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The flow boiling heat transfer study of R-134a/R-290/R-600a refrigerant mixture is
carried out in a vertical helical evaporator test section. The test section is immersed
in an agitated ethylene glycol-water bath maintained at constant temperature. An
aluminum test section with a height of 0.22 m, tube inside diameter of 6.35 mm, out-
side diameter of 8 mm and coil length of 8 m is used. The influences of various oper-
ating parameters such as evaporating temperature, bath temperature, and refriger-
ant composition on the heat transfer coefficient are investigated experimentally.
Using the same experimental results the shell side flow boiling heat transfer coeffi-
cient correlation in helical evaporator is also evolved.
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Introduction

The alarming needs to phase out chlorofluorocarbons (CFC) [1] and the subsequent re-
search efforts have recommended R-134a, hydrocarbons, and hydrocarbon blends as prominent
substitutes for R-12 [2-8]. The study conducted on R-134a in existing R-12 systems revealed
that the coefficient of performance (COP) of R-134a is 2-15% lower than that of R-12 [3, 4].
Further, to retrofit with R-134a in a R-12 system, suitable changes in capillary length and com-
pressor swept volume are required. Moreover, the higher polarity of R-134a has poor solubility
with mineral oil, which is a non-polar lubricant [5]. Thus, without suitable changes in either the
compressor and/or other components, R-134a cannot be treated as a drop-in substitute for R-12.
The matching oil for R-134a is POE (Polyol ester) oil, which possesses a hygroscopic nature and
may cause moisture entry into the circuit during service and maintenance operations. Even
though hydrocarbons and their blends are miscible with mineral oil and more energy efficient
than R-134a and R-12 [6-8], their flammable nature has caused concerns. Moreover, in many
countries the permitted charged quantity of hydrocarbons in refrigerators and supermarket
freezer appliances are restricted. Hence, it is prudent to look for a refrigerant — oil pair that has
no service issues and can circumvent the above-mentioned quantity restriction.

Janssen et al. [9] have reported the oil miscibility and oil return to the compressor cas-
ing is possible by adding hydrocarbon to R-134a. Based on this, Sekhar et al. [10, 11] experi-
mented with real-time appliances, and reported that adding 7%, 9%, and 11% of hydrocarbon
blend, which is 54.8% of R-600a and 45.2% of R-290, to R-134a, made the resultant zeotropic
mixture termed M07, M09 and M11, respectively, work well with mineral oil with enhanced
performance. It is reported that M09 (R-134a/R-290/R-600a of 91%/4.068%/4.932% by mass)
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gives better performance among those and suggested that the same can be used as a drop-in-sub-
stitute for R-12. Recently, Raja et al. [12] performed flow boiling heat transfer experiments on
M09 in horizontal tubes. However, complicated shaped like helical coil evaporators are fre-
quently used in non-typical chillers and freezers. Therefore, suitable correlations are required to
design the evaporators with commendable energy efficiency. Significant quantum of work on
in-tube flow boiling heat transfer correlation for straight tubes are available in the published lit-
erature [13-17]. Further, there many sources are available for single-phase heat transfer in heli-
cal tubes [18-21]. However, only limited references are available for other configurations such
as helical coils [22-24]. In this paper, the experimental study on flow boiling heat transfer M09
is presented and the heat transfer coefficients for the conditions prevailing in the evaporator of
domestic refrigerators and freezers in vertical helical evaporator test section is presented. Based
on the experimental data suitable correlation for M09 for vertical helical evaporators is also de-
veloped.

Test facility

The schematic lay-out of the test facility used in this investigation is shown in fig. 1.

