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Abstract: An experimental study was undertaken to study the tube-side evaporation heat trans-
fer characteristics of enhanced tubes and compare their performance with that of smooth tubes.
These experiments were conducted in order to determine how R410a evaporates inside smooth
and enhanced tubes; for a saturation temperature of 279.15 K; with mass flux values that ranged
from 50 to 250 kg/(m2·s); for an inlet quality of 0.2 and outlet quality of 0.8. Enhanced tubes evaluated
include herringbone (HB) and helix (HX) designs with microgrooves, composite herringbone dimple
(HB/D), composite herringbone hydrophobic (HB/HY), and composite EHT (multiple enhancement
character) tubes. Experimental results show that the evaporation heat-transfer coefficient in the
Cu-EHTb tube was the highest; its performance was closely related to the increased number of nucle-
ation points that are found inside the tube; however, the performance of the SS-EHT-HB/D was not
significantly higher than that of a smooth tube. The best overall capacity for evaporative heat transfer
is shown in the SS-EHT-HB/HY and SS-EHT-HX tubes; the SS-EHT-HB/D, Cu-EHTa, and Cu-EHTb
tubes had the worst overall capacity among all the tested tubes. Additionally, it was determined that
previously reported smooth tube models to determine the evaporation heat transfer coefficient can
accurately predict the heat transfer inside a smooth tube. However, when trying to utilize smooth
tube models for enhanced tubes, the deviation between experimentally determined heat transfer
coefficient (HTC) values and those predicted when using smooth tube models to predict enhanced
tube results is ±30%; therefore, smooth tube models are not applicable for use with enhanced tubes.
Smooth tube models were modified, and after correction, the deviation between experimentally
determined heat transfer coefficient (HTC) values and those predicted when using the modified
model for use with enhanced tubes is ±10%. Finally, the effect of the thermal resistance of the tube
wall on the overall heat transfer coefficient of a stainless steel-enhanced tube is significant and cannot
be overlooked.

Keywords: enhanced tube; evaporation; heat transfer coefficient; correlations; thermal resistance

1. Introduction

Passive enhanced heat transfer technology (which includes enhanced surface design)
can significantly improve heat transfer performance in heat exchangers while not signifi-
cantly increasing the pressure drop. As a result, there is a great deal of research interest
in studying the performance of micro-finned tubes in refrigeration and air conditioning
applications. Scholars have long been interested in the effect that fins (fin shape and related
geometric structure parameters) have on the flow boiling heat transfer performance in
micro-finned tubes. Kim et al. [1] investigated the effect that a micro-finned tube surface
has on the boiling heat transfer performance for horizontal flows. They point out that as
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the diameter increases, the heat transfer enhancement performance of micro-finned tubes
outperforms smooth tubes. Wellsandt et al. [2] showed that the heat transfer coefficient
(HTC) of a Y-shaped enhancement in micro-finned tubes is slightly higher than the HTC
of the more traditional micro-finned tubes that have a spiral design; however, there is a
slightly higher pressure drop in the Y-shaped tubes. Wu et al. [3] experimentally compared
the flow boiling heat transfer performance of enhanced heat transfer tubes (5 mm external
diameter tube) with five different micro-fin structures. The experimental results show that
micro-finned tubes with fin heights of 0.15 mm and fin apex angles of 25◦ and 30◦ produce
the best heat transfer performance at mass flux rates less than 400 kg/(m2·s). Yang et al. [4]
proposed an improved flow pattern diagram for internal flows in horizontal micro-finned
tubes; they found that the transition to annular flow occurs earlier in enhanced tubes than
in smooth tubes. Rollmann et al. [5] developed a novel pressure drop correlation based on
pressure drop data (forR407c and R410a) in micro-finned tubes.

The experimental performance evaluation of flow boiling heat transfer in enhanced
tubes and the understanding of the boiling mechanism in enhanced tubes with differ-
ent enhancement surfaces have become important topics with the recent development of
new three-dimensional enhanced tubes. According to Webb et al. [6], three-dimensional
enhanced tubes can increase surface area, increase nucleation sites, promote fluid mix-
ing, generate secondary flows, create boundary layer separation, and increase turbulence
intensity; all these factors make three-dimensional enhanced tubes an important consid-
eration when evaluating alternatives to improve heat transfer. Vicente et al. [7] investi-
gated sylphon bellows at low Reynolds numbers. Kukulka et al. [8] investigated various
EHT-enhanced tubes, and single-phase results show the heat transfer performance of the
EHT-enhanced tubes was improved by more than 500%. These tubes produced an earlier
transition to turbulence, occurring approximately when the Reynolds number was near
1000. Guo et al. [9] evaluated several enhanced tubes and found that the three-dimensional
EHT tubes produced the largest evaporation heat transfer coefficient. This is the result of
the enhanced surface structure of the EHT tube, which provides more nucleation sites for
the evaporation exchange process. Additionally, the enhanced structure also produces a
more intense disturbance at the two-phase flow interface and disrupts the boundary layer.
Additionally, they found that the boiling heat transfer coefficient (HTC) for saturated flows
in a Y-shaped micro-finned tube is only slightly greater than the HTC of a smooth tube.
Kukulka et al. [10] experimentally studied the evaporation and condensation heat transfer
characteristics of 1EHT (three-dimensional enhanced structure) tubes and compared the
results to smooth tubes. Results showed that the 1EHT tube can provide approximately
two times the evaporation heat transfer coefficient that is produced in smooth tubes; this
confirms the importance of considering three-dimensional structures for use in flow boiling
heat transfer tubes. According to Shafaee et al. [11], the heat transfer coefficient of enhanced
heat transfer tubes is approximately two times greater than the HTC produced in smooth
tubes for the same conditions; however, there is a 7–103%increase in pressure drop (when
compared to smooth tubes). Li et al. [12] produced an experimental system for measuring
the tube-side heat transfer coefficient. They found improved performance in the EHT
tube for low mass flux rates and low qualities; however, at high mass flux rates and high
qualities, the enhanced surface did not produce as much improvement.

