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g2U/~y2 and ~,2T/~y2 in equations (5) and (6) respectively 
but as AY and V are small these discretization errors will not 
have a marked effect on the numerical calculations. This was 
in fact verified numerically in that the solutions were not too 
sensitive to the choice of A Y. The terms (UAX/2)(~2 U/~X 2) 
and (UAX/2)(?2T/gX 2) effectively add, artificially, diffusion 
in the X direction. Thus if Pr = 1 we may consider the 
coefficients of these second derivatives in X being inversely 
proportional to a "Reynolds number", R say, i.e. 

2 
R - (7) 

UA X  " 

With the values of U and AX used in the calculations it is 
found that near the maximum value of U then R is O(1). 
Obviously near the plate and at the outer edge of the 
boundary layer U is very small and the value of R is therefore 
very large. Since it is at the maximum value of U where the 
disturbance from the leading edge is travelling fastest, which 
in turn determines the position up to which the unsteady 
solution is valid, it is important that the detail of the solution 
should be correct here. Because of this artificial adding of a 
large amount of diffusion in the X direction in this critical 
region it is not therefore surprising that the results of this 
method do not agree with the analytical results. 

It should be remembered that a possible mathematical 
solution to this problem is that for r < r*, some critical value 
oft ,  the unsteady solution holds whereas for r > r* the steady 
solution is valid and the solution is discontinuous at z = ~*. If 
this is the only solution to equations (1)-(3) it is not 
surprising that the results obtained using the methods 
described in [5 7] may fail to converge. Whereas using the 
method described in [1 -3], and used here, which artificially 
adds diffusion in the X direction will obviously converge to an 
answer which in the limit as AX ---, 0 or Xma x ~ VC and AY 

0 will approach the true solution. As observed from Figs. 1 
and 2 taking these limits for a fixed AY shows a tendency for 
the transition from the unsteady to the steady solution to be 
more rapid and maybe the above mathematical solution is the 
one to which the results are tending. 

One may add in a variable mesh in order to reduce the 
computing time and yet keep good detail near X = 0 and Y 
= 0 as was used by Callahan and Marner [3] but the values of 
AX/Xma x and AY/Yma x used here were smaller than the finest 
meshes used in [3]. Although they quote results which agreed 
to within 7% when the space mesh was halved one can see 
from the results presented here that this is not a sufficient test 
to the accuracy of the method. 
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NOMENCLATURE 

temperature [-"C] ; 
distance I-m] ; 
specific heat 11J/kg C]  ; 
thermal diffusivity [m2/s] ; 
thermal conductivity 11W/m°C] ; 
density [kg/m3]. 

C, 

m,  

C ~, 

k, 
,0, 

INTRODI !CTION 

THE PURPOSE of this short communication is to report the 
results of new work performed with the "microtransient 
diffusivity measuring system" since that previously reported 
[1, 2], and to summarize experimental modifications effected 
to increase measurement accuracy. Specifically, the new work 
addressed the class of so called "weak 1R absorbing" fluids 113, 
4]. For this class of fluids, including carbon tetrachloride and 
toluene, the results support the conclusion that experimental 
techniques for measuring thermal conductivity may have a 
systematic error in results reported, if care is not taken to 

* Present address: U.S. Dept. of Energy, 20 Massachusetts 
Ave., Washington D.C. 20545. 

discriminate against the detection of energy transfer by 
radiation when energy transfer by conduction is the desired 
process being measured. 

The data generated by this technique were for measure- 
ment distances significantly smaller than those used by any 
other existing heat-transfer measurement techniques, and 
implied for the "small" distances used a larger radiation 
contribution potential than previously determined for "weak 
IR absorbing" fluids. 

NEW MEASUREMENTS, AND RESULTS FOR LIQUIDS OF THE WEA- 

KLY IR ABSORBING CLASS 

By way of summary, Appendix A presents a schematic of 
the measuring technique developed and already reported, as 
well as modifications made to the measuring system to 
increase the precision of the measurement from that orig- 
inally developed. In the apparatus, as it is currently used, a 
cylindrical line source (~200gm long) acts as a short 
duration transient energy input (~200 gs) within a trans- 
parent test fluid. The source, created from a biological laser 
coupled to an inverted metallurgical microscope, induces 
shock, radiation, and thermal transients in the test fluid. The 
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detector, a "butt  welded" microthermocouple (25 bun dia), is 
located parallel to the line source (less than 100 gm sepa- 
ration distance used between source and detector), and 
detects the ensuing shock and thermal transient. The latter is 
detected significantly delayed in time after the initial energy, 
deposition. Relative sensitivity to radiation is minimized (in 
comparison to plate type measuring devices) by geometry 
and by the transient nature of the measurement.  The actual 
quantity measured is thermal diffusivity, but by careful use of 
fluids for which relatively precise thermophysical data (? and 
Cp} are available, results can be used to arrive at conclusions 
about the thermal conductivity parameter of energy h'ans- 
port. 

