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ENHANCEMENT OF THE BOILING PROCESS OF REFRIGERANTS WITH HIGH
TEMPERATURE GLIDE AND LOW GWP

INTENSYFIKAC]A PROCESU WRZENIA CZYNNIKOW CHELODNICZYCH
O DUZYM POSLIZGU TEMPERATUROWYM I NISKIM GWP

Abstract

The paper presents the results of experimental studies of the enhancement of the boiling process of a
zeotropic agent with high temperature glide inside tubes at a low heat flux density. It discusses the effect of
three types ofinserts on the heat transfer process and the flow resistances during boiling 0of R407C in vertical
tubes. The experimental studies covered measurements of heat transfer coeficient values, flow resistance
values and thermal efficiency in the measurement section.
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Sreszczenie

Przedmiotem prezentowanej publikacji sa wyniki badan eksperymentalnych intensyfikacji procesu wrzenia
wewnatrz rur czynnika zeotropowego z duzym poslizgiem temperaturowym w warunkach niskich gestosci
strumieni ciepla. W ramach pracy oméwiono wplyw zastosowania trzech rodzajow wkladek na proces
wymiany ciepla czynnika R407C i opory przeptywu podczas wrzenia w rurach pionowych. Wyniki badan
doswiadczalnych obejmuja pomiary wartosci wspotezynnikéw przejmowania ciepla, oporéw przepltywu
oraz wydajnosci cieplnej uzyskiwanej w odcinku pomiarowym.

Stowa kluczowe: wrzenie, wkiadki intensyfikujace wymiane ciepta, wspotezynniki przejmowania ciepta, opory przeptywu
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Nomenclature

A - inner tube surface area (copper tube), (m?)

d - diameter, (m)

dp - outer coil diameter, diameter of the full insert, (m)
d, - diameter of the spring rod, spring wound around a full insert, (m)
G - refrigerant mass flux density, (kg/(m?s)

h - coil pitch, (m)

i - specific enthalpy, (J/kg)

7 - mass flux, (kg/s)

p - pressure, (Pa)

r - specific evaporation heat, (J/kg)

g - heat flux density, (W/m?)

0 - thermal efficiency, (W)

T - temperature, (°C)

T - temperature of the outer, inner tube wall, (°C)

A% - volume of refrigerant in a tube with an insert, (m?)
x - vapour quality, (kg/kg)

X, - Lockhart-Martinelli parameter,

AT =T, ,—-T, - temperature difference in the definition of the heat transfer coefficient
for the refrigerant, (K)

a - heat transfer coefficient, (W/(m?K)

1 - heat conduction coefficient, (W/(mK)

gl - gas phase, liquid phase

injout — inlet, outlet

o - concerns the evaporation process in the test section

pt - plain tube

R - refrigerant (or water)

s - saturation state

sc, sV — subcooling, superheating

wl, w2 — water cooling the condenser, water cooling the subcooler

1. Introduction

The use of refrigerants based on saturated and unsaturated hydrocarbons is motivated not
only by their thermodynamic properties, but also by the environmental impact restrictions. As
statedin [1], the use of HFCs witha GWP equal to or greater than 2500 will become prohibited
after 2020 and the cap on GWP, will be reduced to just 150 after 2022. Such restrictions
are set to push a range of refrigerants, which are now commonly used in air-cooling and air-
conditioning technology (such as R404A, R507, R410A) out of the market. The available
replacements are either inflammable and explosive (e.g. R32, R290, R1234yF) or they have a



relatively high temperature glide (e.g. R407C, R449, Opteon XL40). A temperature glide in
the boiling process translates into lower heat exchanger thermal efficiency.

This article discusses the results of experimental research into the enhancement of the
tube boiling process of high-temperature-glide refrigerants at low heat flux densities. The
author has focused on the impact of three types of inserts on the heat transfer process and
flow resistances during vertical tube boiling. The results of the experimental research for
various mass and heat flux density values have been discussed for R407C. The research covers
the measurements of the values of heat transfer coefficients, flow resistances and thermal
efficiency in the measurement section.

