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ABSTRACT

This article describes an experimental study of flow boiling of HFE7000 inside a smooth ver-
tical channel. The investigation has been carried out in a circular stainless-steel tube with an
inner diameter of 2.3 mm. The data have been collected for the applied heat fluxes q ranging
from 61 to 205 kW/m?, the mass flux G ranging from 214 to 1006 kg/(m%s), the saturation
temperature T, ranging from 30 to 54°C and the full range of vapour quality x. The collected
experimental data base amounted to 1,217 experimental points. The acquired results indicated
that heat flux and saturation temperature have the most significant impact on the heat transfer
coefficient. The local heat transfer coefficient increases with both the heat flux and saturation
temperature, while the mass flux did not exhibit a significant effect on the variation of the
heat transfer coefficient. The present experimental data have been compared with various heat
transfer correlations from literature including the recently enhanced in-house model. The re-
sults of comparisons indicated the superiority of the in-house model over other correlations.
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NOMENCLATURE

Bo - boiling number (-)

C - mass concentration of droplets in two-phase core (-)
Co - convection number (-)

Con - confinement number (-)

Cp - specific heat (J/(kg-K))

d - diameter (m)

f,fr - friction factor (-)

Fr - Froude number (-)
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fi, fi; — function (-)

G - mass flux (kg/(m>s))
GWP - Global Warming Potential (-)
M — molar mass (kg/kmol)
MAD - mean absolute deviation (%)
ODP - Ozone Depletion Potential (-)
P — electrical power (W)
p — pressure (Pa)
Pr - Prandtl number (-)
q - heat flux (W/m?)
Re — Reynolds number (-)
T — temperature (°C)
We - Weber number (-)
X - quality (-)
X - Martinelli parameter (-)
Greek symbols
a - heat transfer coefficient (W/(m*K))
o - surface tension (N/m)
A - thermal conductivity (W/(m-K))
p - density (kg/m?)
u - dynamic viscosity (Pa-s)
R two-phase multiplier (-)
Subscripts
crit - critical
exp - experimental
— vapour
h - hydraulic
I - liquid
LO - total liquid flow rate
Pb - pool boiling
r - reduced
sat - saturation
™" - two-phase
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TBP - two-phase boiling
th — theoretical

1. Introduction

The literature reports that scientists from different countries have carried out research on
phase change since the 17" centuries. Oliver Evans [1] was the first, who suggested using a
volatile fluid in a closed cycle to freeze water. In 1828 Jacob Perkins and Richard Trevithick
proposed an air-cycle system for refrigeration. Unfortunately, both systems have not been
made [2]. However, in 1824 Perkins [3] constructed and patented a device using a volatile
fluid for the purpose of producing the cooling and freezing. Despite the fact that this device
used sulfuric ether as the refrigerant, many refrigeration experts recognize this achievement as
a significant contribution to the identification of phase change mechanisms [2].
Solvents and other available volatile fluids, which are flammable and toxic in most cases,
were commonly used refrigerants at the beginning of their use. Around 1930, commercial
production of refrigerants belonging to the group of chlorofluorocarbons (CFCs) and hydro-
chlorofluorocarbons (HCFCs) had begun [4,5], which later found application for example in
small refrigeration, air-conditioning and heat pumps.
Based on the Vienna Convention for the Protection of the Ozone Layer [6] and the later Mon-
treal Protocol [7], as well as the Kyoto Protocol [8], refrigerants can be classified as those:
e having a strong ozone-depleting effect and a significant strengthening of the green-
house effect (chlorofluorocarbons - CFCs),
e having a reduced effect on the ozone layer and with the moderate strengthening of the
greenhouse effect (hydrochlorofluorocarbons - HCFC),
e harmless to the ozone layer and with little effect on the greenhouse effect (hydro-
fluorocarbons - HFC),
e harmless to the ozone layer and very little or no effect on the greenhouse effect (car-
bon dioxide - CO, (R744), natural hydrocarbons (HCs), ammonia - NH3 (R717)).
The need for research on new working fluids enforces the fact that today's challenge of envi-
ronmental responsibility requires that a substance which depletes the ozone layer or contrib-
utes to global warming must be restricted or substituted [9]. Hydrofluorocarbons were regard-
ed as a promising alternative to CFCs [10]. Unfortunately, one of the most popular hydro-
fluorocarbons (HFC), namely R134a, has a 100-year Global Warming Potential (GWP) equal