Table I is a summary  of measurement  results, including 
data previously reported, expanded 1o permit comparison 
with new data. Multiple data references are shown where 
more current thermophysical property recommendations 
were available subsequent to those used in [17 and [2]. 

thermophysical properties. Figure 1 summarizes thermal 
conductivity data by these investigators on four of the fluids 
which have been used in this investigation. To facilitale 
comparison, diffusivity data has been converted Io equivalent 
conductivity values via property dala uf Table 1. and 
corrections have been made to common lemperatu res. When 
available, the TPRC series on Thermophysical Properties of 
Matter [7] recommended values tire also inchided in lhe 
comparisons. The general agreement for the two "strong" IR 
absorbing fluids, water and ;>propanol, is sho~n,  t to~e',;c~. 
for lhe 1~o ~'weak" infrared absorbing fluids, the dexi,tti~>n 
from the TPRC recommended value at slnall d i s | an te ,  ~, 
obvioux l- urthermore, data from the subject method taken at 
less than (I.1 mm indicates a possibly' lower "zero" distance 
cxtrapohtted xalue than those determined by :ill other 
investigators. The question of small distance exlrapolation <m 
thermal conductivity data appears to ~ arrant further detai ted 
investigation. 

Table 1. Experimental results for transient thermal diffusivity measuring technique 

Calculated Measured.~ Measured§ 
Source* Measurement Measured¢ Heat Thermal thermal Ihermal thermal 

Liquid purity temperature density capacity conductivi ty diffusivity diffusivi ty  diffusivil) 
' W " ~m ~ x I0 8 (kgx !O-' ] ( j x l 0  !] (\m ( ')  (m2 × 108") ( ~. ) 

I'C) \ m ~ l \ kg (' ] , ,, s , ',, , 

Water a 23.0 0.9975 4.186 tl.5972 [7] 14.3(I 14.52 ~ 0.36 
19.7 0.9982 4.186 0.597 14.25 1461 :+ 0.4 

Glycol lb 21.0 1.115 2,399 [I3] 0.257 [7 I 9.6tl 9{~1 
Ethanol c 20.0 0.793 2.403 [ 14] 0.164 [4] 8.61 8.37 :- 0.06 

2.386 {7] 0 168 [7] 8.88 
I-Propano[ 1 b 22.(I 0.803 2.353 [14] 0.152 [4] 8.04 790 } 007 

22.1 7 97 t 0.2 
l-Penlanol lb 20.6 0.815 Z319[14] 0.13716 ] 7.26 7 53~0.06 
Toluene 3e 20.4 0.867 1.700[15] 0.131 [4] 8.86 8.13 ~0.33 

1,701 [7] 0.13617] 9.22 
20.6 0.864 1,701 0131 [4] 891 788 + 0 27 

Carbon Tet. Ib 19.4 1.58 0.862115] 0973[4] 714 n.43 ~0,2! 
0,854 [7] 0.105 [7] 7.78 

19.9 1.59 0,854[7] 0.971 [4] 715 ~, ~3:~ 0 2 
n-Hexadecane 2d 20.7 0.773 2.210 [16] 0 152 [17] 891 770 Z 0.117 
Heavy water 21.0 1 . 1 0 5 4  4,207118] 0578118] 124 II 78+1) 12 

* Source : 1. Fisher Scientific Co. ; 2. Eastman Kodak Organic Chemicals ; 3. Baker Chemical Co. Purity: lay Doubly distilled : {b ) (er0fied reagent t 99'~;, min ) 
Icy absolute; (d) Practical (95'~4, minh (e) Analyzed reagent (98.6%, rnin i. 

f Westphal balance. 
{ Experimental data previously published [ 1, 2]. 

§New data being reported in this publication. 
Note -  Deviations shown are "average deviations of the mean". 