The test facility is a non-typical experimental bench, to mimic condition prevailing in a typical
165-litre single evaporator domestic refrigerator. The facility consists of an aluminum-evapora-
tor test section, which is 0.22 m in height, 6.35 mm of inner diameter, 8 mm of outer diameter
and 8 m of coil length, which is wound into 18 coils. Since the mixture is zeotropic in nature, to
measure the temperature distribution along the evaporator coil 18 PT100-RTD temperature sen-
sors are suitably fixed along the height of
the coil. The test section placed inside a
secondary refrigerant calorimeter, which
is used is a double walled vessel of 250
mm outer diameter and 250 mm height
that was well insulated with 65 mm poly
urethane foam (PUF) in between walls
and 12 mm thermo-rex on the exterior.
Ethylene glycol is used as secondary re-
frigerant in the calorimeter. To vary the
temperature of the secondary refrigerant
and the heat duty, a heater is fixed suitably
inside the bath. The heater load can be
varied with the help of a dimmerstat, and a
wattmeter is provided to measure the
heater load. A stirrer is provided to main-
tain uniform temperature in the bath. Five
temperature sensors are strategically fixed
Figure 1. Schematic lay-out of the experimental set up  inside the calorimeter to check the unifor-
mity of the temperature in the bath. The

heat infiltration study revealed that for the

entire range of calorimeter temperature for a standard ambient temperature of 32 °C, and the
maximum infiltration is ensured to be less than 5% of the evaporator capacity (Bureau of Indian
Standards no. 1496). The temperature and pressure sensors have both +0.15 °C and +0.15% ac-
curacy, respectively. All the temperature sensors are connected to a data logger to continuously
record the temperatures. The refrigerant flow rate is also measured for all test conditions. The
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experiments are conducted for the calorimeter temperatures of —20,—15,-10,—6, and —4 °C. The
heat load is varied from 50 W to 130 W in order to achieve these temperatures at steady-state
conditions. The temperature and pressures across the test section are observed for each condi-
tion.

Data reduction

It is important to find the point along the coil length at which the dryness fraction be-
comes one (x = 1). This is not straight forward in test sections immersed in constant temperature
bath. Therefore, an indirect iterative method is used to find the length. Initially, the pressure
drop in the portion of helical coil, after attaining saturated vapor state is considered to be negli-
gible. The enthalpy of the refrigerant at the exit of the test section is calculated based on the test
section’s measured exit pressure p,, and the refrigerant exit temperature 7,,. Hence, the change in
enthalpy of refrigerant due to two-phase flow inside the helical coil is:

Aitp = i(Per X= 1) - i(prl’ xrl) (1)

The heat taken for the phase change process (Q,,) in the helical coil is calculated by
subtracting the heat taken away by the superheated vapor (m-Aig, from the actual heat supplied

(Ow):
Aish = i(pr29 lin ) - i(pr23 X= 1) (2)

where
Qsh = (m ' Aush )
Therefore two-phase heat load from the actual supplied load is:
Qtp = qup - (m : Aish ) (3)

The actual two-phase length of the helical coil is calculated as:

L

Ltp = aup Qtp )
The coil length in which superheating took place is:
Ly =L-Ly, (5)

Based on this Ly, the pressure drop (Apy,) due to superheated refrigerant is calculated

using [23] ,

feLgpgu
Apg =—-EL % (6)
Psh 84,

where 4 05!
fc=2.552 Rev‘“{—lj
D

Based on Apg, a saturated pressure (p,,,) at x = 1 is calculated from:

Prosat = Pr2 + Apsh (7)

The variation of pressure with respect to dryness fraction in the two-phase length (Z,,)
of the helical coil is then estimated using the correlation [23] for frictional pressure drop. The
two-phase pressure drop Ap,, is subdivided into definite number of sections, and cumulatively
substituting the sectional pressure drop in eqgs. (8) and (9), the dryness fraction corresponding to
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pressure drop is iteratively calculated and the variation of pressure with respect to variation in
the dryness fraction, indirectly the length, is also digitized:

Ap,, =APLI//1W(1+xp—L— J (8)
Py
where feL
pLu
AP =P L L 9
L 8d ©)

