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Abstract-Mean values of the convective mass/heat transfer coefficients for two porous structures- 
differing in both profile and the value of &-of the rotor of a heat regenerator were measured for horizontal 
and vertical positions of the axis. The flow in short curved ducts of the immovable model was forced by 
the pump. The results of electrolytic measurements were independent of the positioning of the axis. Final 
correlations of the &-factor or Sh vs Re are almost identical for both duct geometries for the common 
range of Re. An example of the use of the results for simple heat transfer calculations illustrates a problem. 
The results are valid for a constant-potential/temperature boundary condition. 0 1997 Elsevier Science 

Ltd. 

INTRODUCTION 

The functioning, application possibilities, and main 
thermal features of the sucking and forcing regen- 
erative heat exchan$;er invented by de Fries have been 
discussed, among others, by Bieniasz and Wilk [l]. 
They presented the results of electrolytical inves- 
tigations of the mea.n value of the mass/heat transfer 
coefficient at the surface of two different, curved short 
ducts of the stationa.ry porous rotor with a horizontal 
axis. Two types of rotor pattern resulted from the 
combination of corrugated and flat sheets of the 
pattern. 

In the meantime, suggestions have appeared for the 
possible influence of the hydrostatic pressure of an 
electrolyte on its flow rate in particular ducts of the 
model, and thereby on the mean value of the mass 
transfer coefficient at the horizontal position of the 
axis of the model. The authors doubted the theoretical 
possibility of such a phenomenon in the entirely filled 
test section of the horizontal axis, as described in ref. 
[l] : nevertheless, they yielded to the temptation of 
carrying out conclusive experiments to solve the prob- 
lem. In this connection, they decided to look at both 
horizontal and vertical axes. 

The second reason for recommencing the exper- 
iments was the idea of filling the side half-ducts to 
rectify the type I model of the rotor in order to obtain 
a better consistency of the real and measured values 
of the mean hydraulic diameter of the duct. The above 
consistency could additionaly be heightened-for 
both types of rotor--by the application of an about 
3-5 pm thin, almost ideally smooth Teflon layer 
instead of the previous about 200 pm Araldite layer 
to the surface. 

EXPERIMENTAL METHOD 

The experimental technique-an electrolytic on+ 
and method, as well as the rig, were the same as in 
ref. [l], where they were thoroughly described. They 
enabled an experiment with a boundary condition of 
a constant potential for the nickel cathode of the 
model to be carried out. The test section, particularly 
the shapes and dimensions of all elements of the 
models, also remained unchanged. The only change, 
excep’t using a Teflon layer to cover the non-working 
surfaces of the model elements, occurs in the type. I 
model, and is depicted in Fig. 1. The main difference 
is that the volume between both side-sheets and the 
flanges of the test section was filled by Araldite to 
eliminate the flow of electrolyte through the side half- 
ducts. Arrows indicate the working surfaces of the 
cathodes. Those of the type II model were used both 
individually and simultaneously when supplied in a 
parallel fashion. The value of the working surface area 
of a single corrugated sheet of the model was equal to 
49.9 cm*,; and that of a flat sheet was 41.9 cm*. The 
only quantities measured during the course of the 
experiment--except for the volumetric flow rate- 
were the plateau current and the bulk concentration 
of ferricyanide ions in the electrolyte. 

After installing the test sections and activating par- 
ticular cathodes, about 7-lo-day trials followed using 
the working electrolyte, at the end of which the repeat- 
ability of the measured results was checked for each 
cathode. The trials and measurements of the mean 
value of the mass transfer coefficient lasted for about 
3 h a day. Then, three separate measurements-one a 
day-were made for a full range of Re, achievable on 
the rig, for each working surface or combination of 
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NOMENCLATURE 

-4, overall surface area of heat transfer for NM mean Nusselt number for the whole 
the rotor surface of the duct, hDh/l, 

a thermal diffusivity Re mean Reynolds number based on Dh, 

G bulk concentration of ferricyanide WDJV or wgD,/v, 
ions SC Schmidt number, v/D 

