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SUMMA RY

A low pressure steam tunnel has been constructed and is
currently in operation at the University of Michigan. The
steam tunnel is being utilized to study droplet erosion on
turbine blades caused by low pressure moisture formation.

The purpose of this report is to describe the procedures
involved in reducing the data obtained from the steam tunnel and
comparing it to theoretical predictions, Presented in the Appendices
are the experimental results and the theoretical predictions.

The theoretical predictions for the liquid film are based on
a one-dimensional Couette-flow model. For the steam flow calculations ,

the velocity profile is assumed to be fully developed.
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I. INTRODUCTION

Under National Science Foundation grant GK-40130, the
University of Michigan is researching droplet erosion on tur-
bine blades caused by low pressure moisture formation,
Therefore a low pressure steam tunnel and two blading profiles
have been designed and constructed. This equipment has been
described previously (1-3 e.g.).

One particular area of concern in this research program
is the formation and break-up of the liquid film created on a
stationary blading profile within the steam tunnel test section,
The thickness of the liquid film under various steam flow
conditions is determined experimentally and then compared to
theoretical predictions., I have been involved in reducing the
data obtained from the steam tunnel and comparing it to
theoretical predictions,

This report describes the procedures involved in reducing
the data obtained from the steam tunnel and comparing it to
theoretical results,

The theoretical predictions of the liquid film thickness
under various flow conditions are based on the work of Drs,
F.G. Hammitt, J. Mikielewicz and J.B. Hwang.

The experimental data obtained from the steam tunnel includes
measurements of the steam line and test section pressures and
temperatures; and the temperature and flow rate of the liquid
film, The liquid film is formed on the stationary blading
profile by injecting a salt water solution on the upstream
surface of the blade. This procedure has been described pre-

viously ( 3 e.g.).



The steam velocity is determined by orifice and pitot
‘tube pressure difference measurements. The liquid film thick-
ness under various flow conditions is determined from the
resistivity readings of fourlguages installed in the stationary
blading profile. The electrical conductivity guages used in

determining the film thickness have been described previously

(4 e.g.).

ITI. PREDICTED SURFACE STRESS OF THE LIQUID FILM
AS A FUNCTION OF STEAM VELOCITY

Stationary
blade

Fig, 1 Forces Acting on Steam Flow



Applying force equilibrium in Fig, 1, we obtain,

AP(ac) = 'Tsteamz(ab) + "wallz(bc)

If we assume that rr’team = rrﬁall = ’T} , then

ilm

_ (ac) AP
Teilm = 2(a0) + 2(bo)

where,
“T' = surface stress (1b/in2)
AP = pressure difference (1b/in%)

For our particular steam tunnel configuration,

a = 3,15 in
b = 4,5 in
c = 1,575 in

therefore,

. 12150, 575)
Teitn = 2G5S 2T 575T OF

.1167 AP (1)

(rfilm

Equation 1 is a fixed relation between T andAP for our partic-
ular steam tunnel configuration,

The pressure drop,AP, can be determined from the relation,

£L__ a%+n1v§ﬂm
144 Dyys 2 Qo



where,

‘F= friction factor

L = characteristic length (in)
Dyp= hydraulic diameter (in)
fstm= density of the steam (lbm/ft’)
Vghn= velocity of the steam (ft/sec)
AP = pressure drop (lb/inz)

for our configuration,

L =4,5 in
_ _ 4(ac) _ _b4(3.15)(1.575) -
DHYD ~ Wetted Perimeter =~ 2(3.15) + 2(1.575) 2.1 in

therefore,
ba |

AP = 2.3x1o‘“7f7(?5+,,,, Vstim
The friction factor, %:, can be gotten from the Moody chart,
Fig. 2, as a function of Reynolds Number and pipe roughness,
For our calculations we assumed a smooth pipe. The Reynolds

Number can be calculated using;

Re = -fSH'n DHYD Vs+m
Stin

where,
ﬂjf}h= viscosity of the steam (lbm/ft-sec)



