
APPENDIX  

Angle Factors 

When one considers first the angle 
factor F d d e +  the general expression ( 9 a )  
for surfaces having one infinitely elon- 
gated dimension can be applied to the 
parallel plate and adjoint plate systems of 
Figures 1 ( a )  and 1 (b) ,  respectively, 
yielding 
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For the parallel disk system the derivation 
is carried out with angle factor algebra 
as in Equations (33) and (34)  of refer- 
ence 4, with the result 

vz - 1 + xa } (‘43) 
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The angle factor F 2 - 1  for interchange 
between two finite surfaces is obtained 
by direct integration in accordance with 
Equation ( l l a ) .  The end results for the 
parallel plate, adjoint plate, and parallel 
disks system are respectively as follows: 

Next when one considers the infinites- 
imal angle factor d F d A , - d A , ,  application of 
Equation ( Q b )  to the parallel plate and 
adjoint plate systems yields 
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The corresponding result for the parallel 

disks is taken directly from Equation 
(36) of reference 4 :  
d F d A , - d n .  = 

(v2 + X’ + Y2) x dX 
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Finally the double integral appearing 
in the last term of Equation (17 )  may be 
carried out in closed form for the adjoint 
plate and parallel disk systems. The re- 
spective results of the integration are 

~ ~ o L k l A = 1 - s i n ( 8 / 2 )  L + 
1 - ( e  - a )  sin 0 (A10) 
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The corresponding integration for the 
parallel plate system could not be carried 
out in closed form. 
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Data on pressure drop in two-phase, single-component fluid flow, both with and without heat 
transfer, are presented in terms of the Lockhart and Martinelli correlation parameters. The 
fluids used were trichloromonofluoromethane and hydrogen. 

The results are compared with the correlation curve recommended by Martinelli and Nelson 
and give frictional pressure drops that are about 40% lower than the curve. The reasons for 
the deviations are discussed in terms of the effects of friction factors, the existence of meta- 
stable equilibrium, accuracy of data and instrumentation, and calculation procedures. 

It is  concluded that the Martinelli and Nelson correlation and a simple momentum pressure 
drop computation can be superposed to predict roughly the total pressure drop in tubes contain- 
ing steady state, two-phase, single-component fluid flow with appreciable vaporization. 

The fluid mechanical design of pip- 
ing systems is handicapped by lack of 
information concerning so-called steady 
state, two-phase, single-component fluid 
flows. The objective of the investiga- 
tion described here was to provide 
some of the required information. Data 
have been obtained and correlated for 
two - phase, single - component fluid 
flows, both with and without heat 
transfer. The results of some experi- 
ments with liquid hydrogen flowing 
with large heat flux ( l l ) ,  as well as 
those obtained from an extensive in- 

vestigation with trichloromonofluoro- 
methane, are reported. For the latter 
investigation the quality was varied 
from zero to unity; the Reynolds num- 
ber based upon the total mass flow be- 
ing saturated liquid (that is zero qual- 
ity), was varied from about 5,000 to 
90,000; the pressure and temperature 
were varied so that fluid properties 
changed significantly; and the diameter 
of the test section was varied. In addi- 
tion single-phase (liquid) friction fac- 
tors, which differ appreciably from 
published data (1 O), were determined. 

Because the mathematical models 
required for theoretical analysis of 
two-phase flow problems are complex, 
the more successful approaches have 
been empirical and semiempirical. The 
majority of theoretical analyses, for 
example Harvey and Foust (3 ) ,  have 
assumed that the fluid is homogeneous. 
The work of Linning (7) is an exam- 
ple of a semiempirical approach; Lin- 
ning set up one-dimensional models for 
both stratified and annular flow con- 
figurations, determining unknown pa- 
rameters experimentally. Lockhart and 
Martinelli (8) present a moderately 
successful correlation for the two-com- 
ponent problem. 

Rogers (12) utilized the equations 
of Harvey and Foust to predict the 
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behavior of two-phase hydrogen flows 
in well-insulated transfer systems; his 
results have not been experimentdly 
verified. A large amount of computa- 
tion is required t o  obtain numerical 
results with the equations of Harvey 
and Foust; Rogers used a high-speed 
computer. 

Martinelli and Nelson (9) adapted 
the two-component correlation of 
Lockhart and Martinelli to single-com- 
ponent systems by a simple correction 
to  account for changes in the axial 
component of momentum. The two- 
component systems of Lockhart and  
MartineIli do not involve appreciable 
mass transfer between the phases, 
whereas the single-component systems 
of Martinelli and Nelson and the pres- 
ent  authors do. The potential advan- 
tage of this approach over that  of 
Harvey and Foust is the relative sim- 
plicity of the computations. However 
Martinelli and Nelson did not  possess 
sufficient experimental data  to  verlfy 
their approach. 

In one of the more recent studies on 
the prediction of pressure drop in two- 
phase, single-component fluid flow 
Isbin et aI. ( 4 )  conducted extensive 
experimental work with steam-water 
mixtures and investigated various 
means (including that of MartineIli 
and Nelson) for correIating their re- 
sults. 

EXPERIMENTAL INVESTIGATIONS 

Description of Apparatus 
The apparatus, shown schematically in 

Figure 1, is a closed-loop system that per- 
mits steady state runs of long duration. 
TrichIoromonofluoromethane was chosen 
as the test fluid for two reasons. As its 
saturation temperatures at the operating 
pressures are essentially ambient, the re- 
quired energy source and sink can be 
house-heating steam and cold water. 
Since the temperature difference between 
the fluid and the atmosphere is small, in- 
sulation for the adiabatic tests presents 
no problem. In addition when the mode 
of flow is to be observed through trans- 
parent test sections, essentially adiabatic 
tests can be conducted with no insulation. 