In recent years, tubes with micro-fins or specially structured heat transfer surfaces have
been analysed by researchers with particular interest. A detailed review of publications
discussing the boiling process on extended surfaces has been included in [2]. Ribatski and
Thome [2] presented the results of their analyses of the boiling process of R134a outside
several types of industrial finned tubes, i.e. High Flux, Gewa-B and Turbo-CSL (d=19.5 mm).
The obtained heat transfer coefficient enhancement ratios varied from 1.8 to 21.9, depending
on the tube type. Ribatski and Thome note that the greater the heat flux density, the less
profitable it is to augment the heat transfer surface.

The boiling process inside horizontal tubes with micro-fins was discussed in [3-8]. The
effect of the shape of the horizontal tube (circular cross-section w/h=1 and ellipsoidal cross-
sections w/h=2, w/h=4) on heat transfer coefficients and flow resistance values of R410A was
examined by Kim et al. [9].

Papers [10, 11] look at the effect of a spiral aluminium tape inserted into a tube on
boiling heat transfer coefficients and two-phase flow resistances. Yun et al [12] presented the
results of their analyses of the boiling process of nitrogen in horizontal tubes with a diameter
d=10.6 mm with wire coil inserts with a coil diameter dp=10 mm, wire thickness d =1.5; 2;
2.5 mm and coil pitch h=18.4; 27.6 and 36.8 mm.

2. 2. Description of the test stand and methods

The test stand used to study the boiling process inside vertical tubes with inner diameter
d=0.021 m consisted of two bimetallic tubes with the height L=2 m in an in-line arrangement
(Fig. 1). The inner tube was made of copper and had the inner and outer diameters d.
and d . The outer one was an aluminium tube with diameters d and d . There were eight
longitudinal aluminium fins on the outer surface of the tube on the air-side. The air-side heat
transfer surface enhancement ratio was 16 [ 13]. The experimental results presented here were
obtained during laboratory tests, which reflected the actual operating conditions of natural
convection heat pump evaporators.

The test section (ET) made part of the evaporator system of a cooling device. The evaporator
consisted of a preheater (Heat1), the test section (ET) and a superheater (Heat2). Heat was
supplied to the preheater and the superheater by electric heaters, whose power was measured
using wattmeters LW-1 (Q,, ., O,..., )- External air was the source of heat for the studied
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Fig. 1. A) An outline of the measurement stand: Heatl-preheater, ET-measurement section, Heat2-
superheater, comp- compressor, conl- condenser, os- oil separator, con2- aftercooler, EZR-
electronic expansion valve; B) Characteristic points of the cooling system on the logp-i graph

vertical tubes. A Copeland spiral compressor was another element of the cooling system. It
was also fitted with an oil separator manufactured by GAR. Wattmeters were used to measure
the power of the compressor’s engine Q,,,,, . The condensation section of the system consisted
of a condenser (Con1) and a water-cooled subcooler (Con2). The refrigerant was channelled
into the evaporator through an electronic expansion valve (EZR) with a specific aperture
degree corresponding to the assumed refrigerant mass flux density ( G') and evaporation
pressure (p, ). Each characteristic point of the cooling system was identified by measuring the
temperature (Hart Scientific PT100(7013) resistance thermometer) and pressure (Vegabar 17
pressure transducer) of the refrigerant (compressor suction, discharge, inlet to the electronic
expansion valve and a point downstream of the electronic expansion valve, Fig. 1b).

In addition, the parameters of the refrigerant (temperature T, and pressure p, ) were measured
at the inlet and at the outlet of the test section. Temperature sensors measuring the temperature of
the refrigerant within the test section were installed in special measurement sleeves located on the
supply and return elbows of the test section. The measurement sensor length of 152 mm enabled
actual temperature measurements to be taken 132 mm from the elbow. In addition, the outside
temperature of the heat transfer surface (T, ) was measured at the inlet and outlet of the test
section, ca. 0.3 m from the elbow [13]. A refrigerant mass flow meter DI6-Mass6000 was installed
on the liquid pipe in the cooling system. All the supply pipes of the cooling system, as well as the
preheater and the superheater, were insulated with rubber insulation with a heat conductivity
coefficient of 0.034 W/(mK) and a thickness of 19 mm. The enthalpy value of the refrigerant at
the characteristic points of the system and the physical properties (as a function of the mean value
of evaporation pressure 5, ) of the refrigerants were calculated using RefproPexe [14].



