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Abstract: The paper describes results of investigations of heat transfer and pressure drop during
bubbly boiling of refrigerating media. In this article were presented of authors own experimental
studies and were proposed new simple calculation model describing bubble boiling in the tubular
channel. The author attempts to put forward a simplified description of the process of bubble boil-
ing in a straight pipe. The two-phase one-component (liquid-vapour) system is treated as a con-
tinuum governed by the laws of conservation of energy, momentum and mass. The continuum is
characterised by parameters that describe the two-phase system, such as density of the two-phase
mixture, static void fraction or static equilibrium dryness fraction. In view of engineering applica-
tions, a one-dimensional model is used where physical quantities are cross-section averaged. This
way the average velocity, pressure, temperature, and so on, are introduced. The results of the pro-
posed model have been compared with the results of the experimental research with satisfactory

compliance.
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1. INTRODUCTION

Bubble boiling is a process of frequent occurrence
in channel flows of numerous engineering applica-
tions, only to mention steam generators, steam boilers,
nuclear reactors, evaporators in refrigeration units.
Theoretical and experimental investigations to better
our recognition of this process have been carried out
for years and are still in progress. These investigations
brought a number of experiment-based correlations to
describe the heat transfer and flow resistance during
bubble boiling of media such as water, ammonia and
freons used so far. However, more fundamental and
applied research works are in demand. Particularly
necessary are investigations concerning new media
recently introduced, for example new environment-
friendly refrigerants [2, 10]. For several decades, some
theoretical models have been elaborated where the
investigators make attempts to describe two-phase
flows of boiling media 3, 4, 5, 7, 11, 12]. The richly
commented review of theoretical models published
across the literature can be found in works [1, 8, 6, 9].

2. EXPERIMENTAL INVESTIGATIONS

Fundamental experimental investigations were
carried out at a specially designed test facility erected
at the Department of Power Engineering of the Tech-
nical University of Koszalin. The test facility consists
of the following main elements:

— investigation system, comprising test sections and
instrumentation,

— supply system to feed the installation with the
refrigerant,

— electrical installation,

— installation for cooling water,

— measuring and control apparatus with computer
recording and processing of data.

A schematic of the test facility is presented in Fig. 1.

There are two test sections with instrumentation.
The test sections are made in the form of one vertical
and one horizontal straight channel - pipe stretches of
length 0.66 m each, with a circular cross-section of
inner diameter 13 mm. Pipes are made of copper with
the wall thickness equal to 1.5 mm. The measuring
sections are electrically heated. The inlet and outlet of
the experimental channel are made transparent in the
form of glass pipes of length 0.25 m and inner
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Fig. 1.

SEM A schematic of the test facility; 1- horizontal test section with instrumentation, 2 vertical test section with instru-

mentation, 3- condenser, 4- coolant vessel, 5- refrigerant vessel, 6- measuring vessel, 7- subcooler, 8- pump, 9- filter,
10- rotameter, 11- preheater, 12- pressure equalising pipe, 13- stirrer, 14- heating element, 15- electronic flow meter of
Sonoflo type, 16- electronic pressure difference transducer, 17- computer connected with transducers for measure-
ments of temperature, pressure and pressure difference, ARU- auxiliary refrigeration unit, W- watt meter, A- autotrans-
former, RFRM- refrigerant flow rate meter, Ap- pressure difference transducer, CP- pressure transducer interface, CAp-
pressure difference transducer interface, CT- temperature transducer interface, C- computer with accesories

diameter 13 mm to enable observations of the struc-
ture of the flowing two-phase mixture.

The feed station is equipped with the following el-
ements: refrigerant condenser 3, coolant vessel 4,
refrigerant vessel 5, measuring vessels 6, subcooler 7,
pump 8, filter 9, rotameter 10, refrigerant preheater 11.
The flow of the refrigerant in the cycle is driven by
a gear pump. The maximum volumetric flow rate of
the refrigerant is equal to 440 I/h (122 10-3 m3/h). The
mass flux of the refrigerant flowing through the meas-
uring sections is controlled by throttling at the delivery
side of the pump and partly by extraction of the refrig-
erant onto the suction side of the pump.

