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KEYWORDS Abstract In this study, flow visualization, pressure drop and thermal characteristics of the corru-
Corrugated tube; gated tube with non-boiling air-water two-phase flow were experimentally studied. Glass tubes were
Non-boiling air-water two- used to visualize the flow patterns of two-phase flow. Furthermore, the thermal behavior of two
phase flow; phase flow was studied in the copper made tubes which was under constant heat flux. The total
Heat transfer coefficient; of 740 W thermal energy was applied on tubes. Superficial velocity of liquid was within the range
Flow visualization; of 0.42 m/s to 1.69 m/s. Also, the superficial velocity of air was within the range of 0.21 m/s to
Pressure drop 1.06 m/s. The results revealed that the corrugations significantly affect the flow patterns which

results in earlier transition. The flow patterns of bubbly, churn, wavy slug, wavy plug, wavy strat-
ified and mist flow were observed inside corrugated tube. Also, it was found that the maximum Nus-
selt number increment in corrugated tube was 3%. Besides, formation of the mist flow in corrugated
tube reduced the Nusselt number. Also, the pressure drop was significantly affected by the air—water
two-phase flow presenting around 165 % in the pressure drop compared to the single phase flow.
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Nomenclature
Q Total gained thermal energy by working fluid (J) Vi Actual velocity of the liquid phase when the flow
L Length of tube (m) was two phase(m/s)
D; Inner diameter of tube (m) A Heat transfer surface of tube (m?)
D, Outer diameter of tube (m) Ay Actual velocity of the liquid phase when the flow
P Corrugation pitch in corrugated tube (m) was single phase(m?)
d Depth of corrugation (m) Apn Actual cross section of the liquid phase when the
Q, Gas (air) flow rate (lit/min) flow was two phase(m?)
Q, Liquid (water) flow rate (lit/min) Tyi Inner wall temperature (calculated) (°C)
Tyi Mean wall temperature (°C) Two Outer wall temperature (measured) (°C)
m Mass flow rate (Kg/s) AP Pressure drop (Pa)
Nu Dimensionless convective heat transfer coefficient X Independent variable
(Nusselt number) W Uncertainty
c Specific heat (J/Kg. K) Ty Bulk temperature of fluid flow
K Conductive heat transfer coefficient (tube) R Dependent variable
Tin Inlet temperature (°C) k¢ Conductive heat transfer coefficient of liquid in
Tout Outlet temperature (°C) viscous layer
Ayl Cross section of tube occupied by liquid phase Ac Heat transfer area for corrugated tube
when the flow was single phase(n?) As Heat transfer area for smooth tube
Apn Cross section of tube occupied by liquid phase
when the flow was Two phase(m?) Abbreviations
f Friction factor sp single phase
Re Reynolds number C Corrugated tube
h ,veran  Convective heat transfer coefficient g Gas phase
Va Superficial velocity of the liquid phase (m/s) 1 Liquid phase
Vg Superficial velocity of the gas phase (m1/s) s Smooth tube
Vi1 Actual velocity of the liquid phase when the flow tp two phase

was single phase(m/s)

1. Introduction

Most recently, corrugated tubes have been introduced as an
effective heat transfer enhancement method. The improved
thermal performance and anti-fouling nature of corrugated
tubes make them an attractive choice for experts and engineers
to be used instead of smooth tubes in many industrial applica-
tions as like to gas/oil refinery systems, chemical engineering
processes, food and production applications, etc., [1-3]. Most
of these industrial applications include a form of multi-phase
flow at which the gas/liquid two-phase flow is the most domi-
nant form of them. Besides, recent studies have proposed the
gas/liquid two-phase flow as an active heat transfer enhance-
ment technique [4,5]. Due to the different nature of gas/liquid
two-phase flow compared to single-phase flows, improved
thermal performance of two-phase flows and the existence of
these flows in nature and many industrial applications, numer-
ous experts have tried to investigate the properties of such
flows inside the smooth tubes. Since the characteristics of
gas/liquid two—phase flow differs with changes at the ratio of
two phases, form, shape and the orientation of the passing
tube, investigations on defining the effect of mentioned param-
eters are significantly valuable. In the following a summarized
literature of recent investigations on the gas/liquid two-phase
flows and the application of corrugated tubes is presented.
For the horizontal orientation of tube, numerous investiga-
tions have been performed to study the gas/liquid two-phase
flow in the smooth tubes. Kim and Ghajar [6] performed
experimental investigations to study the flow patterns and

