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An experimental study of single-phase and 
two-phase flow pressure drop in annular 
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In this study, experimental investigations were conducted for single-phase and air/water 
two-phase flow in annular helicoidal pipes with vertical and horizontal orientations. Three 
test sections were investigated. The outer diameters of the inner tube were 12.7 mm, 
9.525 mm, and 6.35 mm, and the inner diameters of the outer tube were 21.18 mm, 
15.748 mm, and 10.21 mm, respectively. The experiments were performed for superficial 
water Reynolds numbers in the range of 210 to 23,000 and superficial air Reynolds 
numbers in the range of 30 to 30,000. The effects of coil geometry and the flow rates of air 
and water on single-phase and two-phase flow pressure drop were experimentally investi- 
gated for annular helicoidal pipes. The data were correlated as the relationship of the 
pressure drop multipliers versus Lockhart-Martinelli parameter for the two-phase flow. 
The average void fraction was also measured in the experiments by means of the quick 
acting valve method. Unlike two-phase flow in straight pipe, the pressure drop multipliers 
of two-phase flow in annular helicoidal pipes have been found to be dependent on the flow 
rate in addition to the Lockhart-Martinelli parameter for the annular helicoidal pipe with 
large diameter. Thus, the Lockhart-Martinelli correlation is not valid in the prediction. 
Correlations for two-phase flow in horizontal and vertical annular helicoidal pipes have 
been established for both single-phase and two-phase flow based on the present experi- 
mental data. © 1997 by Elsevier Science Inc. 

K e y w o r d s :  two-phase flow; single-phase flow; pressure drop; void fraction; annular heli- 
coidal pipe 

I n t r o d u c t i o n  

Many investigations have been conducted regarding fluid flow in 
curved and helicoidal pipes with circular cross sections. Much of 
the work on single-phase flow has been summarized by Berger 
and Talbot (1983) and Shah and Joshi (1987). Two-phase flow in 
helicoidal pipes has been studied by many investigators, including 
Banerjee et al. (1969), Rippel et al. (1966), Boyce et al. (1969), 
Awwad et al. (1995), and Xin et al. (1996). Coiled tube-in-tube 
heat exchangers are widely used in nuclear power engineering, 
chemical engineering, and HVAC systems because of their com- 
pactness and effectiveness. However, fluid flow in annular heli- 
coidal pipes has rarely been investigated for both single-phase 
and two-phase flows. 

Numerical results indicate that the flow in a curved annulus 
differs significantly from that in a curved circular tube because of 
the presence of the inner-wall boundary (Karahalios 1990). The 
differences include the main flow and secondary flow patterns 
and, hence, the friction factor and heat transfer coefficients. For 
curved annular tubes, there are two pairs of vortices of the 
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secondary flow in the cross section. For the large pipe diameter 
ratio, the two vortices near the inner wall can be very small, but 
for the small diameter ratio, those two vortices near the inner 
wall can be as large as the two near the outer wall (Choi and 
Park 1994). Garimella et al. (1988) investigated the forced-con- 
vection heat transfer in coiled annular ducts experimentally. Two 
coils were tested by flowing hot and cold water through the shell 
side and tube side, respectively. Some Nusselt number correla- 
tions were suggested for laminar and transition flow regimes. 
Developing laminar flow in curved annuli was studied numeri- 
cally by Choi and Park (1992). Evolution of the secondary flow 
and the effect of radius ratio on the flow development were also 
discussed in their work. Some analytical and numerical studies 
on mixed convection flow in curved annular ducts can be found 
in Karahalios (1990) and Park and Choi (1993). 

