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MARIAN TRtrLA1, IRENEUSZ KoRNECKII

Heat transfer and minimum wetting rate
for a falling laminar liquid film

The problem of heat transfer and minimum wetting rate for the gravity-driven flow of a liquid film
lo,wn a vertical tube is investigated. The paper provides also a description of the experimental setup
rnd discussion of the obtained resu]ts compared with the results of a theoretica] model of heat transfer
xsuming the laminar character of the liquid film flow under consideration.
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heat transfer area,
specific heat at constant pressure,
pipe external diameter,
heat transfer coefficient,
electric current,
test section length,
liquid mass flow rate,
Nusselt number Nu : h(u2 /g)t/s /X,
heater power, P :UI,
Prandtl number, Pr : pCpf ).,
heat flrrx, Q- : U I,
heat flux density,
pipe external radius,
Reynolds number, Re _ 4l / p,
temperature,
wall temperature at inlet,
wall temperature at half-length,
wall temperature at exit,

liquid temperature at inlet,
liquid temperature at exit,
voltage,
film thickness,
eddy diffusity of momentum,
air relative humidity,
thermal conductivity (also &),

liquid dynamic viscosity,
liquid kinematic viscosity,
liquid density,
unit mass flow rate, | : mfl\d,
wall-tołiquid temperature
difference at inlet,
wall-toJiquid temperature
difference at exit,
wall-toJiquid logarytmic
temperature difference.

LTz

LTrog -

ambient,
dry surface,
falling liquid,
heating,
film-gas interface,
minimum value,

Subscripts

o - orifice, initial value,
r rotameter,
t , turbulent,
1I - wa,ll,

- mean value.
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1. Introduction

Heat transfer between the waIl and falling liquid film has a great signiflcance in
chemical engineering as wel1 as in other techdcal problems. Despite several years
of investigations in this area, there are still questions not satisfactory solved for
Practical applications. This is due to a complex character of the phenomenon
which involves ciassical hydrodynamic problems connected with the character of
motion (laminar or turbulent) and wave phenomenon on the film free surface.
Additionally, a new phenomenon of instability of the liquid fllm flow comes into
effect as for given conditions of liquid flow, including both the character of motion
and surface type, there is a minimum fllm thickness below which the film loses its
stability and splits into streams. This is an undesirable phenomenon because then
the wa1l surface is only partially wetted which in turn deteriorates the conditions
for heat transfer. The phenomenon was previously analysed in more detail by one
author of the present paper [1]. The wave character of the iiquid film motion can
be observed for Reynolds numbers J?e > 4I2].Up to the some limiting value
of Reynolds number, which after Brauer [3] can be estimated at approximately
Re : 1600, the liquid film motion driven by gravity can be regarded as laminar
because its mean geometrical thickness is, with good approximation, equal to the
film thickness obtained from the l{usselt model elaborated to solve the momentunr
equation for a fully developed gravitional laminar fllm flow down a vertical wa11.
The lttrusselt model gives the velocity distribution in the film and for a given flow
rate enables the determination of its thickness vital for further determination of
the heat transfer intensity. Usually, the problem is considered for two limiting
conditions of a first and second kind, i.e. Tu : const and q- _ const, The second
case embraces two possibilities with regard to the heat flux at the free surface
qr, assuming alternatively qł : a or q1 : Q-. A detailed derivation of a relation
for the Nusselt number for both cases under consideration is given in Appendix.
Nusslett's solutions concerning the heat transfer for the lirniting condition Ę :
const agree welI with the experiments [4], whereas the resuits obtained in the
papers [5-6], using the wall condition Qlu : const, diverge significantly from the
Nusselt model.

In the present work, investigations of heat transfer for a gravitionaI iaminar
liquid fllm flow using the condition Qu : coTlst have been undertaken for a much
wider lange of Reynolds numbers. The aim of the investigations is to explain
Teasons for the above mentioned divergence. This is an an important question,
because in the range of laminar flow the model of Nusslet is used without any
critism what may lead to signiflcant errors. The paper also provides a clescription
of the experimental setup and comparison of obtained results with those of other
investigators. Some preliminary results of liquid fiIm breakdown into streams

ucaused by the influence of heat flux are also presented - the situation when the
increasing heat flux Ieads, through a so-called Marangoni effect, to the 1oss of
liquid film stability.



Heat transfer and minimum wetting...

2. Experimental setup

A schematic of the experimental setup and its description is presented in Fig,
1. The test rig was designed for measurements of heat transfer and liquid fllm
breakdown concurrent and countercurrent with respect to the flowing air, At
the first stage of experimental investigations, the measurements were conducted
without the flow of air. In further experiments the authors intend to measure heat
transfer conditions and film breakdown with the air flow.

The experimental setup consists of a few basic elements. These are: a header
generating the liquid film 1, test section in the form of a copper vertical pipe
of external diameter d : 0.034m and length L : I.Im.Inside the pipe there
is a heating element (heater) of length Lg : 1,07m. The measurements were
conducted for the range of inlet water temperatures from 15 to 200C and unit
flow rate f : 0,016 -0.52kgfms at the maximum heater power of 1200 W. The
Reynolds number for a flowing fllm varied from 30 to 2000, therefore it can be
assumed that the flowing fllm had a laminar character with the exception of some
cases ofhigher Reynolds numbers investigated so as to test the dependence ofthe
Nusselt number on the Reynolds number for Re > 1000. Thermal measurements
of the rig were conducted in order to determine the heat transfer coefficient h
whose values ranged from 400 W lmzK for the lowest water flow rates to 3000
W lm2K for the highest.
The heater was supplied from an autotransformer. Its power was determined on
the basis of measurements of voltage [/ and current 1 flowing through it.