The somewhat arbitrary use of trichloro- 
monofluoromethane is justified hy the as- 
sumption that the fundamental phenom- 
ena do not depend upon the fluid. If this 
assumption is valid, the bulk of the ex- 
perimental work can be done with eco- 
nomical experiments of the type described 
here, only a few check points with other 
fluids being required. 

The apparatus consists of a pump, a 
heating system, test sections, condensing 
systems, a receiver, and instrumentation. 

A centrifugal water pump establishes 
and maintains flow through the apparatus. 
This flow is measured with a rotameter. 

The pump discharges into a preheater 
and saturator which use low-pressure 
steam to heat and vaporize the fluid. The 
preheater permits better control of the 
saturator pressure. The saturator heats the 

Fig. 1. Schematic of two-phase flow apparatus. 

liquid (as closely as possible) to its sat- 
uration temperature. The vapor formed 
in the saturator leaves through the 
vent return, is condensed and subcooled, 
measured with a rotameter, and returned 
to the receiver. The saturator pressure is 
regulated with the vent return valve. The 
temperature and pressure in the saturator, 
near the entrance to the test section, are 
measured with a dial thermometer and 
a mercury manometer. The flow from the 
saturator is guided into the test section 
by a well-rounded nozzle. 

Flow resistances (screens and baffles) 
are installed between the nozzle and the 
test sections. These tend to produce closer 
approaches to states of stable equilibrium 
(6)  and provide a means for varying the 
quality of the fluid in the test sections. 

The test section consisted of upstream 
and downstream sections. For about three 
quarters of the runs the test section was 
essentially a singe piece of tubing, a pres- 
sure and temperature measuring station at  
the approximate middle separating the 
upstream from the downstream section. 

The adiabatic pressure-drop data were 
taken in the downstream test section, in- 
sulated with 2 in. of fiber glass. The up- 
stream section developed the flow for en- 
trance into the downstream section. As 
the qualities attainable by flashing alone 
were limited to about 0.17, the upstream 
test section was heated with steam for 
about one quarter of the runs. Qualities 
to unity, and even superheated vapor, 
were then attainable. The data with heat 
transfer were obtained with this test sec- 
tion. The energy transferred to the fluid 
in this section was measured with two 
water-cooled calorimeters. The enthalpy 
of the entering steam was determined by 
the steam calorimeter, while the enthalpy 
of the leaving steam-water mixture was 
determined by the condensate calorimeter. 
Temperatures were measured with mer- 
cury thermometers, steam flows by weigh- 
ing condensate, and cooling water flows 
with rotameters. 

The heated test section was 0,438 in. 
I.D. with an equivalent hydraulic length 
of 31.5 ft. (actual length about 10 ft. with 
6 U-bends). The adiabatic test sections 
were 0.552 in. I.D. x 2.53 ft. long, 
0.522 in. I.D. x 3.50 ft. long, 0.438 in. 
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I.D. x 3.42 ft. long, and 0.325 in. I.D. 
X 3.25 ft. long. The 0.522 in. I.D. sec- 
tion was glass; the others were copper. 

Three differential manometers were 
used: across the nozzle and flow resist- 
ances, across the upstream test section, 
and across the downstream test section. 
Copper constantan thermocouples, mounted 
on the outside surface of the metallic test 
sections (at stations 2, 3, and 4 in Figure 
l ) ,  measured the fluid temperature dur- 
ing the adiabatic tests. 

A stainless steel bellows permitted the 
necessary thermal expansion. The flow 
through the test sections was controlled 
by a needle valve. After leaving the test 
sections the fluid was condensed and sub- 
cooled, metered by a rotameter, and re- 
turned to the receiver. 

The receiver and saturator are fitted 
with sight glasses to measure fluid accu- 
mulation. The receiver contains a cooling 
coil which assists in preventing cavitation 
in the pump. 

Experimental Procedure 
Single-Phase Flow Experiments. Single- 

phase-liquid friction factors were meas- 
ured because an accurate knowledge of 
them is required for determination of the 
effective length of the heat transfer test 
section and for application of the Mar- 
tinelli and Nelson correlation 

Steady single-phase isothermal flow was 
obtained by pressurizing the saturator 
with nitrogen gas. The trichloromonofluor- 
omethane was cooled by circulating cool- 
ing water through the saturator coils, the 
upstream test section jacket, and all of 
the condensers and subcoolers (refer to 
Figure 1 ) .  

The following procedure was used for 
obtaining the data. The liquid level in the 
receiver was read, and a stop watch was 
started; the manometer, pressure gauge, 
flow meter, and thermocouple readings 
were recorded; the level in the receiver 
was reread, and the stop watch was 
stopped. Finally the saturator liquid tem- 
perature was read. Each experimental 
point is the arithmetic average of ten sets 
of readings. This scheme was followed for 
several flows until the range of flow was 
covered. These tests were conducted with 
the smaIlest and largest diameter test 
sections. 

Two-Phase Flow Experiments. The flow 
of water through the water-cooled equip- 
ment was established, and the pump was 
started. When the liquid level in the 
saturator was several inches above the 
nozzle, steam was admitted to the pre- 
heater and the saturator. As the saturator 
pressure increased, the saturator level was 
kept relatively stationary with the pump 
discharge and the flow control valves. 
When the saturator pressure attained a 
preselected value, the vent return valve 
was adjusted to maintain this value, the 
steam to the preheater and saturator be- 
ing adjusted if necessary. The steam flow 
to the first test section jacket was started. 
A preselected value of the test section 
flow rate was obtained with the flow.con- 
trol valve. The data were recorded after 
the attainment of steady state conditions. 

