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thermodynamic energy balance that in lillmg process inlo a 
closed vessel the temperature in lhe chamber may increase 
by almost the ralio of specilic heats, i.e. 7 I~,, whcrc 7i, is 
'the temperatnre of the hot ignitor gases flowing into the 
vessel. Also in our unsleady flow prohlem, because of tile 
finite delay time to ignite success portions of the propellant. 
as the hot propcllanl gases arc generated from Ihc hnrning 
propellant, they are compressed and cxpandcd locally dc- 
pending upon the tolai (time-dependent) flo\~ and local 
pressure gradients. One might lhink of an unsteady piston 
compression and expansion of the gases which ma~ do local 
work and heat tip tile gascs cxcn mnrc. And also ~e never 
reported such excessively high tempcralurcs as nlcnlioncd 
in the Comment [11. 

The second part of the commcnt deals xxith lhc predic- 
tions of the extremely' low gas temperatures at latcr porlions 
in the bed. We agree that lhese values are sometimes 
unrealistically low. They arc lhe consequence of the large 
gas velocities and the resultant high kinetic energy of the 
gases. The complicated relations coupling lllc gas phase 1o 
the particle phasc arc due in parl to viscous drag and 
convective heat-lransfi2r inicraclion, which have hccn cxlra- 
polated from low speed, low presstirc steady slate cot roll 
lions over inerl particles. [I may be thai  lilesc corrc la l io l ls  
are not valid for Ihe l]ow conditions al hand. Stibsecltlcnt 
work to that reported in [2] has sllitv~n tls thai our pro 
dictions, as expected, al-c quile scnsitixc to the stint- 
empirical constants that onc uses m lhcse consituitivc 
relations. For example, a 25". increase in thc drag coeflicienl 
calculated from the Ergun relation reduces the gas \ elucitic~, 
enough to prevent the predictions of such low tcmperaturcs 
as presented in the Appcndix of [2]. 

Regarding the situation of ha~ing parliclc t c lnperah i rcs  
increase while at the santo lime allowing the surronnding 
snspending gas temperatures to decrease should reatlx be 
no cause for alarm, ()tH" model [2] nfilixcs an mdepcndenl 
solid-phase encrgy equation. When x~rillcn ill operator Iornl 
one can see lhal the substantial derlvati\e el the particle 
energ) can changc Ior reasons otl]cr than simply a COli- 
xcciivc hcal Iransfcr from thc gas. t:;Jul Nelson's coinnlcnl 
here does raise an intportanl isstic, namely when dcrixing 
the conservation equalions v,c {and nlost other invcsligators! 
assulTie lhat the solid-phase, although dispcrsed, reprcscnls  
a contiln_lum. The Bet resnll in that tile particles in inall} 
x\ays act like a gaseous inediunl l'hus sl rapid dccctc;:i[ion 

of the particles locally could rcsuh in an hicrcasc m particle 
temperature. It is probably for lhis reason that one phase 
increases in temperature while the other phase, obeying Hs 
own collscr\ation equation might dccreasc. II scelns natural 
that additional work needs to bc carried out It, adcqnutd> 
explain such phenomena to the satisfacti~m of all 

.\ lint] query made b\  Nelson ~:t, iu regard to !he 
predicted bed porosity, d), during tile tt ;m>lcul.~. tterc. :,~qid< 
Ioadmgs, defined as ( I -e l  ~etc predicted to be a> ktrgc :> 
75",, in some portion of the bed. Nelson is ,.:orrcct thai .~uch 
high loadmgs would result in a normal <~xia[ .,tress ~\hich 
~xould rcsisi lhis and furlher compacthm of tile propdlant 
grains. Since we had nol inclndcd ;t c¢mslHmtixe lelati,m 
for the solid mechanics of an aggrcgatc un,.lcr d\namic 
loading, we had arbitrarily cut off vul calculations behlw 
this porosily ,,alue. However. Nelson is prohably not coercer 
when lie stales that the cul-o|'f should be no hlx~cr th:m 
(,/) (t.4~) 

It lnunt bc remembered that the ~l;.lllls ]1CU! [hc Igtlil~tl 
have been burning at high rates long enough i~.'~ reduce 
their volume, so that the compaction of 'these smaller grains 
into the larger, some unignitcd grams, can fcstlll ill ~I gl eater 
solids loading. Of course. R~I lhc ploblcm prcscntcd, vcr2 
liltle of the grain has bnrned awa 3 to change the grai)l si/cs 
appreciabl 3 . And so the conlment nladc b \  Nelson is ;i good 
one, in the sense that the lnodel should ha\c included 
particle particle interaction to prcvcnl the high compuctien> 
wc reported. 

Finally. lhc errata as pointed onl lit flit i;i,,l p~lr4graph 
ol'[ II is :q~prccialcd. 
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TIIfi FA("I thai, during dropwise condensalion, some parts ot 
the condensing surface are essentially adiabatic (those coy 
ered by large drops) while olhcr parts carry till extremely 
high heat tlux, should give rise to an elfective Ihcrma] 
resistance the so-called "'constriction resistancc'" Hanne- 
mann and Mikic have recently put for~ard a theory [I]  for 
tile constriction resistance which indicales thai tile cllcctivc 
vapour-side hcat-translT:r coefficient for dropwise conden- 
sation depends on the thermal conductivity ot the condenser 
material. In support of their theoretical resnlt these anthers 
cite their own [2] and two earlier cxperimcntal sttldics [ 3.4]. 
while explanations are offered lbr conlticting evidence that 
the thermal conductiviD has insignificant effect [5 7]  These 
comparisons warrant more detailed consideration. 

