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Liquid wall films that are driven by the shear stress exerted from a co-current air stream occur
in many technical systems, e.g. in rocket nozzles, heat exchangers and on steam turbine blades.
They are also present in prefilming airblast atomisers which are used for the fuel preparation
in modern aviation gas turbines. In many cases an acceleration of the co-current air flow is
imposed either in order to improve the performance or because of the geometrical constraints
in complex configurations. Additionally, the film load A, (volume flow rate per unit width)
varies as a consequence of the contour of the flow passage, e.g. in concentric nozzles. The film
flow characteristics are strongly influenced by both effects which will be discussed in detail.
In order to predict the two-phase flow field, a model has been developed which allows a fully
coupled computation of the gas flow field and the liquid film. The present paper highlights the
main features of the model which allow to capture the effect of the imposed pressure gradient
dP/dx and the varying film load A, at the same time. It will be shown that the numerical
approach is capable to predict the film propagation with a high accuracy, providing a powerful
tool for the design and the improvement of technical applications where liquid film phenomena
play an important role.

1. Nomenclature
Latin symbols Q" W/m? heat flux
AT constant in wall function R m radius
b width of liquid film S var. source term
c mass concentration T K temperature
¢ velocity vector ¢ = (u,v,w)  u,v,w m/s velocity in x, y, z-direction
¢ fricti‘on coefficient . m/s shear velocity u, = /Tf,s / P,
“ J/(kgK)  specific heat . We, — Weber number
h enthalpy of evaporation f We =t h /o
h, mean film thickness . S m IS
Hf heioht X, 1,Q m,m, cylindrical coordinates
I entﬁal X, 9,2 m,m,m cartesian coordinates
1 ) by Greek symbols
H W /m enthalpy flux S .
o flow angle of the streamline
J (kg m)/s ~momentum
k equiv. sand grain roughness close to the wall
2 qutv. 5 & W /(m*K) conv. heat transfer coefficient
T mass flow rate n . .
oy — constant in wall function
On Ohnesorge number 0 ’ . )
> g m=/s eddy viscosity

On, =, /v; P/ (ophy) A W /(mK) thermal conductivity
pr non-dimen. pressure gradient v m? /s kinematic viscosity

pt=v,/p/t3 dP/dx p  kg/m>  density
p ressure e T N/m? shear stress

P c N/m surface tension



r var. effective diffusion coefficient out outlet

A, m? /s film load A, =7, /(p,b) s surface

P var. transport variable t turbulent

Y — shape factor (film roughness) vap vapour

Subscripts w wall

d droplet Superscripts

f film + “wall units”, quantity nor-
g gas malised by velocity scale u_
in inlet ' indicating flow rate

m mean " normalised per unit area

2. Introduction

Shear-driven liquid wall films are present in many technical applications. They play a major role
in the fuel preparation process of modern gas turbine combustors if liquid fuel is used. Fig. 1(a)
shows the design of a prefilming airblast atomiser commonly used to create a fine fuel spray. The
liquid is typically supplied by a pressure nozzle. The droplets hit the wall and a film is formed
which is then driven by shear forces imposed by the co-current gas flow to the atomiser lip. There,
the liquid film is disintegrated into small droplets by the aerodynamic forces from the inner and
outer swirling air flow. Obviously, the velocity of the co-current air flow and thus the driving
shear forces of the film vary along the flow path. In more advanced atomiser designs, a distinctive
acceleration of the air flow is used to manipulate the liquid film propagation, e.g. by applying a
concentric nozzle.

pressure probe

radial air supply =90 0 -120
XFIOZZ e mm XFIOZZ e= mm Xnozz e mm
swwle\ * * V :g | | | /\V | S
spray ] air flow | [\ | X@ |
%formatuzn H;,=40mm movable nozzle JH_,=20mm
U .o + 8 1#
z et e : hear-d measurement =
fuel s shear-driven
- FV _______________ ] fim supply liquid wall film position
(a) Sketch of atomiser (b) Test section for plane film flow experiments

Fig. 1 Generic prefilming airblast atomiser and rectangular duct for plane film flow investigations

In order to predict the film flow propagation in such a flow configuration, enhanced models have to
be developed, which take into account the pressure gradient of the air flow and the variation of the
film load A, as consequence of the contour of the flow passage. In the present paper an improved
model for predicting the two-phase flow field in any nozzle geometry is presented. The numerical
results are compared to measurements in a rectangular test section as depicted in Fig. 1(b) and a
concentric nozzle to capture the different physical effects. In the first case plane film flows will be
discussed with only a pressure gradient dP/dx present, whereas in the second case also a strong
increase of the film load A, can be observed. The inclusion of the effect of the pressure gradient
on the momentum transfer at the gas-liquid interface has already been presented elsewhere [1].