thermo-frictional properties of gas/liquid two-phase flow in
the horizontal smooth tube. They reported that the addition
of the gaseous phase into the liquid stream enhances the inter-
action of the phases which results in turbulence level and mix-
ing action enhancement which augments the heat transfer
coefficient. However, further addition of air creates a maxi-
mum in the heat transfer coefficient for a fixed amount of liq-
uid superficial Reynolds. In another study, Kim and Ghajar [7]
developed an experimental equation to predict the heat trans-
fer coefficient of the two-phase flow inside the horizontal tube.
Their study aimed to present a correlation that could predict
the heat transfer coefficient in all range of flow patterns in
the horizontal tube. They proposed new correction factors,
in order to rectify the previously proposed correlations. Lopez
et al [8] performed an experimental and numerical study to
investigate the characteristics of the gas—liquid two phase flow
inside the horizontal pipes. For the experimental study, they
used a high-speed filming (HSF) method and simulation was
performed by means of the Volume Of Fluid (VOF) method.
They reported good agreement between the experimental and
numerical results especially for the slug and annular flow pat-
terns. The structure of intermittent flow inside a horizontal
smooth tube was studied by Thaker and Banerjee [9]. They
proposed new correlations for predicting the flow characteris-
tics of intermittent flow. Flow characteristics of gas/liquid two-
phase flow inside an annulus were studied by Ibarra et al.
[10,11]. They considered two cases for the annulus. In the first
case, the inner tube was placed in concentric condition and at
the second case the inner tube was placed at eccentric condi-
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tion (the inner tube was placed on the bottom wall of the outer
tube). Their results revealed that the slug flow was the most
dominant form of the two-phase flow happening at the men-
tioned orientation of annulus. Investigations have presented
that the orientation and form of the tubes have a significant
effect on the characteristics of the two-phase flow. The charac-
teristics of two-phase flow in the downward inclined tube were
investigated by Bhagwat and Ghajar [12] who considered the
inclination angle ranging from —5 to — 90". Their findings pre-
sented that the inclination has a significant effect on the tran-
sition between stratified and slug/intermittent flow patterns.
Also, they reported that the negative inclination has more
effect on the buoyancy-driven interfaces of the two-phase flow.
In another study, Bhagwat and Ghajar [13] performed an
experimental study to investigate the effect of positive inclina-
tion on the properties of gas—liquid two-phase flow. They con-
sidered the inclination angle range of +5to+ 90 . Their
results revealed that the increment in the inclination has a
remarkable effect on void fraction, heat transfer coefficient
and total pressure drop at low liquid and gas flow rates. Liu
and Hibiki [14] investigated the upward two-phase flow at
tubes with vertical orientations. They focused on transition cri-
teria of different flow patterns and classified the flow regime
into 6 distinct flow regimes which are bubbly, finely dispersed
bubbly, cap bubbly, cap turbulent, churn, and annular flows.
In another study, Wu et al. [15] investigated the two-phase flow
within a vertical annulus. They considered two different test
sections with different diameters. Their results presented that
the annular flow does not develop within the vertical annuli.
Interfacial friction of annular flow in the upward two-phase
flow was studied by Aliyu et al. [16]. They proposed an empir-
ical correlation for predicting the interfacial friction. In order
to better fit the wide range of experimental results, they used
dimensionless numbers for considering the effect of the tube
diameter. Investigations on two phase flow inside the vertical
annulus have shown that the flow regimes for large diameter
and narrow diameters annuluses are the same. However, the
transition criteria for each type of annuluses were different.
It was found that the transition from slug to churn flow has
happened in low superficial gas velocities compared to that
in large diameter annuluses [17.18]. Gourma and Verdin [19]
simulated the slug flow in the horizontal helical tube. Their
findings presented that installing helical pipes at the upstream
of large scale devices could potentially decrease the number of
slugs. In another study, Zhu et al. [20] performed an experi-
mental investigation and studied the characteristics of inter-
mittent flow inside helical tubes with three different coil
diameters. Their findings revealed that the slug length
decreases as the coil diameter decreases due to the enhance-
ment of Dean vortices. Moradi et al. [21] investigated the ther-
mal properties of upward gas liquid two-phase in a helical
tube. They reported that slug flow within the helical tube could
increase the heat transfer coefficient up to 35%. Saisorn et al
[22] worked on heat transfer characteristics of two-phase flow
in a horizontal micro-channel and reported that up to 80%
heat transfer enhancement can be achieved. They also reported
greater heat transfer characteristics in slug flow in comparison
with gas core flow.

Due to the enhanced thermal performance and anti-fouling
nature of the corrugated tubes, experts and engineers are will-
ing to use such tubes in many industrial applications. Conse-

quently, numerous investigations have been performed to
study the design parameters and characteristics of flow inside
the corrugated tubes. Cancan et al. [22] worked on heat trans-
fer enhancement and pressure drop of a coiled corrugated tube
with corrugations of spherical shape using numerical simula-
tions. Dizaji et al. [23] investigated the effect of both concave
and convex corrugations on the performance of a double pipe
heat exchanger and reported up to 117% enhancement heat
transfer rate due to corrugations. Qi et al. [24] conducted an
experimental investigation and studied the effect of using
TiO,-water nano fluid on the thermal performance of a corru-
gated tube. They reported that using TiO, could increase the
heat transfer rate by up to 53.95%. Andrade et al. [25] studied
the effect of helical corrugation on the thermal enhancement
and reported that the corrugation is more effective at the tran-
sitional flow regime. Their results presented up to 4.7 times
increment at the Nusselt number amounts compared to that
of a smooth tube. Ajeel et al. [26] utilized trapezoidal corruga-
tions in a numerical simulation to find efficient geometrical
parameters to promote thermal performance. Xin et al. [27]
numerically investigated the thermo-frictional properties of
oscillatory flow in the spirally corrugated tube. Their results
revealed that using two start spiral corrugations could increase
the heat transfer rate up 36%.

As mentioned before and based on the literature, it could be
deduced that the form, shape, size, and orientation of tubes
could potentially affect the characteristics of two-phase flow.
Besides, the increasing usage of corrugated tubes in the indus-
try and the presence of gas/liquid two-phase flow in industrial
applications necessitates investigations on the behavior of gas/
liquid two-phase flow in the corrugated tubes. Hence, it could
be concluded that the heat transfer in two-phase non-boiling
flow has been addressed from many different aspects in the lit-
erature and many other works have been dedicated to charac-
terize the heat transfer enhancement in corrugated tubes, while
to the authors’ best knowledge no previous study has ever
addressed the simultaneous application of non-boiling two-
phase flow in a circumferentially corrugated tube. Conse-
quently, the necessity of the present investigation is based on
the lack of investigations on the thermal performance of the
gas-liquid two phase flow inside corrugated tubes. Since the
enhanced tubes (especially corrugated tubes) are attracting
attention to be used in applications that include gas/liquid
two phase flow and there is lack of evaluations in this regard
the investigations on the present issue are very important. In
this work, we have presented the visualization of various flow
patterns formed in two-phase flow with various air and water
superficial velocity in a corrugated tube. The pressure drop
and heat transfer characteristics have been presented and the
mechanisms contributing to heat transfer characteristics in dif-
ferent flow patterns have also been discussed.

