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Ice accretion on aircraft is studied by a numerical method. By solving governing equations, the flow
field is obtained for analyzing the icing zone and calculating the ice quantity on different parts.
Influence of the fluid viscosity and compressibility on icing characters is extensively studied. And it
can be found that the results agree well with those calculated by LEWICE program. This
achievement could be helpful to further research on ice accretion.

' Keywords: Icing; Fluid field; viscosity; compressibility.
' Introduction

g on aircraft can bring many problems, thus icing accretion needs be studied for
Selecting suitable anti-icing or de-icing system.

Finite volume method can be used to solve both Euler equations and Navier-Stokes
) equations. As a result, inviscid and viscous flow fields can be obtained

spectively. The obtained results can then be used to determine the droplet trajectories
ice shapes.

Droplet Trajectory Analysis

gian approach is used to calculate water droplet trajectories. According to the

n’s Second Law, for a single droplet, differential equations are established based
> following assumptions®:

cpe v s
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e  As the liquid water content (LWC) rarely exceeds 2.0 g/m’, the influence of the
droplet on the flow field is neglected.

e  Gravitation is neglected and the droplet remains spherical with fixed diameter, and
has no phase transformation since its size is so small (10< d <50 um)-

e  As the density of water is much greater than that of air, the pressure gradient term,
the apparent mass term, and the Bassett unsteady memory term are negligible.

e  Temperature, viscosity and density of the droplet remain the same at any time.

Thus the equations of motion for the droplets can be written as follows:

di _CpRew 1 _ _ W
K

where, i,V are the speed of water and air respectively. Cp is coefficient of the drag
force. Reynolds number of water is Rew, and K is coefficient of inertia.

3. Ice Accretion Analysis

To simulate ice accretion, a control volume® is used, whose upper limit is the boundary
layer and lower limit is the ice surface. As any control volume coincides with the rules of
mass and energy conservation, the following equations can be obtained.

mc+”.lrin—”.le_m =Iﬁ. (2)

rout I

=m,i

mi,,+m

+m +mi, . ., +q,As+q,As (3)

rinlw,:ur(i—l) v,sur raullw,:ur ii,sur

where 1, is the mass flow rate of collected water droplets and i, is the corresponding
enthalpy. i, is the mass flow rate which enters the control volume from upstream

control volume and ; is the corresponding enthalpy. ri, is the evaporative mass

w,sur(i-1)
flow rate and j,  is the corresponding enthalpy. ri,, is the mass flow rate of liquid
water out of the control volume and i, is the corresponding enthalpy. sy, is the ratio of
the amount of water freezing and j, _is the corresponding enthalpy. g, is the convective

heat transfer rate and g, is the conductive heat transfer rate.

4. Comparison

Under conditions of Table 1, a series of water droplet trajectories of NACA0012 and ice
shapes on its surface are studied.

Table 1. Conditions of calculation.

Attack angle  Flight speed  Flight altitude LWC MVD Accretion time

o° 129 m/s 900 m 0.5 g/m® 20 um 60s

Using finite volume method to solve Euler equations, inviscid and incomprcssible ﬂ?
field can be obtained. The results are used to solve equation (2), and water drOPv}n
trajectories without considering viscosity and compressibility can be obtained, as shoW!
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in Figure 1 (left one). On this basis, equation (3) can be solved and ice shapes can be
obtained, as shown in Figure 2 (left one). Similarly, N-S equations are solved by using
finite volume method for obtaining viscous and compressible flow field. And then results
_are used to solve equations (2) and (3) orderly to determine the water droplet trajectories
and ice shapes, as shown in Figure 1 (right one) and Figure 2 (middle one). LEWICE
iises Douglas two-dimensional potential flow program to solve the flow field with
onsidering viscosity and compressibility, and uses its own program to obtain the ice
apes, as shown in Figure 2 (right one).