The independent variables (flow rate, 
pressure level, quality, and test section 
diameter) were varied as follows. With 
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Fig. 2. Friction factor data. 

all other independent variables held 
constant, the flow rate was varied through 
its range, a complete set of data (ten sets 
of readings) being recorded at each flow 
rate. Then the saturator pressure was 
changed; at each pressure level data were 
obtained for each flow rate. The quality 
was permitted to vary frsm run to run 
but was constant for each run. It was al- 
tered by using various resistances and by 
varying the steam flow to the heater on 
the upstream test section. The complete 
ranges of pressure level and flow rate 
were covered for each resistance and/or 
steam flow rate. Finally, after all values 
of these parameters were covered, a dif- 
ferent diameter was used. All values of 
each variable were used with all values 
of all of the other variables. 

The manometer, thermocouple, ther- 
mometer, and rotameter readings were re- 
corded for each set of readings. The liq- 
uid accumulation in the receiver was ob- 
tained by timing the receiver level change 
that occurred while the other readings 
were being taken. 

Accuracy of Measurements 
The reading errors given in the follow- 

ing discussion are maxima. Because the 
data used for each run are the arithmetic 
average for ten sets of readings, the prob- 
able error for each run is less. The other 
errors, which are more difficult than the 
reading errors to evaluate, were minimized 
by the usual methods. For example fluid 
was forced through the test sections in 
both directions to detect the effects of 
poor pressure taps; thermocouples were 
checked at known temperatures; some of 
the rotameters were calibrated to check 
the manufacturer's accuracy claims; and 
the thermometers were in oil-filled wells 
that protruded well into the fluid whose 
temperature was measured. It is thought 
that the reading errors were the major 
source of inaccuracy. 

All manometers could be read to 0.05 
in. The reading error of saturator pres- 
sure was less than M%. When the read- 
ings were very small, errors in the ma- 
nometer readings across the test section 
could have been 20%: however when the 

flows were not small, these errors became 
negligible. 

The reading errors associated with all 
flow meters were less than 5 % ;  at the 
higher test section flows they were less 
than 1%. For some of the earlier runs 
the flow through the test section was 
computed by a difference method; the 
error in some of these computed flows 
could have been as high as 10%. 

The saturator temperature could be 
read to within % O F . ,  introducing an er- 
ror into our results of less than 1%. 
Thermocouple potentials were read to 
about 0.02 mv., which corresponds to 
about 0.90"F. The accuracy expected 
with the mercury thermometers, used 
with the calorimeters, is 0.05"F., intro- 
ducing a maximum error of 1% in the 
quality computations. 

CALCULATIONS 

Three sets of calculations are used 
in this work. The first computes the 
liquid friction factor and the Reynolds 

number. The second determines the 
equivalent length of the heated test 
section. The third is used to compute 
the parameters for the Martinelli and 
Nelson correlation. 

An IBM-650 data processor was 
used for many of the calculations be- 
cause of the large volume of work 
involved. 

Single-Phase Friction Factor 
The friction factor and correspond- 

ing Reynolds number were calculated 
from data taken with liquid flowing 
through the downstream test section, 
the length of which was accurately 
known. The friction factor was com- 
puted from 

(1) 
rr' D" p..  Ap 

= 32 L(Q,p,)' 

The corresponding Reynolds number 
follows from 

( 2 )  

Values of f ,  which are used in deter- 
mining the equivalent length of the 
upstream test section and in the Mar- 
tinelli and Nelson correlation, are 
plotted against N R ,  in Figure 2. 
Equivalent Length of Upstream 
Test Section 

The equivalent length of the up- 
stream test section was obtained by 
using single-phase flow pressure drop 
data collected between stations 2 and 
3 (see Figure 1). The Reynolds num- 
ber was calculated from Equation (2) ,  
and the friction factor was obtained 
from Figure 2. The equivalent length 
was obtained by solving Equation (1) 
for the length, L.  
Two-Phase Flow Parameters 

The Martinelli and Nelson parame- 
ters 4 and dy (each for turbulent 

4 Qrpr 

ri D p' 
N R a  = 
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flow of both phases) are calculated 
from the following equations. The de- 
tailed derivations of these relations are 
given in references 8 and 9. 

The parameter 4 is defined as 

The method for calculating (LIP,)/ 
( L )  is deferred to Equation (11); the 
denominator of Equation (3) is com- 
puted from 

where (2)  is given by the 

equation 

The authors' experimental 
dicate that the friction factor 
Reynolds number are related 

0.2625 
( N R e )  :'3104 

f =  

Fanning 

(5) 

data in- 
and the 
by 

(6) 

The Reynolds number is calculated 
from 

The mean flow velocity is computed 
from 

Combining the preceding equations 
one gets the final equation for 4: 

1 - L  1 7i u p1 '= 
l 3 2 f  (Q,p,)z(1-xx,)'.7G 

The friction pressure drop ( A p f )  is 
caIcuIated by subtracting the pressure 
drop due to changes in the axial com- 
ponent of momentum (Ap,) from the 
measured pressure drop ( Ap. ) : 

Apt = Aps - A p m  

tum changes is computed b 

with the same velocity. Thus 

(10) 

The pressure drop due to momen- 
assuming 

that the liquid and vapor p E ases move 

the measured pressures and available 
thermodynamic data. 

