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ABSTRACT
A vertical two-phase (air-water) test section has been constructed to allow for detailed visualization of flow phenomena in the annular
regime. The total internal reflection (TIR) technique for film thickness estimation, originally developed by Shedd and Newell (1998),
has been adapted for use in this test section. This technique uses the pattern of diffuse light reflected from the gas-liquid interface to
estimate the base film thickness, i.e., the thickness between large liquid waves. Measurement of base film thickness separately from
the average film thickness, which couples base film and wave behavior, allows for consideration of separate effects from each of the
two zones. A modified Hurlburt-Newell (2000) correlation that separates the flow into these two zones has been generated. Data
regarding the relationship between average base film thickness and wave height, along with verification of the base film thickness
measured from the TIR technique, were provided by planar laser-induced fluorescence (PLIF). For the present vertical air-water
upflows with liquid superficial velocities ranging from 4 to 34 cm s−1 and gas superficial velocities from 35 to 85 m s−1, the
modified Hurlburt-Newell correlation predicts pressure loss to within 10%.

INTRODUCTION
Two-phase gas/liquid flows are a predominant flow struc-

ture in numerous applications such as industrial refrigeration, gas
pipelines, chemical reactors, and process industry heat exchange
equipment. While vast data banks exist for both horizontal and
vertical flow two-phase conditions, design of these systems is
dominated by empirical correlations. Prediction of two-phase
pressure drop is important for accurate design and optimization
of the systems, yet, no standard pressure gradient model exists.
Most models are limited to a specific flow range such as those
for annular flow [1–3]. These models also rely on flow informa-
tion such as film thickness and void fraction, or models of this
information, as inputs.

Many studies have been carried out on the pressure gradient
in vertical two-phase gas/liquid flows, such as those by Gill et
al. [4], Collier et al., Bashforth et al., Golan and Stenning, and
Spedding and Nguyen [5–8]. However, not all of the data are
reliable. Dukler et al. collected a pressure gradient databank
for 15,000 flow conditions and found that data from apparently
similar test conditions from different researchers could vary by
30 – 60% [9].

Most measurements of film thickness in the literature have
been obtained with the use of conductance probes. These probes
measure a void fraction that is highly correlated to film thickness,
rather than film thickness itself. This can become less accurate

as more gas is entrained in the liquid. Moreover, these mea-
surements fail to differentiate between the base film and waves.
Average film thickness has been studied in vertical flow, but is
usually restricted to the annular flow regime. Gill et al. measured
average film thickness in upwards, co-current air-water annular
flow [10]. They measured the film via conductance probes that
were mounted flush to the tube wall surface as did Zabaras et
al. [11] and Brown et al. [12].

The most frequent use of film thickness is as an input to an
interfacial shear correlation to estimate frictional pressure loss.
With the exception of the model of Hurlburt and Newell [13],
film thickness modeling mixes waves and base film into a sin-
gle, average film thickness measurement. Hewitt et al. [14] de-
veloped a new conceptual picture of horizontal films in annular
flow in which the gas core flows over an intermittently rough
interface. In this picture, the base film is taken as smooth and
the waves are the primary source of roughness and, by exten-
sion, increased shear and pressure loss. Henstock and Hanratty
correlated film thickness using the shear velocity, viscosity, and
the Reynolds number of the liquid film [15]. Asali et al. started
with the same correlation and adjusted it to have fewer empirical
exponents [16]. Their correlated data were compared to experi-
mental data obtained by Brown et al. with good agreement [12].



EXPERIMENTAL TEST FACILITIES
A vertical test section was fabricated using 23.4 mm I.D.

copper and quartz tubing. Compressed air passed through an
oil/particulate filter and then through two parallel air controllers
so that a wide range of flows can be obtained. These 1400 L
min−1 (0.024 kg s−1 at atmospheric pressure) variable area vol-
umetric flow meters each have an uncertainty of ±5% of full
scale. A pressure transducer was placed on the air line to obtain
inlet pressure information and to correct the flow meter readings
for changes in the air density. The compressed air then enters
the flow loop (Figure 1) passing through flow straighteners in
the bend at the bottom of the loop to smooth the air flow before
mixing with the water.
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Fig. 1. Vertical Flow Loop.

City water enters a reservoir through a particulate screen fil-
ter and a deionizing water filter. Water then flows through an-
other screen filter, a MicroPump gear pump, and 0.19 kg s−1 full
scale flow meter with an uncertainty of ±3% of full scale.