2. Experimental setup and data reduction

2.1. Experimental setup

A schematic of the test setup is presented in Fig. 1. The test
apparatus is comprised of 13 distinct elements which are as fol-
lows: 1. Water Reservoir, 2. Water Pump, 3. Water Rotameter,
4. Air Compressor, 5. Air Rotameter, 6. Control Valves, 7.
Test Tube, 8. Manometer, 9. Heater, 10. K-Type thermocou-
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ples, 11. Data Logger, 12. Voltage Regulators, 13. Multimeter.
These series of tests were taken in an open-loop flow system in
which a reservoir is used to store the fed water. The water was
pumped from the reservoir into a T-junction where the com-
pressed air entered its other branch perpendicular to the water
stream to get mixed within the T-junction. It is worth mention-
ing that a U shaped oil trap was utilized to avoid any probable
oil contamination of the air compressor. The water and air
were mixed in the T-junction and then passed into tube. It is
noteworthy that between the T-junction and entrance of the
tube, there was a 70 cm distance which allowed the flow to
completely get mixed. Also, this distance ensured that the
two phase flow at the entrance of the tube was completely
developed [28]. It is also worth noting that the camera was
placed at 60 cm from the inlet of the tube. A schematic of
the T-junction and air injection mechanism is explained in
the work of Khorasani et al. [25] and is omitted here for the
sake of brevity. Both air and water flow rates were measured
by the water and air rotameters. The water—air mixture enters
the test tube which was heated by a wire heating element. The
heaters were wrapped on the outside of the copper tube. The
thermal energy produced by the elements was kept constant
in all tests by using a dimmer to set the voltage of heaters
and at the same time monitoring the current on a multimeter
to make sure that there is no variation in the current. Surfaces
of both corrugated and smooth test tubes were covered with a
layer of aluminum foil to have an efficient dispersion of ther-
mal energy on the surface. It should be noted that for fabricat-
ing the corrugated tube a smooth tube was pressurized in some
point (defined based on the pitch of the corrugation). This
method does not change the surface of the heat transfer and
just pushes the material into the inner part of the tube. Conse-
quently, the heat transfer surface for both the smooth and cor-
rugated tube was equal. Fig. 2 B present the mentioned
methodology used for fabricating the corrugated tube. For
the insulation, three layers of glass wool were used to insulate

Fig. 1

the tube in order to avoid heat losses. Copper is chosen as the
material for both corrugated and smooth test sections and flow
visualization was performed using corrugated and smooth
glass tubes of the same geometrical characteristics. Both corru-
gated and smooth copper and glass tubes have the same length,
inner and outer diameters. To calculate the overall convective
heat transfer coefficient, 7 K-type thermocouples are used to
measure the surface temperatures and two sensors of the same
type are used to measure the temperatures of the inlet and out-
let flow. The Fig. 2 C presented the schematic of the location of
thermocouples that were used to measure the outer wall tem-
peratures. As is shown, the thermocouples had the distance
of 28 cm with each other. Besides, each consecutive thermo-
couple had the radial distance of 180 °C. To ensure that the
thermocouples were just sensing the surface temperature, the
thermos couples was covered by glass-wool insulation. It
should be noted that the utilized method was used by numer-
ous researchers that have conducted similar researchers [29-31]
which presents that the mentioned methodology is highly cred-
ible from the viewpoint of researchers. Also, it should be noted
that since the deviation of surface temperature between the
beginning of the tube and the end of tube was less than
12 °C (It should be noted that the total thermal energy applied
to surface of tube was only about 740 W), 7 thermocouples
were completely enough to measure the surface temperature.
Indeed, each two thermocouples was associated with a roughly
temperature deviation of 1.5 °C which presents the credibility
of using 7 thermocouples.

The corresponding data of temperature and pressure drop
were collected using a 12 channel Lutron (BTM4208SD) data
logger and Lutron manometer (PM-9100), respectively. In
each test, the temperatures were recorded after the thermal sta-
bility was achieved. It is to be noted that for the data logger
has the calibration card. Also, for finding the Cold reference
temperature an ice-water bath was used before performing
the tests. Also, it should be noted that the place where the tests

Schematic view of the set up configuration: 1- Water pump; 2-Tap water; 3-Air Bypass flow; 4-Control valves; 5-Water Bypass

flow; 6-Control valves; 7-Air compressor; 8-Air Rotameter; 9-Resevoir; 10- Water rotameter; 11-Air flow; 12-Mixing well; 13-Water flow;

14-Manometer; 15 -Out flow.16- Data logger.
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Fig. 2 (A) General view of setup; (B) fabrication of
corrugations.

were carried out was an academic lab where the impurities of
the water were controlled using filters that were fabricated on
the water line. So, the effect of impurities of the water was con-
sidered to be negligible.

The tests were performed for water flow rates of 2, 4, 6, and
8 lit/min which are associated with the superficial velocity of
0.42, 0.84, 1.27, and 1.69 m/s (providing Reynolds number
within the range of 2691 and 16900, which was within turbu-
lent regime). For each water flow rate, three air flow rates of
1, 3, and 5 lit/min were used which are associated with the
superficial velocity of 0.21, 0.63, and 1.06 m/s. The water
and air entered the system at around 15 °C and 24 °C , respec-
tively. Also, 740 W energy was applied on the surface of cop-
per made tubes which provided a density of 980 W/m? thermal
energy. The initial data was recorded after the tests received
the thermally stable condition. It should be noted that each
test took a rough time of 40 min to receive the thermal stable
condition. It is to be mentioned that as the density of air is very
small, the mass flow rate of air is much less than that of the
water flow and as the specific heat capacity of air is less than
water, the heat transfer between air and water can be assumed
negligible. The setup configuration is depicted in Figs. 1 and 2
and the geometric characteristics of the tubes are presented in
Table 1. Fig. 3 shows a general view of both smooth and cor-
rugated, copper, and glacial tubes used in this study.