The total heat flux received at the evaporator, which is the sum of the thermal efficiency of
the pre-heater 0,,,,,,, the test section Q, and the super-heater Q,,,.,, , may be calculated on the
basis of the heat balance equation on the refrigerant side:

Qevap = QHeuzl +Qo + QHea/Z = mR (isv - isc) (1)
Equation (1) was used to calculate the heat flux supplied to the evaporator’s tubes.
Qo = mR (isv - isc ) - (QHearl + QHeatZ) (2)

For R407C, the measurement of pressure and temperature at the inlet and outlet of the
test section (Fig.1), as well as the Refprop software, made it possible to determine vapour
quality x,_, x,  in the wet vapour area.

The mean vapour quality was calculated as the arithmetical mean of vapour quality at the
inlet and outlet of the test section:

xm zo‘s(xRin +'xRout) (3)

The heat transfer coefficient for the boiling refrigerant was calculated on the basis of
equation (4), where the temperature of the inner tube wall was determined using formulas
(5-6). The mean temperature of the refrigerant was calculated as the mean arithmetical
temperature of the refrigerant at the inlet and outlet of the test section.

0
o, =————2>——— (4)
¢ Aw '(Twani _TR)
Twa//i =T, wallo — % R (5)
A,
Qemp = QHeall + Qo + QHealZ =g (isv 7isc) (6)

Equation (6) stands for the conductivity resistance of a bimetallic tube and results from
the formulation of a heat conductivity equation for a cylindrical multi-layer partition.

The study looked at refrigerants, heat and mass flux densities and evaporation temperature
as listed in Table 1.

Table 1. Scope of research into the boiling process inside vertical tubes

g (Wim?) G (kg/(m’s) T, (°C) %, ()
5000 < g <6000 .
i G =83;140;160; 218 T =-20; -10; -7.5; 1.05
9000 < ¢ <11000 s
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Fig.2. Flow structures analysed during the boiling of R407C in vertical tubes, according to data shown
in Table 1 and Fair’s model [15]

Boiling was analysed in the areas corresponding to slug, annular and bubble flow
structures [15] (Fig. 2).Three types of heat transfer enhancing elements were analysed (Table
2): an insert increasing the refrigerant flow velocity (a full insert, marked as WP, consisting
of a brass core with a rod wound around it), a flow-turbulising coil spring (SP) and an insert,
which turbulised the flow and increased the heat transfer surface (marked as Fin). The mean
temperature of the refrigerant at the inlet and outlet of the test section - T, , T, - was
measured by means of highly sensitive Pt100(7013) resistance sensors with

Table 2. List of the studied heat transfer enhancing inserts

Full insert -WP Spring-SP Fin

Z,=0.0212m

d =0.01m, d =00195m Z,=0.0057 m
d =0.0014 m, d =0.002m, Z,=0.0035m
h=0.037m h=0.043m Z,=0.00105 m
d =0.0006 m

large overall dimensions (the diameter of the sensor mantle measured about S mm, active
length - a minimum of 0.02m). The temperature of the wall T | was measured by means of
Pt100(5622-05) (Hart Scientific resistance thermometer) sensors (diameter of the sensor
mantle — 0.5 mm, minimum active length — 0.01m). In order to ensure high measurement
accuracy for the temperature difference, the sensors were calibrated for the entire expected
temperature range. Calibration was done by means of precision sensors (Pt100(7013))



directly at the measuring stand before each measurement series, using a Quartz-3S calibration
furnace. This highly precise system for measuring temperature difference (of the tube wall and
the medium flowing inside the tube) is as accurate as the Pt100(7013) sensors. The classical
system with thermocouples, used for this kind of measurements, is by a grade less accurate.