The evaporation heat transfer performance of three-dimensionally enhanced tubes is
important in the design and development of heat transfer systems and equipment. The heat
transfer coefficient of the enhanced tube is larger than that of the smooth tube; however,
both heat transfer and pressure loss must be considered in order to determine true perfor-
mance. Additionally, it is difficult to rely solely on a theoretical analysis or only a numerical
analysis in order to determine performance in enhanced tubes. Experimental research is
required to determine the heat transfer performance of enhanced tubes; additionally, the
development of an enhanced tube performance model (based upon experimental data)
that can be used to aid in the design of heat transfer devices must be validated using
experimental data. Smooth, herringbone microgrooves (SS-EHT-HB), spiral microgrooves
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(SS-EHT-HX), herringbone dimples (SS-EHT-HB/D), hydrophobic herringbones (SS-EHT-
HB/HY), and three-dimensional EHT enhanced tubes are evaluated over a wide range of
conditions in this study, and evaporation heat transfer performance is discussed.

2. Experimental Details

Figure 1 details the experimental apparatus used in this study. Additional details of the
experimental setup and procedure are found in [13–15]. Figure 2 provides the surface map
and parameters of the various enhanced surfaces studied here; Table 1 summarizes the main
surface parameters of the tubes. Images of the enhanced surfaces are presented in Figure 3.
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Figure 1. Schematic diagram of the experimental setup.

Experimental conditions used in this investigation include: R410a refrigerant; a satu-
ration temperature of 6 ◦C; mass flux values that range from 50 to 250 kg/(m2·s); and an
inlet vapor quality of 0.2 and an outlet vapor quality of 0.8. There are six test points for
each type of tube. Each test point is repeated three times. The deviation between the heat
transfer coefficient and pressure loss of the three repeated tests is less than 5%. Moffat [16]
describes how to calculate the uncertainty (%) of directly measured and indirectly obtained
parameters, and Table 2 summarizes the maximum relative errors of the measurements and
calculated parameters. The maximum relative error of the HTC is calculated to be ±11.32%.

Table 1. Physical measurements of the enhancement patterns used in the various tubes.

Parameters SS-EHT-HX SS-EHT-HB SS-EHT-HB/D Cu-EHTa Cu-EHTb

Dimple/fin height, mm 1.14 0.08 1.21 1.71 1.71
Dimple/fin pitch, mm 5 0.8 4 — —
Dimple/fin width, mm 2.3 0.31 3.51 — —

Helix angle, ◦ 26.2 21 63 — —
Dimpled/protruded diameter, mm 4.40 4.40

Dimpled/protruded pitch, mm 9.86 9.86
Number of dimple/protrusion arrays 4 4
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Figure 2. Surface enhancement pattern profiles and details for the following surfaces (a) Hydro-
phobic pattern (HY), (b) Herringbone pattern (HB), (c) Herringbone/Dimple pattern (HB/D), (d) 
Helical grooved pattern (HX), (e) EHT, and (f) details of the petal-shaped background pattern 
used in the EHT surface. 

Table 1. Physical measurements of the enhancement patterns used in the various tubes. 

Parameters SS-EHT-HX SS-EHT-HB SS-EHT-HB/D Cu-EHTa Cu-EHTb 
Dimple/fin height, mm 1.14 0.08 1.21 1.71 1.71 
Dimple/fin pitch, mm 5 0.8 4 — — 
Dimple/fin width, mm 2.3 0.31 3.51 — — 
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Figure 2. Surface enhancement pattern profiles and details for the following surfaces (a) Hydrophobic
pattern (HY), (b) Herringbone pattern (HB), (c) Herringbone/Dimple pattern (HB/D), (d) Helical
grooved pattern (HX), (e) EHT, and (f) details of the petal-shaped background pattern used in the
EHT surface.
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Figure 3. Images of the heat transfer surfaces that were evaluated: (a) SS-EHT-HX; (b) SS-EHT-HY; 
(c) SS-EHT-HB/D; (d) SS-EHT-HB; (e) Cu-EHTa; (f) Cu-EHTb. 

