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Experimental investigation into the flow behaviour of thin water films;
effect on a cocurrent air flow of moderate to high supersonic velocities
Pressure distribution at the surface of rigid wavy reference structures

D. E. WURZ (KARLSRUHE)

THE FIRST part of this paper reports on experimental investigations into the flow behaviour
of thin water films and their effect on a cocurrent air flow of supersonic velocities ranging
from moderate to high. In comparison with the paper [46] this work covers an extended
Mach number range (1.2 < M < 2.4). In addition, the gas boundary layer has been studied
more thoroughly. With regard to the results for the subsonic case we report on friction coeffi-
cient of wavy water films, mean film thickness, upper stability limit of the film flow (disturban-
ce waves, droplet formation), temperature and velocity profiles of the cocurrent air flow. The
second part of this paper is still in its teens. Since it is almost impossible to measure the pressure
distribution at the interface of a wavy liquid film and a high velocity gas flow, we measured the
pressure distribution along rigid wavy structures imitating the wave structure of the film. Wave
length and amplitude are small with respect to the boundary layer thickness of the air flow.
As could have been expected, the pressure distribution is qualitatively the same for subsonic and
supersonic boundary edge velocities. A quantitative applicability of these results to theoretical
approaches to film stability is questionable.

Pierwsza czesc tej pracy dotyczy badan eksperymentalnych nad zachowaniem sie cienkich
filméw wody i ich wplywu na towarzyszacy przeplyw powietrza w zakresie od predkosci umiar-
kowanych do naddZwigkowych. W pordéwnaniu z praca [46] praca niniejsza zawiera roz-
szerzony zakres liczb Macha od M= 1.2 do M = 2.4. Ponadto tutaj dokiadniej zostala
zbadana warstwa przyscienna gazu. Dla przypadku poddiwigkowego rozwazono i szczegblowo
przedyskutowano otrzymane wyrazenia na wspOlczynniki tarcia pofalowanych filmoéw wody,
usredniong grubosc filmu, gérna granice statecznosci przeptywu filmu (fale zaburzenia, tworze-
nie si¢ kropel), profile temperatury i predkosci towarzyszacego przeplywu powietrza. Druga
cze$é tej pracy jest jeszcze w trakcie opracowania. Poniewaz jest prawie niemozliwo$cia dokona-
nie pomiaru rozkladu ci$nienia na powierzchni oddzielajacej pofalowany film cieczy i przepltyw
gazu z duza predkoscia, mierzylismy rozklad ci$nienia wzdluz sztywnych pofalowynach kon-
strukcji imitujacych falowa strukture filmu. Dlugos¢ i amplituda fali sa male w stosunku do gru-
bosci warstwy przysciennej strumienia powietrza. Jak nalezalo si¢ spodziewac, rozklad cisnienia
iloSciowo jest taki sam dla poddZwigkowej i naddzwiekowej krawedzi brzegowej. Jakosciowe
przyjecie tych wynikéw do rozwazan teoretycznych nad statecznoscia filmu budzi powazne
zastrzezenia.