The most difficult part of the experimental work on hydrodynamics and heat
transfer in connection with flowing liquid films is fllm generation. In experiments
conducted by the authors ofthis paper the fllm was generated by an annulus slot
distributor fixed to a supply header (see Fig. 1). Water was forced to a tank 16 and
header 1 by a pump 7. Then in the form of a thin liquid fllm, it flowed down the
pipe to the main tank 6, being simultaneously heated. From there it was pumped
back to the circuit, It should be added that contrary to previous investigators
[7] , distilled water was used in present measurements, whose temperature was
controlled to remain within the limits 15 + 200C.
Measured temperatrrres of the water and waII correspond to the points marked
in Fig. 2. The wall temperature was measured by six thermocouples, two at each
section - the begirrning, middle and end of the investigated pipe. T1 and T7z
are the temperatures of water at the inlet and exit, respectively, and To is the
ambient temperature. At each pipe section, the wall temperatures were measured
at two points symmetrically placed at the surface of the pipe in order to increase
the accuracy of the measurements. The obtained results are gathered in Table 1,

where subscripts such as '11' and 'l2' refer to the temperatures at section 1 in
two symmetrical locations 1 and 2, and the temperature Tr,,t is determined by
averaging of T-1 and T.12, i,e. 7rr : (T.n ł T-12) l2.

Water flow rate measurements were performed using two rotameters 11 ope-
rating in the lange of 5 + 100kg/h and 100 +200kglh, respectively, which for the

31
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DIo

T"

Fig. 1. A schematic of the experimental rig for investigations of the minimum wetting rate and heat
transfer in thin liquid 6lms: 1 - upper header, 2 - liquid film distributor,3 test section, 4 water ]ock
tank,5 . measurementtank,6 main tank,7 water pump,8 - over_flowvalve,9 - cut-ofivalve, 10
- orifice, 11 - rotameter, 12 - lower tank, 13 - fi]m thickness probe, 14 air out]et pipe, 15 electric
heater, 16 - mobile tank, 17 - autotransformer, 18 - air fan, 19 cooler.
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Fig. 2. A schematic distribution of temperature measurement points in the experimental rig as in Fig. 1
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Table 1.

Q-[W] ń[kg/s]

x 103

l[kglms]

7o o.244 o.oo72

214.5 0.536 0.0157

390 0.918 0.0269

815 1.573 0.0462

investigated pipe stretch corresponds to the range of flow rate l - 0,013 + a.52
kg/ms. In the case of very low water flow rates, the measurements were conducted,
using a measurement tank 5, see Fig, 1.

The measurement procedure was as follows. Prior to the measurements, the
pump fiiled up the supply tank 16 and removed air from the supply system. Next,
using a valve on the rotameter 11, a maximum possible water flow rate was set
so that the entire surface of the pipe should be flooded by the liquid film. After
aPProximately half an hour, the test rig was ready for measurements and the
heating was switched on. During the heating up of the rig, the temperatures were
recorded rrntil they stabilised, which took approximately 2O b 4a minutes. Then,
the water flow rate on the rotameter was reduced while the heater poweT was kept
constant and again the temperatuTes were recorded until they settled down. At
one heater power, the measurements were conducted for several water flow rates
in the order of decreasing flow rate so as to assuTe a faster stabilisation of the
sYstem. After the completion of the measurement series for a given heater powel,
the mains supply was switched off and the pipe surface was cooled by complete
flooding. When reaching the required level of cooling, the procedure was repeated
for another heater power, In order to obtain better thermal stability of the rig, a
water cooler 19 was introduced into the tank 6. If the cooler had not been present
there, the temperature in the tank would have risen due to continuous supply
of hot liquid from the test section. The cooler was fed by tap water. In order to
keep the required temperature of the feeding vrater in the test rig, the flow rate
of water through the cooler was controlled.

3. Results

3.1. Heat transfer

The experimental investigations were conducted according to the procedure
described above for different values of wetting rate l and heater power P. The
results of thermal measurements are presented in Appendix in Tables 1 and 2.
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The heat transfer coeffi.cient h was defined as

h- Q-
ALTl"g

where: Q. - heat flux supplied to the liquid fllm, ,4 - outer surface of the test
section (A : rd,L), LTt"g - mean 1ogarithmic temperature difference.
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Fig. 3. Results of experimenta} investigations.

The test section was isolated at both ends by two cylinders made from insula-
::rg material of length 50 mm and diameter the same as the copper tube. There-
:lre, it can be assumed in the calculations that the thermal energy released from
:'-e heater is transferred entirely to the liquid fllm and the relation holds Q- - P,
Tie physical parameters of water F,u, \ which appear in non-dimensional simila-
:,:1, numbers Nu, Re, Pr have been calculated according to the mean temperature
.: rr.ater T7 : (T1t +:I7z)/2.

The obtained results of investigations are presented in Fig. 3. Additionally,

Nu = 2.27 Re'l/3

l -76 Re-l/3

O cxpcrimmlal r*ult
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for the sake of comparison, Fig. 3 exhibits the distribution of Nusselt number cal-
culated by Wilke [4] using the Nusselt model, see Appendix, for the laminar and
turbulent liquid film flow. Two characteristic equations result from the Nusselt
model

for q6: q- and

for q; : g.