As reported in [2], agreement between measured results 
and those obtained from the literature is good ]within 5!~{,) 
when the technique is applied to fluids not in the weak IR 
absorbing class. However, for fluids in the latter class, such as 
carbon tetrachloride and toluene, the subject measurement  
technique yielded significantly different thermal diffusivity 
results from those expected using literature data. The differ- 
ence is attributed to the thermal conductivity parameter, in 
the absence of radiative energy transport. Measurements  with 
the original, as well as altered, detection configuration 
[Appendix, Figs. 3(a and b)], support  the conclusion that for 
measurements  on "weak infrared absorbing" fluids, the value 
of thermal conductivity determined for very small measure- 
ment distances is significantly lower (more than 10°;] lower at 
small distances) than that expected from existing thermal 
conductivity surveys [5 7]. Reference [7] apparently recogn- 
izes this fact in its discussion section, but its published 
recommended values do not yet have weightings reflecting 
the discussion. 

DISCUSSION OF RESt I,TS 

The work reported above supports the conclusion that the 
specific work of Poltz and Jugel [4] and of Schoedel [8, 9], in 
which the researchers have analyzed their data to discri- 
minate against energy transport by radiation, should receive 
special recognition and weighting in future compilations of 

In conchtsion, it is noted thai ahhough the reported 
transient thermal diffusivity measurement data, converted to 
thermal conductivity values, may have larger inherent un- 
certainties than occur in directly measured thermal con- 
ductivity data derived from numerous  existing techniques 
(such as those reported by' Tye [10], :utd [II]) .  the sul~iect 
technique obtains data in smaller nreasurement distances 
]less than 0.1 mini that used in till the standard reported 
techniques. For these short distances this technique sheds 
light in the nature of energy transport in the class of weak 
infrared absorbing fluids, indicating that further work on the 
zero distance extrapolated value of lhermal conductivity is 
warranted. 

F[ TURE PLANS 

In addition to further investigations on the nature of heat 
transfer at small measuring distances, it is planned to use the 
small measuring volume (such as 0.01 cc or less) capability of 
the subject method to attempt to measure the influence on the 
local heat-transfer process of "solvated'" electrons [12.1 m 
"'electron stabilizing fluids'* (such as organic resonant ring 
compounds)  many of which, interestingly enough, are also 
carcinogenic in nature. This may permit using the subject 
device as a micro-calorimeter (its original development 
purpose) for strong local ionizing sources, such as a pohmiuin 
alpha source. 



Shorter Communications 

(.a) Water 200C 

6.10 ~- 1 

5 . S O l  I I l 
0 I 2 3 

Measurement distance(S o), mm 

~ - ~  TPRC-recommended value E7] 
0 0 0 

& 

1.55 b) 

1.5C 

1 , 4 5  

P o l t z - [ 1 9 ] - d o t o  corrected to temperature  indicated 
-Or ig inal  point source conf igurat ion 

Present work 
-Cyl indr ica l  line source configuration 

1 , 3 0  

(c) 

hO0 

n-Proponol 22% 

I~% 

I 
I 

Sol  m m  

Poltz [ 2 0 ]  

(d) 

TPRC recommended va lue[7]  

s ~ 

E; *E 0 .9 ,5  -- 
1.25 -- 

Poltz and dugel [ 4 ]  

CCL 4 19.4"C 

I I 1 I 
2 3 4 

mm 

Flc;. 1. 

R E F E R E N C E S  

1. F. Goldner, A microtransient technique for the de- 
termination of fluid thermal diffusivities, The Catholic 
University of America, Washington, D.C. 20017 (1970). 
Available from University Microfilms, 300 N. Zeeb. Rd., 
Ann Arbor, Michigan 48106 (Thesis No. 70-22, 142). 

2. L Battist, F. Goldner and N. Todreas, Fluid thermal 
diffusivity determination by a pulse transient tempera- 
ture technique, in The Fourth International Heat Tran- 
sfer Conference, Paris-Versailles, paper MT 2.3 Elsevier, 
Amsterdam (1970). 

3. H. Poltz, Die Waermeleitfaehigkeit yon Fluessigkeiten 
II. Der Strahlungsanteil der effektiven Waermeleitfaehig- 
keit, Int. J. Heat Mass Transfer 8, 515 527 (1965). 

4. H. Poltz and R. Jugel, The thermal conductivity of 
liquids--IV. Temperature dependence of thermal con- 
ductivity, Int. J. Heat Mass Transfer 10, 1075 1088 
(1967). 