IlepBann wacTs MaHHOH paGOTBI KAacaeTCA OSKCIIEDMMEHTABHBIX HCCNeoBaHHl TNoBedeHHA
TOHKHMX IUIEHOK BOJBI M MX BJIMAHMI Ha CONYTCTBYIOLee TeuEHHWE BO3JyXa B HMHTEpBa-
Jie OT YMEPEHHBIX [0 CBEPX3BYKOBBIX cKopocreif. Ilo cpasHenumio ¢ paboroit [46], HacTo-
Amaa paboTa CONEp>KUT paclUMpeHHbIt HHTepBan uucenr Maxa ot M =12 nto M = 24,
Kpome aroro 3geck TouHee HMCC/IEOBAH IIPUCTEHOYHBIN ciroif rasa. JIjia fo3ByKoBOTO ciIyyas
PaccMOTPeHEI M NoApo6HO 06CYIKAEHBI HOJIYYeHHEIE BEIPAYKEHHA JUIA KO3 dUIHEHTOB TPEHUA
BOJHOOOPAa3HBIX IUIEHOK BOABI, YCPeNHEHHON TOMLMHBLI MUIEHKH, BEPXHEro Npefesa ycroH-
YHMBOCTH TeYeHHMA IUJIEHKH (BOJIHBI BO3MYIlIeHHs, 06pa3oBaHue Kanejsb), npodunel Temnepa-
TYPbI H CKOPOCTH COIYTCTBYIOIIEro TeueHHs Bo3ayxa. Bropas uyacte jaHHOM paboTel ele He-
3axkoHuYeHa. T. K. IIOYTH HEBO3MOMKHO IPOHM3BECTH H3MEPEHHS paclpefeieHus NaBJICHMA Ha
MOBEPXHOCTH Pasie/IAoNeHd BoMHO0OPasSHY IUIEHKY JKHIOKOCTH H TedcHHe rasa c GosbIuoi
CKODOCTEI0, H3MEDSUIOCE Paclpefieenye QaBJIEHHs B0 *KECTKHX BOJIHOOGPa3HBIX KOHCTPYK-
i, EMHTHDYIOIMA BOJIHOBYIO CTPYKTYPY IUleHKH. J[JmMHa M aMIUIMTY[a BOJIHBI Majbl MO
OTHOIIEHHIO K TOJIIIHHE NPHCTEHOYHOrO CJIoA MoToKa Bo3ayxa. Kak cnemosano omuoare
pactpefieieHse aBIEHHS KOJIMUECTBEHHO aHAJIOMMYHO AJIA [O3BYKOBOH H CBEPX3BYKOBOH
KpaeBo# rpanu. KauecTBeHHOE NPUHATHE 3THX PE3Y/ILTATOB [UIA TEOPETHUECKHMX PACcCy X IeHHI{
10 VCTOHYMBOCTH ILTEHKH BO30Y>X/IaeT cepbe3Hble BO3PAYKECHHA.
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Part 1. Experimental investigations into the flow behaviour of thin water
films and their effect on a cocurrent air flow of moderate to high supersonic
velocities

1.1. Introduction

QuEsTIONS, concerning liquid film flow arise in many fields of technology, such as, for
example, in connection with erosion damage in steam turbines [12, 16, 34], in the cooling
of rocket nozzles [13, 20, 21, 22, 36] or in ablation cooling processes of re-entry vehicles
[28, 37, 41] — just to mention a few high velocity applications.

1.2. Aim and scope of this investigation

Starting from subsonic gas phase velocities [44, 45] we extended our experimental
work on the flow behaviour of water films into the field of moderate to high supersonic
velocities. In comparison with the results for the subsonic case we report on friction coef-
ficients of wavy water films, mean film thickness, upper stability limit of the film flow
(disturbance waves, droplet formation), total temperature and velocity profiles in the
cocurrent air flow.

The range of this investigation is characterized by:

Mach number of the gas flow: 1.25-2.4,

mean interfacial shear stress: 150-230 Nm™?2,

liquid film flow rate: 0.2-0.53 cm3~! c¢m™!,

mean film thickness: 20-40- 10~ m.

1.3. Test apparatus (Fig. 1)

The film test section is a horizontal, rectangular channel, 724 mm long and 60 mm wide.
After an entrance length of 170 mm a uniform liquid film is produced on the base plate
by means of a continuously adjustable slot. After a path length of 528 mm the film is
completely sucked away by the aid of fine mesh screens, imbedded in the base plate. Using
a mass balance it can be established wI}ether the liquid flow in the film has decreased as
a result of evaporation or droplet formation. The film base plate can be heated from below
in order to produce almost constant film temperatures over the length and width of the test
section.

Laval nozzle configurations are created by meas of adequately profiled plexiglass
ceilings. Figure 2 gives an impression of the gas-flow conditions for a hydraulically-smooth
and adiabatic base plate without a liquid film.

In nozzle I the film slot lies 35 mm in front of the critical cross section. The Mach
number increases from 1.22 (plane 1) to 1.54 (plane 5), displacement and momentum
thickness from 0.49 to 0.92 and 0.23 to 0.4, respectively. The wall shear stress (without
film) decreases from 182 to 134 Nm™2.