CPg specific heat capacity of the gas at Sh mean Sherwood number, hDDh/D 
p = constant St, mean heat transfer Stanton number, 

D diffusivity of ferricyanide ions in the hl&P,%l 
electrolyte St, mean mass transfer Stanton number, 

4 mean hydraulic diameter of the duct hnlw 
F Faraday constant VN air flux 

GZL Graetz number, :s 
w, wg mean velocity, in the mean cross- 

section area of the duct, of 
h mean heat transfer coefficient for the electrolyte and gas, respectively. 

whole surface of the duct 
hn mean mass transfer coefficient, Greek symbols 

4IWCJ 4 thermal conductivity of gas 

ZP plateau current v, rg kinematic viscosity of electrolyte and 
jM mean Chilton-Colbum coefficient for gas, respectively 

mass transfer, St, SC*‘~ PP mean density of gas in the mean cross- 
L length of the duct section of the duct. 

surfaces-as in the case of the type II model-to 
obtain mean values of the mass/heat transfer 
coefficient. All this was done for both horizontal and 
vertical positions of the axis of the test section. 

The temperature of the electrolyte was equal to 
25”C, the concentration of ferricyanide ions in it was 
50.0-85.5 x low4 kmol rnm3, and the range for the 
volumetric flow rate was 0.11492 x 1O-3 m3 s-‘. All 
polarization curves obtained were characterized by 
sufficiently long plateaus, which testified to a proper 

preparation and activation of the surfaces of the 
cathodes. 

RESULTS OF MEASUREMENTS, EXAMPLE OF 
CALCULATIONS, AND DISCUSSION 

According to the pecularities of the electrolytical 
measurement of the mass transfer coefficients, the heat 
transfer coefficients resulting from the use of a mass- 
heat transfer analogy may be valid in the case of a 

I TYPE OF ROTOR II 

2.46 DII ,m 1.34 

DUCTS 

FLANGES 

‘FILLER 
f WORKING SURFACES OF CATHODES 

Fig. 1. Sketch of cross-section of test sections at the cylinder surface of the diameter equal to the outside 
diameter of the rotor. 
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constant-temperature boundary condition. The cal- 
culation of thej,-factor follows from the information 
in the Nomenclature : at the same time, values of the 
needed properties of the electrolyte-at 25”C-are 
given and discusseld in detail in ref. [ 11. 

The experimental results for the type II model-for 
both horizontal and vertical positions of the axis- 
are almost identical in the case of individual work of 
flat and corrugate:d cathodes, and also in the case 
of simultaneous work of both of them. This can be 
observed in Fig. 2. Results for this model were ther- 
einafter calculated as the mean values for the three 
above-mentioned cathode surfaces, and are shown in 
Fig. 3(a). Previous results of the author are also pre- 

a) HORIZONTAL AXIS 

4 

sented for comparison. Next, the mean results are 
presented, in Fig. 3(b), for one of the corrugated sur- 
faces-shown in Fig. l-of the type I model. 

Discrepancies in the results for both horizontal and 
vertical positions of the axis are as shown in Fig. 4. 
Absolute values of the discrepancies are in the range 
of the measurement error. Positive values of the dis- 
crepancies are found in the case of the type II model 
and negative values for the type I model-which differ 
only in the cross-sections of the ducts and the 
hydraulic diameter-suggest the independence of the 
results of the direction of the model axis. That is 
why the final results were prepared-for both model 
types-as arithmetic means from values for horizontal 

10 
9 
8 

2 4 6 8 IO3 
Re 

b) VERTICAL AXIS 

4 
Re 

6 8 

Fig. 2. Resuks of measurements for particular cathodes of the type II model : (0) flat, ( x ) corrugated, 
(A) flat and corrugated. 
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a)TYPE II 

I 
present results 

SC= 1590 

lod 2 4 Re 6 6 IO3 

b) TYPE I 

5 
2 4 6 6 IQ3 Re 2 

Fig. 3. Mean values-from three independent measurementsof the jM-factor measured for particular 
positions of the axes of the models : (6) vertical axes, (a) horizontal axes. 

and vertical cases, which are depicted in Fig. 5 tog- 
ether with the respective correlations. 