to 1430 in low to medium evaporation temperatures [11]. Therefore, it must be replaced by
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more environmentally friendly refrigerants in the near future. Consequently, a long-term al-
ternative to withdrawn refrigerants must be searched. For this reason, synthetic working flu-
ids, which belong to a relatively new group of refrigerants (HFO) and characterized by a low
potential of the greenhouse effect, are becoming more popular. R1234yf and R1234ze have
been believed to be a promising candidate as an alternative for R134a [12]. In the case of
R1234yf, its ODP is equal to 0, whereas the GWP = 4 and its thermophysical properties are
similar to those of R134a. The differences in heat transfer coefficients for those refrigerants is
very small, both from the low to the high vapour quality region [13]. Also, Del Col et al. [14]
found that there were no significant differences between the flow boiling performance of
R1234yf and R134a. Mikielewicz et al. collected experimental data from various past studies
and presented the results of calculations performed using the authors’ model [15,16] to predict
the heat transfer coefficient during flow boiling for refrigerants R134a and R1234yf [17].
Some studies have considered a natural refrigerants namely carbon dioxide [18,19] as possible
replacements for R134a, for example in air conditioning or refrigeration or Organic Rankine
Cycle (ORC) systems. Carbon dioxide compared to other working fluids is relatively safe, is
non-toxic, non-flammable, non-explosive, inexpensive and can be coupled with most metals
and plastics [20]. On the other hand, for the carbon dioxide systems, the working pressure is
significantly higher than for R134a systems, which would lead to significant modifications
and higher costs [21]. In that light, hydrofluoroethers (HFE), which exhibit a lower impact on
the environment, are also regarded as promising alternatives to CFCs [22], and under consid-
eration in many areas of potential application. It should be added that most fluorinated, espe-
cially HFEs possess zero ozone depletion potential (ODP), low global warming potentials
(GWP) and relatively short atmospheric lifetimes (ALT). In addition, most HFEs exhibit low
toxicity, are non-flammable and thermally stable and thus have excellent environmental com-
patibility [9,23]. In the present work, HFE7000 has been selected for scrutiny. The selected
thermophysical properties of HFE7000 are shown in Table 1. It should also be noted that this
working fluid is non-flammable, of low toxicity and non-corrosive. Furthermore, it is charac-
terised by a zero ODP and a GWP is equal to 530 [24]. A lot of traditional applications such
as cooling devices, food refrigeration, industrial cooling and thermal management of semi-

conductors may become a potential area for application of HFE7000 [25].
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Table 1. The selected thermophysical properties of HFE7000 [9,26].

Tsa, °C | Psat, kPa | p, kg/m® | pg, kg/m® hy, k/kg he kI/kg | o, kN/m
0 22.940 1470.5 2.0552 200.00 351.88 14.39299
20 57.072 1418.0 4.8461 225.08 368.29 12.28273
30 85.052 1390.5 7.0676 237.80 376.59 11.24976
40 122.78 1362.2 10.023 250.68 384.93 10.2329
50 172.35 1332.7 13.876 263.72 393.27 9.23332
60 235.99 1301.9 18.821 276.93 401.60 8.252382

Nowadays, there is still observed rapid development of practical engineering applications for
micro-devices, micro-systems, compact heat exchangers and highly integrated cooling sys-
tems [25,27,28]. Therefore, the aims are to a better understanding and improving the
knowledge of small and micro-scale heat transfer phenomena. In addition, in order to obtain a
high value of heat transfer coefficient, the single-phase heat transfer is not enough. Hence, the
activities have been taken to replace devices using single-phase heat transfer by their alterna-
tives using boiling or condensation. Taking into consideration, the complexity of these phe-
nomena and a general trend towards using the new environmentally friendly working fluids,
which also require validated tools that are able to predict the pressure drop and heat transfer
coefficient, there is a need to increase the accuracy of modelling boiling and condensation
phenomena.

In the literature, there are still not enough experimental data for flow boiling and condensation
conducted for HFEs. Mikielewicz et al. [25] have presented their experimental results of the
pressure drop of HFE7000 and HFE7100 during flow condensation in minichannels. In this
case, the flow was examined in a cylindrical single channel with a 2.3 mm inner diameter.
Additionally, the experimental data, which they obtained, were compared with some well-
established correlations for pressure drop during two-phase flow. That comparison resulted in
a conclusion that the correlation due to Fronk and Garimella [29] and the in-house model for
flow boiling and flow condensation [30] were found to be in best agreement with the experi-
mental data. Forced convective boiling experiments with HFE7000 as the working fluid were
conducted for upward flow in a vertical tube at 122 kPa and mass flux ranging between 50
and 150 kg/(m*s) by Eraghubi et al. [31]. The experimental facility consisted of a smooth
tube with an inside diameter of 8 mm and an overall length of 120 mm. The results obtained
by Eraghubi et al. [31] show that after the onset of nucleate boiling, the flow regime is bubbly

and increasing the heat flux acts to increase the boiling heat transfer coefficient due to in-
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creased nucleation site density, bubble frequency and size. In the article [31], the convective
boiling heat transfer correlation due to Chen [32] was compared with the measured data
showing a reasonable agreement and Eraghubi et al. [31] proposed a modified Chen correla-
tion for the low mass flux convective boiling, which turned out to be superior to the original
model.