2.2. Data reduction

The heat transfer coefficient in this study was calculated based
on the constant heat flux boundary condition. For this, the
wall temperatures and bulk temperature of the flow at the inlet
and outlet of the test section were measured. The outer wall
temperature of the tube was measured at 7 points. Then the
inner wall temperature was predicted based on the wall resis-
tance of the tube and the average of these 7 points was used
in calculations. The following process was followed up to cal-
culate the heat transfer coefficient.

The increase in internal energy of the fluid is calculated
through the following equation:

0 =1m.C.(Tiy — Tou) (1)

In the above equation, m is the mass flow rate and C is the
specific heat capacity of water. T;, and T, are the temperature
of the inlet and outlet flow respectively. The convective heat
transferred to fluid is expressed by Newton’s law of cooling
which is as follows:

Q = hoverall * A x (’}'wi - %b) (2)

Which h is the overall convective heat transfer coefficient with
A Dbeing the surface of the tube through which the heat has
been transferred to the fluid. For the considered value of the
heat transfer area, it should be noted that the considered are
was almost equal to the smooth tube. since the corrugated tube
was made by pressurizing the smooth tube and the change in
active surface area was negligible. Nevertheless, the authors
have tried to considered any change the Eq. (3) was used for
calculating the heat transfer area for corrugated tube.

Ac = Asmooth + (47Td(D — Zd) — 27'EdD) *}i) (3)

Which d is the corrugation depth, D is the diameter of the
tube, 1 is the tube length and P is the corrugation pitch. By
equating the Egs. (2) and (1), the overall heat transfer coeffi-
cient is calculated as:

hoveral - (mC(Tout - Tin))/(AS/C (i—‘wi - Tb)) (4)

In this equation As is referred to heat transfer area of smooth
tube and Ac is referred to heat transfer area of corrugated
tube. Ty, is called the bulk temperature and is calculated as
follows:

Tb = (Tout + Tm)/2 (5)
Where, T, andT;, are the outlet and inlet temperature of tube.

In the above equations, 7,; is the average of the tempera-
tures of the tube inner surface which is calculated based on
the tube outer temperature and conductive resistance of the
copper-made tube.

Table 1 Geometrical characteristics of tubes.

Length of tube L (mm) 1970
Inner diameter D; (mm) 10
Outer diameter D, (mm) 12.7
Corrugation pitch P (mm) 15
Depth of corrugation d (mm) 1
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Fig. 3  Glass and copper made tubes (corrugated and smooth).

In(2e
Twi = Two - QZTE—IEZ) (6)
’T‘wi.mcan = (Z (Twi)i)/7 (7)

i=1

Consequently, the average Nusselt number could be calcu-
lated as follow:

hoveral Dh.s/c
Ny = ~eralhs/e 8

In the above equation, D,/ and the k; are the hydraulic
diameter (associate with smooth tube and corrugated tube)
and conductive heat transfer coefficient. It should be noted
that for the for the hydraulic diameter, the of the corrugated
tube, the average of maximum diameter and minimum diame-
ter was used as the hydraulic diameter. Also it should be noted
that the considered method for calculating the heat transfer
coefficient was previously used by other researchers as like to
references [28,32,33].

Furthermore, the results are presented in terms of the
superficial gas and liquid velocity which are calculated as fol-
lowing equation:

9
Vgt = 4" 9)

While the thermocouples have been placed in such a way
that they cover all sides of the pipe surface along its length.
It should be noted that due to the low thermal capacity of
air in comparison with water, the heat transferred by air has
been considered negligible, thus the calculations for the
injected air is omitted.

Regardless of the precision of measurement instruments
and the operator, there is a level of deviation between the mea-
sured values and true values which is regarded as an error. To
have a rational insight into the deviation within which the true
amount of the value lies, the concept of uncertainty is used. In
this study, the method proposed by Moffat [34] is employed to
evaluate the uncertainty of measurements. This method was
widely used by numerous experts as references [21]. The uncer-
tainties are presented in Table 2. It is worth mentioning that
the amounts of the uncertainty values for both dependent

and independent parameters were in agreement with the afore-
mentioned references [28,32].

2.3. Setup Validation

Before gathering the experimental data, validation tests were
performed to ensure the proper functionality of the test appa-
ratus and the reliability of experimental results. The validation
is performed for both the friction factor and dimensionless
heat transfer coefficient (Nusselt number) based on the empir-
ical correlations and reliable data presented in the literature.

The Blasius and Petukhov correlations [35] have been
employed to validate the friction factor data derived from
experimental tests. Fig. 4a a shows a comparison between
the friction factor calculated by the mentioned correlations
and the results of experimental tests. The Blasius friction cor-
relation for Re less than 2%10* is written as follows:

0.316
Reét
And the Petukhov friction factor correlation for Reynolds

ranging from 3000 to 5*10° is expressed as:

£=1(0.790 % In(Re) — 1.64)> (11)

f=

(10)

As seen in Fig. 4.a, the discrepancy observed is about 1%
for all points except at Vg = 84 m/s which shows a discrep-
ancy of about 10%. These results show a good agreement
between the results of our experimental tests and the results
of Blasius and Petukhov correlations.

In Fig. 4b the Nu values of corrugated tube derived from
the experimental tests have been compared with the results
of Sun and Zeng [1] Rostami et al. [32] which a maximum devi-
ation of 9% is observed. It should also be noted that the exper-
imental apparatus was checked out for heat balance to assure
its efficient performance. According to calculations for single
phase flow, it was observed that the energy absorbed by the
fluid flow was ranging from 694 W to 711 W. This amount
of energy was produced by a heater working under operating
conditions with voltage of 185 V and current of 4A. The
energy waste of the system was estimated to be ranging from
of 3.9% to 6.2%. The presented results for the friction factor,

Table 2 Uncertainty of values

Independent variables

Parameter Uncertainty
Inlet water temperature (°C) + 0.5

Inlet air temperature (°C) + 0.5

Wall temperature (°C) + 0.5
Water flow rate (lit/min) + 0.25

Air flow rate (lit/min) + 0.25
Uncertainty in read values of table (p, k, cs,...) +0.1-0.15%
Dependent variables

Nusselt number + 9.75 %
Heat transfer coefficient(W/m?K) 6.85%
Pressure drop +2%
Produced thermal energy + 3%
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Fig. 4 Validation of results for single phase flow; (a) friction
factor, (b) Nusselt number.