3. Coupled two-phase flow prediction

In order to predict the complex two-phase flow field by a numerical approach, a fully coupled
treatment of the gas flow and the liquid wall film is required. The CFD-code developed consists
of the following components. The turbulent air flow is predicted by the ITS in-house 3d Navier
Stokes code METIS for body-fitted grids and with the standard k-e-turbulence model [2]. The wall



functions of the gas solver have been extended to take into account the effect of roughness in the
momentum, heat and mass transfer to the wall. The liquid wall film is calculated by the external
module PROFILM utilising a 2d boundary layer approach. Thereby, the liquid film is modelled
as a turbulent boundary layer flow and the governing equations are solved by a finite difference
method.

The main exchange parameters for momentum, heat and mass are the equivalent sand grain rough-
ness k,, the surface temperature 7',  and the evaporated mass flux ! predlcted by the film module.
The gas solver provides the shear stress at the gas-liquid interface 1 7,, the gas temperature 7, and
the vapour mass concentration c¢,,,. The momentum transfer from the co-current air flow to the
liquid wall film, for example, is realised by the following procedure. The roughness of the film
surface is assigned to the gas solver by the equivalent sand grain roughness k, which depends on
the film thickness &, and a special shape factor ¥ accounting for the exact structure of the film
surface (see Eq. 3). After taking into account the roughness of the wall, the shear stress 7, along
the wall is predicted by the gas solver and provided to the film module for the next iteration step.
For a more detailed overview of the major features and the coupling of the gas solver METIS and

the film module PROFILM the reader is referred to [1].

4. Gas flow solver

As mentioned before, the turbulent gas flow field is calculated with the in-house code METIS.
The code is based on a finite volume method. Various discretisation schemes (UPWIND, MLU)
are available. The Reynolds-averaged equations for the momentum, heat and mass transfer can be
expressed as

div(pc®) =div(T,, - grad®)+S, (1)

where T';, is an effective diffusion coefficient and S, denotes the source term of the transport
variable ®. Details on the mathematical solution are given in [3, 4].

Commonly, the logarithmic wall function is used for the closure of the gas flow equations at solid
walls in turbulent air flow [2]. The roughness of the wall as well as the pressure gradient in the
air flow are usually neglected. Whereas the impact on the overall air flow field is rather small, the
prediction of the interfacial parameters to a rough wall is poor. In order to predict the air flow above
wavy films in nozzles and diffusors a modified boundary layer approach based on the assumption
of van Driest is applied, introducing a damping function for the viscous sublayer according to Kays
and Crawford [5-7]. The eddy viscosity &, reads

2 du™

& _ 2+ N2 (1 _ /AT |94
= () (1m e ) 5 )

with the damping function D = (1 —exp(—y™/A™)). The parameters A" in the damping function
D and Sy(;r for fully rough walls allow a detailed description of the transition from the turbulent
region of the boundary layer to the viscous sublayer. The effects of the wall roughness &k, and the
pressure gradient dP/dx on the boundary layer are taken into account simultaneously [8].

In order to capture the roughness effect of the liquid wall film, the equivalent sand grain roughness
k, has to be determined from film flow parameters. Following a suggestion of Wurz [9] the wavi-
ness of the film can be reflected by the equivalent sand grain roughness as indicated in Fig. 2(a).
The sand grain roughness is simply related to the film thickness /2, by

k,=2-h,-¥(We,,On;o0,,p") 3)
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Fig. 2 Model for shear-driven liquid wall films

where W is the shape factor which takes into account the surface structure of the wall film. It has
been shown by Ebner et al. [1] that this parameter strongly depends on the liquid properties and
the film flow conditions.

5. Model for liquid film flow

Based on the boundary layer equations [10], the conservation of mass, momentum and heat can be
deduced from a balance at the control volume displayed in Fig. 2(b). The following set of equations
can be formulated for the calculation of liquid wall film flows.