Nu: L,76Rę-1/3

Nu:2,27Re*I/3

(A24)

(,435)

::

,Io

.l,
r 0.1łś

Laminar f,oW eq.(A24,A35) pr , 6
\Mlke, eq.(2ó) ._----j-ouł -"-ł3

-" u!',-6 ,)

ffi#;SE
---^ A 
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^
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ols.8-6.2
A A §.o- 5.3
o o3.g-ł.z
v Y ż,8 - 3.2
9 ll z,o - z.z
l Lo"ł =7o-1o0ó/oL-%/q =30-709ń

to3

Re = 4Iltr

Fig. 4. Results of experimental investigations by F\rjita and Ueda [5].

Also for the sake of cornparison, the results of investigations by Fujita and
Ueda [5] for the laminar and turbulent 1iquid fllm flow in a wide range of heat flux
are presented in Fig. 4. The density of heat flux qa corresponds to the situation
where the film starts losing its stability and the formation of dry patches begins.
Fig. 4 gives also display of experimental correlations worked out by Wilke [a]
obtained based on investigationsof Brauer [Sl in a wide range of Reynolds number:
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Fig, 5. The dependence of heat flrrx Qp causing film breakdown on the wetting rate l-

for Re ś 2460Pr'0,646,

for 246oPr-o,6a6 < Re < 1600,

for 1600 < Re < 32OO

for 32OO ś Re

(2)

(3)

(4)

(5)

3.2. Filrn breakdown into streams

Besides the investigations of heat transfer, the phenomenon of film breakdown
into streams due to the Marangoni effect [10-11] was also investigated. The film
breakdown is conrrected with the gradient of surface tension on the waved film

A

expeńmental reI

{
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dry: llttthe*d,ry pat*fu:s dĘl l)et§fie=,i

Fig. 6. The picture of dry patches on the surface of a vertica] tube.

SuJface. The higher the value of thermal heat flrrx, the easier the film loses its
stabilitY and breaks into streams. Some experimental points which determine the
relation between the value of heat flux Q- and minimum wetting rate l* are
presented in Table 1. This relation Q-: f (|,") is also depicted in Fig. 5. A pic-
ture of drY Patches which form during the film breakdown into streams is shown
in Fig. 6. The phenomenon of film breakdown was recorded with the help of a
computer aided picture recording system described in [7].

4. Conclusions

The paper describes the results ofinvestigations ofheat transfer and film bre-
akdown for a gravitationally falling liquid film down a vertical tube in a wide
range of Reynolds number 60 < Re < 2000. The obtained results are compared
against the results of the Nusselt model for the laminar liquid flow. It has turned
out that in the Tange of Reynolds numbers Re ( 1000, the obtained results differ
significantly from the theoretical values. The theory of liquid fllm hydrodynamics
saYs that with the increasing Reynolds number, the Nusselt numbers decreases
and the fllm thickness tends to increase. However, the investigations shovl that
the increasing Reynolds number gives an opposite effect, i.e. leads to an increase
of heat transfer intensity in the same v/ay as in the case of turbulent motion. The
obtained experimental results are consistent with the earlier results of F'ujita and,
Ueda [5], see F'ig. 4, in the same range of Reynolds numbers. At this stage it seems
difficult to determine clearly the reason for the divergence between the theory of
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the phenomenon and obtained results. The fact that the Nusseit number monoto-
nically increases with the Reynolds number suggests that turbuient mechanisms
of heat transfer come into play or the pipe surface is only partly flooded by the
liquid film. At such low Reynolds numbers, the source of turbulence may come
from the liquid distributor or header, The replacement of the applied slot liquid
distributor with, for example, a poTous device couid possibly cast more 1ight on
the reason for the divergence between the Nusseit model and experiments. The
differences, as seen from Figs. 3 and 4, are signiflcant and for low Reynolds num-
bers can even be as large as one order of magńtude. The results of heat transfer
coeffi,cient obtained in the experiments can be described by a correlation:

Nu: a.025Reo,2Pro344

The investigations of the liquid film breakdown will be continued. At the present
stage of investigations, it is too early to attempt a more detailed anaiysis of the
:henomenon.

}{a_nrxcript received in May 1997
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Badania wyrniany ciepła i minimalnego natężenia zraszania dla
grawitacyjnego spływu filmu cieczowego

streszczenie

W Pracy przedstawiono rezultaty eksperymentalnych badań wymiany ciepła i rozpadu filmu na strugi
dla grawitacyjnego spływu warstewki cieczy w obszarze ]aminarnego charakteru ruchu. Opisano stanowi-
sko eksPerymentalne oraz sposób przeprowadzania badań, Uzyskane wyniki pokazały duże rozbieżności
rniędzY modelem teoretycznym zjawiska (model Nusselta) a rezultatami badań. Te ostatnie są znacznie
rńŻsze od rłartoŚci teoretycznych. Podobne rezultaty badań są cytowane także przez innych autorów.
PrzYczYna, tych rozbieżnoŚci nie jest znana. Wydaje to się być związane z typem lrządzerria zra,szają-
ce9o oraz wPłYwem ruchu falowego. Podano takźe wstępne rezultaty badań rozpadu filmu spowodowane
wpływem strumienia cieplnego.
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Appendix

Usually, the Nusselt model of laminar flow is used to describe the heat transfer
for a liquid film freely falling down a vertical wall. However, by the Nusselt model
we also rrnderstand the problem of heat transfer during condensation on a vertical
wall. As these two Nusselt models differ from each other significantly, therefore
in the text below, some fundamental relations for the lesser known Nusselt modeI
of heat transfer in connection with a freely falling liquid fllm will be derived in
bńef, The process of derivation will also disclose the assumptions incorporated in
the analysis. These considerations can be extended onto the case of film motion
under shear stress or turbulent flow [8],

Fig. A.1. The physical model of the phenomenon.