The correlation for the type II model differs only 
slightly in the value of the exponent of Re, in com- 
parison with that given in ref. [l] : that results in dis- 
crepancies smaller than the correlation error. The pre- 
sented results are, namely, greater than previous 
ones-once more see Fig. 3(a)-by about 8% at 
Re = 110, and by 11% at Re = 910. 

Attention should be concentrated on the present 
result for the type I model, which considerably differs 
from that in ref. [l], which arose-among other 
things-from an application of the tiller-as shown in 
Fig. l-to remove the influence of the presence of side 

half-ducts on the results of measurements. Thanks to 
that, the hydraulic diameter, taken from calculations, 
was precisely equal to that in reality. A great con- 
vergence of correlations for both types of model is 
visible for a common range of Re, as depicted in Fig. 
6, which presents results for the mean Sh. 

The results of measurements were used for simple 
comparative heat transfer coefficient calculations for 
the type I and II rotors of the same length (50 mm) in 
an example of dry air at a pressure of 1 bar and a 
mean temperature of 30°C (Pr = 0.7). Other main 
data are given in Table 3 in ref. [ 11. The calculations 
were.- on thej, YS Re correlations---presented in 
Fig. S-and on the Chilton-Colburn analogy between 
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TYPE I 

-10 I I I ,,,,I I 

IO2 2 3 5 lo3 R* 2 3 

Fig. 4. Relative discrepancies of results obtained at horizontal and vertical axes for both types of model. 

IO2 2 4 6 3 lo3 2 4 
Re 

Fig. 5. Mass transfer Chilton-Colbum factor as the arithmetic mean based on values for both horizontal 
and vertical cases. 

TYPE I 0 jM= 0.58Re0.589 

mass and heat transfer : 

j, ??= jM = St, Przi3. 

The effect is that 

(1) 

h = 0.58c,p,w,Pr-2/3 ReC0.60 

for the type I duct and 

(2) 

h = 0.35c,,p,wgPr-2i3 Re-0.53 (3) 

for the type II duct. The mean values of the heat 
transfer coefficient are shown in Fig. 7. Next, a com- 
parison of the results for both porous structures was 
made with regard to two characteristic variants-(a) 
equal air flux, and (b) equal Re-which is presented 

in Fig. 8. The superiority of the type II pattern over 
the type I pattern appears in both cases, with regard 
to the intensity of the heat transfer and the thermal 
power of the regenerators. 

Air fluxes and/or Re for both types of real rotor for 
sucking and forcing regenerators depend, however, 
strongly on flow resistances under peculiar working 
conditions. Therefore, the eventual decision on the 
choice of the rotor pattern and the values of the work- 
ing parameters of the regenerator has to be preceded 
by an analysis using both presented mass/heat transfer 
data and flow characteristics, obtained during sep- 
arate measurements of the selected system. Exper- 
imental flow characteristics for the same types of 
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Fig. 6. Sherwood number as the arithmetic mean based on values for both horizontal and vertical cases. 
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TYPE I , eq. (2) 

0 500 1000 1500 2000 2500 
Re 

Fig. 7. Heat transfer coefficient in the example specified in the text. 

rotors and dimensions as in this work are found in 
Wawszczak [2, Figs. 1 l-131 in a form of flux and Re 
vs rotational speed correlations. 

The lack of results from the other authors con- 
cerning this case does not allow a comparison of the 
data to be made. Nevertheless, it is worth presenting 
the results of example calculations for the ducts under 
consideration, together with the known LMque cor- 
relation of the mean Nu, for the whole surface of the 
duct, vs the Gz, valid for laminar flow in short straight 
ducts, thus also taking into account the entry effects. 
This is shown in Fig. 9. The working correlations 
obtained in a way similar to the case of Fig. 7 are 

0.40 
Pr- l/l 5 &0.40 

L (4) 

for the type I duct and 

0.47 
pr-0.14 (30.47 

l. (5) 

for the type II duct. One should remember, looking 
at Fig. 9, that there is no geometry and flow similarity 
between this and the LMque case. 