In nozzle I11 the film slot lies 126 mm downstream of the critical cross section. The Mach
number is almost constant, the shear stress decreases and differs only by a small amount
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Fi1G. 1. Test section.
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Fi1G. 2. Laval-nozzles I and IIL.

from the conditions in nozzle I. The displacement thickness increases from 0.82 to 2.1 mm,
the momentum thickness from 0.22 to 0.56 mm.

1.4. Measured quantities (Fig. 1)

Stagnation values of the air flow: py, Tp, o,

liquid film flow rate at the entrance: Vg, and at the outlet: Vg,

liquid film temeratures: gy, ..., Trs,

total temperature profiles in plane 2 and 3, of nozzle I: T,(z),

the total temperature probe has been built following the principles of MEIER [27];

Mach number profiles in three measuring planes using a Pitot-probe;

the outer diameter of the Pitot-probe is 0.42 mm, the inner diameter 0.2 mm.

The shaft of the Pitot-probe is a slender profile thus reducing the disturbance of the gas
boundary layer, Fig. 1. The corresponding static pressure holes have a diameter of 0.4 mm.

1.5. Evaluation

1.5.1. Wall shear stress. The wall shear stress Ty for dry wall conditions is evaluated
following the Preston method (Fig. 3) from the readings gained via a Pitot-probe
leaning against the wall. We used a calibration formula for supersonic flows, as proposed
by ALLEN [2]:

(1.1) log, oF, = 0.01659 log?, F, +0.7665 log, o F, —0.4681,
o s ¢

1.2 Fj =S Re

(1.2) 1 95 9? o

1.3) F, = '/ 9 » RD'/C_{WGs
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The wall distance D/2 of the centre of the Pitot-probe has not been corrected with respect
to wall and shear layer effects. The velocity ¢p,, has been calculated on the assumption
of constant total temperature across the boundary layer.

1.5.2. Interfacial shear stress. The interfacial shear stress 7rg, i.e., the mean drag acting
at the wavy film-gas interface, is composed of skin friction and form drag. This essential
parameter was determined in two different ways.

a) In accordance with ELLis and GAY [10] the shear stress at the interface of a liquid
film and a propelling gas flow can be determined from the slope of a semilogarithmic plot
of the measured air velocity profiles (Fig. 4). In this case the following equation holds:

2
€276
(L7 Tr = Ow [?‘ *]'n—(m] ,
%' is the von Kdrmdn constant, We chose a value of »’ = 0.4, resulting in the smallest
over-all deviation from those results which were determined using the boundary layer
momentum equation. ¢; and ¢, are two velocities out of the linear range of the non-dimen-
sional velocity profile, z,; and z,; are the corresponding corrected wall distances.

In order to obtain better accuracy in evaluating the interfacial shear stress, the wall
distance must be corrected by taking into account the film thickness as well as wall and
shear layer effects. This must be done by an iterative procedure since the shear stress itself
must be known for these corrections. As a first correction step the zero mark of the wall
distance is placed on the plane of the mean film thickness. In a second correction step
wall and shear layer effects are considered.

In nozzle I the velocities ¢; and ¢, in Eq. (1.7) are always subsonic, and there is no rea-
son why we should not correct the wall distance using the results for subsonic boundary
layers [25]. In nozzle III the velocities ¢, and ¢, are always supersonic. Here the situation
is complicated by the fact that the results of the potential investigations are contradictory

L Ei
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F1G. 4. Evaluation of interfacial shear stress and mean film thickness.

[1, 7, 43). MEelEr [26] found that the deviation of measured supersonic velocity profiles
from theoretical values (law of the wall for compressible boundary layers) is reduced by
a positive correction, shifting the measured profiles towards larger wall distances, by
an amount which differs scarcely from the corrections proposed by McMillan for incom-
pressible boundary layers. For this reason we applied the McMillan corrections to each
of the measured velocity profiles.

The combination of the two corrections with respect to film thickness and wall and
shear layer effects produces the corrected wall distance:

(1.8) Zy = 2+ Oy —hy.

b) As a result of a more thorough investigation of the air boundary layer it is possible
to calculate the interfacial shear stress from the momentum-integral equation for two-
dimensional compressible boundary layers:

TrG d&g dc;fldx (51 2
(1.9) ol s +4, = [2+T,_Ma"]’
]

(1.10) 3 = f(l—ﬂ)dy,

. 05C5

[}
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1.5.3 Mean film thickness (Fig. 4). The mean film thickness could be measured “directly”
[6]. But it is known that — starting from liquid state, liquid flow rate and interfacial shear —
a mean film thickness can be calculated with sufficient accuracy [8, 9, 45].