T E N L e b g by e bsa g tees sy B

g g g 1
4 0.2 ] 02 04 0.6 04 02 0 02 04 0.6
e x ; -
Inviscid and uncompressible Viscous and compressible

—

tid and uncompressible Viscous and compressible LEWICE

Figure 1 Comparison of droplet trajectories

Figure 2 Comparison of ice shapes
the two drawings in Figure 1, differences cannot clearly been shown, because

dense. Thus some data are listed in Table 2, from which it can be learned
ce error of the points impacting on the wing surface for the same YO is

Table 2. Data associated with Figure 1.

Coordinates Y0 =-0.01 Y0.=-0.0022 Y0 =0.0098
"' Xend 0.0082 0.0042 0.007799

Yend —0.0158 . -0.00314 0.154318
.. Xend 0.0075 0.0022 0.00717
. Yend —0.0142 —0.00318 0.1477
0.001746 0.002 0.0066

ivertical coordinate of the water droplet trajectory. Xend and Yend is the horizontal and
€ water droplet trajectory which impacts on the wing surface, respectively.

sarly $hown that the ice shapes both with considering viscosity and
thout consideration have the same tendency as that of the LEWICE
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program. This indicates that methods used in this paper are correct. Furthermore, the ice
shape with considering viscosity and compressibility is more close to the result of
LEWICE program, and there is much difference between the ice shapes in inviscid and
incompressible flow field and those in viscous and compressible flow field. The specific
data are listed in Table 3. It clearly shows that the relative error of ice thickness has
exceeded 30%. Thus, in the conditions studied in this paper, viscosity and compressibility
cannot be neglected.

Table 3. Relative error of ice thickness. |

Xend =2.0935 Xend =0.000419  Xend =0.249
Yend =-0.058 Yend =—0.00314  Yend = 0.059

loe thickness " vodd -, and 1236 1.793 1322
() uncompressible
Viscous and compressible 2.05 4.885 2.50
Distance error 39% 58% 47%

5. Conclusions

Finite volume method can be used to solve both Euler equations and N-S equations. In
this way, inviscid and viscous flow fields can be obtained respectively. The results can be
used to determine water droplet trajectories and ice shapes. Two groups of data were
obtained. Comparing these two groups of results with those of the LEWICE program, it
can be found that the ice accretion tendency of the three is similar, so the methods used in
this paper is thought to be right. Actually, the ice shape with considering viscosity and
compressibility is closer to that of the LEWICE program, and the relative error of the ice
thickness is more than 30%. So, in the conditions presented in this paper, viscosity and
compressibility should be considered.

As there are many assumptions, the ice scale calculated in this paper does not agree
with that of LEWICE program very well. In future studies, more effort will be ma'de to
take the effect of viscosity and compressibility into account in the study of ice accretion.
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Abstract  An cxperimental investigation was performed
to obtain the flow and heat transfer characteristics of sin-
ele-phase water flow and two-phase pipe boiling water flow
under high gravity (Hi-G) in present work. The experi-
ments were conducted on a rotating platform, and boiling
two-phase flow state was obtained by means of clectric
heating. The data were collected specifically in the test

section, which was a lucite pipe with inner diameter of

20 mm and length of 400 mm. By changing the parame-
ters, such as rotation speed. inlet temperature, flow rate,
and cte., and analyzing the fluid resistance, effective heat
and heat transfer cocfficient of the experimental data, the
clfects of dynamic load on the flow and heat transfer
characteristics of single phase water and two-phase boiling
water flow were investigated and obtained. The two-phase
flow patterns under Hi-G condition were obtained with a
video camera. The results show that the dynamic load

significantly influences the flow characteristic and boiling

heat transler of the two-phase pipe flow. As the direction of

the dynamic load and the flow direction are opposite, the
greater the dynamic load, the higher the outlet pressure and
the flow resistance, and the lower the flow rate, the void
fraction, the wall inner surface temperature and the heat
transfer capability. Thercelore, the dynamic load will block
the fluid flow, enhance heat dissipation toward the ambient

Q. Yao (24) - B. Song - M. Zhao

Department of Man-Machine-Environment Enginecering,
Nanjing University of Acronautics and Astronautics,
210016 Nanjing, People’s Republic of China
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environment and reduce the heat transfer to the two-phase
boiling flow.