Table 2. Accuracy of the primary and calculated parameters. 

Primary Parameters  Accuracy 
Diameter ±0.05 mm 
Electricity ±0.1 A 

Voltage ±0.1 V 
Length ±0.5 mm 

Temperature  ±0.1 K 
Range of Pressure: 0–5000 kPa ±0.075% of full scale 

Figure 3. Images of the heat transfer surfaces that were evaluated: (a) SS-EHT-HX; (b) SS-EHT-HY;
(c) SS-EHT-HB/D; (d) SS-EHT-HB; (e) Cu-EHTa; (f) Cu-EHTb.
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Table 2. Accuracy of the primary and calculated parameters.

Primary Parameters Accuracy

Diameter ±0.05 mm
Electricity ±0.1 A

Voltage ±0.1 V
Length ±0.5 mm

Temperature ±0.1 K
Range of Pressure: 0–5000 kPa ±0.075% of full scale
Range Pressure Drop: 0–50 kPa ±0.075% of full scale

Range of the Water Flowrate: 0–1000 kg/h ±0.2% of reading
Range of the Refrigerant Flowrate: 0–130 kg/h ±0.2% of reading

Calculated parameters Accuracy

Mass flux, Gref, kg/(m2·s) ±1.18%
Heat flux, kW/m2 ±2.65%

Vapor quality, x ±4.13%
Evaporation heat transfer coefficient, h (W/m2·K) ±10.55%

3. Results
3.1. Data Analysis

In order to obtain the tube-side evaporation heat transfer coefficient in enhanced tubes,
the heat balance of the water flowing on the outside of the tube is used to calculate the total
heat exchange capacity of the test section using Equation (1)

Qt,ts = Cpl,w,ts × mw,ts × (Tw,ts,in − Tw,ts,out) (1)

where mw,ts is the water flow in the test section; cpl,w,ts is the average specific heat capacity
of the water in the test section; Tw,ts,out is the outlet water temperature in the test section;
and Tw,ts,in is the inlet water temperature in the test section.

The refrigerant quality at the inlet of the test section, xin, is calculated from the heat
exchange volume of water in the preheating section, where the total heat transfer (Equation (2))
of the refrigerant, Qt,ph, consists of the sum of the liquid phase sensible heat (Equation (3))
of the refrigerant, Qsens and the liquid-gas phase transition latent heat (Equation (4)) of the
refrigerant, Qlat.

Qt,ph = Cpl,w,ph × mw,ph × (Tw,ph,in−Tw,ph,out) = Qsens + Qlat (2)

where mw,ph is the water flow in the preheating section; cpl,w,ph is the average specific heat
capacity of the water in the preheating section; Tw,ph,out is the outlet water temperature in
the preheating section; and Tw,ph,in is the inlet water temperaturein the preheating section.

Qsens = Cpl,ref × mref × (Tsat − Tref,ph,in) (3)

where mref is the mass flux rate of the refrigerant; cpl,ref is the average specific heat capacity
of the refrigerant; Tsat is the saturation temperature of the refrigerant; and Tref,ph,in is the
inlet temperature of the refrigerant in the preheating section.

Qlat is calculated using
Qlat = mref × hlv × xin (4)

where hlv is the latent heat of vaporization of the refrigerant in the preheating section.
Outlet quality xout in the test section is calculated using Equation (5)

xout = xin + Qt,ts/(mref × hlv) (5)

The logarithmic mean temperature difference (LMTD) is calculated using Equation (6);
it is determined using the inlet and outlet water temperatures outside the enhanced tubes
and the saturation temperature of refrigerant in the tubes.
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LMTD =
(Tw,ts,in − Tsat)− (Tw,ts,out − Tsat)

ln[(Tw,ts,in − Tsat)/(Tw,ts,out − Tsat)]
(6)

Since the evaluated enhanced tubes are brand new products that have not been used
and are thoroughly cleaned before use (with cleanliness verified between runs), the fouling
thermal resistance can be ignored. Tube-side evaporation heat transfer coefficient hev of the
evaluated tubes can be calculated using Equation (7)

hev =
1

Ani

(
Qt,ts

LMTD − 1
A0h0

−
d0 ln

(
d0
di

)
2kwall A0

) (7)

where Ani is the actual heat transfer surface area of the evaluated tube, Ao is the outer
surface area of the tube, and do is the outer diameter of the tube.