A significant difference between thosc earlier measure- 
ments which, for metallic surfilces, indicate a dependencc of 
heat-transfer coefficient on condenser material [3.4] and that 
which suggests the contrary [7]. is the fact that in the latter. 

the steal surlacc x<ls thinly coppcrq~latcd (platmg l llickness 
12 ~m ) t~ ensure effectiveness of the promoter, l.eaving aside 
for the moment the question of tlle relative accuracy of these 
dattl, and in view of the well-known difliculty ill establishing 
ideal dropwisc condensation on rues! into-copper-containing 
snrfaces, it is possible that the observed dependence on 
condenser material [3, 4] might have been clue to wn-ialions 
in pr,,moter effectiveness on the different m;~terial~, rather 
than to their thermal conduclivities 

On the question of accuracy of the earlier measurenlenls. 
'Fmlncr ut el. [3] and Aksan and Rose [7] 1,oth measured the 
condensing surface temperature by extrapolation from tem- 
peratures indicated by thcrmocouples located nt different 
distances from the condensing surface. rile probable error ill 
the surface temperature, arising from uncertamty in the 
positions to which the observed temperatures relate, has been 
analysed by Wilcox and Rohsenow [8] and. 1in- {ixed 
positions of the thermocouples, shown to be syslematic. 
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FIG. I. Dependence of vapour-to-surface temperature differ- 
ence, AT on heat flux, Q:+,  copper (data of [7]); ©, steel, 
(values of AT from [-7] have been increased to illustrate 
maximum reduction in heat-transfer coefficient through 

systematic error in surface temperature see text). 

inversely proportional to the thermal conductivity of the 
condenser material, and proportional to the heat flux. 

For the thermocoupte hole sizes and positions used in [7] 
the possible error (calculated according to [-8]) in the surface 
temperature of the steel plate varied from about 0.3 K at the 
lowest heat flux to about 0.6 K at the highest heat flux. In Fig. 
1 corresponding values have been added (for the steel plate) to 
the observed vapour-to-surface temperature differences. It is 
clear that even when all of the error is assumed to be in the 
direction which would lead to lower heat -transfer coefficients 
(as required by the theory of Hannemann and Mikic [1]), the 
results for steel and copper are not widely different. The 
probability that the error in the vapour-to-surface tempera- 
ture difference could have been as large as was suggested in 
[-2] is very low. On this point it should be mentioned that the 
error estimate [8] in the surface temperature is the standard 
deviation (based on a truncated normal distribution of 
probability of thermocouple position* within a hole) on the 
surface temperature found by extrapolation. The figures 
quoted above are probably overestimates since the side of the 
square holes used in [7] was taken as the radius of an 
equivalent round hole. 

The measurements of Tanner et al. [3] were for lower heat 
fluxes and correspondingly lower values of vapour-to-surface 
temperature difference. The calculated possible systematic 
error in the temperature of the steel surface, for the maximum 
heat flux is quoted in [2], as 0.5K while the ob- 
served vapour-to-surface temperature difference was only 
0.7 K. Evidently, the heat-transfer coefficients for steel re- 
ported in [3] are more susceptible to this form of error than 
those of [7]. 

The vapour-side heat-transfer coefficients [4] were inferred 
from overall heat-transfer measurements and, in view of the 
relatively low-vapour-side resistance, are prone to large 
errors. 

The fact that the heat-transfer coefficient for dropwise 
condensation of steam on PTFE is essentially the same as that 
on copper [5, 6], while the thermal conductivity of PTFE is 
less than that of copper by a factor of about 1500, was 
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* The position to which the measured temperature relates. 

explained in [-2] by the thinness of the PTFE layers used in the 
measurements (1.5 ~tm in [-6] and 10 gm in [5]). It should 
however be bourne in mind that these thicknesses are 
thermally equivalent to about 2 and 15 mm of copper. 

In conclusion, it seems reasonable to expect that there 
should be a constriction resistance and that, in consequence, 
the effective vapour-to-surface heat-transfer coefficient 
should depend on the conductivity of the surface material. 
However, at present the only data apparently free both from 
excessive error in surface temperature measurement and from 
the possibility of surface chemistry effects, are the conflicting 
results of [2] and [7], the former supported by theory [ 1] and 
the latter by the results for PTFE [-5, 6]. 

A possible explanation for the absence of a dependence of 
heat-transfer coefficient on the conductivity of the material of 
the condensing surface (if this should, in fact, prove to be the 
case) might lie in the fact that, owing to the extremely high 
coalescence rate, the surface temperature is essentially uni- 
form. Peterson and Westwater [9] have observed as many as 
400 000 coalescences in the process of the formation of a drop 
of radius about 1 mm. Such an event takes place, typically, 
in around one second. Thus, on a square centimetre of sur- 
face, coalescences can occur with a frequency of about 107 
per second. 
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