The pressures at the entrance and 
exit of the test sections are calculated 
from 

p' = T - SAP (12) 
p" = T - SAP - Aps (13) 

The qualities at the various locations 
in the test section were calculated 
from energy balances: 

w,[h,  - hcl + w[h,-(h,) , l  
W(hfQ)3 

w , [ h , - k ]  + w [ h i - ( h f ) , ]  
w(hr,)4 

x, = 

(15) 

x1 = 

(16) 

The specific enthalpy of the liquid 
in the saturator (station 1 )  is 

hi=h,,t-cc, (Tsat-Ti) (17) 

The values of the h,'s and hf is  are ob- 
tained from tables of properties, en- 
tering the tables at the measured pres- 
sures. The specific enthalpy of the 
steam is obtained by setting up an 
energy balance around the steam cal- 
orimeter: 

ww 
W t  

h , =  (T,-Tu) +-(Te-TE) 

(18) 
Similarly the specific enthalpy of the 
condensate is calculated by means of 
an energy balance around the conden- 
sate calorimeter: 

The mass flow rate through the test 
sections is given by 

w = Qr pr (20) 

The cooling water flow rates were ob- 
tained with rotameters, and the steam 
and condensate flow rates were ob- 
tained by weighing. 

I t  is assumed that the mean quality 
(x,) is ,& (x2 + x,) for the upstream 
test section and 1/2 (x3 + x4) for the 
downstream test section. The conse- 
quences of this assumption are dis- 
cussed later. 

The parameter, v'g is calculated 
from 

RESULTS 

The principal results are the steady 
state, two-phase, single-component 
pressure drop data measured in these 
investigations; they are expressed in 
terms of the Martine& and Nelson 
parameters and compared with the 
correlation of Martinelli and Nelson. 
The hydrogen data of Richards (11) 
are presented in the same manner. To 
assist in the discussion the friction fac- 
tors and some data bearing on the 
existence of states of metastable equi- 
librium obtained in these investigations 
are presented. 

The pressure drop results are pre- 
sented in Figures 3, 4, and 5 on which 
the correlation parameters 4 and & 
are plotted. The adiabatic data and the 
data with heat transfer for trichloro- 
monofluoromethane are shown in Fig- 
ures 3 and 4 respectively, while Rich- 
ards' data for hydrogen are presented 
in Figure 5. The points represent the 
data, while the curve is the correlating 
curve recommended by Martinelli and 
Nelson. The trichloromonofluorometh- 
ane data were obtained with Reynolds 
numbers (based upon the total mass 
flow being saturated liquid) from 
5,000 to 90,000, with qualities from 
zero to unity, and with saturation tem- 
peratures from 86" to 154°F. The heat 
transfer rates in the upstream test sec- 
tion were varied from zero to the rates 
required to vaporize all of the test 
fluid. [It should be noted that some 
results presented by the authors in a 
previous publication ( 5 )  differ from 
those presented here. The previous 
paper contained a computational er- 
ror.] 

The data of Richards were obtained 
with hydrogen flowing through unin- 
sulated copper tubes; three inside 
diameters (0.118, 0.311, and 0.555 
in.) and two test section lengths (44.9 
and 130.4 in.) were used. The range 
of Reynolds numbers, based upon the 
total mass flow being saturated liquid, 
was from 18,000 to 600,000, while the 
range in average qualities was 0.014 to 
0.39. The heat transfer rates varied 
from about 3,500 B.t.u./hr. sq.ft. to 
about 6,000 B.t.u./hr. sq.ft. 

The friction factors are plotted 
against Reynolds numbers in Figure 
2; for comparison the curves sug- 
gested by Perry (10) are also plotted. 
The friction factors for the authors' 
system are about 80% higher than 
those of Perrv. 

(0," - 0,' + xe velr - x1 d f I )  Figure 6 presents results which bear 
upon the deviation of two-phase flows 

L L (11) from states of stable equilibrium. Data 
from two runs are given; for each run 
the measured fluid temperatures and 

As it is assumed that the phases are dL= ( :)o.5n (E)o."8 ($ - 1 ) the saturation temperatures corre- 
saturated fluids, values for oro, v,', erro, sponding to the measured static pres- 
and u , ~ '  are determined directIy from (21) sures are plotted. The deviation of 

64 (Q,p,)' 
?r2 D4 Ap8  - 

APf - - _  
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Fig. 4. Tests with heat transfer with trichloromonofluoromethane. 

these curves from each other is a 
measure of the deviation from states 
of stable equilibrium. 

DISCUSSION 

The purpose of this discussion is to 
compare the results presented here 
with the Martinelli and Nelson corre- 
lation, to discuss the differences, and 
to evaluate the applicability of the 
correlation to steady state, two-phase, 
single-component, h i d  flows with ap- 
preciable vaporization. 

The effects of five factors will be 
discussed: the single-phase (liquid) 
friction factor, the existence of meta- 
stable equilibrium, the accuracy of the 
thermodynamic and transport proper- 
ties data used, instrumentation, and 
calculation procedures. 

For convenience the equations used 
to compute the Martinelli and Nelson 
correlation parameters are rewritten 
here. Combining Equations (9) and 
(11) one obtains 

being about 20%. Note that the cor- 
responding mean deviation in pressure 
drops is about twice this amount. The 
shape of the recommended curve 
agrees with the shape of a cdrve which 
would represent the data. 

Because the hydrogen data were 
obtained as a by-product from investi- 
gations that were primarily concerned 
with heat transfer, the pressure-drop 
instrumentation was crude; this can 
account for the scatter. However it 
can be seen that a mean curve through 
the points would fall below the curve 
recommended by Martinelli and Nel- 
son. Thus the deviations observed for 
both the hydrogen and trichloromono- 
fluoromethane data may be accounted 
for by the same explanations. 