On the basis of the above, the authors decided to test HFE7000 working fluid for flow boiling
in a vertical tube. Additionally, the comparison of experimental heat transfer during the flow
boiling of HFE7000 with the calculation results using selected predictive methods has also

been presented in the paper.

2. Experimental facility

As a part of studies that are presented in this article, an experimental facility, which was con-
structed for previous research [25], was modified and used in order to the examination of flow
boiling in vertical channels. It is worth mentioning that this experimental facility was de-
signed as a compact and mobile installation with dimensions of 1 x 1.5 x 2 m. A schematic of
the facility is presented in Figure 1.

In the presented facility the test of simultaneous process of both cases, namely flow boiling
and flow condensation with any low boiling point fluid with the heat of vaporisation not ex-
ceeding 200 kJ/kg and installation pressure below 10 bar can be conducted [25]. Working
fluid circulation is forced by an electrically-driven pump. The selected gear pump provides
the circulation of fluid in the test section without any pulsation. Adjustment of the mass flow
rate can be realised by changing the voltage of the pump’s power supply or using the by-pass
[25]. Firstly, the working fluid from the main tank, made of stainless steel and a maximum
capacity of 21 dm?, is pumped to the Danfoss Coriolis type mass flowmeter MASS D1 3
working with the MASS 6000 19” IP20 interface. The measuring range of this mass flowme-
ter is 0 — 65 kg/h at the temperature range of working fluid -50 — 125 °C. Before the working
fluid is entered into the evaporation section the required inlet parameters must be achieved in
the pre-heater. When the working fluid reaches the evaporation section, its heating is realised
in a vertical silver tube of 2.3 mm inner diameter and length 24 cm in the flow boiling part of
the facility, powered by a low voltage, high current DC power supply [25]. It is possible to
obtain a full range of quality x variation as well as superheating about 1 — 2 K. In order to
determine the heat flux and quality, current, voltage, inlet and outlet temperatures and pres-
sures are measured. The distribution of tube wall temperature is registered using the infrared

camera FLIR A325, operating in Researcher Pro 2.9 software (Figure 2). An example of the
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wall temperature distribution depending on the distance from the beginning of the heating
section is presented in Figure 3. In order to measure the wall temperature, the test section vis-
ible in the thermovision image between markers of 20 cm length, was divided into 100 equal-
ly spaced sections. Inlet temperature and pressure, as well as outlet temperature and pressure,
are also measured. The pressure is monitored by an absolute pressure transducer (Keller PAA-
33X, measurement range 0-3 bar). The uncertainty analysis of the operating parameters is
presented in Table 2. All tests were performed under steady-state conditions. The temperature,

mass flow and system pressure were recorded using a data logger connected to a computer.

Table 2. Uncertainty of measurements.

Measured quantity/instrument Uncertainty

Mass flux of working fluid, kg/s +0.125

Heat flux, W +4.7

Temperature —K type thermocouple, K +0.3

Wall temperature, K +2.5

Pressure — Keller PAA-33X, bar +0.00108
7
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Figure 1. Schematic diagram of the experimental facility.

3. Data reduction

The value of the local heat transfer coefficient o was calculated using the relationship result-

ing from the heat balance equation applied to the test section:

P=a-A-AT 1)
where P is electrical power, A — surface associated with the inner wall, AT — local temperature
differences between wall temperature and fluid temperature. The heat balance was also calcu-

lated from the heat balance on the fluid inside the test section using the following equation:

P=nm-(h, —h,) (2)
where m is measured mass flow rate, hoy: and hj, are the outlet and inlet enthalpies to the test
section determined using the Refprop9 database [26].

In calculations, the local wall temperatures were directly measured by the infrared camera. A
sample image obtained from the infrared camera, which registered the distribution of tube

wall temperature, is shown in Figure 2, where the fluid temperature was determined from the
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local saturation temperature, which was also determined using the Refprop9 database [26] and
defined based on the local measured pressure. While, the thermodynamic vapour quality for
distance from the inlet z, was determined from the following heat balance equation:
‘= h, —h, 3)
h, —h,

where h; is the value of the local total enthalpy at a distance of z from the beginning of the
section, whereas h; and hg are the saturated values of the liquid and vapour enthalpies corre-

sponding to the local pressure.

68
64 —

60 —

T\\.I” (OC)

56 —

0 a8 12 16 20
L (cm)
Figure 2. The distribution of tube wall temperature Figure 3. The change of the wall temperature for

using the infrared camera. example saturation temperatures.

The total enthalpy h, was calculated using the following equation:

P-U-z @)
z in Am

From the knowledge of the saturation temperature of working fluid Ty, wall temperature Ty
and heat flux g, it was possible to determine the local value of the heat transfer coefficient a.,
which can be evaluated as the ratio of the heat flux to saturation minus the inside wall temper-

ature:

.4 5)
© (T —Ta)

The sequential perturbation method [33], which was used to determination of experimental
uncertainty, allows estimation of the total experimental error. Determination of the total error
using this method is possible by taking into account errors form individual sources in a gen-

eral database and averaging them using a root sum square method (RSS). This method of er-
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ror analysis was carried out for each of data measurements series. Besides, the heat balance

was tested for each series and in the case of flow boiling, it was based on the enthalpy differ-

ence. On the basis of conducted error analysis, it was found that the average uncertainty of

heat transfer coefficient determination did not exceed 5%. Details are presented in Table 3.