Few studies have been done for two-phase flow characteristics 
in curved and helicoidal pipes with annular cross sections. A 
number of experimental studies on two-phase flow in the circular 
helicoidal pipes are cited and discussed for comparison. The 
results reported by authors such as Rippel et al. (1966) and 
Banerjee et al. (1969) indicate that most of the pressure drop 
data for two-phase flow in vertical helicoidal pipes can be pre- 
dicted satisfactorily by the Lockhart-Martinelli correlation, with 
the specific def'mition of the Lockhart-Martinelli parameter 
based on the single-phase flow friction pressure drop in heli- 
coidal pipe. In addition to the Lockhart-Martinelli parameter, 
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some effects of liquid velocity on pressure drop have also been 
observed (Boyce etal.  1969; Banerjee et al. 1969). Furthermore, 
Xin etal. (1996) and Awwad et al. (1995) have obtained extensive 
data on the pressure drop of two-phase flow in vertical and 
horizontal helicoidal pipes, respectively. The effect of liquid flow 
rate on pressure drop multipliers was also discussed in detail in 
these two papers, and correlations were proposed for both verti- 
cal and horizontal helicoidal pipes. 

The literature review indicates that previous studies have 
addressed single- and two-phase flow in circular helicoidal pipes. 
The flow characteristics of single-phase in annular curved and 
helicoidal pipes have been studied numerically (Karahalios 1990), 
and the heat transfer was studied experimentally (Garimella et 
al. 1988). To our knowledge, two-phase flow in annular curved 
and helicoidal pipes has not been studied. Therefore, in this 
paper, the pressure drop of single-phase flow and two-phase flow 
in annular helicoidal pipes is investigated experimentally, and 
correlations for pressure drop calculation are provided for design 
purposes. The void fraction results for the two-phase flow in 
annular helicoidal pipe are also reported. 

Experimental apparatus 

The experiments of single- and two-phase flow of air and water 
in annular helicoidal pipes were conducted in the Heat Transfer 
Laboratory of the Hemispheric Center for Environmental Tech- 
nology (HCET) at Florida International University (FIU). The 
experimental system consisted of an air/water flow loop and a 
test section. A schematic representation of the experimental 
system is shown in Figure 1. A detailed description of the system 
can be found in Awwad etal. (1995). 

Three test sections were used. A schematic drawing of the 
test sections is presented in Figure 2. The dimensions of these 
test sections are listed in Table 1. Both the inner and outer tubes 
were made of copper. Two pressure taps were positioned after 
the inlet elbow and before the outlet elbow for each test section. 
The pressure drop and the gauge pressure at the exit of the test 
section were measured by two diaphragm differential-pressure 
transducers with a measurement capacity of 3.45 x 105 Pa and 
1.0133 × 102 Pa, respectively, and an accuracy of +2%. The 
signals from the pressure transducers and thermocouples were 
sent directly to a Hewlett-Packard data acquisition system. Thirty 
readings were taken during a 2-min period in the pressure drop 
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measurement. Subsequently, an average value was obtained to 
reduce the effect of the pressure fluctuations. All measurements 
were taken and controlled by the computer-controlled data ac- 
quisition system. The void fraction was measured by the quick- 
shut valve method, as described in the study by Xin et al. (1996). 
The mass of water holdup in two-phase flow and the maximum 
mass of water the test section could hold were measured using a 
calibrated electronic scale. 

Ana lys is  and data reduct ion  

During the experiments, pressure drop in single-phase flow in 
annular helicoidal pipes was measured first. The resulting data 
were used as the bases for the two-phase flow analysis. The 
pressure drop and void fraction in two-phase flow were subse- 
quently measured for vertical and horizontal orientations of each 
test section. 