5. B. C. Sakiadis and J. Coates, Studies of thermal con- 
ductivity of liquids, A.L Ch.E. Jl 1 (3), 275-285 (1955). 

6. N. V. Tsederberg, Thermal Conductivity of Gases and 
Liquids. M.I.T. Press, Cambridge, MA (1965). 

7. Y. S. Touloukian, P. E. Liley and S. C. Saxena, Thermal 
Conductivity: Nonmetallic Liquids and Gases, Vol. 3, 
Thermophysical Properties of Matter, TPRC Data Series. 
I.F.I. Plenum Data, New York (1970). (Also Vol. 6, 
Specific Heat of Nonmetallic Liquids and Gases.) 

8. G. Schoedel, Kombinierte Waermeleitung und Waermes- 
trahlung in Konvektionsfreien Fluessigkeitsschichten, 
Technische Hochschule Mdnchen, Dissertationsdruck 
--Schoen--Mfinchen (1969). 

9. G. Schoedel and V. Grigull, Kombinierte Waermeleitung 

in Fluessigkeiten, in Fourth International Heat and Mass 
Transfer Conference, Paris Versailles paper R 2.2. 
(1970). 

10. R.O. Tye, editor, Thermal Conductivity, Vol. 2. Academic 
Press, New York (1969). 

11. W. F. Tait and B. A. Hills, Methods for determining 
liquid thermal conductivities, Ind. Engn 9. Chem. 56(7), 
29-35 (1964). 

12. R. F. Gould, editor, Solvated Electron, American Chemi- 
cal Society Series. ACS, Washington, D.C. (1965). 

13. P. L. Geiringer, Handbook of Heat Tran.~ler Media. 
Reinhold, New York (1962). 

14. H. Stage, P. Faldix, W. K. Ruth and E. Mueller, 
Destillative Trennbarkeit der Fluechtigen Inhaltsstoffe 
Alkoholischer Maischen und Rohsprite II, Chem. Tecn. 6, 
132-138 (1959). 

15. J. Timmermans, Ph)sico-Chemical Constants ql" Pure 
Or~lanic Compounds, 2nd Edn. Elsevier, New York (1965). 

16. H. L Finke, M. E, Gross, G. Waddington and H. M. 
Huff`man, Low temperature thermal data for the nine 
normal paraffin hydro-carbons from octane to hexa- 
decane, J. Am. Chem. Sac. 76, 333-341 (1974). 

17. B. C. Sakiadis and J. Coates, Studies of thermal con- 
ductivity of liquids, Louisiana State Univ. Eng. Exp. Sta. 
Bull. No. 34, Baton Rouge (1952). 

18. H. Etherington, Nuclear Engineering Handbook. 
McGraw-Hill, New York (1958). 

19. H. Poltz, Die Waermeleitfaehigkeit van Fluessigkeiten 
Ill. Abhaengigkeit der Waermeleitfaehigkeit van der 
Schichtdicke bei Organischen Fluessigkeiten, Int. J. Heat 
Mass Tran.~fer 8, 609 620 (1965). 

20. H. Poltz and R. Jugel, Die Waermeleitfaehigkeit van 
Alkoholen, VV"drme- und Stoffiibertra.qun 9 !, 197 201 
(1968). 



J.2 Shorter (Tommunications 

Laler trigger 
Field pickup 

j 2 it Ext trigger 
I ( ._~ 

I J ~ - - / f f  Gate OUt 
I( Input 0 

TIc ~ -  Oufput [ Pulse 
(60mY) ~ [g.n.rotor ] 

] Amplifier 
( 6 v )  l 

I 
V o l t o g  • to  frequency COnvertor 

JPulte shoperJ 

1 

tq(;. A 1. 
Mul#ichannel o nalyzer 

Schematic of thcrnra[ transient measurement sy, s- 
tem data acquisition configuration. 

tector J-Target Laser 
source 

Inverted 
microscope 

I I 

FIG. A2. Schematic of the optical portion of the thermal 
transient measurement system. 

A P P E N D I X  

Figure A I is a schematic of thc thermal transient measure- 
ment system, and Fig. A2 is a sketch of the optical portion. 
Energy-from a small 0.3J ruby laser is focused via tile 
photographic channel of an inverted metallurgical micro- 
scope on a target wire which acts as a local source in tlae test 

Detector 

Junction I 

E 
O_ 

ctor 

[:I(I. AL {al Microphotograph of heat source and thcrmo- 
couple positioned for a measurement,  iu original conligur~ 
allan 11, 2] (reticle lines arc 3.g3~tm apart). !bt Ncv, 
nleasurcmcnt configuration showing parallel measurement  

arrangement |\~r cylindrical heat i low situation. 

fluid, Whereas in the previously documented system el point 
source was created (Fig. A3a), now a line source con- 
figuration is used (Fig. A3b). Therefore, the heat flow has been 
converted from spherical flow to essentially cylindrical flow. 