Previous research has demonstrated that the Gnielinski [17] correlation can be used to
compute the single-phase water-side heat transfer coefficient for turbulent conditions. The
deviation (between the data and the correlation) of the data (more than 800 data points) is
within 20%; most of the deviations are within 10%. The applicable range of the correlation
is 0.5 < Pr < 2000 and 3000 < Re < 5 × 106.The water-side Reynolds numbers for this
experiment are within the applicable range for the Gnielinski correlation. Equation (8) is
the Gnielinski correlation that is used to calculate the water-side heat transfer coefficient ho
on the outside of the tubes

ho =
( f /2)(Re − 1000)Pr

1 + 12.7( f /2)1/2(Pr2/3 − 1
)(µbulk

µw

)0.14 kw

dh
(8)

Fanning friction (Equation (9)) coefficient, f, is calculated using the Petukhov
correlation [18] (applicable for the range 3000 < Re < 5 × 106)

f = (1.58lnRe − 3.28)−2 (9)

Since the inner and outer surfaces of the test tubes are not smooth, the Gnielinski
correlation can be modified using the Wilson graphic method (Equation (10)) [19]

1
Cho

=
1
U

− do

dihev
− do ln(do/di)

2kwall
(10)

where C is the heat transfer enhancement factor (ratio of the water-side heat transfer
coefficient of the enhanced tubes to that of the smooth tubes) and U is the overall heat
transfer coefficient.

The frictional pressure drop ∆Pf is calculated using Equation (11)

∆Pf = ∆Pt − ∆Pg − ∆Pm − ∆Pse − ∆Psc (11)

where ∆Pt is the total pressure drop; ∆Pg is the gravity pressure drop; ∆Pm is the dynamic
pressure drop; ∆Pse is the sudden expansion (Equation (14)) pressure drop; and ∆Psc is
the sudden contraction (Equation (15)) pressure drop. All evaluated tubes are placed
horizontally, so ∆Pg is equal to 0.

Equation (12) is used to calculate ∆Pm [20]

∆Pm = G2

{[
x

ρvε
− (1 − x)2

ρl(1 − ε)

]
out

−
[

x
ρvε

− (1 − x)2

ρl(1 − ε)

]
in

}
(12)

where G is the mass flux rate; x is the refrigerant quality;ε is the void fraction; ρv is the
refrigerant gas density; and ρl is the liquid refrigerant density. Equation (13) defines ε (from
Rouhani et al. [21])
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ε =
x
ρv

[1 + 0.12(1 − x)]
(

x
ρv

+
1 − x

ρl

)
+

1.18(1 − x)
[

gσ(ρl − ρv)
0.25
]

Gρ0.5
l


−1

(13)

Finally, ∆Pse and ∆Psc are calculated by formulas (14) and (15), respectively [22,23]

∆Pse =
G2ζ(1 − ζ)

ρl

[
1 −

(
ρl − ρv

ρv

)]
(14)

∆Psc =
G2

2ρl

[
1 −

(
ρl − ρv

ρv

)]
(15)

where ζ is the area ratio.

3.2. Evaluation ofSmooth Tube Evaporation Heat Transfer Correlations

Fang [24], Liu et al. [25], and Gungor et al. [26] proposed evaporation heat transfer
correlations for smooth tubes. Convective evaporation heat transfer is assumed to consist
of forced convection and nucleate boiling in the Fang [24] and Liu et al. [25] models. In the
Gungor et al. [26] model, the evaporation heat transfer coefficient is the sum of these two
components, while in the Liu et al. [25] model, the evaporation heat transfer coefficient is
obtained from the square roots of these two parts. Finally, the dimensionless number Fa is
used in the Fang [24] model in order to predict the evaporation heat transfer coefficient.

Figure 4 compares the deviations between the evaporation heat transfer values derived
using the three smooth tube correlations and experimental data; all deviations are within
±20%, with the highest accuracy being predicted by the Liu et al. [25] model.
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3.3. Heat Transfer Enhanced Factor (EF) for Enhanced Tubes

In order to compare the evaporation heat transfer coefficient in two-sided enhanced
tubes, a heat transfer enhancement factor (EFh) is presented in Equation (16). It is defined
as the ratio of the HTC of an enhanced tube to the HTC of a smooth tube under the same
working conditions

EFh = he/hs (16)
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where he is the heat transfer coefficient of an enhanced tube and hs is the heat transfer
coefficient of a smooth tube.

Figure 5 compares the heat transfer enhancement factor of the enhanced tubes that
were evaluated in this study. The heat transfer enhanced factor of the Cu-EHTb tube is
the highest, followed by the SS-EHT-HB/HY, SS-EHT-HX, Cu-EHTa, SS-EHT-HB, and
SS-EHT-HB/D tubes; some tubes do not improve heat transfer. For the Cu-EHTa, Cu-EHTb,
and SS-EHT-HB/D tubes, the heat transfer factor shows a downward trend, while for the
SS-EHT-HB/HY, SS-EHT-HX, and SS-EHT-HB tubes, there is an upward trend. When the
mass flux rate is lower than 150 kg/m2s, the Cu-EHTb provides the best enhancement.
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tubes from this study.

For Cu-EHTa and Cu-EHTb, the enhancement characters that make up the surface
increase: (i) the wetting perimeter; (ii) the effective heat transfer surface area; and (iii) the
axial velocity (produced by the protruding surface character acting as an obstruction to the
fluid flow). In addition, channels between the petal arrays (see Figures 2f and 3e,f) form a
tight network that produces a large number of nucleating points where stable bubbles form
and try to grow. Stable bubbles can continue to grow in pits and in the small petal-shaped
cavities on the inner surface of the Cu-EHTb tube; this accelerates the formation of slender
bubbles. Additionally, the bubble nucleation process is shortened, and small bubbles are
quickly washed away from the inner surface and separated by the surface array of raised
petals. Therefore, the Cu-EHTb tube has a longer forced convective boiling heat transfer
section in which the liquid film is thinner, and the Cu-EHTb outperforms most of the tubes
for the range of conditions considered.