In the Martinelli and Nelson corre- 
lation there is an uncertainty of what 
friction factors should be used in the 
computations. The friction factor en- 
ters the correlation in two ways: the 
friction factor of the saturated liquid 
enters in Equation ( 2 2 ) ,  and the ex- 

32f  L (Q,p,)* (1  -x~) ’ . ’ ’  J d =  

Rewriting Equation (21) one gets 

(21) 
Perusal of Figures 3 and 4 shows 

that the data for both the adiabatic 
tests and the tests with heat transfer 
fall consistently below and to the left 
of the curve recommended by Mar- 
tinelli and Nelson. For a given value 
of dTit is seen that the deviation of 
the data from the curve varies from 
about 0 to 40%, the mean deviation 
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ponents 1.75, 0.571, and 0.143 in 
Equations (22) and (21) are deter- 
mined by the value of the exponent of 
the Reynolds number in the friction 
factor equation [Equation (6) 1. 

Examination of the paper by David- 
son ( 2 ) ,  from which Martinelli and 
Nelson abstracted the data for their 
calculation, shows that the pure liquid 
friction factors measured by Davidson 
differ from Perry’s curve in the same 
manner and to about the same extent 
as do the authors’ measured friction 
factors. It seems probable therefore 
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that the deviation of the authors’ data 
from Martinelli and Nelson’s curve is 
not due to the numbers used for the 
friction factor f in Equation (22). 
Spieth (13) obtained friction factors 
for liquid hydrogen flowing through 
well-insulated smooth pipes which 
agree with the curve which fits the 
data in Figure 2. There is therefore 
evidence that Perry’s curve is not ap- 
plicable to all systems. These varia- 
tions in friction factors will not be dis- 
cussed here; it should be noted how- 
ever that Davidson’s, Spieth‘s, and the 
authors’ data were obtained with liq- 
uids close to saturation. 

Another uncertainty arises from the 
value used for the exponent in the 
friction factor equations. Based upon 
Davidson’s water data, Martinelli and 
Nelson used an exponent of 0.25, while 
the authors’ data for pure liquid tri- 
chloromonofluoromethane were fitted 
by using an exponent of 0.3204. In the 
correlation (for turbulent-turbulent 
flow) it is assumed that the same fric- 
tion factor equation applies to both 
liquid and vapor. In view of the facts 
that Davidson’s and the authors’ liq- 
uid friction data yielded different 
equations and that both of these dif- 
fered from the generally accepted data 
in Perry, this assumption is questiona- 
ble. 

The authors use Martinelli and Nel- 
son’s exponents [refer to Equations 
(22) and (21)l  in their calcuhtions. 
Use of their exponent (0.3204) instead 
of Martinelli and Nelson’s (0.25) 
changes the computed values of 4 by 
from 0 to 3.5% and changes the com- 
puted values of d F b y  from 4 to 5%. 
These changes would move the data 
noints in Figures 3 and 4 down (away 
from) and to the right (towards) the 
Martinelli and Nelson curve. However 
it is apparent that errors introduced 
through the use of wrong values for 
the exponent in the friction factor 
equation would account for only a 
small part of the difference between 
the authors’ results and those of Mar- 
tin& and Nelson. 

The authors shalI now consider the 
effects of the existence of states of 
metastable equilibrium and determine 
to what extent these effects can ac- 
count for the deviations between their 
data and the curve recommended by 
Martinelli and Nelson. I t  is well known 
that when a vmorizing; fluid flows 
through a tube, the dron in the local 
temperature can lag behind the drop 
in local static pressure resulting. in a 
fluid which is superheated. This can 
be due to the appreciable time re- 
nuired for the formation of vapor and 
for the consequent reduction in tem- 
perature. Figure 6 shows that meta- 
stable states did exist in the authors’ 
experiments. The data in the figure 
were obtained during adiabatic tests 
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Fig. 5. Tests with heat transfer with hydrogen. 

by means of thermocouples and ma- 
nometers placed at 6-in. intervals along 
a thin-walled (0.010 in.) stainless 
steel test section. The thermocouples, 
placed on the outside of the tube wall 
under 2 in. of fiberglas insulation, gave 
temperatures accurate to better than 
0.1"F. The manometers were con- 
nected differentially across each 6-in. 
interval and gave saturation tempera- 
tures accurate to about 0.1"F. 

I t  should be recalled that the com- 
putations performed here depend upon 
the assumption that states of stable 
equilibrium exist at all times. The tem- 
peratures used in the computations 
were saturation temperatures corre- 
sponding to the measured pressures. 
Thus for those runs in which metasta- 
ble states existed, the temperatures 
used in the computation were too low. 
The assumption is justified by the fact 
that in the design of piping systems 
for two-phase flows one is normally 
concerned with pressures, not tempera- 
tures; in fact if temperatures were to 
be used, one would be required to 
quantitatively predict metastable equi- 
librium states. 

This use of temperatures which are 
too low affects the results, as pre- 
sented in Figures 3 and 4, in two 
ways: the values of the densities (and 
specific volumes) and viscosities which 
are used in Equations (22) and (21) 
will be erroneous, and the values com- 
puted for the upstream, downstream, 
and mean qualities (x', x', and 1c, 
respectively) in Equations (22) and 
(21) will be too large. 

If both the actual temperature and 
the saturation temperature existing in 
the test section are known, then it is a 
simple matter, by using Equations 
(22) and (21) and thermodynamic 
data, to determine the error introduced 
by the assumption of stable equilib- 
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rium. The assumption produces values 
of 4 which can be either too large or 
too small and values of VFwhich are 
too small, the effect on VFbeing the 
dominant one. 

