction for the straight tube. It is
observed that the growth rate of ice layer is
higher at the entrance of the tube than the tube
downstream. This behavior is due to a hydro—
dynamical and thermal development of the fluid
flow at the entrance of the tube. On the other
hand, for stenotic tubes (A=0.25D, 0.35D) the
ice growth thickness before the stenotic port
corresponding to x,=25D is about the same as

that of the straight pipe, while the ice shape
behind the stenotic port is markedly different.
The ice layer thickness drop sharply right after
the stenotic port. This decrease in the ice layer
thickness for #=0.35D is greater than for A=
0.25D. This behavior may be caused by the in-
teraction between the ice layer and the flow
field in the liquid region. he fluid flow and te-
mperature distributions with the ice layer thick—
ness in the liquid region are displayed in Fig.4.
In each figure, the isothermal lines in the liquid
region are plotted above the axisymmetric line
of the tube and the stream lines below the
tube center line. For the straight tube depicted
in Fig.4(a), the water entering the inlet of tube
rapidly as the flow passes

flows more

o(D12) h/{D/2)=0

Fig.4 Contour plots for isotherms (upper) and
stream lines (lower) : (a) =0, (b) k=
0.25D, (¢) h=10.35D.

downward. This is due to the reduction of the
cross—sectional area of flow passage caused by
the ice growth. For the temperature field in the
liquid, an investigation for isothermal lines
reveals that a thermal boundary layer is formed
in the vicinity of the ice layer and gradually
grows in the axial direction. From these flow
patterns and temperature distributions, the
monotonic increasing for the ice layer pattern in
the straight pipeline can be deduced. On the
other hand, for the stenotic tube of %=0.25D,
the pattern for the flow and temperature fields
before the stenotic port (x,=25D) is about the
same as for the straight pipeline. However, the
vorticity of the flow occurs downstream of the
stenotic port due to the steep expansion of the
cross-sectional area. An investigation for Fig.4
(b) reveals that a thermal boundary layer is
partially separated from the ice wall just behind
the stenotic port, but mostly adhering closely to
the ice layer.

This finding implies that the thermal bound-
ary layer thickness is thin just behind the ste-
notic port. This same behavior for the flow
and temperature patterns as in Fig.4(b) is read-

0.1 —— 11—

LB B N S B S L Ay A

PR T N S WY T N S

b
i 1 A —l M 1 A
o'OQO 0.% 0.2 0.3 04
Stenotic height, h/(D/2)
Fig5 Variation of the ice layer thickness at the
center of stenosis with several heights of
stenosis.
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ily observed in Fig.4(c) for the higher stenotic
height of %=0.35D. Especially, the structure of
recirculation is more complex and unstable .with
the increasing height of the stenotic port. The
recirculation cells are sequentially built up along
the ice layer and some of them are stretched
over the flow passage. These vortex cells enha-
nce the heat transfer rate at the ice-water int-
erface and lead to the extension of the thin ice
layer behind the stenotic port. The shape pattern
of the ice layer can be also found in Fig.3. And
also, for the investigation of the effect of the
stenosis height on the thickness of ice layer,
the variation trend of ice layer thickness at the
center portion of stenosis is depicted in Figb.
In this figure, as the height of stenosis is
increased, the ice layer thickness formed herin
gets thinner monotonically. Such phenomena for
an ice layer are arised from the fact that the
increasing of temperature gradient is caused by
the rapid variation of radial gradient of velocity
and thus inhibits the growth of ice layer
herein.

0.10— 1 T 1T v 1 T
- d
A, } .
D o B
- 4
0.05}- s
i ]
0000 o & .0y
0 05 1 16 2 256
A,1D

Fig.6 Variation of the ice layer thickness at the
center of stenosis with various base lengths

of stenosis.

In addition, it is shown in Fig.6 that the le-
ngth of stenotic portion influences the ice layer
thickness. As shown in this figure, the thickness
of ice layer gets thinner monotonically with the
decreasing of the length of stenotic portion. A
tendency of ice layer thickness is varied conv-
exly, which is different from a variety of sten—

otic heights.

3.2 Effects of Reynolds number

Figure 7 shows the effect of flow intensity
on the ice layer thickness in the axial direc-
tion for Re=100, 1000 and 2000. In this figure,
for Re=100, the growth of ice layer monotoni-
cally increases in the axial direction and the
shape of ice layer thickness is in contrast to
those for other Reynolds numbers. It is obser-
ved that the ice layer thickness does not fluc-
tuate in the vicinity of the stenotic section.
However, for the higher Reynolds number of
Re=2000, the ice layer thickness near the sten—
otic section is thinner than for Re=1000, except

Fig7 Ice formation layer for various Reynolds
numbers in a stenotic tube.