The size of the dimple enhancement on the surface of the SS-EHT-HB/D is large and
reduces the regions of nucleate boiling. Additionally, it provides a disturbance of the
fluid during the forced convection process; this results in a lower heat transfer coefficient
than found in smooth tubes. Greater heat transfer enhancement is obtained using the
composite structure of the hydrophobic pattern and the HB pattern (SS-EHT-HB/HY); this
combination increases the number of nucleation points; additionally, it increases the fluid
disturbance and the intensity of the turbulence. Finally, average performance is obtained
from the SS-EHT-HX and SS-EHT-HB tubes; these structures increase fluid disturbance but
do not increase the number of nucleation sites; therefore, optimum enhanced heat transfer
factors are not achieved.
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3.4. Evaluation of Heat Transfer Enhancement

Performance factor (PF), a dimensionless parameter, is made up of the enhanced
heat transfer factor (Equation (16)) multiplied by the pressure drop ratio and is given in
Equation (17)

PF = (he/hs) × (ps/pe) (17)

where pe is the pressure drop of the enhanced tubes and ps is the pressure drop of the
smooth tubes under the same working conditions. Use of the PF factor provides additional
insight into the performance of the tube.

Figure 6 presents the PF of different enhanced tubes; when the mass flux rate is higher
than 100 kg/(m2·s), the PF of the SS-EHT-HB/HY and the SS-EHT-HX tubes are all greater
than 1, while the PF of the SS-EHT-HB/D, Cu-EHTa, and Cu-EHTb tubes are less than
1. When the mass flux rate is lower than 100 kg/(m2·s), the PF of all the enhanced tubes
is less than 1; with an increasing mass flux rate, the PF increases for the SS-EHT-HB/HY,
SS-EHT-HX, and SS-EHT-HBtubes, but decreases for the PF of the HB/D tube. Finally, the
PF of the Cu-EHTa and Cu-EHTb tubes increases slowly.
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The best overall evaporation heat transfer performance is demonstrated by the SS-EHT-
HB/HY and SS-EHT-HX tubes, followed by the SS-EHT-HB tube and the SS-EHT-HB/D
tube; the Cu-EHTa and Cu-EHTb tubes have the worst overall performance (even worse
than smooth tubes). When looking at the Cu-EHTa and Cu-EHTb tubes, it can be seen
that there is an increase in the number of nucleation sites, and the enhancement characters
produce a fluid disturbance; however, the increase in the pressure drop outweighs the
increase in the heat transfer coefficient.

3.5. Evaluation of Evaporation Correlations for Enhanced Tubes

Several previous studies have proposed tube-side evaporation heat transfer models
for smooth tubes; Liu et al. [21] and Gungor et al. [26] have proposed correlations that use
enhancing and inhibiting factors in order to improve the convective boiling and nucleate
boiling terms. Kandlikar [27] proposed a correlation that determines whether the flow is
convection boiling or nucleate boiling based on Co and Frlo; in order to improve prediction
accuracy, they introduce the parameter ffl—a parameter that is based on the working
medium type. However, the above correlations are all based on smooth tubes; in order to



Energies 2023, 16, 2331 12 of 19

consider the use of these correlations, they must first be evaluated for use with enhanced
tubes. Figure 7 shows deviations (between experimental data and values predicted using
different correlations) for the enhanced tubes considered in this study.
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Figure 7. Comparison of the deviation of experimental data and values predicted using different
smooth tube correlations for enhanced tubes. (a) Comparison of deviations of experimental data and
values predicted using different correlations for SS-EHT-HX tubes; (b) Comparison of deviations
of experimental data and values predicted using different correlations for SS-EHT-HB/HY tubes;
(c) Comparison of deviations of experimental data and values predicted using different correlations
for SS-EHT-HB tubes; (d) Comparison of deviations of experimental data and values predicted using
different correlations for SS-EHT-HB/D tubes; (e) Comparison of deviations of experimental data
and values predicted using different correlations for Cu-EHTa tubes; (f) Comparison of deviations of
experimental data and values predicted using different correlations for Cu-EHTb tubes.
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As shown in Figure 7, the predicted trends of the three correlations for the SS-EHT-HX
and SS-EHT-HB/HY tubes demonstrate the same trend as they did for the heat transfer
enhancement factor (EFh). Low values are predicted for the SS-EHT-HX, SS-EHT-HB/HY,
Cu-EHTa, and Cu-EHTb tubes when using these three smooth tube correlations to predict
enhanced tube performance; however, high values are predicted for the SS-EHT-HB/D tube.
This is contrary to the heat transfer enhancement factor trend (EFh) for this tube. In general,
the higher the measured heat transfer coefficient, the lower the predicted value. In summary,
Gungor et al. [26] predict that 94.3% of data points are within ±30%; Kandlikar [27] and
Liu et al. [25] both predict that 68.6% of data points are within ±30%. Based upon this
accuracy, the existing correlations are not suitable for guiding engineering design because
the predicted enhanced tube value of evaporation heat transfer deviates greatly from
the measured values of the enhanced tubes. As a result, the existing correlations must be
modified so that they are applicable for use with enhanced tubes and the deviation is within
an acceptable range. Figure 8 presents a comparison of the deviation of the experimental
data and the values predicted using correlations modified for use with enhanced tubes.
Table 3 details the modified correlations.