Table 3. Partial experimental uncertainties.

Parameter Operating range Uncertainty

d, mm 2.3 +0.007 mm
G, kg/(m*-s) 214-1006 + 0.3%
q, kW/(m*K) 61205 + 3.5%
Tsar, °C 30-54 +0.1%
texp KW/ (M*K) 3.45-15.72 + 5%

X, (-) 0-1 ¥ 4%

4. Experimental results and discussion

The effects of mass flux on the heat transfer coefficient of HFE7000 have been presented in

Figures 4 to 7, which show the distribution for selected flow parameters of the heat transfer

coefficient during flow boiling of HFE7000 as a function of vapour quality at different mass

fluxes and constant saturation temperature and heat flux.
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Figure 4. Heat transfer coefficient versus vapour Figure 5. Heat transfer coefficient versus vapour

quality of 2.3 mm horizontal tube at T, = 33°C and quality of 2.3 mm horizontal tube at T, = 37°C and
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q = 78 kW-m%K™ during flow boiling of HFE7000.
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q = 96 kW-m2K™ during flow boiling of HFE7000.


https://www.sciencedirect.com/topics/chemical-engineering/heat-transfer-coefficient
http://mostwiedzy.pl

A\ MOST

20 14000
| @ B W G-400 kg/(m’s) .... ® @ @ G-65 kg/(m?s)
9200 —| * ¢ ¢ G=3%kglm’s) B B B G-613 kg/(m?s)
u 13500 ® ¢ ¢ G-611 kg/(m?s)
= | n
I~ . —_
8800 — - A 2 .,
£ ‘ & 13000
= m - *e § o,
B 8400 - = R
& 3 .. 12500 — &
=800 mw 4 . .
7600 — ¢, 12000 s s *
‘ o
7200 —! - . " ! R %60 T T
04 0.6 0.8 I 05 06 07 08 09 1
x() x()

Figure 6. Heat transfer coefficient versus vapour

guality of 2.3 mm horizontal tube at T, = 40°C and

Figure 7. Heat transfer coefficient versus vapour

quality of 2.3 mm horizontal tube at T, = 50°C and

q = 132 kW/(m*K) during flow boiling of HFE7000. q = 200 kW/(m*K) during flow boiling of
HFE7000.

According to the presented results, it can be seen that the value of heat flux has a strong influ-
ence on heat transfer coefficients (HTC), with no significant effect from mass flux values.
HTCs, initially, slightly decrease with vapour quality in the low-quality region (x<0.3) and
then increase with a further increase in vapour quality. The decreasing trend of heat transfer
coefficients in the low-quality region has been also observed by Del Col et al. [14]. Further-
more, the increase in the value of heat transfer coefficients has been obtained by the increase
in saturation temperature. Moreover, at low mass flux, the vapour quality does not have a sig-
nificant impact on heat transfer coefficients. For example, in the case presented in Figures 4
and 5, the heat transfer coefficient increased to about 1 kW/(m*K). However, heat transfer
coefficients increased more with vapour quality at higher mass flux conditions. Similar obser-
vations in research have been noticed by Coppeti et al. [34]. Furthermore, increasing the mass
flux with the same heat flux and saturation temperature values does not cause a significant
increase in heat transfer coefficients. Summarising, the value of heat transfer coefficients dur-
ing flow boiling of HFE7000 is strongly affected by heat flux and saturation temperature with
negligible effects from the mass flux and vapour quality.

Next, the experimental results have been compared with selected correlations from the litera-

ture. For this purpose, 16 correlations have been selected and are presented in Table 4.
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Table 4. Selected correlations describing heat transfer coefficient during flow boiling.

Authors Equations

Remarks

Details of the nomenclature

For conventional channels

based on two experimental

Nu — Nusselt number (-)
M — molar mass (kg/kmol)

e~ dynamic viscosity for

fluid temperature (Pa-s)

L~ dynamic viscosity for

wall temperature (Pa-s)
p — density (kg/m®)

0.29 -1
Nu=F, -M%.B0o%%® . Fr®.Bd°™ [plj .{m(ﬂ”ﬂ Y (6) | databases: p; — reduced pressure (-)
F t al. [35] Ps Hiw 1°17,778 experimental F; — constant depending on
ang et al. . .
y {1 for p, < 0.43 points for 13 refigerants the type of workin fluid (-)
= : U] 0 i _ :
1.38— p** for p, >043 2° 6,664 experimental Fr_o — Froude number (-)
points for 18 refigerants G?
Fro = 2
g-dy-p
Bo — boiling number (-)
Bo= g
G-h,
Bd — Bond number (-)
gy 9 lo-p)d
o
ay, — Pool boiling heat trans-
) fer coefficient (W/(m’K))
over 600 experimental )
. . a,,— heat transfer coeffi-
Chen [32] Opg =S -ap, +F - ¢ (8) points for water and organic
refrigerants cient for the liquid phase
(W/(mPK))
S— suppressing factor (-)
12
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F— enhacement factor (-)

based on 3,899 experi-

a, — Pool boiling heat trans-
fer coefficient (W/(m?K))
x— vapour quality (-)