Nusselt number and heat balance demonstrate the reliability of
the results and the accuracy of the experimental equipment.

Also, to examine the validity of flow pattern results, the
patterns of air—water two-phase flow inside a straight tube
were compared with the results of Kalapatapu et al.[36].
Fig. 5 exhibits the observed flow patterns for various liquid
and gas flow rates. These patterns agree well with those
reported by Klapatapu et al.[36].

Fig. 6 shows typical flow patterns depicted in Fig. 3
observed for water flow rate of 1 Lit/min and gas flow rate
of 5 Lit/min (Fig. 6a), water flow rate of 5 Lit/min and gas flow
rate of 2 Lit/min (Fig. 6b), and water flow rate of 8 Lit/min
and gas flow rate of 1 Lit/min (Fig. 6¢). It should be noted that
comparing the results of the present investigation with previ-
ously published papers (as like to Abdulkadir et al.[37] and
Darzi and park [38]), it could be concluded that same behavior
could be seen for the results of the present investigation too.
For example the results of the Abdulkadir et al.[37] presented
that the slug flow consists of large air bubble that have wavy
interface with the water phase and some tiny bubble follow
them at the tail part of slug. Also, the presence of small bub-
bles that had the size of less than diameter of the tube was
observed as the bubbly flow through the results of present
study and those mentioned before Abdulkadir et al.[37] Darzi
and park [38] and Kalapatapu et al.[36]. As the outcome, the
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Fig. 5 Various cases consideredd for validation of experimental
setup.

above comparison presented that the flow pattern results of
the present investigation is reliable and is in agreement with
the previously published articles.

3. Results and discussion

3.1. Flow visualization

Non-Boiling two-phase flow is known to be a useful phe-
nomenon in various industrial applications such as oil and pet-
roleum production industries [6,7]. Also, it has been proposed
as a way of heat transfer enhancement technique in heat
exchangers [5,39] which makes it important to recognize its
characteristics. One way to understand the behavior of two-
phase flow is to study the flow patterns and visualize the mor-
phological properties of the phases and their interactions.
Many previous studies have focused on visualization of multi-
phase flows in pipes of different diameters and orientations.
However, in this study, the effect of corrugations on the flow
patterns of the two-phase air-water mixture in a horizontal
corrugated tube was considered which has not been reported
in the literature before. The glass tube used for visualization
had the same geometrical characteristics as the one used for
thermal experiments such as corrugation pitch and depth,
inner diameter and etc. The photos have been taken by a
Canon SX530 camera with a shutter speed of 1/2000 (s) which
was sufficient to freeze the scene and visualize the patterns
formed in the two-phase flow.

In this study, various flow patterns including plug flow, slug
flow, stratified flow, stratified wavy flow, bubble flow, churn
flow and mist flow were observed. At lower air velocity rates,
augmentation of velocity of liquid results in formation of smal-
ler bubbles and by further increment of liquid velocity, the flow
pattern gradually changes to bubbly flow in smooth tube. This
phenomenon is depicted in Fig. 7.a to d which is associated
with the liquid velocity ranging from 0.42 m/s to 1.69 m/s at
constant air velocity of 0.21 m/s. In Fig. 7a to c, the plug flow
pattern was observed in smooth tube while size of air bubbles
reduces gradually with the increment of liquid velocity and
tends to change to bubbly flow. Plug flow was characterized
by sequential formation of long air bubbles [40] that has very
smooth interface with the liquid phase and there is no tiny
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Fig. 6 Typical slug and bubbly flow patterns considered for validation of the experimental setup.

bubbles at the tail part of the plug (for the smooth tube). It
should be noted that the formation of the slug and plug flow
in this study was very similar to what was reported by
Abdulkadir et al.[37].Also, the same type of flow pattern was
observed as the prevalent two-phase flow pattern at lower air
superficial velocity in corrugated tube (Fig. 7e). The plug flow
in corrugated tube had a bit way interface with liquid phase
which was because of more shear stress of the liquid phase
within corrugated tube. However, the wavy interface of the
plug flow in corrugated tube was different with that of slog
flow meaning that the plug flow in corrugated tube had less
frequent waves. In Fig. 7e wavy plug flow pattern was
observed which by the increment of the liquid velocity had
tended to alter with churn flow (presented in Fig. 7f). Churn
flow was characterized as large gas bubbles being deflected in
a chaotic manner which is surrounded by smaller bubbles
[14,41]. Further increment of liquid velocity resulted in forma-
tion of bubbly flow regime. Comparing the flow patterns in
smooth and corrugated tubes in Fig. 7, it was revealed that
by raising the liquid velocity at constant air velocity the tran-
sition of flow pattern from plug to bubbly flow occurs at faster
than the smooth tube. This phenomenon is due to the presence
of corrugations. Indeed, as the air bubbles incessantly impact
the tube walls and get disrupted to smaller bubbles.

Through the higher air velocity rates, the air bubbles
become longer and tend to create a type of flow pattern named
as stratified flow (shown in Fig. 8a). In stratified flow, a distinct
boundary can be recognized along the horizontal direction
while the fluid with higher density is placed at the bottom
due to the gravitational effects Kalapatapu et al.[36]. In the
same operational conditions through the corrugated tube,
the stratified flow turns to stratified wavy flow which is because

©

of the presence of corrugations. By increasing the liquid veloc-
ity at Vsg = 1.06, the stratified flow in smooth tube turns to
plug flow and later to slug flow as could be seen in Fig. 8b, ¢
and d while in corrugated tube the plug flow in Fig. 8e alters
with churn flow in Fig. 8.f and then changes bubbly flow
(Fig. 8g) and finally the mist flow was formed at
Vsl = 1.69 m/s (Fig. 8h). Mist flow occurs at high velocity
of gas and liquid. In this two-phase flow regime, the high shear
stress between the gas and liquid interface breaks the liquid
continuity and the liquid film turns to separated droplets
Gao et al. [42].