The factor, which resulted in an error of determination of heat transfer coeflicients, was the
accuracy of determination of the heat flux transferred in the test section, which did not exceed
SOW. For the maximum errors of determination of the direct and indirect values (Table 3), the
calculated relative errors of the measured heat transfer coeflicients have been shown in Table 3.

Table 3. Systemic uncertainties of intermediate values and mean relative errors of the heat transfer coefficients

Value S( Q YW 8(DT) K 8(A) m?

(%) 50 0,038 1,2*10°3

Insert SP Wwp Fin
Aoy /oy % 12,4 13,3 10,9

3. Heat transfer and flow resistance coefficients - results of experimental studies

The test results indicate that when all the analysed types of inserts are considered, the highest
heat transfer coefficients are recorded for the coil spring insert (SP). The WP insert turns out to
be more effective with R407C (Fig. 3) and at lower refrigerant mass flux densities (Fig. 3a,c).

The most limited increase in heat transfer coeflicient values was observed for the Fin
insert, especially at low mass stream densities (Fig. 3a,c). Each insert works differently and
hence the various effect of the mass flux density, temperature glide and heat flux density on
the increase of heat transfer coeflicients. As shown in Figure 3, SP inserts improved the heat
transfer coefficient values in the entire studied vapour quality range. Indeed, a significant part
of the tests focused on the convective boiling area with slug flow and annular flow patterns
(Fig. 2, Fair-Thome model, [15]). A spring insert with a properly adjusted coil diameter
causes greater flow turbulisation near the tube wall (e.g. in the liquid layer in annular flow),
thus enhancing the convective heat transfer process characteristic of slug and annual flow.

The rod in the spring insert disturbs the flow and promotes the mixing of the fluid. WP
inserts were used to increase the flow velocity of the refrigerant and break apart vapour
bubbles, especially in the slug flow area. In addition, the use of a copper rod spirally wound
around a brass core changed the refrigerant velocity profile by shifting its maximum velocity
values towards the inner tube wall to achieve more turbulent flow in the boundary layer.

As it was to be expected, the WP insert generated the greatest flow resistances (Fig. 4). A
drop in pressure is accompanied by a drop in boiling temperature and a greater difference in
temperatures between the heat transferring media (in this case the air and the refrigerant).
Lower boiling temperature corresponds to lower values of heat transfer coefficients.
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Fig.3. Heat transfer coefficients measured for various types of inserts: a) ¢ ~ 6 kW/m?,
G =83 kg/(m’s), p,=0,241 MPa; b) ¢ ~ 6 kW/m?, G =218 kg/(m’s), p,=0,526 MPa;
c)g~11kwW/m? G=83kg/ (m?), p,=0,241 MPa; d) ¢ ~ 9 kW/m?,
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Fig.4. Comparison of flow resistances in plain tubes and in tubes with heat transfer enhancing inserts::
a) G = 140kg/(m’), p,=0,347 MPa; b) G =218 kg/(m’s),, p,=0,526 MPa;

For high mass flux densities (Fig. 4b), the flow resistances of the insert increase significantly
if a WP insert is used, and therefore, the insert only enhances the heat transfer process to a
limited extent. In turn, for low mass flux densities, an increase in the flow velocity improves the
convection boiling component with no clear decrease in the heat transfer coeflicients caused
by a drop in boiling temperature. In the case of refrigerants with significant temperature
glide (R407C), a drop in refrigerant pressure is accompanied by the stabilisation of boiling
temperature. Two opposing phenomena occur in this case: a decrease in the value of the heat
transfer coefficient as a result of a greater difference in temperatures AT =7, . — T, (Fig.3d,
Fig.Sb curve 2) and an increase in the thermal efficiency of the exchanger resulting from a



greater temperature difference between the cooling and the cooled medium (Fig. Sa, curve
1). For lower refrigerant mass flux density values (e.g. G =83 kg/(m?s) Fig. Sb), no such
significant temperature differences AT =T, . — T, were observed for particular inserts as in
the case of mass flux density G =218 kg/(m?s) (Fig. Sb).