A~ heat transfer coeffi-

Bertsch et al. [36] Urpg =(1—X)-ap, +[1+80-(x? —x°)-e 06" .o 9) mental points for 12 refrig-
TPB Pb LO
erants from literature cient for the liquid phase
(W/(M?K))
Con — confinement number
Q)
A~ heat transfer coeffi-
g = F - (10) based on 800 experimental cient for the liquid phase
Shah [37] . (W/(m?K))
F =max(Feg, Fug) (11) | points
F— enhacement factor (-)
Fcg, Fng — function (-)
o = S Oy, + F e (12) based on 3,603 exoeri. S— suppressing factor (-)
086 ' P F— enhacement factor (-)
ton [38] X ture, modification of Chen factor (-)
S= [1-|— 1.15-10°°-F?. Ref”}l (14) correlation a,, — POl boiling heat trans-
fer coefficient (W/(m’K))
A~ heat transfer coeffi-
Orpg = Foow - 210 (15) cient for the liquid phase
Gungor and Winter- ors 041 a simpler version of the (W/(mZK))
ton [39] F., =1+3000-B0*® +1.12. (1)() ('DI} (16) | correlation Bo — boiling number (-)

Py

X — Martinelli parameter (-)
x— vapour quality (-)
p — density (kg/m?)

13
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Rei— Reynolds number (-)
(1-x)-G-d,
H

Re, =

1
(2 2
Orpg = (an + aLOﬁ

(17)

ay, — Pool boiling heat trans-

fer coefficient (W/(m?K))

A~ heat transfer coeffi-

cient for the liquid phase
(W/(m*K))

p, — reduced pressure (-)

d, — diameter (m)

/. — thermal conductivity
Kim and Mudawar oo = {2345.(50}’%‘}0-7 . (1 X)—O.Sl:l.(o.ozs. Re®. PrO_A'A«]] a8) based on 110,805 exp-eri- (W/((jmK?t) -
140] Pb P. r Y, mental points from litera- p — density ( .g m’)
ture for 18 refrigerants Py — heat perimeter (m)
Qo= {5.2-[30-'3'*}0-08 -We; % -3.5-(1)194 (pgijo.ozs. Rey®- Pr,“-ﬂ“] (19) Pe —wetted perimeter (m)
P X A d, Bo — boiling number (-)
We, — Weber number (-)
We, = G?-d,
p O
X — Martinelli parameter (-)
X— vapour quality (-)
Pr —Prandtl number (-)
Re—~ Reynolds number (-)
Oy -ty + (2,, —Oyy ) Ay based on over 1250 eperi- Oy~ dry angle (rad)
G = 2r @0 mental points, R22, R410A, « . — heat transfer coefficient
Wojtan et al. [41] G =70-700 kg/(m%s),q=2 | °
a, =0.023- Reg'8~ prg-“.jg (21) —57.5 kW/m?, low satura- for the dry perimeter

h

tion temparature

(W/(M?K))

14
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1
_ 3 3
awet - (acb + an)a

a,, =0.0133-Re%®. Pr,o"‘-ﬁ
o

¢ty =0.8-55. p:).lz .M 05 ‘(_ log p, )70.55 ] q°‘67

(22)

(23)

(24)

Lillo et al. [42]

Oy - a, +(27z—®dry)-a

a _ wet (new)
TPB —
2r

1
_ 3 3
awet(new) - (acb(new) + an(new)F

Leh(new) — 0.5- O

Appnewy = 1.7+ tpy,

(25)

(26)

(27)

(28)

dy, = 6mm, G = 150 — 500
kg/(m?s), g = 2.5 — 40
KW/m?, Tsat = 25 — 35°C,
R290, modification of
Wojtan et al. correlation

«. . — heat transfer coeffi-
wet

cient for the wet perimeter
(WI(m?K))

ag~ convective boiling heat

transfer coefficient
(W/(M?K))
d — liquid film thickness (m)
q — heat flux (W/m?)
pr — reduced pressure (-)
d, — diameter (m)
A — thermal conductivity
(WI(mK))
Re; — liquid film Reynolds
number (-)

4.G-5-(1-x)
T -e)
Rey — Reynolds number (-)

)
/ug‘g

Re,

& — cross-sectional vapor
void fraction (-)

(new) — modified value (-)

For minichannels

Lazarek
and Black [43]

Qo = (30- ReZET. BT4). dﬁ
h

(29)

d=3.15mm, R113

Bo — boiling number (-)

Re o — Reynolds number (-)
d, — diameter (m)

A — thermal conductivity
(WI(mK))

A\ MOST
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ReLo _Gd
H

Li and Wu [44]

Olyps = 334-B0° - (Bd -Re?* .