It’s worth noting that the air bubbles through the smooth
tube lean toward the top wall of the tube while in a corrugated
tube the bubbles disperse more evenly and occupy all the cross-
section of the tube. As known, the inertia and buoyancy forces
are the main forces affecting the overall stream of two-phase
flow in horizontal tubes [6,7]. In the smooth tubes and espe-
cially at low liquid velocity due to laminar form or less turbu-
lent form of the flow, the inertial forces act at the longitudinal
direction. Besides, due to the low shear stress of the flow, the
air bubbles have bigger size and as a result the buoyancy force
has more impact on them. All these together, makes the air
bubbles/slugs to move at the top of the tube. However, at
the corrugated tubes, the increased shear stress and coinci-
dence with the corrugated parts break the air bubbles into
smaller ones. Besides, due to the variation of flow cross-
section in corrugated tubes, the direction of the fluid parcels
velocity vector as well as inertial force affecting air slugs varies
continuously. Less buoyancy force and variable inertial force
leads to a more even distribution of air slugs through the
cross-section of the corrugated tube. The corrugations, not
only break the bubbles and form bubbly flow, but also cause

Vit (ws) Smooth tube Corrugated tube
a) Plug flow e) Wavy-plug flow
0.42 i ‘» -
b) Plug flow Churn flow
0.84
) ! -
Plug flow
1.27 %w ‘g‘ —wlv
d) Transition of plug flow to bubbly flow
1.69

= e

Fig.7  Presentation of flow patterns for V,, =

0.21 m/s versus different liquid superficial velocity in both smooth and corrugated tubes.
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1.69
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Fig. 8 Presentation of flow patterns for Vsg = 1.06 m/s versus different liquid superficial velocity in both smooth and corrugated tubes.

an intense disorder in the formation and transport of bubbles
resulting in the formation of mist flow which can be observed
in Fig. 8h. It should be noted that in transition regions it is dif-
ficult to distinguish a precise regime of the two-phase flow and
in some regions the observations may match more than one
flow pattern definition. Hence the map of the flow patterns
observed in this study has been presented in Fig. 9 to make
it easier to identify effect of superficial velocity of liquid and
gas on the flow patterns formed.

3.2. Pressure drop analysis

The results for pressure drop along with both the smooth and
corrugated tubes are presented in Fig. 10. A digital manometer
was connected to the inlet and outlet of the tube and pressure
drop data was obtained. As we have a secondary phase flowing
inside the tube, it is natural to have fluctuations in the amount
of pressure loss detected by the manometer, hence it is to be
noted that the data provided by Fig. 10 is based on the mean
values of the pressure loss, while the mean values presented in
these figures are the average of maximum and minimum of the
pressure loss measured by the digital manometer. Deviation of
the data from mean values along with the maximum and min-
imum of the measured pressure drop is presented in Table 3.
Also it should be noted that the maximum uncertainty of the
pressure drop was about 2% which was based on the accuracy
of the manometer, since the data was recorded by the digital
manometer the uncertainty based on the operator skill was
neglected. Fig. 10 shows the pressure drop values along both
the smooth and corrugated tubes for different superficial veloc-
ities of water and air streams. As it is shown, increment of
superficial velocity of both water and air flows results in signif-
icant increment in the pressure drop. Fig. 11 also indicates the
ratio of multiphase flow pressure drop to that of single-phase
flow for both smooth and corrugated tubes which provides a
better insight that how the second phase affects the pressure
drop. Fig. 11l.a depicts the ratio of multiphase pressure drop
to single-phase pressure drop for a smooth tube based on the
air velocity for different water velocities. It is concluded that
by the increment of air velocity, the pressure drop ratio has
an ascending trend for all water superficial velocities. Also, it

a)
1.8 N
1.6 * N
*® [Transient: plug to bubbly V
_______ R 1
14 S Slug
\
12 o o
— L
2
g
= os o o o o o
06 Pog
0.4 [m] [m] o , O o
’ .
02| ~—mmmmmmmmm——- —  Stratified
0
0 0.2 0.4 0.6 0.8 1 12
V,,(m/s)
18 ¢ N
X X I X X X b)
L6 \ - Mist
Bubbly S -
14 F
X X X X X
12 F
g 1ot Chum =73y 77T
;'/7 0.8 < < \\
e A Wavy Slug
06 [ RN
\ —
04 | [m] ‘\ e (o)
’
| ]
0z [WavyPlug v ' Wavy Stratified
0 . . . . . ,
0 0.2 0.4 0.6 0.8 1 12
V., (m/s)

Fig. 9 Presentation of flow map for smooth tube and corrugated
tube versus the superficial velocity of liquid and gas. a: Smooth
tube, b: Corrugated tube.

is seen that the increment of water velocity rate causes the pres-
sure drop ratio to decrease. The maximum and minimum pres-
sure drop ratios were related to water superficial velocities of
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Fig. 10 Absolute amounts of pressure drop versus air superficial

velocity for both smooth (a) and corrugated (b) tubes.

0.42 and 1.69 m/s, respectively. The maximum pressure drop
ratio in smooth tube was 4.8 and the minimum pressure drop
ratio was 1.25, respectively. It could be explained that the fol-
lowing mechanisms contribute to the increment of pressure
drop ratio.