1 Introduction

Boiling heat transfer coupled with gas-liquid two-phase
flow is a thermal process.awhich is accompanied by phase
change. The two-phase flow and boiling heat transfer in a
horizontal pipe is widely used in power, nuclear energy,
chemistry, acrospace, refrigeration, air-conditioning and
other industry processes. When the vapor cycle cooling
system is boarded on a vehicle, it must be suffered from the
dynamic load during an accclerating, decelerating  or
mancuver flight. The dynamic load will certainly influence
condensation, cevaporation,  flow and heat transfer  of
refrigerant in airborne vapor cycle cooling system, and
therefore the performance of refrigeration components and
system. The rcliability of the vapor cycle cooling system is
very important for its use in flight vehicles and the better
understanding of the flow and heat transfer fundamentals of
the gas—liquid two-phase fluid under high gravity will
increase its safety during its operation in flight.

In recent years, the rescarchers in two-phase flow field
have focused on the characteristics of two-phase flow under
microscale [2. 10, 16, 21]. microgravity |9, 14, 17, 19] and
rotation [, 4-6, 12, 13,
few reports in the flow and heat transter mechanism of

I5. 18] conditions. There were

two-phase fluid under Hi-G condition, which is normally
encountered in mancuver flight. For the aircraft engine
turbine blade and the airborne vapor cycle cooling system,
the effects of Hi-G condition on two-phase flow and boil-
ing heat transfer are greatly needed to be investigated. The

phase change or boiling will cause mass transfer and the
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change of void fraction. Not only would the flow patterns
change along the flow channel, but also with magnitude of
dynamic load. All these lead to the complication of flow
computation, and make the continuity, momentum, cnergy
cquations more complicated. Therefore, two-phase flow
with boiling under Hi-G condition is onc of the compli-
cated two-phase flow phenomena which have more influ-
ence factors. It is better to begin the investigation from
an empirical approach. An experimental research on the
ceffects of Hi-G condition on the flow and heat transfer
characteristics of two-phase boiling water flow in a hori-
zontal pipe has been conducted in this paper.

2 Experimental apparatus

A rotational platform was designed in the experiment to
simulate the Hi-G condition. Experimental  system  of
steam-water two-phase flow with Hi-G condition includes a
closed water cycling pipeline loop. a rotational platform, a
heating system, a test scection. a data measuring  and
recording system and a video camera. The experimental
system is shown in Fig. 1. The test section is a lucite pipe
which is installed in radius. The solid line in Fig. I denotes
the experimental pipeline, and the dash line denotes the
signal transmission linc.

During the experiment, the water drawn from the water
tank by water pump goes through a pre-heater first, then
flows into the transparent test scction, where it is heated
again 1o boiling two-phase flow by a resistance wire heater,
and finally returns to the water tank. After the gas is drained,
the water is waiting for repumping. The transparent test
section is a lucite pipe with inner diameter of 20 mm and
lenath of 400 mm. It is divided into two parts. The first half

part is a heating zone. There are 3 cross-sections for

Fig. 1 Schematic diagram ol
experimental apparatus.

I regulator; 2 mixer;

3 transparent test pipe(circular
probe inside): 4 pressure drop
transducer: 5 data acquisition
module: 6 note-computer:

7 void fraction identifying
instrument: 8 pre-heater:

9 resistance wire heater:

10 thermocouple: 11 video
camera: 12 rotating platform:
13 water tank: 14 air

temperature measurement and cach of them installs 3 ther-
mocouples, as shown in Fig. 1. They are used to measure the
mainstrecam temperature of the fluid and the inner-wall
temperatures directly. The sccond-half part is photograph-
ing arca. At the middle of the test section, a circular clectric-
conduct probe is installed for measuring the void fraction of
the fluid. With the pressure transducer, pressure gauge.
clectric-conduct probe and thermocouples, the pressure
drop, outlet pressure, void fraction, as well as the inlet and
outlet fluid temperatures of heating section and inside-wall
temperatures are measured in the test section. The electrical
signals of these data are transmitted to acquisition module of
ADAM-4017 and 4018, and then to the computer through
ADAM-4520. Using the VB program, the real-time data
acquisition is realized. The ambient room temperature is
rcad directly from a thermohygrometer. The rotational
speed of the platform is adjusted by regulating the resistance
of frequency converter to achieve different dynamic loads.

The visible system is used to observe and record the
change of boiling two-phase flow patterns under Hi-G
condition. In the experiment. the two-phase flow pattern
transition is recorded with o video camera, which s
installed in front of the test pipe and rotated with the test
section synchronously. A non-reflection background screen
is installed behind the test section. The lighting is supplied
by a 105 W energy saving tricolor lamp.

3 Results and discussion

o

3.1 Effect of dynamic load on boiling two-phase flow
pattern in horizontal pipe

The two-phase fTow pattern is extremely unstable, and there
arc different low pattern transitions under different heating

compressor (for other usc)

thermocouple

water pump

@ Springer
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and flowing conditions. Two-phase flow patterns under
Hi-G condition can also appear the unique characteristic.
The instabilities of two-phase flow pattern as well as the
forces acting on fluid will lead o the transition between
flow patterns. In general, the phenomenon of resistance
[8. 1] can be used to explain the transition between slug
flow and churn flow, and the phenomenon of reverse [3] can
be used to explain the transition between churn flow and
annular flow. In the experiment, there is two-phase wavy
flow in the pipe under the heating condition with constant
heat flux. The transition of two-phase flow pattern under
-G is quite different from that under normal gravity, 1.c.
stationary state. When the platform rotation speed increases
eradually, there are no typical slug flow and churn flow in
the test pipe, but the impact phenomenon between two
phases. Therefore the impact phenomenon will be used to
explain the transition between wavy flow and plug flow.
The images of two-phase pipe flow of boiling water
heated at constant heat flux under different platform rota-
tion speeds and flow rates were shot and recorded with a
video camera. The boiling two-phasc flow pattern photos
intercepted from the image shot in the period of increasing
the dynamic load from 0 1o 2G (mcans 2 times of terrestrial
gravity) are shown in Fig. 2. Figure 2a shows wavy

Iig. 2 Steam-water two-phase
flow pattern photos during
increasing dynamic load

stratified flow pattern in the static state, in which the
dynamic load G, is 0, and liquid-phase flow rate is
0.1728 m*/h. The phase interface can be scen clearly.
When turning on the frequency modulator to rotate the
rotating platform, there is a small centrifugal force or
dynamic load exerting on the fluid. As the dynamic load
reaches the value of 0.21G, centrifugal force and inertial
force affect the gas-phase and liquid-phase respectively,
and the shock-wave appears in the gas-liquid interface. The
distribution of steam and water can be seen clearly. This
flow pattern is defined as impact flow, as shown in Fig. 2b.
When dynamic load reaches the value of 0.95G. the
influence of centrifugal force on two-phase flow is greater,
and the impact phenomenon is even more severe. The
extrusion on stecam-water interface is so severe that the
stcam and water are mixed together and there is no con-
tinuous interface between them. This flow pattern s
defined as intense impact mixing flow, as shown in Fig. 2c.
When the rotation speed continues to increase, the fluid
pressures increase further. As the dynamic load reaches the
value of 1.23G, the steam decreases significantly and the
impact between two phases becomes weaker. The water

phase plays a dominant role. This flow pattern is defined as
impact mixing flow, as shown in Fig. 2d. When the rotation