Table 3. Modified correlation.

Authors Correlation

Modified Kandlikar correlation

hTP
hl

= C1CoC2 (25Frlo)
C5 + C3BoC4 Ffl

hl = 0.023Re0.8
l Pr0.4

l kl/d

Co =
(

1−x
x

)0.8( ρv
ρl

)0.5

Bo =
q

Gilg
, Frlo = G2

ρ2
l gd

Convective region: C1=1.1360, C2 = −0.9, C3 = 667.2, C4 = 0.7, C5 = 0.3
Nucleate boiling region: C1 = 0.6683, C2 = −0.2, C3 = 1058.0, C4 = 0.7, C5 = 0.3
Ffl depends on tube type:

(i) SS-EHT-HX, Ffl = 2.10;
(ii) SS-EHT-HB/HY, Ffl = 2.05;
(iii) SS-EHT-HB, Ffl = 1.58;
hTP
hl

= MAX(Nucleate Boiling Term, Convective Boiling Term)

Applicablefor SS-EHT-HX, SS-EHT-HB/HY, andSS-EHT-HB tubes.

Modified Gungor and Winterton correlation

htp = B(Eh1 + Shpool)

hpool = 55P0.12
r
(
− log10 Pr

)−0.55 M−0.5q0.67

E = 1 + 24000Bo1.16 + 1.37
(

1/
Xtt

)0.86

S = 1
1+1.15×10−6E2Re1.17

l

Xtt =
(

1−x
x

)0.9( ρv
ρl

)0.5( µl
µv

)0.1

Fr = G2

ρ2
l gd

If Fr ≤ 0.05, E is multiplied by E2, E2 = Fr(0.1−2Fr)

S need multiplied byS2, S2 = Fr0.5

B depends on tube type:

(i) SS-EHT-HB/D, B = 0.72;
(ii) Cu-EHTa, B = 1.11;
(iii) Cu-EHTb, B = 1.31.

Applicable for SS-EHT-HB/D, Cu-EHTa, Cu-EHTa
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Figure 8. Comparison of the deviation of experimental data and values predicted using modified
smooth tube models that can be used for enhanced tubecorrelations. (a) Prediction effect of the modi-
fied Kandlikar correlation for the SS-EHT-HX tube; (b) Prediction effect of the modified Kandlikar
correlation for the SS-EHT-HB/HY tube; (c) Prediction effect of the modified Kandlikar correlation
for the SS-EHT-HB tube; (d) Prediction effect of the modified Gungor and Winterton correlation for
the SS-EHT-HB/D tube; (e) Prediction effect of the modified Gungor and Winterton correlation for
the Cu-EHTa tube; (f) Prediction effect of the modified Gungor and Winterton correlation for the
Cu-EHTb tube.
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The deviation of the experimental data and values predicted using the modified
Gungor and Winterton correlation (see Table 3) and the modified Kandlikar correlation (see
Table 3) for the evaporation heat transfer coefficient in enhanced tubes is within ±10% of
the standard deviation (see Figure 8).

3.6. Thermal Resistance Evaluation

Figures 9 and 10 compare the proportion of thermal resistance in the 12.7 mm outer
diameter (OD) (see Figure 9) and the 9.52 mmOD (see Figure 10) enhanced tubes. In
Figure 10, the data for the 9.52 mm OD SS-4LB tube, the 9.52 mm OD SS-1EHT1 tube, and
the 9.52 mm OD SS-1EHT2 tube are from Shen et al. [15]; the data for the 9.52 mm OD
Cu-EHTa and 9.52 mm OD Cu-EHTb tubes are from Sun et al. [13].

Energies 2023, 16, x FOR PEER REVIEW 15 of 19 
 

 

𝐸 = 1 + 24000𝐵𝑜 . + 1.37 1 𝑋 .
 𝑆 = 11 + 1.15 × 10 𝐸 𝑅𝑒 .  