The pressure drop data for single-phase flow were correlated 
as the relationship of the friction factor with the Dean number 
for laminar flow and Reynolds number for turbulent flow. The 
Dean number (De) and Reynolds number (Re) are defined as 
follows: 

pu(d°-di) ( d ° -d i )  1 / 2 1 3  
Re , De = Re ~ (1) 

I.z 

The friction factor for single phase flow is determined using: 

(Ap/L)(d o - d i )  
f =  1 2 ~pu (2) 

The total pressure gradient in two-phase flow (dp/dz) t can be 
expressed in three terms: 

( ? z )  , ,  + + (3) 

where (dp/dz)f is the friction pressure gradient, (dp/dz) a is 
the acceleration pressure gradient, and (dp/dz) s is the gravita- 
tional pressure gradient. Because of the absence of phase change, 
the second term can be neglected. For two-phase flow in vertical 

Notation 

b 
di 
do 
dp/dz 
D 
De 
f 
Fr 
g 
L 
n 

Re 
U 

X 

Greek 

coil pitch, m ct 
outer diameter of inner tube, m, defined in Figure 1 13 
inner diameter of outer tube, m, defined in Figure 1 P 
pressure gradient, Pa /m  Ap 
coil diamter, m, deirmed in Figure 1 d~ 
Dean number 
friction factor 
Froude number 
gravitational acceleration, m / s  2 a 
pipe length, m f 
coil turns g 
Reynolds number G 
superficial velocity, m/s  L 
Lockhart-Martinelli parameter P 

t 

void fraction 
helix angle 
density, kg/m 3 
pressure difference, Pa 
pressure drop multiplier 

Subscripts 

acceleration 
friction 
gravity 
gas 
liquid 
phase, L or G 
two-phase flow total 
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Figure 2 Geometry of the test section 

coils, the gravitational pressure gradient is determined from the 
void fraction data using the following equation: 

(de) 
-~z g = Ptg(1 -- et)tan 13 (4) 

For horizontal coils, the net gravitational pressure gradient is 
zero for complete turns. Therefore, the friction pressure gradient 
can be determined from the total pressure gradient, which was 
measured in these experiments. It must be noted that the fluid 
properties, especially the gas properties, were determined using 
the average value of inlet and outlet pressures as a reference. 

The friction pressure drop data are correlated as the pressure 
drop multipliers qb~ and ~b L versus Lockhart-Martinelli  parame- 

Table 1 Dimensions of the test sections 

Test d i d o b D d o - d i 
section (mm) (mm) (mm) (mm) n (mm) 

1 12.7 21.18 34.9 177.8 10 8.48 
2 9.53 15.75 25.4 196.85 9 6.22 
3 6.35 10.21 19.05 114.3 15 3.86 

ter X, which are defined as follows: 

(dp/dz)f (dp/dz)f 
+~ (dp/dz)L ' £p2 (dp/dZ)G (5) 

and 

(dp/dZ)L 
X 2 (6) 

(dp/dz)c 

The single-phase flow pressure gradients, (dp/dz) L and 
(dp/dz) a, used in the above equations can be determined from 
the correlation obtained from the present single-phase flow 
experiments, which are discussed in the next section. For two- 
phase flow in annular helicoidal pipe, three forces affect the flow 
pattern and pressure drop: inertial force; liquid gravity; and 
centrifugal force. Inertial force enhances the mixing of the two 
phases. Because of the large density difference between the 
liquid and gas phases, liquid gravity and centrifugal force will 
separate the two phases if each of them acts alone on the flow. 
However, when the flow direction changes and /o r  the directions 
of the gravity and centrifugal force are opposite, the net effect 
can be the separating or mixing of the phases. The effects of 
these forces can be represented in terms of Fr, d/D, and tan 13. 
Therefore, the friction pressure drop multipliers can be corre- 
lated as a function of these three parameters as well as Lock- 
hart-Martinelli  parameter X. Because of the limitation of the 
experimental data, only the effect of Fr is correlated in this 
paper. 
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R e s u l t s  a n d  d i s c u s s i o n  

Single-phase f low 

Al l  three test sections were examined for air and water flow. The 
results are presented in Figure 3. The prediction from the 
correlations proposed by Manlapaz and Churchill (1980) and Ito 
(1959) for circular curved pipe is also shown in Figure 3 for 
comparison. It seems that the friction factor results can be 
predicte d with reasonable accuracy in the complete laminar and 
turbulent flow regions, but not in the transition region. 