We calculate the mean film thickness A5 from the upper integration limit of the continuity
equation (1.12), using a film velocity profile c¢(z) (1.13), which was deduced some years
ago [45]

23
(1.12) f ct (z#)dzi Vi =0,
[\]
1 1 1. P g
(L) e = 5y - ?{‘ *W} + [+ {141/ 228} 22 27 ]

1.6. Results

1.6.1. Friction coefficient for dry wall conditions. Figure 5 shows a plot of the local
friction coefficient — determined according to the Preston method — versus the gas Rey-
nolds number Rej, based on the momentum thickness d,. The results coincide with the
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SoMMER and SHORT theory [40] and with the experimental results of HAKKINEN [17] and
SHUTTS [39], respectively.

1.6.2 Interfacial shear stress and upper stability limit. Figures 6 and 7 show the depen-
dence of the interfacial shear stress on the specific liquid flow rate for nozzle I and nozzle II.
The blank marks indicate the results which have been determined from the slope of the
air velocity profiles (1.7) and the fat marks indicate the results from the momentum-integral
equation (1.9). The deviation from mean curves is below 9% and 6% for low and high
Mach number conditions, respectively. In both cases the liquid film increases the shear
stress by approx. 30% in comparison with the dry wall condition (V =Yy = 0).
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The upper limit of the stable film flow range is reached for liquid flow rates of about
0.45-0.5 cm3s~1, Under high shear conditions this critical flow rate is almost independent
of the interfacial shear stress [20, 45, 46].

1.6.3 Friction coefficient of wavy water films (Fig. 8). For supersonic gas flow velocities
the relation of the interfacial shear stress to the dry wall shear stress cj, p/cy increases less
steeply as, compared with the subsonic results. A corresponding tendency has been found
by GoppaRD [15] for sand-roughened walls.

1.6.4 Mean film thickness, Figure 9 shows a plot of the calculated mean film
thickness against liquid flow rate. Accordingly, the mean thickness of the stable film was
between 20 and 40 um. For specific water flow rates below 0.2 cm®~'cm™! the film tends
to split into rivulets.
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1.6.5. Total temperature profiles. Figure 10 shows an example of the measured total
temperature profiles. In order to avoid condensation effects the air has been dried. This
results in psychrometric effects reducing the film temperature. To prevent icing the liquid
film must be heated from below, producing diabatic wall conditions. These total tempera-
ture profiles resemble quite closely those measured by MEIER [49] in the case of diabatic
one-phase flows.

For reasons of a compressor damage the total temperature profiles have not yet been
measured under high Mach number conditions. The corresponding velocity profiles have
been calculated on the base of linear total temperature profiles connecting the measured
wall and boundary edge temperatures:

T;

(1.14) Ty (I-T¢/T5)M(2)/Ms+ T3/ Tos.

In the low Mach number nozzle, these linear profiles differ from the measured profiles
by a figure of less than 19 (Fig. 10). The resulting error in the velocities is below 0.5%,
which is almost insignificant as compared to the uncertainties in the effective wall distan-
ces of the Pitot-probe. Under high Mach number conditions the errors should be of
the same order of magnitude.
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1.6.6. Non-dimensional velocity profiles. Figures 11 and 12 show typical air velocity
profiles in the usual non-dimensional form. The profiles for dry and smooth wall con-
ditions follow quite closely the straight line characterized by a roughness Reynolds number
of Re; = 5. The liquid films cause a velocity defect, shifting the velocity profiles towards
higher roughness Reynolds numbers. A comparison of the equivalent sand roughness —
computed from Re;— with the mean film thickness results in a ratio of about 1.5 (last two
columns of Tables 1 and 2). '

Table 1. Data relating to Fig. 11

VelYe Ms Viwlew o LA 8, Hy, hy ks
cm?s™! 1 ms~! mm mm mm 1 107*mm  10~*mm
0 1.41 16.4 36 0.707 0.308 2.30 0 0
0.26 1.37 17.7 4.1 0.844 0.369 2.29 23 33
0.36 1.37 17.9 42 0.887 0.393 2.26 27 41
0.48 1.36 18.1 4.3 0.925 0.410 226 32 48