A
. (30)

h

d, =0.16 — 3.1 mm, water,
FC77

d, — diameter (m)

A — thermal conductivity
Bo — boiling number (-)
Re— Reynolds number (-)
Bd — Bond number (-)

Docoulombier
et al. [45]

Otrpg = MaX(atpy, @0

o =|1.47-10%- Bo+0.93-(%)3 -(0.023. Refg- P’

1 0.986 ﬂ,l
a6 = {1+1.8.[Xj Ho.oz& Re’. Pﬁ°‘4-dJ
h

oy =131- (=g p, ) °7-

31

A j if
d, Bo>1.1.10"

(32)
if
Bo<1.1-10™

M 5. q0.58 (33)

d =0.16-3.1 mm, water,
FC77, ethanol, propane,
CO,, 3,744 experimental
points

a, — Pool boiling heat trans-

fer coefficient (W/(m?K))

Ao~ heat transfer coeffi-

cient for the liquid phase
(WI(mK))

d, — diameter (m)

A — thermal conductivity
(W/(mK))

Bo — boiling number (-)

Re o — Reynolds number (-)
X — Martinelli parameter (-)
Pr —Prandtl number (-)

q — heat flux (W/m?)

M — molar mass (kg/kmol)

pr — reduced pressure (-)

Lee and Mudawar
[46]

Orrog = 3.856- X% g1
Ctypg = 436.48 - B0** -We¥ . X °%% . g

Olyos = Max(108.6 - X . o1 o -, )

for 0<x<0.05 (34)
for 0.05<x<0.55 (35)

for 0.55<x<1 (36)

flow patterns

X — Martinelli parameter (-)
Bo — boiling number (-)
We — Weber number (-)

o~ heat transfer coeffi-

cient for the liquid phase
(W/(M?K))
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x— vapour quality (-)

Owhaib [47]

Ot = 400- (ReLo' BO)O’S ) (1_ X, )0.1 .Con®5. p1.341 {

o

@37)

d=1.7,1.224,0.826 mm,
R134a

Xe— vapour quality at the
outlet (-)

Con — confinement number
¢)

Bo — boiling number (-)
Re_o — Reynolds number (-)
pr — reduced pressure (-)

d, — diameter (m)

/. — thermal conductivity
(W/(mK))

p — density (kg/m?)

Mikielewicz et al.

[30]

Tee \/(¢L20 ):/IS +

Qo

(¥ s = {M( f

Qp, =55-M ™. p

1+253-10°-Re ,*"- Bo® - [(g

1]-X-Conm](1—x)

(38)

(39)

(40)

Semi-empirical, R11, R12,
R134a, R113, R123,
R141b, R22

Mikielewicz et al.

[20,48]

2 PSB.(
{(¢LO )MS ’ |:1 - [Pcm

-0.985
14 [sat) 12.53:10° -Re ;" Bo®® - [(¢% ), —1]

crit

(41)

based on 7,650 experi-
mental points for 10 refrig-
erants: CO,, R600a, R290,
R134a, R1234yf, NH3,
R152a, R245fa, R236fa,
HFE7000

(¢LZO)MS* two —phase flow

multiplier

Re o~ Reynolds number (-)
Bo — boiling number (-)

Con — confinement number
¢

C — mass concentration of
droplets in twophase core (-)
X — vapour quality (-)

P, )— reduced pres-
p, = Pi

crit
sure (-)

o~ heat transfer coeffi-

cient for the liquid phase
(W/(m?K))

ap, — Pool boiling heat trans-
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fer coefficient (W/(m’K))
q — heat flux (W/m?)

M — molar mass (kg/kmol)
fy, f1, — function (-)
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Due to the fact that model, which is described by equation (38), it was the original formula to
the proposed modification described by equation (41) and both are the semi-empirical in-
house model, more details should be given. Developed for the years the flow boiling (C = 1)
and flow condensation (C = 0) correlation [49] modelling heat transfer coefficients use ex-
pression describing the two-phase flow multiplier. In both equation, namely (38) and (41), the
two-phase flow multiplier is determined by using modified Miiller- Steinhagen and Heck
model [15], equation (39), which takes into account the influence of surface tension. The ex-
ponent n is dependent on the character of the flow, namely laminar or turbulent flow, and is

respectively equal to 2 or 0.9. In equation (39), f; and fy; are functions, which are described

respectively: for turbulent flow: f, :(pI ! p, Xy, /1, )0'25 f, :(,ug Iy, X/il /2, )"S(cpI / cpg), for

laminar flow: 1, =(p, / p, Nzt / 1,) , =(2,/4)- Whereas, exponent m is equal to 0 for flow in