A 062, \L04 y
fe=2.552Re 015 - ; w, =1422 £ — | ; w=1+= for G<1000;
D Der D B

A:x(l—x)(@—ljp—L; B=1+(1-x) 2L
G Jp, P

Next is to find the wall superheat, which is required to find the heat transfer coefficient
(h=q4/AT,,). 1t is postulated that the global heat transfer in a flow boiling process is the net ef-
fect of nucleate boiling and convective vaporization processes [18-21]. In the former process,
the heat transfer is predominantly due to bubble formation and the magnitude of the heat transfer
coefficient is directly proportional to the heat flux. In the latter one, the heat transfer process is
due to convective vaporization of liquid at the liquid-vapor interface and the heat transfer coefti-
cient is proportional to the mass flux. It has been pointed out that the regions pertaining these
mechanisms can be demarcated by identifying the location where the nucleate boiling gets sup-
pressed [18-21]. Due to the presence of a capillary expansion prior to the inlet of the helical coil,
in the present work, it is estimated that the refrigerant enters the test section with a higher dry-
ness fraction say 0.3. Based on the L, and O, the heat flux (¢) is calculated and the relation to
find the wall super heat cited in Wattelet et al. [15]. The saturation temperature or the bubble
temperature is calculated from the digitized profile of pressure values against dryness fraction
from which variation of 7, along the L,, was calculated:

k (T, —T, )>
q= l(w sat)

. 4B
where
B 20T,
(P = Py )ig

(10)

Finally, the two-phase heat transfer coefficient for every subsection is calculated from
(hs= q/AT,), where g, is based on the two-phase heat load (Q,,) and for the surface area calcu-
lated from two-phase length (L,,). A length averaged heat transfer coefficient is correlated
against dimensionless number such as Dean number (De) and Pierre boiling number (K,). The
subsection of the helical coil along with the constant temperature bath is considered as small
heat exchangers and the logaritmic mean temperature difference values are obtained. The over-
all heat transfer coefficient (U) is calculated corresponding to the heat load for every subsection.

dO
e 1
1, 4 1 (11)
hss 2’;tktubeALtp hts

1
U

subsection



THERMAL SCIENCE: Vol. 13 (2009), No. 4, pp. 197-206 201

Correlation development

Sami et al. [26] performed flow boiling heat transfer experiments R502, R507, R407B,
R32/R125/R134a/R143a blend on horizontal enhanced tubes. To bring the effect of mass flux
and latent heat of vaporization, the Nusselt number was correlated against the product of
Reynolds number and Pierre boiling number. The final correlation for Nusselt number is:

Nu = 0.2261544(Re’K )3 (12)

where 4 is the mixing parameter, which depends on number of component in the mixture. In the
present work, in order to bring the effect of secondary flow inside helical coil into the Nusselt
number correlation, the Dean number is replaced for Reynolds number, where Dean number is
the product of Reynolds number and the ratio of centrifugal force to inertial force, which is sim-
plified as Re(d/D)">. A power relation is established between the tube side heat transfer coeffi-
cient (HTC) and the product of Dean number and Pierre boiling number. The shell side HTC is
correlated against the Prandtl number of the Reynolds number of agitated fluid in the bath. A
power relation is established between the shell side H7C and the ratio of modified Reynolds
number to Prandtl number of the fluid in the bath. Design Expert, a statistics software, is used to
evolve the correlations.

Results and discussion

The two-phase HTC of any refrigerant can be directly rated using Property group
(¢, = k2O (ch/yL)O"‘] [13], which is derived by regrouping thermo-physical properties such as
liquid viscosity, liquid thermal con-
ductivity, and liquid specific heat ca-

. . . Table 1. Operating conditions for experimentation
pacity in the single-phase HTC, P £ P

namely the Dittus-Boelter correla- Pressure R-134a | R-290 | R-600a | R-12 M09
tion. By applying the same method to —
Rogers-Mayhew correlation [19] for 1 155.7 | 2983 | 243.1 | 1263 | 165.2
helical coils, the property groups for 5 1664 | 3145 | 2611 | 1335 | 176.7
refrigerants in helical coils can be i i i : :
simplified (¢, = k3~6cgf/u8-45 ). The 3 173.3 325.1 273.0 138.0 | 184.1
property groups of M09, R-12, 4 1786 | 3334 | 2823 | 1414 | 189.7
R-134a, R-290, and R-600a at differ-
ent pressures are compared in tab. 1. 090
It is evident that the property group of
M09 is 20-25% higher than R-12.  § 0.80-
This is because the individual compo-  § ;| o ©
nents of M09 namely R-134a, R-290 % N
and R-600a themselves have higher 3 %807
property group than R-12. Higher = gso-
property group value is also expected
to reflect in higher heat transfer coef- 0407 .
ficient of M09. 0.301