In Figure 3, it can be observed that the transition from 
laminar to turbulent flow is a gradual process that covers a Dean 
number range from approximately 800-4000. This range is larger 
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Figure 3 Friction factor of single-phase f low in annular  
hel icoidal p i p e s  
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than that found for circular helicoidal pipes (Xin et al. 1996). 
The critical Dean numbers predicted by Srinivasan's equation 
(Srinivasan et al. 1970) are 1661, 1139, and 1267 for the first, 
second, and third test sections, respectively. This phenomenon is 
worth discussing in more detail. In the case of circular helicoidal 
pipe, the transition from laminar to turbulent flow occurs at 
different Reynolds number and different locations in the outer 
region and inner region. Thus, the overall transition takes place 
in a range of Reynolds (or Dean) number instead of at a 
particular Reynolds number or in a very narrow range, as ob- 
served for straight pipe. Because two surfaces are involved in an 
annular helicoidal pipe, the transition of the flow near the inner 
tube seems to differ from the transition of the flow near the 
outer tube. However, this hypothesis must be verified further by 
experimental results. 

As discussed above, no clear boundary exits between laminar 
flow and turbulent flow in annular helicoidal pipes. Therefore, 
using the least-squares fitting method of the Martin•Ill-Nelson 
scheme, all the experimental data are regressed to one correla- 
tion as follows: 

[ = 0.02985 

[ [De-39"88) / I r ] / (  D )145 
+ 75.89[0 .5-a tan~ 7~.56 (7) 

where De = 35 - 20000, do/d i = 1.61 - 1.67, and D/(d o - d i) = 
21 - 32. The comparison between the correlation and the experi- 
mental data is shown in Figure 4. The maximum deviation is 
approximately 15% in the present experimental region. 

Two-phase f low in vertical coils 

In Figure 5, the pressure drop multipliers for vertical coils are 
shown in terms of the Lockhart-Martinelli parameter. Also, the 
Lockhart-Martinelli correlation for two-phase flow in straight 
pipe with turbulent liquid and gas phases, as following, is de- 
picted with a dash line in each figure for comparison. 

20 1 

~b~ = 1 + -~- + =X---z (8) 

It can be observed that the pressure drop multipliers are lower 
than those predicted by the Lockhart-Martinelli correlation. 

The void fraction results are presented in Figure 6. As with 
the results for two-phase flow in circular helicoidal pipes, the 
void fraction data for test sections 1 and 2 can be correlated by 
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Figure 4 Comparison between exper imental  data and corre- 
lat ion of s ingle-phase f low fr ict ion factor 
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Figure 5 Pressure drop mul t ip l ie r  versus L o c k h a r t -  
Mart ine l l i  parameter  for vert ical coils 

Lockhart-Martinelli relation quite well: 

~b L - 1 
ct = - -  (9) 

~L 

It should be noted that the ~b L in Equation 9 is calculated using 
Equation 10, which is described in following section, instead of 
the Lockhart-Martinelli correlation for the pressure drop multi- 
pliers (Equation 8). 

Two-phase f low in horizontal coils 

The experimental data for pressure drop in horizontal coils are 
presented in Figure 7 as the pressure drop multipliers versus the 
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Figure 6 Void fract ion of vert ical coils 

Lockhart-Martinelli parameter. An examination of this figure 
reveals that the pressure drop multipliers are dependent not only 
on the Lockhart-Martinelli parameter but also on the liquid (or 
gas) flow rate for a large-pipe-diameter coil (test section 1). This 
phenomenon has also been observed for air/water two-phase 
flow in circular helicoidal pipe (Xin et al. 1996). Because the 
inner/outer tube diameter ratio, coil diameter, and pitch do not 
differ significantly, the differences in results from the different 
test sections can be attributed to the pipe hydraulic diameter 
( d  o - d i) effect. Physically, in the coils with small pipe diameter, 
the inertial force overwhelms the gravity, so the backflow of the 
liquid phase does not occur, which is thought to be the main 
reason of higher pressure drop in low Froude number region. To 
display this effect explicitly, Figure 8 is plotted at certain liquid 
superficial Reynolds numbers. As seen in this figure, as the 
hydraulic pipe diameter ( d  o - d  i) decreases, the pressure drop 
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Figure 7 Pressure drop multiplier versus 
Martinelli parameter for horizontal coils 