The mixing tee junction was made by drilling several 2 mm
diameter holes into the copper tube and surrounding it with a
compression fitting. The air and water mix and the mixture flows
upward approximately 2 meters until the quartz portion of the
loop. Two pressure taps are placed 79.2 cm apart in the quartz
tube wall, approximately 140 L/D downstream of the mixing tee,
to produce a differential pressure measurement. The develop-
ment length necessary for fully developed flow has been studied
in vertical upward flow by Wolf et al. [17] and in downward ver-
tical flow and horizontal flow by Okada and Fujita [18, 19]. The
pressure tap lines are attached to bleed lines that are always filled

with water creating a constant static head that is subtracted from
the total pressure differential. This is similar to the method de-
scribed by Gill et al. [10].

The two-phase mixture then enters a liquid separator at-
tached to an exhaust system. Mixture temperature information
is collected via a type T thermocouple. The air exits through the
exhaust and the water circulates back to the reservoir. For the
present study, vertical air-water upflow data have been obtained,
with liquid superficial velocities (Usl) ranging from 4 to 34 cm
s−1 and gas superficial velocities (Usg) from 35 to 85 m s−1.

TOTAL INTERNAL REFLECTION
The total internal reflection (TIR) film thickness mea-

surements were made using an optical method designed by
Shedd [20]. This non-intrusive method uses the pattern of dif-
fuse light reflected from the liquid surface to determine the liquid
film thickness. An optical fiber was heated and stretched into a
thin light guide and attached to an Olympus 049 ILK fiber light
source. A diffusive coating was placed on the quartz tube and
the light guide tip was placed onto it. An Edmund Optics USB
2.0 model EO-1312 camera was used to obtain the images. Fifty
frames per flow rate were taken. Rodrı́guez [21] has shown, by
comparisons with direct film measurements using planar fluores-
cence imaging, that this optical method accurately determines
the mean film thickness between large liquid waves. Uncertain-
ties vary with film thickness, and roughness (waviness). Typical
base film thickness uncertainties are approximately 15% of the
measured value.

PLANAR LASER INDUCED FLUORESCENCE
The flow facility used for optical film thickness and pres-

sure gradient measurements was modified for planar laser in-
duced fluorescence (PLIF) to include a 22.4 mm (I.D.) fluori-
nated ethylene propylene (FEP) test section. This test section is
slightly smaller than the quartz tube used for total internal reflec-
tion (TIR) film thickness. Absolute pressure and pressure gradi-
ent measurements were scaled accordingly.

An FEP tube was selected due to the similarity of its in-
dex of refraction (1.338) with that of water at typical test section
temperatures (1.333). This minimizes near-wall distortion of the
resulting images and allows for accurate determination of film
heights on the order of 100 µm. In contrast, the difference in
indices of refraction of water and quartz (1.5) would produce a
distorted region as large as 1 mm; essentially all of the film would
be obscured.

PLIF measurements require monochromatic laser light, a
fluorescing material within the liquid phase, and a camera for
observation of the resulting fluorescence. The laser sheet was
produced by a New Wave Research Solo PIV Nd:YAG laser with
a commercial light sheet lens attachment. A Roper-Scientific
1300YHS-DIF camera (1300 by 1030 pixels, inter-line transfer



Fig. 2. Example processed images for flows with Usg=55.3 m s−1 and Usl=12.7 cm s−1.

CCD) was equipped with a microscope objective lens and placed
on a rigid support. The laser and camera were placed 90◦ apart
around the tube to allow for cross-sectional viewing of the film.
A PVC enclosure was painted black and used to surround the
test section to minimize background light (i.e., light from sources
other than the laser), improving the contrast of resulting images.
The laser was used to form a light sheet, allowing investigation
of a small portion of the liquid film. Rhodamine B dye was intro-
duced into the liquid flow to produce visible fluorescence. This
dye tints the water pink or red depending on concentration, ab-
sorbs light maximally at 545 nm, and emits light maximally at
565 nm. The images were taken as pairs, with the two images of
a pair separated by 60 ms. Further details may be found in the
work of Rodrı́guez [21].

Figure 2 is an example of PLIF images obtained with mod-
erate flow rates; Usg and Usl are estimated at 55.3 m s−1 and
12.7 cm s−1, respectively. Every third example is numerically la-

beled to the right of the image. Perhaps the most obvious feature
of these processed images is the significant variation in image
height as presented in Figure 2 due to the iterative procedure.
The significant axial variations in brightness and its link to lo-
cal film thickness are also immediately apparent, particularly for
those examples that include wide variation in film thickness.