Neglecting the heat conductivity in the direction r, the energy equation for the
stationary motion of a liquid fllm of thickness ó and constant physical properties
has a general form

(11)

The boundary conditions are considered here for two characteristic cases with
respect to the conditions at the free surface [8-9].

a:r
'll,-

iJr
_ a |( , _ eu\aT]
- au L\p, pr,) 0a1
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No accurnulation of heat in the fflrn, Qż : Qu In this case the boundary conditions
can be presented as

r:0 T:T,r,
a:5 T:Tl,

( T:T",,
!ł:O { ra"- _" 

t -AĘ :Qut
-condition of the first kind,
*condition of the second kind.

(,49)
(,410)

(A2)
(A3)

(A a,b)

(-45)
(_46)

(A7a,b)

(.411)

Thermal energ), totally accumulated in the fflrn, qi : 6. In this case the boundary
conditions are as follows

r:O
a:6
a:a

T:To,
T:To,
l r : r- -condition of the first kind,

\ - S,ffi : ł- -condition of the second kind.

If the flow is iaminar, then ep1- 0 and trq. (At) can be simplifled. The solution
of this equation is possible when the velocity distribution in the fllm is known.
For a fully developed and stationary flow the equation of motion has a form

02u u

-*a 
0Ou, u

with the borrndary conditions

(,48)

The velocity profile in the film can be obtained as

": r (,, -+)

u :0 for ! :0,
p,# 0 for !:6.

T {* i " 
oo[ : r ł rr Q, - źł)]*

Below are derivecl relations for the Nusselt number for both cases mentionecl
above,

No accurnulation of heat in the fflrn, Qź: Qu. if the Reynolds number is deflned as
Re : 4f / p, then knowing that f : p6u and incorporating the velocity profile as
in trq. (A11), we can obtain the following relation for the Reynolds number

Re: (Al2)
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Finally after integration we can get

R.: ĄP9 
6'.

3rt,

lntroducing a non-dimensional variable

ó*:ó(o\l/z\7) ,

the expression (A13) for the Reynolds number takes the form

R": !6ń.
3

The heat flux density can be defined as

(A13)

(AL4)

(,415)

(Al7)

(,418)

(Al9)

Q-:h(T--rt) (,416)

where h is the heat transfer coefficient,T- - wall temperature and ?1 is the mean
:quid [emperature,

The temperature difference (T- - T 1) can be determined from the relation

T--Tf:
ó

I u(T- - r)da
0

ó
j uTdy

ąa0- lu)- 
ryp6

I"da
o

From the expressions (A16) and (At7), we can obtain

h the considered case the heat flux in the fllm is constant along the co-ordinate
y. Therefore, the temperatrrre varies in a linear man_rrer

ó

+ -|r- - [ uT d,y.
PhPr"

T:T*-)o

Hence, the integral from Eq. (A18), bearing in mind the relations (A11), (A12)
and (A19), is in the form

ód66

f "rau:r- Iuda-T I"ror:}uT-Re-+ luad,a. @2o)
0000
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Taking into account trq. (A11), we can obtain

dd

I urn, : [ : (ur' _łr') o,
', ', l]

which after integration gives

dr 5 g.n
J "rO, - ń;6"
0

Placing trqs. (A20) anct (A2lb) into (A18) gives:

(A2la)

(A2lb)

(A22a)

(A22b)

(A26)

I'q,, f_ I_ 
Ó d

-# - -,l;- ;u,l-Re, + I uad,a - T / "ror.PnPnu0

And flnallv
Tr- _ 5 q-g5+
ph 24)u"

Taking into account the relations (A22b) and (A14), we can get

, l crI/3
Ntl,-Ł{":\' 6Re

)\g) ,u-o'

"(T):hW)

(A23)

Utilising further the reiation (A15), we flnally obtain:

Nu -\#(rli^'') -; (i)o'' o" |/3 :1.76Re-1/3. (A24)

Total accurnulation of therrnal energy in the fflrn, g; - 0. In the case Of 1aminar flow,
the energy equation (A1) simplifies to the form

{A25)

In the case of Qź:0, the supplied heat goes entirely into the fllm to increase its
energv. Then

aT :ETf : q-
0r 0r TCo'

Placing the above relation into Eq. (A25), we obtain

a2T Q,uup

W: )f, (A27)
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T -T-:,#ł(ł"*)aa-Ta
§ubstituting Eq. (A11' *r", (A29) and keeping in mind that

aT q-p 
gf 

, |ł.
aa: )l/uaa- \,

0

! " 
o, :f, : j,a. :3u-'

ł (ł" *) o, : 
ff(*u,, - Łł)

(A28)

(A2g)

(,430)