Calculations based upon a represen- 
tative sample of the authors' data 
show that the error introduced into 
their computed values of 4, by the as- 
sumption of stable equilibrium, is in 
the range k2%.  The effects of f, 
which is dependent upon the values 
chosen for viscosity and density, and 
of x, are small; the effects of the terms 
in the curley brackets in Equation 
(22) are dominant, the products being 
the more important. The sign of the 
error in 4 depends upon the relative 
magnitudes of the errors in xevfg0 and 
x ' ,~ ' ;  both signs resulted from the 
authors' data. 

Calculations based upon the same 
representative sample of data show 

that the error introduced into the com- 
puted values of Vy by the assumption 
of stable equilibrium, was in the range 
of 0 to 12%. The assumption gives 
values of the density ratio [see Equa- 
tion (Zl)] that are too small and val- 
ues of the viscosity ratio that are too 
large; the error in the former can be as 
much as 3%, while that in the latter 
can be no greater than 1/4%. Finally 
it is apparent that the error introduced 
into the mean quality (x,) by the as- 
sumption of stable equilibrium serves 
to decrease the value of dT 

The foregoing discussion indicates 
that the errors introduced into the 
computation of the Martinelli and 
Nelson parameters by the assumption 
that the fluid is in stable equilibrium 
can account for as much as 1/3 of the 
deviation between the authors' results 
and the curves recommended by Mar- 
tinelli and Nelson. The authors do not 
know if metastable states existed dur- 
ing the investigations upon which 
Martinelli and Nelson based their cor- 
relation. It is therefore impossible to 
assess the role of the assumption of 
stable equilibrium in the differences 
between the authors' results and those 
of Martinelli and Nelson. 

The thermodynamic data of Ben- 
ning and McHarness ( I ) ,  used in 
processing the authors' data, are re- 
ported to be accurate to &2%. How- 
ever there is the possibility that the 
properties of the tricholoromonofluoro- 
methane could have been altered by 
deterioration and contamination during 
the long period over which these in- 
vestigations were conducted. It should 
be noted that because of leaks, modi- 
fication and repairs, etc. it was neces- 
sary to periodically replenish the fluid 
in the apparatus. If a significant change 
took place in the fluid properties, it 
would have appeared as a time-de- 
pendent trend in the authors' results; 

- .  I I I WSlTlb 4LmG TEST SECTION ft. I I I 1 I 1 
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Fig. 6. Comparison of measured and saturation temperatures for tri- 
chloromonofluoromethane. Data shows the existence of metastable states. 
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this was not the case. In addition a 
spectrographic analysis of the fluid in 
the apparatus was not significantly 
different from that of a specimen of 
new fluid. Evaporation tests were con- 
ducted on 300-ml. samples of fluid 
from the apparatus and new fluid. The 
evaporation rates were the same, and 
only about 0.1 g. of greasy residue re- 
mained from the sample from the ap- 
paratus. The authors conclude that the 
values of the properties used in the 
computations were accurate to within 
a270. 

The errors involved in all of the in- 
strumentation, except the thermo- 
couples, affect the results presented in 
Figures 3 and 4. The accuracy of the 
instrumentation was discussed previ- 
ously. Except for the very few runs in 
which the pressure differences and/or 
flow rates were extremely small, the 
errors involved in the measurements 
are too small to account for the devia- 
tion between the data plotted on the 
figures and the curve of Martinelli and 
Nelson. 

The authors should examine the pos- 
sibility that some of their calculation 
procedures might account for the dif- 
ferences between their results and 
those of Martinelli and Nelson. The 
errors in 4 and dTresulting from the 
instrumentation and property errors 
which are combined through the alge- 
braic manipulations in Equations (22) 
and (21) are readily obtained and are 
not appreciable. 

The assumption that both phases 
move with the same velocity (that is 
fluid is homogeneous) may introduce 
appreciable error into the computation 
of the momentum pressure drop 
(Ap,,,); the computed values of Apm 
would be too large and the computed 
values of 6 would be too small. This 
error could therefore account for the 
deviation between the authors’ data 
and the Martinelli-Nelson curve. In the 
authors’ experiments the momentum 
pressure drop varied from 0 to about 
50% of the measured pressure drop. 
However the location and scatter of 
the data for relatively large momentum 
pressure drops were not distinguish- 
able from the location and scatter of 
the data for relatively small momen- 
tum pressure drops. As a much greater 
error would probably be introduced 
when Ap, is relatively large, it is con- 
cluded that the deviation between the 

tests where the momentum pressure 
drops were high, effectively mixed the 
phases. 

The other sources of error arise in 
the computation of the average quan- 
tities used in Equations (22) and 
(21): the friction factor, the mean 
quality, the density ratio, and the vis- 

cosity ratio. Values of f ,  (F) , and 

(E) are computed at a temperature 

which is the arithmetic mean of the 
saturation temperatures at each end of 
the test section, while x, is the arith- 
metic mean of the qualities computed 
at  each end of the tegt section. Because 
temperatures and pressures were meas- 
ured at the ends of the test sections 
only, it is not possible to quantitatively 
evaluate the errors introduced by the 
arithmetic means. However from the 
shape of the curves in Figure 6 one 
can say that the arithmetic mean tem- 
peratures are probably too small and 
the arithmetic mean qualities are too 
high. As this would tend to increase 
the friction factor and decrease the 
quantity ( 1  - x ~ ) * , ‘ ~ ,  the effect of the 
use of the arithmetic means upon + is 
not apparent. The use of the arithmetic 
means in Equation (21) may make the 
density-ratio term too large, may not 
introduce significant error into the 
viscosity-ratio term, and may make the 

quality term (i- 1) too small; thus 

the effect of the use of these means on 
\&-is also not apparent. TO evaluate 
the errors that may be present in the 
authors’ results it would be necessary 
to take measurements at more frequent 
intervals along the test section, as was 
done to obtain the data in Figure 6. 
This source of error was also present 
in the work upon which Martinelli and 
Nelson based their correlation; in fact 
the length-diameter ratios between 
their measurement stations were much 
greater than the authors. I t  should be 
noted that Martinelli and Nelson as- 
sumed that the quality varied linearly 
along the test section. Figure 6 indi- 
cates that this assumption may be very 
poor. 