Table 3 The minimum, maximum and deviation from mean values

o Interaction between fluid parcels and water slugs: As the
water velocity decreases, the shear stress of the liquid phase
decreases too. Subsequently, the size of slugs becomes
greater and as a result, more severe interaction between
the air slugs and fluid parcels occurs. This phenomenon
causes more fluctuation in the liquid phase stream which
results in the increment of turbulent viscosity. Subse-
quently, greater amount of pressure drop is observed. On

Water superficial velocity (m/s) 0.42 0.84 1.27 1.69

Air superficial velocity (m/s) 0.21 0.63 1.06 0.21 0.63 1.06 0.21 0.63 1.06 0.21 0.63 1.06
Maximum pressure drop value (mbar) 72 100 132 160 212 262 271 337 390 409 488 556
Minimum pressure drop value (mbar) 66 94 112 152 195 232 266 329 382 403 478 550
Deviation from mean value (mbar) 3 3 10 4 8.5 10 2.5 4 4 3 5 3
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the other hand, for the higher water velocities, the air slugs
have get smaller longitudinal size and consequently minor
interactions between fluid parcels and air slugs happen
which lead to less pressure drop increment.

Increment of the local Reynolds number: Based on the conti-
nuity principle and considering the existence of the gaseous
phase, the liquid phase tends to move faster. Since the cross
section for the liquid phase decreases which forces the liquid
stream to move faster. This point could be explained
through considering the stream of single-phase flow and a
constant velocity of the liquid phase. According to the
equation Q, = V14, , the whole cross section of the tube
is for the liquid phase (4;; = crosssectionofthetube) . By
adding the second phase, the above equation for liquid
phase would be written as following Q, = V,,4,, . Compar-
ing the first case and second case and assuming that the vol-
umetric flow rate of the liquid phase is constant in both
cases, it could be concluded that V,;, > V,, . The reason
behind this is that at second case, due to the existence of
gaseous phase flow inside the tube, the cross-section area
for the liquid phase is smaller than the first case,
(4;2 < A;; = wholecrosssectionofthetube) . As a result,
the local Reynolds number for each of cases increases which
leads in the creation of more intensified vortices and conse-
quently greater pressure drop. It is worth mentioning that
at the operational condition of the present study both
phases were considered to be incompressible.

In Fig. 11 presents the variation of pressure drop ratio (ra-
tio of two-phase flow pressure drop to liquid single-phase flow
pressure drop) versus air-velocity for both smooth and corru-
gated tubes. It is demonstrated that the pressure drop ratio
shows similar behavior in both tubes. However, it is concluded
that despite the absolute pressure drop, the pressure drop ratio
in smooth tube is greater than that related to corrugated tube.
The reason for this is based on the greater shear stress of the
flow in the corrugated tube which disrupts the air slugs into
smaller bubbles. It could be argued that the smaller bubbles
in corrugated tube have less interaction with fluid parcels
and less increment in pressure drop occurs in comparison with
smooth tube.

3.3. Thermal analysis

In this section, the data for thermal results is discussed. The
data are depicted as the variation of Nusselt number based
on the corresponding superficial velocity of air and water
streams. Fig. 12a presents the variation of the Nusselt number
of both single phase and two-phase flow for smooth tube. It
should be noted that the uncertainty values associated with
the Nusselt number was +9 - 75 . Also Fig. 12b presents the
variation of Nu number for corrugated tube. As presented,
the injection of air enhances the Nu number in comparison
with single phase flow. This phenomenon is observed at both
two-phase and smooth tube regardless of the ratio of enhance-
ment. It could be explained that there is two main mechanisms
that contribute in heat transfer enhancement in two-phase flow
were proposed by experts [4,5,21]. These mechanisms are
defined as follows:
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Fig. 12 Dimensionless convective heat transfer coefficient (Nu).
a: Smooth tube, b: Corrugated tube.

e Increment of turbulence intensity of fluid flow due to the
interaction between air bubbles/slugs and fluid parcels:
These interactions increase the fluctuant terms of the veloc-
ity equation and as a result, the turbulence intensity of the
flow increases. This phenomenon enhances the mixing in
the boundary layer and prevents it from getting developed.
Consequently, the thickness of viscous sublayer diminishes
and the conductive thermal resistance of the boundary layer
reduces and as a result, higher Nusselt number is obtained.
Increment of turbulence intensity due to augmentation of
local Reynolds number of the liquid phase: The addition
of gaseous phase decreases the cross section of the liquid
stream. Consequently, it’s local velocity and local Reynolds
number increases. This phenomenon also increases the mix-
ing of fluid parcels in the boundary layer and restricts devel-
opment of boundary layer.

Regarding the mechanisms mentioned above, it is expected
to obtain better Nusselt number with air injection, however, it
is observed in Fig. 12a that further increment of air velocity
has no significant effect on the Nusselt number at the studied
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range of two phase flow whereas in some points reduction in
heat transfer was also observed. Although, many recent arti-
cles have mentioned the air/water two-phase flow as a useful
heat transfer enhancement method, it’s effectiveness is depen-
dent on various parameters as like to flow pattern, tube orien-
tation, frequency of the air bubbles, form and shape of the
tube, etc., [6,7,19]. Comparing Fig. 12a with Fig. 9a, it could
be revealed that the plug flow and slug flow are the most preva-
lent flow patterns observed in smooth tube in the range of lig-
uid and air velocity considered in this study. As mentioned
before, increasing the air velocity elongates the air bubbles.
Although longer bubbles have positive impact on heat transfer
enhancement according to the reasons mentioned above. On
the other hand, they also contribute to reduction of heat trans-
fer rate. The air bubbles lean toward the upper wall of the tube
due to buoyancy effect and prevent heat transfer from the tube
surface to liquid phase which is why air velocity increment
remains no considerable impact on enhancement of Nu num-
ber. Also, it should be mentioned that at Vsl = 0.42 m/s fur-
ther increment of air velocity results in a slight reduction of Nu
number. To justify this finding, the corresponding flow pattern
should be considered. As highlighted in Fig. 12a, by increasing
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Fig. 13 Ratio of two-phase Nusselt number to single-phase
Nusselt number in corrugated tube.

air velocity at Vsl = 0.42 m/s stratified flow pattern was
formed. Through the stratified flow about half of the tube sur-
face is in contact with air rather than liquid. Air is known for
its poor heat transfer characteristics and it is expected to
observe reduction of Nusselt number in that flow regime. It
is worth mentioning that the thermal behavior of two-phase
flow in smooth tube at the present study was in agreement with
the results of Ghajar’s work [6,7].