0.10

R N I ri S\ % : ; T 1 1 ; #
, i N 1T 11 1
0.09 %—fg]’:’:ﬂﬁ Critico 1Y v o0 I 1
0.08 N25raMironsitions ' L1y v 1 1 ti L
- ] SoESL0NE _—rsmm©Lomplele Turbuience, rough pipes -'-‘—--~—-'—*-r~~]
| l)"/’;’ ' R A . R R
o007 \ : {2 To——__N' T T 11 T i helotwe rovohness-€/D =005 T T
006 -1 (/AN [l | |€/0=004_| ||
A F f/"" : v Tl 1 IR
— 1 2 eD=003
X 005 -—m;\ 7 I Ll ep-aoz 1 L]
af % 2 /,b ‘ i1ep=o05 L]
o= sla ZVNN | R
Q 0.04’—'::0»: 7/%”& : T %s/p=00/ T H
s R\ 7 | | /7= 000F 1 1 ¢
oo ' /j [\ | 1eD=0006] | |
P [ i [ (]
. 003 7 T €M =00041T7
g 2\ | T T[]
e “I T 1€6D=00027 1
T \ ! l ,
< 002 , ‘, I TR — Yew=000r 1]
HER] TN , 7 T w€/fj= 00006 —e
T T NS T €D= 00006 ——]
i : T [ : T 5/7'7oa'm‘ i' ! ,x/ ; (/0:.0000‘\‘ ‘
0015t L 71 pipes T BRI 0='00007
o TR R | |S§>\V\|\€/p:'000'0i R
i Lo {1 | T | - ]
: : . &ox —
1 ; NN R ;jﬂo@o[,j
oor bt 11 RN IREERNCOSSERNE
0 o e o S S S e e S S
i ! i P I 1 { [ i g
0.009 i § i [ T 1 1 i | 1S NI f | 1 S
ooo8L_i ! P 1 [T RN RN
6 B10> 2 3 456 810° 2 3 456 B10® 2 3456 8105 2 3 456 8107

Reynolos number A= pVD/u

*From: ENGINEERING EXPERIMENTATION bv G.L. Tuve and L.C. Domholdt Copvnght € 1966 b
McGraw - Hill. Inc. Used with permission of McGraw-Hill Book Company. Adapied from: L.F. Moody. Tran:

ASME 66:671. 193

Figure -2 . FRICTION FACTOR BASED ON RELATIVE ROUGHNESS
FOR VARIOUS KINDS AND SIZES OF PIPE~



III, PREDICTED LIQUID FILM THICKNESS CALCULATIONS

L, vmax
=

i 4

h

777;’// VB SU AL TS T

Fig. 3 Liquid Film Velocity Profile

The liquid film thickness, h, can be estimated in the following

manner,

rrfilm =_é{./:7 V’:\"; (2)

/PQliq= viscosity of the liquid film (lbm/ft-sec)

where,

vmax = maximum liquid film velocity

™m = volumetric flow rate of the liquid film

Rearranging equation (2), we obtain,

- Vim
h /a/17 ﬁ 3 .

and 1if,

o2

and

Vo= 2m
max hL



then

-
-

h = M QV;?/}’!/Q 2/‘_—1/@)‘;1
7 TriLm hd Tem

or
h2 /ul mllsz'
—4— = 0.038 ‘9

For our configuration,£= .375 £t in the above equations,

Iv, CALCULATION OF STEAM VELOCITY FROM THE ORIFICE READING

The velocity of the steam can be calculated from the
pressure difference measured in inches of Hg by an upstream

orifice, The derivation of the relation to be used is as

follows;
Vs‘ceam = WW/U"
3600 A
where,
W, = mass flow rate of the steam (1bm/hr)
nJ = specific volume of the steam (ft3/lbm)
A = area of the test section (ft?) 2
(for our configuration A = ,069 ft°)
Votean = Steam velocity (ft/sec)
and (Reference No. 8.)

\

H

W, = 2781.72 HHg( P )
f

=



where,
H = inches of mercury manometer head

Ty = steam line temperature (°R)

d
i

P saturation pressure at the steam line temp. (1b/in2)

V., CALCULATIONS INVOLVED IN DETERMINING THE
CRITICAL FILM THICKNESS --(Ref. 5)

The relations used to determine critical film thickness

as a function of contact angle are from Fig. 4,

o)+ 2T hae
/u

crl‘r (6 ;(9 /3 (/u r)

Uy -y,

. Y
if, Iy 2\ 3
3
(6 F(6)) and  C,= (’(-;’5'" >
then,
-2/
C. 3
L\c‘vﬁ"’ Cl Cy T
where,
6, = liquid droplet contact angle
M = viscosity
70 = density
0 = surface tension
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Fig. 4, Dimensionless minimum film thickness as a function of the contact angle




The derivation of these relations are described by Mikielewicz
and Moszynski in a report for the Polish Institute of Fluid-

Flow Machinery entitled "Shear Driven Liquid Film" (5 e.g.).