The effectiveness of heat transfer through a finned surface depends both on the heat
transfer coefficient and on the efficiency of the fin itself. In the experimental studies presented
here for a Fin insert, the determined heat transfer coefficients take into consideration the

impact of the fin efliciency on the heat transfer process. A decrease in the fin efficiency
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Fig.S. Measurement results for R407C: a) Q(xm) s G=83 kg/(m’), ¢ ~ 11000 W/m?;
G =218 kg/(m’s), ¢ ~ 6000 Wm?;
a) DT=T T, G=83 kg/(m?’), ¢ = 11000 W/m?*b) DT=T -T,, G=218 kg/(m?s)

resulting from an increase in the heat transfer coeflicient may, however, be compensated by a
sufficiently high value of the heat transfer coeflicient. This applies to the analysed Fin insert.
An experimentally determined heat transfer coefficient for a tube with a Fin insert is higher for
higher flow velocity (resulting from an increase in the mass flux density of the refrigerant) and
greater turbulence, which is a consequence of the presence of the insert and its geometrical
shape. The shape of the insert where it is in contact with the inner tube surface leads to the
development of areas where the flowing refrigerant is slowed down, especially if the mass flux
density is low, and where vapour bubbles may be “retained”. Low efficiency of the fin (due to
its height and thickness), as well as low values of the heat transfer coeflicient, make the heat
flux transferred from the tube wall low, and therefore, the measured heat transfer coefficients
are also low (Fig. 3a,c). As the mass flux density rises, the occurrence of “dead zones” in areas
where the fin is in contact with the tube wall is minimised, and the measured values of heat
transfer coefficients increase despite the fact that fin efficiency drops (Fig. 3b,d).

The heat transfer coefficient increase ratios (o./ apt) presented in figure 6 tend to increase
slightly for all insert types along with an increase in vapour quality within the range of 0.5<x_<0.9
(in the annular flow area), reaching a maximum value within the vapour quality range of
0.8<x_<0.9. A sharp decrease in the indicator’s value is detectable in the mist flow area (0./ apt).
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Fig. 6. Heat transfer coefficient increase indicators (ct/ a}jt): a) ¢ ~11kW/m?, G =140 kg/(m?s);
b) WP insert, refrigerant, ¢ ~ 9 —11 kW/m?

resistance ratios for the completed measurements have been listed in Table 4.

Table 4. Averaged values of the heat transfer coeflicient and flow resistance increase ratios

5000 < ¢ < 6000 W/m® 9000 < ¢ <11000 W/m*
Insert mean value maximum value | meanvalue | maximum value (Ap /Ap, ) (x.)
(7o) () | (/). () | (@Tan)(xa) | (o @), ()
SP 1.09-1.34 1.58 0.83-1.2 1.64 2,12,
WP 1.05-1.12 1.31 1.14-1.34 1.60 3,4-4,5
Fin 0.77-1.11 1.32 0.71-1.22 1.27 1,5-1,9

4. Summary

The effectiveness of heat transfer enhancement achieved by using the analysed
inserts may be assessed on the basis of the ratio of the transferred heat flux O to the
refrigerant discharge power (VAp). In the case under consideration, it was assumed that
the volumetric flow rate of the refrigerant corresponded to the saturation conditions
for pressure p, . (V=V"(py,,) ). For greater vapour quality values, inserts that generate
low flow resistances have a better thermal power coefficient referred to discharge power
(E=0/(Vap) ), which stems from an increase in the refrigerant flow velocity. Therefore,
despite a moderate increase in heat transfer coefficients for a Fin insert as compared to
an SP insert, low flow resistances call for the use of a Fin insert. For low vapour quality
values, i.e. x_<0.5, WP inserts have a better ratio of thermal power to discharge power than
Fin and SP inserts. The WP inserts with high flow resistances may be used in particular
with zeotropic refrigerants with a high temperature glide and with low mass flux values
G <100 kg/(m?s). The Fin and SP inserts may be used in the whole vapour quality range.
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