7

conventional channels and equal to -1 for flow in minichannels. It should be added, that Table
4 presents correlations describing heat transfer coefficients during flow boiling, which are
dedicated to both conventional size channels and minichannels. Kew and Cornwell [50] sug-
gested a criterion for the transition from conventional size channels to minichannels through

the confinement number Con, defined as:
g P _pg (42)

When the confinement number is greater than 0.5 then the flow corresponds to the flow in the
minichannel. In the case of experimental research conducted for HFE7000, the confinement
number varied in the range from 0.361 to 0.396, which is in accordance with the Kew and
Cornwell criterion corresponding to the flow in conventional channels. Therefore, in the cal-
culations, which were carried out, the account was taken in equation (39), m = 0. On the basis
of the conducted analyses [20,48], it was found that the predictive condition of the model (38)
can be enhanced by including ratio of saturation pressure to critical in both terms, convection

and bubble generation.

Figures 8 to 39 present a comparison of experimental heat transfer during flow boiling of
HFE7000 with the calculation results using the predictive methods listed in Table 4.
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Figure 8. Comparison of the test results a., with Figure 9. Comparison of the test results using the
the predictions obtained ey, using the Fang et al. Fang et al. (2017) correlation as a function of va-

(2017) correlation. pour quality.
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Figure 10. Comparison of the test results a.., with Figure 11. Comparison of the test results using the

the predictions obtained ay, using the Bertsch et al. Bertsch et al. (2009) correlation as a function of

(2009) correlation. vapour quality.
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Figure 12. Comparison of the test results a., with Figure 13. Comparison of the test results using the
predictions obtained ay using the Chen (1966) Chen (1966) correlation as a function of vapour

correlation. quality.
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Figure 14. Comparison of the test results a.., with Figure 15. Comparison of the test results using the

0

predictions obtained ay, using the Shah (1976) cor- Shah (1976) correlation as a function of vapour

relation. quality.
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Figure 16. Comparison of the test results ae., with

predictions obtained a4 using the Gungor and

Winterton (1986) correlation.
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Figure 18. Comparison of the test results o, with
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Winterton (1987) correlation.
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Figure 17. Comparison of the test results using the
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Figure 19. Comparison of the test results using the

Gungor and Winterton (1987) correlation as a

function of vapour quality.
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Figure 20. Comparison of the test results a., with  Figure 21. Comparison of the test results using the
predictions obtained ay, using the Wojtan et al. Wojtan et al. (2005) correlation as a function of

(2005) correlation. vapour quality.
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Figure 22. Comparison of the test results a.., with  Figure 23. Comparison of the test results using the
predictions obtained ay, using the Lillo et al. (2018) Lillo et al. (2018) correlation as a function of va-

correlation. pour quality.
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Figure 24. Comparison of the test results a., With  Figure 25. Comparison of the test results using the
predictions obtained ay using the Kim and Kim and Mudawar (2013) correlation as a function

Mudawar (2013) correlation. of vapour quality.
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Figure 26. Comparison of the test results a.., with  Figure 27. Comparison of the test results using the

predictions obtained a, using the Lazarek and Lazarek and Black (1982) correlation as a function

Black (1982) correlation. of vapour quality.
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Figure 28. Comparison of the test results a., With  Figure 29. Comparison of the test results using the
predictions obtained ay, using the Li and Wu Li and Wu (2010) correlation as a function of va-

(2010) correlation. pour quality.
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Figure 30. Comparison of the test results a.., with Figure 31. Comparison of the test results using the

predictions obtained ay, using the Docoulombier et  Docoulombier et al. (2011) correlation as a function

al. (2011) correlation. of vapour quality.
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Figure 32. Comparison of the test results a., With Figure 33. Comparison of the test results using the
predictions obtained a;, using the Lee and Lee and Mudawar (2016) correlation as a function

Mudawar (2016) correlation. of vapour quality.
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Figure 34. Comparison of the test results a.., with Figure 35. Comparison of the test results using the
predictions obtained ey, using the Owhaib (2007) Owhaib (2007) correlation as a function of vapour

correlation. quality.
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Figure 36. Comparison of the test results a.., with  Figure 37. Comparison of the test results using the
predictions obtained ay, using Mikielewicz et al. Mikielewicz et al. (2010) correlation as a function

(2010) correlation. of vapour quality.
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Figure 38. Comparison of the test results a.., with  Figure 39. Comparison of the test results using the

predictions obtained a, using the Mikielewicz et al. Mikielewicz et al. (2018) correlation as a function

(2018) correlation. of vapour quality.