The circulating pump sucks the refrigerant,
subcooled by a few Kelvin, from the measuring ves-
sels to which the refrigerant flows gravitationally
down from the condenser through a pressure vessel
(auxiliary pipes 12 are used to equalise the pressure in
the system of gravitational flow of the refrigerant).
The condenser is made in the form of tube coils sub-
merged in a vessel filled with the solution of ethylene
glycol. The heat is absorbed by a compressor refrig-
eration system whose coil evaporator is placed in the
same vessel where the coils of the condenser are sub-
merged. The installation of the compressor refrigera-
tion system consists of: a compressor-condensing
aggregate with water cooling, condenser, thermostatic

expansion valve, liquid subcooler, elements of refrig-
eration automatics. The coolant vessel is equipped
with a stirrer 13 and heating elements 14 to assure the
required temperature of the coolant. The change of
heating power of the elements 14 is achieved by
means of an autotransformer and contact thermometer.
The possibility of control of the coolant temperature in
the vessel of the condenser enables the stabilisation of
the condensation temperature of the refrigerant as well
as keeping the pressure in the condenser and in the test
section constant. In order to cool the refrigerant
asubcooler 7 is used. The preheater 11 serves to
achieve the required temperature of the refrigerant at
the inlet to the test section. The refrigerant passes
through a filter and humidity absorber 9. An electronic
flow meter Sonoflo 15 (manufactured by Danfoss)
calibrated in preliminary measurements is applied to
measure the flow rate of the refrigerant. The flow rate
of the medium can also be measured by means of the
calibrated measuring vessels 16. The rotameter 10
plays a role of indicator of flow stabilisation. Pressure
and pressure difference measurements at characteristic
stations of the test sections are made by means of
tensometric sensors. The wall temperature at the heat-
ed stretch of the flow channel as well as the tempera-
ture of the medium are measured with the aid of cop-
per-constantan thermoelements, with thermoelectrodes
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of diameter 0,35 mm and length 2 m. Thermoelectric
sensors for temperature measurements of the medium
are submerged in the liquid spanning on 0.7 of the
channel inner diameter. Weld joints of the
thermoelements for wall temperature measurements
are mounted at a depth of 0.5 mm from the outer
surface of the channel. All quantities obtained from
the sensors of temperature, flow rate and pressure are
converted into voltage signals and fed into the com-
puter. The software enables recording and processing
of the acquired data. The system of computer aided
experimental investigations facilitates planning of
measurements, their control and processing of the
obtained results. Experimental investigations are
carried out for refrigerating media having a certificate
of liquid purity from the manufacturer. A filter 9 is
installed upstream of the test sections so as to remove
possible foreign bodies and humidity from the refrig-
erant. The experiments are conducted under constant
thermal and flow parameters of the medium at the inlet
to the test sections. Following refrigerating media:
R134a, R404A and R507 are investigated. The sample
results of measurements of the heat transfer coefficient
and pressure drop are presented in Figs. 2-5.

Local values of the heat transfer coefficient o and
pressure drop Ap are charged with some systematic
and random errors. Due to a relatively small number
of measurements performed at the same conditions,
random errors will not be estimated here. However,
the systematic error following from the measuring and
computational method can be evaluated as they do not
depend on the number of measurements. The mean-
square error has been estimated. In the case under
consideration, the mean-square errors for the heat
transfer coefficient o and pressure drop Ap, deter-
mined based on the measurements, depend mainly on
the mass flux density (wp) and heat flux density q.
Bearing in mind the above, the estimation of the
mean-square error has been carried out in four vari-
ants, taking into account the maximum and minimum
values of the mass flux density (wp) and heat flux
density q. It has been found from the calculations that
the experimental data are charged with the mean-
square error of 9-10 %.

3. COMPUTATIONEL MODEL

Foundations of the model:

1. A two-phase one-component mixture under satura-
tion temperature Ts flows down a straight pipe in-
clined at a certain angle fto the horizontal plane.