Table 2. Data relating to Fig. 12

V"r;"Yr Ms V"wf(’lr— é [ 42 Hy,; he ks

cm?s™! 1 ms™! mm mm mm 1 10°mm 10~ *mm
0 2.37 23.1 7.8 2.11 0.557 3.78 0 0
0.39 224 236 8.6 2.48 0.682 3.63 33 54

0.54 222 23.8 8.73 2.53 0.724 3.51 40 66
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1.6.7. Wave structure of water films (Figs. 13 and 14, Tables 3 and 4). The results
concerning the wave structure of water films have not yet been evaluated systematically.
Figures 13 and 14 show a comparison of photo-series of liquid films exposed to subsonic
and supersonic air flows. Liquid flow rate and interfacial shear are almost the same. If there
is a change at all in surface structure, switching from subsonic to supersonic velocities,
then it is weak and not characteristic. In the supersonic case the wave structure seems to be
a little bit more two-dimensional for low liquid flow rates, Figs. 13b and 14b. Furthermore,
the mean wavelength is slightly increased by a supersonic gas flow.

Table 3. Data relating to Figs. 13a-c.
Water films under the effect of a subsonic air flow.

Fig. 13 M VelYe Trg he
2 1 cm?/s N/m? um
a 0.77 0.06 150 12
b 0.78 0.22 187 23
c 0.79 0.35 200 31

Table 4. Data relating to Figs. 14a-c.
Water films under the effect of a supersonic air flow.

Fig. 14 M VelYe TrG he
- 1 cm?fs N/m? pm
a 13 0.11 158 16

b 1.29 0.204 167 21

c 1.28 0.36 180 27

Résumé of Part 1

The roughness effect of wavy water films on a cocurrent air flow can be compared
with the effect of sand-roughened walls. Psychrometric effects cause a change of the total
temperature profiles across the air boundary layer. Upper and lower stability limits of
water films depend mainly on the interfacial shear stress. Switching from subsonic to super-
sonic Mach numbers will cause no characteristic change in the wave structure and the sta-
bility of water films if the boundary layer is thick enough. We need much more experimental
results to clarify the influence of path length, liquid and gas properties on gas-liquid
film-flows.

Part 2. Pressure distribution at the surface of rigid wavy reference structures
2.1. Introduction

Theoretical approaches to the kind of gas-liquid film-flow as studied here are extremely
difficult, the gas flow being viscid, turbulent, compressible and interacting with a travelling
wavy surface which is continuously adjusting its geometry to inner and outer force fields.
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The occurrance of flow separation somewhere behind the wave crests — which is most
likely in high velocity gas-water film-flows — introduces an additional complication.
The position of separation and reattachment points depends on the turbulence which is
changed in the region close to the wall by “roughness effects” of the disturbed interface.
The approaches of theoretical investigations to this complex phenomenon are not suffi-
ciently close. Most of them are restricted to sine wave geometries with relatively small
amplitudes, thus preventing flow separation — to mention only one critical points. Never-
theless, some of these investigations provide valuable qualitative information on the influ-
ence of gas mean velocity profiles, as well as of compressibility on film stability, and some
other interesting features [47], [48].

2.2. Aim and scope of this investigation

In order to gain a better knowledge of the pressure distribution on rigid waves imitating
the interfacial structure of gas-water film-flows we started an experimental investigation
which is still in its teens. This premature publication can be justified by the purpose of prev-
enting others from investing too much into theoretical approaches to film stability, starting
from imaginary models.

2.3. Test apparatus and results

The base plate of the film-test-section described in Sect. 1.3 was replaced by wavy
wall elements (Figs. 15 and 16).

In a first step we studied the pressure distribution developing at the surface of 4 rotatable
cylinders imbedded in a plane, hydraulically-smooth wall exposed to a flow with boundary
edge Mach numbers ranging from 0.57 to 2.33, Fig. 15. The protrusion of the cylinders
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into the gas flow is 0.4 mm, which is about 1/10th of the boundary layer thickness. The
diameter of the static pressure hole is 0.25 mm, averaging over an angular range of 15°,

Figure 15¢c shows the results for wave no. 3. A low qualitative difference between the
pressure distribution for subsonic and supersonic edge Mach numbers develops in the
upstream region of the wave back. In the vicinity of the wave crest and in its downstream
portion the character of the pressure distribution is almost the same.