Lockhart- 

multiplier decreases and approaches a limit. On the other hand, 
the void fraction for the horizontal coils is described well by 
the Lockhart-Martinelli equation, as seen for test section 1 in 
Figure 9. 

Correlations for two-phase f low 

As discussed above, the liquid flow Reynolds number has little 
effect on the pressure drop multiplier ~b L for the vertical coils 
and test sections 2 and 3 in horizontal coils. As a result of a 
least-squares fitting, the experimental data suggest: 

10.646 1 
¢2 = 1 + ~ + X---- / (10) 
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Figure 8 Effect of the pipe hydraulic diameter on pressure 
drop multiplier, ~b L 

The above equation is valid in the range of d o / d  i = 1.61 - 1.67 
and D / ( d  o - d i) = 21 - 32. Compared with Lockhart-Martinelli 
correlation (Equation 8), the pressure drop multiplier d~L of 
annular helicoidal pipe is lower than that of straight pipe under 
the same Lockhart-Martinelli parameter. 

Predictions from this correlation are also shown in Figures 5 
and 7 with the experimental data. For test section 1 in horizontal, 
the liquid flow Reynolds number effect is significant. Using the 
same correlating method (Xin et al. 1996), an effect factor of 
Froude number is introduced into Equation 11 and correlated by 
the least-squares method. The following pressure drop multiplier 
correlation as a function of Fr and X was obtained: 

( 0.0435X]5 ) ( 10.646 1 ]  ] / z  
1+ F 1+ - - 2 - -  + (11) 

where F = Fr°91°6e°°458(InF02, d o / d  i = 1.61 - 1.67, d o = 21.18 
ram, and D / ( d  o - d i) = 21. Fr is the Froude number, defined as: 

ul 
Fr = (12) 

g ( d  o - d i )  

The experimental data and the correlation agree quite well, as 
can be observed in Figure 7a. When using Equations 10 and 11, 
the pressure gradient for the single phase flow in X and ~b L can 
be calculated from the following equation: 

2 1 pp Up 
( d p / d z )  v = ~ f ' d o  _ d i (p  = L  or G) (13) 
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Figure 9 
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where f in Equat ion 13 can be calculated using Equation 7. 
Equations 10 and 11 were based on the experimental data of the 
parameter  ranges of the present experiments. It is recommended 
to use them in the tested parameter  ranges as stated. 

Concluding remarks 

Pressure drop experiments on single-phase and a i r /wa te r  two- 
phase flow in three annular  helicoidal pipes have been con- 
ducted. For single-phase flow, the transition from laminar to 
turbulence covers a wider Reynolds number  range. A correlation 
for the friction factor in laminar, transitional, and turbulent  flow 
regimes has been proposed based on the present experimental 
data. For two-phase flow in horizontal annular  helicoidal pipes 
with a large pipe diameter, the frictional pressure drop multiplier 
~bL or ~b G is not only a function of the Lockhart -Mart inel l i  
parameter  X but  also depends on the flow rate of water or air. 
The flow rate effect decreases as the pipe diameter  decreases. 
The frictional pressure drop correlations for the vertical and 
horizontal coils are provided in Equations 10 and 11. The void 
fractions for vertical and horizontal coils can be predicted fairly 
well by Lockhar t -Mart inel l i  relation if the pressure drop multi- 
plier is calculated from the present  correlation Equat ion 10. 
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