Conservation of mass:

b(x)hy(x)
i, 9 () r
L= ] ey dyde= [l il b (4)
0 o0
Conservation of momentum:
. b(x) ()
aJ d dP
a—; = / / P, u}%(x,y) dydz = [(ffﬁ —T,) = Ehf —m:;p i, _|_m;’ ”d} -b (5)
0 0

Conservation of enthalpy:
) b(x) hf (%)
Hf J i 1 Jadd "
W—a—/ /pfcpf u,(x,y) (xy)dydz—[Q +anv— +H] b (6)
0

Several assumptions on the momentum and heat exchange within the film are required to derive
differential equations which can then be evaluated numerically. The experimental work of ElsidBer
[11] revealed that the momentum flux of shear-driven liquid wall films is represented very well
utilising a block profile for the internal film velocity distribution u,(x,y). On the other hand a
turbulent boundary layer approach according to Wurz [12] can be applied to describe the velocity
profile close to the wall in order to determine the wall shear stress 7, . Therefore, the hybrid
model presented in this paper consists of a block profile for the film velocity u .(x,y) = u,,, (x) in
the conservation equations and a fully turbulent approach for the computation of the shear stress

7, at the wall in Eq. 5.



Based on the conservation equations for mass, momentum and enthalpy and utilising the definition
of the film load A, and the mass averaged mean film temperature 7, according to

hy (x)
hy(x) ({ up(x,y) - T, (xy) dy
Af - / uf ()C,y) dy - uf,m ) hf and Tf‘,m - hf (x) (7)
0 ({ l/lf (.X', y) dy

the following set of differential equations for the film load A, the mean film velocity u,, and the
mean film temperature 7, can be deduced.

Film load: IA 5
: 1 1db
f . .
— = —|= —A, - = 8
Jdx  p, [ m”“"-i_md} b dx ®)
Mean film velocity:
dP y
au_ﬁ,m . (Tf,s - Tf,w) - a hf +md (ud o uf,m) (9)
dx p,A,
Mean film temperature:
2 Y/4 Y4 " /) Tl - /!
anm _ Qcond + Qconv - ( vap - CP:f mvup Tf7m> + (Hd B Cﬁvf md Tf,m> (10)
ox c, P,

The sources terms of the enthalpy in Eq. 10 read
24
’ Qconv = ag-,f (’ng’ - Tf,s)

i aT.(y)
Qcond - _lf ( afy )
w (11)

H' =il (b, +c, T,) and H'=c T

vap vap vap p.f " fs d “dm '’

The waviness of the surface structure of shear-driven liquid films must also be accounted for in the
determination of the enthalpy sources and the evaporated mass flow rate. A similar procedure as
suggested by Himmelsbach et al. [13] and RoBkamp et al. [14] is applied to capture the roughness
effect of the film in this context.

In the extended model presented in this paper the film width b and the pressure gradient dP/dx can
vary along the flow path which is of importance for the prediction of wall film flows in nozzles and
diffusor geometries. In axis-symmetric geometries the variation of the film load A, is described
by the term

1db 10r 1 Jdcos(a)

box rox cos(a)  dx
accounting for the change of the radius r and the angle . The angle o of the streamline close to
the wall and the projection of the symmetrical axis x on a differential surface element at the wall
according to

12)

A = 1 m.f _ 1 mf (13)
o p, b B p, 2nrcos(a)
T Ty Tx
with cos(a) = — and 7, | =| % |, T, =| %
T S e o

1o ’ 0 T



can be determined easily in the x, r, ¢-system where the coordinates y, z are substituted by the radius
r and the azimuth angle ¢. In tubes with a constant radius r the angle o equals the well-known
definition of the swirl angle. A finite difference method is applied to predict the liquid film in the
direction of the streamline close to the wall. The mathematical formulation is based on a fifth order
Runge-Kautta solver with an adaptive step control. With these methods an effective computation of
the liquid wall film on any axis-symmetric curved surface is achieved.

6. Validation

In order to separate the different physical effects the validation of the film model is performed in
two steps. First, the effect of a distinct pressure gradient dP/dx on a plane film flow is discussed.
In a second step, the three-dimensional two-phase flow in a concentric nozzle is analysed.

6.1. Accelerated plane film flow

The impact of the modified boundary layer approach introduced in Eq. 2 on the shear stress dis-
tribution 7, of a plane film flow is presented in Fig. 3(a). The height of the duct is reduced from
H, = 40 mm at the inlet to H , = 20 mm downstream the nozzle according to the sketch displayed
in Fig. 1(b). The maximum of the shear stress is located significantly in front of the end of the
nozzle. This flow characteristic is distinctively different to the one predicted by the logarithmic
law of the wall where the maximum of the shear force is located at the very end of the nozzle as
it depends directly on the maximum of the velocity. With higher film load A, the shear stress 7,
increases due to the augmentation of the equivalent sand grain roughness k_ according to Eq. 3.