(d) impact mixing flow

(f) single-phase water
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speed increases further, the dynamic load is increased
further. The increased heat loss and liquid pressure make
the transition from boiling two-phase flow to single-phase
water flow gradually. When the dynamic load reaches the
vilue of 1.58G, the flow pattern becomes plug flow, and the
droplets are contained in the bubbles. which is similar to
the static state. But there is no obvious gas-liquid interface
between bubble and water, as shown in Fig. 2e. As the
dynamic load reaches the value of 2G, the fluid in pipe
becomes single-phase water flow, as shown in Fig. 2f. The
momentum equation for phase & could be expressed as
[20]:

a 1@ 5 O .
»;W(/),\Y/\II/\) el (/'l Z/\.'\H} St :*(1/\.'\/),\) b P2y
ot Acz ” . ACZ
S
-k = M (1)
A" ‘

3 . . = Wwo.
where 7, is the volume fraction of phase k; Cp is the
i

Tk
. . i .
is the total acceleration, m/s™: and M} is the momentum

friction perimeter, m; “is the wall shear stress, N/m™: d,
transferred through the gas—liquid interface, N/m?. From
the equation, we can see that the two-phase flow charac-
teristic in the present work is affected by the phase change,
and the body forces including gravity, dynamic load and
Coriolis force, besides the common parameters such as
pressure, shear stress and inertial force. On the action of the
above forces, the two phases impact cach other intensively.
The increased pressure and heat loss with increasing rota-
tional speed finally lead the stecam=water two-phase flow 1o

single-phase water fTow.

3.2 Flow and heat transfer characteristics
of stcam-water two-phase flow in horizontal
pipe under Hi-G condition

A series of experiments on single-phase water flow and its
boiling heat transfer in a horizontal smooth pipe were
performed and a great amount of experimental data was
obtained. The parameter ranges are 0.1-0.25 m¥/h for flow
rate, 95 kW/m? for heat flux. 10-97°C for inlet tempera-
ture, 0-100% for void fraction and 0-2G for dynamic load
or gravity.

The flow and heat transfer characteristics of single-
phase water and steam-water two-phase flow under Hi-G
condition were given and analyzed as follows.

3.2.1 Heat transfer characteristic of single-phase water
pipe flow under Hi-G condition

In the experiment fluid flows in radial pipe, and the fluid
medium is single-phase water heated continuously with two
clectrical heaters. The direction of gravitational accelera-
tion under Hi-G condition is the same as the fluid flow
dircction. After adjusting the experimental state to steady
state at static, the frequency modulator is turned on and
the platform is rotated. When angular speed is increased to
57 r/min, i.c. the dynamic load reaches the value of 2G, the
speed gradually drops to zero. Figure 3 presents the history
of outlet pressure 25, pressure drop AP flow rate Q. and
inlet temperature 75, in test pipe under Hi-G condition. With

the rotation speed changing. these parameters change

Fig. 3 History of single-phase 104000+
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continuously. As shown in Fig. 3. as the rotation speed
increases, the outlet pressure and pressure drop increase, but
the flow rate and inlet temperature reduce. On the contrary,
as the rotation speed reduces, the outlet pressure and pres-
sure drop decrease, but the flow rate as well as inlet tem-
perature increase. When the dynamic load reaches 2G, the
fTow parameters arrive to their limiting values. The change
of cach flow parameter during acceleration and deceleration
is about symmetrical around the limiting value. After the
rotating platform is stopped, all parameters almost return to
the same values at the static state.

The period in 0-50 and 120-170 s is for static state
responding o the platform before and after rotation,
respectively. As shown in Fig. 3, as the result of continu-
ous heating, the [luid temperature rises slowly over the
time period. The reason for the fluid parameter changing
with dynamic load is analyzed as follows. The rotation
causes the dynamic load to be exerted on the fluid with an
inverse direction. The flow resistance. and therefore the
pressure and pressure drop in the test section are increasced
so that the flow rate decrcases. With the increase in rotation
speed, the convective heat transfer outside test pipe is
enhanced. The total heat dissipation of the inside fluid
increases, which decreases the fluid temperature. When
rotation speed reduces, the heat dissipation decreases, and
the fluid temperature rises again. When the rotation speed
reduces to zero, the radiation becomes the main way in heat
dissipation, and the fluid temperature returns to the value
before rotation.