Fig. 12b presents the variation of Nusselt number of both
single and two-phase flow in corrugated tube. Also, the
Fig. 13 presents the ratio of two phase Nusselt number to that
of single phase in corrugated tube. Fig. 12b indicates that for
water velocity rates of Vsl = 0.42 and 0.84 m/s, the Nusselt
number raises by the increment of air superficial velocity.
However, further increment of air velocity doesn’t effectively
affect the Nusselt number. According to flow map in Fig. 9b
the wavy plug/slug flow was the dominant flow patterns at
water velocity rates of Vsl = 0.42,0.84 m/s whose influence
on heat transfer was discussed before. It is to noted that
according to the flow map of Fig. 9b at Vsl = 0.42 m/s and
Vsg = 1.06 stratified wavy flow was formed. Although the
Nusselt number was observed to reduce in stratified flow in
smooth tube, through the corrugated tube the wavy displace-
ment of fluid stream in the corrugated tube enhances the local
contact of the liquid film with the upper surface of the tube and
partially compensates for the weakness of thermal energy
transfer due to vicinity of air stream with the upper wall of
the tube.

In Fig. 12b. demonstrates that by raising the air velocity no
significant change in Nusselt number occurs except for air
velocity rates greater than 0.63 m/s and liquid velocity of
1.69 m/s. Indeed, for these velocity rates, a reduction in heat
transfer was observed. To justify this finding, the flow patterns
of two-phase flow should be evaluated. Fig. 9b indicates the
formation of mist flow at higher liquid and air velocity rates.
In this flow regime the continuous liquid film is broken and
the bubbles disperse all across the flow cross section. Due to
rapid movements of tiny bubbles the thermal boundary layer
was dominated and liquid film loses its contact with the surface
of tube where the energy is exerted to the fluid flow. Moreover,
distribution of liquid droplets within the air bubbles eliminates
the interaction between fluid parcels and suppresses the

Heat Flux

Airbulk( )
Cold water bulk .
Hot water bulk .

Fig. 14  Presentation of observed mist flow in corrugated tube (up) and schematic of suggested mechanism for heat transfer reduction in

mist flow (down).
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advective heat transfer. For the non-boiling gas-liquid two
phase flow, not only the gas tiny bubble does not carry any
thermal energy (opposite of what happens in flows that include
phase change) but also by changing the continuum nature of
the liquid phase and making it as discretized water drops,
reduces the heat transfer rate between the heated walls and lig-
uid phase. Indeed, through the mist flow, the distribution of
the tiny gas bubbles increases near the heated wall. Since the
thermal conductive coefficient of gas phase is so less than lig-
uid phase the heat transfer rate reduces. Combination of these
factors result in reduction of Nusselt number though the mist
flow. Previous study of Gao et al [42] also reported similar
findings about the reduction of heat transfer rate in mist flow.
Fig. 14a depicts a closer view of the mist flow at Vsl = 1.69 m/
sand Vsg = 1.06 m/s within the corrugated tube and Fig. 14b
schematically illustrates the mentioned mechanism for the
reduction of Nusselt number in mist flow. It should be noted
that the definition of mist flow regime was based on conceptu-
alisms made by Gao et al [42] which was based on both flow
patterns (captured in numerous pictures) and thermal
behavior.

4. Conclusion

The purpose of this work was to study the behavior of gas/lig-
uid two-phase flow inside the horizontal corrugated tube. With
this aim, a systematic experimental setup was fabricated and
the heat transfer, flow visualization, and pressure drop exper-
iments were conducted. The heat transfer experiments were
carried out under constant heat flux. The constant heat flux
was applied to the copper made smooth and corrugated tubes.
Four different water superficial velocities of 0.42, 0.84, 1.27
and 1.69 m/s along with six air superficial velocities ranging
from 0.21, to 1.06 m/s for each water flow rate were tested.
The key findings of the present study are as follows:

e In smooth tube, four distinct flow patterns of stratified,
slug, plug, and bubbly were observed. Whereas in corru-
gated tube stratified wavy, wavy slug, wavy plug, bubbly,
churn, and mist flow regimes were observed.

The corrugations caused wavy structure in the well-known
plug and slug flow patterns. Also, the transition between
flow patterns occurred more rapid than that in the smooth
tube.

The pressure drop ratio in the smooth tube was found to be
greater than corrugated tube. The minimum and maximum
pressure drop ratio for corrugated tube were found to be
1.07 and 4.69, respectively. Whereas, for the smooth tube
these values were 1.37 and 4.78, respectively.

In the smooth tube, at all of the liquid-phase superficial
velocities, the injection of air caused the Nusselt number
to enhance. The maximum increment of the Nusselt number
due to the two-phase flow for the smooth tube was about
8% and was related to Vg = 1.69 m/s and Vi, = 1.06 m/s.
For the smooth tube, the stratified flow resulted in Nusselt
number reduction. However, for corrugated tube different
behavior was observed in the wavy stratified flow. It was
concluded that due to wavy displacement of liquid stream
in corrugated tube, the local contact of the liquid film with
the upper surface of the tube was enhanced which partially
compensates for the reduced transferred thermal energy.

e [t was observed that there is a reduction in Nusselt number
for gas superficial velocities greater than Vsg = 0.84 m/s at
Vsl = 1.69 m/s. It was revealed that the mist flow was
formed in the mentioned operational condition. In this flow
regime the liquid phase loses its continuity and the air bub-
bles dominate the boundary layer. Consequently, due to
higher thermal resistance of gas-phase, the heat transfer
rate decreases.
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