As a consequence of the shear stress distribution, the minimum of the film thickness A f is expected
to be found within the nozzle which is confirmed by Fig. 3(b). The plots show a comparison of
experimental data to the predictions using the improved film model for typical flow conditions of
modern airblast atomisers. The film thickness distributions at the bottom wall of the test section
have been measured using a non-intrusive optical system, a so-called Laser Focus Displacement
Meter (LFDM) [15—17] with a spatial resolution of about 2 microns. The good agreement of the
predictions and the measured data is obvious. In particular, the position of the minima as well as
their values are determined at a high level of accuracy. The film is accelerated already in front of

the nozzle because the nozzle clearly influences the air flow field upstream. While the acceleration
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of the liquid film is predicted very well, minor deviations are present downstream the nozzle. This
can be directly attributed to the inertia of the liquid film which is not included in the model. For
that reason, the deviations increase slightly for higher film load A . In practice, this problem does
not occur, as shear-driven liquid films are not decelerated abruptly in technical applications. For
example, the liquid film in an airblast atomiser ends at the edge of the atomiser lip where the
position of the minimum of the film thickness &, is located.

6.2. Film flow in a concentric nozzle

In order to capture the effect of a distinct pressure gradient dP/dx and a variation of the film
load A, along the flow path numerical and experimental investigations have been performed for
a concentric nozzle with a cone half-angle of 10°. The radius is reduced from R, = 20 mm at
the inlet to R, = 11.5 mm at the end of the restriction. For details about the geometry and the
experimental set-up the reader is referred to Schober et al. [17].

In Fig. 4(a) the predicted shear stress distribution 7, is plotted for different pressure levels. A
strong increase of the interfacial forces can be observed at higher pressure P. This can be attributed
to the increase of the momentum of the air flow according to

T, :cf-p—zg-uj (14)
where ¢, is the friction coefficient of a rough wall. The friction coefficient ¢, allows an alternative
description of the roughness effect of wavy liquid films comparable to the procedure used in the
model presented in this paper based on the shape factor ¥ defined by Eq. 3. According to Eq. 13
the film load A, increases from its initial value A, = 0.1 cm? /s to A, (x=40mm)=0.16 cm? /s
at the end of the nozzle. Nevertheless, the film thickness 2 y decreases in the nozzle which is shown
in Fig. 4(b). Obviously, the increase of the interfacial shear 7, in the nozzle prevails the effect of
the augmentation of the film load A .. The predictions matches the experimental data well. Hence,

the model can be applied to situations of high pressure.

A comparison of predicted and measured film thickness data in the nozzle as function of the air
velocity u, is presented in Fig. 5. The two diagrams confirm the conclusion that the film flow
behaviour is controlled mainly by the momentum transfer from the co-current air flow at the gas-
liquid interface. The film thickness &, decreases with increasing air velocity u, due to the rise of
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the shear stress 7, according to Eq. 14. The overall agreement of predicted and measured data is
satisfactory.

Finally, the plots displayed in Fig. 6 give an overview of the effect of the pressure level P on the
film flow propagation at constant air velocity u,. It is obvious, that the film thickness &, declines
at higher pressure P as already discussed before. Additionally, a comparison of Fig. 5(b) and
Fig. 6(a) reveals that an augmentation of the air velocity u, is equivalent to an increase of the
pressure P. The film thickness distributions are nearly identical due to the fact that the momentum
P, ug in Eq. 14 is almost kept constant. The increase of pressure P, and hence in the density p,,
is balanced by the reduction of the velocity u,. The shape factor ¥ defined by Eq. 3 is nearly
identical in both cases because for a given film liquid it is mainly a function of the Weber number
We, =1, h /o, [1]. Thus, also the friction coefficient c, is of the same magnitude which explains
the observed results. The numerical result is also supported by the experimental findings. Schober
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et al. [17] found that not only the film thickness distributions A ; are comparable. The visualisation
of the film flow revealed that also the surface structures are almost identical in these cases which
confirms the outcome of the discussion about the similarity of the two test cases.

7. Summary

Based on an improved boundary layer approach for the gaseous phase and an enhanced model for
shear-driven liquid films, a numerical method has been developed by which the propagation and
evaporation of liquid wall films in complex technical geometries can be predicted. In the paper the
effects of an accelerated air flow and a varying film load A, on the film dynamics are discussed
with respect to the complex interaction at the gas-liquid interface.

The validation of the model by experimental data in a plane test section as well as in a concentric
nozzle revealed that the film flow is predicted at a high level of accuracy. Thus, the method can be
used for the design and optimisation of technical systems where liquid wall films play an important
role. In particular, the new model is capable to handle a distinct pressure gradient dP/dx imposed
by an accelerated air flow and a change of the film load A as consequence of the contour of the
flow passage simultaneously.
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