(.43lb)

ge can obtain

Ftom trqs.
derived

, : ;ftu9ł (ł" *) aa _ 
Ta łT-

The integrai in Eq. (A30) can be further transformed

ł(ł",,),, 
: 
ł (ł rr Qo -łł)) *) * : ł ę (*,ł -ź,")) oo,

and we can finally write 
(l31a)

(A30) and (A3lb), a relation for the temperature variation can be

, #k(? (I"'- *ł)) -+, łT- (A32a)

Taking into account the relation (A14), the temperature distribution takes the
furm

r:)( * #,n *'#(+)''',u -,) *^ @32b)

Substituting Lhe above relation into Eq. (Al8), we can obLain:

|q* n- | l łsr_!u., _ !pt^!- (*\"" lr 
,Ń -T lĘ"rTi" - a ,rf \s ,
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-ź#(+)''"}a.-*un*# (ź)'"*} (.433)

Eq. (Ala) and multiplying both sides ofFinally introducing the variable ó*

Eq. (A33) bv ..4l. we can obtain, " U"P'

aS ln

Nu::(t)''': Rez /4 (A34)
-7fua-z * s6*z - *6-, ł Re[l6-a _ *a-n],

Knowing that Re: Śó*' and hence ó- : (n9)'/sR"7/3, we finally arrive at a
formula

Re-I/3 :2,27Re-7/3Nu:
-ffi(ż)'t' + 33(ż)7'

(,435)

Table A1. Results.

No. m Ptw] Tur1 7Lp T,"Zl T",,lc Tu31 Tu32 Trz Tłl To ól%
1 0.0oo59 J.003( 18.1 18,08 77.48 17.43 16.9.3 16.91 18.3 l6.65 16 7o
2 0.0oo59 ].014€ 18.42 18.3i 77.73 17.71 77 -27 17.27 18.49 16.89 16 7o
ó 0.00058 ] 18.95 18.7€ l8.81 18.8 18.6 18.51 18.98 18.98 16 7o
4 0.001 I4 22.2i 27.7, 21.77 21 21 ,n2 20.72 16 7o

J.00125 ].8 2I.7 21.8€ 27.a7 22.1 22.06 20.8 21.65 16 7o
b 10 36 18.1 18.02 22 22.1 24.68 24.79 23.9Ą 18,03 16 7o
7a, 5 1o7 18.7(. 18.61 31.1 34.3, 34.6 33.38 15.7 14.0 5n
7b 10 7o7 17.75 17.o! 22.9E 26.74 26.97 25.97 76.21 14.0 58
8a 5 182 20.97 20.79 4].5.: 41.9t 44.6s 45.1 43.99 15.85 12.o 62.5
8b 10 182 t8.12 18.1 27.8l 28.24 34.5E 34.85 34 16.74 12.o 62.5
8c 20 182 17.62 17.55 21.92 22.4 25,55 25-72 24.72 1,6.72 12.o 62.s
8d 30 1a2 16.79 16.77 19.68 20.77 ,r, 22.34 27.29 15.86 |2.o 62.5
8e 40 182 17.08 17.1 19.27 I9.76 21.03 ,1 rf 20.1 16.0 12.o 62.5
8f 50 182 I7.a4 I7.84 19.72 20.22 20.98 ą1 ąa 20.77 16.9 12.o 62.5
8g 60 ]82 17.82 I7.82 I9.44 19.93 20.1,9 20.47 79-4!. 16.9Ą 12.( 62.5
9a 58 225 20.22 20.12 22.06 22.68 23.47 23.a4 21.6 -l8.97 15.r o1
9b 66 225 20.03 19.96 21.53 22.24 ,, 79 23.o 27.7 18.84 ,l 5.c o/
9c 78 20.32 20.32 27.67 ), ?o 22.56 22.96 21,.34 19.18 15.c
9d 86 225 20.8 20.77 ,9 22.72 22.68 23.05 2-1 .38 19.7 15.c 67
9e 96 225 20.49 20.55 27.66 22.46 22.o5 22.5 2-1 .o9 19.54 15.t 67
10a 58 400 20.49 20.47 żo.DD 26.9 27.55 24.19 l8.8 16.c 66
10L l6 400 20.91 20.92 23.84 25.17 25.56 26.25 23.28 79.2E l6.o bt)

10c 86 400 ,1 , 2I.2 23.96 25.29 25.12 25.82 23.o 19.61 16.0 bt)

10d 97 400 27.49 21,.48 24 25.45 24.63 25.35 22.82 19,9, 14.0 60
10d 140 400 23.44 27 17 20.64 22.o4 18.68 l8.6 18.91 16.8! 14.0 60
l0e 180 400 22.91 20.6 19.97 27.1,1, 19.01 18.97 Ia.97 |7.34 14.0 60
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Table A.1. Resuits (continued)