To extract film interface data, a processing code was
developed; the details of this algorithm are provided by
Schubring [22]. Much of this code is designed to reduce the
effects of bubbles. Some bubbles that are imaged are in-plane
features, and are actual perturbations of the interface. However,
out-of-plane bubbles are likely more frequent since the radius of
curvature of the tube wall (i.e., the radius of the tube) is many
times larger than the film thickness. Despite image processing,
not all bubbles are successfully avoided. Consider, for example,
the example image 3 in Figure 2. More than a dozen bubbles
are found within the film; most of these do not affect the re-



sults. However, approximately one-third of the way from left to
right, two large bubbles near one another obscure the actual in-
terface. These bubbles appear somewhat out of focus; at least
one is likely an out-of-plane feature. Regardless, the code does
not successfully track the interface over these bubbles.

In image 9 in Figure 2, the right-most large bubble also
caused difficulty. This time, no edge is reported. It is likely that
the program identified the bottom of the bubble as the interface,
but it was too near the wall and was discarded. Despite the diffi-
culties noted in a number of these images, it appears that the code
provides an accurate location of the interface for approximately
95% of locations. At higher liquid flows and either extreme of
gas flows, some of these problems are exacerbated, but a track-
ing rate of 90% is maintained (i.e., the processing is accurate to
within 3–4 pixels 90% or more of the time).

RESULTS
Figure 3 shows the relationship between pressure gradient

and gas and liquid flow. Pressure gradient increases with increas-
ing Usg and Usl .

0 20 40 60 80 100
0

5

10

15

Usg [m s!1]

!d
P/

dx
 [k

Pa
 m
!1

]

 

 

  5.8
11.6
19.4
27.1
31.0

Usl [cm s!1]

Fig. 3. Measured pressure gradient data with increasing Usg and Usl .

Base film thickness measurements were obtained in the
quartz test section using the TIR method. This is illustrated in
Figure 4. The base film thickness decreases with increasing gas
flow (Usg). As Usl is increased beyond 11.6 cm s−1, there is
a sharp increase in the film thickness at low Usg that decreases
with higher gas flow.

Flm thickness measurements were obtained from the PLIF
images using the critical standard deviation multiplier method of
Rodrı́guez [21]; these are shown in Figure 5 with similar results
for base film thickness.
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Fig. 4. Measured base film thickness using total internal refraction (TIR).
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Fig. 5. Measured base film thickness using particle laser induced fluo-
rescence (PLIF).

PRESSURE GRADIENT MODELS
Pressure gradient relations for annular flow can be divided

into three categories: two-phase multipliers, purely empirical
correlations, and correlations using the film roughness concept.
Two-phase multipliers correlate pressure gradient based on the
product of a single phase relation and a factor to account for
the effects of a second phase. These relations only require flow
rates and thermodynamic properties as inputs. The Lockhart-
Martinelli correlation is the most oft cited two-phase multiplier
correlaton [23]. It consists of two different expressions, depend-
ing on the modified liquid Reynolds number:

ReG =
GD
µl

(1)



When ReG is greater than 4000, an expression based on the single
phase liquid pressure gradient defined below is used:
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where G is the total mass flux and Xtt is the Martinelli parameter.
For ReG below 4000, a gas-based correlation is used instead:
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One example of a purely empirical correlation is that of
Müller-Steinhagen and Heck [24]. They used the single phase
pressure gradient and friction factor expressions to fit their data:
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Film roughness correlations are applied primarily to annu-
lar flow and focus on the gas core as it passes over the liquid
film. Since direct measurements of film roughness are extremely
challenging, average film thickness (including both base film and
waves) is most frequently used. A simple, so-called zero dimen-
sional model was developed by Wallis [1], who noted that the
experimental shear in vertical annular flow could be modeled as
a roughened pipe. The modified Wallis correlation is used in the
current study, in which the Blasius friction factor is used in place
of a constant (originally set to 0.005) by Wallis [1].
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The film roughness concept was used by Hurlburt and Newell
to model film thickness distribution [13]. They developed an in-
terfacial shear correlation as part of the work, similar to that of
Asali [16]:
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Fore et al. expanded on the work of Wallis and Asali et al. by us-
ing high pressure measurements (obtained in their work) in con-
junction with published data banks in order to obtain a better
prediction over a full range of Reynolds numbers:
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Discussion
Interfacial shear correlations were converted to pressure gra-

dient gradient using equations adapted from Fore et al. [26]:
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where the base film thickness measured using the PLIF and TIR
techniques were used as an estimate for the average film thick-
ness. The performance of each correlation is shown in Tables 1
and 2. The mean absolute error (MAE) is defined as:

MAE =
1

nFC
∑
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|dP/dxcorr −dP/dx|
dP/dx

×100% (24)



Tab. 1. PLIF pressure gradient correlation performance.