#(D/2) Rex=100
°
A S . A . L ‘
o 1 20 30 40 $0 &0 70 80
*/{D/2)
(a)

o) Ae=2000
——

Fig.8 Contour plots for isotherms (upper) and
stream lines (lower) : (a) Re = 100, (b) Re =
2000.
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similar. for the stenotic port where two cases
are The flow and temperature fields are plotted
in Fig.8 for both of Re=100 and 2000. For Re=
100 depicted in Fig.8(a), it is clear that before
the stenotic port both the hydrodynamic and
thermal boundary layers start at the tubc; inlet
and are gradually developing in the axial direc-
tion, becoming fully developed through the ste-
notic port. However, the recirculation vortex
behind the stenotic port was not observed. The
absence of the recirculation vortex leads to the
smooth shape of the ice layer behind the sten-
otic port. Fig.8(b) depicts the flow and temper-
ature fields for Re=2000 and shows that the th-
ermal boundary layer was pushed into the ice
layer by the momentumn of the higher fluid ve-
locity, therefore the ice layer growth was mod-
erately restrained.

On the other hand, the stretched recirculation
vortex just behind the stenotic port is covered
over the larger area compared to the lower Re-
ynolds number of Re=1000. Fig.8(b) also shows

that most of the isothermal lines are formed in

the vicinity of the ice layer and some of them
are temporarily separated from the ice wall just

0.10—————
A, T 1
D - 4
0.05} i
0.00 P R
0 300 Re 600

Fig9 Variation of the ice layer thickness at the
center of stenosis with various Reynolds
numbers in  4s= 1.0D and 6 s=0.3D.

behind the stenotic port, then closely adheres
to the ice layer far away from the stenotic port.
From this behavior for isothermal lines for
Re=2000, it can be deduced that the ice layer
growth behind the stenotic port is more impeded
in a larger area with increasing fluid velocity in
a tube. In a investigation, as shown in Fig9,
for the variation of ice layer thickness in a ce-
nter of stenotic portion with respect to Reynolds
number, it is shown that, as Re increases, the
ice layer thickness gets thinner monotonically
with a trend varied concavely.

3.3 Variation of heat transfer coefficient

The distribution of local Nusselt number Nu
is plotted against x/(D/2) in Fig.10 for several
values of W(D/2) to investigate the effect of an
ice layer thickness on the heat transfer charac-
teristics at the interface. For a straight tube
(h=0), Nu monotonically decreases with increa-

sing x/(D/2). 1t is well known from the prev-

ious investigations that the monotonic decreasing
in Nu results from the increase in thermal resi~
stance along the tube caused by .the ice layer
growth. On the other hand, the trend for Nu in
the stenotic tube is more complex than for the
straight tube. The Nu variation is about the
same as that of a straight tube before the ste-
notic port, while Nu suddenly fluctuates near
the stenotic port and gradually decreases in the

60.0
L HIDIZ)
Nu i . B
p 0.5
400 g J" ----- 0.7
o . : " . N - :
%0 EX 0 %0 3.0

D12

Fig.10 The distribution of the local heat transfer
coefficient along the interface of the ice
formation for the various heights of ste-
notic port.
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axial direction, approaching asymptotically to
that of a straight tube again. Due to the thinner
thickness of ice layer behind the stenotic port,
the magnitude of Nu fluctuation is much more
amplified as the height of stenotic port increa-
ses. Conclusively, the slight fluctuation of Nu
is observed far downstream of the stenotic port
because of the recirculation cells formed down-
ward of the stenotic port.

4. Conclusion

A numerical analysis is made for the freez-
ing phenomena in stenotic tube for a steady st-
ate laminar flow. The present study is markedly
different from the existing works in that the
complete set of governing equations in both the
solid and liquid regions are numerically resolved.
Results were obtained for various positions and
heights of stenotic shape and flow rates. The
ice layer growth monotonically increases in the
axial direction for the straight tube, while it ex-
periences the fluctuation of shape through the
stenotic port. It is clear that the fluctuation of
ice layer shape results from the recirculation
vortex of flow which suppresses the ice layer
growth. This growth is magnified increasingly
in a stenotic height. This phenomenon of the
fluctuation of ice layer is more clear as the flow
rate increases. It is also found that the local
heat transfer coefficient drops exponentially at
the inlet of tube, and decreases monotonically
before the stenotic port, but experiences fluctu-
ation with the variation of the ice layer thick-
ness. For the higher value of a stenotic height,
it is found that some of the fluctuations of lo-
cal heat transfer coefficient result from the re-
circulation cells formed downstream of the flow
passage.
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