VI, CALCULATIONS INVOLVED IN DETERMINING THE LIQUID FILM
THICKNESS AS A FUNCTION OF RESISTIVITY

The liquid film thickness, h, is measured experimentally
in the steamAtunnel in terms of resistivity, R, by four
electrical conductivity guages. The film thickness is determined
from Figs. lzland 14 , which contain plots of film thickness
versus resistivity reading for a liquid film temperature of
130°F and 70°F respectively., The procedure required to obtain
these curves, together with sample calculations will be outlined
in the following discussion, This procedure has been discussed
previously (-4,6 e.g).

In obtaining a curve of liquid film thickness versus resistivi
reading, Figs. 5, 6 and 7 are used, Figs. 5 and 6 concern the
generalized characteristics of the four electrical conductivity
guages and Fig. 7 concerns the calibration of the bridge used
in measuring resistivity.

The first step in obtaining curves for the film thickness
as a function of resistivity is to obtain an average value for
the product of the characteristic factor and specific conduct-
ivity, CgO”, at the specified temperature. Cg is a gunage constant
which depends upon the guage geometry and materials used in its
construction., O is

specific liquid conductivity.

Cgras a function of temperature is plotted

10
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in Fig, 5. The next step is to arbitrarily select a resistivity
value and assume a value for the film thickness at that
resistivity. Then using Figs., 6 and 7 respectively, the values
for the thickness function, f(h), and the proportionality
constant, K, are obtained at the assumed film thickness, The
next step is to determine the conductivity, C, utilizing the
relation C = K/R. The thickness function can now be calculated
using the relation f(h) = C/Cgc' .

The calculated value for f(h) is compared to the value of
f(h) obtained earlier from Fig., 6 for our assumed film thickness.
If the two values of f(h) agree, then the assumed film thickness
is the correct value corresponding to the selected resistivity.
If the two values of f(h) do not agree , then the assumed film
thickness at the selected resistivity is incdrrect. Therefore
a different value of film thickness is assumed., The procedure
continues until the calculated value of the thickness function
agrees with the value obtained from Fig. 6 at the assumed film
thickness,

To further clarify the procedure involved in determining
the film thickness from the resistivity reading a sample
calcuiation is provided below,.

If the temperature of the liquid film is 126.07 °F the
average value of Cér is 322(01‘1m-cm)_1 from Fig, 5.

We then select a resistivity of 1.0 and want to determine
the film thickness to which this resistivity corresponds. We

assume that at R = 1,0 the film thickness is 0.984 mils, Referrins

to Fig.6 , we find that at h = ,984 mils the thickness function,

f(h), is .984 ohm™? cm-l. Referring to Fig.7 , we find that

14



K = 316,8 at h = ,984 mils, Therefore C = K/R = 316.8/1.0 = 316.,8,
We can now calculate the thickness function,

f(h) = C/Cg§4= 316.8/322 = ,984 ohm™2 cm_1

The calculated thickness function value is equal to the value
obtained earlier from Fig. 6 at the assumed film thickness of
.984 mils, Therefore a film thickness of .984 mils corresponds

to a resistivity of 1.0.

-15-
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Appendix A - List of Tables

1. Critical Film Thickness and Steam Velocity at Various Wetting Angles

2. Film Thickness for Various Resistivities, Gauges l1and 3 T = 126.070F

liq
3. Film Thickness for Various Resistivitiee, Gauges 2 and 4 Tliq= 126.07°F
4. Film Thickness for Various Resistivities, Gauges 1l and 3 Tliq= 7OOF
5. Film Thickness for Various Resistivities, Gauges 2 and 4 Tliq=7ooF

6. Predicted Film Thickness at Various Flow Rates, T = 126. 070F
7. Experimental Film Thickness at Various Flow Rates, T = 126. 07°F
8. Predicted Film Thickness at Various Flow Rates, T = 7OOF

9. Filrh Thickness vs. Axial Position
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Table 2 - Film Thickness (h) for Different Resistivities at Tl.q =126.07°F
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Table 3 - Film Thickness (h) for Different Resistivities at T
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10 Millimeters 0 the Dentimeter
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20 squares to the Inch
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Fi6 3@ Variation of Liquid Film Thickness with Axial Position, Steam Velocity = 1042 £/s
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40 Squares to the Inch
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