Secondary flows due to the curvature of the duct 
axis and the transversal component of the inflow 
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a) VARIANT OF EQUAL AIR FLUX 
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b) VARIANT OF EQUAL REYNOLDS NUMBER 
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900 1000 

Fig. 8. Comparison of examplary results for both rotor patterns. 

stream-entering the duct through, specifically, long 
triangular side-slots [ I]--occur at Re for which lami- 
nar flow in short straight ordinary ducts exists. They 
cause the mass/heat transfer to be more intensive, 
which seems to explain the increase in Nu with GzL 
over the values obtained on the basis of LCdque’s 
equation for both types of duct. Vice versa, for 
decreasing Re-and thereby Gz,-the influence of the 
axis curvature and s,ide flows on the fluid flow struc- 
ture decreases, causing the results of the example cal- 
culations to approach those obtained from LCveque’s 
equation, as shown m Fig. 9. 

The uncertainties for all quantities used in the cal- 

culations were the same as in ref. [l]--e.g. the accuracy 
of SC was equal to +7%-with the exception of C,, 
for which + 3.5% was obtained. The resulting mean 
square error for jM was equal to about + 8.7%, for Re 
it was + 7.4%, and the error in the j, vs Re correlation 
was + 17%. The above information on the accuracy 
of mass transfer results is rather precise. 

Using the mass transfer results for convective heat 
transfer calculations, one touches on the difficult 
problem of additional uncertainties : firstly, of mass 
transfer modeiling of the heat transfer process, and, 
secondly, of the mass-heat transfer analogy used. In 
the case of the electrolytic technique, there is no doubt 
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Fig. 9. Results of example in the light of Ledque’s equation. 

about the impossibility of fulfilling all the require- 
ments of the phenomenon similarity. In particular, 
one cannot obtain a similarity of the temperature dis- 
tribution-the temperature of the electrolyte is con- 
stant-and of the material properties for fluids. The 
last problem especially concerns the SC of working 
ions in the electrolyte, and the Pr of the heat-trans- 
ferring fluid. The mass-heat transfer analogies assume 
the equality of both numbers, which cannot be 
achieved as a rule. That is the case in the example 
calculations presented in this paper. Secondly, under 
the same conditions, the results of the heat transfer 
calculations with the use of mass transfer data and the 
mass-heat transfer analogy depend on the form of 
analogy used. 

One cannot state exactly the magnitudes of the 
modelling uncertainties as well as the mass-heat trans- 
fer analogy in the case of a new problem. The uncer- 
tainties can be assessed only by comparing the results 
of analogy calculations carried out on the basis of 
mass transfer experimental data for well-elaborated 
heat transfer cases. On the basis of their own experi- 
ence with the electrolytical technique combined with 
the use of the Chilton-Colburn analogy for cal- 
culating the heat transfer data, the authors share the 
opinion of other researchers that the overall error in 
Nu is comparable with the error in Nu obtained as a 
result of corresponding heat transfer experiments. 

CONCLUSIONS 

(1) It has been observed that, for horizontal and 
vertical axes, the position of two different models of 

the rotor of the sucking and forcing regenerator does 
not influence the intensity of the convective mass/heat 
transfer. 

(2) The filling of side half-ducts used in a previous 
model of the type I rotor enabled a better consistency 
of the real and measured values of Q, to be deter- 
mined. 

(3) By employing a very thin Teflon layer as an 
insulation between non-acting element surfaces of the 
model, the flow similarity, and, thereby, accuracy of 
the results have been improved. 

(4) A great convergence of the results for the type 
II model with the previous ones obtained by the 
author has been stated, as can be seen in Fig. 3(a). 

(5) The results may be used for designing sucking 
and forcing regenerators, together with the flow 
characteristic of a peculiar system, owing to the influ- 
ence of the flow resistance on Reynolds number in the 
ducts of the rotor at given rotational speeds. 

(6) The results of heat transfer calculations for a 
simple example do not contradict LCvCque’s equation, 
which are valid for laminar flow in short straight 
ducts. 
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