2. The flow is turbulent. The mass flux density is
equal to (wp).

3. The mixture is characterized by the dryness frac-
tion x and void fraction ¢.
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Fig. 2. The results of measurements of heat transfer coeffi-
cient in the form « = f{q) for (wp) = const;
Ts=—20°C, x = 0.05, vertical channel, R507
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Fig. 3. The results of measurements of heat transfer coeffi-
cient in the form « = f{wp) for g = const; T =-10°C,
x =0.1, horizontal channel, R404A
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Fig. 4. The results of measurements flow resistance in the

form Ap =f (wp) for ¢ = 15kW/m?, T,=-20°C, x=0.1,
horizontal channel, R507

4. Heat is supplied to the channel from the surround-
ings. The heat flux density is constant along the
pipe and equal to g,,.

5. The process of boiling with generation of vapour
bubble takes place in the channel.

6. The process takes place under steady-state condi-
tions.



60 Bohdal T. | Journal of Mechanical and Energy Engineering, Vol. 1(41), No. 1, 2017, pp. 57-64

AplPd

.
L

a0 40 600 800 1000 1200 14m

Fig. 5. The results of measurements flow resistance in the
form dp =f (wp); ¢ = 20kW/m?, T,= 0°C, x = 0.1,
vertical channel, R404A

As declared in the introduction, the conservation
equations to describe the boiling process in channel
flow will be written in a simplified engineering-
oriented one-dimensional representation:

— energy conservation equation:
h op oh & t.wC ¢q,C

p——L pw - = TR U
124 174 A A (1)

s

— momentum conservation equation:

M M 7,C op
4+ - = _L__, 2
Py TPV pg cos p T2 2
— mass conservation equation:
dp 7% M 1M
Wt p—=—pw——. 3
a e P T A )

After introduction of the state equation in the
form:

p= p(h,[)), )

and subsequent transformation, the set of Egs. (1-3)
can be rewritten as follows:

h P o Pp_ T,wC ¢q,C
= e 5
po7t c9t+ 124 Wc?z A " A ©)
MW M P 7.C
- - 4 = _L, 6
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where:

o) 243
" . ®)

For steady-state conditions, the mass conservation
equation (7) can be expressed in an integral form:

WpA =1 = const ©)

Placing Eq. (9) into Egs. (5 - 6) gives:

_4 , dh_7.C 4.pC

dz pdz A m (10)

(1)

Egs. (10-11) make up a set of ordinary differential
equations that incorporate the laws of conservation of
energy, mass and momentum, as well as the state
equation p = p(h,p). The closure equations describing
the heat flux density qw and shear stress T, at the
inner wall of the channel are as follows:

. :if mzz(z—x)2
27 pA(1-9) , (12)

where:
7D D=3 3

Af=0316Re"? Re=
p-Av-(1-9)

A=

Parameters that characterize the two-phase mixture
are determined from the following relationships
— equilibrium dryness fraction x:

h—h
Xpg =—r
h=h, (14)
— void fraction ¢:
q’:xRﬁ”
p, (15)

— where pis the density of the two-phase mixture:

po PP
P +'xk(p’_p”) . (16)
The heat transfer at the inner wall of the channel
can be described by the Newton law:
qw:a/-(Tw—Tf) a7
where the fluid temperature 7; is equal to the satura-
tion temperature 75 due to the saturation pressure.
Given the heat transfer coefficient o, one can find the
temperature at the inner wall of the heated channel:
T =T+
o

o (18)

The dependence determined by the R134a, R404A
and R507 refrigerant was used to determine the mag-
nitude of the heat transfer coefficient o

Nu=A-(Re)" - (Fr)*-(Ku)"-(Bo)* (19,
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where: A = 4,5-10”° (vertical channel), A = 5,1-107

(horizontal channel), n; = 2.42; n,= - 0.35; n3 = 1.30;

ny=-1,08,
The following quantities have to be assumed to get

started with the calculations:

— geometrical dimensions of the channel,

— heat flux density at the inner wall,

— mass flux density of the boiling medium,

— a correlation that enables the determination of the
heat transfer coefficient ¢,

— boundary conditions at the inlet section of the
channel, that is the inlet specific enthalpy i = h;
and pressure p = p; of the two-phase mixture.
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4. RESULTS OF CALCULATIONS