𝑋 = 1 − 𝑥𝑥 . 𝜌𝜌 . 𝜇𝜇 .
 𝐹𝑟 = G𝜌 𝑔𝑑 

If Fr≤0.05, E is multiplied by E2, E2= Fr(0.1−2Fr) 

S need multiplied byS2, S2= Fr0.5 

B depends on tube type:  

(i) SS-EHT-HB/D, B=0.72;  

(ii) Cu-EHTa, B=1.11;  

(iii) Cu-EHTb, B=1.31. 
Applicable for SS-EHT-HB/D, Cu-EHTa, Cu-EHTa  

3.6. Thermal Resistance Evaluation 
Figures 9 and 10 compare the proportion of thermal resistance in the 12.7 mm outer 

diameter (OD) (see Figure 9) and the 9.52 mmOD (see Figure 10) enhanced tubes. In 
Figure 10, the data for the 9.52 mm OD SS-4LB tube, the 9.52 mm OD SS-1EHT1 tube, and 
the 9.52 mm OD SS-1EHT2 tube are from Shen et al. [15]; the data for the 9.52 mm OD 
Cu-EHTa and 9.52 mm OD Cu-EHTb tubes are from Sun et al. [13]. 

Wall thermal resistance is the conductive thermal resistance of the tube wall; total 
evaporation thermal resistance (shown as part of Equation (7)) is the total thermal re-
sistance. It can be seen from Figure 9 that the wall thermal resistance of the 12.7 mm OD 
stainless steel tube is approximately 15% of the total evaporation heat transfer resistance; 
this is in contrast to the wall thermal resistance of a copper tube, which is less than 1.5% 
of the total evaporation heat transfer resistance. It can be seen from Figure 10 that the 
wall thermal resistance of the 9.52 mm stainless steel tube exceeds 18% of the overall 
evaporation heat transfer resistance, while the thermal wall resistance of the copper tube 
is less than 1.5% of the evaporation heat transfer resistance. For 12.7 mm and 9.52 mm 
tube types, the influence of stainless steel materials on evaporation heat transfer cannot 
be ignored, while copper wall materials produce much less thermal wall resistance. 

 
Figure 9. Comparison of thermal resistance (for various tube types based upon data obtained in 
this study) to total evaporation thermal resistance for 12.7 mm OD tubes. 
Figure 9. Comparison of thermal resistance (for various tube types based upon data obtained in this
study) to total evaporation thermal resistance for 12.7 mm OD tubes.

Energies 2023, 16, x FOR PEER REVIEW 16 of 19 
 

 

 
Figure 10. Comparison of thermal resistance (for various tube types) to total evaporation thermal 
resistance for 9.52 mm OD tubes. Data of the 9.52 mm OD SS-4LB tube, 9.52 mm OD SS-1EHT1 
tube and 9.52 mm OD SS-1EHT2 tube are from K Shen et al. [15]; data of the 9.52 mm OD Cu-EHTa 
tube and 9.52 mm OD Cu-EHTb tube are data are from Sun et al. [13]. 

4. Conclusions 
The evaporation heat transfer of R410a in smooth tubes and enhanced tubes was 

investigated experimentally in this study. Conditions include an evaporation saturation 
temperature of 6 °C, an inlet quality of 0.2, and an outlet quality of 0.8. Changes in the 
evaporation heat transfer coefficient and pressure drop as a function of mass flux rate 
were measured. The following findings are made: 
(1) The enhanced heat transfer factor (EF) of the Cu-EHTb tube is the highest, and it is 

closely related to increasing the number of nucleation points. This contrasts with the 
enhanced heat transfer factor of the SS-EHT-HB/D tube, which is the lowest (even 
lower than that of smooth tubes). This is the result of the dimple pattern being large, 
resulting in a reduction in the number of nucleation points; the fluid disturbance 
reduces the HTC. The trend of the enhanced heat transfer factor (EF) is different for 
different tubes. 

(2) The best overall evaporation heat transfer characteristics are seen in the 
SS-EHT-HB/HY and SS-EHT-HX tubes, with the PF always greater than 1. Perfor-
mance of the SS-EHT-HB/D, Cu-EHTa and Cu-EHTb tubes are the worst (for most 
conditions smooth tubes perform better), with the PF less than 1. With increasing 
mass flux rate, the PF of the SS-EHT-HB/HY, SS-EHT-HX, and SS-EHT-HB tubes all 
increase, while the PF of the SS-EHT-HB/D tube decreases. Finally, the PF of the 
Cu-EHTa and Cu-EHTb tubes increases slowly. 

(3) Correlations are used to predict the evaporation heat transfer coefficient of en-
hanced tubes; when using the unmodified model, the deviation of the data points is 
greater than ±30%; however, when using the modified versions of the (i) Gungor et 
al. correlation and (ii) the Kandlikar correlation results, the heat transfer coefficient 
can be predicted within ±10% of the enhanced tube data. 

(4) A comparison of tube materials was performed for 12.7 mm and 9.52 mm OD tubes; 
it was determined that stainless steel materials contribute more than 15% of the to-
tal evaporation heat transfer resistance; however, for copper tubes, the percentage 
of resistance is less than 2%. 