Correlation MAE[%]

Asali et al. 46.88

Ashwood et al. 9.65

Fore et al. 29.61

Hurlburt-Newell 51.62

Lockhart-Martinelli 39.92

Müller-Steinhagen and Heck 15.94

Wallis 46.32

Tab. 2. TIR pressure gradient correlation performance.

Correlation MAE[%]

Asali et al. 47.75

Ashwood et al. 8.72

Fore et al. 29.94

Hurlburt-Newell 52.93

Lockhart-Martinelli 38.82

Müller-Steinhagen and Heck 15.34

Wallis 44.54

The PLIF data indicate that the ratio of waves-to-base film is
approximately 2. Using this, the Asali et al. correlation was mod-
ified for the inclusion of the film thickness measurements from
both the PLIF and TIR experiments. Wave intermittency (i.e.,
the time fraction at a given axial location waves are present) data
obtained in the same test facility from Schubring and Shedd [27]
were used. The modified correlation utilizes the intermittency of
the waves rather than a constant to fit the data and is presented
below:
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where φHN is defined in Equation 15 and INT represents the

wave intermittency. This modification requires a measurement of
wave intermittency (INT). If this is not available, the following
equations were found to correlate these data and can be utilized
with little loss of accuracy within this data range:

INT = 0.1+
Rel

40000
(29)

Rel =
G(1− x)D

µl
(30)

The Ashwood et al. correlation predicts the experimental
data to within a mean absolute error (MAE) of 9.65% and 8.72%
for the PLIF and TIR measurements, respecitively. All of the cor-
relations were plotted against the experimental pressure gradient
obtained for the PLIF and TIR methods. As Figure 6 illustrates,
most of the correlations under-predict the experimental pressure
gradient, with the Ashwood et al. correlation producing the best
agreement.

SUMMARY
• An optical technique relying on total internal reflection pro-

duces accurate and fast results for base film thickness mea-
surements. Film thickness measurements using PLIF also
provide accurate results which help to predict pressure gra-
dient.

• Two-phase multiplier pressure gradient models do not cap-
ture the pressure gradient behavior obtained in this facil-
ity. The roughness correlations also do not match the data,
but the empirical correlation of Müller-Steinhagen and Heck
performs well for both experiments.

• The mean absolute error is improved with the Ashwood et
al. correlation. This, as well as the wave data, seems to
indicate that a two-zone model does a good job of capturing
the behavior in the film.

• The roughness seems to be distributed in such a manner that
it is represented well by the standard deviation of the film
thickness (i.e., if the film is smooth it will just look like a
smaller diameter pipe).

NOMENCLATURE
C f ,B Blasius (Fanning) friction factor [-]
D diameter [m]
dP
dx axial pressure gradient [Pa m−1]
EF parameter in Friedel correlation [-]
f (Darcy) friction factor [-]
FF parameter in Friedel correlation [-]
FrF Froude number in Friedel correlation
g acceleration due to gravity [m s−2]
G total mass flux [kg m−2 s−1]
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Fig. 6. Pressure gradient correlations for the TIR and FEP experiments.

GMSH parameter in Müller-Steinhagen and Heck correlation
[Pa m−1]

HF parameter in Friedel correlation [-]
INT wave intermittency [-]
KEsg superficial gas kinetic energy [Pa]
L axial length [m]
nFC number of flow conditions considered [-]
Pabs absolute pressure [Pa]
Re Reynolds number [-]
u∗ liquid friction velocity [m s−1]
Us superficial velocity (volume flux) [m s−1]
WeF Weber number in Friedel correlation [-]
Xtt Martinelli parameter [-]
x flow quality [-]

Greek Symbols
δ film thickness [m]
δ+ non-dimensional film thickness [-]

µ dynamic viscosity [kg m−1 s−1]
ν kinematic viscosity [m2 s−1]
Φ a two phase multiplier [-]
φHN property group from the Hurlburt-Newell correlations [-]
ρ density [kg m−3]
σ surface tension [N m−1]
τ shear [Pa]

Subscripts
A pertains to the Ashwood et al. correlation
As pertains to Asali et al. correlation
base pertains to base film
corr pertains to result from a correlation
e pertains to pipe roughness
exp pertains to data obtained experimentally
film pertains to the liquid film
F pertains to the Fore correlation
FC pertains to flow conditions
g pertains to gas phase
G defined using liquid properties and total mass flux
Gg defined using gas properties and total mass fllux
h homogeneous (e.g., density)
HN pertains to the Hurlburt-Newell correlation
i evaluated at gas-liquid interface
l pertains to liquid phase
LM pertains to the Lockhart-Martinelli correlation
MSH pertains to the Müller-Steinhagen and Heck correlation
s pertains to single phase
W pertains to the Wallis correlation
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