The numerical calculations were carried out based
on the above described computational model of bubble
boiling. As a result of calculations, a number of pa-
rameters that characterize the process of bubble boil-
ing in channel flow were evaluated, including the heat
transfer coefficients and pressure drops. The variation
of flow parameters along the channel where the pro-
cess of bubble boiling takes place is presented in Fig.
6 and 7 for refrigerants R134a and R404A.
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Fig. 6. The distribution of quantities describing the process of bubble boiling of refrigerant R134a as a function of axial
coordinate of the horizontal channel: T, = 0°C, p1 =0.293 MPa, h; =210 kJ/kg, (wp) = 1000 kg/mzs, 1-q;=5000

W/m?, 2 - g, = 15000 W/m?, 3 - g; = 30000 W/m
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Fig. 7. The distribution of quantities describing the process of bubble boiling of refrigerant RR404A as a function of axial
coordinate of the horizontal channel: g = 15 000 W/m?, T, = -10 °C, p,;=0,444 MPa, h, = 190 kJ/kg, wp, = 200 kg/m’s,
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Fig. 9. The comparison of flow resistance in the pipe channel obtained from theoretical calculations 4p,, and own experi-
mental investigations 4p.,: a) horizontal channel, b) vertical channel

The calculations were performed in a number of
series. For each series, the parameters of the refrigerat-
ing medium at the inlet to the channel were assumed
constant, changing only one quantity at a time, for
example the heat flux density at the channel wall ¢,, or
the mass flux density of the flowing medium (wp).

The presented graphs are profiles of the following
physical quantities: pressure, enthalpy, void fraction,
dryness fraction, temperature and heat transfer coeffi-
cient ¢. The pressure drop Ap along the channel is
accompanied by the increase of the enthalpy A, void
fraction ¢ and dryness fraction xz. This stimulates
intensification of heat transfer which is pronounced by
a decrease in the temperature of the heated wall 7', and
increase of the heat transfer coefficient ¢

The comparison of computational results based on
the presented model and experimental data [2], [3] is
shown in Figs. 8 and 9. The obtained results concern
heat transfer expressed in terms of the Nusselt number
Nu and pressure drops in the pipe channel of inner
diameter D = 13 mm and length L = 0,6 m. The calcu-
lations and experiments were carried out for refriger-
ants R134a, R404a and R507. It was found from the
comparison that the discrepancy between the computa-
tional results and experimental data does not exceed +
20% for 95 % of the collected results concerning heat
transfer and all results referring to flow resistance.

4. CONCLUSIONS

The presented theoretical model that draws on
conservation equations for energy, momentum and
mass of a one-dimensional continuum, although con-
taining a number of simplifications, is capable of
accurately describing the process of bubble boiling of
refrigerating media in channel flows. Numerical calcu-
lations performed with the aid of an experiment-based
correlation (19) enable us to obtain the continuous
distribution, along the channel, of quantities that char-
acterise the process of bubble boiling. The comparison
of computational results and experimental data, own
and from other authors, speaks in favour of the pro-
posed method of determination of heat transfer coeffi-

cients « and pressure drops. The method can be ap-
plied to several refrigerating media in a wide range of
heat and flow parameters, assuring a decent accuracy
to = 20 %, and therefore can be serviceable in design
of heat exchangers for refrigeration units as well as
complete refrigeration units.

Nomenclature

Symbols

cross-sectional area of the channel, m’
flooding circumference, m
channel diameter, m

flow number,

acceleration of gravity, m/s
specific enthalpy, kJ/kg
channel length, m

mass flow rate, kg/s

pressure, MPa

heat flux density, W/m?
Reynolds number,

time, s

temperature, °C

dryness fraction,

mass flux density, kg/m’s
velocity, m/s

axial coordinate of the channel,

FNT XS I NIR AR

ol
"3

Greek symbols

— heat transfer coefficient, W/m’K

— pipe slope with respect to the horizontal plane,
— static void fraction,

— density, kg/m’

— time, s

NN S ™R

Subscripts

experimental,
fluid,

constant enthalpy,
constant pressure,
equilibrium,
saturation,
theoretical,

wall,

inlet,

outlet,

exp

N~ e T =
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Subscripts
prim - liquid,
bis — vapour,
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