Low viscosity liquid films, such as water films, have much lower wave amplitudes
under high shear conditions (see Sect. 1.6.6). There will be no direct interaction with
a moderately supersonic external flow after a short path length, and switching from sub-
sonic to supersonic boundary edge velocities will not produce a noticeable change in the
stability characteristics of water films.

In a second step we studied the pressure distribution at wave no. 71 and 72 of a multi-
wave element, Fig. 16. Additionally, we measured velocity profiles in the gas boundary
layer.
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In this case the wave geometry, composed of a sloped back and a rotatable imbedded
hypodermic needle, is supposed to be much closer to the actual interfacial geometry of
a gas-water film-flow (for comparison see Fig. 14b). The diameter of the pressure holes —
five holes on the back, one hole on the needle — is 0.1 mm. The exactness of these tiny
wavelets is not yet completely satisfactory, above all the transition from the wave back
to the needle is not smooth enough what results in a “local” pressure rise upstream of the
wave crests (dotted line in Fig. 16d). Further downstreams the pressure first decreases
and then increases quite similarily to the pressure at the surface of a free cylinder. Flow
separation occurs at an angle of about 110°. A region of constant pressure is followed by
a second pressure rise up to a stagnation point on the wave back. From this point the
pressure falls towards the following wave crest. A local pressure rise is again caused by
deviations from the ideal geometry.

The wavy wall produces a roughness effect on the gas boundary layer and, consequently,
a deviation from the velocity profile for smooth wall conditions (Fig. 16e).

Résumé of Part 2

A subsonic wall pressure distribution exists in the presence of a supersonic external
flow if the boundary layer thickness is comparable to the wave length. This confirms an
essential result of INGER’s and WILLIAMS’s [48] investigation on subsonic and supersonic
flows past low amplitude sine waves. Rigid wave geometries, which are supposed to imitate
quite closely the interfacial geometry of gas-water film-flows, cause flow separation.
With respect to the flow past a free cylinder the separation point is shifted downstream,
presumably as the cumulated effect of a faintly sloped wave back and of the increased
turbulence in the region close to the wall.

These initial results are not completely satisfactory; the investigation will be continued
in order to clarify the influence of flow path length and wave geometry on wall pressure
distributions.

Symbols

a=VxRT (ms~') velocity of sound,
¢ (ms™') flow velocity in x-direction
cr (ms™') flow velocity of the film,
¢e = Viwlow (ms™') shear velocity,
¢t =cfle; (1) dimensionless velocity,
% (ms™") mean flow velocity of the film,
c} £ th(eacf) (1) local skin friction coefficient,
cf = x|y Trefor (1) dimensionless flow velocity of the film,
¢ (ms~') flow velocity at boundary layer edge,
D (m) outer diameter of Pitot or Preston tube,
P1; P2... measuring planes (Figs. 1 and 2),
F1; F2 (1) abbreviations, Eq. (1.2) and (1.3),
ke (m) mean film thickness,
h# = heV/%relor/ve (1) dimensionless mean film thickness,
ks = Resvgfc  (m) equivalent sand roughness,
M =¢fa (1) Mach number,
p (Nm~?) pressure, static,
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Re (1)
Res = kscifvw (1)
Rew= 2% )
V5
T (K)
TF] ---TFS (K)
T (K
. _I}F (ecm*s™)
Vi = VelsYe) (1)
Vi  (em?s™)
x, ¥,z (m)
Y (m)
ze  (m)
Zk+ = nCrfve (1)
=1z ]/?mer.'!”r 1)
d (m)
oy (m)
4, (m)
Oy (m)
n (kgm~'s™)
7" (kgm *s7!)
¥ (1)
% (1)
Ay {(m)
y (m?s™Y)
e (kgm™)
o (kgm™?)
T (Nm™?)
¢ (rad)
Indices
i
F
FG
G
k
kr
t
w
WF
WG
)
o]
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