Essentially all of the remarks pre- 
sented above are applicable to the hy- 
drogen data of Richards (see Figure 
5). The large scatter in the data is due 

ergy terms, which may have been ap- 
preciable in the small pressure-drop 
runs, were omitted from the quality 
calculations. 

Finally it should be pointed out that 
the water data of Isbin ( 4 ) ,  when 
plotted on 4 vs. dzcoordinates, agree 
closely with the recommended curve 
of Martinelli and Nelson. This leads to 
the possibility that the discrepancies 
between the authors’ measurements 
and the Martinelli and Nelson curve 
may be due to the fact that the auth- 
ors used a different fluid. However one 
should note that the range of the 
parameters during the authors’ tests 
was sufficiently large to permit a sig- 
nificant variation of the properties of 
their test fluid and that there is no in- 
dication in their results that the points 
in Figures 3 and 4 are dependent 
upon the fluid properties appearing in 
Equations (21) and (22). It is there- 
fore possible that the deviation be- 
tween the authors’ results and those of 
Martinelli and Nelson is due to other 
differences between the fluids and 
systems. 

Examples of these differences are 
contamination, roughness, and nuclea- 
tion and bubble growth characteristics 
which influence the existence of meta- 
stable equilibria; and the possibility 
that different modes of flow can exist 
with different fluids at the same point 
on the +, v‘yplane. 

CONCLUSIONS 

1. The Martinelli and Nelson cor- 
relation and a simple momentum pres- 
sure-drop computation can be super- 
posed to predict roughly the total pres- 
sure drop in tubes containing steady 
state, two-phase, single-component fluid 
flow with appreciable vaporization. 
Mean curves through the new data 
(adiabatic trichloromonofluoromethane 
and both hydrogen and trichloromono- 
fluoromethane with large heat fluxes) 
fall 10 to 30% below the curve (in 
the 6, dTcoordinate system) recom- 
mended by Martinelli and Nelson. 

2. As the data obtained for the dif- 
ferent diameters in both the hydrogen 
and trichloromonofluoromethane tests 
appear to be randomly distributed in 
the 4 vs. &-plots, the Martinelli and 
Nelson correlation apparently accounts 
for the effects of diameter adequately. 

authors’ data and the Martinelli-Nel- 
son curve is not caused by the homo- 
geneity assumption. Two possible ex- 
planations for this result are: the 
tortuous flow path (6  U-bends in 
about 10 ft. of tube) in the test sec- 
tion where the large momentum pres- 
sure drops occurred prevented the 
phases from separating enough to 
achieve appreciably different velocities, 
and the boiling, which occurred in the 

Page 24 

Y 

to relatively crude instrumentation. In 
these experiments the momentum 
pressure drop (Ap,) was as much as 
90% of the measured pressure drop 
( ~ p ~ ) .  It can be seen however that a 
mean curve through the points would 
be sliphtly below the curve recom- 
mended by Martinelli and Nelson. I t  
is not known how much, if any, the 
hvdrogen deviated from states of sta- 
ble equilibrium. Also the kinetic en- 
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3. The temperature and pressure 
ranges used in the trichloromonofluoro- 
methane experiments were large enough 
to permit significant variation of the 
thermodynamic and transport proper- 
ties appearing in the correlation. As 
there is no apparent grouping of the 
data with respect to properties, it is 
concluded that the Martinelli and Nel- 
son correlation adequately accounts for 
these variations in properties. 

March, 1962 



4. As the water data of Isbin, et al, 
agree closely with the recommended 
curve of Martinelli and Nelson, which 
was based upon the water data of 
Davidson, but the hydrogen and tri- 
chloromonofluoromethane data do not, 
it is concluded that there are some un- 
controlled parameters whch introduce 
inaccuracies to the Martinelli and Nel- 
son correlation. 
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NOTATION 

’f; 

CP 

D 

h 
h, 

h, 

L 
P 
P ,  
Q. 

Nile 

TO 

T5 

V 
U. 

WiC 

W 

W ,  

Wt 

X 

= isobaric specific heat of test 
liquid evaluated at  arithmetic 
mean of actual temperature 
of test liquid in saturator and 
saturation temperature of test 
liquid corresponding to the 
saturator pressure 

= inside diameter of the test 
section 

= friction factor of the liquid in 
the test section 

= specific enthalpy 
= specific enthalpy of the con- 

densate leaving the test sec- 
tion jacket 

= specific enthalpy of the steam 
entering the test section jacket 

= length of the test section 
= absolute pressure 
= saturator gauge pressure 
= volumetric flow rate of sub- 

cooled test liquid in the test 
section rotameter 

= Reynolds number defined by 
Equation (2) 

= temperature at which specific 
enthalpy equals zero 

= temperature of cooling water 
entering a calorimeter 

= temperature of cooling water 
leaving a calorimeter 

= temperature of the condensate 
leaving a calorimeter 

= specific volume 
= mean flow velocity of test fluid 

in a test section if all of the 
test fluid were liquid at the 
arithmetic average of temper- 
atures at the ends of the test 
section 