Fig. 4 Variation of single-

After processing the experimental data, the variations of
flow and heat transfer paramecters of single-phase water
with dynamic load were obtained for inlet temperatures of
65 and 83°C, respectively. Figure 4 presents the variations
of flow parameters of single-phase water with dynamic
load. As the dynamic load increases, the water flow rate
and Reynolds number decrease. and the pressure drop and
outlet pressure increase. Though the variation rates of flow
rate and Reynolds number with the dynamic load for 65°C
water and 83°C water arce different. the variations of the
pressure drop or outlet pressure with dynamic load are
almost the same. It is evidenced that the effects of flow rate
and inlet temperature on the pressure drop are far less than
that of dynamic load. Initial flow rate is controlled to get
different initial inlet temperature. Rey is the flow Reynolds
number in the pipe of 10 mm inner diameter, which is
connected with the entrance of the transparent test section.
It is defined as:

Rep = ud,, /v (2)

where u is the velocity of  single-phase  liquid, m/s;
d,, = 10 mm is the inner diameter of inlet heat section; and
vyis the liquid Kkinematic viscosity, m¥/s. Based on the
value of Rey, the flow in the test pipe keeps turbulent flow
during the experimental process.

The reason for the variation mentioned above could be
explained as follows. Figure 5 presents schematic diagram
of fluid flow and load. The radial test section is installed on
the platform and the fluid in it flows from point A to point B.
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Fig. 5 Schematic of fluid flow and load

That is, the fluid flow direction is in radial direction toward
the platform center and the platform rotates clockwise
around its circular center. The fluid flow direction in the test
section is opposite to that of the centrifugal force or the
dynamic load G, generated by rotation, which will be
exerted on the fluid and blocks its flow. The greater the
dynamic load, the more obvious the tendency. In a uniform
rotation with a certain rotation speed, the absolute value of
the acceleration, whose direction is toward center, is pro-
portional to the distance from center. That is the value
increases from B to A. The dircction of centrifugal force or
the dynamic load is opposite to the flow direction, which
causes the pressure drop and inlet pressure increase, and the

flow rate decreases. The bigger the value, the bigger the

flow resistance. The present experimental data agree with
the experimental ones by Ma [7] and the numerical results
simulated by Liu [5].

Figure 6 shows the variations of heat transfer parame-
ters with dynamic load, which is gotten from the processed
data originally presented in Fig. 4. Effective heat reflects
the heat transfer to the fluid in the pipe. As shown in Fig. 6,
whatever the inlet temperature is 65 or 83°, effective heat
will decrease with the increase in dynamic load, which is
mainly due to the rotation enhanced heat losing. The higher
fluid heat  dissipation.
Therefore the fluid effective heat for inlet temperature of
837 is lower than that for inlet temperature of 65°. AT is the

temperature  can also  enhance

temperature difference between mainstream fluid and the
wall inner surface, and it is defined as (75, + Tou)2 — T,
which increases with dynamic load. As the dynamic load
increases from 0.5 to 1.5 G, the increased magnitude of
temperature difference is small, but the temperature dif-
ference for inlet temperature of 65 is higher than that of
83°. As the dynamic load exceeds 1.5 G, the temperature
difference increases rapidly due to enhanced heat dissipa-
tion. /i is external heat transfer cocfficient of internal fluid,
which can be expressed as:
fi = loss - —(‘/Inn !
ATy = Tw1) AT + Tow)/2 — Twi]

(3)

where Gross = P — ¢o. is the difference between the total
heating power P and the effective heat ¢.. As the dynamic
load changes from 0 to 1.5 G. /i increases with dynamic

load. As the dynamic load exceeds 1.5 G. the rapidly
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