As can be seen according to presented figures the correlations due to Fang et al. (2017),
Bertsch et al. (2009), Docoulmbier et al. (2011), Lee and Mudawar (2016) and Owhaib (2007)
do not return satisfactory results of heat transfer coefficient predictions during flow boiling in
the case of HFE7000. Moreover, the correlation due to Docoulmbier et al. (2011) gives the
mean absolute deviation (MAD) greater than 100% and in the case of the correlation due to
Owhaib (2007), there is no data within a £30% error band. In fact, various studies such as
those of Thome et al. [51], Bertsch et al. [36] and Cheng et al. [52], have reported that most of

the existing heat transfer coefficient correlations, especially in the case for minichannel, were
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developed based on a specific range of testing conditions. Hence, these correlations mostly
show high deviations for the data beyond their often-narrow operating range [53].
Table 5 presents the values of mean absolute deviation (MAD) and the amount of experi-

mental data within the error band of +30% (77.,,) for all investigated correlations. Accord-

ing to the comparisons presented in Figures 8-39, the calculation results obtained using the
correlations due to Chen (1966), Lazarek and Black (1982), Shah (1976), Gungor and Winter-
ton (1987) and Mikielewicz et al. (2010) and (2018) are satisfactory. Additionally, it should
be noted that the correlation due to Mikielewicz et al. (2018), taking into account the effects
of reduced pressure, is characterised by the smallest mean absolute deviation (MAD =
13.12%). Furthermore, the correlation due to Lazarek and Black (1982) is the second model
with the lowest mean absolute deviation (MAD = 15.05%). In addition, the amount of data
within the +30% error is lower than in the case of both the original (2010) and modified Mik-
ielewicz et al. (2018) models. While, as can be seen, the modified Mikielewicz et al. (2018)

correlation gives a smaller MAD and greater 7., than the original model.

Table 5. Statistical parameters from the comparison between the present experimental data and the pre-

diction method.

Authors MAD, % N30 » %0
Fang et al. [35] 54.90 9.94
Chen [32] 29.20 70.58
Bertsch et al. [36] 46.63 25.55
Shah [37] 27.31 66.56
Gungor and Winterton [38] 50.30 31.47
Gungor and Winterton [39] 29.47 58.26
Kim and Mudawar [40] 47.78 33.03
Wojtan et al. [41] 41.81 15.40
Lillo et al. [42] 24.55 77.53
Lazarek and Black [43] 15.05 89.97
Li and Wu [44] 35.30 53.57
Docoulombier et al. [45] > 100 4.44
Lee and Mudawar [46] 71.10 25.31
Owhaib [47] 80.36 0.00
Mikielewicz et al. [30] 19.70 91.21
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Mikielewicz et al. [20,48] 13.12 92.11

Mikielewicz et al.’s (2018) model is not the only one taking into account the effect of reduced
pressure. Four other models examined, i.e. due to Fang et al. (2017), Kim and Mudawar
(2013), Docoulombier et al. (2011) and Owhaib (2007), also take into account the effect of
reduced pressure. However, these models do not return satisfactory predictive agreements
with the experimental data in the case of HFE7000.

5. Conclusions

In this paper, an experimental study of the flow boiling heat transfer coefficients of HFE7000
in a vertical tube of 2.3 mm inner diameter in various operating conditions such as heat flux,
saturated temperature, mass flux as well as vapour quality have been presented. Experiments
have been carried out to identify the effects of heat flux, mass flux and saturation temperature
on their influence of the flow boiling heat transfer coefficients. For this purpose, various op-
erating conditions have been analysed in this study. While trying to capture as much as possi-
ble, the changes of parameters, which can be achievable to obtain at the presented experi-
mental facility in case of HFE7000 flow boiling. Some characteristics and experimental data
of HFE7000 flow boiling heat transfer in vertical tubes have been supplemented. The experi-
mental data have been compared with some predictive methods from the literature. It is of
great significance for the design of systems and devices using the HFE7000 refrigerant espe-
cially when the experimental research on the two-phase flow of this working fluid is still lim-
ited. The main conclusions of the present study are as follows:

1. The flow boiling heat transfer coefficient increases with increasing mass flux. Howev-
er, the effect of increasing mass flux is less obvious and almost negligible on heat
transfer coefficients.

2. As the saturated temperature goes up, the flow boiling heat transfer coefficient in-
creases.

3. The flow boiling heat transfer coefficient increases significantly with the increasing
heat flux, which is considered to be a dominating factor of the flow boiling heat trans-
fer coefficient.

4. The heat transfer coefficient, initially, slightly decreases with vapour quality in the
low-quality region and then increases with the further increase in vapour quality.

5. After the heat transfer coefficient reaches the maximum value, it decreases as the va-
pour quality goes up to a high vapour quality region.
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6. The experimental data have been compared with 16 chosen correlations.

7. Among several chosen predictive models, the correlations due to Lazarek and Black
and the semi-empirical in-house model due to Mikielewicz et al., with and without
taking into account the effects of the reduced pressure, predict HFE7000 flowing boil-
ing heat transfer coefficients satisfactorily.

8. Both correlations due to Mikielewicz et al. (2010) and (2018) give the greatest amount

of experimental data within the error band of +30%.
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