lo, m Ptwl l'u1I u12 Tu2r Tu22 Tu3I Tu32 Tłl Tn T- óI7o

10f 200 400 23.91 21.67 21.06 20.39 20.49 20.5t l9.21 14.0 60

11a 5 41,5 25.18 25.05 66.0? 66.42 66.4 66.9 64.44 I5.41, 13,0 61

1,1b ]0 415 18.6: 18.54 40.5? 41.65 52 52.42 51 11 15.3 13.0 61

11c 20 415 17.53 l 1_) 27 -71 28.8 35.97 36.35 34.6 15.59 13.0 61

11d 30 415 1,7.6? 17.39 24.55 25.64 30.31 30.71 28.43 15.86 13.0 61

11e 40 415 18.1 18.11 23.34 24.39 27.67 2a.I2 25.4a 16.45 13.0 61

11f 50 41,5 17.95 17.96 22.35 23.36 2.5.8.3 26.35 23.62 16.66 13.0 61

11g 60 415 |1-ol I7.67 21.92 22.88 25.o7 25.73 22.46 16.0 13.0 61

12a 10 663 20.64 20,6 60.8 61.98 68,1 68.75 66.94 l6.0| 12.5 62.5
IZb 20 or)ó 18.6 18.53 36.54 38.57 49.4 50.12 47.1 16.o5 12,5 62.5
12c 30 363 18,71 18.64 30.5 32.48 39.9 40.68 .j6.9 16.46 12.5 62.5
12d 40 663 78.76 18.75 27.63 29.6 34.5 35.4 31.22 ] 6.69 12.s 62.5

12e 50 663 18,77 18.76 25.94 ,.7 o, 31.2 32.I7 27.95 16.85 72.5 62.5
12f. 60 663 18.37 18.38 24.67 26.57 ,a a, 29.8 25.62 16.67 12.5 62.5
13a 10 385 19.51 19.38 72.34 86.53 88.09 84.45 14.2 13.0 59

13b 20 885 19.38 19.22 41.9 44.45 5b.l] 57.27 53.79 16.39 13.0 59

13c 20 885 16.62 16.55 .39.35 42.o4 53,99 54.81 51,,37 13.77 13.0 59
]3d 3o 885 l8.64 l8.6 34 -l6 36.65 45.56 46.55 42.I5 16.15 13.0 59
l3e 40 885 l8.44 l8.4.3 30.15 32.5\ 38.31 39.43 34.87 16.04 13.0 59

1.3f 50 885 l8.65 18.66 28.s2 31.04 34.94 36.31 31.26 16.37 13.0 59

13g 60 óó5 18.97 18.97 29.o 3l .o .33.34 34.92 29.1 16.83 13.0 59
74a 98 900 21 .58 21 .67 28.69 32.06 29.34 31.0 26.36 19,43 16,0 br)

l4b 5n 900 22.2 22.3 31.45 34.52 35.92 19.88 16,0 r)r)

I4c 68 900 21.98 22.o9 29.96 33.05 33.74 35.23 30.39 19.85 16.0 bb

14d 134 900 28.52 26.26 28.8-1 21.91 21.94 24.39 19.46 16.0 b0

74e 16€ 900 32.83 26.32 24.34 27.2a 21 .24 27.31 23.03 18.9 16.0 66
14f 20( 900 30.22 23.8 2,1 .98 24.a3 19.64 19.8 20.97 17.53 16.0 )t)

14d 83 900 21 .a2 21 .94 29.o9 2, oĘ 33.02 28,03 19.69 16.0 56

15a 20 1156 21.89 21.75 53.34 57.06 77.97 73,92 69.16 18.2 14.0 58

15b 30 1156 21.o4 20.94 42.o 45.78 55.57 56.7 51.64 18.04 14.0 58

15c 40 1156 20.4 20.3Ą 36.52 40.05 46.23 47.55 4,1 .98 17.6 ] 4.0 5n

15d 50 1 156 20.43 20.39 34.27 37.51 42.22 42.73 36.7.3 17.63 ] 4.0 5n

15e 60 1 156 2I.34 36.55 38.59 40.26 33.94 18.69 14.0 58

16a 98 1225 22.76 22.77 31,6 36.57 35.o7 29.86 20.12 17.5 63

16b 68 I225 23.36 34.43 38.56 38.85 40.93 20.72 17.5 63

16c 76 l225 23.38 34.18 38.63 37.66 ąo ż, 3.3.65 20.68 17.5 63

16d 89 7225 23.1 23.76 32.39 37.I7 35.04 37.76 31.55 20.44 I7.5 63

16e 140 7225 38.9 .31 .06 28.o2 31.66 22.39 22.46 26.28 19.7 15.0 62

16f 77o 7225 37.88 29.43 26.6 30.24 22.2a 22.47 25.33 19.64 15,0 62

16g 200 l225 36.83 28.16 25.48 28.89 22.16 o9,o 24.37 19.67 15.0 62



Table A2. Results based on data from Table 1

No. rnI (g/l 'lke/msl PlWl u,7 T,,,z Iu3 'I'łz ATt LTz LTtoo
^,]

hlW /m'K R,e \u
1 0.00059 0.0055 0,0036 18.13 l7.45 16.92 16.65 18.3 1.4ł3 I.óó 1.65
2 0.00059 0.0055 0.0148 IE,37 17.72 1J r1 16.89 18,49 L48 I.25 1.6