Mass flow rate of R-12 and M09 0.20 . ‘ ‘ ‘
for different evaporator loads is 40 60 80 100 120 140
shown in fig. 2. It is observed that the Evaporator load [W]

mass flow rate required for M09 is Figure 2. Influence of mass flow rate on evaporator load
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Table 2. Comparison of latent heat of refrigerants

15-25% comparatively lesser than

DrEE that of R-12 for different evapora-
e TR S IR I tive load. This is primarily be-
cause of higher latent heat of va-

1 217.2 426.2 365.4 1663 | 237.0 porization corresponding to a

2 2060 | 4075 | 3476 | 1587 | 2239 | given evaporator load. The com-
parison of latent heat of R-12 and

3 198.1 393.9 3346 | 1532 | 2147 M09 is shown in tab. 2. The latent
heat of M09 is 25-29% higher

4 191.6 382.6 323.8 148.7 | 207.3 than that of R-12. Hence, it is ex-

pected that the overall two-phase
(tube side) HTC correlation evolved from this work should incorporate dimensionless number
which brings latent heat and mass flow rate, apart from the impact of helical shape. Hence, the
Pierre boiling number, which incorporates the effect of latent heat, and Dean number, which
brings the effect of mass flow rate in helical coil, are selected to form the correlation.

Comparison of thermo-physical properties revealed that the viscosity of the M09 and
R-12 are almost same and the specific heat of M09 is 30 to 35% greater than that of R-12. More-
over, the liquid density of M09 is 17 to 20% lesser than R-12 and vapor density 27 to 30% less
than R-12. Hence, the refrigerant velocity is higher for M09 than R-12 for a same mass flow rate.
This is a good indication of faster convective vaporization of refrigerant inside the coil, which
results in shorter coil length for a given duty, when compared to R-12. This ultimately reflects in
a higher heat transfer coefficient for M09. The comparison of two-phase heat transfer coeffi-
cient in the helical coil against mass flow rate for R-12 and M09 is shown in fig. 3. The heat
transfer coefficient of M09 is higher than that of R-12 and this is also evident through the higher
property group values of M09. The linear slope between the mass flow rate and evaporative load
is also established in the slope between mass flow rate and two-phase HTC. Since evaporator
load and mass flow rate are directly related through latent heat of vaporization, the linear de-
pendency of two-phase H7TC and mass flow rate can also be related through latent heat of vapor-
ization. Hence, it is evident that bringing Pierre boiling number in the two-phase H7C correla-
tion is more appropriate.

The liquid only HTC inside a helical coil estimated using Rogers-Mayhew correlation
is shown in fig. 4. It can be inferred from figs. 3 and 4 that both the single-phase (liquid) and
two-phase mean HTC increase with increase in mass flow rate. Chen [27] postulated that the
global heat transfer in a flow boiling process is the net effect of nucleate boiling and convective
vaporization processes. In the former process, the heat transfer is predominantly due to bubble

1800 90
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16004 ¢ R12 ° L a0 Mo9
: @ § * R-12 e
£ a Mo9 ce ' 375
21400 c e o £ ?
= . =70 : .
E oé@ 2% - =,
12001 o8 ® . - o
4 P PN R 60
$1000 & 24 ¢ -
o 0“ > 50 -
e 9 o %¢ g
g 800 . 3
= . 40

6001 .

400 | ; ‘ . 30 ‘ ‘
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0.80

Mass flow rate [gs™']

Figure 3. Influence of mean two-phase H7C on
mass flow rate

Mass flow rate [gs™']

Figure 4. Influence of mean liquid H7C on mass
flow rate
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. . o 120

formation and the magnitude of the H7C is di- Nu | N o
. 110 © M09 . o

rectly proportional to the heat flux. In the latter 1001 +R-12 o O

one, the heat transfer process is due to convec-
tive vaporization of liquid at the liquid-vapor
interface and the HTC is proportional to the
mass flux. It has been pointed out that nucleate
boiling gets suppressed when convective
vaporisation is dominant [18, 25, 26]. Aprea ez 0000 70000 90000 110000 130000 150000 170000
al. [16] claimed that if nucleate boiling prevail (DeK,)

in a flow boiling process, the trend of the mean
HTC tend to be flat against the mass flow rate.
Further, the HTC curve tend to be steeper for a
convective dominant t process. Thus, in the +25%

90

807
707
607

Figure 5. Correlation for the mean two-phase
HTC using Nu, De, and K

. . 120

present work the HTC is steeper and directly 5 L %O

. g 0 M09
proportional to the mass flow rate. Thus, the & ¢ B2 o .