  

Figure 10. Comparison of thermal resistance (for various tube types) to total evaporation thermal
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Wall thermal resistance is the conductive thermal resistance of the tube wall; total
evaporation thermal resistance (shown as part of Equation (7)) is the total thermal resistance.
It can be seen from Figure 9 that the wall thermal resistance of the 12.7 mm OD stainless
steel tube is approximately 15% of the total evaporation heat transfer resistance; this is in
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contrast to the wall thermal resistance of a copper tube, which is less than 1.5% of the total
evaporation heat transfer resistance. It can be seen from Figure 10 that the wall thermal
resistance of the 9.52 mm stainless steel tube exceeds 18% of the overall evaporation heat
transfer resistance, while the thermal wall resistance of the copper tube is less than 1.5% of
the evaporation heat transfer resistance. For 12.7 mm and 9.52 mm tube types, the influence
of stainless steel materials on evaporation heat transfer cannot be ignored, while copper
wall materials produce much less thermal wall resistance.

4. Conclusions

The evaporation heat transfer of R410a in smooth tubes and enhanced tubes was
investigated experimentally in this study. Conditions include an evaporation saturation
temperature of 6 ◦C, an inlet quality of 0.2, and an outlet quality of 0.8. Changes in the
evaporation heat transfer coefficient and pressure drop as a function of mass flux rate were
measured. The following findings are made:

(1) The enhanced heat transfer factor (EF) of the Cu-EHTb tube is the highest, and it is
closely related to increasing the number of nucleation points. This contrasts with the
enhanced heat transfer factor of the SS-EHT-HB/D tube, which is the lowest (even
lower than that of smooth tubes). This is the result of the dimple pattern being large,
resulting in a reduction in the number of nucleation points; the fluid disturbance
reduces the HTC. The trend of the enhanced heat transfer factor (EF) is different for
different tubes.

(2) The best overall evaporation heat transfer characteristics are seen in the SS-EHT-
HB/HY and SS-EHT-HX tubes, with the PF always greater than 1. Performance of
the SS-EHT-HB/D, Cu-EHTa and Cu-EHTb tubes are the worst (for most conditions
smooth tubes perform better), with the PF less than 1. With increasing mass flux
rate, the PF of the SS-EHT-HB/HY, SS-EHT-HX, and SS-EHT-HB tubes all increase,
while the PF of the SS-EHT-HB/D tube decreases. Finally, the PF of the Cu-EHTa and
Cu-EHTb tubes increases slowly.

(3) Correlations are used to predict the evaporation heat transfer coefficient of enhanced
tubes; when using the unmodified model, the deviation of the data points is greater
than ±30%; however, when using the modified versions of the (i) Gungor et al.
correlation and (ii) the Kandlikar correlation results, the heat transfer coefficient can
be predicted within ±10% of the enhanced tube data.

(4) A comparison of tube materials was performed for 12.7 mm and 9.52 mm OD tubes;
it was determined that stainless steel materials contribute more than 15% of the total
evaporation heat transfer resistance; however, for copper tubes, the percentage of
resistance is less than 2%.
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Nomenclature
A test tube surface area, m2

Bo boiling number = q/Ghlv
C enhancement ratio

Co convection number =
(

1−x
x

)0.8(ρv
ρl

)0.5

cp specific heat, J/(kg·K)
D dimple
d test tube diameter, m
dh hydraulic diameter, m
E enhancement factor
ev evaporation
Fa (ρl − ρv) σ/G2Dh
f Fanning friction factor
Ffl fluid-dependent parameter
Fr Froude number
Frlo Froude number with all flow as liquid = G2/

(
ρ2

l gD
)

G mass flux, kg/(m2·s)
g gravitational acceleration, m/s2

HB herringbone
HB/D herringbone dimple
HB/HY hydrophobic herringbone
HX spiral microgrooves
h heat transfer coefficient, W/(m2·K)
hlv latent heat of vaporization, J/kg
k thermal conductivity, W/(m·K)
l liquid only
L tube length, m
LMTD logarithmic mean temperature, K
m mass flux, kg/s
M molecular weight
P Pressure, kpa
PF performance factor
Pr Prandtl number
Q heat transfer amount, W
q heat flux, W/m2

Re Reynolds number
S suppression factor
Sa arithmetical mean height, mm
Sq root mean square height, mm
Sp maximum peak height, mm
Sv maximum pit height, mm
Sz maximum height, mm
Ssk skewness
Sku kurtosis
Spar projected area, mm2

Sdar developed area, mm2

T/t temperature, K/◦C
U Total heat transfer coefficient, W/(m2·K)
x vapor quality

Xtt Martinelli parameter Xtt =
(

1−x
x

)0.9( ρv
ρl

)0.5( µl
µv

)0.1

Greek symbols
µ dynamic viscosity, Pa·s
ρ density, kg/m3

ε void fraction
σ surface tension, N/m
ζ area ratio
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Subscripts
bulk bulk temperature
exp experimental
f frictional
g gravitational
i inner
in inlet
l liquid phase
lat latent heat
m momentum
ni actual heat transfer area
o outer
out outlet
ph preheating section
pool pool boiling
pre predictive
r reduced
ref refrigerant
s smooth
sat saturated
sc sudden contraction
se sudden enlargement
sens sensible heat
t total
te test section
tp two-phase
ts test section
v vapor phase
wall wall parameters
w water
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