0.00058 0.0054 t).1 IE.87 18.81 18,56 18.98 18.98 - 0.11 - 0.425 0
4 0.001 U.UU93t, 0,14 21,.72 27 20.72 1.55 1.3 l.Dó
5 0.00125 0.0117 0.8 2I.22 21,88 22.08 2I.65 20.8 - 0.435 I.28 - U.ób
ti 0.001tj4 0.01453 36 18.07 22.06 z4. l 18.03 23.94 0,04 U. l/YD U.2ó20 5.91 1I79 58.Ł,7 0.09023
7a 0.00034 0.00305 Io7 1E.t 9 31.22 34.46 l5.7 33.38 2,9a5 1.08 L874 17.68 472.3 13,45 0.03379
7l) 0,00164 0.01453 lo7 22.86 26.82 76.21 25.97 0.89 0.915 o.9024 9.7 980.6 58.78 o,o7494
8a 0.00034 0.00305 I82 zU.óó 41.75 44,89 15,85 4:].99 5.03 U.9Ub 2.4o5 28.I4 625.9 15.16 0.04082
8b 0.00164 0.01453 L82 1E,11 28.o2 34.72 Ió-lą 34 I.37 0.715 1.007 l.zo L494 65.74 U. ]053
8c o.oo423 0.03746 lE2 L7.59 22.16 25.64 lł].12 24. (2 0,865 o.92 0.a922 8 I687 150.3 |J.l29E
8d 0.00682 0,0604 I82 1 6.78 19.93 22.27 15.86 ),l )g o.92 0.98 0.9497 b.4J 1585 229-6 o,1274
8e U.U0941 0,0E333 I82 17.09 ].9.52 21 lo I6 20.75 1.09 1.005 I.047 4.75 1438 :372"i 0.1 167
lśt U.0 zIJL 0.1063 782 17.84 19.9 / 2Ll3 16.9 20.77 o.9Ą 1.1, I 0.977 3.2I I547 4fJ3.2 o.724
8g 0.0 46 o.7292 782 17.a2 ,l_y.Ł}9 2U-:1:1 1,6.94 79.45 0.88 0.88 0 2.5I 0 486.3 0
9a U.0 61 o.1426 20.I7 żz-3l 2ó.clrJ 18.97 21.6 I.2 2.055 r.bó9 2.63 L77I 565,9 0.09087
9b 0,0 833 o.1622 20 zl-óć 22.ób 18.84 27 13 l5 i] I.73 L.423 2.29 1308 639.1 0.1021
9c o.02167 0.1917 225 20,32 22.o3 22.76 19.18 2I.34 1".L4 I.42 I.275 2.76 1460 760.6 0.1133
9d 0.02389 o.2II4 225 2|J.79 22.36 22.87 I9.7 21,38 ].0E5 t.485 L275 1.68 1,460 844,5 o.7727
9e o.02667 0.236 225 zIJ.52 22.06 22.27 19.54 2l.u9 0.98 1 185 I.o79 1.55 L724 937 -4 0.1337
10a 0.01611 u.I42h 40t) 20.48 24.94 18.8 24. 19 1.68 3.035 2.297 5.39 I444 583.1 J.l|,94
10b 0.0211 1 0.1868 400 20.91 24.48 25.97 19.28 23.2E 1.635 2.625 2.o97 Ą

-],582
760.7 0.I2o4

10c 0.02389 U-zI 400 2I.2 24.63 25.47 19.ri 1 23 1.59 I.yyć 3.39 1656 860.6 U.Izó9
10d 0.02694 U-ż.ló4 4U0 2I.48 24.73 24,99 IV-9ż 22.E2 1.565 2.17 l.tj5 l 2.9 l787 972-2 U,135E
10e 0.0389 0.364 400 18,64 2I.34 o' 21 1t,.89 r8.91 L75 3.395 2.482 2.o2 1333 131 3 0.1086
10f 0,05 U.4oó 4t]t) 18.99 20.54 2I.,16 (.óĄ 18.97 1.65 2.785 ,2.Ib3 1.63 L526 1691 0.1237
10e 0.055 0.515 400 20.44 27.59 22.T9 l9.2l 20.56 I.23 1.681 1.35 1968 19t,1 0.154
11a 0.00o34 U.UUJUb 415 25.72 66.25 t,6.65 15.47 64.4Ą 9.705 2.27 5.065 49.03 o / / _n LE.47 0.038 11
11b U.UUlt 4 0.01453 415 18.59 52.2l 15.3 51 11 3.285 1.997 35.81 719 77.o8 0.1065
1lc 0.00423 o.o3746 4 5 17.54 zó.z9 36.16 15.59 34.6 l.y5 1.56 I.748 19.01 96Ą 166.9 0.1391
1]d 0.00682 0.0604 4 5 / .5.-t żb.U9 30.51 15,86 ,żn.4:] L.67 2.08 1.868 12.57 838 25I 0.1375
11e 0.00942 0,08333 Ą 18.13 'Zó-ó l 27.9 16.45 25.48 1.68 2.475 2.o25 9.03 695 336.4 0.1 298
] 0.01201 0,1063 4 L7.95 22.86 26.09 t t}_t}t} 23.b2 I.295 2.47 L82 o.yo EE6 42o.3 0.14ti8

l
@

?