. . . . . ko) - 4 ]
convective vaporisation is the dominant pro- £100
cess. Thus, the two-phase HTC can be corre- ; . /
lated using single-phase consideration. The 80

mean two-phase Nusselt number is correlated

against the product of Reynolds number and Pi- o/
erre boiling number as shown in fig. 5. The cor- 60
relation predicts within deviation of 25%,
shown in fig. 6 from the experimental results: 40
40 60 80 100 120
for M09 Nu = 0.0096(DeK )87  (13) Nu (experimental)

Figure 6. Deviation plot for tube-side two-phase

for R12 Nu=0.03 82(Der)0,658 (14) Nusselt number

In the published literature on correlation for shell-side H7C, the effect of agitation is
usually ignored. The effect of agitation is incorporated by using the modified Reynolds number,
which is function of shell fluid property and agitator frequency [28]. Even though the frequency
of the agitator is kept constant, the variation in modified Reynolds number (Re, = d,d Np, /1) is
realized due to the change in bath temperature. The shell side H7C is higher at higher ratios of
Re,/Pr, and this is because the viscosity of the ethylene glycol rapidly decreases with increases
in temperature and there is only a marginal decrease in density. This results in a simultaneous
decrease in Pr;, and increase in Re,. The shell side H7C is correlated as shown in eq. 15:

~0.3095
Re, J

Pr,

h, =50.455( (15)

Conclusions

An overall heat transfer coefficient for flow boiling inside a vertical coil, for low heat
and mass flux applications, is correlated for M09 against Dean number and Pierre boiling num-
ber with a deviation of £25%. The mass flow rate required by M09 is 15-25% less than CFC12
for the same evaporative load. The HTC result shows that M09 is superior to CFC12 from both
tube side HTC and as well as shell-side HTC point of view. This is evident from the 20-25%
higher property group value of M09. The correlation is also extendable to other fluids which has
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similar property group. The shell side HTC correlation incorporates the effect of agitation, con-
stant temperature bath and two-phase flow in the tube side.
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Nomenclature
D — helical coil diameter, [m] Subscripts
De — Dean number [= Re(di/D)"*] .
d — diameter, [m] % - ;gl.tgtgr N
G — mass flux, [kgs 'm?] f — Huid bath
h — heat transfer coefficient, [Wm 2K '] g — vaporization
i — enthalpy, [Jkg™'] ﬁ | - %af, '
K  — Pierre boiling number (= Axhg/Lg) he - he 1ca |
k — thermal conductivity, [Wm 'K '] nz — horizonta
L ~ length, [m] i — c.oﬂ'mmde
m — mass flow rate, [kgs™'] L B hq};ld i
N — rotation per second, [s’l] ° - col Qu,tSI € .
Nu — Nusselt number (= AD/k), [-] rl — condition at inlet of the test section
Pr ~ Prandtl number (= uC, /k), ] 2 — condition at outlet of the test section
P _ pressure, [Pa] P r2sat — condition when x = 1
0 _ heat [W,] s — multiplier factor
q _ Heat flux, [Wm™] sh ~ superheated
Re — Reynolds number (= d,d,Npv/tip), [—] $8 — shell §1de
AT - superheat sup  — supplied
P t — exponent factor
t — temperature, [K] p ~ two-phase
X — dryness fraction s _ tube side
Greek letters v — superheated vapor
w — wall
u — viscosity, [Pa‘s] o
p — density, [kgm™] Abbreviations
¢ — property group [= kﬁ'é(CpL//lL)M] CFC - chlorofluorocarbon
HTC - heat transfer coefficient
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