This change was chiefly done to minimize the "'lead effects" 
of the detection thermocouple by placing them parallel to the 
transient isotherms, but was also done to create a ne\~ 
configuration to independently check the "anomalous"  
measurements on the "weak 1R absorbing" fluids. 

Figure A4 shows the data used for the subject discussion 
with computer generated curves indicating degree of fit to the 
data. It may be noted that the raw oscilloscope trace shows a 
first and second transient peak. The first is due to "shock" 
energy transfer, and the second is the thermal transient used 
in the subject measuring technique. Although it appears that 
the subject device could therefore be used to investigate the 
ratio of photo to phono conduction, the lime constant  of the 
microthermocouple detector being comparable to the period 
in which shock energy is transmitted, makes use of the early 
information difficult, al though not impossible. In any case, 
both geometry and time are used to separate the two peaks for 
resolution between "photo" and "'phono" energy trans- 
mission. 
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INTRODUCTION 

THE CHARACTERISTICS of pool boiling outside single horizon- 
tal tubes have been intensely studied in the past 25 years. 
Considerable knowledge has been accumulated about pre- 
ssure effects, critical heat flux, and nucleation, for various 
surface geometrics. However, two of the most important 
unknowns for the designers of boiling heat-transfer equip- 
ment, the effect of multicomponent mixtures and multitube 
bundle geometry on boiling performance have received only a 
small amount of attention [I 19]. 

Katz and co-workers [2, 3J boiled refrigerants li'om a 
vertical row of four horizontal heaters and found that the 
upper tubes in the bundle had a higher heat-transfer coef- 
ficient at the same heat flux. They also injected vapor into the 
system under the bottom of the lowest tube to determine what 
effect the vapor flow had on the heat-transfer rate. Injection of 
vapor produced the same results as those observed on the top 
heater in their four tube array. 

Recent work [5 7] indicates that additional circulation 
and turbulence caused by rising bubbles can increase the 
bundle heat-transfer coefficient above that for a single tube. 
This increase would indicate that instead of a vapor penalty, a 
multitude enhancement correction must be applied for 
correlation. 

Rhodes and Bridges [9] studied the effect of mixture 
composition on boiling heat transfer and found that the 
addition of either dilute sodim carbonate or oleic acid in 
water promoted boiling. Cichelli and Bonilla [I0] found that 
binary mixtures boiled with a lower heat-transfer coefficient 
than that for either component when boiled alone. The lower 

*Dr. Wall is now with Du Pont Company, Wilmington, 
NC 28401, U.S.A. 

fluxes found by Cichelli and Bonilla have been confirmed by 
numerous studies [11 14]. 

Van Stralen and Sluyter [15] found that the maximum heat 
flux for mixtures compared to the heat flux for the less volatile 
pure component increased steadily with increasing pressure. 
It was also noted that the maximum value of the critical heat 
flux occurred at a certain low concentration of the most 
volatile component. 

In attempting to explain the problem of critical heat flux, 
van Stralen and co-workers [17 19] presented a theoretical 
approach for the mechanisms of the critical heat flux. When 
comparing binary data to this theory, a generalized cor- 
relation does not result. 

E X P E R I M E N T A L  E Q U I P M E N T  

The experimental equipment used in this investigation can 
be conveniently classified into five subsystems: heat-transfer 
elements, boiling and condensing vessel, pressure measure- 
ment and control equipment, power supply system, and 
temperature measurement equipment. 

The equipment was similar to equipment described pre- 
viously [5, 6, 20, 21 ] therefore, the equipment description will 
not be covered in detail here. 

The four heat-transfer elements used in this investigation 
had an outside diameter of 0.0266 m (1.048 in) and a length of 
0.126 m (4.96 in). All heat-transfer elements were plated with 
gold in order to maintain the surface chemistry of the heat- 
transfer surface relatively constant during the tests. 

The boiling and condensing system is shown in Fig. 1. The 
boiling and condensing sections were constructed of com- 
mercial 0.1524-m (6-in) Pyrex pipe tees and the vapor line 
connecting the two was a 0.1524-m (6-in) Pyrex pipe elbow. 
The system pressure was controlled to the nearest 338 N/m z 
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