= mass flow rate of cooling water 
through a calorimeter 

= mass flow rate of test fluid 
through the test sections 

= mass flow rate of steam (or 
condensate water) through the 
test section jacket and the 
condensate calorimeter 

= mass flow rate of steam 
through the steam calorime- 
ter 

= quality (mass fraction of 
vapor) of a two-phase fluid 

xm = arithmetic average of the qud- 
ities at the inlet‘and exit sta- 
tions of a test section 

Greek Letters 

A p  = single-phase pressure drop be- 
tween the ends of a test sec- 
tion 

(F) ~ = friction pressure drop per 

unit length which would oc- 
cur in a test section if only 
the liquid portion of the test 
fluid were flowing 

(T) = friction pressure drop per 

unit length of test section if 
all of the test fluid were liq- 
uid in the same state as the 
liquid portion of the two- 
phase test fluid 

( A p , )  / ( L )  = two-phase flow friction 
pressure drop per unit length 
evaluated over a test section 
of length L 

Apm = pressure drop between ends 
of a test section due to mo- 
mentum changes of the flow- 
ing two-phase test fluid 

AP.~ = measured pressure drop, of 
the flowing two-phase test 
fluid between ends of a test 
section 

,ic = viscosity 
p’ = viscosity of the test liquid at 

the arithmetic average of the 
temperature at the inlet and 
exit to the test section 

II = absolute saturator pressure 
.TT = 3.142 
p = density 
p.. = density of the subcooled test 

liquid at the arithmetic mean 
of the temperatures at the 
ends of a test section 

= density of subcooled test liq- 
uid in the test section rotame- 
ter 

XAp = sum of all pressure drops from 
inside the saturator to the en- 
trance of a test section 

= Martinelli and Nelson param- 
eter defined by Equation (3) 

= Martinelli and Nelson param- 
eter defined by Equation (21) 

= property of test liquid in satu- 
rator 

= property of test fluid between 
flow resistances and the en- 
trance to the upstream test 
section 

= property of test fluid leaving 
the upstream test section and 
entering the downstream test 
section 

= property of test fluid leaving 
the downstream test section 

= property of saturated liquid 

p, 

4 

x 

Subscripts 
1 

2 

3 

4 

f 

fg  = change in specific property 

g 
1 

during isobaric vaporization 
= property of saturated vapor 
= property of the saturated liq- 

uid phase of a two-phase fluid, 
evaluated at the arithmetic 
average of the saturation tem- 
peratures at the ends of a test 
section 

= property of saturated test liq- 
uid corresponding to the satu- 
rator pressure 

v = property of the saturated 
vapor phase of a two-phase 
fluid, evaluated at the arith- 
metic average of the satura- 
tion temperatures at the ends 
of a test section 

sat 

Superscripts 
e = property at exit of test section 
i = property at entrance to test 

section 

LITERATURE CITED 

1. Benning, A. F., and R. C. McHar- 
ness, “Thermodynamic Properties of 
‘Freon-11’ Trichloromonofluorometh- 
ane CCLF,” Kinetic Chemicals Divi- 
sion, E. I. du Pont de Nemours and 
Co., Inc., Wilmington, Delaware. 

2. Davidson, W. F., P. H. Hardie, 
C. G. R. Humphreys, A. A. Markson, 
A. R. Mumford, and T.  Ravese, 
Trans. Am. SOC. Mech. Engrs., 65, 
553-591 ( 1943). 

3. Harvey, B. F., and A. S. Foust, Chem. 
Eng. Progr. Sympositm Ser. No. 5, 
49, 49-91 (1953). 

4. Isbin, H. S., R. H. Moen, R. 0. 
Wickey, D. R. Mosher, and H .  C. 
Larsen, Chem. Eng. Progr. Sympo- 
sium Ser. No. 23, 55, 75 (1959). 

5. Hatch, M. R., R. B. Jacobs, R. J. 
Richards, R. N. Boggs, and G. R. 
Phelps, “Advances in Cryogenic En- 
gineering,” Vol. 4, pp. 357-377, 
Plenum Press, New York ( 1960). 

6. Keenan, J. H., “Thermodynamics,” 
Wiley, New York ( 1941). Refer to 
Chapters XXIII, XXIV, XXV, and 
XXVI for definitions and discussions 
of the various types of equilibrium. 

7. Linning, D. L., Proc. Inst. Mech. 
Engrs., (B)lB, No. 2, p. 64 (1952). 

8. Lockhart, R. W., and R. C. Martinelli, 
Chem. Eng. Progr., 45, No. 1, p. 39 
(Jan., 1945). - 

9. Martinelli. R. C.. and D. B. Nelson, 
Trans, Am. Soc: Mech. Engrs., 70, 
695 ( Aug., 1948). 

10. Perry, J. H., “Chemical Engineers’ 
Handbook,” 3 ed., p. 382, McGraw- 
Hill, New York (1950). 

11. Richards, R. J., W. G. Steward, and 
R. B. Jacobs, “Advances in Cryogenic 
Engineering,” Vol. 5, pp. 103-110, 
Plenum Press, New York ( 1960). 

12. Rogers, John D., A.1.Ch.E. Journal, 
2, 536 (Dec., 1958). 

13. Spieth, C. W., R. J. Corbett, W. R. 
Killian, and D. H. Pope, W A D C  
Technical Report 58-529, Wright- 
Patterson Air Force Base, Ohio. 

Manuscript received October 7, 1960; revision 
received July 7, 1961; paper accepted July 10, 
1961. 

Vol. 8, No. 1 A.1.Ch.E. Journal Page 25 