;
Fl-
o

|t

5o



Ibble A2. Results based on data from Table 1 (continued)

No ń|ke/s| l'lkE/ms ftW] 1uI lu2 Iu3 l'łt f2
^,1 ^:lb

LTl^^ LTł hlw /rn'K H,e lyu
11s 0,0146 I292 415 17.67 22.4 25.4 16 22.46 7.67 2.94 2.245 6.4t, L529 499.4 o.I2J,2
12a 0.00164 U.Ul4bJ 663 20.62 61.39 68.42 16.01 66.94 4.61 1.485 2.759 50,93 1988 90.33 0.1094
12b U.UU4zó 0.03746 663 L8.57 37.56 49.76 16.05 2.5l5 z,oo 2,5E7 31.05 2I2o I92.3 o.L347
L2c U.UUoó2 0.0604 r)r)J 18.68 óI.4v 4U.29 I6.4ti 3ti.9 2.2l5 J.J9 2.76l 20.44 1986 279 U. r36E
I2d o.oo942 0.08333 66:J l ó. /b zó.b2 ó4.9c I6,69 3I.22 2.065 3.73 2.876 l4.53 I947 3t,1.6 0.1408
L2e 0.01201 0.1063 663 lE.77 ,26-9:1 31.69 16.85 27.95 1.915 2.724 11.1 2013 444 0.1499
I2I 0.0146 o.1,292 tt3 IE.38 25.62 29.26 16.67 25.62 7.7o5 3,64 2.55l 6.95 2J.49 523.9 0.164
13a U,UUlt,4 U.01453 885 I9.45 72.36 87.31 14.2 84.45 5.245 2.a6 ś.9,J,J lu.2b l861 105.1 0.09145
13b 0.00423 o.o3746 885 19.3 43.17 56.89 16.39 53.79 2.97 3.095 3.002 37.4 2439 206.4 0.1469
1;-lc 0.00423 0.o3746 885 16.59 40.7 54.4 l:].77 51.37 2.EI5 3.03 2.927 J /.o 2506 196.3 0.].567
13d 0.00682 0,0604 885 18.62 35.41 4t,.U6 lt.15 42,15 2.47 3,905 3.133 26 2336 294.6 0.1543
13e o,oo942 0.08333 885 18.44 31.33 3E.87 16.04 ó4.ó l 2.395 Ą 3.729 18.83 2339 374.4 0.1646
13l 0.01201 0.1063 885 lE.66 29.9a 35.t 3 Io,J l óI.zo z.2ó5 4.365 3.2I4 14.89 2278 459.ti U.lt,51
13s 0,0146 o.1292 !Jtj5 t8.97 30 34.L3 lo.óJ z9. ró 2.I4 5 12.3 2l72 b4I -ó 0.1599
I4a o.o2722 o.2409 9U0 21.63 30.38 30.17 79.43 26.36 2.L95 3.81 2,929 6.9J ,2542 1019 o.1875
14b 0.01611 o.1,426 900 ,, ,ą 32.98 36.59 19.88 32.57 2.37 4.o25 3.125 L2.69 23E2 652 0.1654
I4c 0.01889 0.1672 900 22.o4 31.5 34.48 19.85 30.39 2.185 4,095 3.t-l41 1U.54 244E 745.3 0.1733
14d U.U2iJOti 0.2|J4 900 21.88 30.67 2, D 19.69 2a.U3 2.1 ł. tr)5 3.072 E.34 2423 883.4 0.1755
l4e o.0372 0.348 900 27.93 27.54 31,.41) 19.46 24.39 2,465 7.o2 4.352 4.93 I7Lo 1,392 0.1285
1,4f 0..)467 0.437 900 27.27 25.87 29.57 18.9 2ó-uó ż-.1l 6.545 l14 4.I3 1809 I697 0.1385
l4s 0.()55 o.515 900 19.72 23.47 27.o7 17.53 2U-v l ż- ] 6.04 3.795 3.44 1961 1930 0.1554
15a 0.00423 o.o3746 1156 27.82 55.2 72.94 |a.2 69.16 3.6,2 3,785 3.7o2 50.96 2583 242.8 0.1379
15b 0.UOt,82 U.0604 1156 20.99 43.89 56.14 lE.04 D l.r)4 2.95 4.495 3.66E 33.6 2606 331.1 0.1576
15c o,00942 0.08333 1 156 20.37 3a.,2a 46.E9 L7.b 4t.98 z. l 4.9l 3.738 24.38 2557 41,2.1) U,10 /
r5d 0.01201 0.1063 1156 2|J.4} ó5-9z 42.47 I7,63 óo. / 2. (ó 5.745 4.085 19,1 2347 49t,.5 tr. | 59n
15e 0.0146 o.1292 1156 2I.33 ó4.v9 39.42 18.69 33.94 2.64 5,485 3.891 15.25 2457 592.1 U.1 /UJ
16a o.02722 o.2409 1,225 żż- I J4.Uv ó4. I 20.I2 29.ót) 2.645 4.242 3.381 9.7Ą 2997 1071 u.zI2r)
16b 0.01889 o.L672 L,225 36.5 J9.ó9 20.72 35 2.645 4,89 3.653 ą-zó 2773 792.8 0.1871
16c 0.02111 0.1868 L225 zó.ór) 36.41 38.69 20.68 33,65 2.68 5,04 12.97 27L7 872.6 0.1852
l6d o.02472 0.2188 L225 zó. Ló ó4. (ó 36.1 20.44 31.55 2.69 4.55 3.539 28t 3 995.3 0 995
[6e 0.0389 0.3t,4 l225 22.4ó 29.84 34.98 I9.7 26.28 2.725 a.,l 5.147 rl.l]ł1 1968 749I 0 449
16f o.o47 0.442 I225 22.34 28.42 33.66 19.64 25.33 2.705 8.325 4.999 5.69 2027 1,782 0 507
16s (J.055 0.515 1225 ,, ua 27.79 32.49 19.67 z4-ó l 2.555 E,125 4.EI5 4,7 27o4 2067 0 5/n


